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 CHAPTER I 
INTRODUCTION 

 

1.1 Background of Fourier Transform Spectrograph 
1.1.1 Basic of spectroscopy 
The spectroscopy technique is commonly used to analyze an interaction 

between the electromagnetic (EM) wave of the source and the sample.  EM radiation 
is composed of an electric field and a magnetic field that are perpendicular 
propagated. These two vectors oscillate at right angles to each other in planes 
perpendicular to the direction of propagation, as illustrated in Figure 1.1. In general, 
the vibrational modes of atom inside the molecule of a sample are introduced by the 
nature of each atom known as its “finger print” , which is unique and relates to the 
their physical properties inside molecular structure (Hu et al., 2016). These vibrational 
modes of an atom cause absorption in the source spectrum at specific frequencies 
and energies. Therefore, the spectral features of each sample can be distinguished.  

The photon is an elementary particle used to explain EM phenomena in the 
term of quantum mechanics (Hofmann, 2010). When light interacts with a sample, it 
will transfer its energy interpreted as 

 
𝐸 =  

ℎ𝑐

𝜆
  ,                                     (1.1) 

 
where ℎ is the Planck constant (ℎ = 6.63 × 10−34 Js), 𝑐 is the speed of light (𝑐 =

2.998 × 10−8 m/s in vacuum) and 𝜆 is the wavelength which is defined as one cycle 
in the sinusoidal waveform or the spatial distance between the two consecutive peaks. 
This is illustrated in Figure 1.1. The vibrations of an atom inside the molecule provide 
the change of energy (∆𝐸) between the starting and the final states.  

The spectrograph is an instrument that has been designed as a tool to detect 
the relative amount of energy from the radiation at each wavelength or frequency and 
thus provide results in the form of spectrum. The types of spectrograph can be 
classified into two categories, dispersive and non-dispersive spectrographs. The 
dispersive spectrograph generates the spectrum result by using dispersing elements, 
such as prisms and gratings, to split the light into the different wavelength.  The non-
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dispersive spectrograph operates without those restriction parts and thus provides the 
higher throughput than in the dispersive technique.  

 
 
Figure 1.1  Schematic of the light radiation in the form electromagnetic wave that 

interacts with the sample and causes the vibrations inside the 
molecule. 

 
The spectrograph is an instrument that has been designed as a tool to detect 

the relative amount of energy from the radiation at each wavelength or frequency and 
thus provide results in the form of spectrum. The types of spectrograph can be 
classified into two categories, dispersive and non-dispersive spectrographs. The 
dispersive spectrograph generates the spectrum result by using dispersing elements, 
such as prisms and gratings, to split the light into the different wavelength.  The non-
dispersive spectrograph operates without those restriction parts and thus provides the 
higher throughput than in the dispersive technique.  

The optical resolving power is the key to evaluate the spectrograph, this is also 
known as “spectral resolution”, which is determined by the minimum resolved 
wavelength (∆𝜆) between two spectral lines of the instrument. The resolution of 
spectrograph is defined as 𝑅 = 𝜆/∆𝜆 (Massey and Hanson, 2013). When 𝑅 < 3000, the 
spectrograph is considered a “Low resolution (LowRES) spectrograph”, while the 
situations of 3000 < 𝑅 < 10,000 and 𝑅 > 10,000 are defined as “Medium resolution 
(MRES) spectrographs” and “High resolution (HiRES) spectrographs”, respectively. The 
applications of spectrographs depend on their used. For example in astronomical 
application, the LowRES is commonly used to investigate the faint sources while the 
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MRES and HiRES, with higher resolutions, act as tools for observation bright source 
(Simcoe et al., 2013). 

1.1.2 Fourier Transform Spectrograph 
The Fourier Transform Spectrograph (FTS) is a non-dispersive spectrograph. It 

has been applied to the study of the vibrational responses that are caused by light 
interactions (Griffiths et al., 2007) in the form of absorption lines along the spectrum 
result. Figure 1.2 illustrates the block diagram of the FTS working process. The FTS 
necessarily uses the interferometer as a tool to receive the spectrum. The light source 
is passed through the sample and then reaches the interferometer. The output of the 
interferometer is called an “interferogram”, which is detected by a detector. The 
spectrum result is thus determined from the implementation of a Fourier transform to 
the interferogram as a post-signal processing. The strengths of a FTS are declared as 
high accuracy and precision, speed, increasing of sensitivity, ease of operation, and 
non-destructive testing of the sample (Undavalli et al., 2021). 

 
 

 
 
Figure 1.2   Schematic concept of the FTS technique. 
 

Furthermore, the FTS includes two major advantages over the dispersive 
spectrometers especially in the infrared region (Thorne et al., 1999), including the 
“multiplex or Fellgett advantage” and the “throughput or Jacquinot advantage”. 

The Fellgett advantage (Fellgett, 1949) describes the capability of FTS 
technique to measure spectral information from all wavelengths simultaneously, while 
in a dispersive spectrograph each spectrum element is consecutively measured. It can 
be inferred that in order to obtain spectra with the same signal-to-noise ratio, the 
dispersive spectrum requires a longer time of measurement than the FTS. Meanwhile, 
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for the spectra that were measured at the same time and the same resolution, the 
FTS gains a higher signal-to-noise-ratio than the dispersive spectrograph (Griffiths et al., 
2007).  

The Jacquinot advantage (Jacquinot, 1960) states that the FTS measurements 
provide a very high throughput compared to dispersive spectrographs. In addition, the 
capability to easily adjust the resolution by varying the scan range of the interferometer 
(Réhault et al., 2017) is included as the benefit of the FTS technique. For these reasons, 
the FTS has been implemented in various applications. 

 
1.2 FTS in astronomy 

 Spectroscopy is a famous technique that has been applied to studying the 
universe (Massey and Hanson, 2013) based on the concept that all the information of 
planets are affected by their environment, which is composed of standard elements 
such as hydrogen, carbon, etc. that can be characterized by the principle of the 
spectroscopy.  

The FTS technique has been successfully used in planetary investigation and in 
the analysis of the Earth’s atmosphere (Drissen et al., 2011) and also applied in 
astronomical observations in order to analyze the properties, compositions, and radial 
velocities of stellar sources. The first investigation of the earth’s atmosphere was done 
during 1940’s with the grating spectrograph. The absorption features of methane 
(Migeotte, 1948) and carbon monoxide (Migeotte, 1949), were detected in the 
spectrum of the solar observations.  

During the late 1970s and early 1980s, the ground-based FTS has started in the 
applications of astronomical observation (Paton-Walsh, 2011) with the first prototype 
systems for solar-tracking at Kitt Peak National observatory on 4-m telescope, as 
illustrated in the left panel of Figure 1.3 with Initial interest in the detection of 
stratospheric trace gasses (Rinsland et al., 1986). Through the mid-1980s, Kitt Peak 
National observatory provided spectra in the spectral range 1 𝜇m to 5 𝜇m at a spectral 
resolution close to 20,000 in the K band.  

The Canada-France-Hawaii Telescope (CFHT), as illustrated in the right panel of 
Figure 1.3, is famous for high-resolution FTS which started operating in the 80’s in a 
large variety of planetary and stellar applications (Chalabaev and Maillard, 1985). It was 
widely used to provide spectrum in the near-infrared of both single-point and 
extended objects (L. Drissen et al., 2016). 
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Figure 1.3    (Left) The Kitt Peak National observatory or Mayall 4-m telescope  
installed at Kitt Peak in Southern Arizona, USA (Britannica, 2020).  
(Right) The CFHT that committed to the Maunakea Spectroscopic 
Explorer as the future of the facility in Hawaii, USA (Laychak, 2020). 

 
More recently, some very nice imaging FTS operating in the optical domain 

were developed and installed on large telescopes. The Spectromètre Imageur de 
l’Observatoire du Mont-Mégantic (SpIOMM) installed on the focal plane of the 1.6-m 
telescope of the Mont Mégantic Observatory in Québec, Canada. This instrument has 
been able to provide hyperspectral images over the full visible spectral domain and  
spectral resolution between 1,000 and 2,000 (Drissen et al., 2012). The most advanced 
version of the FTS hyperspectral imagers operating in the optical domain is certainly 
the instrument Spectromètre Imageur à Transformée de Fourier pour l'Etude en Long 
et en Large de raies d'Emission (SITELLE) that was installed on the 3.6-meter CFHT and 
started to provide spectrum of stellar sources in 2015 (Grandmont et al., 2016). This 
instrument provides hyperspectral images over the spectral domain 350 nm to 900 nm 
with a spectral resolution adjustable between 1 and 10,000. 

Those FTS systems were designed to receive an incoming flux direct from the 
telescope. It is important to mention that all these systems are massive and complex 
instruments installed directly at the focal plane of the telescopes. The design thus 
involves only large and custom-made optics together with complex mechanical 
structures and active mechanisms. In order to guaranty the performance, the 
instrument is operated under the controlled conditions, including the telescope 
vibrations, the influence of the gravity and the thermoelastic effects on the optical 
surface’s positions and orientations. These design constraints generally lead to massive 
instruments, difficult to manufacture and very expensive.  
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To overcome this limitation, the implementation of a fiber to feed the incoming 
light from the telescope to the spectrograph has been investigated. This efficient 
method is simple and can improve the performance of the system, such as the high 
accuracy of radial velocity measurements(Queloz et al., 1999). Most of the current 
fiber-fed high resolution spectrographs mounted on large telescopes are Echelle 
Spectrographs (Chakraborty et al., 2014; Pilachowski et al., 1995). One of the most 
famous examples is the High Accuracy Radial velocity Planet Searcher (HARPS) 
spectrograph mounted on the 3.6-m telescope at the European Southern Observatory 
(ESO) La Silla observatory that has provided high quality spectrum and makes the 
discovery of several new exoplanets and other astronomical phenomena possible 
(Pepe et al., 2000; Rodler and Curto, 2019).  

The diameter of the fiber of an Echelle spectrograph is adjusted to match the 
size of the star image provided by the telescope and defined by the seeing conditions. 
The collimator focal length is then adjusted to reach specified spectral resolution and 
the fiber core diameter. This focal length defines the grating size and thus the 
instrument volume. For example, in HARPS, the fiber core diameter is equal to 70 
microns, that corresponds to an on-sky size of 1 arcsecond. The collimator focal length 
is equal to 1.6 m and the grating dimensions are equal to 840 × 214 × 125 mm to 
reach a specified spectral resolution equal to 115,000. That yields a very large 
instrument volume that requires a Vacuum vessel of volume close to 2 m3 to stabilize 
the instrument environment. These instruments require high precision and large optical 
surfaces, a fully controlled environment to reach the specified performance. The cost 
is thus usually very high and only large observatories with massive facilities and large 
budget resources can afford the development of such instruments.  

In addition, there is a trade-off between fiber core diameter and system 
efficiency. The large fiber core can cover a broader sky aperture, but with less system 
efficiency. In contradiction, the small size of fiber core provides high system efficiency, 
but a limited sky coverage area. For example, the HARPS spectrograph has two 
operating modes. The first mode, called as HAM mode, is operated with the fiber core 
diameter equal to 70 microns with a covered sky aperture of 1 arcsecond, which 
provides the accuracy of radial velocity at 1 m/s. The second mode is operated with 
the fiber core diameter 100 microns, known as the high efficiency (EGGs) mode. It gains 
throughput a factor of 1.75 as compared to the HAM mode with the covered sky 
aperture of 1.4 arcseconds but the accuracy of radial velocity is reduced to 3 m/s.  

The instrument transmission is mostly limited by the limited size of the input 
fiber core diameter that is designed to be matched and fit to the seeing conditions, 
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the optics transmission, and the and the grating efficiency (Lhospice et al., 2019). 
Therefore, the dispersive elements limit its throughput. For example, the maximum 
transmission of HARPS including the limited core diameter and the spectrometer 
transmission is close to 6% at the wavelength equal to 550 nm, as illustrated in Figure 
1.4 (Rodler and Curto, 2019). 

 

 
 
Figure 1.4  The throughput transmission of HARPS spectrograph (Rodler and Curto, 

2019). 
 

1.3 Significance of study  
Many FTS instruments have been applied in astronomical observation. Most of 

them were installed at the telescope focal plane and directly obtained star flux from 
the telescope (Drissen et al., 2011). This installation required to be placed in a vacuum 
for the telescope body. Furthermore, it can be induced the guiding error due to the 
velocity shift of the star objects (Bernier et al., 2006).  

At the Thai National Telescope (TNT), another spectrograph already existed at 
its focal. In order to connect the developed FTS to the TNT, one solution is to connect 
by using an optical fiber to receive the incoming flux and direct to the FTS system. 
Through that, the FTS system can be installed inside the controlled room with stable 
environment. The proposed individual system provides more convenience in order to 
align the setup without any interruption.  
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  The developed FTS system can resolve the low throughput that has occurred 
in the fiber-fed HARPS spectrograph. However, the FTS includes more challenges in 
the interferometer optical alignment and requires a high precision of mirror scan.  

There is one consideration that the flux will be lost due to the fiber 
transmission. The capability of low flux intensity detection is one challenge of the 
developed fiber-fed FTS system.  

In this thesis, the balanced detection of instrument design is one solution for 
this problem. It can remove the offset of the interferometer output (Soldevila et al., 
2016) and thus increase the signal to noise ratio (P. Zhang et al., 2021).  

Furthermore, the spectral resolution of the FTS is governed by the range of the 
mirror scan inside the interferometer. To reach a system of high-resolution, a large scan 
range is required. However, the scan range is limited by the contrast loss of the 
recorded interferogram, which can be affected by the optical alignment of the 
interferometer such as the scanning mirror misalignment or an off-axis source. In this 
thesis, these two possible effects of the contrast loss have investigated. The sources 
spatial extension due to the use of large fiber cores and the tilt of the mirror along the 
scan have been studied.  

Moreover, the implementation of Fourier transform to obtain the spectrum 
result requires the accurate phase information of the interferogram. In practical, the 
translation of the dynamic mirror is normally subjected to non-linear movement and 
thus induces the phase distortion in the interferogram. Therefore, the developed FTS 
system has been designed to include a metrology interferometer in common path in 
order to calibrate the non-linear scan of the dynamic mirror. The signal processing for 
these phase corrections by using the metrology interferogram to resampling the 
scientific interferogram was developed. The cubic spline interpolation has been 
investigated for the spectrum aliasing correction.  

 
1.4 Research objectives  
 1.4.1  To design and develop a fiber fed FTS system in laboratory conditions 
using balanced detection +scheme in order to increase the signal-to-noise-ratio from 
the low flux intensity detection. 

1.4.2    To verify the limited scan range by the contrast variation and investigate 
the sources of contrast loss in the developed FTS system. 

1.4.3  To develop the signal processing for the implemented FTS system for 
the phase correction of scientific signal using metrology interferogram and cubic spline 
interpolation. 
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1.5 Scope  
  1.5.1    Design and develop the compact FTS instrument setup that was made 
of only off-the-shelf components, which is operated following the specifications in the 
Table 1. 

1.5.2  Develop the signal processing by using MATLAB2021a program to 
transform the interferogram signal that was obtained from interferometer to receive 
the spectrum result. 

1.5.3 Verify the performance of the FTS by investigation of fringe contrast 
varying and the instrument line shape of the system. 

1.5.4  Use halogen-tungsten source and two spectral bandpass filters to 
evaluate spectrum results obtained from the fiber and the bandpass filter 
transmissions. 

1.5.5  Test the implemented FTS system by measuring spectrum of the Sun 
light through the multi-mode fiber, in order to investigate the atmospheric and Sun 
absorption lines. 
 1.5.6  Analyze the spectral qualities of the Sun spectrum by measuring the 
signal-to-noise-ratio and the spectral resolving power of the interested absorption 
lines. 
 
Table 1.1  The target specifications of FTS instrument. 

 

Parameter Specification 

Science spectral band [400 nm, 1000 nm] 

Setup Architecture 1 scientific channel + 1 metrology 
channel 

Metrology source He-Ne Laser source 

Maximum Optical Path Difference > 1 cm 
  

 
 
 

 



CHAPTER II 
THEORETICAL BACKGROUND 

 
2.1 Concept of Fourier Transform Spectrograph 
 A classical configuration for FTS uses the Michelson interferometer as the heart 
of the system (Lacan et al., 2010) (Heverly et al., 2004). The schematic of classical 
Michelson interferometer is illustrated in Figure 2.1. 

 

 
 

Figure 2.1  A schematic diagram of classical Michelson interferometer. 
 

The light source injects the beam to the beam splitter (BS). The BS splits the 
beam into two channels. The light beam in the first channel travels to the dynamic 
mirror (M1) while the second channel is directed to the static mirror (M2). Then, the 
two beams are reflected by each mirror back to the BS. Finally, the BS recombines the 
two beams and directs it toward the detector. 

The output of interferometer consists of the direct current (DC) part and the 
alternating current (AC) part. The modulated signal are all included in the AC part, 
which is determined by the autocorrelation function (Toenger et al., 2019). 
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The DC part can be eliminated by balanced detection (Soldevila et al., 2016). 
Therefore, the signal to noise ratio  in balanced detection is improved compared that 
of a classical interferometer with single output (P. Zhang et al., 2021). This chapter will 
be focused on the Michelson interferometer with balanced detection of two outputs 
in order to improve on the small oscillated signals for Astronomical observations. 

The mathematical expression of this phenomena will be described hereafter. 
 
2.2 Mathematical description 
 The electromagnetic radiation of the light source is a traveling wave that 
includes the orthogonal electric and magnetic field varying amplitude with respect to 
time. Since the amplitude and phase of the magnetic field are related linearly to the 
electric field, the expression of the light wave that travel through the interferometer 
as only the electric field of electromagnetic wave will be considered.   
 

2.2.1 Michelson interferometer  
The wave equation form for a light emitted from a monochromatic source at 

wavelength 𝜆0 and travelling in a distance 𝑧 can be expressed in an exponential form 
of electric field (𝐸) as (Born and Wolf, 1999) 

 
𝐸(𝜎0, 𝑡, 𝑧) =  𝐸0𝑒𝑖(𝜔0𝑡±𝑘0𝑧) =  𝐸0𝑒𝑖(𝜔0𝑡±2𝜋𝜎0𝑧) ,                       (2.1) 

 
where 𝐸0 is a scalar amplitude of electric field. 𝑘0 is the wave number defined as 𝑘0 =
2𝜋

𝜆0
. 𝜔0 is the angular frequency, which can be expressed in a function of frequency as  

𝜔0 = 2𝜋𝑐𝜎0, where 𝑐 is the speed of light. 𝜎0 is the spatial frequency, which is defined 
as the inverse of wavelength 𝜎0 = 

1

𝜆0
 that will be called as frequency along this thesis 

report. The plus (+) and minus (−) signs respectively represent the in the negative and 
positive direction of wave propagations.  

As illustrated in Figure 2.1, the detector detects the signal that is formed from 
the two waves that were reflected from the mirror M1 and M2, as shown in the pink 
and orange arrow lines, respectively. The detected intensity can be written as 

 
𝐼𝐷(𝜎0) =  |𝐸1(𝜎0, 𝑡, 𝑧1) + 𝐸2(𝜎0, 𝑡, 𝑧2)|2 ,           (2.2) 
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where 𝐸1(𝜎0, 𝑡, 𝑧1) and 𝐸2(𝜎0, 𝑡, 𝑧2) are electric fields of the beams in channel 1 and 
2 that represent the propagated waves reflected from the dynamic mirror M1 and the 
static mirror M2, respectively. 

Following the beam path of channel 1 as illustrated in the pink line of Figure 
2.1, the beam is first reflected by the BS, which includes the external reflection 
coefficients defined as 𝑟e1. Then, the beam is reflected by mirror M1 back to the BS 
corresponding to the amplitude reflection coefficients of the mirror defined as 𝑟𝑀1. 
Finally, the beam is thus transmitted through the BS to reach the detector with the 
amplitude transmission coefficients defined as 𝑡1. The expression of detected electric 
field of the beam in channel 1 at the detector can be simplified and written as 

 
𝐸1(𝜎0, 𝑡, 𝑧1) =  𝑟𝑒1𝑟𝑀1𝑡1𝐸10𝑒𝑖𝜔0𝑡𝑒𝑖2𝜋𝜎0∙2𝑧1  ,                            (2.3)    

 
where 𝐸10 is the scalar amplitude of electric field of the beam in channel 1, and 𝑧1 is 
the propagation distance of light in the channel 1. Notice that which is equal to twice 
of the mirror distance due to the travel back and forth of the beam path.  
 On the other hand, the beam path of channel 2 is first transmitted through the 
BS to reach mirror M2, as illustrated in the orange line of Figure 2.1, which contains 
the transmission coefficients 𝑡2. Then, the mirror M2 reflects the beam back to the BS 
with reflection coefficients of mirror M2 defined as 𝑟𝑀2 . Finally, the beam is thus 
reflected by the BS to the detector with the external reflection coefficients at the BS 
defined as 𝑟e2. The electric field of the beam in channel 2 is expressed as  
 

𝐸2(𝜎0, 𝑡, 𝑧2) =  𝑡2𝑟𝑀2𝑟𝑒2𝐸20𝑒𝑖𝜔0𝑡𝑒𝑖2𝜋𝜎0∙2𝑧2 ,                    (2.4)    
 

where 𝐸20 is the scalar amplitude of electric field of the channel 2, and 𝑧2 is the 
propagation distance of light in the channel 2.  
   Following Equation (2.2), the intensity detected at the detector can be written as 
 

𝐼𝐷(𝜎0) = (𝐸1(𝜎0, 𝑡, 𝑧1) + 𝐸2(𝜎0, 𝑡, 𝑧2))(𝐸1(𝜎0, 𝑡, 𝑧1) + 𝐸2(𝜎0, 𝑡, 𝑧2))
∗
.      (2.5)    

 
This expression can be written in the complex conjugate form as 

 
𝐼𝐷(𝜎0) = 𝐸1(𝜎0, 𝑡, 𝑧1)𝐸1

∗(𝜎0, 𝑡, 𝑧1) + 𝐸2(𝜎0, 𝑡, 𝑧2)𝐸2
∗(𝜎0, 𝑡, 𝑧2)

+ 𝐸1(𝜎0, 𝑡, 𝑧1)𝐸2
∗(𝜎0, 𝑡, 𝑧2) 

+𝐸2(𝜎0, 𝑡, 𝑧2)𝐸1
∗(𝜎0, 𝑡, 𝑧1).         (2.6)    
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   Then, let substitute Equation (2.3) and Equation (2.4) into Equation (2.6) and 
express each term as follow. The first term is expressed as 
 

𝐸1(𝜎0, 𝑡, 𝑧1)𝐸1
∗(𝜎0, 𝑡, 𝑧1)

= [𝑟𝑒1𝑟𝑀1𝑡1𝐸10𝑒𝑖𝜔0𝑡𝑒𝑖2𝜋𝜎0∙2𝑧1][𝑟𝑒1𝑟𝑀1𝑡1𝐸10𝑒−𝑖𝜔0𝑡𝑒−𝑖2𝜋𝜎0∙2𝑧1] 
 

= |𝑟𝑒1𝑟𝑀1𝑡1𝐸10|2.         (2.7)    
 

The expression of the second term is  
 

𝐸2(𝜎0, 𝑡, 𝑧2)𝐸2
∗(𝜎0, 𝑡, 𝑧2)

= [ 𝑡2𝑟𝑀2𝑟𝑒2𝐸20𝑒𝑖𝜔0𝑡𝑒𝑖2𝜋𝜎0∙2𝑧2][ 𝑡2𝑟𝑀2𝑟𝑒2𝐸20𝑒−𝑖𝜔0𝑡𝑒−𝑖2𝜋𝜎0∙2𝑧2] 

= |𝑡2𝑟𝑀2𝑟𝑒2𝐸20|2.      (2.8)    
 

The expression of the third term is  
 

𝐸1(𝜎0, 𝑡, 𝑧1)𝐸2
∗(𝜎0, 𝑡, 𝑧2)

= [ 𝑟𝑒1𝑟𝑀1𝑡1𝐸10𝑒𝑖𝜔0𝑡𝑒𝑖2𝜋𝜎0∙2𝑧1][ 𝑡2𝑟𝑀2𝑟𝑒2𝐸20𝑒−𝑖𝜔0𝑡𝑒−𝑖2𝜋𝜎0∙2𝑧2] 
 

= 𝑟𝑒1𝑟𝑀1𝑡1𝑡2𝑟𝑀2𝑟𝑒2𝐸10𝐸20𝑒𝑖2𝜋𝜎0∙2(𝑧1−𝑧2).               (2.9) 
   

   And the fourth term is thus expressed as  
 

𝐸2(𝜎0, 𝑡, 𝑧2)𝐸1
∗(𝜎0, 𝑡, 𝑧1)

= [ 𝑡2𝑟𝑀2𝑟𝑒2𝐸20𝑒𝑖𝜔0𝑡𝑒𝑖2𝜋𝜎0∙2𝑧2][ 𝑟𝑒1𝑟𝑀1𝑡1𝐸10𝑒−𝑖𝜔0𝑡𝑒−𝑖2𝜋𝜎0∙2𝑧1] 
 

= 𝑡2𝑟𝑀2𝑟𝑒2𝑟𝑒1𝑟𝑀1𝑡1𝐸20𝐸10𝑒−𝑖2𝜋𝜎0∙2(𝑧1−𝑧2).               (2.10)    
 

 Therefore, the detected intensity is obtained by substituting Eq. (2.7), (2.8), 
(2.9), and (2.10) into Equation (2.6) as 
 

𝐼𝐷(𝜎0, 𝑧) = |𝑟𝑒1𝑟𝑀1𝑡1𝐸10|2 + |𝑡2𝑟𝑀2𝑟𝑒2𝐸20|2 
 

+𝑟𝑒1𝑟𝑀1𝑡1𝑡2𝑟𝑀2𝑟𝑒2𝐸10𝐸20𝑒𝑖2𝜋𝜎0∙2|𝑧2−𝑧1| + 𝑡2𝑟𝑀2𝑟𝑒2𝑟𝑒1𝑟𝑀1𝑡1𝐸20𝐸10𝑒−𝑖2𝜋𝜎0∙2|𝑧2−𝑧1|.              

(2.11)    
 
The system can be considered with the following assumptions: 
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1) The BS is ideally 50:50 transmission and reflection. Following the separation on 
the beam splitter (Hughes et al., 2021), the relation is thus obtain as 
𝐸10 = 𝐸20 =

𝐸0

√2
.  

2) The external reflection coefficients of splitter beam and the recombiner beam 
are identical (𝑟𝑒1 = 𝑟𝑒2), which is defined as 𝑟𝑏𝑠.  

3) The transmission coefficient of splitter beam and the recombiner beam are 
identical (𝑡1 = 𝑡2), which is defined as 𝑡𝑏𝑠. 

4) The amplitude reflection coefficients of the two mirrors M1 and M2 are 
identical (𝑟𝑀1 =  𝑟𝑀2), which is defined as 𝑟𝑀. 
The mirror moves in a displacement defined as ∆𝑧 = |𝑧2 − 𝑧1|, while the 

Optical Path Difference (𝑂𝑃𝐷) is twice the displacement as 𝑂𝑃𝐷 = 2∆𝑧. When two 
mirrors are positioned at the same distance from BS, there are no time delay between 
two propagated wave fields in both channels (𝑂𝑃𝐷 = 0) which is called as “Zero 
optical Path Difference (ZPD)”.  

Therefore, the intensity form in Equation (2.11) can be expressed as 
 

𝐼𝐷(𝜎0, 𝑂𝑃𝐷) = |𝑟𝑏𝑠𝑟𝑀𝑡𝑏𝑠𝐸0|2 + 𝑟𝑏𝑠
2 𝑟𝑀

2 𝑡𝑏𝑠
2 𝐸0

2

2
𝑒𝑖2𝜋𝜎0∙𝑂𝑃𝐷 + 𝑟𝑏𝑠

2 𝑟𝑀
2 𝑡𝑏𝑠

2 𝐸0
2

2
𝑒−𝑖2𝜋𝜎0∙𝑂𝑃𝐷.    

(2.12)    
 

By applying the Euler’ s formula, the intensity result can be written in the 
simplified form as,  

 
𝐼𝐷(𝜎0, 𝑂𝑃𝐷) = 2𝑅𝑏𝑠𝑅𝑀𝑇𝑏𝑠 ∙ 𝐸0

2(1 + 𝑐𝑜𝑠(2𝜋𝜎0𝑂𝑃𝐷)),           (2.13)    
 

where 𝑅𝑏𝑠 = 𝑟𝑏𝑠
2  and 𝑅𝑀 = 𝑟𝑀

2  define the intensity reflection coefficients of the BS 
and the mirrors, respectively. 𝑇𝑏𝑠 = 𝑡𝑏𝑠

2  defines the intensity transmission coefficients 
of the BS.  
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Figure 2.2  A simulation of interferogram of a monochromatic source in a cosine 

waveform. 
 

The expression of intensity result in Equation (2.13) is called as “interferogram”, 
as illustrated in Figure 2.2. The first term is a DC part which is a constant term. The 
second term, containing of the modulation of cosine signal, is an AC part. The 
maximum amplitudes, called constructive interference, appear when the two waves 
are in phase. The minimum amplitudes, called destructive interference, appear when 
the two waves are out of phase. The DC part can be removed by the balanced 
detection that will be described hereafter. 
 

2.2.2 Balanced and unbalanced outputs in Michelson interferometer  
In this sub-Section, the Michelson interferometer will be described as the two 

outputs including of balanced and unbalanced outputs through the design of two 
retro-reflectors, as illustrated in Figure 2.3. In situation, the BS simultaneously acts as 
the beam splitter and beam compensator, while the retro-reflector acts as the mirror.  
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Figure 2.3  The expression of two outputs interferometer from the two retro-
reflectors (Libert, 2016).  

 

The beam that is reflected by the BS provides the reflection coefficient (𝑅𝑏𝑠) 
while the beam that is transmitted through it has related to the transmission coefficient 
(𝑇𝑏𝑠 ). The balanced output is directly obtained as the ordinary paths from the 
interferometer, while the unbalanced output is taken the different paths. The 
unbalanced output in channel 1 contains twice transmissions while it includes twice 
reflections in channel 2, as illustrated in Figure 2.4(a) and (b), respectively.  
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Figure 2.4   (a) The schematic illustrated the beam path of channel 1 in the 

dynamic arm. (b) The schematic illustrated the beam path of channel 
2 in static arm (Libert, 2016). (c) An illustration of intensity detected for 
monochromatic source in balanced (red) and unbalanced (blue) 
outputs with the phase shift of pi. 

 

The beam paths of the balanced output are similar to the path that was 
explained in the classical Michelson interferometer in the previous Section. The 
expression of the intensity that is detected at the balanced output is thus following 
an Equation (2.13) as 

 

𝐼1𝑃(𝜎0, 𝑂𝑃𝐷) = 2𝑅𝑏𝑠𝑅𝑀𝑇𝑏𝑠𝐼0(1 + 𝑐𝑜𝑠(2𝜋𝜎0𝑂𝑃𝐷)).        (2.14)   
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The phase is changed by 𝜋 on the reflection path (Born and Wolf, 1999). In the 
balanced output, the beam paths of channel 1 and channel 2 face the BS with one 
reflection and one transmission, with a total phase shift equal to 𝜋. In the unbalanced 
output, there are two reflections in the beam path of channel 1 corresponding to the 
total phase shift of 2𝜋 while there is no phase shift in the channel 2. Therefore, there 
are phase shift equal to 𝜋 between each channel in both balanced and unbalanced 
outputs, as illustrated in Figure 2.4(c).  

The detected intensity at the unbalanced output is out of phase equal to 𝜋 with 
respect to the balanced output but both outputs contain the same information (Libert, 
2016), which can be written as 

 

𝐼2𝑃(𝜎0, 𝑂𝑃𝐷) = 2𝑅𝑏𝑠𝑅𝑀𝑇𝑏𝑠𝐼0(1 − 𝑐𝑜𝑠(2𝜋𝜎0𝑂𝑃𝐷)).                  (2.15)    
 

The output at the balanced detector is derived by the subtraction the 
unbalanced output from the balanced output. By substituting Equation (2.14) and 
(2.15) into Equation (2.16), the detected intensity result is obtained as 

 
𝐼𝐵(𝜎0, 𝑂𝑃𝐷) = 𝐼2𝑃(𝜎0, 𝑂𝑃𝐷) − 𝐼1𝑃(𝜎0, 𝑂𝑃𝐷) =   4𝐼0𝑅𝑏𝑠𝑅𝑀𝑇𝑏𝑠 cos(2𝜋𝜎0𝑂𝑃𝐷).     

    (2.16)    
 

  The comparison between the interferogram outputs that are retrieved from 
classical interferometer and from the balanced detection is illustrated in Figure 2.5(a) 
and (b), respectively. The DC offset of the interferogram output in the classical 
interferometer can be eliminated by the balanced detection (Soldevila et al., 2016). 
Furthermore, the amplitude of modulated signal in the balanced output is twice larger 
than the output in classical interferometer. Therefore, the balanced detection of the 
instrument design is one of the solutions for improving of signal-to-noise ratio of the 
system (P. Zhang et al., 2021).  
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Figure 2.5  The comparation of detected interferogram results between (a) classical 
output and (b) balanced output of Michelson interferometer. 

 
The Equation (2.16) can be simplified by grouping the all coefficients in front 

of the bracket as a factor 𝑆(𝜎0), which is quantified in a single frequency-dependent 
factor and thus obtain the result as 

 
  𝐼𝐵(𝜎0, 𝑂𝑃𝐷) = 𝑆(𝜎0) 𝑐𝑜𝑠(2𝜋𝜎0𝑂𝑃𝐷).             (2.17)    

 
The result in Equation (2.17) shows the advantages of the implementation of 

balanced detector in the FTS system including of eliminating most of the DC part and 
improving the signal to noise ratio of the signal.  
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2.2.3 Michelson interferometer with broadband source  
Generally, the FTS system has been implemented with a broadband source, 

which provides a continuous spectrum of a large range of frequencies. The 
interferogram obtained from the broadband source is the integration of each 
interferogram in a specified frequency with a weight factor of spectral irradiance, which 
quantifies the amount of radiated power through a unit area at frequency 𝜎. The FTS 
measures the spectral irradiance of the source along the frequency interval as defined 
as spectrum. 

The measured spectral irradiance is defined by 𝑆(𝜎). The intensity can be 
obtained by integrating an Equation (2.17) over all the frequencies 𝜎 and is written as 

 
𝐼(𝑂𝑃𝐷) = ∫ 𝑆(𝜎) cos(2𝜋𝜎𝑂𝑃𝐷)

∞

0
𝑑𝜎.               (2.18)    

 
The two above equations consider only on the positive 𝑂𝑃𝐷 range and also 

positive frequency, which corresponds to the single side interferogram. Ideally, the 
interferogram is an even function of the 𝑂𝑃𝐷 as 𝐼(−𝑂𝑃𝐷) = 𝐼(𝑂𝑃𝐷), meaning that 
the double side interferogram is obtained by measurement of symmetrical 𝑂𝑃𝐷 range 
around ZPD and can be expresses in the form as 

 
𝐼(𝑂𝑃𝐷) =

1

2
∫ 𝑆(𝜎) cos(2𝜋𝜎𝑂𝑃𝐷)

∞

−∞
𝑑𝜎.              (2.19)    

 
2.2.4 Coherence and Fourier transform theorem  
The spectral shape of an ideal monochromatic source is represented by a delta 

function with single frequency and provides the infinite sinusoidal variation, as 
respectively illustrated in Figure 2.6(a) and 2.6(b).  

Typically, the monochromatic source has the spectral line represented as a 
band of frequencies, which is never infinitely sharp known as natural linewidth (E. 
Hecht, 2002), as represented in Figure 2.6(c). The interference obtained from this effect 
is detected with pulses duration of fringe dropped. The range between the ZPD (𝑂𝑃𝐷 
=0) to the half maximum of amplitude of the fringe variation is defined as coherence 
length (∆𝑙𝑐), as illustrated Figure 2.6(d). As a consequence, the spectrum of broadband 
source provides more limited coherence length, as shown in Figure 2.6(e) and 2.6(f), 
respectively. 
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Figure 2.6  (a) An ideal spectral line as a delta function of monochromatic source 

and (b) its interference in the form of infinite sinusoidal wave. (c) A 
spectral line of conventional monochromatic source with the spectral 
linewidth, and (d) its interference variation, including the defined of 
coherence length. (e) The spectrum line shape of the broadband 
source, which corresponding to its interference plotted in (f). 

 
The coherence length is related to the spectrum bandwidth as defined as 

∆𝑧𝑐 =
𝜆2

∆𝜆
 (Born and Wolf, 1999), where ∆𝜆 defines wavelength stability of the source. 

The laser or monochromatic source with narrow bandwidth has a larger coherence 
length than the source with broader bandwidth, such as the Sun or the other 
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broadband sources, implying that the broader spectral bandwidth provides the shorter 
coherent length. 

Practically, Equation (2.19) is an even function, which can be expressed in the 
Fourier transform relation as 

 

𝐼(𝑂𝑃𝐷) =
1

2
∫ 𝑆(𝜎)𝑒−𝑖2𝜋𝜎𝑂𝑃𝐷∞

−∞
𝑑𝜎 = ℱ(𝑆(𝜎)).              (2.20)    

 
The spectrum function is thus obtained by taking the inverse Fourier Transform 

to the interferogram in Equation (2.20) (Bracewell, 2000) as 

 

𝑆(𝜎) =
1

2
∫ 𝐼(𝑂𝑃𝐷)𝑒𝑖2𝜋𝜎𝑂𝑃𝐷∞

−∞
𝑑𝑂𝑃𝐷 = ℱ−1(𝐼(𝑂𝑃𝐷)).                (2.21)    

 

The spectrum function 𝑆(𝜎) can be retrieved by taking the Fourier transform 
to the interferogram function 𝐼(𝑂𝑃𝐷) and vice versa. In the FTS application, the 
interferogram output of the interferometer, as illustrated in Figure 2.7(a), is transformed 
to obtain the spectrum result, as illustrated in Figure 2.7(b). 

 

 

Figure 2.7 An example of interferogram of a Halogen-tungsten source (a) and its 
spectrum result after taking the Fourier transform (b). 

 
2.3 Sampling theorem  

In order to convert the interferogram to obtain the spectrum result, the modern 
digital computer has been used as an essential tool for the FTS by algorithm, known 
as Fast Fourier Transform (FFT) (Brault, 1985). The data-acquisition in the FTS system 

 



23 

acquires the signal in a discrete time. The recorded signal in each discrete time step is 
called “sampling”  (Brault, 1985) that will be explained in this Section hereafter. 

To illustrate this effect, the interferogram will be multiplied function by the 
Dirac delta comb function, which is represented by a unit-area of delta function (𝛿), 
centered at the origin and spaced one unit apart. The expression of comb function is 
illustrated in Figure 2.8(a) and can be written in the form of 

 
𝑐𝑜𝑚𝑏(𝑥) =  ∑ 𝛿(𝑥 − 𝑛)∞

𝑛=−∞ ,                               (2.22) 

 
where 𝑛 is an integer. 

The scaled property of comb function can be expressed as 
 

𝑐𝑜𝑚𝑏(
𝑥

𝑏
) =  ∑ 𝛿(𝑥 − 𝑛𝑏)∞

𝑛=−∞ .                              (2.23) 

 

The expression of scale property in Equation (2.23) describes an array of unit 
area of delta function, centered at the origin and spaced 𝑏 apart, as illustrated in Figure 
2.8(b). 

 

 
 
Figure 2.8 An illustration of comb function in the form of comb(x)  in (a) and the 

expression of comb(x/b) function in (b). 
 

Consider the FTS system, the interferogram has been recorded in a constant 
interval of retardation. As illustrated in Figure 2.9(a), the interferogram is recorded with 
the total length equal to 𝑂𝑃𝐷 and sampled in a uniform interval equal to 
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∆𝑂𝑃𝐷 =  
𝑂𝑃𝐷

 𝑁𝑝𝑖𝑥𝑒𝑙
  ,                                            (2.24) 

 

where 𝑁𝑝𝑖𝑥𝑒𝑙 denotes the number of sampling in the acquiring data-acquisition. 

 

 
 

Figure 2.9  An illustration of (a) The discrete samples recorded interference signal 
in space domain and its obtained spectrum (b) after taking FFT in 
spectrum domain. 

 
 The interpretation of discrete sampling interferogram (𝐼𝑑) that sampled in the 
interval equal to ∆𝑂𝑃𝐷 is described by the product of continuous interferogram and 
the sampling in comb function, which can be written as 

 

𝐼𝑑(𝑂𝑃𝐷) = 𝐼(𝑂𝑃𝐷) ∙ 𝑐𝑜𝑚𝑏(
𝑂𝑃𝐷

∆𝑂𝑃𝐷
).           (2.25) 

 

  It can be expressed in another form following an Equation (2.23), as 

 

𝐼𝑑(𝑂𝑃𝐷) = ∑ 𝐼(𝑂𝑃𝐷 − 𝑛∆𝑂𝑃𝐷)𝑁𝑝𝑖𝑥𝑒𝑙
𝑛=−1 .          (2.26) 

   

The spectrum function was obtained from the FFT of the discrete sampling 
interferogram 𝐼𝑑(𝑂𝑃𝐷). The Fourier transform of the comb function spaced interval 
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equal to 1

𝑥
, as illustrated in Figure 2.10(a), is another comb function at an opposed 

period equal to 𝑥, as illustrated in Figure 2.10(b). 
 

 
 

Figure 2.10  (a) the comb function with a period of 1/x and (b) its Fourier transform 
of another comb function with a period of x. 

 

  Therefore, after taking the FFT to Equation (2.26), the spectrum function is thus 
obtained as illustrated in Figure 2.9(b) and expressed as 

 

𝑆𝑑(𝜎) =  ∑ 𝑆(𝜎 −
𝑛

∆𝑂𝑃𝐷
) = ∑ 𝑆(𝜎 − 𝑛𝜎𝑠)

𝑁𝑝𝑖𝑥𝑒𝑙

𝑛=1
𝑁𝑝𝑖𝑥𝑒𝑙
𝑛=1 .            (2.27) 

 

  Notice that the relation 𝜎𝑠 =
1

∆𝑂𝑃𝐷
 implies the sampling frequency of the 

spectrum meaning that a smaller ∆𝑂𝑃𝐷 is required in order to observe the larger 𝜎𝑠.   

  The spectrum will be repeatable sampled 𝜎𝑠 . To avoid overlap across the 
frequency range between 0 and 𝜎𝑚𝑎𝑥, the spectrum needs a frequency coverage of at 
least 2𝜎𝑚𝑎𝑥  as known as “Nyquist frequency” (Dondurur, 2018). A poorly sampled 
interferogram leads the spectrum folding of negative frequencies, which prevents the 
identification of the real shape of original spectrum. The expression of sampling 
interferogram under this criterion can be expressed as  

 

∆𝑂𝑃𝐷 ≤
1

2𝜎𝑚𝑎𝑥
 =  

𝜆𝑚𝑖𝑛

2
 ,                                         (2.28) 
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where 𝜎𝑚𝑎𝑥  defines the maximum frequency of the source that is related to the 
minimum wavelength 𝜆𝑚𝑖𝑛 =

1

𝜎𝑚𝑎𝑥
.  

  The spectrum interval or the frequency spacing can be calculated as 

 

∆𝜎 =
𝜎𝑠

𝑁𝐹𝐹𝑇
= 

1

𝑁𝐹𝐹𝑇∙ ∆𝑂𝑃𝐷
 ,                                (2.29) 

 

 where 𝑁𝐹𝐹𝑇 is the number of samples in the spectrum domain.  

 

2.4 Effect of finite OPD 
In this Section, some phenomena that have been approached in the realistic 

FTS measurements are described. Following Equation (2.26), the spectrum function 
that is obtained by the integral boundary of the scan range of interferogram between 
−∞ and ∞ becomes unrealistic in the real measurement. In realistic, the FTS system 
has been operated in the finite 𝑂𝑃𝐷  between  −𝑂𝑃𝐷𝑚𝑎𝑥  and 𝑂𝑃𝐷𝑚𝑎𝑥 , where 
𝑂𝑃𝐷𝑚𝑎𝑥 defines the maximum 𝑂𝑃𝐷 that is allowed in the system. 

Let’s consider the truncated interferogram obtained from the monochromatic, 
as illustrated in Figure 2.11(a). The expressed interferogram function can be derived by 
multiplying Equation (2.26) by the rectangular or boxcar function (⨅), as  

 
𝐼𝑟𝑒𝑐𝑡(𝑂𝑃𝐷) = 𝐼𝑑(𝑂𝑃𝐷) ∙ ⨅(𝑂𝑃𝐷),                  (2.30)    

 
where 

⨅(𝑂𝑃𝐷) =   { 
1 ;  𝑂𝑃𝐷 ≤ |𝑂𝑃𝐷𝑚𝑎𝑥|  

0 ;  𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
.        (2.31) 

 
The spectrum function of this finite range is obtained by taking Fourier 

transform on the Equation (2.30), which can be expressed as  
 

𝑆𝑟𝑒𝑐𝑡(𝜎0) = ℱ(𝐼𝑟𝑒𝑐𝑡(𝑂𝑃𝐷)) = ℱ(𝐼𝑑(𝑂𝑃𝐷)⨂ℱ(⨅(𝑂𝑃𝐷)).  (2.32)    
 

The spectrum result obtained is the sinc function, which can be written as 
 

𝑆𝑟𝑒𝑐𝑡(𝜎0) = 𝑆(𝜎0)⨂𝑠𝑖𝑛𝑐(2𝜋𝜎0𝑂𝑃𝐷𝑚𝑎𝑥).        (2.33)    
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Figure 2.11  (a) An illustration of the truncated interferogram in the truncated range 

and (b) A result of its Fourier transform of sinc function.  
 

Figure 2.11(a) shows the limitation in finite path difference which is represented 
as a truncation of the cosine interferogram. The Fourier transform of this effect in the 
sinc function is shown in Figure 2.11(b). The first main lobe of the sinc function 
centered about 𝜎0 provides the frequency width equal to  1

𝑂𝑃𝐷𝑚𝑎𝑥
 . The sinc function 

can be considered as the instrument line shape (ILS) function which can be used to 
verify the system performance through the measured of the Full Width at Half 
Maximum (FWHM) of the spectrum function. The theoretical FWHM of the ILS that 
measured in centimeter unit can be calculated by 

 
FWHM𝐼𝐿𝑆 =

1.207

 2𝑂𝑃𝐷𝑚𝑎𝑥
 .                   (2.34)    

 

2.5 Sampling error   
Ideally, the FFT has been implemented on signals that are sampled in a 

uniform interval, meaning that the translation of the dynamic mirror is required to be 
perfectly linear. The interferogram signals are acquired from FTS system in the function 
of time varying signal. The timestamps are recorded in a uniform time interval. The 
increment sampling in path difference of two mirrors relates to the translation velocity 
of the dynamic mirror. In reality, the dynamic mirror is driven by the translation stage 
which contains the acceleration to force from the steady position until reach the 
specified velocity and the retardation for the stopping motion. For this reason, the 
𝑂𝑃𝐷 between two mirrors in the interferometer system is considered to be non-
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uniform interval and caused the sampling position error due to the velocity fluctuation 
in dynamic mirror.  

Let consider a monochromatic source, the finite 𝑂𝑃𝐷 range that is obtained 
from the measurement is expressed as 

 
  𝑂𝑃𝐷(∆𝑉, 𝜏) = 2(𝑉0 + ∆𝑉(𝑡))𝜏,            (2.35) 

 

where 𝑉0 defines the constant velocity of the dynamic mirror along the displacement. 
∆𝑉 is the velocity error induced by the acceleration and retardation in the translation 
stage. 𝜏 is time delay along the measurement.   

Therefore, the interferogram due to the velocity error can be expressed as 
 

𝐼′(∆𝑉, 𝜏))  =  𝐼(𝑂𝑃𝐷0 + ∆𝑉 ∙ 𝜏) ,          (2.36) 

 
where 𝑂𝑃𝐷0 = 2𝑉0𝜏. 

The expression of the interferogram, corresponding to sampling position error 
(𝜀), can be written as  (McCurnin, 1981)  

 
𝐼′𝜀(𝜏))  =  𝐼(𝑂𝑃𝐷0 + 𝜀(∆𝑉, 𝜏)) ,          (2.37) 

 
where 𝜀 defines the sampling position error in a function of 𝑂𝑃𝐷. 
 For a small error, the first order approximation of truncated Taylor series 
expansion can be applied as  
 

𝐼′𝜀(𝑂𝑃𝐷)  ≈  𝐼(𝑂𝑃𝐷0) + 𝜀(∆𝑉, 𝜏)
𝑑(𝐼𝑂𝑃𝐷0))

𝑑𝑂𝑃𝐷
 .             (2.38) 

 
 The spectrum result that is obtained after taking FFT can be expressed as 
 

𝑆′𝜀(𝜎)  =  𝑆(𝜎) + 𝜀(𝜎)⨂2𝜋𝑖𝜎𝑆(𝜎) ,          (2.39) 

 

where ⨂  defines the convolution operator. The term 2𝜋𝑖𝜎  implies the phase 
distortion that are introduced from sampling position errors 𝜀. 
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In reality, the interferogram signals are sampled with the sampling position 
errors due to the translation of the dynamic mirror, which contain acceleration from a 
stop motion to reach the specified velocity and retardation to stop the motion. The 
translating stage controls the dynamic mirror with undecided values of both 
acceleration and retardation. When the scanning velocity varies randomly about the 
central value 𝑉, it will affect the manifested spectrum as a noise, with the highest 
noise amplitude occurring at 𝜎0 (Griffiths et al., 2007). 

To illustrate this situation, the sampling position errors by simulation of the two 
origins have been analyzed, including of the velocity fluctuation and the sampling jitter 
that will be presented hereafter. 
 

2.5.1 The sampling position error due to the velocity fluctuation  
To clarify this effect, I have simulated this error under the consideration of a 

monochromatic source at wavelength equal to 𝜆 = 633.178 nm with a finite path range 
of 𝑂𝑃𝐷 = 𝑍𝑃𝐷 ± 1  mm. The simulation of the sampling position errors ( 𝜀 ) is 
illustrated in the left-panel of Figure 2.12. 𝜀 was assumed to be related to the velocity 
fluctuation.  It is rapidly increased in the beginning due to an acceleration in the 
translating stage from the static position. Then, it becomes smaller until it reaches the 
specified velocity and gives the smallest errors (𝜀 ≅ 0) at the 𝑍𝑃𝐷, and it thus turns 
to increase again due to the effect of deacceleration until the mirror is stopped. The 
incrementations of 𝜀  is interpreted in a time dependent of uniform symmetrical 
parabolic function as  

  
𝜀(𝜏) = 𝜀𝑖𝜏

2 ,            (2.39) 

 

where 𝜀𝑖 defines the order of magnitude of an error. 
The simulation of four order of magnitudes of 𝜀 have varied, including of 𝜀1 ∝

10−4, 𝜀2 ∝ 10−5, 𝜀3 ∝ 10−6, and 𝜀4 ∝ 10−7, as respectively presented in (a), (b), (c) 
and (d) on the left-panel of Figure 2.12.  
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Figure 2.12  Simulations of position sampling errors due to velocity fluctuation with 

four order of magnitudes in the left-panel corresponding to their spectral 
results in the right-panel.  

 
The right-panel of Figure 2.12, shows the spectral results corresponding with 

each 𝜀 in the left-panel. The theoretical spectrum in the blue lines shows the line 
shape of a monochromatic source at the simulated central wavelength (CTW) equal to 
633.178 nm. First, the largest error 𝜀1 ∝ 10−4, as illustrated in Figure 2.12(a), shows 
many spurious frequencies that formed to be the large bandwidth. Second, the smaller 
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error 𝜀2 ∝  10−5 , as illustrated in Figure 2.12(b), provides the smaller number of 
spurious frequencies than 𝜀1 . In the third order, 𝜀3 ∝ 10−5 , as illustrated in Figure 
2.12(c), provides the spectral line shape closed to the theoretical line shape with a 
very small shift of 0.04 nm from the theoretical CTW. Finally, the fourth order, which 
is the smallest value at 𝜀4 ∝ 10−5, as illustrated in Figure 2.12(d), gives the spectral 
line shape and CTW to be the same as the theoretical spectrum. 
 

2.5.2 The sampling position error due to sampling jitter 
The sampling position error can be induced by the jitter motion of the mirror. 

The sampling jitter occur during the translation of the mirror due to the non-uniform 
carrying of the translating stage. The term 𝜀 is interpreted in a random variation in a 
function as  
 

𝜀(𝜏) = 𝛽𝜏 ,            (2.40) 

 

where 𝛽 is independent random variable. 
The simulation of the sampling position errors due to this effect is illustrated 

in Figure 2.13. The jitter is assumed to be randomly occurred along the translation. 
The left-panel illustrates the two random jitters that have been created and plotted 
in a function of position jitter varying with 𝑂𝑃𝐷, while the spectral result with spurious 
frequencies of each jitter is presented in the red line of right-panel compared to the 
theoretical spectrum in the blue line.  
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Figure 2.13  Simulations of sampling errors of non-uniform OPD in a function of 
random jitter position in the left-panel, which are corresponded to their 
spectral results in the right-panel. 

 
The sampling jitter results in Figure 2.13(b) have been created with higher 

random amplitude than in Figure 2.13(a) or  𝛽𝑏 > 𝛽𝑎 . These result show that the 
spurious frequencies in the spectrum are increased proportional to the amplitude of 
random jitter.  
 
2.6 Fringe contrast  

The characterization of interference fringe modulation of interferogram that is 
retrieved from the interferometer is quantified by the fringe visibility or fringe contrast. 
It is determined by the average cross-section of the intensity distribution along the 
interference pattern (Deng and Chu, 2017). The spatial coherence value is calculated 
through the fringe contrast (𝐶) as (Erickson and Brown, 1967) 

 
𝐶 =

(𝐼𝑚𝑎𝑥−𝐼𝑚𝑖𝑛)

(𝐼𝑚𝑎𝑥+𝐼𝑚𝑖𝑛)
 ,         (2.41) 

where 𝐼𝑚𝑎𝑥  and 𝐼𝑚𝑖𝑛  are the maximum and minimum intensity of the fringe 
modulation, respectively. The system with higher 𝐶 will generally provide a larger 
signal to noise ratio and thus gain the measurement accuracy (Y. Zhang et al., 2010).  
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Figure 2.14  Simulations illustrated fringe modulations interferogram (a) and 

corresponded to the measured of contrast variation shown in (b). 
 

When 𝐼𝑚𝑖𝑛 is much smaller than 𝐼𝑚𝑎𝑥, the high contrast is observed as 𝐶 ≈ 1 
which is generally observed close to ZPD. The fringe modulations are clearly observed 
in the case of 𝐶 > 0.5, while 𝐶 < 0.2 implied that the bright and dark patterns in fringe 
modulation are difficult to observe (Beaudry; D. and Milster.).  

Figure 2.14(a) illustrates the interferogram simulation that obviously shows large 
fringe modulations while the fringe contrast variation corresponding to this modulation 
is obtained by Equation (2.56) and presented in the Figure 2.14(b).  

In this Section, I have identified the two effects that limit the to the contrast 
of the system, including of the effect spatial extension of the fiber core, and the effect 
of the tilt in the dynamic mirror during the displacement (Artsang et al., 2022).  

Notice that one more possible origin that limit the contrast is the effect of 
coherence length due of the bandwidth of monochromatic source, as described in the 
Section 2.2.4. The coherence length is related to the spectrum bandwidth as defined 
as 𝑙𝑐 =

𝑐

∆𝑓
 (Born and Wolf, 1999), where ∆𝑓 is  the frequency bandwidth of the source 

spectrum. Conventionally a laser source has a long range of coherence length. For 
example, the stabilized laser at central wavelength 633.178 nm that was applied in 
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the experimental setup has coherence length longer than 1 meter. Therefore, this 
effect is negligible for the investigation of contrast loss in the range of few centimeters.  
 

2.6.1 Effect of the spatial extension of the fiber core 
In the fiber-fed FTS system, the beam reaches the interferometer through a 

multi-mode fiber.  The beam is diverged at the fiber output and then collimated by 
the collimator. The size of collimated beam is increased with the large core diameter. 
The spatial extension of the fiber core introduces a variation of the 𝑂𝑃𝐷 that impacts 
the contrast performance (Griffiths et al., 2007).  

 

 
 

Figure 2.15  A schematic of source that is injected by the large core fiber from the 
source plane and propagated to the interferometer with the angle of 
incident due to the effect extended source. 

  
As illustrated in Figure 2.15, the light source is injected through the fiber with 

the core size 𝑦 to the FTS system with the angle of incident (𝜃). This angle induced 
the off-axis rays propagated and reached the detector, as plotted in the red lines, and 
thus caused the 𝑂𝑃𝐷 variation along the fringe modulations. 

The channel 1 defines the beam that is reflected by BS toward the dynamic 
mirror M1 while the channel 2 defines the beam that is transmitted through BS toward 
the static mirror M2. The 𝑂𝑃𝐷 at any incident angle is quantified by the difference 
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between the 𝑂𝑃𝐷 of beam that propagated through channel 1 and the 𝑂𝑃𝐷 of beam 
that propagated through channel 2.  

As illustrated in Figure 2.16, the 𝑂𝑃𝐷 of the beam in channel 1 is quantified as 
𝑎𝑐′ , while the  𝑂𝑃𝐷  of the beam in channel 2 is expresses as 2𝑏𝑐  or 2𝑎𝑏 .The 
expression of total 𝑂𝑃𝐷 due to the effect of off-axis ray is thus written in the form as 

 
𝑂𝑃𝐷′ = 2𝑏𝑐 − 𝑎𝑐′ .                  (2.42)    

 

  
 
Figure 2.16  A schematic of the geometrical path of the off-axis beam that 

propagated to the dynamic mirror. 
 

Let 𝑧 represents to the on-axis distance path between channel 1 and channel 
2, implying that the on-axis 𝑂𝑃𝐷  is equal to 2𝑧 . By applying the trigonometric 
identities, the first term in Equation (2.42) can be expressed as 

 
2𝑏𝑐 =

2𝑧

𝑐𝑜𝑠𝜃 
 .               (2.43)    

 
  To derive the second term, the expression can be deduced that 𝑎𝑐 = 2𝑏𝑐 ∙

𝑠𝑖𝑛𝜃 and 𝑎𝑐′ = 𝑎𝑐 ∙ 𝑠𝑖𝑛𝜃. Therefore, the second term of Equation (2.42) is expressed 
as 
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 𝑎𝑐′ = 2𝑏𝑐 ∙ 𝑠𝑖𝑛2 𝜃.             (2.44)    

 
By substituting Equation (2.43) and (2.44) into the Equation (2.42), the 𝑂𝑃𝐷 of 

the off-axis beam can be expressed as 
 

        𝑂𝑃𝐷′ =
2𝑧

𝑐𝑜𝑠𝜃
(1 − 𝑠𝑖𝑛2 𝜃) = 2𝑧𝑐𝑜𝑠𝜃 = 𝑂𝑃𝐷 ∙ 𝑐𝑜𝑠𝜃.          (2.45)    

 
    The 𝑂𝑃𝐷 result in the off-axis rays affects to the interferogram variation and 
thus influences the contrast loss. 
 

2.6.2 Effect of the tilt in the dynamic mirror during the displacement 
The quality of the measured interferogram on a Michelson interferometer 

depends on the maintained alignment between the plane of static mirror relative to 
the plane of dynamic mirror during the displacement. When the dynamic mirror is held 
at a different angle than the static mirror relative to the plane of the BS, both beams 
will hit the plane of the detector at a different position, as illustrated in Figure 2.17. If 
the images from the static and dynamic mirrors are not centered at the same point on 
the detector, fringe contrast can be drastically reduced (Griffiths et al., 2007).  

This effect involves the fact that the drive mechanism of the stage that controls 
the movement of the dynamic mirror can not maintain the angle relative to BS along 
the translation.  

Consider the effect of a mirror tilt equal to 𝛼 radians on a collimated beam 
with diameter 𝑑𝑐𝑜𝑙𝑙𝑖, as illustrated in Figure 2.17. The increased in 𝑂𝑃𝐷 between the 
two the extreme rays A and B is expressed as twice of retardation as (Griffiths et al., 
2007) 

 
𝑙 = 2 ∙

𝑑𝑐𝑜𝑙𝑙𝑖

2
𝑡𝑎𝑛(𝛼) = 𝑑𝑐𝑜𝑙𝑙𝑖 𝑡𝑎𝑛(𝛼).    (2.46)    

 
In general, the value of pitch and roll in the translating stage is in the order of 

ten microradians. (For example, our translation stage is NEWPORT ESP 301 translating 
stage has a value of maximum pitch and roll equal to of 37 microradians). I thus apply 
the small angle approximation to Equation (2.46) and expressed the 𝑂𝑃𝐷 variation 
due to the effect of mirror tilt as 
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Figure 2.17   A schematic of Michelson interferometer with an effect of changing the 
plane of the dynamic mirror of an interferometer during a scan modified 
from (Griffiths et al., 2007).  

 
 

𝑂𝑃𝐷′′ =  𝑂𝑃𝐷 + 𝑙 =   𝑂𝑃𝐷 + 𝑑𝑐𝑜𝑙𝑙𝑖 ∙ 𝛼.              (2.47)    
 
The increasing of  𝑂𝑃𝐷 result in Equation (2.47) due to the effect of dynamic 

mirror tilt along the translation affects to the loss in fringe modulation (Griffiths et al., 
2007) thus influences the contrast loss. 

 
2.7 Spectral quality  

2.7.1 The spectral resolution 
The fundamental key property to determine the instrument performance is the 

spectral resolution (𝑅), which is analogous to the spectral resolution of the instrument. 
The calculation of 𝑅 at the defined wavelength 𝜆 can be calculated by (Massey and 
Hanson, 2013) 
 

𝑅 =  
𝜆

∆𝜆
 ,       (2.48)    
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where ∆𝜆 is the smallest wavelength resolved or the minimum separation of two 
spectral lines. In this thesis, I have analyzed the 𝑅 of the FTS system by using the two 
methods 
 
Method I 

The smallest wavelength resolved ∆𝜆 has determined by the FWHM of the 
measured ILS that is obtained at the finite 𝑂𝑃𝐷, as described in the Section 2.3 and 
illustrated in Figure 2.18. When the monochromatic source at CTW = 𝜆𝑟𝑒𝑓 has been 
implemented, the expression of 𝑅 is retrieved by following the relation in Equation 
(2.48) as 

 
𝑅 =  

𝜆𝑟𝑒𝑓

FWHM𝐼𝐿𝑆
 .     (2.49)    

 

  
 
Figure 2.18 An illustration of a region of absorption line in the spectrum for the 

calculation of the spectral solution in method II and the signal-to-noise-
ratio in method I. 

 
Method II 

This method has determined 𝑅 at the small intrinsic absorption line in the 
spectrum, as illustrated in Figure 2.18. An absorption line with a depth of absorption 
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defined as 𝑆𝑎𝑏𝑠  has a wavelength resolved ∆𝜆  measure at the depth 
𝑆𝑎𝑏𝑠

2
. The 

calculation of 𝑅 is expressed in the form of  
 

𝑅 =  
𝜆𝑎𝑏𝑠

∆λ
 .       (2.50)    

 
2.7.2 The noise contributions and Signal-to-noise ratio 
Another key property to determine the instrument performance is the ratio 

between the signal (𝑆) and noise (𝑆𝑇𝐷) of the result of the system, knowing as the 
Signal-to-Noise-Ratio (𝑆𝑁𝑅).  

The noise usually contributes from two important effects, including 
instrumental effects and environmental effects. The fundamental types of noises have 
been classified by their nature into two categories. First is the random noise or time-
uncorrelated noise, which is generally associated to the photon noise. The examples 
of random noise sources in the FTS with astronomical observations include detector 
readout noise, detector dark current noise, background noise, and atmospheric flash 
noise. The effect of photon noise can be reduced by increasing the photon counts of 
the signal (Hinse et al., 2015). The second type is related to the systematic nature, 
such as the alignment of the instrument. There are many sources of this noise that are 
included along the observation which are difficult to quantify and depend on the 
alignment of the system.  

There are the three methods for the 𝑆𝑁𝑅 calculation that will be used in this 
thesis 

 
Method I 

This method describes the 𝑆𝑁𝑅 along the region of an absorption line, as 
illustrated in Figure 2.18. The depth of the absorption line |𝑆𝑎𝑏𝑠| from the reference 
baseline is considered as the signal while the noise is determined by the standard 
deviation of the noise nearby this absorption line (𝑆𝑇𝐷𝐼). The 𝑆𝑁𝑅 is thus expressed 
as 

 
𝑆𝑁𝑅 =  

|𝑆𝑎𝑏𝑠|

𝑆𝑇𝐷𝐼
 .      (2.51)    

 
Method II 

This method is known as the spectral 𝑆𝑁𝑅  (Lacan et al., 2010), which is 
determined spectrum of bandpass filter as illustrated in Figure 2.19(a). The noise is 

 



40 

obtained by the standard deviation of the feet of the spectrum, while the signal is 
considered as the maximum of the spectrum intensity (𝑆𝑚𝑎𝑥). The 𝑆𝑁𝑅 that obtained 
from this method can be in expressed as 

 
𝑆𝑁𝑅 =  

𝑆𝑚𝑎𝑥

𝑆𝑇𝐷𝐼𝐼
 .      (2.52)    

 
Method III 
  This method has determined the selected portion of spectrum and skipped 
absorption lines. The average of signal variation (𝑥̅) represents the signal of the system. 
The noise is retrieved by the standard deviation of the signal and ignores the feet part 
of the spectrum, as illustrated in Figure 2.19(b). The SNR that is obtained from this 
method can be in expressed as (Holmes, 2007) 

 
𝑆𝑁𝑅 =  

𝑥̅

𝑆𝑇𝐷𝐼𝐼𝐼
 .       (2.53)    

 

  
 
Figure 2.19 An illustration of the signal-to-noise-ratio calculation from the spectrum 

in method II in (a) and method III in (b). 
 
 

 



CHAPTER III 
RESEARCH METHODOLOGY 

 
3.1 Instrumental concept  

The fiber-fed in developed FTS system has been designed for a ground-based 
telescope. As illustrated in Figure 3.1, the amount of incoming flux transmitted through 
the FTS system is related to the Numerical Aperture (𝑁𝐴) of the fiber, as expressed in 
the geometrical relation as 

 
𝑁𝐴 =  𝑠𝑖𝑛 ∅,                                         (3.1) 

 
where ∅ defines the half cone angle of the diverged beam that is injected from the 
fiber output. 
 

 
 
Figure 3.1 Schematic of the injected beam from the fiber output through a 

collimator.  
 

As illustrated in Figure 3.1, the extreme ray of the divergence beam is limited 
by the size of the collimator. In our FTS system, the optical fiber that has been selected 
to connect to the interferometer has an 𝑁𝐴 equal to 0.22 (FG050LGA, Thorlabs Inc., 
USA) corresponding to an aperture number (𝐹#) equal to 

 
𝐹#𝐹𝑖𝑏𝑒𝑟   =  (2 ∙ 𝑁𝐴)−1 ≈ 2.27.                              (3.2) 
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The TNT has clear aperture diameter equal to 2.3 m (Buisset et al., 2015) and 
the aperture number equal to 𝐹#𝑇𝑁𝑇 = 10. The TNT collects the star light beam with 
an autoguiding and directs this beam toward a Guiding and Injection Unit (GIU). The 
scientific optical fiber is thus connected to the GIU to receive the star flux and direct 
toward the FTS system that was placed inside the spectrograph laboratory, as 
illustrated in the schematic of the Figure 3.2.  

 

 
 
Figure 3.2  A Schematic concept of the proposed fiber-fed FTS system receiving 

star flux that passed through an atmospheric path. The telescope points 
and directs the beam flux toward the GIU before reaching the FTS 
system via multi-mode fiber connection.  

 
In the fiber fed spectrograph system, the size of fiber core is adjusted to fit the 

size of star image at the telescope focus.  The GIU is included in the setup to customize 
the output beam from the telescope to the scientific fiber connection by following 
the matching condition of the relation between an aperture number and focal length 
as 
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𝑓  𝑇𝑁𝑇

𝐹# 𝑇𝑁𝑇
=

𝑓 𝐹𝑖𝑏𝑒𝑟

𝐹# 𝐹𝑖𝑏𝑒𝑟
 ,                                    (3.3) 

 
where 𝑓𝑇𝑁𝑇 and 𝑓 𝐹𝑖𝑏𝑒𝑟 define the focal length of TNT collimator and the focal length 
of the GIU collimator that will be connected to the fiber, respectively. Therefore, the 
effective focal length of the TNT is calculated as  
 

𝑓𝑒𝑓𝑓 =  𝐹#TNT ∙
𝑓 𝐹𝑖𝑏𝑒𝑟

𝐹#,𝐹𝑖𝑏𝑒𝑟
 = 5.2 m.                        (3.4) 

 
 

 
 
Figure 3.3 An illustration of gathering and receiving flux from the star through the 

optical fiber to reach the FTS system.    
 
Typically, TNT has the seeing (𝛿𝜃Seeing) in median conditions approximately 

equal to 0.9” (Dhillon et al., 2014). In order to include all sky conditions during an 
observation, the seeing can be determined as 𝛿𝜃Seeing ≈  2". The star image can be 
thus estimated from the seeing condition and the telescope focal length (Lhospice et 
al., 2019) as  

 
𝐹𝑊𝐻𝑀𝑠𝑡𝑎𝑟 ≈ 𝑓𝑒𝑓𝑓 ∙ 𝛿𝜃𝑠𝑒𝑒𝑖𝑛𝑔 =  50.4 × 10−6 rad.                   (3.5) 

 
Consequently, an optical fiber with a core diameter equal to 50 microns was 

designed and selected to receive the star flux from the telescope and connect to our 
FTS setup inside the laboratory.  
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3.2 Instrument design 
 3.2.1 Metrology installation 

The design of the FTS system includes one scientific channel and one 
metrology channel, as illustrated in Figure 3.4. The telescope collects the light from 
the star through GIU directly to the fiber of the scientific channel. The metrology 
channel is implemented in order to correct the non-linearity scanning of the dynamic 
mirror.  
  

 
 
Figure 3.4   A proposed schematic of FTS system receiving flux from telescope 

through the fiber and with the two outputs. 
 

The path of the light inside the FTS has been described in the Section 2.1 and 
2.2. In order to detect the small flux  from the star, the FTS was designed to use the 
commercial balance detector (Model 2307, Newport Inc., USA), which has two ports 
with 3.4 cm separation (Newport). The system was designed to get the two outputs for 
this detection. I used the single mode fiber to inject the metrology source through the 
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system with the similar path as the scientific channel. The two metrology outputs will 
be detected by the single port of silicon detector. 
 

3.2.2 Two outputs for balanced detection 
The design of two outputs interferometer using the two plane mirrors has been 

applied to the FTS system. By applying a small tilting into the BS as corresponding to 
in the static mirror, the two outputs are obtained. The beam propagation in channel 1 
and channel 2 are separately illustrated in the Figure 3.5(a) and (b), respectively.  

 

 

 

Figure 3.5  (a) Channel 1 beam path: the arm including of only dynamic mirror M1 
with the small tilting in BS to obtain the two outputs. (b) Channel 2 
beam path: the arm including of only static mirror M2 with additional 
small tilting M2 to obtain the two outputs closed to the beam path in 
channel 1.  

 
The beam paths that reach each surface of BS and mirror contained the 

corresponding coefficients, including reflection and transmission, as presented in Table 
3.1. These concepts are related to the description in Section 2.2.2. In this system, the 
balanced output and unbalanced output were represented by the first output and the 
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second output, respectively. The developed FTS system by using two plane mirrors to 
obtain two outputs is illustrated in schematic of Figure 3.6.  

 
Table 3.1   The representative coefficients of the reflected beam path and the 

transmitted beam paths obtained from the two outputs. 
 

 Channel 1 path 

(static mirror M1) 

Channel 2 path 

(dynamic mirror M2) 

1st  2nd  3rd  1st  2nd  3rd  

1st output 𝑅𝑏𝑠 𝑅𝑀 𝑇𝑏𝑠 𝑇𝑏𝑠 𝑅𝑀 𝑅𝑏𝑠 

2nd output 𝑅𝑏𝑠 𝑅𝑀 𝑅𝑏𝑠 𝑇𝑏𝑠 𝑅𝑀 𝑇𝑏𝑠 

 

 

 
Figure 3.6 The concept design of two outputs interferometer by using the two 

plane mirrors. 
 
The step of FTS system operation is shown in the flow chart in Figure 3.7. The 

metrology signal and scientific signal are simultaneously acquired. The interference of 
metrology signal, which is a monochromatic source, is in the form of cosine variation. 
Notice that distance between the two consecutive peak and valley is relative to the 
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distance of half of wavelength of the metrology light source. This relation can be used 
to correct the non-linear scan and obtain the uniform resampling interferogram (The 
description of resampling step will be more explicit in the Section 3.5). The spectrum 
will be obtained after taking the Fourier transform to the resampling interferogram.  

 

 
 
Figure 3.7  The flow chart describes the process to obtain the spectrum from the 

acquired interferogram signals in the FTS system. 
 

3.3 Data acquisition 
 In the FTS system, the measured intensity output of interference signal from 
interferometer has been digitized by the analog-to-digital converter (ADC). the signals 
from scientific and metrology channels were simultaneously acquired by using the a 
16-bits oscilloscope Analog Discovery 2 (Digilent Inc., USA).  

The two simultaneously recorded signals were acquired sampling rate of 50 
kHz at a translating stage speed equal to 1.8 mm/s. This parameter provides the 
metrology interference comprising of approximatively 10 points per fringe. The two 
synchronous results, including of scientific interferogram and metrology interferogram, 
are illustrated in Figure 3.8(a) and (b), respectively. The sampling frequency of 
interferogram signals are sufficient to overcome an aliasing problem that was explained 
in the Section 2.3. The sampling time interval in both the scientific and the metrology 
is equal to 20 microseconds that corresponds to an 𝑂𝑃𝐷 equal to 36 nanometers of 
metrology.  
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Figure 3.8  An illustration of the simultaneous acquisition of two interference 

signals from scientific channel (a) and metrology channel (b). 
 
3.4 Investigation of contrast loss 
  This Section describes the investigation of contrast loss by calculation of fringe 
contrast with the two possible origins of contrast loss have been introduced in the 
Section 2.6. The effects under the realistic considerations in our FTS system will be 
investigated.  
 

3.4.1 Effect of spatial extension of the fiber core 
  To investigate the effect of core extension to the fringe contrast, the source is 
assumed to be made up of a large number of point sources, which are mutually 
incoherent (Born and Wolf, 1999).  The fiber output face is represented as spatially 
incoherent made of a disk uniformly illuminated of diameter defined as ∅𝑐. 

Let consider one point 𝑀 located off-axis at the distance 𝑦 from the optical 
axis in the object focal plane of the collimator of focal equal to 𝑓𝑐𝑜𝑙𝑙𝑖, as shown in 
Figure 3.9. Each point 𝑀 reaches the interferometer with an angle of incident defined 
as 𝜃.  
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Figure 3.9 A schematic of ray propagating from the point M located inside the 
multi-mode fiber which making an angle of incident to the optical axis.  

    
The angle 𝜃  between the beam emitted by 𝑀  and transmitted by the 

collimator can be expressed as 
 

𝜃𝑀 = tan−1 (
𝑦𝑀

𝑓𝑐𝑜𝑙𝑙𝑖
) .                   (3.6) 

    
The size of 𝑦 is limited by the radius of fiber core as 𝑦 ≤

∅𝑐

2
. The size is very 

small compared to the focal length (𝑓𝑐𝑜𝑙𝑙𝑖 ≫ 𝑦), implying that the angle 𝜃 is typically 
smaller than 10 degree. Therefore, the small angle approximation (J. Hecht, 2019) can 
be applied to Equation (3.6) as 
 

𝜃𝑀 ≈
𝑦𝑀

𝑓𝑐𝑜𝑙𝑙𝑖
 .                   (3.7)    

 
Let’s assume that the source is set a direct orthonormal referential (𝑂, 𝑋, 𝑌) 

with the origin 𝑂 located at the object focus of the collimator colinear with the optical 
axis and oriented in the direction of light propagation.  
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Figure 3.10 An illustration of disk profile of the fiber that varied by the distance 
from the center.  

 
 The expression of the intensity of the beam emitted by 𝑀 that incidents on 
the detector is 
 

𝐼𝑀(𝜎0, 𝑂𝑃𝐷′𝑀) = 𝑆(𝜎0) 𝑐𝑜𝑠(2𝜋𝜎0𝑂𝑃𝐷′𝑀),                    (3.10)    
 
where 𝑂𝑃𝐷′𝑀 =  𝑂𝑃𝐷𝑀 ∙ 𝑐𝑜𝑠𝜃𝑀  that was calculated from the Equation (2.20).  

As illustrated in Figure 3.10, the disk profile of the fiber is expressed as the 
variation of its radius distanced from the center to the its maximum radius size of fiber 
core equal to 25 microns. Let’s define the radius of point 𝑀 by setting the radius from 
the center defined as  

 
𝑟𝑀 =  √𝑥𝑀

2 + 𝑦𝑀
2.          (3.8) 

 
 As in the small angle approximation in Equation (3.7), the term 𝑐𝑜𝑠𝜃 can be 
interpreted as 𝑐𝑜𝑠 (

𝑟𝑀

𝑓𝑐𝑜𝑙
). the expression of 𝑂𝑃𝐷′𝑀 is written as 

 
𝑂𝑃𝐷′𝑀(𝑂𝑃𝐷𝑀, 𝑟𝑀) = 𝑂𝑃𝐷𝑀 ∙ 𝑐𝑜𝑠 (

𝑟𝑀

𝑓𝑐𝑜𝑙
).                  (3.11)    

The measured intensity at any point in the wave-field s then the sum of the 
intensities from the individual point sources (Born and Wolf, 1999), which are provided 

 



51 

by each point 𝑀 inside the fiber. The expression of the theoretical detected intensity 
at the constant 𝑂𝑃𝐷  is considered when the beam disk profile composed of 𝑁 
individual points the theoretical detected intensity can be expressed in the summation 
form as 

 

𝐼𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟(𝑂𝑃𝐷𝑀) = ∑ 𝐼𝑀(𝑂𝑃𝐷′𝑀(𝑂𝑃𝐷𝑀, 𝑟𝑀))𝑁
𝑀=1 .    (3.12) 

 
 

 
 

Figure 3.11 (a) The simulation of interferograms that were obtained from the 
monochromatic source due to the effects of source spatial extension in 
the fiber core with varying three radii and the effect of the tilt in the 
dynamic mirror during the displacement with varying three tilt angles 
and. (b) The fringe contrast variations of (a). 
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Figure 3.11(a) illustrates the modulated interferograms that were retrieved from 
the three varying radii of fiber core sizes (𝑟) with same collimator focal length, which 
corresponds to the contrast varying in Figure 3.11(b). The maximum radius (𝑟1) is 
plotted in the blue color. While the smaller radius (𝑟2) and the minimum radius (𝑟3) 
are respectively plotted in the red and yellow color. I thus conclude that the larger 
size of fiber core leads to the faster contrast loss which agrees with the assumption of 
spatial extension in the fiber core effect.  
 

3.4.2 Effect of the tilt in the dynamic mirror during the displacement 
This effect has been introduced in the Section 2.6.2. As illustrated in Figure 

3.12, when the dynamic mirror is moved and thus held at a different angle varied in 
time than the static mirror relative to the plane of the BS. The two output beams that 
reflected from both mirrors thus hit the detector plane in the different positions. 

 

 
 
Figure 3.12 A schematic of Michelson interferometer with the effect of tilt in the 

dynamic mirror along the translation with angle increased with respect 
to time.  

 
To investigate this effect, the size of the beam that entered to the system is 

demonstrated. As illustrated in Figure 3.13(a), the beam is injected from the fiber with 
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Numerical Aperture (𝑁𝐴) defined as 𝑁𝐴 = 𝑠𝑖𝑛 ∅, where ∅ determines the maximal 
half cone angle of light that can enter or exit the lens (Born and Wolf, 1999) through 
the collimator. The collimator is positioned at 𝑓𝑐𝑜𝑙𝑙𝑖, which provides the collimated 
beam diameter 𝑑𝑐𝑜𝑙𝑙𝑖 before propagating through the interferometer. 

The expression for the diameter size of the collimated beam is written as  
 

𝑑𝑐𝑜𝑙𝑙𝑖 =  2𝑓𝑐𝑜𝑙𝑙𝑖 ∙  𝑡𝑎𝑛 ∅                (3.13)    
 

 
 
Figure 3.13  (a) A schematic of the collimated beam that propagated through the 

FTS system. (b) An illustration of disk profile of the collimated beam at 
the pupil plane, which has the varied color by the distance from the 
center.  

 
In the Michelson interferometer, the relative alignment between dynamic 

mirror M1 and the static mirror M2 is directly related to  the spectra quality of the 
system. The unmaintained acuracy path during the translation in dynamic mirror 
through the interferometer system will be discussed in this Section. 

In the FTS system, the dynamic mirror M1 is mounted on a commercial 
translating stage with a pitch and roll that induce a tilt during M1 translation. The 
coordinate orthonormal referential (𝑂, 𝑋′, 𝑌′) was set with the origin 𝑂 located at the 
centered beam that faced to mirror M1. The disk profile of collimated beam is 
interpreted as the color variation measured from its centered to its radius size, as 
illustrated in the Figure 3.13(b). 

  The tilt 𝛼 of M1 was assumed to be around the horizontal axis 𝑋′. The tilt 𝛼 
is linearly increased with respect to the time delay 𝑡, as illustrated in Figure 3.14(a). 
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Notice that if there is no misalignment in mirror M1, it will always position at perfectly 
perpendicular to the mirror M2 along the translation.  

 

  
Figure 3.14 A schematic representation of M1 the tilt induced by the translating 

stage during M1 displacement. 
 

Let’s consider the point 𝑃  located inside the collimated beam at the 
coordinate (0, 𝑌′), the beam incident on the detector by this point can be expressed 
as 

 
𝐼𝑃 (𝜎0, 𝑂𝑃𝐷′′𝑃 ) = 𝑆(𝜎0) 𝑐𝑜𝑠(2𝜋𝜎0𝑂𝑃𝐷′′𝑃 ).                 (3.14)    

 
As illustrated in Figure 3.14(b), the static mirror M2 is positioned at distance 𝑧 

from the BS. The beam is reflected with the angle 2𝛼 from the dynamic mirror tilt 𝛼. 
The tilt in the mirror induces the shift distance 𝑙(𝑡), which is represented as 𝑙𝑃(𝛼, 𝑡) 

at point 𝑃. This distance implies the shift in 𝑂𝑃𝐷 equal to 2𝑙𝑃(𝛼, 𝑡).  
Consider the at the point 𝑃1(0, 𝜂𝑃1 ) located on the positive 𝑌′coordinate in a 

relative distance 𝜂𝑃1 , the expression of 𝑂𝑃𝐷 at this point is expressed as 
 

𝑂𝑃𝐷′′𝑃1
=  2 [

𝑧+∆𝑧(𝑡)

𝑐𝑜𝑠(2𝛼(𝑡))
− 𝑧] −2𝑙𝑃1

(𝑡),              (3.15)    

 
where 𝑧 is the relative distance from the mirror at ZPD to the detector and 2∆𝑧(𝑡) =

𝑂𝑃𝐷(𝑡).  
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On the otherhand, at the point 𝑃2(0, 𝜂𝑃2
)  located on the negative 

𝑌′ coordinate in a relative distance 𝜂𝑃2
, the expression of 𝑂𝑃𝐷  at this point is 

expressed as 
 

𝑂𝑃𝐷′′𝑃2 =  2 [
𝑧+∆𝑧(𝑡)

𝑐𝑜𝑠(2𝛼(𝑡))
− 𝑧] +2𝑙𝑃2

(𝑡).                (3.16)    

 
Notice that the maximum relative distance (𝜂𝑃,𝑚𝑎𝑥) is equal to the half size of 

collimated beam (𝑑𝑐𝑜𝑙𝑙𝑖/2). 
The tilt angle is related to the value of pitch and roll in the translating stage, 

which is in the order of ten microradians. (For example, our translation stage: NEWPORT 
ESP 301 translating stage has a value of maximum pitch and roll equal to of 37 
microradians). The small angle estimation that 𝑐𝑜𝑠𝛼 ≈ 1 −

𝛼2

2
≈ 1 will be applied to 

the first term of Equation (3.15) and (3.16) as 
 

2 [
𝑧+∆𝑧(𝑡)

𝑐𝑜𝑠(2𝛼(𝑡))
− 𝑧] =  2(𝑧 + ∆𝑧(𝑡) − 𝑧) = 2∆𝑧(𝑡) = 𝑂𝑃𝐷(𝑡).                (3.17)    

 
 Therefore, the expression of the 𝑂𝑃𝐷 at each point can be written as 
  

𝑂𝑃𝐷′′𝑃 =   𝑂𝑃𝐷(𝑡) ∓ 2𝑙𝑃(𝑡, 𝛼),                    (3.18)    
 

where the signs ∓ implies the opposite sign of the 𝑌′ coordinate as the defined point 
𝑃. 

To verify the shift distance of the point 𝑃 at the time 𝑡, the geometrical relation 
(Griffiths et al., 2007) can be expressed as 

 
𝑙𝑃(𝛼, 𝑡) = 𝜂𝑃 ∙ 𝑡𝑎𝑛(𝛼𝑃(𝑡)).                   (3.19)    

 
The tilt angle is related to value of pitch and roll in the translating stage, which 

is in the order of ten microradians. (For example, our translation stage: NEWPORT ESP 
301 translating stage has a value of maximum pitch and roll equal to of 37 
microradians). The small angle approximation will be used to simplified Equation (3.19) 
as 

𝑙𝑃(𝛼, 𝑡) ≅ 𝜂𝑃 ∙ 2𝛼𝑃(𝑡).                   (3.20)    
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Following the assumption that the tilt 𝛼 is linearly increased with respect to 
the time delay 𝑡 from 𝛼 = 0 at the ZPD to 𝛼 = 𝛼𝑚𝑎𝑥 at 𝑂𝑃𝐷𝑚𝑎𝑥. Therefore, this 𝑂𝑃𝐷 
shift is also varied with respect to this variation from 𝑙(𝛼)= 0 at ZPD to the maximum 
𝑙𝑃,𝑚𝑎𝑥 at 𝑂𝑃𝐷𝑚𝑎𝑥 . The relative expression between the 𝑂𝑃𝐷 shift and the 𝑂𝑃𝐷 is 
thus written in the ratio as 

 
𝑙(𝛼,𝑡)

𝑙,𝑚𝑎𝑥

=
𝑂𝑃𝐷(𝑡)

𝑂𝑃𝐷𝑚𝑎𝑥

.                    (3.21)    

 

Therefore, the 𝑂𝑃𝐷 shift at the specified time 𝑡 which corresponds to the 
defined point 𝑃 is expressed as 

 

𝑙𝑃(𝛼, 𝑡) =
𝑂𝑃𝐷(𝑡)

𝑂𝑃𝐷𝑚𝑎𝑥
∙ 𝑙𝑃,𝑚𝑎𝑥.        (3.22)    

 
By using the geometrical relation, the maximum 𝑂𝑃𝐷  shift is obtained  

maximum tilt (𝛼𝑚𝑎𝑥) can be written in the form as 
 

𝑙𝑃,𝑚𝑎𝑥 = 𝜂𝑃 
∙ 𝛼𝑚𝑎𝑥.              (3.23)    

 
The expression of the 𝑂𝑃𝐷 shift is obtained by substituting Equation (3.23) into 

Equation (3.22) as  
 

𝑙𝑃(𝛼, 𝑡) =
𝑂𝑃𝐷(𝑡)

𝑂𝑃𝐷𝑚𝑎𝑥
∙ 𝜂𝑃 

∙ 𝛼𝑚𝑎𝑥.              (3.24)    
 
  Therefore, the total 𝑂𝑃𝐷 at each point following Equation (3.18) is expressed 

as 
 

𝑂𝑃𝐷′′𝑃 =   𝑂𝑃𝐷(𝑡)[1 ∓ 𝜂𝑃 
∙ 𝛼𝑚𝑎𝑥].     (3.25)    

  
The detected intensity at the point as following Equation (3.14) is derived as 

 
𝐼𝑃 (𝜎0, 𝑂𝑃𝐷, 𝛼) = 𝑆(𝜎0) 𝑐𝑜𝑠(2𝜋𝜎0𝑂𝑃𝐷(𝑡)[1 ∓ 𝜂𝑃 

∙ 𝛼𝑚𝑎𝑥]).     (3.26)    
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The expression of the theoretical detected intensity that composes of 𝐾 
individual points at the constant 𝑂𝑃𝐷 is the summation of all individual points inside 
a pupil plane, which can be written as 

𝐼𝑑𝑒𝑡𝑒𝑐𝑡𝑜𝑟(𝑂𝑃𝐷, 𝑡) = ∑ 𝐼𝑃  (𝜎0, 𝑂𝑃𝐷, 𝛼)𝐾
𝑃 =1 .    (3.27) 

 
Figure 3.11(a) illustrates the modulated interferograms that were retrieved from 

the three values of tilts, including pitch and roll, in the translating stage (𝛼), which 
corresponding to the contrast varying in Figure 3.11(b). The maximum tilt angle (𝛼1) is 
plotted in the blue color. While the smaller tilt angle (𝛼2) and the minimum tilt angle 
(𝛼3) are respectively plotted in the red and yellow color. Therefore, a larger tilt leads 
to faster loss in contrast which agrees with the assumption of tilt in the dynamic mirror 
during the displacement effect. 
 
3.5 Data processing 
 This Section presents the steps of signal processing that have been developed 
and implement through the FTS system 

 
3.5.1 Uniform sampling 
The spectrum result is obtained from the implementation of a Fourier 

transformation to the interferogram which is acquired from interferometer. In general, 
the interferogram of the source of wavelength 𝜆 is recorded in a function of 𝑂𝑃𝐷 and 
then converted into the spectrum as the reciprocal of wavelength, called as spatial 
frequency defined as 𝜎 = 1/𝜆. The interferogram sampling requires the uniform 𝑂𝑃𝐷 
interval.  

Figure 3.15 illustrates the spectrum result of recorded metrology signal which 
is a monochromatic source at wavelength 633.178 nm from the FTS system, while the 
inset plot shows the theoretical source spectrum that was observed from the optical 
spectrum analyzer.  The result was obtained from the instant recorded interferogram 
at the desired scan speed in dynamic mirror without the correction of non-linear scan. 
The non-linearity of scan speed along the acquired signal directly affects to the 
spectrum result, containing of spurious frequencies in a large spectral bandwidth. 
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Figure 3.15   The spectrum result of metrology source at wavelength 633.178 nm 

without the non-linear scan correction and the theoretical spectrum 
measured by the optical spectrum analyzer (inset). 

 
The data acquisition card records the interferogram in a form of constant time 

interval. Notice that the interferogram of monochromatic source is modulated in a 
cosine waveform. The uniform 𝑂𝑃𝐷  interval can be retrieved from the spatial 
reference of metrology interferogram. The distance between two maxima as peak-to-
peak and two minimum fringes as valley-to-valley from maximum to minimum is equal 
to the one cycle wavelength of the reference source (𝜆𝑟𝑒𝑓), as illustrate in Figure 3.16. 
I thus use this relation to evaluate the uniform 𝑂𝑃𝐷 grid to resampling on the scientific 
interferogram. 
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Figure 3.16  An illustration of cosine waveform that represented the interferogram 
of monochromatic source which is varying under the non-linear scan of 
the dynamic.  

 
3.5.2 Resampling on interferogram  
As described in the Section 3.4, the metrology and scientific interferograms are 

simultaneously recorded with the same sampling interval at the uniform timestamps. 
At the sampling rate 50 kHz, the time interval has been recorded at 20 microseconds. 
The velocity of the dynamic mirror was set at 1.8 mm/s corresponding to 𝑂𝑃𝐷 interval 
approximately equal to 72 nm. The processing algorithm that used to extract the 
spectrum from the raw intensity measurements is implemented on MATLAB 2021a and 
based on the method, which comprises steps described in the flow chart of Figure 
3.17. 
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Figure 3.17 The flow chart described the data processing steps by using the Peak-
Valley position of metrology signal to resampling the scientific signal 
before taking the FFT.  

 
First, the scientific and metrology signals were simultaneously recorded as 

plotted in red rectangular dots in Figure 3.18(a). Second, the locations of the metrology 
signal peaks and valleys were detected, as illustrated in blue circular dots in Figure 
3.18(a). Spline interpolation was applied to the raw signal to improve accuracy of peaks 
and valleys detection (Aliaga, 2017). The syntax findpeaks was used to obtain the 
position of the metrology signal peaks and valleys from the interpolated signal.  

The 𝑂𝑃𝐷 was defined at a given metrology signal peak measured at the instant 
time stamp 𝑇𝑝𝑣,𝑘 called as 𝑂𝑃𝐷𝑝𝑣,𝑘 , where 𝑘 = 1, . . . , 𝑁. The 𝑂𝑃𝐷 on the preceding 
signal valley measured at the instant 𝑇𝑝𝑣,𝑘−1 is called as  𝑂𝑃𝐷𝑝𝑣,𝑘−1. The variation 
between 𝑂𝑃𝐷 of peak-valley’s detection and their measured times are plotted in the 
Figure 3.18(b). Notice that the signal was sampled with a non-uniform 𝑂𝑃𝐷 interval 
due to the non-linear scanning of dynamic mirror that was controlled by the translating 
stage.  
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Figure 3.18  (a) An illustration of each peak-valley’s detection from the recorded 

metrology signal. (b) The obtained time grid of at each tracked peak-
valley positions with respect to their acquired timestamps of signal (a). 

 
The fact that the time-position relation (Roy et al., 2007) that 𝑂𝑃𝐷𝑝𝑣,𝑘 −

𝑂𝑃𝐷𝑝𝑣,𝑘−1 = 0.5𝜆𝑟𝑒𝑓  was used to calculate the value of the 𝑂𝑃𝐷 at each time 𝑇𝑝𝑣,𝑘. 
The timegrid was obtained in a uniform 𝑂𝑃𝐷 interval. Finally, the signals from scientific 
interferogram at each correlated time were extracted, called as “resampled 
interferogram”.  

One constraint for the resampling method is the interferogram spacing must 
follow Nyquist criterion. As described in the Section 2.3, the interval of interferogram 
is required to be smaller than or equal to 𝜆𝑚𝑖𝑛

2
. The obtained timegrid from peak-valley 

detection provides the interval equal to 0.5𝜆𝑟𝑒𝑓, where 𝜆𝑟𝑒𝑓 is metrology wavelength 
at 633.178 nm. In order to observe the spectrum that has wavelength response below 
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𝜆𝑟𝑒𝑓, this interval leads to the problem of aliasing spectrum (Kirchner, 2005) and this 
resampling method is thus not sufficient.  

The result of timegrid in a uniform 𝑂𝑃𝐷 interval for resampling the scientific 
signal is varied as the fraction of reference wavelength. The sampling spaced was 
defined as a fraction of the reference metrology wavelength (Simon A. Roy, 2007). The 
developed methods for the aliasing correction will be described hereafter. 
 

3.5.3 Correction of aliasing problem: Method I 
 

 
 
Figure 3.19  A flow chart of resampling steps in method I.  
 

The first method has been developed by implementation the fit of cubic spline 
interpolation to the time-position variation (Naylor et al., 2004). The steps that 
described the resampling method I are illustrated in the flow chart in Figure 3.19.  

Consider the variation between (𝑂𝑃𝐷𝑝𝑣,𝑘−1, 𝑇𝑝𝑣,𝑘−1) and (𝑂𝑃𝐷𝑝𝑣,𝑘, 𝑇𝑝𝑣,𝑘), the 
outputs of the cubic spline interpolation are two vectors, corresponding to the 
timestamps and 𝑂𝑃𝐷  values, as illustrated in Figure 3.20. The timestamp 𝑇𝑖

′  is 
retrieved from 𝑂𝑃𝐷𝑖

′ separation between 𝑂𝑃𝐷𝑝𝑣,𝑘−1 and 𝑂𝑃𝐷𝑝𝑣,𝑘 to obtain the new 
resampling timegrid.  
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Figure 3.20  An illustration of time-intensity variation that used cubic spline 
interpolation to determine the resampling timegrid in method I. 

 
3.5.4 Correction of aliasing problem: Method II 
The second method the for correction of aliasing has been developed based 

on the fit of cubic spline interpolation, as shown in the flow chat of Figure 3.21. CSAPI 
syntax in MATLAB Curve fitting toolbox was implemented to each peak-valley pair of 
metrology signal.  

 

 
 

Figure 3.21 A flow chart of resampling steps in method II.  
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The intensity that was  detected at a given metrology signal peak measured at 
the instant time stamp 𝑇𝑝𝑣,𝑘  is called as 𝐼(𝑂𝑃𝐷𝑝𝑣,𝑘)  where 𝑘 = 1, . . . , 𝑁.  The 
implementation of this method is considered the time-intensity variation between 
(𝐼(𝑂𝑃𝐷𝑝𝑣,𝑘−1), 𝑇𝑝𝑣,𝑘−1) and (𝐼(𝑂𝑃𝐷𝑝𝑣,𝑘) , 𝑇𝑝𝑣,𝑘), as illustrated in Figure 3.22. The 
𝐼(𝑂𝑃𝐷𝑝𝑣,𝑘) defines the intensity amplitude that is compromised with the detected 
position 𝑂𝑃𝐷𝑝𝑣,𝑘 . The term 𝐼(𝑂𝑃𝐷𝑖

′) is retrieved from the separation of intensity 
amplitude between 𝐼(𝑂𝑃𝐷𝑝𝑣,𝑘−1)  and 𝐼(𝑂𝑃𝐷𝑝𝑣,𝑘).  Therefore, the timegrid 
𝑇′(𝐼(𝑂𝑃𝐷𝑖

′))  is obtained, corresponding with the uniform 𝑂𝑃𝐷  interval equal to 
0.25𝜆𝑟𝑒𝑓.  

 

 
 
Figure 3.22  An illustration of time-intensity variation that used cubic spline 

interpolation to determine the resampling timegrid in method II. 
 
3.6 Performance verification by measuring Sun spectrum 

In general, a fiber-fed system in an astronomical observation measures the star 
flux by focusing the beam that is received from the telescope toward fiber entrance. 
For our measurement, I have applied the telescope defocus technique for collecting 
the Sun light during an observation. However, the proceeding noises that occur during 
an observation, for example instrumental or environmental effects, will be the same 
in both focusing mode and defocusing mode (Hinse et al., 2015).     

 

 



65 

3.6.1 The experimental setup 
 The Sun light was collected by using a lens, which represents the telescope. A 

lens with 1” diameter (AC254-050-B-ML, Thorlabs Inc., USA) was used to defocus the 
image of the Sun on the fiber entrance. The flux was received through the multimode 
fiber and connected to the FTS system inside the laboratory. The distance between 
lens and fiber entrance face was adjusted to reach a flux at the fiber output 
approximately equal to 1 micro-watt, which is equivalent to the flux of the planets, 
such as Venus or Jupiter at TNT image plane. The tracking errors with this size of field 
of view should not compromise obtaining integrated solar disk light in 20 minutes with 
40 measurements, as illustrated in Figure 3.23(a).  

The lens was held by the compact system called as “Star Adventurer 
Astronomy” for collecting the Sun light and set with the step as the following: 

1) Point the head position to the North pole. 
2) Adjust 3 standing posts to reach the tracking inclination equal to 18 degree (see 

Figure 3.23(b)). 
3) Place the lens on the holder as shown in Figure 3.23(b). 
4) Rotate the adjusting knob (including rough and fine adjustments) to arrange the 

position of defocused light through the center of fiber whole (see 3.23(c)). 
5) Select the observation mode by rotating the function to “SUN” (see Figure 

3.23(d)). 
 

 
 
Figure 3.23   (a) Schematic of Sun rotational effect during an observation. The 

mounting steps of compact Star Adventurer Astronomy to track the Sun 
rotational path are illustrated in (b), (c), and (d).  
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3.6.2 The FTS measurement of the Sun 
The four steps for making Sun observation by the FTS system will be described 

as follows  
 

Step 1: Verify the system alignment 
 A well-aligned FTS system is required before making the measurements. To 

verify the system, the contrast variation of monochromatic source is required. The 
metrology source was injected through the scientific fiber and recorded the fringe 
modulation variation. The result of contrast variation at higher than 0.5 for the 
operated 𝑂𝑃𝐷 range between -15 mm, 15mm is satisfied.  

 
Step 2: Set the parameter of acquired data 

The two commercial software were applied for the measurement of 
parameters presented in the table 3.2, including of i) ESP301 for controlling the motion 
of translating stage. and ii) Waveforms of diligent analog discovery 2 for acquiring the 
data. The velocity was set to 1.8 mm/s and the sampling rate of acquired data was set 
to 50 sample/second (as described in Section 3.3). The total scanning range was equal 
to 15 mm, an integration time was approximately 8.5 seconds for each single 
measurement. 

 
Table 3.2  The properties of data acquisition in FTS system. 
 
OPD range -15 mm to +15 mm 
Scanning range -7.5 mm to +7.5 mm 
Stage velocity 1.8 mm/s 
Sampling rate 50 kHz 

 
Step 3: Make a measurement 

The setup was positioned outside the laboratory during an observation, as 
illustrated in Figure 3.24.  
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Figure 3.24 (a) An illustration of the setup image of Sun and connected to the fiber 

to reach the scientific port of FTS system inside the Laboratory in (b). 
 

In each single measurement, the data was acquired and illustrated the 
preliminary result in the Waveforms software. The two channels were simultaneously 
recorded with the same timestamps and all parameters listed in Table 3.2.  these 
results were thus exported and performed the post-signal processing by using MATLAB 
2020a to obtain the spectrum of the Sun that will be presented and discussed in the 
next chapter.  
 
 
 
 
 
 
 
 
 
 

 

 



 

CHAPTER IV 
RESULTS 

 
4.1 Setup implementation 

Our FTS system relies on the dual-configuration Michelson interferometer, 
including scientific and metrology interferometers. A schematic diagram of the FTS 
setup is illustrated in Figure 4.1. In scientific system, the multimode fiber with core 
diameter 50 microns and N.A. equal to 0.22 (FG050LGA, Thorlabs Inc., USA) injects the 
light source to the collimator L1 (AC127-019-B, Thorlabs Inc., USA). The collimator 
collimates the beam toward the 50:50 non-polarized beam splitter cube (BS014, 
Thorlabs Inc., USA). The beam splitter splits the beam into two identical beams, calling 
as channel 1 and channel 2. In channel 1, the beam is reflected by the beam splitter 
to the dynamic mirror M1 (PF10-03-M01, Thorlabs Inc., USA). This mirror is mounted on 
a linear translating stage (M-ILS200CCL, Newport Inc., USA) and is controlled by a 
motion controller (ESP 301, Newport Inc., USA) during the data acquisition. At the same 
time, the beam in channel 2 is transmitted through the BS to reach the static mirror 
M2 (PF10-03-M01, Thorlabs Inc., USA).  
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Figure 4.1 Schematic illustrated the optical components in the FTS system. The 
tracing in orange color illustrates scientific beam path that is entered to 
the system by a fiber with a core diameter of 50 microns. The metrology 
source is injected to the system via the single-mode fiber, as 
represented in the red color. The beam splitter and static mirror are 
slightly tilted in order to obtain and direct the two output beams 
toward the two ports of a balanced photodetector.  

 

A small tilting in the beam splitter and in the static mirror M2 is applied. Hence, 
the beam splitter combines the two reflected beams of channel 1 and 2 and provides 
two output beams. The first output beam is incident on the spectral filter (I-band 
region, Astrodon Photometrics) and directed to the first port of balanced 
photodetector (2307, Newport Inc., USA). The second output beam is incident on the 
reflecting prism P1 (PS908H-B, Thorlabs Inc., USA) that directs the beam toward the 
second entrance of the balanced photodetector after passing through the spectral 
filter. The spectral filter is located in front of the balanced photodetector in order to 
reduce the photon noise by restricting the spectral extension of the beam incident on 

 



70 

the detector and suppressing the metrology leakage signal that is induced by the 
scattering, diffraction, and spurious reflections along the measurement. 

The metrology port is included in the FTS system to correct the non-linearities 
of the dynamic mirror.  It has been applied as the reference source to monitor the 
displacement of the dynamic mirror during the data acquisition. The metrology source 
is made of a stabilized laser (SLM_52371_2-258, Edmund Optics Inc., USA) at the 
reference wavelength equal to 633.178 nm. The single mode fiber (FT030-Y, Thorlabs 
Inc., USA) injects the metrology source to the collimator L2 (AC254-050-A-ML, Thorlabs 
Inc., USA). The beam is collimated and directed toward the prism P2 (PS908H-B, 
Thorlabs Inc., USA). The prism P2 reflects the collimated beam into a similar direction 
of the scientific beam that incident on the FTS. The optical path of the metrology 
beam through the interferometer is thus similar to the science beam’s optical path. 
The prism P3 (PS908H-B, Thorlabs Inc., USA) is placed to reflect the one output toward 
the Si detector (2032, Newport Inc., USA).  

 

 
 
Figure 4.2 A photograph of the FTS setup on an optical bench that has been 

developed in Laboratory of Optics for Space and Astronomy at NARIT, 
Chiang Mai, Thailand. 
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The image of the FTS setup developed at National Astronomical Research 
Institute of Thailand (NARIT) is shown in Figure 4.2. 
 
4.2 Performance of the system  

4.2.1 Instrument throughput  
The throughput of the FTS system is determined by the multiplication of each 

optical transmission along the beam path of the system. This throughput was 
considered starting after the beam was injected from the fiber. As described in the 
precious Section, the first element that the beam has passed was the collimated 
lens 𝐿1. Then, the beam reaches the BS and was spitted to the two mirrors and 
reflected back to the BS. Notice that the beam was passed through a spectral filter 
before reaching the balanced detector. The calculation of FTS throughput is expressed 
as 
 

𝑇𝐹𝑇𝑆 =  𝑇𝐿1 × [𝑇𝑜𝑢𝑡𝑝𝑢𝑡1 + 𝑇𝑜𝑢𝑡𝑝𝑢𝑡2] × 𝑇𝑆𝐹 ,                       (4.1) 
 

where 𝑇𝐿1 is the transmission of the lens 𝐿1. 𝑇𝑆𝐹 is the transmission of the spectral 
filter. 𝑇𝑜𝑢𝑡𝑝𝑢𝑡1 and 𝑇𝑜𝑢𝑡𝑝𝑢𝑡2 are the total transmission of beam path at the first and 
second port of the balance detector, respectively.  

A reflection coefficient the prism that folds the beam is assumed to be equal 
to 1. The throughput transmission of beam path through the 1st output is interpreted 
as 
 

𝑇𝑜𝑢𝑡𝑝𝑢𝑡1 =  𝑅𝐵𝑆 × 𝑅𝑀1 × 𝑇𝐵𝑆 + 𝑇𝐵𝑆 × 𝑅𝑀2 × 𝑅𝐵𝑆,                  (4.2) 
 

where 𝑅𝑀1 and 𝑅𝑀2 represent the reflectivity of the mirrors M1 and M2, respectively. 
𝑅𝐵𝑆 and 𝑇𝐵𝑆 are the BS’s reflection and transmission, respectively.  
 The throughput transmission of beam path through the 2nd output can be 
interpreted as 
 

𝑇𝑜𝑢𝑡𝑝𝑢𝑡2 =  𝑅𝐵𝑆 × 𝑅𝑀1 × 𝑅𝐵𝑆 + 𝑇𝐵𝑆 × 𝑅𝑀2 × 𝑇𝐵𝑆.                  (4.3) 
 

The reflectivity of two mirrors are assumed to be identical as 𝑅𝑀1= 𝑅𝑀2= 𝑅𝑀 . 
By substitute Equation (4.2) and (43) into Equation (4.1), 

 
𝑇𝐹𝑇𝑆 =  𝑇𝐿1 × 𝑇𝑆𝐹 × 𝑅𝑀 × (2 × 𝑅𝐵𝑆 × 𝑇𝐵𝑆 + 𝑅𝐵𝑆

2 + 𝑇𝐵𝑆
2 ).           (4.4) 
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Therefore, the simplified form is given as 
 

𝑇𝐹𝑇𝑆 =  𝑇𝐿1 × 𝑇𝑆𝐹 × 𝑅𝑀 × (𝑅𝐵𝑆 + 𝑇𝐵𝑆)2.            (4.5) 
 

The theoretical throughput transmission in each optical component in the FTS 
system are separately illustrated in the dash-line with different color in Figure 4.3. The 
total throughput transmission of the FTS calculated from Equation (4.5) when 
equipped with an I-band photometric filter of central wavelength equal to 800 nm 
and FWHM equal to 160 nm is presented in the black solid line. Notice that the 
theoretical throughput reaches 80% in the wavelength region 760-840 nm.  

 

 
 

Figure 4.3 An illustration of theoretical throughput variation over the wavelength 
700-900 nm. The theoretical transmission of each individual component 
in the FTS system are separately plotted in dash lines (Blue with 
rectangular mark: TL1. Red with star mark: TBS. Magenta with diamond 
mark: RBS. Green with rectangular mark: RM. Cyan with circular mark: TSF.) 
and the total transmission throughput of FTS system (TFTS) is plotted in 
the black-solid line. 

 
4.2.2 Contrast variation  
To verify the FTS system, the fringe contrast variation has been considered as 

a step of system calibration, as described in Section 2.6. Notice that the fringes are 
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clearly observed when the system is well-aligned. The fringe modulation was 
measured by injecting the metrology source, which was monochromatic, through the 
scientific fiber, as illustrated in the schematic of Figure 4.4. The signal was recorded in 
a single-side interferogram between ZPD and the desired 𝑂𝑃𝐷 and then implemented 
to be the full double-side interferogram.  

 

 
 
Figure 4.4  Illustrations of the measured intensity of metrology source with 

removing of spectral filter and mask one output. 
 

The recorded interferogram was retrieved from the scientific channel of the 
FTS system measured at the 𝑂𝑃𝐷 = ZPD±65 mm, which provides the contrast 
variation, as illustrated in Figure 4.5. The variation of fringe modulation shows the 
maximum intensity at ZPD, which is corresponded to the fringe contrast close to 1. 
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Figure 4.5 The measured contrast of metrology source in the range ZPD±65 mm. 
 

Notice that the fringe modulations are clearly observed at the contrast higher 
than 0.5 (D. and Milster.), which is correlated to the distance of translation in dynamic 
mirror at the range ZPD±15 mm, as plotted in Figure 4.6. 
 

 
 
Figure 4.6 The contrast variation of the interferogram result obtained from of 

metrology source measured in the range 15 mm from ZPD. 
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In the Sections 3.4.1 and 3.4.2, the two origins that affect the contrast loss, 
including of the effect of the source’s spatial extension and the effect of the mirror 
misalignment due to the tilt along the translation, have been studied. The results of 
the two assumptions are as follow. 

 
Effect I: Source’s spatial extension  

The extended source due to the large fiber core affects the 𝑂𝑃𝐷 variation and 
thus leads to the decreasing of contrast that was initial discussed in Section 2.4.1 and 
3.4.1. In our FTS, the scientific fiber with core diameter 50 microns has been applied 
to the system. Therefore, the maximum distances from the fiber core center is equal 
to the maximum fiber radius 𝑟𝑀,𝑚𝑎𝑥 = 25 microns.  

 

 

Figure 4.7 The theoretical contrast variation due to the spatial extension of the 
fiber core. The zoom in is shown in the inset plot. 

 

The theoretical single-side interferogram in the form of intensity variation that 
has been calculated from the effect of extended source shows the contrast variation. 
The modulations in fringe pattern provide a very small contrast decrease to be 0.988 
at the 𝑂𝑃𝐷 = 15 mm, as shown in the zoom in plot. 
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Figure 4.8 shows the disk profiles that represents the image planes measured 
at the maximum and minimum specified 𝑂𝑃𝐷 due to the effect of the large fiber core. 
The four image planes of maximum intensities (Imax) that were measured at four 
position, including of ZPD, 𝑂𝑃𝐷 = 5 mm, 10 mm, and 15 mm are presented  in Figure 
4.8(a), while the four image planes of minimum intensities (Imin) that measured at ZPD 
+ 

𝜆

2
 mm, 𝑂𝑃𝐷 = 5 + 𝜆

2
 mm, 10+

𝜆

2
 mm, and 15+

𝜆

2
 mm are presented in Figure 4.8(b). 

 

 

Figure 4.8 The disk profiles distribution of the image planes that was induced by 
the spatial extension of fiber core and represented as maximum 
intensity located at ZPD, OPD = 5 mm, 10 mm, and 15 mm and 
consecutive minimum intensity of (a) that were measured at ZPD + λ/2 

mm, OPD = 5+λ/2 mm, 10+λ/2 mm, and 15+λ/2 mm in (b), respectively.  

 
Effect II: Mirror misalign during the translation 

The misalignment is induced by the pitch tilt of dynamic mirror M1 along the 
translation, which has introduced in the Section 2.4.2 and 3.4.2. In this Section, the 
model of contrast decreasing in realistic FTS measurement due to this effect is 
presented. 

The scientific fiber has 𝑁𝐴  equal to 0.22. The collimator is placed at the 
distance of focal length: 𝑓𝑐𝑜𝑙𝑙𝑖 = 19 mm from the fiber output. The half cone angle is 
calculated following Equation (3.1) as 
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∅ =  𝑠𝑖𝑛−1(𝑁𝐴) ≈ 12.7°.      (4.6) 

 
The collomator collimates the diverged beam and provides the diameter size 

of the collimated beam (𝑑𝑐𝑜𝑙𝑙𝑖), which is defined the maximum size of 𝜂𝑃 as 
 

𝑑𝑐𝑜𝑙𝑙𝑖 =  2 × 𝑓𝑐𝑜𝑙𝑙𝑖 × 𝑡𝑎𝑛 ∅ ≈8.6 mm = 𝜂𝑃,𝑚𝑎𝑥 .                 (4.7) 
 

In Michelson interferometer, the relative alignments between dynamic mirror 
M1 and the static mirror M2 directly affects the modulation of the interference 
between two beams. This misalignment could be induced by the unmaintained 
acuracy path during the translation in dynamic mirror. The dynamic mirror was moved 
and induced the tilt along the translation.  

 

 
 
Figure 4.9 The tilt along the translation in dynamic mirror, which is linearly 

increased from 0 to 21.9 microradians at OPDmax = 15 mm. 

 
In this work, the tilt in the dynamic mirror was simulated. The tilt was assumed 

to be linearly varied from α0 = 0 microradian at ZPD to 𝛼𝑚𝑎𝑥  = 21.9 microradians at 
the 𝑂𝑃𝐷𝑚𝑎𝑥= 15 mm, as illustrated in Figure 4.9. The theoretical interferogram, which 
is obtained from the mirror misalignment, was calculated under the following 
parameters. The result of contrast variation was plotted in Figure 4.10. 
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Figure 4.10  The theoretical contrast variation due to the effect of the dynamic 
mirror tilt along the translation, while the zoom in is shown in the inset 
plot. 

 

The disk profiles that represents the pupil planes at the specified 𝑂𝑃𝐷 due to 
the effect of mirror tilt along the translation are illustrated in Figure 4.11. The four 
image planes of maximum intensities (Imax) that are measured at ZPD, 𝑂𝑃𝐷 = 5 mm, 
10 mm, and 15 mm are presented in Figure 4.11(a). The four image planes of minimum 
intensities (Imin) that are measured at ZPD + 

𝜆

2
 mm, 𝑂𝑃𝐷 = 5 + 𝜆

2
 mm, 10+

𝜆

2
 mm, and 

15+
𝜆

2
 mm are presented in Figure 4.11(b). 
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Figure 4.11 (a) The distribution of the pupil planes that was induced by the linear 
tilt in dynamic mirror along the translation represented as maximum 
intensity located at ZPD, OPD = 5 mm, 10 mm, and 15 mm. Minimum 
intensity that were measured at ZPD +λ/2  mm, OPD =5 +λ/2 mm, 
10+λ/2 mm, and 15+λ/2 mm in (b).  

 
Figure 4.12 shows the comparison between the three contrast varying plots. 

The contrast measured from the FTS setup is illustrated in the blue solid line. The 
theoretical contrast loss due to the source’s spatial extension is plotted in the red 
dotted line, while the theoretical contrast loss due to the mirror misaligned along the 
translation is plotted in the yellow-solid line. These plots show that the effect of 
source’s spatial extension is considered negligible for the contrast loss in the FTS 
system.  
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Figure 4.12 An illustration of between contrast and OPD variation. Blue solid: 

measured contrast from FTS experiment. Red dot: Theoretical contrast 
variation due to the spatial extension of the fiber core. Yellow solid: 
Theoretical contrast variation due to a tilt in mirror along the translation. 

 
4.2.3 The instrument line shape 
The Instrument Line Shape (ILS) defines the line shape in a measured spectrum 

that differs from the true spectrum of the source due to the physical instrument 
deviations (Libert, 2016). The measurement of ILS is consisted of measuring spectrum 
provided by the instrument of a monochromatic source. The monochromatic source 
used for this measurement was the metrology laser.  

The ILS of FTS system was by turning “ON” the metrology source and removing 
the I-band filter in front of the detector. The observed fringes are induced by the 
leakage of the metrology signal on the detector. The acquired signals were based on 
the properties as shown in Table 3.2. The measured ILS from metrology leakage does 
not include the effect of the scientific fiber on the ILS.   

However, as mentioned in the previous Section, the fiber core diameter has a 
negligible effect on the contrast loss. Notice that the metrology follows an optical path 
close to the scientific beam and therefore can be used to obtain the ILS of the 
prototype. 

The results of three ILS that were obtained from the measurement using the 
parameter in the Table 3.2 are illustrated in Figure 4.13, including of  
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i) The theoretical model of ILS (ILStheo) is plotted in the blue dot line.  
ii) The measured ILS that was retrieved from metrology leakage in FTS 

system (ILSmeas) is plotted in the red solid line. 
iii) The theoretical model of ILS with an effect of dynamic mirror tilt 

(ILStheo,tilt), as described in the Section 4.2.2, is plotted in the yellow dot-
dash line. 
 

 
 
Figure 4.13 The comparison plots of ILS at central wavelength 633.178 nm. The 

blue dot line is the theotetical ILS (ILStheo). The red solid line is the 
measured ILS (ILSmeas). The yellow dot-dash line is the theoretical ILS 
with the tilt effect (ILStheo,tilt). 

 
The characterization of the measured ILS was considered by using two critical 

points. First, the central wavelength (CWT) shifted and the second is the Full Width at 
Half maximum (FWHM) of the spectrum. 

As described in Section 2.4, the ILS is related to the spectrum of finite path 
difference. The ILStheo of monochromatic source at frequency 𝜎 is observed in the sinc 
function and expressed in the Equation (2.34). In practice,  the measure ILS that was 
obtained from the experiment can be expressed as (Lacan et al., 2010) 

 
𝑆𝐼𝐿𝑆(𝜎) = 𝐴𝑠𝑖𝑛𝑐[𝑂𝑃𝐷𝑚𝑎𝑥(𝜎′ − 𝜎 − 𝜖(𝜎))] ,   (4.8)    
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where A defines the amplitude coefficient of the spectrum. 𝜎 ' is the measured 
frequency which is obtained from the ILSmeas. ϵ(𝜎) is the tuning error of the source.  

Notice that the CTW of the metrology source is equal to 633.178 nm. Figure 
4.14(a) presents the zoom in of the ILS in which a small shift in CTW in the ILSmeas has 
been observed. The CTW of ILSmeas is observed at 633.1795 nm, which provided a 
tuning error 𝜖(𝜆) equal to 1.5 pm. The potential contributors to this difference are the 
laser stability, which is equal to 2 pm (from specifications: SLM_52371_2-258, Edmund 
Optics Inc., USA) and the tuning error of the laser (Lacan et al., 2010).  
 

 
 
Figure 4.14  An illustration of the three ILS plots near CTW. (a) The zoom in of the 

ILS results in Figure 4.11. (b) The zoom in of ILS results in Figure 4.11 
after applying the shift of 1.5 pm to ILSmeas.   
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As the second consideration, the FWHM was calculated in the optical frequency 
domain. The theoretical FWHM of ILStheo can be obtained as 𝛿𝜎 = 1.207/𝑂𝑃𝐷𝑚𝑎𝑥 ≅ 

0 . 8 0 cm-1. In the wavelength domain, the FWHM was thus retrieved from the relation 
𝛿𝜆 ≅ 𝜆2𝛿𝜎.  

Therefore, at the wavelength 𝜆 =  633.178 nm, the FWHM of ILStheo 
approximately was equal to 0.032 nm. When the CTW of ILSmeas is shifted to the 
theoretical CTW at 633.178 nm, as illustrated in Figure 4.14(b), it is obviously seen that 
both ILSmeas and ILStheo,tilit provided identical FWHM equal to 0.03229 nm, which are 
wider approximately 3% than the theoretical FWHM.  

 
4.2.4 The spectral resolution of instrument line shape 
This Section presents the calculation of spectral resolution by following the 

Equation (2.49) that was described in Section 2.7.1. The result of FWHM that were 
presented in the previous Section provides the theoretical spectral resolution that is 
retrieved from the ILStheo of equal to Rtheo = 19,787.  

In the FTS measurement, the spectral resolution that is calculated from the 
FWHM of ILSmeas is reduced to Rmeas =19,609. In parallel, the spectral ILStheo,tilt is 
obtained as Rtheo,tilt = Rmeas. Therefore, the decrease in the spectral resolution of the 
system is related to by the effect of contrast loss. The result is summarized as 
presented in the table 4.1. 

 
Table 4.1  The spectral qualities that obtained from ILS at OPDmax =15 mm. 
 

ILS  CTW shift 
(pm) 

FWHM  
(nm) 

FWHM  
(cm-1) 

Spectral resolution  
(R=𝜆/Δ𝜆) 

ILStheo 0 0.03201 0.804 Rtheo = 19,781 
ILSmeas 1.5 0.03229 0.805 Rmeas = 19,609 
ILStheo,tilt 0 0.03229 0.805 Rtheo,tilt = 19,609 

 
4.3 Signal processing 

4.3.1 The verification of processing code  
In this part, to verify the processing code, a halogen-tungsten source 

(SLS201L/M Thorlabs Inc., USA) was coupled to an optical fiber with high OH absorption 
and then measured with the FTS system. The spectrum results were obtained from 
the developed resampling code method II and process in MATLAB 2020a. 
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 The three spectra, as illustrated in Figure 4.15, were measured. 

i) The spectrum of halogen-tungsten source excludes the bandpass filter, 
which is represented the fiber profile with high OH absorption at 
wavelength 940 nm as in the specification (OP0024[A], SHELYAK 
INSTRUMENTS, France), as plotted in the blue line. 

ii) The spectrum of halogen-tungsten source with a bandpass filter at central 
wavelength 650 nm and bandwidth 40 nm (FBH650, Thorlabs Inc., USA), as 
plotted in the red line. 

iii) The spectrum of halogen-tungsten source with a bandpass filter at central 
wavelength 800 nm and bandwidth 40 nm (FBH800, Thorlabs Inc., USA), as 
plotted in the black line. 

As illustrated in Figure 4.15, the two spectral profiles of the halogen-tungsten 
source with two bandpass filters, can be matched with the obtained fiber spectral 
profile without bandpass filter and thus implied that our developed processing code 
worked properly. 

 

 
 
Figure 4.15  The plots of the three spectra that were measured from halogen-

tungsten source. The blue line shows the spectrum of the source with 
no optical filter while the red and black lines present the spectra 
obtained with bandpass filters at central wavelength 650 nm and 800 
nm, respectively.  
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4.3.2 The spectrum analysis in resampling methods   
In this Section, the performance of two resampling methods will be discussed. 

The interferogram signals was obtained from the Halogen-Tungsten source with the 
bandpass filter 800 nm to avoid the metrology leakage. The performances will be 
represented by the 𝑆𝑁𝑅 calculation of the spectrum results and the processing time 
in each method.  

The resampling timegrid obtained from method I and method II are respectively 
plotted in the top-panel of Figure 4.16. The residual variances were created from the 
difference timestamps that retrieved from the two methods.  
 

 
 
Figure 4.16 Top panel: The two timegrids obtained from method I (red) and from 

method II (blue). Bottom panel: The residual variances of timestamps 
between the two methods. 

 
The spectrum results that were obtained from the two resampling methods 

are plotted in the top-panel of Figure 4.17, while the difference amplitude between 
two spectra are illustrated as the residual plotted in the bottom-panel.  

The 𝑆𝑁𝑅 is calculated by the ratio between the maximum of the spectrum 
intensity (𝑆𝑚𝑎𝑥) and the standard deviation (𝑆𝑇𝐷) of the feet of the spectrum noise. 
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The spectrum result obtained from method II provides a slightly higher 𝑆𝑚𝑎𝑥  but 
significantly lower 𝑆𝑇𝐷 than method I.  

 

 
 

Figure 4.17 Top-panel: The spectrum results obtained from method I in the red 
plot and from method II in the blue plot. Bottom-panel: The residual 
of two spectra that retrieved from two methods. 

 
Table 4.2 presents the result of the 𝑆𝑁𝑅 calculations and the processing time, 

which represent the performance of the two resampling methods. The result shows 
that our developed resampling method II provides spectrum results of about twice as 
high 𝑆𝑁𝑅 than a spectrum obtained from the resampling method I, but it took a longer 
processing time.  
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Table 4.2 The performances of the spectrum analysis obtained from two 
processing methods. 

 
Qualities Method I Method II 

𝑆𝑚𝑎𝑥  19.45 19.50 

𝑆𝑇𝐷  0.0408 0.0268 

𝑆𝑁𝑅  476.7 727.6 

Time of processing 0.015 seconds 0.51 seconds 

 
 

4.4 The Sun observation 
The experimental setup was previously described in Section 3.6.1. The scientific 

fiber was then connected to the FTS system inside the controlled room. The flux of 
defocused Sun light at the output of the fiber equal to 1.27 𝜇𝑊, which is equivalent 
to a bright star at magnitude equal to -4. The observations were recorded in January 
27, 2021 starting from 3.30 PM to 4.30 PM local time in Thailand (GMT+7). The tracking 
errors with in the field of view should not compromise the integrated solar disk light 
in 20 minutes with 30 times of measurement. 

 
4.4.1 The interferogram result  
The interferograms were recorded by following the parameters presented in 

the Table 3.2 with the observation steps described in the Section 3.6. Figure 4.18(a) 
illustrates the single measured interferogram, which was recorded along the time 
variations. Each single measurement was processed to obtain the uniform 𝑂𝑃𝐷 
interval.  

The developed processing code of method II that was described in Section 
3.5.3 was implemented for the correction.  The result of the resampling interferogram 
in one measurement is illustrated in Figure 4.18(b). 
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Figure 4.18 (a) The full scan range interferogram of the Sun observation from the 

FTS system. (b) The zoom in on central part of recorded interferogram. 
(c) The zoom in on central part of recorded interferogram in OPD range 
±0.05 mm. 

 
In order to increase the 𝑆𝑁𝑅, the measured interferograms were averaged. In this 

experiment, the 30 resampling interferograms were used to produce a symmetric 
interferogram. The final result was obtained as the symmetrical interferogram and 
illustrated with the zoom in Figure 4.19 within the 𝑂𝑃𝐷 range ± 0.1 mm. 
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Figure 4.19 The interferogram result after taking an average on 30 resampling 

interferograms (a) the half interferogram between ZPD to OPD = 0.2 
mm. (b) The symmetrical of average interferogram in OPD range ±0.05 
mm. 

 
4.4.2 The spectrum result  
In ground-based observations, the effect of Earth’s atmosphere to the 

spectrum result needs to be considered.  This Section aims to present the spectrum 
result of the Sun from the observation compared to the spectrum model created from 
the Solar atmospheric model adopted parameters and abundance (Asplund et al., 
2005).  

Figure 4.20(a) presents the model of telluric lines that was generated from a 
web-based service named TAPAS (Transmissions of the AtmosPhere for AStronomical 
data) (Bertaux et al., 2014). TAPAS generates atmospheric lines using LBLRTM code 
(Clough and Iacono, 1995), HITRAN molecular lines (Rothman et al., 2013) and 
atmospheric profiles stored in the ETHER database, a French Atmospheric Chemistry 
Data Center ETHER (CNES and CNRS). The synthetic of Sun spectra were generated 
using SYNTHE code (Kurucz, 1993), as plotted in Figure 4.20(b).  
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Figure 4.20 The synthetic model of (a) atmospheric absorption lines and (b) 

theoretical spectrum of the Sun between the range 700 nm and 900 
nm. 

 
The observation model spectrum was simulated in order to compare with the 

experimental result, as illustrated in Figure 4.21(a). The measured spectrum result that 
was obtained by taking the Fourier transform to an averaged symmetrical interferogram 
received from the previous Section is illustrated in Figure 4.21(b). The spectral range 
between 740 nm and 870 nm, which is related to the throughput response of the FTS 
system, is presented.  
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Figure 4.21 The measured spectrum of the Sun from the FTS measurement (a) in 

the blue line compared to the synthetic model spectrum (b) in red line. 
 

4.4.3 The instrument calibration  
The Sun light passed through the atmosphere that contains the natural gases, 

including of about 78% of N2, 21% of O2, and other gases (Smette et al., 2015), along 
the path. The atmospheric absorption lines as presented in Figure 4.22(a), also called 
“telluric absorption lines”, are formed and then merged to the Sun spectral lines along 
the measurement. This effect induced the wavelength errors and line strengths in the 
measured spectrum as shown in the Sun spectrum in Figure 4.22(b). The telluric lines 
are registered in the same location along the measured spectrum. Therefore, in 
astronomical observations, the telluric lines are normally used for wavelength 
calibrations (Catanzaro and Doria, 1997) for the measurement.  
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Figure 4.22 The zoom in of Sun spectrum for comparation between theoretical 

model in blue-solid line and the raw measured spectrum from the FTS 
measurement in red-dot line of the (a) telluric region and (b) the Sun 
absorption lines. 

 
The instrumental corrections that were determined from the wavelength-shift 

of telluric lines between the measured spectrum and the model spectrum, is called 
“instrument shift”.  Our measurement has considered the telluric lines in the region of 
O2 A-band between 759 nm and 772 nm as a reference. 

 The shift that applies to the spectrum was obtained from an average of 
instrument shifts. The instrument shift is related to the shift in the region of 
atmospheric or telluric lines. Multiple pairs of O2 band in the theoretical telluric 
absorption lines, as illustrated in Figure 4.23(a) was selected and then the measured 
spectrum, which is corresponded to this pair were imported, as shown in the blue solid 
line of Figure 4.23(b). Figure 4.23(c) shows the overlapped plots between the model 
spectrum and the measured spectrum after correction of an instrument shift. Before 
applying the shift, the measured spectrum needs a gaussian fit, as plotted in the dot-
dash purple line, in order to finely obtain the absorption peaks. The difference in 
location of the absorption peaks that were retrieved from the model spectrum and 
measured spectrum are considered for the instrument shift.  
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Figure 4.23 An illustration of instrument shift method.  
 
Table 4.3 The determined instrumental shift in each pair of O2 isotopes. 
 
No Spectral region Reference peaks   

(cm-1) 
Shift 
(cm-1) Isotopologue Spatial frequency (cm-1) 

1 16O2 13,158-13,165 12,992.30 12,994.34 3.33 
2 16O2, 16O17O 13,120-13,127 13,014.29 13,016.93 3.36 
3 16O18O 13,060-13,067 13,062.61 13,064.95 3.29 
4 17O18O 13,041-13,050 13,044.57  13,046.40 3.36 
5 16O17O 13,029-13,041 13,035.13 13,036.97 3.29 
6 16O17O 13,023-13,031 13,049.15 13,066.59 3.29 
7 16O17O  13,007-13,019 13,015.15 13,016.93 3.32 
8 16O2  12,990-12,999 12,992.30 12,994.34 3.29 
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Then, the method was repeated and applied into the 16 isotopes (8 pairs) of 
O2 in A-band, providing the results presented in the Table 4.3. The average value of 
the instrument shift in this observation was determined as 3.32 cm-1.  
 

 
 
Figure 4.24 The zoom-in on for comparation between theoretical model in blue-

solid line and the measured spectrum after applying an instrument shift 
in red-dot line of the (a) telluric region and (b) the Sun absorption lines. 

 
In the final step, this average value was applied to the spectrum result for the 

instrument calibration. Figure 4.24 illustrates the shifted spectrum in the telluric region 
(a) and the Sun absorption (b). 
 

4.4.4 The spectral qualities of the spectrum 
The result of the four absorption lines of the Sun spectrum including their 

envelope regions for the spectral resolution and SNR determination is illustrated in 
Figure 4.25. First, the region of fine absorption of an iron (Fe I) at wavelength 846.8 nm 
was chosen, as illustrated in Figure 4.25(a). Second, the three distinctive Ca-II triplet 
absorption lines at wavelength 849.8 nm in Figure 4.25(b), 854.2 nm in Figure 4.25(c), 
and 866.2 nm in Figure 4.25(d) are presented.  

 

 



95 

 
 
Figure 4.25 An illustration of (a) Fe-I absorption line at 846.8 nm. (b) 1st Ca-II 

absorption at central wavelength 849.8 nm. (c) 2nd Ca-II absorption at 
central wavelength 854.2 nm. (d) 3rd Ca-II absorption at central 
wavelength 866.2 nm. 

 
The spectral resolution of each absorption line was calculated from the ratio 

between the FWHM of absorption line measured at the depth 
𝑆𝑎𝑏𝑠

2
 and the standard 

deviation of its noise envelop that was described in the method II of Section 2.7.2. 
Table 4.4 summarizes the qualities of, FWHM and 𝑆𝑁𝑅 at each the central wavelength 
measured on Fe-I and Ca-II triplet absorption lines.  
 
Table 4.4  The spectral qualities of each absorption line in Figure 4.26. 

 (a) Fe-I (b) 1st Ca-II (c) 2nd Ca-II (d) 3rd Ca-II 
Central wavelength 846.8 nm 849.8 nm 854.2 nm 866.2 nm 
FWHM 0.0562 nm 0.125 nm 0.185 nm 0.181 nm 
Spectral resolution 15,068 6,798.4 4,617.3 4,785.64 
SNR 17.6 24.9 22.9 34.9 

 
The results presented in Figure 4.25 and in Table 4.4 clearly show that the 

developed spectrograph is able to detect spectral lines of width varying between 
0.0562 nm (Fe-I) and 0.185 nm (2nd Ca-II). The overall profile, depth, and FWHM of the 
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Ca-II absorption lines have been well measured. Ii can be deduced that the prototype 
is able to correctly measure some spectral lines with a width typically larger than 0.125 
nm. The limit of detection of our instrument reached the Fe-I absorption line of FWHM 
equal to 0.056 nm, corresponding to the spectral resolution closed to 15,000. The 
instrument was able to detect the absorption line with an 𝑆𝑁𝑅 close to 20.  
 

 
 
Figure 4.26 An illustration the Sun spectrum after applying the instrumental shift 

correction. 
 
The qualities of 𝑆𝑁𝑅 from the whole measured spectrum were derived, as 

described in method III of Section 2.7.2. The zoom-in of four regions comparation 
between the theoretical model spectrum and the spectrum obtained from the 
observation are respectively presented in the red and blue lines, as illustrated in Figure 
4.26. 

The ranges of each selected sub-region that were inspected are bounded by 
the rectangular border in the black-dash line.   

The signal variations in each sub-region provide the average 𝑥̅ and the deviation 

𝑆𝑇𝐷, which are separately represented in each region in the Table 4.5. The 𝑆𝑁𝑅 
results obtained from this method are varied between the minimum value equal to 
22.49 in and the maximum value equal to 49.53. 
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Table 4.5  The qualities for SNR characterization in each region of Figure 4.26. 
 

No 𝑥̅ 𝜎 SNR  

Region I 
1 0.782907 0.019066 41.06378 

2 0.794868 0.018193 43.69101 

3 0.791278 0.035177 22.49439 

Region II 
1 0.807764 0.017085 47.28009 

2 0.855758 0.024107 35.49824 

Region III 
1 0.843786 0.027204 31.01698 

2 0.900330 0.019347 46.53532 

3 0.906221 0.025522 35.50773 

Region IV 
1 0.954317 0.029382 32.47942 

2 0.985259 0.01989 49.53493 

3 0.971976 0.025341 38.35616 

4 0.923274 0.023388 39.47685 

5 0.968018 0.025744 37.60233 

6 0.944396 0.024739 38.17491 

7 0.924928 0.028914 31.98848 

8 0.850931 0.023931 35.55818 
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4.4.5 The instrument stability  
 

The instrument stability is used to analyze the repeatability of single 
measurement of the system. In our measurement, as describe in the Section 4.4.3, the 
telluric absorption was used as the reference for the instrument calibration. To 
investigate the instrument stability along the observation, the instrument shift that was 
measured in each single scan of interferometer was considered.  

In the result of Sun observation illustrated in Section 4.4.2, the spectrum was 
obtained from the low flux detection. The single measurement provides the low 𝑆𝑁𝑅 
spectrum, as illustrated in Figure 4.27(a). The correction of instrument calibration was 
implemented after taking an average to 30 resampling interferograms.  

To determine the instrument calibration from the single measurement, the 
𝑆𝑁𝑅 in the spectrum result was improved by increasing the flux to the fiber. The 
absorption lines in telluric spectrum are thus clearly observed, as illustrated in Figure 
4.27(b).  

 

 
 
Figure 4.27 The telluric lines of (a) The low signal-to-noise-ratio that obtained from 

the single measurement of reduced flux Sun observation. (b) The higher 
SNR that retrieved from the increasing of Sun light flux in an observation. 
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As described in Section 4.4.3, the instrument calibration was calculated by 
comparing with telluric lines in the spatial frequency domain. Figure 4.28 illustrated 
the three spectral lines in the telluric region that were directly obtained from the 
measurements before applying the instrument calibration.  

 

 
 
Figure 4.28 Illustrations of three telluric lines before applying instrument 

calibration. 
 

The repeatability was measured along the 40 experiments. The shift in each 
single measurement was derived and plotted in the Figure 4.29 with an average shift 
equal to 3.30 cm-1. The shift variance, as associated to the instrument stability along 
the measurements, was equal to 0.311 cm-1. The instrument stability was verified by 
comparing to minimum resolvable of the instrument equal to 0.805 cm-1, as derived 
in the Table 4.1. The smaller value derived in the shift variance indicates the success 
performance of our developed FTS system.  
 
 
  

 



100 

 
 
Figure 4.29 A plotted of instrument shift value that were determined from the 

single measurement of FTS system. 
 
 
 
 

 



CHAPTER V 
CONCLUSION  

 

The prototype of fiber-fed Fourier Transform Spectrograph (FTS) built from off-
the-shelf optical component have been successful developed. The instrument 
concept is based on a custom design to retrieve a compact system with balance 
detection. The achieved specification of this developed system is summarized in the 
table 5.1. 

 

Table 5.1  The achieved performance of the current developed FTS. 
 

Parameter specification 

Science spectral band [700 nm, 900 nm] 

Setup Architecture one metrology channel and one 
scientific channel with balance 
detection  

Input fiber FC/PC connectors 

Core diameter 50 micron  

Numerical aperture 0.22 

Metrology source Stabilized laser wavelength 633.178 nm 

Dynamic mirror Translating stage High precision DC motor 200 mm range 

Detector Balanced Si photoreceiver Detectors 

 

The developed FTS system provides a high throughput, insensitive to fiber 
modal noise and adjustable spectral resolution that was determined by the desired 
𝑂𝑃𝐷. The maximum 𝑂𝑃𝐷 is limited by the contrast loss in the system. The two effects 
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of contrast loss, including of the source’s spatial extension and mirror tilt along the 
translation, have been investigated. The contrast variation in the developed FTS 
system is dominated by the tip-tilt performance of the mirror. The current maximum 
𝑂𝑃𝐷 of the developed FTS is equal to 1.5 cm.  

The instrument line shape was measured by analyzing the metrology leakage. 
The FWHM of the line shape was measured as 0.03229 nm, which corresponds to the 
spectral resolution equal to 19,609 at the 𝑂𝑃𝐷 of 1.5 cm. Notice that this spectral 
resolution can be adjustable depend upon the length of the scan. The common 
specifications of the developed FTS have summarized in the Table 5.2 

 

Table 5.2  The common specifications of the developed FTS system 
 

Specification Value 

Maximum optical path difference 1.5 cm 

Spectral resolution 19,609 

Spectral precision 0.31 cm-1 

Throughput  > 80% at 𝜆 = 760-840 nm 

Dimension 320 mm x 432 mm x 662 mm 

 

The signal processing has been developed by using MATLAB R2021a. The 
scientific and metrology channels are simultaneously recorded. The peak and valley 
of metrology signal is used as the reference for the resampling method in order to 
correct of non-linear scan of dynamic mirror and recover the aliasing problem. The 
algorithm relies on the cubic spline interpolation and resampling of both the scientific 
and metrology interferograms to produce the spectrum from the raw measurements. 
The performance of the resampling method was verified. 

The system was tested with the Sun observation. The result of measured 
spectrum was obtained by an average of 30 measurements. The measured spectrum 
was compared to a synthetic model and identified the observable telluric and solar 
absorption lines. The telluric lines model was generated from a web-based service 
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named TAPA, while the model spectrum of the Sun is obtained from the solar 
atmospheric model. The Ca-II absorption lines have been well detected. The limit of 
detection of the instrument can detect the Fe-I absorption line that was able to detect 
with a SNR close to 20.  

The next development steps will aim at increasing the SNR to reach SNR ≈ 100 
for an incident flux of a few nano-Watt and reach R ≈ 70,000 in the wavelength range 
between 400 nm and 1000 nm. The upgrades to reach these objectives will be the 
use of a phase-lock amplifier and a high-performance air-bearing translating stage. 
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APPENDIX A 
RESAMPLING METHOD I 

 
%% Algorithm development for resampling and FFT implementation  

%Method I: Cubic spline interpolation on the PV interval 

%------------------------------------------------------------- 

% create by Pornapa  Artsang 

%------------------------------------------------------------- 

clear all; close all; clc 

  

%% call the file from data acquisition recorded 

% drag excel file and put the name 

name = ; %named of the dragged file  

rm = 1; %remove the initial recorded error 

[Ma,zp] = min(name(rm:end,2)); 

bg = zp-5e3+rm-1; 

ed = zp+5e3+rm-1; 

  

%call each column from the whole data 

o_tstamp1 =  name(bg:ed,1); %time of data acquisition 

o_Halogen =  name(bg:ed,2); %Halogen interference 

o_sm_meth =  name(bg:ed,3); %Metrology interference 

  

%% downsample (choice) 

n =2; %defualt 

sm_meth = downsample(o_sm_meth,n); 

tstamp1= downsample(o_tstamp1,n); 

Halogen = downsample(o_Halogen,n); 

%see the range of signal 

dx = [0:1:length(sm_meth )-1]; %length signal equals to length 

time recording 

dp = 0:0.01:length(sm_meth )-1; 

tstamp = interp1(dx,tstamp1,dp,'spline');  

sm_met = interp1(dx,sm_meth,dp,'spline');  

  

% find peak and valley(-) 

[~,PP] = findpeaks(sm_met); %find array of peaks in the 

dataset  

[~,VV] = findpeaks(-sm_met); %find array of valleys in the 

dataset  

pv = sort([PP,VV]); %line the position array 

xTime = tstamp(pv); 

  

%%  

clear Time_d cm_time time_cell 

N = 3; 

for i = 1:length(pv)-1 

    % implement cubic spline interpolation 
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  Time_d{i} = linspace(pv(i),pv(i+1),N); 

  cm_time(i,:) = cell2mat(Time_d(1,i)); 

  time_cell(i,:) = cm_time(i,1:end-1);  

end  

t_line = (cell2mat(Time_d)); 

last = t_line(end); 

new_time = reshape(time_cell',1,[]); %arrange data in one row 

timescale = [new_time last]; 

time_spline = csapi(pv,xTime,timescale); %find interval  

time_spline = fnval(csape(pv,xTime),timescale); 

%% timegrid varying for the resampling 

figure(), plot(time_spline,'*-') 

ax = gca; ax.FontSize = 15; %ax.FontWeight = 'bold'; 

xlabel('Sample','Fontsize',24);  

ylabel('Time (s)','Fontsize',24); 

title('Time grid for resampling','Fontsize',24); 

%% Halogen and interpolation to the same interval as metrology 

s2_H = Halogen-mean(Halogen); %remove DC 

halogen = interp1(dx,s2_H,dp,'spline'); %interpolation  

  

%% resampling implementation 

resamp_cubic = interp1(tstamp,halogen,time_spline,'spline'); 

  

%% FFT implementation 

m1 = length(resamp_cubic);  

NFFT1 = pow2(nextpow2(m1)); %fft automatically pads the data 

with zeros to increase the sample size. 

inv_fft_resampTime=fftshift(ifft(ifftshift(resamp_cubic))); 

delta_inv2 = inval/(wavelength*NFFT1); %m-1 unit, by 10 

interval dividing in each half lambda %N=9delta is 16? 

xScaled_inv2 = [-

(NFFT1*delta_inv2)/2:delta_inv2:(NFFT1*delta_inv2)/2-

delta_inv2]; 

xScale_nm_inv2=1./xScaled_inv2*1e9; 

figure(), 

plot(xScale_nm_inv2,abs(inv_fft_resampTime)./max(abs(inv_fft_r

esampTime)),'b', 'LineWidth', 1.5); xlim([400 1200]);%ylim([0 

0.2]) 

title('Graph shows the FFT spectrum '); 

xlabel('wavelength (nm)'); ylabel('Spectrum amplitude 

(A.U.)'); 

ax = gca; ax.FontSize = 15;  

 



 

 

APPENDIX B 
RESAMPLING METHOD II 

 

 

%% Algorithm development for resampling and FFT implementation  

%Method I: CSAPI interference line  

%------------------------------------------------------------- 

% create by Pornapa  Artsang, Ph.D. student 

%%%%%%%%%%% November 2020 %%%%%%%%%%%%% 

%------------------------------------------------------------- 

clear all; close all; clc 

  

%% call the file from data acquisition recorded 

name = ; %named of the dragged file  

rm = 1; %remove the initial recorded error 

[Ma,zp] = min(name(rm:end,2)); 

bg = zp-5e3+rm-1; 

ed = zp+5e3+rm-1; 

  

%call each column from the whole data 

o_tstamp1 =  name(bg:ed,1); %time of data acquisition 

o_Halogen =  name(bg:ed,2); %Halogen interference 

o_sm_meth =  name(bg:ed,3); %Metrology interference 

  

%% downsample (choice) 

n =2; %defualt 

sm_meth = downsample(o_sm_meth,n); 

tstamp1 = downsample(o_tstamp1,n); 

Halogen = downsample(o_Halogen,n); 

  

%% interpolation of metrology interference  

  

dx = [0:1:length(sm_meth )-1]; %length signal equals to length 

time recording 

dp = 0:0.01:length(sm_meth )-1; 

tstamp = interp1(dx,tstamp1,dp,'spline');  

sm_met = interp1(dx,sm_meth,dp,'spline');  

  

%% find peak and valley(-) 

[~,PP] = findpeaks(sm_met); %find array of peaks in the 

dataset  

[~,VV] = findpeaks(-sm_met); %find array of valleys in the 

dataset  

  

%% find contrast of metrology(He-Ne) interference by using 

each peak divides each valley  

m = sm_met-min(sm_met); %remove DC  

m =m'; %transpose from interpolation dimension 
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Imax = mean(m(PP)); %average value of peak amplitude 

Imin= mean(m(VV)); %average value of valley  

contast = (Imax-Imin)/(Imax+Imin) 

scan  = 2*(633.178e-9)*(PP); 

tot_OPD = max(scan) %total OPD (roughtly) 

l_opd = length(PP)+length(VV)-1; 

d_opd = 2*tot_OPD/l_opd; 

  

%% ---------------------Defind range of Data -----------------

------------------%%% 

% create new signal (begin-finish WRT peak-vallay data) 

% how to select the beginning of data--> start by peak-finish 

by valley 

% when do that phase inversion it will cause increasing 

  

figure(), plot(sm_met(pv(1):pv(2))) %%%%% important step 

  

%% set the condition before starting 

  

%if figure shows line with increasing slope:  

L = pv(2):pv(end); 

%if figure shows line with decreasing slope:  

L = pv(1):pv(end); 

L = pv(2):pv(end); %define range of processing 

  

%% phase inversion implementation 

ts = tstamp(L); 

sm_met1 = sm_met(L); 

%% Call the scientific signal 

s2_H = Halogen-mean(Halogen); %remove DC 

%interpolation to the same parameter as metrology 

halogen = interp1(dx,s2_H,dp,'spline'); %interpolation  

halo = halogen(L); %specify the range  

  

%% Plot signal in the scale of OPD (optical path difference) 

d_pv =(632.8/2)*1e-6; 

tot_opd = length(pv)*d_pv; %mm unit = 7.6844 mm 

d_opd = d_pv*length(pv)/length(ts); 

opd_scale = 2.*[-tot_opd/2+d_opd/2:d_opd:tot_opd/2-d_opd/2]; 

figure(), plot(opd_scale,halo,'r','Linewidth',2) 

hold on 

plot(opd_scale,sm_met1,'b','Linewidth',2) 

title('Graph shows two recorded signals in OPD variation: 

scientific (red) and metrology (blue) ','Fontsize',22); 

xlabel('OPD (mm)','Fontsize',22); ylabel('Amplitude 

(A.U.)','Fontsize',22); 

legend({'Scientific signal', 'Metrology 

signal'},'FontSize',18) 

  

% Interference line with CSAPI implementation 

[~,P] = findpeaks(sm_met1); %find array of peaks in the 

dataset  
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[~,V] = findpeaks(-sm_met1); %find array of valleys in the 

dataset  

s_pv = sort([P,V]); 

le_pv = length(s_pv); 

y1 = ts; %time 

x1 = sm_met1; %interference 

lin2 = sort([1,P,V,le_pv]); 

  

%% define interval -opposite condition with previous method 

line = lin2(2:end); 

%% interval point 

N = 3; %default value N=3 

%% Start processing 

clear spi1 time_int1 cm_time1 time_cell1 new_time1 Alin1 Lin1 

%if want to run with other intervals 

  

for i = 1:length(line)-1 

    % implement cubic spline interpolation 

     

    spi1(i) = csapi(x1(line(i)+1:line(i+1)), 

y1(line(i)+1:line(i+1))); 

       

    if mod(i, 2) == 0 

                 

          Lin1 = linspace(spi1(i).breaks(1), 

spi1(i).breaks(end), N); 

          time_int1{i} = fnval(spi1(i), Lin1);%the time wrt to 

N point (N-1 interval) 

   

  % line the data 

           cm_time1(i,:) = cell2mat(time_int1(1,i)); 

           time_cell1(i,:) = cm_time1(i,1:end-1); 

           

    else 

         

         ALin1 = linspace(spi1(i).breaks(end), 

spi1(i).breaks(1), N); 

         time_int1{i} = fnval(spi1(i), ALin1); %the time wrt 

to N point (N-1 interval) 

   

  % line the data 

         cm_time1(i,:) = cell2mat(time_int1(1,i)); 

         time_cell1(i,:) = cm_time1(i,1:end-1); 

                     

    end %if 

end  

  

%% line the data of CSAPI  

t_line1 = (cell2mat(time_int1)); 

last1 = t_line1(end); 

%New x-axis scale 

new_time1 = reshape(time_cell1',1,[]); %arrange the data in 

one row 

timescale1 = [new_time1 last1]; 
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%% resampling implementation 

resamp_CSAPI = interp1(ts,halo,timescale1,'spline'); 

  

figure(), plot(timescale1,resamp_CSAPI,'-ro') 

  

%% define the length of nuber of FFT 

m1 = length(resamp_CSAPI);  

NP1 = nextpow2(m1); 

%specify range of data before FFT 

ct1 = round(m1/2); %find the postion due to the center of data 

x_resamp1 = (ct1-(2^(NP1-1)/2)):(ct1+(2^(NP1-1)/2))-1; 

x_resamp_CSAPI = resamp_CSAPI(x_resamp1); 

figure(), plot(x_resamp_CSAPI) 

  

%% FFT implementation 

% in the case using only fft implementation 

NFFT2 = pow2(nextpow2(m1)); %fft automatically pads the data 

with zeros to increase the sample size. 

inv_fft_resampTime2=fftshift(ifft(ifftshift(x_resamp_CSAPI))); 

% scale x-axis into wavelength unit 

delta_inv2 = inval/(wavelength*NFFT2); %m-1 unit, by 10 

interval deviding in each half lambda %N=9delta is 16? 

xScaled_inv2 = [-

(NFFT2*delta_inv2)/2:delta_inv2:(NFFT2*delta_inv2)/2-

delta_inv2]; 

xScale_nm_inv2=1./xScaled_inv2*1e9; 

figure(), 

plot(xScale_nm_inv2,abs(inv_fft_resampTime2)./max(abs(inv_fft_

resampTime2)),'b', 'LineWidth', 1.5); xlim([400 

1200]);%ylim([0 0.2]) 

title('Graph shows the FFT spectrum of Halogen in CSAPI 

method'); 

xlabel('wavelength (nm)'); ylabel('intensity (A.U.)'); 
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