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Abstract— Polarization Sensitive Optical Coherent Tomographyan investigated sample and also enables selective
(PS-OCT) is a novel optical method for examinatibm broad range of visualization of an optical anisotropic structud[2][7].

scattering materials. PS-OCT is an extension of Ggjtems, which Hence, we apply this method to investigate birefeint
enables a cross-sectional visualization of dewiceri structure, as well ’

as analysis of polarization state of light backiwrat from particular complex structures like liquid crystals cells, poBr
points inside the tested device. Polarization seesanalysis is a very retarders, as well as polymer and ceramics congsosit
useful tool in OCT measurements, however it brisgsiumber of The PS-OCT system, which has been designed imiskda
problems referring to measurement signal processiigfringence University of Technology (Department of Optoelecins

changes of the investigated sample over the speeidth of the . . .
broadband light source. In this paper these prablérave been aNd Electronic Systems), has been shown in Fignd a

discussed and possible solution have been given. Fig. 2.
!
Optical coherence tomography (OCT) is an QWP1Eg== X
interferometric method for two and three-dimensiona Y . Y%

imaging of surface and subsurface structure oftestag p
materials with micrometer resolution. The OCTB Nl
measurements are performed in non-contact and non_ S°Urce I
destructive way, therefore, this method is totatfe for
the tested object [1][2]. Presently, the main aggilons

of OCT cover medical diagnosis in the field of
ophthalmology, dermatology and also dentistry [B][4
However, the usefulness of OCT in beyond medical
applications has been noticed. Nowadays, the OC%ad
in industry and science for material characterimgti

B N Detector2b

l DetectorlaH Detectorlb‘

Fig. 1. The PS-OCT system setup; NPBS 1+2 — noarjzaig
beamsplitter, PBS 1+2 - polarizing beamsplitter potarization plate,

surface and subsurface defect detection, strailusfie QWP 1+2 — quarter-wave plate, HWP — half-wave plate
mapping inside polymer materials, ceramic materials
examination, as well as art conservation [5]-[9]. Detector 2a

Detector la

The OCT is based on the interference of the ligtnbs,

- { Usunieto: short

Interferometry or LCl — Low-Coherence Interferonyitr
Thereby, the light backscattered from the particula
scattering points inside the investigated objeat ba
selectively detected, which is needed for tomogyaph
imaging [1][2][10]. There are several types of OCT
systems. Our research has been concentrated on
Polarization Sensitive Optical Coherent Tomography
(PS-OCT). Polarization sensitive analysis provideisjue
benefits to OCT measurements, which allow studying
phenomena occurring in a tested sample that cammot o4
investigated by conventional OCT methods. This Fig. 2. The optical part of the PS-OCT system.
measurement method gives structural informationuabo
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The PS-OCT system (Fig. 1, Fig. 2) is based on thgarticular points inside investigated device. Oriethe

Michelson interferometer where the movable mirro
driven by a piezo actuator is placed in the refegearm.

most important problems, which must be solved,his t
selective reconstruction of the spectral charasties

The interferometer is illuminated by the broadbandrom recorded interference signals. Consider theggn:

supercontinuum light source. The backscatteredt lig
beams from the sample and light reflected fromntireor
are recombined and subsequently separated by
polarization beam splitter into orthogonal compdseen
which are recorded by two pairs of photodetectams (
Fig. 1: Detector 1a and 1b, Detector 2a and 2bgsé&h
detectors provide polarization diversity detectiasth
excess noise elimination. The details of developetem

h ()= (00)+

a 20} |8y (k) eod2K{z, - 2,) + ard i, (k) +

n=1

4,

+ (auto- correlatian terms)

which describes the OCT measurement signal in sgect
domain. The (k) is the cross-spectral density of the
interfering beams. It depends on the spectral

as others such PS-OCT systems, the polarizatide staeference arm of the low-coherent interferometer.ttie

analysis is based on Jones formalism. The biredring
parameters of the investigated sample are calclfeden
the magnitude and phase of a received interfersigoal.
These calculations are based on equations (1)23nd (

()
VG )

@(z) =12 A2¢(Z) ,

r(z) =atal

@

@)

use of Fourier transform (FT) it is possible tansfer the
Sp(K) function to time domain, which has been shown a
the relation (5).

FT{S, (k)} = 1, (z) = (DC termg +
#3620 (e 2z )+

+(auto- correlation termg

where: Gn(z) — cross-correlation function of the light
from reference arm and backscattered from particula

®)

where: |(z) and {(z) — recorded interference signals aboint inside the investigated sample (zz,) determines

detector 1 and detector 2 respectivelyp(z) — phase e optical delay between interfering beams.

difference between recorded interference sigrna(s) —
depth (z) profile of retardation angle changesdiasested
device,®(z) — depth profile of optical axis orientation of
the device.

This method of polarization sensitive analysis been

Ay >> DA,

where:)o — central wavelength ansh — bandwidth of the
light source.

In this particular case the boti'(z) and ©(z)
characteristics are calculated for central wavelemngth
sufficient accuracy.However, the range of measured
values of retardation angle and fast axis oriemtais
limited to 90° forI'(z) and 180° for®(z). For high

The {

Usunieto: is

cross-correlation function £z) and cross-spectral {

Usunieto: suitable

density Qn(k) are related to each other by the pair of//
Fourier transforms. Therefore, if thexf&) function can //{

Usunieto: ,

be obtained, theggk) will be determined. According to,"///{
(5),-the_G(2)- function- is- separated -in -time- domaim’,’/

Usunieto: in which utilized
broadband light source fulfills

which facilitates. its extraction from(z)- characteristic. - [
/

Usunieto: 3

Based-on-the -described relations the measurenggmlsi {
procedure can be developed in order to obtain thé-

Usunieto: 5

7
complex spectral characteristic of the backscattdight ,’/ /{

Usunieto: 3

[12]-[14]. An example of the signal processing, which I;(as//{

/

Usunieto: 4

been described in details in2J{13], has been shown in-~
Fig. 3.

FFT

subtract carrier
J [C

removal of the
DC component

omplex depth
profile 1,(z)

birefringent materials like liquid crystals cellsr o
grass-fiber reinforced polymers the absolute valaés

['(z) can be difficult to calculate [6]. Great proggein
ultra-broadband light sources results in obtaimngonly

a better resolution of OCT measurements but alsm®p
up new possibilities to apply spectroscopic analysith

success. Based on those well known methibhés new

enables the polarization sensitive analysis todséopmed
over the spectral range of the broadband lightcurhe
method is based on spectroscopic analysis of thetisp
characteristic of the light, which is backscattefreain the

http://mww.photonics.pl/PLP

| Usunigto: However, if the light
'| source does not satisfy the

condition (3), the measurement
error may reached even more th3
20% of the maximum range of
measured quantities.

interval

envelope
FD-OCT
spectrum Sy (K)|
zero padding

cross-spectral expansion in
density Sg, (k) spatial domain

Usunieto: The problem become|
very significant if the ultra-
broadband source like
supercontinuum are used.
Therefor,

sequential
analysis

Usunieto: of measurement
signal processing should be
developec

function

Usunieto: 2

—arg{S,(k)} ‘

Fig. 3. The diagram of the measurement signal g=icg in optical

coherence tomography with spectroscopic analys{g) S complex

spectral characteristic of backscattered light fropoint inside the
device under tests.

Usunieto: 1

From our research and studies
propose novel application of
spectroscopic analysis based on
Fourier transform principle:
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The presented algorithm can be easily adopted to osensitive

time domain PS-OCT system. The real part g{f)l is

optical coherence  tomography  with

spectroscopic analysis can be interesting tool tfa

proportional to time domain OCT measurement signailvestigation and quality assessment of the complex

Therefore using Hilbert transform and continuinge th objects

like printed electronics parts or polymer

procedure for §(z) it is possible to obtain the spectralcomposites materials.

information. This algorithm was used foy(2) and {(z)
signals processing. The spectral

characteristics ofThis study was partially supported by the Polish

retardation angle changes were calculated basetheon Ministry of Science and Higher Education under dghent
equations (1) and (2) performed for each wavelengtio. N N515 335636, and DS programs of the Facuity o
values. An example of measurement results obtaioed Electronics, Telecommunications and InformaticsafsH

optical retarder has been presented indrig.
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Fig. 4. Measured spectral characteristic of therdettion angle of the
optical retarder.

[

As the device under test the Soleil-Babinet comatems [g]
was used. The retardation of the device was sdl, to
135 nm, 270 nm and 506 nm. These values corres@ono{gl
0°, 36°, 72° and 135° of the retardation angle tfoe
wavelength _equal 1.35 um. The measurements were
carried out using the PS-OCT system presentedgniFi
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and Fig. 2, and described in [2][10][11]. As wapested 11 M. Stakowski,Analiza stanu polaryzacfiwiatia w ukiadach optyczre] _ - -

the growth of the retardation value caused an asgén a
mean value and slope of the measured retardation
characteristic. If the retardation angle excee@s9®r° the
direction of the slope of the measured characiesiss
changing. Moreover, with the continuous growth loé t
retardation value the measured mean value of raiard
angle decreases. Therefore, by the analysis ofltee
and mean value of the
characteristic it is possible to determine the Alieo
values of the investigated sample retardation.

method in polarization sensitive optical coherence
tomography. It brings a unique benefits to PS-OCT
measurement delivering full spectral informationouatb
backscattered light from the particular points desithe
tested device. It enables an investigation of aptic
anisotropy changes occurring inside the devicehia t

combination of PS-OCT and spectroscopic analysis
enables to conduct optical anisotropy and speatpsc
measurements simultaneously. Therefore, the paliiz
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studies, it improves the
polarization sensitive measurement
accuracy more than twice [12].
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