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(Development of High Speed Spectrometer for 3D Imaging)
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UNANYRANWIDINE

A high speed and high resolution spectrometer plays a crucial role in the frequency
domain optical coherence tomography (FD-OCT), ie. enabling real time and three-
dimensional (3D) snap-shot. In this project, optical design and system implementation of a
high-speed high-resolution near-infrared spectrometer was investigated. The spectrometer
was design and optimized, aiming for high speed detection of spectral interference patterns,
to be used in the 3D FD-OCT applications. The research covers the optical design,
mechanical design, system assembly, optical alisnment, and optimization for maximum
performance of high speed and high resolution spectral detection. The data acquisition and
processing, including the graphics user interface system was also developed. In addition, the
performance of the developed prototype has been measured and analyzed. The results
show that the developed spectrometer is currently capable of capturing interference spectra
at speed of more than 100,000 spectra per second. The effective spectral resolution of less
than 0.2 nanometer was achieved. The use of the implemented spectrometer in the high
speed 3D FD-OCT imaging system has been investigated. The current spectrometer
prototype was verified for detection of spectral interference fringe in our developing 3D FD-
OCT system and hence was capable for high speed capturing of the spectral interference
signals at up to 100,000 spectra per second, enabling for cross-sectional microscopic imaging

of biological sample of about 100 frames per second.
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2.1 MINUMUITIUNITIH (reviewed literature)
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wuuU? 2 19 Collimator UsENBULRY VUINALES 20 mm

Weviudaeuaunsalunsaneamlildaniy fiddelfeenuuuuaradssuunoaduines
fiflduasualug  (Large beam  collimator) Fusieswiuandusuil 23 lneldiauduia
Achromatic doublet wuInAMUBINTE 35 mm WFunasanUasvsaduloniuas warusulu
Iisuasuuldannssnuumnsnia ssegldduaineadumuunUsyana 20 mm saduvuaduas
peadumTliutunnsdlusnRovauh egslsinu Fedesirvenaudilduaznis Alienment
yililaiannsnilaiuaneadiunauysalldvifowuudl 1 widsmeduasidsduiova
v Bdlumaguiuds ueeiiliansansatuaaniildfieuandongatuniinsdusn wilu

| a Ay a X o 2 v & Y] v o |
ASNARBINUINANUALLD AT LN UL N AN Toe Nt paazlatiausluunsall

High speed line-scan
CMOS camera

Focusing Lens
f=150 mm

2 inch diameter
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UNA 3.

NAN1SANUUUIY

U

3.1 fmededyanaiinginialdlagszuuAusuuinannay

TLUUMIUANNIATIITUAYILaILaznsTuTindeyaalaniuaslunauiiunesgnasneliy

Tulusunsuuiuds Inedsuuvunsuansmanalugui 3.1 ddunisldanuiinmusigaiu awensuazgn

dedngludempufinmesivng 1 ilsudsuansluningasiuuuveguin 3.1 FaUsznauaivdiuiy

awansuanan 1000 aansusiamsy dyaunisunsnaanvesiazalansugnuianinanatuns

AUA1E18U893U UARIAINAINIALUNNTATIVTUA Y IUNITUNT NEBATIIAIUDEY Tedadende

awalasiiwesNinnuazidundeaUanTunanig ANLEIN5tUNSATITUA Y INaUAnSUT

ANLAZIBYAZINN TR TIIERULINNINTIRIVA I SUNSNARAlsaUAn Sudauaslugunt 3.2
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3.2 mslFnuduuuluszuumemndauieeudiannusiga
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SUN 3.4 uansunsdinvesiieg unmasslfuarauifvedileloinin (Asulan fiu
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WauIulun1InTITUd YA UARSY
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1. Tddusuvaalasiinesidusnsadudyaiaduszuu FD-OCT daanslugui 3.3

2. l¥nsganuuuuiudumnisniugaldly Sample arm vee FD-OCT

CV =Y

3. TuindyaauansunisinInaan sl liuinige) AuIeInIzansdeds femieg1aunsdulu
5UN 3.5(a-c)

Y

1 [ LY =

4. ymmsuUaawSiesusiay paaadansuituiin3luduneuil 3 Gﬁqazlﬁé’iycgmﬁ’mamﬂugﬂ
i 3.5(-N InedygragdiuililusassUeduiusiunsasviouainnszandogiaiiany
anenge i

5. wisnvwngegavesdyaalude 4 Weufusuiavenszand1edefisseeaneg dauandly
U7 3.5 (g)

[
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fruaziBealagUszana 0.16 wiluiwes Gedlvuielvgniriiduialdannguiuseanu

A9V

g
-] -\
‘ /h\/\ i
b e

0 &0 1000 L0 140 160

3@ e 0 % o s o dors 50 Ko.el W 7 o

o
5 %0 100 10 20 250 30 3 40 40 W % 0 0 W T €0

S % 100 150 200 2% %0 30 X0 40 %0 K0 0 60 W T K0

1.00 o5 1
~Q
0.90 Q 0.9
S 0.80 Q © S o0s (h)
S > 2
£ 070 =07
g_ 0.60 . o g_ 0.6
o Q & FWHM
< 0.50 i < 05 —> |e—
9 @ ~0.16 nm
N 040 g N o4
© Q ©
£ 0.30 = €03
S o 5
S 020 oo, S 02
0.10 Co 0.1
0.00 0
0 02 04 06 08 1 12 14 16 18 2 22 -1.0 -0.5 0.0 0.5 1.0
Depth position in air (mm) Spectral wavelenth centered at 840 nm (nm)

JUN 3.5 (a-0) uansdyaaiaiuanTuinandiuniaveanszaniiainuandnae iy (d-f uans
FyaraiildannisulasiBiesvesdygaauaniuain (a-c) mua1au (g) Lanindonssnitue

UagngegnvasdyananlannniswlaniBiestrssuduiusiuiunisanudn (h) wanansivves

doygrauiilaannnisudasySieinduresilsdunlunsm (g) WisuiuaueIndu

13



il Mnnaninmaaenneauaniivesruuiuwuy - auuiildaeaduimesdniogy
U 7 mm wazkuultreadmasnUsenauTULLINTVUINA LAY 20 mm WUl benndakenly
fafulntn  lnemeadmasnusenauiuesanuisawenaansulaazidaafiududniiesdntioy
& A o~ ) ] a ¢ o & ] ) = ' a X a
Wit e eunuMsitAeadilinashuua s HuAe WANUANYaINITaNgAMANTWLRES 0.4 mm

a aa Yoo % a & o & o X \ | < a &
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a & ) Y o a ¢ Y] M v ') ' A A
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AANISAILIAIARY  FIN1SIATIIMALRNWRSIY MeisUfuinisdianiestiedn
Beam Profiler NflUssAngnmiiiganelun1siiasensuiavesinuasmaaduniuiasale

Aetiy lusuwuuseuugienmdnuine OCT ldnuedludagtu Anidulsdenldneaiiumes
AuSandvunevesdinas 7 mm  avsusunuualalasives T liAuanveIn1Tangn N

o w P = W = 1 1 Y} I a 1 I3 a
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unil 4. @3UNan1sIY

4.1  ajlyumanuide

nelalaseins3dell Auideldiauiduwuussuvanalasiiinesausigafinouausine
a 1 a Y o Y Y]
Aunvesiaslug udunssa waglaunlunaassldilussuunsiadudyaianisunsnaenlulaiy
AMNAvRITEUUIIgn AN TR BwasluseauvieUfuins dagneenwuulviused@niainiias
Weumiluseivaina waldununisuaafaininesesnivigluremainnitifa el 015338
I [y [y '3 v & | = = k% v
Jululudnuarveamaiauesiauiduinseaniuuszuy Wandansadeasissuusuiuuly
JEAUTIUHURNS au eeUfURnIslaasvesavivinalulagawe suazlinoutind uniine1dy
waluladasund wagsuiamInsvaeulssaninmeassyuulaey uaznisvaaesldnuiawuly
N13A1UNINAAYVINENNTRVDIAIDENNTINTNAN)
sruvsusuualalnsimesanusigaiiiauitu gnesnwuuliaiunsansiadudygyin
aUansuvaauadunsning1uning lngoanuuulinaauaqueEILALEIAAULUUIRNIZIINZIY AL
800 - 900 unluuas tslilaAiuazidenvesdyiafiunizauiunsitaulusyuvaisnin FD-
OCT Mimunmugiulunmelayalasinsiediuil lnedanuasidenvesdyaimegil 1400 Ainigase
alan3u (sampling resolution) wiseAalumMaILenBeaUansy (spectral resolution) M&anAT1 0.2
a s a 3 v o v & a a =
wluiwes dausilunisnsiadudynin 1 aweasuldnaidunaniios 15 lulasiuid
(15/1,000,000 3u19) WuRe S¥UVEINISONTINTUEYY I UALUARSLYBINTUNINEDARITAIIILS?

a a '

g9gme 140,000 awlansusiodund Fegendnszuunivnghudanalyginaudu

Uaguu dunvudunsusnaalasiivesanudiganiaudu lagnihlulddudiunimes

Y

MIRALFLLUUSEUUTEA MERINaNiRfowanawes dudussuudenmduasaufityin
OCT figuuuunisanenmaseszuuatenmyeslagdaniignig uwilinuazdeaganinuinluseau
Tulasiwes Feuuvuiildaunsasenmaufiildfiniuasdendeninudn (depth resolution)
Useanad 10 lulasiimes uagamuazidunluluiseuu (lateral resolution) windu 15 lulasiiimes

= & a A o = [ LY a a 4 1 =3 v d‘
Fetolumnuazlduanviafioudussuy OCT  Tuszaul@anialsd ag19lsnay SEUUALLUUN

aad

WL UTAUS I UNITA18 N NEIUTRNMTDNI1TLUULTINIRIININNG TURDAINITAA AN
auTATANGIAEADT 50 AT FeanunsaaenmaNiRvefieg19 TN muIa 30 mm x

30 mm x 2 mm ennglunaidszann 10 Auniiwinuu
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4.2

4.3

HANANUDINHIY

1) sunvusruuaalasinesanudigduseiuiesUfiRnmmeasaiieldomluguuas
Bunlssn 1w 1 sruu AdeuanunselunsadyanaauanduldaziBenluseu
0.2 wluiiwes meanuSatunistufindyarunin 100,000 dlansuaeIUT
2) dndnwiiidunulainisimuissdnnuivasrinurluniseenwuuiaraiassuulgana
Tuszauneaufuianis $1uiu 2 au laun
" gAIng wasid 9@ D5510146  dnAnwiszaudsagienanvivimalulad
waswazlinauiind driindvdnereans uninerdewmelulagasuns
" ogpwsn Uowna sWe B5422012  Un@AnwnsEsuUsg e ianuniviiAing s
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3) ‘ﬁ’]LﬁuaizuuéljuLLUUﬁW&NU’Fﬁﬂum‘JU%G{;NL“?Iﬁ“mmiﬁ'ﬁzﬁuﬁmaLLazizﬁUU’mWﬁ
saisAudiuau 3 as
4)  wanUMSARNRLUUUNANIAN (Full paper) lu conference proceeding s¥@u

winnANUTInglugudeyaaINaves Scopus U 1 UNAIY

MIWSUNIHANUIDY

N5 aUNaNUlUNITUSEYLTIIYIN 56191

1)

UauananuITelunsUseyidadzIn1s  Interational Conference on  Experimental
Mechanics 2013 (ICEM2013) Tuiata “Design, Implementation and Characterization of
Spectrometer-Based  Spectral Domain  Optical Coherence Tomography” &
nyIMNIYLAT SEMinatudl 25-27 waednieu wa. 2556
thiauenaridelunsuszgulsz dvesaunauganssmiuissanalneadeil 30 (MST-30)
lufive “Three Dimensional Optical Coherence Tomography: A Noninvasive Look-
Through Approach” a4 2.3unys SeWIeTud 23-25 UNTIAN WA, 2556
thiauenanuidelun1sUszquiBsivinis The 3° Asian Near Infrared Symposium (ANS
2012) Tusit® “Development of Optical Coherence Tomography for Nondestructive
3D Visualization of Biological Samples” &4 NTUNNURIUAT sewintuil 14-18 NOBNIAN

W.A. 2555
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Tachatraiphop, Joewono Widjaja, and Panomsak Meemon " Design, Implementation
and Characterization of Spectrometer-Based Spectral Domain Optical Coherence

Tomography", Proc. SPIE 9234, pp 923417-(1-6) (2013).
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Abstract

We report the implementation of a high speed and high resolution spectrometer-based spectral domain optical
coherence tomography (SD-OCT) system. A high speed near-infrared spectrometer was designed and built, utilizing a
high speed line-array CMOS detector and all off-the-shelf optical components. The acquisition speed of more than
100,000 spectra per second was achieved. enabling a high speed 3D imaging of the implemented SD-OCT system. Here.
we report the performance characterization. i.e. resolution, imaging depth. and sensitivity of the implemented system.
The penetration depth and depth resolution of the system are currently 2 mm and 14.1 pm. respectively. The lateral
resolution of the system was quantified by the Modulation transfer function (MTF) measurement to be about 15.5 pm.
over the lateral field-of-view (x-y axes) of 30 mm X 30 mm. The acquisition speed of the system was 20 frames per
second.

Keyword - near-infrared spectrometer. optical spectrometer design. spectral resolution. 3D imaging.
noninvasive imaging. frequency domain optical coherence tomography

Introduction

To date, optical imaging technology is proven to be an effective and reliable tool for non-invasive
characterization. monitoring, and diagnostics of biological tissues at high sensitivity and high resolution. which is
particularly useful for biomedical applications. As an emerging optical technology for biomedical imaging in three
dimension (3D). Optical coherence tomography (OCT)[1] is capable of non-invasive cross-sectional imaging of
biological tissues at high-speed high-resolution. and high sensitivity [2]. To date. OCT has been proven and recognized
by physicians as a potential tool for medical diagnostics and research. Particularly in the field of ophthalmology. OCT
has been established for early detection of many retinal pathologies such as glaucoma, diabetes. and age related macular
degeneration [3-5].

The imaging principle of OCT is analogous to ultrasound imaging except that OCT utilizes light to carry
information in oppose with ultrasonic wave in ultrasonography. Specifically. OCT illuminates biological sample with
broadband near infrared light beam and measured the amplitude and depth location of the backscattered light and uses it
to construct a cross-sectional image that reveals structure beneath the sample surface [6]. In order to penetrate deep
inside most tissues, OCT is usually operated at the wavelength region of about 800-1300 nm. This wavelength region is
known as the optical window of biological samples since water absorption and blood absorption is minimum caused it
becomes transparent [6. 7]. Without contacting the sample. OCT focuses the near-infrared light beam deep below the
biological sample’s surface and gates the back-reflection light through the low-temporal coherence [8. 9] of the incident
light in order to section depth information of the sample at microns resolution. The low coherence gating can be achieved
by the use of Michelson interferometer [10] or Mach-Zehnder interferometer [11. 12]. The interference signal acquired
by OCT is equivalent to an optical sampling of the sample reflectivity along the depth by using the low coherence of a
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broadband light source as a sampling gate [7]. Hence. the envelope of the temporal coherence serves as an axial point
spread function (PSF). For a Gaussian spectral distribution assumption, the axial resolution is given as
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(6]

\
where A, is the source center wavelength, and Az and A1 are the full width at half-maximum (FWHM) of

the autocorrelation function and the power spectrum bandwidth of the light source, respectively [6. 8].

There are various implementations of OCT techniques. One technique in particular that push forward the
advancement of OCT is the Fourier-domain optical coherence tomography (FD-OCT) [13]. The fundamental principle of
FD-OCT is based on coherence theory in the frequency domain [8]. FD-OCT captures spectral interference at the output
of an interferometer. e.g. Michelson interferometer. and then Fourier transform to obtain depth-resolved reflectivity
profile along the incident beam path beneath the surface of the sample. Typical setup of a spectrometer based FD-OCT is
illustrated in Fig. 1. Sequentially. performing 2D scanning of the laser beam across the sample’s surface allows
nondestructive 3D reconstruction of sample microstructure. The use of multi-element array detector. i.e. charge-couple
device (CCD) camera. leads to the significant reduction of shot noise. Therefore, the imaging speed and the signal to
noise ratio (SNR) is dramatically improved as compared with conventional OCT [14, 15].

| Low coherence .
Light source R 2x2 coupler @f _<O:]
i\f\ %‘Z‘—i Reference
vy \
AN

Processing &
Display

Figure 1. The typical configuration of the spectrometer-based FD-OCT.

Nevertheless, there are several challenges in FD-OCT. First. FD-OCT possesses an auto correlation noise and
complex conjugate image (or mirror image). As a result. only half of the number of pixels of the detected spectral
interference signal carries unique information because of the existence of the mirror image. Second. the motion of the
sample causes the blur effect so called the ‘fringe washout” or ‘fringe averaging’. The fringe washout may limit the
imaging depth of the FD-OCT system. To avoid the fringe washout. a short exposure time is demanded. which may limit
the system sensitivity and image contrast. Third. for a given source bandwidth. the axial depth range is determined by the
spectral resolution of the system. i.e. the number of pixels of the CCD camera in FD-OCT. The finite spectral resolution
leads to the sensitivity fall-off across the axial measurement range (or depth range). This is because the larger the axial
delays. the higher the loss in fringe visibility will be. The last two issues play an important role in the optical design of a
spectrometer for FD-OCT. In general. FD-OCT demands a spectrometer that has high spectral resolution and fast data
capturing (short exposure time). The short exposure time can be achieved by using the emerging high speed line scan
camera that utilizes the recent advance in the complementary metal-oxide—semiconductor (CMOS) technology. The high
spectral resolution is achievable via optimization of an optical design of the spectrometer.

In this work, we present the investigation of a high speed and high resolution spectrometer-based spectral
domain optical coherence tomography (SD-OCT) system. We then detail the implementation of such system in our
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laboratory at the Laser Technology and Photonics laboratory at Suranaree University of Technology (Thailand). Finally,
we will discuss the characterization of the implemented FD-OCT system.

Experimental method

The FD-OCT system was illustrated in Figure 2, where a superluminescent diode was used as the light source
with a central wavelength of 840 nm and a FWHM spectral bandwidth of 60 nm. The output light from the light source
was coupled into a fiber-based Michelson interferometer that utilized a 50/50 fiber coupler. where 50% of light power go
to the reference arm and another 50% to the sample arm. For controlling of polarization and hence maximizing the fringe
visibility of the detected spectral interfere. in-line fiber optic polarization controller were used in both reference arm and
sample arm. In reference arm, a silver mirror was used for reflect the collimated light from the light source. The sample
arm consisted a collimator. a dual axes galvanometer mirrors for control area scanning. and a focusing lens for focus on
the sample. The light backscattered from the reference mirror and sample were combined and delivered to the high speed
spectrometer. The spectrometer consisted of a collimator (f = 36.18 mm. 8 mm beam size). a reflection grating (Blaze
grating with 1200 line-pairs/mm). a focusing lens (f=150 mm). and a high speed line scan CMOS camera (Basler. Sprint
spL4096-70km).

From the laboratory implementation of the FD-OCT system. we performed characterization. i.e. resolution,
imaging depth. and sensitivity of the implemented system. We use the silver mirror in sample arm for characterize depth
scale. axial resolution. and penetration depth. In the FD-OCT system. the spectrometer measured the interference
spectrum of light back scattering from reference arm and sample arm. After that. the detected spectral interference was
Fourier transform to obtain both the amplitude and depth position of the sample reflection. To experimentally quantify
the depth scale. i.e. an axial distance per depth pixel. we placed the reference mirror on the translation stage equipped
with a micrometer scale and precisely move the reference mirror by amount of 50 pm per step and performed
measurement of the amplitude and position in pixel numbers of the reflection peak at each distance of reference arm.

Broadband SLD Reference arm Reflection grating
h9=~840nm ___optics 1200 lines/mm y
| FWHM =~60 nm Collimator

7 mm beam size

50/50
2x2 Fibver coupler

| Samplearm |

optics
The implemented — phr—ui
i - High speed
thlgh speed Focusing Lens .g P
spectrometer | ma,o‘k',“mpﬂ £=130 mm line-scan
— ]

Z2in. CMOS camera

(©)

(b)

Figure 2. (a) FD-OCT system layout (b) The laboratory implementation of the FD-OCT system.
(c) The mechanical design and (d) the laboratory implementation of the designed spectrometer.
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In addition. the decrease of reflection amplitude as a function of depth position caused by the finite spectral
resolution of the spectrometer was measured. The 10 dB fall-off distance of the reflection amplitude determined the
penetration depth of the system. The shape of the amplitude fall-off also provided information about the effective
spectral resolution of the spectrometer, which could be limited by either the detector pixel size or the diffraction limit of
the focusing lens of the spectrometer.

Result and Discussion
In figure 3(a) show the linear relation between the positions of the reflection peaks measured by the
spectrometer and the positions of the reference mirror set by the precision translation stage. From the data shown in the
figure 3(a). we computed the depth scale of our system to be 1 pixel equals 3 pm. Consequently, knowing the exact
depth scale per pixel. the axial resolution of the system was measured from the FWHM of the reflection shape. which
serves as an axial point spread function (PSF) of the system. The FWHM was measured to be 4.7 pixels. then the axial
resolution of the system was about 14.1 pm.
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Figure 3. (a) The relation between the position of amplitude and distance of micrometer.
(b) The relation between amplitude and penetration depth

Figure 3(b) show the relation between the normalize amplitude of the sample reflection and the distance of the
reference arm. Based on the result in figure 3(b). the distance of the reference arm affected the amplitude of the point
spread function so that when the distance of the reference arm was increased the amplitude of the point spread function
was decreased. The penetration depth of the system was quantified by a 10dB fall-off of the maximum amplitude (i.e. the
amplitude was decreased 10 time of the maximum amplitude). From figure 3(b). the penetration depth of our FD-OCT is
currently limited to about 2 mm in air, which is about 1.5 mm in most biological samples (i.e. average refractive indices
of about 1.3 to 1.4).

For the quantification of the lateral resolution of the FD-OCT system. we use the test target (1951 USAF Square
Resolution Test Targets). Different elements and groups on the test target were captured using the developed FD-OCT
system. We then measured the gray value of the intensity profile across three line-pairs of each element and each group
of the FD-OCT image of the resolution target. Next. we calculated the imaging contrast from the extracted intensity
Imax—Im;

i » 100. After that we generated the
Imax+Imin

moldulation transfer function (MTF) graph that is the plot between the computed %ocontrast and its corresponding spatial
frequency (line-pairs per millimeter). The lateral resolution of FD-OCT system was considered at the spatial frequency
where the contrast dropped to about 20% on the MTF curve. From figure 4, 20% contrast of our system was at 32 line-

profile of each element and each group of image from by using %contrast =
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pairs per millimeter. Which the lateral resolution of FD-OCT calculate from frequency of the target. in 1 millimeter
have 32 line pairs or 64 line. Then the lateral resolution is 15.6 pm.

100 +

% contrast

40

ct+r-r—rrrr—r
0 2 4 8 B 1012 14 16 18 20 22 24 25 28 30 32 34 36 38 40
Line-pairs per millimeter (mm)

Figure 4 MTF measurement data

Conclusion

In summary. we designed and implemented a spectrometer-based spectral domain optical coherence
tomography. The spectrometer was design and optimized for high speed detection of spectral interference signal in 3D
FD-OCT application. Several performance characterizations of FD-OCT were performed. The axial resolution was
measured to be 14.1 pm. The penetration depth was quantified to be 2 mm. Furthermore, from the MTF measurement.
the lateral resolution of the system was about 15.5 pm over the lateral field-of-view (x-y axes) of 30 mm = 30 mm. The
3D acquisition speed is currently 20 frames per second that is about 30 seconds for a volume that consists of 500 depth-
scans per frame and 500 frames per volume. Our ultimate goal is to develop a prototype of a research-grade FD-OCT
system at Suranaree University of Technology that was be designed to have imaging speed and resolution beyond
commercial OCT system at relatively lower cost. The developed prototype will be available for other researchers, aiming
for but not limited to biomedical research fields. to conduct experiments and/or collect data for their research in the form
of collaborative research.
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