
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Integrated-optics-based optical coherence tomography

Nguyen, D.V.

Publication date
2013

Link to publication

Citation for published version (APA):
Nguyen, D. V. (2013). Integrated-optics-based optical coherence tomography. [Thesis, fully
internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/integratedopticsbased-optical-coherence-tomography(751df4be-6844-4378-a0d3-ddeeba0f94b9).html


Chapter 1  

Introduction 

  

Optical coherence tomography (OCT) is a widely used imaging technology that has 

many applications in biomedical imaging and in the clinic. In this introduction chapter, 

we explain the basic principles of OCT and state the need of photonic integration in 

OCT for low-cost, hand-held and improved functionality OCT systems. Subsequently, 

integrated optics and its applications to OCT are discussed. Finally, we describe our 

research goals and the structure of this thesis. 
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1.1   Optical Coherence Tomography 

Optical Coherence Tomography (OCT) is a high resolution, non-invasive imaging 

technique that has developed rapidly over the last 22 years [1].  OCT works analogous 

to ultrasound imaging in which a high frequency sound pulse is sent into the sample 

and the sample structure is reconstructed by measuring the amplitude and time delay 

of the sound echo. Instead of sound waves, OCT measures the echo of light returning 

from the sample. Since in tissue the speed of light (v2.2·10
8 

m/s) is much higher than 

the speed of sound (v1.5·10
3 

m/s), electronic timing is difficult and interferometry is 

used to determine the small time delays associated with light backscattering from a 

biological sample. 

1.1.1  Time-domain OCT 

The most basic form of OCT is Time-domain OCT (TD-OCT) and a schematic of a typical 

TD-OCT system is shown in Fig. 1.1. In TD-OCT light from a broadband light source is 

split by a fiber coupler to a reference arm and a sample arm. The light reflected from a 

mirror in the reference arm and the light backscattered from the sample are collected 

and, via the fiber coupler, recombined and (partially) directed onto a photo detector. 

Due to the finite coherence length of the source, optical interference occurs only when 

the optical path length difference between sample arm and reference arm is less than 

the coherence length (lc) of the light source. In order to get depth information of the 

sample, the reference mirror is scanned during the measurement. The photodiode 

signal is demodulated to obtain the TD-OCT signal in depth.  

 

Figure 1.1: Schematic of a TD-OCT system. L=Lens, PD=Photodetector, FC=Fiber coupler. 

Figure 1.2 shows an example of a TD-OCT interference signal as a function of optical 

path length for a sample consisting of three layers. In this figure three interference 

patterns, corresponding to the interference between reflected light from the three 

surfaces of the sample and light from the reference arm, can be observed. For each 

scan of the reference mirror, the amplitude of the demodulated OCT signal is plotted 
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(A-scans). By scanning the sample arm over the tissue, while plotting the amplitude of 

the demodulated OCT signal as grey values, a B (brightness) scan is made. Extension to 

three-dimensional OCT imaging is done by measuring several B-scans at different 

lateral positions. 

 

Figure 1.2: Interference fringes 

(solid line) from a TD-OCT depth 

scan of a three layer sample. 

The dashed line indicates the 

envelope of the interference 

signal. lc  denotes the coherence 

length of the light source. 

 

 

1.1.2  Fourier-domain OCT 

TD-OCT has the disadvantage of the need for mechanical scanning of the reference arm 

and, consequently, a low imaging speed. Moreover, it has relatively low signal 

sensitivity. Nowadays, the prevailing OCT implementation is Fourier-domain OCT (FD-

OCT). In FD-OCT the depth information of the sample (spatial domain) is encoded in the 

spectrum (Fourier domain). The spectrum consists of the reference spectrum, the 

spectrum from the light backscattered from the sample, and the interference between 

those two spectra. FD-OCT is utilized in two implementations: spectral-domain OCT 

(SD-OCT) [2, 3] in which the spectrum is mapped in space, and swept source OCT (SS-

OCT) [4, 5], in which the spectrum is measured sequentially in time. A typical layout of 

an SD-OCT system is shown in Fig. 1.3. Broadband light from a super luminescent diode 

(SLD) is split into the sample arm and reference arm by an optical fiber coupler. Back-

reflected light from sample and reference arms are coupled back into the same optical 

fiber coupler and directed, by a circulator, towards a spectrometer. 
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Figure 1.3: Schematic of an SD-OCT system. SLD=Super luminescent diode, FC=Fiber 

coupler, PC=Polarization controller, L=Lens, PD=Photodiode, SM=Spectrometer. 

A typical layout of an SS-OCT system is shown in Fig. 1.4. Light from a swept source (a 

rapidly wavelength tunable laser) is split into the sample arm and reference arm by an 

optical fiber coupler. Back-reflected light from sample and reference arms are coupled 

into two inputs of a second fiber coupler and are detected by two photo diodes in 

which the outputs are subtracted (balanced detection). For both SD-OCT and SS-OCT a 

depth scan is calculated from the interference spectrum by Fourier transformation. 

Both SD-OCT and SS-OCT systems are used in the work presented in this thesis. 

 

Figure 1.4: Schematic of an SS-OCT system. FC1=Fiber coupler, FC2=Fiber coupler for 

balanced detection, PC=Polarization controller, L=Lens, PD=Photodiode.  

1.1.3  Fundamental parameters of FD-OCT 

There are many parameters set by the components of the OCT system that determine 

the quality of an FD-OCT image. The center wavelength and bandwidth of the light 

source determine the axial resolution, while the sample arm optics determines the 

lateral resolution. The wavelength resolution of the OCT detection scheme determines 

the maximum imaging depth, while various factors such as the speed of the imaging 
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system determine the signal to noise ratio. Finally the optical properties of the tissue 

and the application determine the optimal wavelength range of the OCT system. 

Axial OCT resolution 

The axial resolution of an FD-OCT system is determined by the effective bandwidth of 

the light source and is independent from the lateral resolution. Assuming the spectrum 

of the light source has a Gaussian line shape with full width at half maximum (FWHM) 

FWHM, the axial (depth) resolution z is given by [6]: 

  (
    

  
) (

  
 

    
)                        (1.1)  

In case the source spectrum is not Gaussian or the measured spectrum is deformed, 

e.g. due to non-ideal transmission through fiber couplers or directional couplers, the 

axial resolution is determined by taking the envelope of the cosine transform of the 

source spectrum S(k) [7]: 

  ( )  ∫  ( )    (   )  
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Where k is the wavenumber. Depending on the center wavelength and bandwidth, the 

typical OCT axial resolution is in the range of 2-20 µm [8] 

Lateral OCT resolution 

The lateral resolution x is determined by the focused spot size, defined as the 1/e
2 

intensity of a Gaussian beam focusing onto a sample. For a perfect lens the lateral 

resolution is given by [9]: 

  (
 

 
) (
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(1.3) 

Where f is the focal length of the lens and   is the beam diameter on the pupil plane of 

the lens. An increase in the numerical aperture of the objective lens (smaller f or larger 

 ) reduces the spot size and thereby increases the lateral OCT resolution. However, an 

increase in lateral resolution leads to a reduced depth of focus (twice the Rayleigh 

length). In Fourier-domain OCT this leads to a reduced OCT imaging depth. Depending 

on the application, an appropriate OCT lateral resolution/imaging depth can be chosen. 

Maximum imaging range 

The maximum imaging range zmax 
 in FD-OCT is depend on the spectral sampling interval 

k, with    the wavenumber (     ). According to Nyquists’s theorem, it is 

determined by   (   ). However, since every path length corresponds to half the 

depth (light travels back and forth to the detector), the maximum imaging range 

becomes   (   ). In tissue, the maximum imaging range is reduced by a factor 1/n, 
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where n is the refractive index of the tissues. Considering the wave-number to 

wavelength conversion, the maximum imaging range zmax in FD-OCT is [2]:   

      
  (  )                 (1.4) 

OCT signal roll-off in depth 

FD-OCT has a reduced sensitivity to detect high modulation frequency fringes in the 

interference spectrum, hence the FD-OCT sensitivity decreases for larger depths in the 

sample. In SD-OCT, the OCT signal in depth is affected by the camera pixel size and the 

finite spectrometer resolution. The convolution of the square pixel size and Gaussian 

beam spot in the Fourier domain results in a multiplication of the OCT signal |aOCT| in 

depth with a sensitivity function A(z) according to [10] as: 
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]            (1.5)

 The parameter ω is the ratio of the spectral resolution to the pixel sampling interval. 

In SS-OCT the instantaneous line-width of the swept source determines the roll-

off of the OCT sensitivity in depth. The instantaneous linewidth is in general much 

better than the corresponding spectrometer resolution. Consequently, SS-OCT has a 

better sensitivity with depth (slower roll-off in depth) and hence a longer imaging 

depth.  

OCT signal to noise ratio and sensitivity 

The signal to noise ratio (SNR) of an OCT system is defined by the ratio between the 

maximum signal power that can be measured and the noise power. Typically, the 

maximum FD-OCT signal power is measured at a depth close to the zero delay (to avoid 

roll-off of the signal) with a perfect reflector (mirror) in the sample arm. However to 

avoid detector saturation, in practice an optical filter or a partial reflector (i.e., a glass 

plate) is used to reduce the sample arm power. The measured SNR is converted to 

sensitivity, which indicates the detection sensitivity to very small signals, by adding the 

additional attenuation to the SNR and taking the reciprocal. Typical FD-OCT sensitivities 

are about -100 dB [5, 11].  

In SD-OCT the noise sources can be read out noise, dark noise, relative intensity 

noise (RIN) and shot noise. Assuming that the sample arm power is much smaller than 

the reference arm power, and that shot-noise is the dominant noise term, the signal to 

noise ratio (SNR) of SD-OCT systems is calculated as [12]: 

          
    

  
                 (1.6) 

where  is the quantum efficiency, Ps is the measured sample arm power, E is the 

photon energy and  is the detector integration time.
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In SS-OCT system, noise sources include thermal noise, RIN noise, shot noise and 

noise of the data acquisition (DAQ) board. RIN noise is mainly due to the power 

instability of the sweeping source and proportional to the square of reference arm 

power. The DAQ noise is due to the operation of the digitizer to handle the direct 

current (mainly reference arm power) of the signal. The use of a 50:50 wavelength-

independent optical fiber coupler in SS-OCT in combination with balanced detection 

can significantly suppress RIN noise by removing the slowly varying noise in the signal. 

In the shot-noise-limit regime, the signal to noise ratio of an SS-OCT system is 

theoretically given by Eq. (1.6), however in this case   is the reciprocal of the 

wavelength tuning rate of the swept source. 

Tissue optical properties 

The wavelength dependent optical properties of the tissue affect the attenuation of the 

OCT signal in depth and the contrast of the observed biological structures. The 

attenuation of light in tissues is described by the total attenuation coefficient µt which 

is a sum of the scattering coefficient (µs) and the absorption coefficient (µa) as: 

µt = µs + µa                 (1.7) 

For biological tissues, the light scattering coefficient decreases with increasing 

wavelength. Light absorption, however, varies strongly with wavelength depending on 

the presence of particular chromospheres. For example, the presence of blood causes 

strong absorption in the blue and green part of the spectrum, and the presence of 

water causes absorption the infrared part of the spectrum. Between 700 nm and 1500 

nm, the optical absorption is relatively low and the attenuation is mainly determined by 

scattering, with the scattering coefficient typically larger than the absorption 

coefficients. In general, owing to the above mentioned reduced scattering with 

increasing wavelength, larger OCT imaging depths can be achieved using longer 

wavelengths. Still, the absorption coefficient of water is not negligible between 1100 

and 1500 nm. Therefore depending on the application, a suitable OCT wavelength 

range has to be chosen to achieve the largest imaging depth. For instance, in 

ophthalmology the 800 nm and 1050 nm wavelength bands are favorable, while in 

cardiovascular OCT the 1300 nm is preferred. Currently, the most frequently used OCT 

systems are operated in the 800, 1000 and 1300 nm wavelength bands.

 1.1.4.  OCT applications 

Nowadays OCT is been widely used for clinical applications such as ophthalmology [13-

15], cardiovascular imaging [16, 17], dentistry [18, 19], dermatology [20-22], and 

urology [23]. Next to non-invasive imaging applications, OCT has been integrated with a 

wide range of clinical instruments, e.g. endoscopes, catheters or needles, which 
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enables the acquisition of OCT images deep in the body or in tissue [9]. Besides 

morphological imaging, OCT can provide physiological information on tissue 

composition or pathology. This so-called ‘functional OCT’ is able to measure and extract 

properties from the tissue related to its physiological function, such as (blood) flow 

[24], birefringence [25], refractive index [26], scattering anisotropy [27], diffusion 

coefficient [28] and attenuation coefficient [29]. 

Although OCT has a wide range of (clinical) applications, the use of OCT is still 

limited by the large size and high cost of OCT systems. Especially in the fields of process 

control [30], biometrics [31] or forensic science [32], low cost and hand held OCT 

devices can play an important role. 

1.2   Integrated optics 

1.2.1   Introduction to integrated optics  

Integrated optics assumedly started in 1969 with a publication in the Bell System 

Technical Journal describing the development of miniaturized photonics devices to 

replace their conventional electronic counterparts [33]. Nowadays, integrated optical 

circuits have a wide range of applications in telecommunication, sensing, light sources 

and microfluidics. Similar to integrated electronics, integrated optics provides the 

advantage of reduced cost, smaller size, increased bandwidth and simpler optical 

alignment [34].  

Integrated optics is based on the guiding and manipulation of electromagnetic 

waves in the visible and near infrared regime on a planar substrate. Light is confined to 

the planar substrate by waveguiding structures. These optical waveguides are the 

fundamental integrated optics building-blocks that connect the various components of 

an integrated optical circuit. The most basic optical waveguide consist of a high 

refractive index guiding layer (the core) surrounded by a lower refractive index cladding 

material [35], both on a thick substrate. Most often, the optical waveguide has a 

rectangular shape and is created on its substrate by a sequence of lithography, etching 

and deposition processes. Due to the (refractive) index contrast between the 

waveguide core and cladding, light confined in a thin strip can be guided over the chip 

by curved or branched waveguides. In general, integrated optics components can be 

classified into two types, passive and active components [36]. Passive components only 

redirect the flow of light, e.g., waveguides and integrated optics lenses, beam splitters, 

gratings, while active components are capable of changing the amount of light, e.g. 

integrated optics lasers, optical amplifiers, modulators, and detectors. 
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For integrated optical circuits, several requirements have to be fulfilled that are 

directly related to the choice of waveguide materials such as: low propagation and 

insertion loss, efficient fiber-to-chip coupling, polarization-independent operation, high 

integration density, and low fabrication cost [37]. In practice, no material satisfies all of 

these demands and thus a compromise must be made. A wide range of materials can 

be used for integrated optics such as dielectrics, polymers and semiconductors. 

Materials used for integrated optics can be classified in two main types: low index 

contrast (e.g. silica and polymers) and high index contrast materials (Si, SOI, InP). High-

index contrast materials have the advantage of small bending radii, high integration 

density and most often are suitable for active integrated optics components. However 

high-index contrast materials suffer from high propagation and large fiber-to-chip 

coupling losses. On the other hand, low-index contrast materials have the advantages 

of low propagation and fiber-to-chip coupling losses, but have lower integration density 

and are not suited for active integrated optics circuits. 

1.2.2  Silicon oxynitride and silicon nitride technology  

Material and waveguide structure 

For the realization of the integrated optics circuits discussed in the thesis, low index 

contrast silicon oxynitride (SiON) [37] and silicon nitride (Si3N4) waveguide materials 

[38] are chosen. 

SiON is an amorphous material with excellent electrical, optical, and mechanical 

properties. The refractive index of SiON can be adjusted from n = 1.46 (silicon dioxide, 

SiO2) to n =2.0 (silicon nitride, Si3N4) by changing the oxygen and nitrogen content in 

the material [39]. Single mode SiON waveguides have low propagation losses (i.e. less 

than 0.2 dB/cm) and minimal bending radius in the order of several hundred 

micrometers. Both SiON and Si3N4 are transparent in a broad wavelength range from 

210 nm to beyond 2000 nm, which makes these materials ideally suitable for 

biophotonic application such as OCT and/or Raman spectroscopy [40]. A schematic 

figure of a SiON and Si3N4 waveguide structure, as used in this thesis, is shown               

in Fig. 1.5. 
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Figure 1.5: Schematic of a planar 

waveguiding structure on a Si 

substrate in which the waveguide 

core is a rectangular strip of SiON or 

Si3N4 surrounded by a thick SiO2 

cladding. 

 

Optical simulations 

Simulation of the optical fields in integrated-optics waveguide structures is necessary to 

test the performance of complicated waveguiding structures before fabrication. In this 

thesis, two-dimensional beam propagation method (2D BPM) simulations [41] 

(OptoDesigner, PhoeniXbv., Enschede, The Netherlands) are used to simulate the 

propagation of a single-polarization electric field in the waveguiding structure on the 

chip. 2D BPM simulations make use of the waveguide effective index, which is 

calculated from mode field simulations. In mode field calculations the electric and 

magnetic field distribution in a cross section through the waveguide structure are 

computed, which is used to estimate the appropriate waveguide dimensions for single 

mode and single polarization operation. The effective index method (EIM)[42] 

calculates from the 2D transversal index distribution the mode field and the effective 

index for a particular mode. As a result, the 2D refractive index distribution is converted 

to an equivalent 1D distribution. Using the EIM, the original three-dimensional (3D) 

channel waveguide refractive index structure is converted into an effective two-

dimensional (2D) planar waveguide structure. Moreover, the use of the EIM enables a 

reduction of the computation time in BPM simulations. 

Waveguide fabrication  

Integrated optical waveguide structures are usually made in a clean room environment 

involving a lithography step, resist development, etching, and deposition. The SiON 

waveguide structures presented in this thesis are fabricated in the clean room facilities 

of the MESA+ Institute for Nanotechnology [40]. The fabrication process is started with 

a thermally grown SiO2 layer that is deposited on a Si substrate to form the lower 

cladding layer. A SiON film is then deposited on top of SiO2 layer by using either low 

pressure chemical vapor deposition (LPCVD) or plasma enhanced chemical vapor 

deposition (PECVD). Next, a thin photoresist masking layer is spin-coated on top of the 

SiON layer. Waveguide structures are defined in the photoresist layer by optical 
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lithography and a successive development step. Next, the waveguiding channels are 

etched into the SiON using reactive ion etching (RIE). After removing the photoresist 

layer, the upper cladding SiO2 layer is deposited in two steps: first a SiO2 layer grown by 

LPCVD using tetraethyl orthosilicate (TEOS) as precursor is deposited, second a PECVD 

SiO2 layer is deposited to reach the final desired thickness of the upper cladding. 

Si3N4 waveguides are fabricated in TriPleX
TM

 technology by Lionix B.V. The 

fabrication process is similar to that of SiON waveguide except that waveguide core 

material is Si3N4.  

1.3     Integrated-optics-based optical coherence tomography 

Many bulk optics components e.g. beam splitters, optical switches, optical filters, 

modulators, thin film lenses, and micro-spectrometers, have an integrated-optics 

counterpart [33, 35, 43-48]. Currently, the main application of integrated-optics 

components is in the field of optical telecommunications. More recently, integrated 

optics is used for lab-on-a-chip bio-sensing applications, replacing bulk sensor 

equipment. This promises to have a large impact on clinical diagnostics, environmental 

monitoring, chemical & biological surveillance, food industry, and process control [49]. 

Along the same line, conventional OCT systems consist of a large number of bulk optical 

components, such as: optical fibers, (focusing) lenses, spectrometers, beam splitters, 

interferometers, and light sources. Consequently, OCT systems using bulk optical 

components are costly (typically more than 50 thousand euro), bulky, and not very 

robust. Integrated optics can make OCT systems smaller, more cost efficient, and 

robust. Moreover, integrated optics potentially can add more functionality to OCT, by 

providing complex and extensive optical geometries in a single chip, which would 

otherwise be too difficult or costly to realize in bulk optics.  

Figure 1.6 gives an overview of several key passive OCT components in bulk optics 

(left) and their integrated optics counterparts (right). In this thesis these components 

are discussed as individual devices, or in combination in integrated-optics waveguiding 

circuits. Although active components are necessary components in integrated-optics-

based OCT, they are outside the scope of the thesis. 
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Figure 1.6:  Integrated optics OCT components and their bulk optics counterparts. 

The goals of our research, as presented in this thesis, are: 

1. The miniaturization and photonic integration of OCT devices (chapters 2-5).  

2. Exploring new OCT functionality in integrated optics and bulk optics OCT systems 

(chapters 5 and 6).   

1.3.1  Optical fibers (chapter 2-5) 

Single mode optical fibers are one of the most important optical components in OCT 

systems as they guide the light through the optical system. Waveguides for integrated 

optics OCT must have the similar performance as optical fibers that are used in bulk 

optics OCT. They have to demonstrate low propagation losses, operate in a single 

mode, guide single polarization light, and demonstrate low birefringence (the 

difference between the refractive index for horizontal and vertical polarization). Figure 

1.7 shows a typical effective index calculation of SiON waveguides for varying width 

(the waveguide height is fixed at 800 nm) and a wavelength of 1300 nm. SiON 

waveguides with this geometry are single mode up to a width of 2.9 µm. At this width, 

the birefringence (nTE00-nTM00) is in the order of 10
-4

. Similar mode field simulations 

have been performed for ultra-thin Si3N4 waveguides (with a waveguide height of 50 
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nm) at 1300 nm, and these calculations predict that Si3N4 waveguides are single mode 

up to a width of 3.8 µm. At this waveguide width, the birefringence is in the order        

of 10
-2

. 

 

Figure 1.7: Effective index calculations at 1300 nm for various modes in rectangular 

SiON waveguides with varying waveguide width and a waveguide height of 800 nm. For 

a width below 2.5 µm the waveguide is single mode. The dashed gray line indicates the 

bulk refractive index of the cladding. 

One of the main optical losses in an integrated-optics-based OCT system can be 

attributed to fiber-to-chip coupling. The fiber-to-chip coupling loss depends mainly on 

the misalignment between the fiber tip and the waveguide core as well as the 

mismatch between their mode field diameters (MFDs). Fiber-to-chip coupling efficiency 

can be improved by using spot size convertors or a tapered input waveguide [50, 51]. 

Using these techniques fiber-to-chip coupling losses can be reduced to 0.5 dB. 

1.3.2  Focusing lens (chapter 2) 

In OCT systems, a focusing lens in the sample arm is used to increase the collection 

efficiency of back-reflected light, achieve good lateral resolution, and reduce the 

collection of multiple scattered lights. Previously, integrated optics lenses have been 

made using diffraction, refraction or reflection of light in waveguide grating couplers, 

Fresnel grating lenses, aspheric waveguide lenses, planar mirrors and elliptic couplers 

[52-57]. The pros and cons for each type of integrated optics lenses will be further 

discussed in the chapter 2. Considering the material and technology available, which 

are low index contrast materials and standard (two-dimensional) photolithography, 
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elliptic couplers are chosen as the integrated optics lens for OCT. Chapter 2 presents 

their design, characterization, and use in Fizeau-based OCT measurements. 

1.3.3  Spectrometer (chapter 3)  

A spectrometer is a bulky and expensive component of any SD-OCT system. The 

spectrometer design parameters are directly related to the OCT imaging performance 

such as axial resolution, sensitivity, and imaging depth, as discussed in section 1.1.3. 

Designing an integrated optics spectrometer for SD-OCT is challenging since it requires 

low loss, high resolution, while being compact. 

 Integrated optics spectrometers have been developed based on two designs: 

grating-based spectrometers [46, 47] and arrayed-waveguide-grating (AWG) 

spectrometers [48]. Grating based spectrometers have the disadvantage of a complex 

design, high losses, and difficult fabrication. With their high spectral resolution, low 

loss, and compactness, AWG spectrometers are an excellent choice for OCT. Previously, 

AWG spectrometers have been designed in SiON [58-63], however in those designs, the 

AWG spectrometers had small free spectral ranges and the resolution was not 

sufficient for OCT. Chapter 3 shows the design, fabrication, and characterization of 

AWG spectrometers for the 800 nm and 1300 nm wavelength bands and their use as 

integrated-optics spectrometers in SD-OCT. A cross-sectional OCT imaging of a multi-

layered tissue phantom acquired with the 1300 nm AWG spectrometer combined with 

a fiber-based SD-OCT system demonstrates the feasibility of using integrated optics 

spectrometers in SD-OCT.  

1.3.4  Beam splitters (chapter 4) 

In OCT systems, beam splitters are used for splitting light into sample and reference 

arm and for balanced detection in SS-OCT. In integrated optics, various optical 

structures can be used as beam splitters such as the Y-splitter, the directional coupler, 

the single-mode interference coupler, the two-mode interference coupler, and the 

multimode interference coupler. Among the integrated optics beam splitters, 

interference based couplers fabricated in low index contrast waveguide technology 

suffer from high losses and have imperfect self-imaging properties. Consequently, they 

are not suitable for OCT systems for which optical efficiency is critical. Y-splitters have 

sharp structural features that make it difficult to fabricate them reproducibly using 

optical lithography. In low index contrast waveguide technology, directional couplers 

(DCs) manifest low losses and can be manufactured for arbitrary coupling ratio. 

However, conventional DCs are typically designed for a single wavelength and the 

splitting ratio is wavelength dependent. For OCT applications this leads to a distorted 

spectrum, and a concomitant sensitivity [64] and axial resolution reduction. Similar to 
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optical fiber couplers, directional couplers are used in SS-OCT systems for balanced 

detection and/or depth degeneracy removal. In chapter 4, we show the design, 

fabrication, and characterization of 2x2 and 3x3 directional couplers, which can be used 

in integrated-optics-based OCT for balanced detection and depth degeneracy removal.   

1.3.5  Interferometer (chapter 5) 

At the heart of conventional OCT systems is the Michelson interferometer. Integrated 

optics interferometers can be designed using optical waveguides as sample and 

reference arm and the directional coupler as the beam splitter of the Michelson 

interferometer. For OCT, light from the sample arm has to be coupled out of the chip 

using a focusing lens. Besides an integrated optics Michelson interferometer, an 

integrated optics Mach-Zehnder interferometer also can be constructed as a power 

modulator. In chapter 5, we present the design, fabrication and characterization of an 

integrated-optics-based swept-source optical coherence tomography (SS-OCT) in two 

geometries: one for the detection of directly backscattered light and one for the off-

axis detection of backscattered light. Finally, we demonstrate cross-sectional OCT 

imaging of a multi-layered tissue phantom with the integrated-optics-based SS-OCT 

systems for the two geometries. 

The scattering properties of high concentration particle suspensions are 

investigated in chapter 6. Based on the analysis of backscattered and transmitted OCT 

signals we distinguish dependent and multiple scattering effects in turbid media. These 

results are of great importance for clinical diagnosis using OCT based on light 

attenuation measurements. In chapter 7, we discuss the presented results, present an 

outlook on future developments in integrated-optics-based OCT, followed with some 

concluding remarks. 
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