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Chapter 3 

Spectral-domain optical coherence tomography with 

an integrated optics spectrometer 

 

 

We designed and fabricated an arrayed-waveguide grating (AWG) in silicon oxynitride 

as a spectrometer for spectral-domain optical coherence tomography (SD-OCT). The 

AWGs operate at center wavelengths of 800 and 1300 nm, and have 20 and 78 nm free 

spectral ranges (FSR), respectively. The AWGs have sizes of 2.6 x 2.1cm
2
, for 800 nm 

center wavelength, and 3.0 x 2.5 cm
2
, for 1300 nm center wavelength. Free-space SD-

OCT measurements performed with AWGs show imaging up to a maximum depth of 1 

mm with an axial resolution of 25 μm and 20 μm for 800 nm and 1300 nm ranges, 

respectively, both in agreement with the AWG design parameters. Using the 1300 nm 

AWG spectrometer combined with a fiber-based SD-OCT system, we demonstrate 

cross-sectional OCT imaging of a multi-layered scattering phantom. 
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3.1   Introduction 

Optical coherence tomography (OCT) is an interferometric imaging technique which has 

developed rapidly over the last 22 years [1]. OCT has the ability to generate high-

resolution cross-sectional images of biological tissue up to a few millimeters deep. 

Nowadays OCT is used mainly in the clinic, particularly in ophthalmology. However, the 

use of OCT in medicine and in other application areas is limited by its high cost and 

large instrument size. Integrated optics offers the potential to make OCT systems 

significantly smaller and more cost efficient [2-5].  

In spectral-domain OCT (SD-OCT), one of the most important components is the 

spectrometer in which light is dispersed via a diffraction grating onto a linescan camera. 

With the advent of integrated optics, miniature spectrometers have been developed 

based on two designs: grating-based spectrometers [6, 7], and arrayed-waveguide-

grating (AWG) spectrometers [8]. In grating-based spectrometers the locus of the focal 

points is an arc whereas the linescan camera used for detection has a planar surface. 

The resulting defocus aberrations on the edges of the linescan camera lead to 

suboptimal focusing, which is a disadvantage for high-resolution imaging, as is required 

for OCT. In addition, grating-based spectrometers require deep-etching techniques that 

are complex, costly, and can suffer from optical losses induced by the non-verticality 

and roughness of the grating facets wavelength division. With their high spectral 

resolution and compactness, AWG spectrometers provide an excellent choice for SD-

OCT. Recently, AWGs were used for ultra-high-speed OCT imaging at 1.5 µm in SD-OCT 

through parallel signal acquisition using 256 balanced photoreceivers [9]. However this 

system has the disadvantage that is uses optical amplifiers, is extremely costly, and has 

a high complexity. 

SiON is a promising material for AWG spectrometer applications. Its refractive 

index can be chosen between the values of silicon dioxide (n =1.45) and silicon nitride 

(n =2.0), thus allowing for a flexible waveguide design [10]. Small bending radii, down 

to several micrometers, can be obtained using the highest refractive index contrast and 

well-designed waveguide geometry. Furthermore, SiON is transparent in a broad 

wavelength range from 210 nm to beyond 2000 nm [11], therefore AWGs can be 

fabricated for both the visible and infrared wavelength ranges by use of the same 

material system, in specific cases even the same AWG structure could be used for both 

wavelength regions. In the literature, there is only limited data on SiON-based AWG 

spectrometers [12-17]. Schauwecker et al. reported the smallest SiON-based AWG, 

with an overall chip size of 5 mm x 2 mm [12]. The fiber-to-chip coupling loss of a 32 

channel, 100 GHz spacing SiON-based AWG has been reduced significantly using 
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integrated spot-size converters [13]. The largest FSR was reported by Shimoda et al. 

[14]. Their AWG showed 2 nm channel spacing, 80 nm FSR, and 2.2 dB insertion loss. 

In this chapter we show designs of AWGs at 800 nm and 1300 nm center 

wavelength and perform free space SD-OCT measurements with AWGs using a free 

space Michelson interferometer in combination with a linescan camera and an imaging 

lens. To demonstrate the feasibility of using AWGs for integration in OCT systems, a 

1300 nm AWG is employed in a fiber-based SD-OCT setup to acquire an OCT image of a 

multi-layered tissue phantom. 

3.2   OCT parameters and AWG design for OCT 

3.2.1  OCT parameters 

As discussed in chapter 1, the essential parameters that determine the imaging quality 

in SD-OCT systems are center wavelength, lateral resolution, axial resolution, maximum 

imaging range, signal-to-noise ratio (SNR), and sensitivity roll-off in depth.  

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

of the detected spectrum and is given by [18]:
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The parameter n is the (group) refractive index of the imaged tissue. 

The maximum imaging range zmax  in SD-OCT is determined by the spectral sampling 

interval (δk  k is the wavenumber) as [19]: 

     
  (  )                 (3.2) 

in which the parameter δλ is the wavelength spacing of the spectrometer. 

The roll-off in depth of the SD-OCT signals is determined by the spectral resolution 

of the spectrometer and the camera pixel size. The imaging range of SD-OCT is limited 

by the signal roll-off, which is the attenuation of the OCT signal due to a decrease of the 

interference fringe visibility with increasing depth. For a lens imaging a spectrum onto a 

linescan camera it is given by [20]: 
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(3.3) 

The parameter dx is the pixel width, Rx is the reciprocal linear dispersion of the 

spectrometer (δk dx), and a is the spot size diameter. The Sinc and Gaussian functions 

in Eq. (3.3) correspond to the Fourier transforms of the square-shaped camera pixels 

and the Gaussian beam profile in the spectrometer, respectively. By applying 

wavenumber to wavelength conversion, Eq. (3.3) becomes: 
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Rearranging Eq. (3.4) by using Eq. (3.2) yields: 
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The parameter zmax  is taken from Eq. (3.2) and (a/dx) is defined as ω in Ref. [21], which 

is the ratio of the spectrometer FWHM spectral resolution to the wavelength 

resolution. Finally, for maximum SNR, the spectrometer loss should be minimized in the 

design stage. Typical SNR values for high-quality OCT imaging are on the order of 100 

dB [20, 22, 23].  

3.2.2  AWG operation 

The operating principle of an AWG [8] is explained using Fig. 3.1(a). Light from an input 

waveguide diverges in a first free propagation region (FPR) in order to illuminate the 

input facets of an array of waveguides with a linearly increasing length. For a central 

wavelength c  the phase difference at the output facets of adjacent array waveguides 

is an integer multiple of 2π. Since these facets are arranged on a circle, a cylindrical 

wavefront is formed at the beginning of a second FPR, which generates a focal spot at 

the central output channel. Since the phase shift caused by the length differences 

between the arrayed waveguides is linearly dependent on wavelength, the resulting 

wavelength-dependent phase gradient implies a tilt of the cylindrical wavefront at the 

beginning of the second FPR, which causes the focal spot to shift with wavelength to 

different output waveguides. Schematic representations of the channel waveguides at 

800 nm and 1300 nm are shown in Fig. 3.1(b) and (c), respectively. 

 

Figure 3.1: (a) Schematic of an arrayed waveguide grating (AWG). Channel waveguide 

geometry for the AWG centered at 800 nm (b) and the AWG centered at 1300 nm (c). 
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3.2.3  AWG parameters for OCT imaging 

The axial resolution of an SD-OCT system using an AWG is determined by the effective 

bandwidth of the detected spectrum, which depends on both the bandwidth of the 

light source and the FSR of the spectrometer. Matching the bandwidth of the AWG 

transmission function with the bandwidth of the light source is the most efficient 

configuration, since for a given source bandwidth the axial resolution will not improve if 

the bandwidth of the AWG transmission function is made much larger than this 

bandwidth, and vice versa. The maximum value of the transmission bandwidth of an 

AWG is its FSR, which is valid for loss uniformity ≤ -3 dB. In practice, the FSR of an AWG 

is determined by the diffraction order of the AWG, which scales with the size of the 

device. In this work, the FSR values of our AWG spectrometers are chosen to be 20 nm 

and 78 nm for λc =800 nm and λc =1300 nm, respectively. The bandwidths of the light 

sources that we used in the OCT measurements are smaller than the FSR bandwidths of 

the AWG spectrometers: ΔλFWHM  =13 nm for 800 nm and 40 nm for 1300 nm. As a 

result, the axial resolution is mainly determined by the bandwidth of the light source. 

According to Eq. (3.1), the bandwidths of the chosen light sources limit the theoretical 

axial resolution (for air, n =1) to z =23 μm and 18.5 μm for  λc = 800 nm and 1300 nm, 

respectively. In tissue (n =1.33), the above axial resolutions become 17 μm and 14 μm, 

respectively. 

For both spectral ranges, we aim at a maximum depth range of zmax =1 mm, which 

according to Eq. (3.2) requires a wavelength spacing of δλ = 0.16 nm and 0.4 nm for the 

800 nm and 1300 nm AWG, respectively. The choice for 1 mm imaging depth is a 

compromise between various imaging performance parameters. Given a fixed size of 

the AWG imaging plane, a larger imaging depth can be obtained using an AWG with 

higher dispersion, however this would result in a smaller FSR optical bandwidth and 

lower axial OCT resolution. Smaller spacing between adjacent waveguides results in an 

increased crosstalk and, consequently, more signal roll-off in depth. 

For an SD-OCT system with an AWG spectrometer, the roll-off in depth is 

determined by the spectral content of the AWG output channels. Due to dispersion in 

the second FPR, the spectral content is limited by the size of the waveguide facets in 

the second FPR. However, the spectral content in a single output waveguide can 

increase due to diffraction-limited focusing of the light onto the output channel, 

crosstalk between output waveguides, and fabrication imperfections. For an AWG-

based SD-OCT system using an external off-chip camera, light is sampled twice, firstly at 

the focal plane of the AWG due to discretely located output waveguides and secondly 

at the camera pixels. The first sampling due to AWG output channels adds an extra Sinc 

term to Eq. (3.5), which is the Fourier transform of the rectangular-shaped output 
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waveguides. In the extra Sinc term, caused by the AWG sampling, wo is the tapered 

output waveguide width and the reciprocal linear dispersion is defined as δk do, where 

do is the spacing between adjacent output waveguides. By inserting the AWG 

parameters into the Sinc term of Eq. (3.3) and following the same conversions, the final 

formula for the extra Sinc term becomes: 

[
   ((    ⁄ )(        ))

(    ⁄ )(        )
]                (3.6) 

By inserting Eq. (3.6) into Eq. (3.5) the modified formula of sensitivity roll-off is 

obtained as: 
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where u=wo/do is the ratio of the width of the output waveguide to the separation 

between them at the focal plane of the AWG, see Fig. 3.2 (a). Both AWG spectrometers 

are designed with u=0.5. In order to avoid severe signal roll-off in depth, ω is designed 

to be smaller than 1, which necessitates an adjacent-channel crosstalk value of less 

than -10 dB. This desired crosstalk value is achieved by setting the spacing between the 

output waveguides in the focal plane of the AWG spectrometers accordingly. The 

expected lower limit of ω is calculated with the simulated FWHM spectral resolution of 

the spectrometer and results in ω=0.32 and 0.55 for the 800 nm and 1300 nm AWG, 

respectively. 

For maximum OCT SNR, the AWG spectrometer loss is minimized by applying 

linear tapers at the interfaces of the arrayed and input/output waveguides at both FPRs 

as demonstrated in Fig. 3.2(a). Ideally, the gaps near the FPR between arrayed 

waveguides should approach zero in order to capture more light and, thereby, reduce 

the excess loss. However, this would result in extremely sharp features that cannot be 

accurately reproduced by the optical lithographic processes that we use. The taper 

width of the input/output waveguides was determined as a compromise between loss 

and adjacent-channel crosstalk: the larger the taper width, the lower the excess loss 

and the higher the crosstalk, as shown in a simulation results of loss and crosstalk 

dependent on taper width  in Fig. 3.2 (b).  

As crosstalk arises from evanescent coupling between output waveguides, it 

decreases with increasing the waveguide spacing. However, this leads to increased 

device size and, therefore, needs to be carefully designed. Acceptable minimum spaces 

between the arrayed waveguides and between the output waveguides are found by 

simulating device behavior using the 2D beam propagation method in order to have an 

excess loss value of ≤3 dB (for the central channels) and a crosstalk value of ≤–20 dB. 

The choices of the gap width between the arrayed waveguides and the taper width are 
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shown in Table 3.1. The simulation results of both devices confirm that our choice of 

taper width and waveguide spacing fulfills the above excess loss and crosstalk 

requirements. 

  

Figure 3.2: (a) Geometry of the receiver side of the AWG’s 2
nd

 FPR and the definition of 

parameters wa, da, wo, do, R (see Table 3.1). (b) Simulated adjacent crosstalk and excess 

loss versus output taper width wo . 

3.2.4  AWG design parameters 

For both AWG spectrometers, single-mode SiON channel waveguides, with the 

parameters shown in Table 3.1, are used. As SiON is transparent over a broad 

wavelength range that covers all the frequently used OCT wavelength bands at 800, 

1000, and 1300 nm, AWGs can be fabricated for all these wavelength ranges using the 

same material system. The size of each device is optimized by beam-propagation 

simulations, which resulted in chip areas of 2.6 cm x 2.1 cm and 3.0 cm x 2.5 cm for the 

800 nm and 1300 nm AWG, respectively. The given refractive index values of core and 

cladding layers are for TE polarization. For maximum compactness of the devices, the 

refractive index of the core layer was chosen as high as possible while maintaining 

single-mode operation. More information about the AWG design, simulation and 

characterization can be found in Ref. [24]. 

AWG parameter AWG @ 800 nm AWG @ 1300nm 

Wavelength spacing (δλ) 0.16 nm 0.4 nm 

Central wavelength (λc) 800 nm 1300 nm 

Free spectral range (FSR) 20 nm 78 nm 
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Diffraction order (m) 40 17 

Focal length (R) 11 nm  12 nm 

Path length increment (ΔL) 21.8 μm 15 μm 

Number of arrayed waveguides (M) 500 650 

Number of output channels (N) 125 195 

Height of waveguide core (h) 800 nm 800 nm 

Width of waveguide core (w) 1.5 μm 2.0 μm 

Refractive index of core layer 1.5 1.535 

Refractive index of cladding layer 1.454 1.4485 

Minimum bending radius 700 μm 500 μm 

Spacing of arrayed waveguides (da) 6 μm 7 μm 

Spacing of output waveguides (do) 8 μm 8 μm 

Taper width of arrayed waveguides (wa) 5 μm 6 μm 

Taper width of input/output waveguides (wo) 3 μm 4 μm 

Gap width 1 μm 1 μm 

Length of linear taper 400 μm 200 μm 

Table 3.1: Design parameters for AWGs at 800 nm and 1300 nm center wavelength. 

3.3   Free-space SD-OCT measurement with AWGs 

3.3.1  Experimental setup 

The schematic of the SD-OCT system with integrated-optics AWG spectrometer is 

shown in Fig. 3.3(a). The measurement technique for the 800 nm and 1300 nm spectral 

ranges is similar, except for the different specifications of the light source (Superlum 

SLD-381-HP3 and B&W Tek super luminescent diode, respectively) and the linescan 

camera (Dalsa Spyder3 GigE and Sensors Unlimited SU-LDH-1.7RT/LC, respectively). 
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Figure 3.3: a) Optical measurement set-up of the SD-OCT system with free-space 

Michelson interferometer and integrated AWG spectrometer. b) Signal processing steps 

for SD-OCT. 

The free-space Michelson interferometer (MI) is illuminated with a 

superluminescent diode emitting a partially polarized Gaussian-like spectrum. Light 

from the source is directed to the reference and sample arms by a 50:50 beam splitter. 

The reference mirror is kept stationary, while the sample mirror can be moved during 

the experiments. Light returning from the two arms is focused by an objective lens into 

a single-mode fiber and directed to the AWG spectrometer. The output power of the 

MI is measured to be 0.1 mW and 0.9 mW for the 800 nm and 1300 nm spectral ranges, 

respectively. In the AWG spectrometers, the optical spectrum is dispersed by the 

arrayed waveguides and imaged by a camera lens (JML Optical, focal length: 50 mm) 

with high numerical aperture (NA = 0.5) onto the camera. Each linescan camera is 

operated at a readout rate for which the maximum optical power is close to the 

saturation limit of the camera. The raw unprocessed interference data is stored in 

memory at 25 frames per second. The acquired spectra are processed by subtracting 

the reference-arm spectrum and resampling to k-space, as indicated in Fig. 3.3(b). The 

reflectivity depth profile is obtained by performing a Fourier transformation of the 

digitized camera output. The measured spectra have an absolute wavelength scale 

defined by the AWG center wavelength and FSR. The corresponding depth axis is 

calculated using Eq. (3.2). Specifications of light sources and linescan cameras for 800 

nm and 1300 nm ranges can be found in Table 3.2. 
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Parameters 

I.  

800 nm 1300 nm 

II.  
Light source 

 

III.  

Center wavelength (λc) 830 nm 1300 nm 

Bandwidth (FWHM) 13 nm 40 nm 

Output power 5 mW 7 mW 

Linescan 

camera 

Number of pixels 2048 1024 

Pitch of pixels 14 μm 25 μm 

Readout rate 36 kHz 46 kHz 

Table 3.2: Specifications of the light source and the linescan camera for the 800 nm and 

1300 nm wavelength ranges. 

3.3.2  Results and discussion 

Figure 3.4(a) and 3.5(a) depict the spectra from the reference arm at 800 nm and 1300 

nm, respectively. The optical bandwidths FWHM of the spectra are measured as 12 nm 

and 39 nm for the 800 nm and 1300 nm AWG, respectively. These values correspond to 

an axial resolution of z = 24 μm and 19 μm, in agreement with the bandwidth limited 

axial resolution for 800 nm and 1300 nm, respectively. The insets show the measured 

interference spectra after background subtraction, measured at a depth of 200 µm. The 

modulation on the spectra, due to interference, can be clearly observed. 

  

Figure 3.4: Free space SD-OCT measurement results for the 800 nm AWG. (a) The 

reference spectrum and interference spectrum (inset), both after reference spectrum 

subtraction. (b) Measured OCT signal versus depth and fit of the roll-off (dashed line). 

(c) Measured axial resolution (FWHM) versus depth in comparison with the theoretical 

axial resolution (dashed line). 

The OCT signals measured for different depths, i.e. for different path length 

differences between sample and reference arm of the MI, are shown in Figs. 3.4(b) for 

800 nm and in 3.5(b) for 1300 nm. The depth scale corresponded one-to-one with the 

physical distance of the sample arm position change. We achieved imaging up to the 
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maximum depth range of 1 mm for both wavelength ranges. The measured signal-to-

noise ratio (SNR) is 75 dB at 100 μm depth for both wavelength bands. In addition we 

measured 10 dB fiber-to-chip coupling loss, 7 dB free-space interferometer loss, and 5 

dB chip-to-camera coupling loss. By reducing losses and increasing the output power of 

the light source, the sensitivity values of our SD-OCT systems using AWG spectrometers 

can be improved to the level of state-of-the-art OCT systems. The FWHM values of the 

point spread functions at various depths are plotted in Figs. 3.4(c) and 3.5(c) at 800 nm 

and 1300 nm, respectively. An experimental axial resolution of 25 μm and 20 μm at 100 

μm depth is obtained for 800 nm and 1300 nm, respectively. A decrease in resolution is 

found for both AWG spectrometers at larger depths, which we attribute to limited 

spectral resolution of the SD-OCT system to resolve high-frequency spectral 

interference modulations from deeper areas. Imaging aberrations due to the high-NA 

lens, noise, and reduced interpolation accuracy of the resampling process at higher 

fringe modulations are possible causes of the measured loss of spectral resolution. 

  

Figure 3.5: Free space SD-OCT measurement results with the 1300 nm AWG. (a) The 

reference spectrum and interference spectrum (inset) after reference spectrum 

subtraction.  (b) Measured OCT signal versus depth and fit of the roll-off (dashed line). 

(c) Measured axial resolution (FWHM) versus depth in comparison with the theoretical 

axial resolution (dashed line). 

The signal decay data presented in Figs. 3.4 (b) and 3.5(b) is fitted with Eq. (3.7) 

with ω as a free parameter and u =0.5. The value for ω obtained from the fit is 0.9 and 

1.4, which is higher than the expected lower limit of ω =0.32 and ω =0.55 for the 800 

nm and 1300 nm AWG, respectively. The discrepancy between theory and experiment 

could arise due to misalignment in the experimental set-up as well as aberrations of the 

imaging lens which cause spectral broadening of the spot size on the linescan camera 

pixel (in addition to imaging errors in the focal plane of the second FPR). Moreover, the 
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AWG spectrometers were not designed to be polarization insensitive, hence, partial 

polarization of the light source could cause degradation in roll-off in depth.   

Imaging of the spectrometer output plane onto the linescan-camera pixel array is 

not straightforward, since the output waveguides have a very high exit NA and the 

AWG output channels are separated by 60 μm, resulting in a large object size of a 

centimeter wide. Therefore, a high-NA camera lens is required to image the output-

waveguide array on the edge of the chip onto the flat linescan-camera imaging plane. 

Given the large object size of the output-waveguide array and the high exit NA, we 

expect non-ideal imaging performance over parts of the spectrum. 

3.4   OCT imaging with an integrated optics AWG 

As a demonstration of OCT cross-sectional imaging using the AWG spectrometer, an 

image of a three-layered scattering phantom is obtained by using part of a fiber-based 

SD-OCT set-up in combination with the 1300 nm AWG, as shown in Fig. 3.6.  In the 

experiment, light from a broadband source is coupled, via an optical circulator (Gould 

Fiber Optics), into a 90/10 beam splitter with polarization controllers positioned in both 

sample and reference arm [25]. The back-reflected light is redirected through the 

optical circulator and coupled into the input waveguide of the AWG spectrometer. The 

beams from the output waveguides of the AWG spectrometer are focused, by a high-

numerical-aperture camera lens, onto a linescan camera. A moveable mirror is placed 

in the sample arm to measure the OCT signals in depth.  

 

Figure 3.6: Schematic of the 

experimental setup used for fiber-

based SD-OCT with an AWG 

spectrometer. 

 

The tissue phantom consists of three layers of scattering medium (scattering 

coefficient µs = 4 mm
-1

 and n =1.41) [26] interleaved with non-scattering tape. An image 

of a layered tissue phantom is obtained by scanning the OCT beam over the sample. As 

expected, all three scattering layers are observed up to the maximum optical path 

length of 1 mm (725 µm depth) as shown in Fig. 3.7. 
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Figure 3.7: OCT image of the 

three-layered scattering 

phantom measured with the 

AWG as spectrometer in SD-

OCT. The dashed-line 

indicates the maximum 

imaging depth. 

3.5   Conclusion 

We designed, fabricated, and characterized SiON-based AWGs for the 800 nm and 1300 

nm spectral regions with overall chip sizes of 2.6 cm  2.1 cm and 3.0 cm  2.5 cm, 

respectively. In addition, we demonstrated the applicability of such AWGs for SD-OCT 

systems by performing interferometric depth-ranging measurements. An imaging depth 

of 1 mm and axial resolution of 25 μm and 20 μm (at 100 μm depth) are obtained for 

800 nm and 1300 nm, respectively. The measurement results are in good agreement 

with the theoretical calculations. Furthermore, a tissue phantom OCT image is taken 

using a fiber-based SD-OCT set-up with the 1300 nm AWG spectrometer. By integrating 

one of the most challenging parts of the SD-OCT system onto a chip, we have moved a 

significant step forward toward on-chip SD-OCT systems. 
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