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We designed and fabricated an arrayed-waveguide grating (AWG) in silicon oxynitride as a spectrometer for spectral
domain optical coherence tomography (SD-OCT). The AWG has a footprint of only 3:0 cm × 2:5 cm, operates at a
center wavelength of 1300 nm, and has 78 nm free spectral range. OCT measurements are performed that demonstrate
imaging up to a maximum depth of 1 mm with an axial resolution of 19 μm, both in agreement with the AWG design
parameters. Using the AWG spectrometer combined with a fiber-based SD-OCT system, we demonstrate crosssectional OCT imaging of a multilayered scattering phantom. © 2011 Optical Society of America
OCIS codes: 080.1238, 170.4500, 170.3880, 230.3120.

Optical coherence tomography (OCT) is an interferometric imaging technique that has developed rapidly over
the last 20 years [1]. OCT has the ability to generate highresolution 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 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 arrayedwaveguide 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
imaging, 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 nonverticality and roughness of the grating
facets wavelength division. With the high spectral resolution and compactness, AWG spectrometers provide an
excellent choice for SD-OCT. Recently, AWGs were used
for ultrahigh-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 it uses optical amplifiers, is extremely
costly, and has a high complexity.
In this study, we perform SD-OCT measurements
at 1300 nm using a fiber-based interferometer, a simple linescan camera, and an imaging lens. The AWG
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spectrometers are designed in silicon oxynitride (SiON),
which is transparent over a long wavelength range that
covers all the frequently used OCT wavelength bands at
800, 1000, and 1300 nm. Good quality OCT images of a
multilayered phantom are demonstrated.
The AWG structure includes input and output waveguides, free propagation regions (FPRs), an object plane,
an image plane, and arrayed waveguides, as illustrated
in Fig. 1. Light launched into the input waveguide diverges in the first FPR and is coupled into the arrayed
waveguides. The length difference between adjacent
waveguides in the array is an integer of the center wavelength. With this choice, the wavefront at the beginning
of the second FPR is cylindrical and causes light of different wavelengths to be focused onto different locations
in the image plane [8]. Finally, the dispersed light is
coupled into different output waveguides.

Fig. 1. Schematic of the experimental setup used for fiberbased SD-OCT with an AWG.
© 2011 Optical Society of America
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For the AWG spectrometer used in this work, we aim
at 18:5 μm depth resolution in air (calculated based on
the transmission spectrum of the AWG spectrometer)
and a maximum depth range in air of zmax ¼ λ2c =
ð4nδλÞ ¼ 1 mm, which is determined by the wavelength
spacing δλ between the output waveguides, the refractive
index n of the medium, and the central wavelength
λc ¼ 1300 nm. These two requirements necessitate a
large FSR of 78 nm and small wavelength spacing (δλ ¼
0:4 nm), which has been realized by choosing a diffraction order m ¼ 17 and a path length difference of 15 μm
between adjacent array waveguides. The AWG spectrometer consists of single-mode SiON channel waveguides
of 2 μm width and 0:8 μm height. The upper cladding is a
4-μm-thick layer of silicon dioxide. The core and cladding
refractive indices at 1:3 μm are 1.535 and 1.448, respectively. The minimum bending radius of curved waveguides is 500 μm. The minimum spacing between the
650 arrayed waveguides and between the 195 output
waveguides is optimized using beam propagation method
simulations in order to reduce loss and cross talk. The
spacing between two adjacent output waveguides in
the AWG image plane is 8 μm with a waveguide width
of 4 μm (filling fraction α ¼ 0:5), resulting in −20 dB adjacent channel cross talk. The spacing of the waveguides
at the output of the chip is 60 μm. The footprint of the
AWG is only 3:0 cm × 2:5 cm.
A schematic of the fiber-based SD-OCT system with
AWG spectrometer is shown in Fig. 1. Light from a broadband source (B&W Tek superluminescent diode, λc ¼
1300 nm, 40 nm FWHM, 7 mW output power) is coupled,
via an optical circulator (Gould Fiber Optics), into a
90=10 beam splitter with polarization controllers positioned in both the sample and reference arms [10]. The
backreflected 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-NA camera
lens (JML Optical, focal length: 50 mm) onto a 46 kHz
linescan camera (Sensors Unlimited SU-LDH-1.7RT/LC).
A moveable mirror is placed in the sample arm to measure the OCT signals in depth. The acquired spectra are
processed by subtracting the reference arm spectrum,
then compensating for dispersion, and finally resampling
to k space. The obtained spectra are Fourier transformed
to obtain the OCT signals. The reference spectrum,
which is the transmission spectrum of the AWG spectrometer, is used to calculate the theoretical axial resolution
based on a cosine transform [11].
Figure 2 shows the reference spectrum and the interference spectrum after reference subtraction measured
at 100 μm depth, both measured with the AWG spectrometer in the fiber-based SD-OCT. The wavelength scale is
based on the AWG design parameters (λc and δλ), which
determines the maximum imaging depth according to
zmax ¼ λ2c =ð4nδλÞ. Figure 3(a) demonstrates OCT imaging
up to the designed maximum depth range of 1 mm. The
physical movement of the sample arm mirror corresponds one to one with the calculated depth scale. The
measured signal-to-noise ratio (SNR) is 75 dB at 100 μm
depth. The OCT roll-off in depth is fitted with a model
[12] that is modified to include the noncontinuous sampling in the AWG image plane (δk ¼ α=δλ in the Sinc term;

Fig. 2. Reference spectrum (gray curve) and interference
spectrum (dark curve) after reference spectrum subtraction,
both measured with the AWG spectrometer in the fiber-based
SD-OCT.

dashed curve) [12]. The obtained ratio of the spectral resolution to the wavelength spacing (δλ) is w ¼ 1:7  0:1,
which is higher than the expected limit of the AWG performance, w ¼ 0:63, calculated from the ratio of measured spectral resolution to the wavelength spacing.
The theoretical axial resolution in air, calculated based
on the reference spectrum, is 18:5 μm. Figure 3(b) shows
the measured axial resolution, which is in reasonable
agreement with the theoretical axial resolution. A slight
decrease in depth resolution at larger depths and higher
fitted w value is attributed to lens aberrations in the
imaging system.
As a demonstration of OCT cross-sectional imaging
using the AWG spectrometer, an image of a layered phantom is obtained by scanning the OCT beam over the sample (see Fig. 4). The phantom consists of three layers of
scattering medium (scattering coefficient μs ¼ 4 mm−1 ,

Fig. 3. (a) Measured OCT signal versus depth and fit of the
roll-off (dashed curve). (b) Measured axial resolution (FWHM)
versus depth in comparison with the theoretical axial resolution
(dashed line). Both measurements are performed using the
AWG in the fiber-based SD-OCT.
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SD-OCT. An imaging depth of 1 mm and an axial resolution of 19 μm in air are obtained. Finally, OCT imaging of
a layered scattering phantom is demonstrated.
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Fig. 4. OCT image of the three-layered scattering phantom
measured with the AWG as spectrometer in SD-OCT. The
dashed line indicates maximum imaging depth.

n ¼ 1:41) [13] interleaved with nonscattering tape. As expected, all three scattering layers are observed up to the
maximum single pass length of 1 mm (725 μm depth).
The current imaging resolution and depth are sufficient for biological imaging. Compared with bulk optics
SD-OCT setups, our system has a lower SNR; however,
the measured 75 dB OCT sensitivity includes 10 dB fiberto-chip coupling loss [5], 4 dB AWG insertion loss, and
chip-to-camera coupling losses. With improved fiber-tochip coupling (e.g., using index-matching gel), we expect
an SNR improvement of 10 dB. The spatial resolution and
roll-off in depth match that of bulk optics OCT systems
[12]. However, the depth range is smaller than bulk
optics OCT system due to the limited number of output
waveguides.
For a future reduction in AWG size and increase in the
number of output channels, we propose to create a flat
imaging plane in the second FPR [14] located on the edge
of the chip. In that way, light can be imaged directly onto
a linescan camera attached to the chip without the need
for additional optics. In addition, by imaging a continuous spectrum directly onto the linescan camera, the sampling of the spectrum in k space is not limited by the
number of output waveguides, but by the number of
pixels on the camera, thereby facilitating a much larger
maximum imaging depth.
In conclusion, we have demonstrated the use of
a small-footprint SiON-based AWG spectrometer for
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