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ABSTRACT

Optical coherence tomography (OCT) has enabled clinical applications that revolutionized in vivo medical diagnostics.
Nevertheless, its current limitations owing to cost, size, complexity, and the need for accurate alignment must be
overcome by radically novel approaches. Exploiting integrated optics, the central components of a spectral-domain OCT
(SD-OCT) system can be integrated on a chip. Arrayed-waveguide grating (AWG) spectrometers with their high spectral
resolution and compactness are excellent candidates for on-chip SD-OCT systems. However, specific design-related
issues of AWG spectrometers limit the performance of on-chip SD-OCT systems. Here we present advanced AWG
designs which could overcome the limitations arising from free spectral range, polarization dependency, and curved
focal plane of the AWG spectrometers. Using these advanced AWG designs in an SD-OCT system can provide not only
better overall performance but also some unique aspects that a commercial system does not have. Additionally, a
partially integrated OCT system comprising an AWG spectrometer and an integrated beam splitter, as well as the in vivo
imaging using this system are demonstrated.
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1. INTRODUCTION

Optical coherence tomography is a well-established optical technique in the medical sciences for acquiring micrometer
scale-resolution cross-sectional images of specimen in a non-invasive way'. Current state-of-the-art OCT systems
operate in the frequency-domain, using either a broad-band light source and a spectrometer, also known as “spectral-
domain OCT” (SD-OCT), or a rapidly spectrally tuned laser, known as “swept-source OCT” (SS-OCT)’. Both systems
contain a variety of fiber and free-space optical components and the imaging quality is sensitive to correct alignment of
each individual element. To make OCT widely available these limitations have to be overcome by radically different
approaches. Integrated optics can drastically reduce manufacturing costs, increase stability, and enables quasi
maintenance-free OCT systems.

For an on-chip SD-OCT system, the principal component i.e. spectrometer needs to be miniaturized. Although
integration of a spectrometer on a chip is challenging, arrayed-waveguide gratings’ (AWGs) present a well-established
way towards miniaturization. Combining high resolution and large free spectral range (FSR) in a single AWG is highly
desirable for numerous applications, e.g. high-resolution OCT systems; however, it is rather difficult to implement. By
cascading several AWGs the limitations on resolution and FSR of an AWG can be overcome”.

AWG spectrometers are usually of the Rowland mounting type’ which is a limitation of these spectrometers for on-
chip OCT applications in which a continuous output spectrum needs to be imaged directly onto a linear detector array,
since the curved image plane of the Rowland mounting would result in additional losses and aberrations at the outer
detector channels. Therefore, a flat-focal-field spectrometer would be highly desirable for such applications.

Another important issue is the polarization dependency of AWG spectrometers, which affects the sensitivity roll-off
the SD-OCT system. An AWG spectrometer is polarization independent if its array waveguides are polarization
independent, which can be achieved by balancing the material and waveguide birefringence®. Although this approach
requires a highly fabrication-tolerant design, it makes AWGs advantageous over bulky spectrometers. In addition, the
cost and size of integrated OCT systems will reduce significantly by using polarization-independent AWGs, thus
eliminating the components for polarization control.

Here we present advanced design methods to overcome the limitations arising from FSR, polarization dependency,
and curved image plane of AWG spectrometers used in previous approaches™ toward on-chip ST-OCT. An AWG
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spectrometer design with very low polarization dependency and its use in an optical low-coherence reflectometry
(OLCR) system is demonstrated. Secondly an alternative way of designing a flat-focal-field AWG using an integrated
field-flattening lens is presented. Finally, for solving the FSR limitation we propose a cascaded AWG design by utilizing
the cyclic nature of the FSR. Additionally, a partially integrated OCT system comprising an AWG spectrometer and an
integrated beam splitter and its in vivo imaging performance is demonstrated.

2. NOVEL ARRAYED-WAVEGUIDE-GRATING DESIGNS
2.1 Polarization-independent AWG design

A polarization-dependent AWG images a spectral peak at a given wavelength onto different positions for transverse-
electric (TE) and transverse-magnetic (TM) polarizations. For an on-chip SD-OCT system comprising a polarization-
dependent AWG, the sensitivity roll-off curve is modulated by a cosine function, which causes signal fading at specific
depths for mixed TE and TM polarization’.

The effect of partial light polarization on sensitivity roll-off was investigated for a TE/TM power ratio of 1. The
single-wavelength response of the AWG for partial polarization is given in the inset of Fig. 1a. The AWG was not
designed to be polarization independent; consequently, a spectral shift of 0.5 nm was measured between TE and TM
polarizations. In Fig. 1a, the red dashed line is the calculated signal beat pattern for partial polarization.

The polarization dependency of AWGs can be eliminated by proper waveguide design. As a proof of concept, a
non-birefringent AWG centered at 1300 nm was designed with a resolution of 64 = 0.4 nm and FSR of 20 nm. A
material birefringence of 1.5 x 10~ and fabrication tolerance of £1% for width and height and £107 for core refractive
index was used in the waveguide design. Silicon oxynitride (SiON)'® channel waveguides with a width of 2.2 um, height
of 1 um, and core refractive index of 1.52 were fabricated. The theoretical polarization-dependent shift was calculated as
5 x 10 nm and no significant shift was observed in the transmission measurements for the center and outer channels.
No beat effect was observed in the OLCR measurements for partial polarization (TE/TM = 1), as shown in Fig. 1b.
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Figure 1. Measured OLCR signal versus depth and calculated roll-off (dashed line) for unpolarized light (TE/TM = 1) of the
a) polarization-dependent AWG and b) polarization-independent AWG. The inset in a) is the single-wavelength response of
the AWG for TE/TM = 1. The inset in b) is the transmission measurement result of the central channel for TE and TM
polarizations. (Figure taken from Ref. 9.)

2.2 Flat-focal-field AWG design

A field-flattening lens is a thin plano-concave negative lens which is placed close to the image plane of an optical system
to flatten the curvature of its image surface by minimizing the Petzval aberration''. In an AWG, the field curvature
induced by the second star coupler can be compensated by placing such a field-flattening lens in the second star coupler.
By being close to the image plane it minimally affects the other aberrations. The wavefront of the beam after passing
through the lens is not flat, and it diverges for corrected focus'>.

Two AWGs were designed in SiON, one with and one without a field-flattening lens, both having a FSR of 64.8 nm
and a resolution of 0.8 nm. The schematic of the field-flattening lens in the second star coupler is shown in Fig. 2a. For
the AWG with lens, the refractive index difference between slab and lens region was introduced by applying a 120-nm-
thick silicon nitride (Si;Ny4) layer in the lens region (Fig. 2b). The effective refractive indices of slab and lens region were
calculated to be 1.50 and 1.61, respectively, which results in a lens radius of R,= 189 pm.
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The performance improvement by the field-flattening lens was demonstrated by comparing the crosstalk, spectral
shape, and insertion loss of the two AWGs, as shown in Fig. 2¢c-e. The adjacent crosstalk was improved by 2 dB and an
excess loss value of only 0.4 dB was introduced by the lens. A more pronounced crosstalk improvement for AWGs with
higher number of output waveguides is predicted by beam-propagation simulations, as shown in Fig. 2f.
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Figure 2. (a) Field-flattening lens in the second star coupler of the AWG. R,, R,, and R, are the radii of curvature of the
Rowland circle, the slab region, and the lens, respectively. (b) Cross-section of the star coupler with Si;Ny layer. n; and n,
are the effective refractive indices of the slab region with and without SizN, layer, respectively. Transmission-measurement
results for some edge channels of the realized AWGs: (c) with a non-optimized flat output plane, (d) with a field-flattening
lens, and (e) comparison of the results given in (c, d) for the 2™ channel. (f) Increase of crosstalk and loss versus number of
output channels. (Figure taken from Ref. 12.)

2.3 Cascaded AWG design

An AWG has a cyclic transmission characteristic in that all wavelengths with a spacing equal to the FSR are transmitted
simultaneously to a single output waveguide. Here we propose a new cascading technique exploiting the cyclic nature of
AWG response, which can provide smaller system size and better overall performance. Instead of the primary AWG
having wide flat passbands', it could have narrow, closely spaced passbands, equalling the final desired channel
spacing. These passbands repeat N times in the desired wavelength range, using the frequency-cyclic nature of the
AWG, as illustrated in Fig. 3a. The channel spacing of the secondary AWGs should be equal to the FSR of the primary
AWG. In this configuration the FSR of the secondary AWGs defines the FSR of the overall configuration, whereas the
channel spacing (resolution) of the primary AWG defines the overall system resolution. In this method, the requirements
on resolution and passband flatness of the secondary AWGs are relatively low, as the components in their prefiltered
input spectra can be easily separated with very low adjacent-channel crosstalk. Moreover, the complete device size will
be much smaller compared to one that is designed with the conventional cascading method, since high-resolution AWGs
are generally larger than low-resolution AWGs, so a system with one high-resolution AWG and multiple low-resolution
AWGs can be smaller in overall size than one with a low-resolution AWG and multiple high-resolution AWGs. Using
this method in OCT systems is more beneficial, since the FSR of an AWG (and, thereby, the wavelength resolution) is
constant in frequency, which means that the spectrum is resolved in constant wavenumber Ak intervals, which is
appropriate for the OCT signal processing that transforms the spectrum from & to z domain.

Using this method, we designed a cascaded AWG system operating at 800 nm wavelength range with the design
parameters given in Table 1. The cascaded AWG system was fabricated using SiON as the core material with a
refractive index of 1.5 at 800 nm. The central channel of each secondary AWG was measured in order to investigate the
resolution of the final device which is shown in Fig. 3b. We observed a random behavior in terms of channel spacing and
positioning of each peak, which we attribute to the non-uniformity of SiON layer thickness and refractive index.
Additionally, we observed randomly distributed scattering clusters in the top SiO, cladding layer, which could induce
effective refractive index fluctuations.
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Figure 3. a) Schematic of the cascaded AWG configuration using the cyclic nature of the AWG. FSRp and FSRy indicate the
FSR of the primary and secondary AWGs, respectively, while Adp and Alg are the channel spacings of the primary and
secondary AWGs, respectively. Adg equals FSRp. The combined system has a FSR equalling FSRg and a resolution of Adp.
b) Measurement results of the central channels of each secondary AWG of the cascaded system using the AWG cyclic
nature at 800 nm.

Table 1. Design parameters for the cascaded AWG at 800 nm.

Parameters Primary AWG Secondary AWG
FSR (nm) 0.3 30
Channel spacing (34, nm) 0.1 0.3
# of output channels 3 100
Device size (cm’) 1.2x1.3 2.2x1.25

3. PARTIALLY INTEGRATED SD-OCT SYSTEM

A partially integrated SD-OCT system is realized by integrating AWG spectrometer and beam splitter (BS) on a silicon
chip'. An AWG centered at 1250 nm with a FSR of 136 nm and a wavelength resolution of AL = 0.8 nm forms the
integrated spectrometer. The integrated BS is realized by making use of a wavelength-insensitive non-uniform adiabatic
coupler’” with a 3 dB splitting ratio constant over 150 nm wavelength range. In vivo performance of the partially
integrated SD-OCT system is demonstrated in human skin with an in-tissue maximum depth range of 1.4 mm and an
axial resolution of 7.5 um. Figure 4 shows the en face and corresponding cross-sectional tomogram taken from the scar
tissue at the index finger of the volunteer. Signal-to-noise ratio (SNR) measured close to the zero delay where both
interferometer arms are equal in length was 74 dB at 0.5 mW optical power on the sample, which includes 5 dB fiber-to-
chip coupling loss, 7 dB on-chip coupler double-pass excess loss due to imperfect fabrication, and 7.5 dB double-pass
transmission loss of the standard microscope objectives. The SNR value could be improved up to the theoretical shot-
noise-limited value of 95 dB by reducing these excess losses in the system. The axial resolution and depth range can
further improve to <5 pm and <1.4 mm, respectively, by cascading several AWGs at the cost of an increase in device
size. In order to compare the imaging performance of the partially integrated SD-OCT system, OCT images of human
skin were taken by use of a 1300 nm fiber-based custom-designed SD-OCT system utilizing the same patient interface,
source, detection system and processing. The results indicate that the performance of the partially polarized OCT system
is comparable to the fiber-based OCT system in terms of axial resolution, however its depth range and sensitivity still
need to be improved, although the averaged cross-sections already deliver sufficient quality for delineating biological
structures.

Proc. of OSA-SPIE Vol. 8802 880202-4

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 07/06/2013 Terms of Use: http://spiedl.or g/terms



Figure 4. Images of scar tissue at the index finger taken with the partially integrated SD-OCT system: a) Cross section
displaying the irregularities caused due to an incision after complete healing. b-d) The en face views of different depths. The
scale bars denote 250 um in cross sections and 500 um in en face sections.

4. CONCLUSIONS

In this work we presented advanced AWG designs in order to eliminate specific design-related limitations. A novel flat-
focal-field AWG using an integrated field-flattening lens was demonstrated, which could enable one to directly butt-
couple them to a detector array, making this design very attractive for applications such as OCT. As a permanent
solution to polarization-related signal fading of SD-OCT systems, a polarization-independent AWG was designed and no
beat effect was observed in depth ranging measurements for partial polarization. Such a solution would eliminate the
need for polarization control with its associated noise and cost penalties in OCT systems. A cascaded AWG design using
its cyclic nature was presented, which could increase the imaging range and axial resolution of an OCT system
significantly. Finally, in vivo imaging with a partially integrated SD-OCT system was demonstrated by acquiring
volumetric images of human skin in multiple locations and subjects. In-tissue axial resolution of 7.5 um and in-tissue
depth range of 1.4 mm were achieved. Current performance of the partially integrated OCT system can be further
improved to the level of bulky commercial OCT systems with an optimized design and high-quality fabrication facilities.
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