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Abstract: A comprehensive design of a folded-architecture arrayed-waveguide-grating (AWG)-device,
targeted at applications as integrated photonic spectrographs (IPS) in near-infrared astronomy,
is presented. The AWG structure is designed for the astronomical H-band (1500 nm-1800 nm)
with a theoretical maximum resolving power R = 60,000 at 1630 nm. The geometry of the device
is optimized for a compact structure with a footprint of 5.5 cm X 3.93 cm on SiO, platform.
To evaluate the fabrication challenges of such high-resolution AWGs, effects of random perturbations
of the effective refractive index (RI) distribution in the free propagation region (FPR), as well as
small variations of the array waveguide optical lengths are numerically investigated. The results
of the investigation show a dramatic degradation of the point spread function (PSF) for a random
effective RI distribution with variance values above ~10~* for both the FPR and the waveguide array.
Based on the results, requirements on the fabrication technology for high-resolution AWG-based
spectrographs are given in the end.

Keywords: arrayed waveguide grating; integrated photonic spectrograph; near-infrared spectroscopy;
astrophotonics; photonic integrated circuits

1. Introduction

Arrayed-waveguide-grating (AWG) devices have been established as the most common
wavelength division multiplexers (WDMs) in optical telecommunications [1-3]. The potential of AWG
technology motivated the research of applications in spectroscopy and sensing, such as biomedical
Raman spectroscopy [4], interrogation of fibre Bragg grating sensors [5] and micro-ring resonator
sensors [6]. In the field of astrophotonics, the AWG technology received attention as a possible
candidate for the realization of astronomical integrated photonic spectrographs (IPS) [7,8]. The planar
nature and compactness of the AWG devices provide a much greater robustness against misalignment
due to flexure and thermal drift than conventional bulk optics, as well as easy shielding against external
influences. The compact size and light-weight feature of an IPS may prove favourable for airborne
and spaceborne astronomical instrumentation. A further advantage is the possibility to combine the
IPS with additional integrated photonic elements on a single compact chip (‘lab-on-a-chip” concept),
such as micro-ring resonators for wavelength calibration or sensors for chemical and biomedical
analysis. Although IPS devices have been shown to be no viable alternative to large conventional
integral field spectrographs for extremely large telescopes, they can be useful in combination with
small, diffraction-limited telescopes [9]. Potential applications of an IPS include diffraction-limited
single-object spectroscopy and low-resolution multiplexed spectroscopy. The feasibility of IPS
application in astronomy has been previously demonstrated using a commercial silica-on-silicon (SoS)
AWG device, with a reported resolving power R ~ 2500 at 1600 nm [10,11]. However, commercial
AWG devices are specifically designed and optimized for optical channel (de-)multiplexing in

Photonics 2017, 4, 30; doi:10.3390/ photonics4020030 www.mdpi.com/journal/photonics


http://www.mdpi.com/journal/photonics
http://www.mdpi.com
http://dx.doi.org/10.3390/photonics4020030
http://www.mdpi.com/journal/photonics

Photonics 2017, 4, 30 20f 13

telecommunications. As such, they are not well suited for many scientific applications in astronomy,
spectroscopy and sensing. For example, radial velocity measurements of stellar objects require a
much higher resolution. The migration of AWG technology from telecommunications to astronomical
applications must go through new designs with custom-tailored properties. Extraordinarily high
requirements on AWG device performance for spectroscopy and sensing create challenges in the
design and fabrication previously not encountered in traditional telecom applications. This paper
explores some of the most important challenges, in particular the influence of random effective RI
variations across the wafer on the performance of large, high-resolution AWGs.

2. Principle of the AWG-Based IPS

The AWG is a planar integrated waveguide structure consisting of two slab waveguides called
free propagation regions (FPRs), which confine the optical field perpendicular to the plane of
propagation, but allow free propagation in the lateral directions. Both FPRs are connected to
an array of single-moded waveguides of specific optical length, as shown in Figure 1. On the input
side, light is injected into the first FPR via input access waveguides, the diverging beam excites
the waveguide array, which guides the light to the second FPR, where beams emitted from each array
waveguide interfere constructively, forming a diffraction image on the output facet. The fixed path
length difference between adjacent waveguides causes a wavelength-dependent tilt of the output
wavefronts, producing a spectrally dispersed diffraction image which can be coupled into output
access waveguides (e.g., for wavelength division multiplexing in optical communication), or sampled
directly using an image sensor for applications in spectroscopy.

The most prominent difference in device layout between a WDM-AWG and an IPS-AWG
is the absence of access waveguides at the output FPR facet of the device. Fixed output access
waveguides on a conventional AWG can be thought of as discrete sampling points where the intensity
of the focused diffraction image is measured, though the spatial resolution of the spectrum that is
sampled in such a manner is relatively low due to the large distance between output access waveguides.
In order to utilize an AWG device for the acquisition of spectra, it is necessary to sample the diffraction
image at the output FPR facet with a high spatial resolution. The imaging of the focused PSF requires
direct access to the output facet of the FPR, for which reason the access waveguides of the output FPR
can be cut away from the AWG chip.
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Figure 1. Schematic depiction of an arrayed-waveguide-grating (AWG)-based spectrograph assembly
with cross-dispersive optics.
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The re-imaging of the output spectrum of the AWG currently requires external bulk optics to
cross-disperse and separate the overlapping spectra of different spectral orders [10], since the free
spectral range (FSR) of an AWG is limited to a few tens of nanometers. Such a configuration is called
semi-photonic IPS, since the system is only partially integrated into the photonic chip [9]. The curvature
of the image plane (Rowland circle) causes defocus aberration for off-axis beams, which decreases
the resolving power at off-axis wavelengths. Several methods of defocus correction are available,
such as field flattening by integration of a lens into the FPR [12], non-Rowland configurations utilizing
a three-stigmatic-point method [13], and re-imaging of the spectrum using defocus-compensating
bulk optics [11].

A schematic example of an IPS system utilizing cross dispersion is shown in Figure 1. In this
schematic, a single-input AWG chip is connected to a light source (e.g., from a telescope) and
a calibration source which generates a known reference spectrum, such as a gas reference cell or
a frequency comb generator, via single mode fibres (SMFs). Figure 2 illustrates the two-dimensional
structure of the cross-dispersed spectrum on the image sensor. An alternative configuration to
the cross-dispersive system is a stack of multiple identical AWG chips, which can increase the total
wavelength range of the spectrograph and enable multi-object spectroscopy.
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Figure 2. Artificial example of a cross-dispersed AWG main spectrum with an interleaved reference.

3. Features of the AWG Design

3.1. Target Application and Material Platform

The primary application for this particular AWG design is the study of M-class dwarf stars with
surface temperatures in the range 2300-3800 K [14], which emit roughly two thirds of their total EM
power output in the NIR wavelength region according to Planck’s law. Considering observations
with ground based telescopes, the astronomical H-band is chosen as the wavelength range of the
AWG. This choice is backed by the requirement of compatibility with single-mode fibres of the
type SMF-28, which operate in single-mode regime above 1260 nm and exhibit minimum loss
at 1550 nm [15]. Other criteria for the material platform include high compactness of the planar
structure, low waveguide propagation losses, low dispersion and broad wavelength range for linear,



Photonics 2017, 4, 30 40f 13

transparent light propagation. Generally, it is difficult to find a specific platform that satisfies all
of these criteria. For example, high RI contrast silicon-on-insulator (Sol) technology offers a very
high compactness of the waveguide structure with the additional advantage of possible integration
of opto-electronic elements on the same platform, but may prove difficult to achieve ultra-low
propagation losses and high coupling efficiency with SMFs. In the case of a silicon-based AWG,
the imaging of the dispersed spectrum by means of external bulk optics can also be problematic,
if the focused spot diameter of the image is below the diffraction limit in air. Similar problems may
arise with other high-RI-contrast material platforms, such as SizN4 on SiO;. Although low-loss,
fibre compatible high-index waveguide structures have been demonstrated [16,17], their fabrication
involves additional steps and requires modifications of the traditional lithographic processes. In order
to avoid complications, Silica-on-Silicon (SoS) material platform with a refractive index contrast of 1.5%
was chosen for the AWG design due to good fibre compatibility, low absorption in the NIR wavelength
range and low propagation losses of ~0.01 dB/cm [18], amongst other advantages.

3.2. General Structure of the AWG

The AWG device features an array of 800 single-mode, rectangular buried channel waveguides
(Figure 3) with core dimensions 3.5 pum x 3.5 um. The AWG is arranged in a folded configuration
(see [19]). The refractive index of the SiO, buffer and cladding is 1.443 and the core refractive index
is 1.466 (A = 0.015) at the central wavelength of 1630 nm. The mode field diameter equals 4.7 um.
Circular waveguide bends with a fixed radius of 3000 pm, which is the minimal radius at the longest
expected wavelength of 1800 nm, are used to minimize systematic phase errors. The physical path
length difference between adjacent waveguides is 111.2 pm, which corresponds to a grating order of
99 and an FSR of 16.15 nm.

The waveguide array is connected to a single FPR consisting of two identical overlapping slab
waveguides, which is used for both input and output. Connections with external instruments
are established through 21 input/output access waveguides arranged in three distinct groups,
which are specifically designed for spectrograph operation. A schematic of the AWG design is shown
in Figure 4. The output access waveguides are included for characterization purposes. Once the AWG
passes the quality test, the output access waveguides can be cut away following the dicing line as
shown in Figure 4.

Si-Substrate

Figure 3. Cross-section of the rectangular buried channel waveguide core used in the AWG design. Core
thickness is 3.5 um with variable core widths of 3.5 um (arrayed waveguides)—16.03 pm (widest taper).
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Figure 4. Layout of the high-resolution AWG device.

3.3. Customized Input Waveguide Interface

The IPS design features a customized input interface, which is not yet realised in any commercial
AWG device. The access waveguide bundle is subdivided into three distinct groups. Nine waveguides
at the centre of the interface serve as inputs for the object signal. The spot size at the waveguide-FPR
junction is controlled by adjusting the width of the tapering in order to enable operation at different
resolving powers (see [20,21]). Input ports with the highest resolving power are located close to the
central axis of the FPR in order to minimize the off-axis degradation of the beam, while inputs with
lower resolving powers reside on the periphery of the central waveguide group.

The peripherial groups of waveguides are designated input ports for an external calibration
spectrum source. The location of these input waveguide groups is chosen specifically to be £1/4 of
the total aperture width in order to separate the object spectrum from the calibration spectrum in the
cross-dispersed image. A schematic of the input interface is shown in Figure 5. Tapering widths and
corresponding resolving powers are listed in Table 1.

Free Propagation Region

Calibration source Calibration source
input Main input block input

Aux. input Aux. input

20k 30k 40k 50k 60k 55k 45k 35k 25k

1.05mm

Figure 5. Input waveguide interface of the high-resolution AWG.
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Table 1. Central input waveguide resolving powers and corresponding tapering widths.

AIAA 20k 25k 30k 35k 40k 45k 50k 55k 60k
Width (um) 16.03 1242 1002 830 7.01 6.01 520 455 35
Location (um)  —80 80 —60 60 —40 40 —-20 20 0

3.4. Loss Reduction by Modification of the FPR-Array Interface

The width of the arrayed taper waveguides at the FPR-array junction should match the grating
pitch of the AWG as closely as possible in order to minimize scattering losses during the transition
from the FPR to the waveguide array. On the other hand, the waveguide integration density is limited
by evanescent field interaction of adjacent waveguide cores, especially at longer wavelengths and
long propagation lengths in case of a large scale high-resolution AWG. It is therefore necessary to
observe a sufficient minimum distance between adjacent array waveguides. An optimum grating
pitch of 14 um was found for the high-resolution AWG through BPM simulations of evanescent field
cross-coupling in the fan-out regions of the waveguide array. However, taper waveguides of this
width support several propagating modes, which leads to losses due to higher order mode excitation
at the FPR-array transition. Numerical 3D-BPM simulations of the transition region with continuous,
linear tapering show a coupling loss of 6.9% at 1500 nm.

A simple method based on two-mode interference was devised for the high-resolution AWG
design in order to reduce the coupling losses in the FPR-array transition region. The continuous,
linear taper was replaced with a discontinuous piecewise linear taper which acts as a multimode
interference (MMI) coupler and utilizes the interference of the Oth order mode and the 2nd order mode
to achieve efficient coupling of both mode components into a single mode waveguide.

The first segment of the coupler supports four propagating modes. Multimode propagation
is terminated at the location of the first constructive interference maximum, where the multimode
waveguide connects to a second segment of reduced width, whose fundamental mode matches the field
at the end of the multimode segment. Figure 6 shows propagation in a linear taper waveguide (left)
and the modified discontinuous MMI taper (right). A strong, decaying beating pattern is observed
in the linear taper waveguide, indicating the presence of multiple propagating modes.
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Figure 6. Illustration of simulated coupling between the free propagation regions (FPR) and the
waveguide array with standard linear tapers (left) and discontinuous MMI tapers (right). The beating
pattern in the left image indicates two-mode interference. Waveguide core boundaries are highlighted
in yellow colour.
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Coupling from the input FPR into the array waveguides was simulated for both types of tapering
using 3D-BPM with transparent boundary conditions (TBC) and Crank-Nicholson numerical scheme.
Taper performance was studied for both TE and TM polarizations. The simulation results show
a reduction of coupling loss from 6.9% with ordinary linear tapering to less than 2% with discontinuous
tapering at 1500 nm. Losses decrease with increasing wavelength for both types of taper waveguides.
However, the discontinuous taper outperforms the ordinary taper in the entire wavelength range
1500 nm~-1800 nm by a margin of 2%—4.9%. The simulated coupling losses for the linear taper and
discontinuous taper in the wavelength range 1500 nm-1800 nm are shown in Figure 7.
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Figure 7. Comparison between the standard linear taper and the multimode interference (MMI) taper.
Simulations were performed for TE and TM polarization in the wavelength range 1500 nm-1800 nm.

4. Fabrication-Tolerance Investigation

The functionality of high-performance planar integrated spectrographs on the basis of AWG and
Echelle-technology critically depends on the quality of fabrication and the attainable degree of layer
homogeneity, as well as reliable reproducibility of optical waveguide properties. The maximum
resolution achievable in practice is limited by random spatial variations of the mode propagation
constant in the FPR and, in case of AWGs, random variation of array waveguide optical length.
The effects of deviations from the ideal case are studied in this section.

4.1. Effects of Random Perturbations of the Refractive Index Distribution in the FPR

The focusing behaviour of the AWG in the presence of spatial effective index variations in the FPR
was studied on a 2D-model of the input and output FPRs using wide-angle BPM at 50 nm lateral
resolution and a propagation step size of 500 nm. The FPRs were overlaid with a randomly generated
two-dimensional effective RI profile with a Gaussian variation range o (RMS), spatial coherence length
Lc and mean slab mode effective index 71,7y = 1.458222. The effective RI distribution is a combination
of material refractive index variations and variations of waveguide geometry. The parameter Lc
is related to the average distance between two adjacent local maxima of the effective RI distribution
and is defined in a similar way as the correlation length of surface roughness profiles [22]. The AWG
was simulated for a single wavelength (1600 nm) and the diffraction image after propagation through
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the non-uniform FPR was compared with the diffraction image in the ideal case. An ideal, unperturbed
waveguide array was assumed. The figure of merit (FOM) was obtained through the normalized
overlap integral of the image intensities, defined as

o f(x)g(x)dx
I P [, g2 (x)dx

where f(x) and g(x) are intensities of the diffraction images, x is the location on the image plane
and (—a,a) is the region of interest, which contains the focused PSF. Similar simulations were
performed on three smaller versions of the AWG with shorter free propagation lengths of 18 mm,
12 mm and 6 mm in order to study the impact of random distribution of FPR effective index on
different length scales. Figure 8 compares simulated PSFs in the presence of FPR refractive index
perturbations with the ideal PSF in the unperturbed case for a RMS parameter range 107°-5 x 10~*
and fixed L¢ = 63 pm. Only slight distortion of the PSF is observed at RMS = 10~3, however, the
diffraction image significantly degrades for RMS > 5 x 10~°. The critical threshold for the FOM value
is found to be 0.7 through examination of diffraction images in comparison with the unperturbed case.
Figure 9 shows two-dimensional FOM maps for propagation lengths 24 mm (a), 18 mm (b), 12 mm (c)
and 6 mm (d). In these maps, the critical FOM value of 0.7 defines a boundary between the region
of sufficient RI profile smoothness on the left side (green) and the region of failure on the right side
(red). The results of the simulations show that the impact of effective RI variations in the FPR on the
IPS performance depends both on the magnitude and the coherence length of the RI variations. The
most severe image degradation is observed for coherence lengths on the order of 1mm, as can be seen
from Figure 9b—d. Shorter coherence lengths seem to alleviate the PSF degradation and increase the
tolerance against larger RMS values for a given AWG resolving power. Critical RMS values are shown
to depend on the FPR propagation length as well as the coherence length of effective RI variation.
The high-resolution AWG (Figure 9a) exhibits full loss of its focusing ability for RMS values above
10~* in the entire range of effective RI coherence lengths. The condition is relaxed in smaller AWGs
(Figure 9d).
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Figure 8. Optical field amplitude at the AWG output facet for various RMS values.
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Figure 9. Simulation results for L = 24 mm (a); L = 18 mm (b); L =12 mm (c); L = 6 mm (d).

4.2. Effects of Random Effective RI Variations in the Waveguide Array Region

Highly dispersive AWG devices are very susceptible to phase error accumulation over large
propagation lengths due to random variations of waveguide core and cladding RI and/or waveguide
core thickness and geometry. Since one full spectral order (Ai;, Amax) corresponds to a phase
difference between adjacent waveguides in the range (—, 7r), complete loss of AWG functionality
is expected for

A
[On1ess| > o )

where dn,.f is the relative effective index difference between two adjacent array waveguides, A is
the wavelength and L is the physical propagation length. In the case of the high-resolution AWG,
the total cumulative path length difference between the first and the last array waveguide is
111.2 um x 800 = 88,960 um, which corresponds to a hard limit on,;f < 9 X 10~° for the longest
array waveguides.

The behaviour of the AWG under spatial RI variations in the waveguide array region was studied,
using a similar approach as in the case of the FPR, in order to obtain specific thresholds for
the acceptable wafer inhomogeneity under the assumption of unperturbed FPRs. The random variation
of optical lengths in the waveguide array was modeled by averaging randomly generated wafer RI
profiles along the waveguide paths. The resulting waveguide effective index distributions were used
in a numerical model of the AWG to study the degradation of the diffraction image. The FOM for
the resulting diffraction images was again obtained using Equation (1). The results of the evaluation
are shown in Figure 10.

As in the case of the FPR, the FOM maps show a dependence on RMS and spatial coherence
length L, as well as propagation length. However, the observed influence of the propagation length
is significantly weaker for the waveguide array, as the comparison of results for propagation lengths
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of 10.5 cm (Figure 10a) and 3.8 cm (Figure 10d) shows. Critical RMS values are found to be 1074
for the largest waveguide array (800 waveguides, 10.5 cm propagation length) and 3.6 x 10~ for
the smallest waveguide array (200 waveguides, 3.8 cm propagation length). The critical thresholds
obtained from the simulations are much higher than the estimated limit of 61,7y < 9 x 10~° according
to Equation (2) due to the averaging of the RI variations over long propagation distances that somewhat
evens out the accumulated phase errors.
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Figure 10. Figure of merit (FOM) maps for waveguide arrays of various sizes and propagation lengths.
800 waveguides, L = 10.5 cm (a); 600 waveguides, L = 8.3 cm (b); 400 waveguides, L = 6 cm (c);
200 waveguides, L = 3.8 cm (d).

5. Discussion

A high-resolution AWG design on the SiO, platform has been introduced in this work.
Optimization of the geometrical structure resulted in a footprint of 5.5 cm x 3.93 cm with 800 arrayed
waveguides and a focal length of 24 mm. An application-specific input interface with three separate
groups of input access waveguides was designed. A modification of the FPR-array transition region
was devised in order to reduce coupling losses due to higher order mode excitation in the taper
waveguides of the interface by 2%—4.9% in the H-band wavelength range (1500 nm-1800 nm).

The impact of random spatial refractive index variations in the FPR and in the waveguide
array was studied through numerical simulations of AWGs of different sizes. The FOM values
were obtained for RMS values between 1072 and 10~° and coherence lengths in the range between
~6 um and ~6 x 10° um. The results of the numerical study show a high sensitivity of the AWG to
random spatial refractive index variations both in the free propagation region and in the waveguide
array region. In both cases, a dependence of the FOM on the propagation length, the variation
RMS and coherence length is observed. For the FPR it is shown that large-scale AWG devices
require a fabrication technique which can reliably produce silicon dioxide films with a refractive
index non-uniformity RMS < 6.8 x 107> in order to meet the criterion FOM > 0.7 for a coherence
length Lc = 100 pm. The condition becomes more strict for Lc = 1000 um, where a non-uniformity
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RMS < 25x 107> is required. A slightly different behaviour is observed for the smallest AWG
model with a nonuniformity condition RMS < 1.5 x 10~% for L¢ = 100 um, RMS < 1.2 x 10~ for
Lc = 1000 um and RMS < 1.58 x 10~ for L¢ = 3000 um. The slight relaxation of the FOM condition
for longer coherence lengths in the small AWG can be explained by the fact that the characteristic
length of the RI variation is of the same order as the FPR propagation length, and the variation
therefore produces a more uniform phase distortion with less image degradation. An equivalent study
of the waveguide array region produced qualitatively similar results as the FPR study. However,
a lower RI variation tolerance is observed. In the largest waveguide array, critical thresholds are
found to be RMS < 5 x 107 for L = 100 um and RMS < 1.6 x 107 for Lc = 1000 um. Reduction of
the waveguide array size and propagation length affects the performance only marginally, with critical
thresholds RMS < 7.9 x 107 at Lc = 100 um and RMS < 3.2 x 107° at L¢ = 1000 um for the smallest
AWG model. A possible explanation for this behaviour is the action of two opposing effects. The most
obvious effect is a linear increase of the phase errors with increasing physical waveguide length
according to

2r
op = 75”effL- 3)

On the other hand, the effective index variation 61, is proportional to the path average of the RI
variation distribution and its magnitude decreases for longer propagation lengths due to the averaging
effect. The two effects cancel out partially, thereby reducing the influence of waveguide array length
on the image degradation. The averaging effect is also responsible for the relaxation of the critical RMS
thresholds for shorter values of L in the simulations. In summary, the simulation results show that the
AWG performance is ultimately determined by the uniformity of the waveguide array, which exhibits
a higher sensitivity than the FPRs. Therefore, design and fabrication techniques should primarily
focus on the quality of the waveguide array, since the critical condition for the FPRs is automatically
satisfied when the material non-uniformity is sufficiently small for the operation of the waveguide
array. Table 2 lists critical RI variation RMS thresholds for several different target resolving powers.

Table 2. Critical thresholds of the refractive index distribution RMS for various values of L¢ and target
resolving power R.

L. R 60 k 45 k 30k 15k

100 um  514x107° 57x107° 656x107° 8x107°

500 pm 2x107°  25x107° 295x107° 377 x107°
1000 um  152x107° 1.7x105 2x10°° 32x10°°
3000 um 1.14x107° 14x107° 18 x10° 3.6x107°

6. Conclusions

In conclusion, a state-of-the-art AWG design with a theoretical resolving power of 60,000 has been
introduced as a potential candidate for compact IPS devices suited for astronomical applications
in the H-band wavelength range. Optimization of the waveguide integration density resulted
in a device footprint of 5.5 cm x 3.93 cm. Slight improvements of the insertion loss by 2%—4.9%
were achieved in simulations through modification of waveguide tapering of the FPR-array transition
region. Requirements on fabrication technology have been concluded in the end in order to provide
critical thresholds for technical feasibility and to guarantee the performance of the fabricated AWGs.
It was found that a refractive index non-uniformity below ~10~* is required for a successful fabrication
of a high-resolution AWG (R > 10,000). Also, a dependence of the performance impact on the correlation
length of the effective index variation was found. In the simulations of the FPR, the strongest impact
was observed for L¢ ~ 10% pum, while values Lc < 100 um caused less severe degradation of the PSF.
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We believe that this work may provide some valuable insights to the astrophotonic community
in designing AWG-based IPS systems as well as other photonic components that may prove critical
for fabrication.
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