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1. Introduction

The cost-effectiveness and extreme compactness of integrated
photonic devices are advantageous for astronomical observa-
tions!™?), especially in challenging observational scenarios, such
as space-based astronomy™, polar astronomy'*, and massive
astronomical spectral surveys[S I In astrophotonics studies, inte-
grated photonic spectrographs have attracted attention because
spectroscopy is one of the most important research methods in
astronomy[ﬁl.

Various types of integrated photonic spectrographs have been
proposed, including arrayed waveguide grating (AWG) spectro-
graphs'”), single-nanowire spectrographs'®), and stationary-
wave-integrated Fourier-transform spectrographsm. AWG
spectrographs have attracted considerable attention''”! because
of their various advantages, such as their high optical efficiency,
relatively high resolution, high accuracy, large bandwidth!*"),
and well-established processing techniques.

The first attempted use of an AWG spectrograph for astro-
nomical observations was conducted by Cvetkovic et all'?.
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Integrated photonic spectrographs could provide a new generation of low-cost, highly integrated, high-performance optical
terminal instruments for astronomical observations. However, these spectrographs still face the challenge of high spectral
resolution. In this Letter, we demonstrate a cascaded phase-modulated waveguide array (CPMWA) spectrograph, with
designed and measured spectral resolutions of 100,000 and 68,000, respectively. A spectral reconstruction method is pro-
posed to minimize the influence of the phase error induced during the chip fabrication process and increase the spectral
contrast to 20 dB. This type of spectrograph demonstrates promising potential for high-resolution spectrum observations in

Keywords: astronomical spectrograph; waveguide array; cascaded phase modulation; high spectral resolution; spectrum

Then, the AWG spectrograph was tested on an 8-m Subaru tele-
scope!’). The spectral resolution was limited to approximately
5,000. To improve the resolution, longer delay lines of the
phased array induced by the waveguide arrays are necessary.
Stoll et al. designed a folded and horseshoe-shaped AWG
spectrograph to achieve a resolution of up to 20,0001,
The curvature of the object image plane causes defocus aberra-
tion for the off-axis beams, which inevitably decreases the
resolution. Zhang et al. obtained a resolution of up to 90,000
by introducing a reusable delay-line structure into an AWG
spectrograph!'®!. However, this approach has a limited band-
width because wavelength-related directional couplers exist in
the chip. The crosstalk is also extremely high, which hinders
practical applications'”). Careful design is still required to
increase the delay lines with a compact structure and other
parameters that are not significantly affected.

Another problem with high-resolution waveguide-array
spectrographs is high-precision micro/nanofabrication'®!,
Typically, long waveguides are necessary for obtaining
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sufficiently long delay lines and high resolutions. However, ran-
dom spatial variations of mode propagation constants in the free
propagation region (FPR) and random variations of arrayed
waveguide optical lengths are inevitable in the micro/nano fab-
rication process'®. These induce phase errors in the phased
array, which increase the crosstalk and decrease the contrast
of the spectrum, especially in the case of high-resolution spectro-
graphs. A refractive index non-uniformity below ~107* is
required for the successful fabrication of a high-resolution
spectrographm]. Piezoelectric®!! and thermo-optic methods
have been proposed to correct phase errors after fabrication.
Gehl et al. used integrated thermo-optic phase shifters to correct
the phase error, optimizing the spectral contrast of the AWG
with 11 channels to 15 dB'*?). However, the integration of a
phase shifter for each waveguide significantly increases the size
and cost of the chip!®*!. A data post-processing method based on
a spectral reconstruction that calculates and corrects the phase
errors of each waveguide offers the possibility of the mass pro-
duction of self-correcting AWG spectrographs.

In this Letter, we developed a high-resolution waveguide-
array spectrograph using a cascaded phase modulation structure
with designed and measured spectral resolutions of 100,000 and
68,000, respectively. We proposed a data post-processing
method to calculate the phase error and reconstruct the spec-
trum, which improves the spectral contrast to 20 dB.

2. Device Design

The spectral resolution of the waveguide-array spectrograph is
given by

/12

A=——
NXngXAL

(1)

where / is the center wavelength, 1, is the group index of the
waveguides, AL is the length difference between neighboring
waveguides, and N is the number of waveguides. To increase
the spectral resolution for a certain number of waveguides,
AL should be as large as possible within the limited chip space.

To obtain as high a resolution as possible, we designed
the cascaded phase-modulation waveguide-array (CPMWA)
spectrograph shown in Fig. 1(a). A star coupler was employed
to separate the input light from a single waveguide into wave-
guide arrays, and a reconfigurable module was used to generate
a suitable output end for phase modulation. The cascaded phase
modulation structure was then used to generate a sufficient
phase difference. Finally, the output of the waveguide array
was designed to produce a planar wavefront to minimize off-axis
aberrations, which are problematic in traditional AWG
structures'*),

A star coupler was used as the beam-splitting element to sep-
arate the input waveguide into multiple transmission wave-
guides through the FPR, as shown in Fig. 1(b). The tapers
were used to create smooth transitions between the FPR
and subsequent transmission waveguide to minimize coupling
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Fig.1. (a) Schematic diagram of the CPMWA structure. Inset (i) shows variable
output waveguide spacing. Inset (ii) shows the design and optical field mode
of the waveguide. (b) Schematic diagram of the star coupler. (c) Schematic
diagram of the reconfigurable module.

losses through mode matching of the waveguide array and
the FPR. Figure 2(a) shows an 80-way split design using a star
coupler. By sampling after the output tapered waveguide, the
light intensity distribution of the array waveguide was found
to be Gaussian, as shown in Fig. 2(b), and the phase of each
waveguide was the same. The reconfigurable module can help
rearrange the geometry of the waveguide array to a parallel
structure from a divergent pattern, which is necessary for effi-
cient light coupling of the star coupler and the waveguide array.
As Fig. 1(c) shows, the reconfigurable module consists of
straight segments (L1), arc segments (L2), and straight segments
(L3). L1 was connected to the end of the star coupler, L2 was
used to correct the divergence angle of the waveguide array,
and L3 was employed to form a parallel and equally spaced
waveguide array structure that was combined with L1 to form
a fixed-length difference. The reconfigurable module supplies
the phase modulation module with a suitable output end and
helps reduce the size of the following structure significantly.
This also generates a length difference between adjacent wave-
guides. However, the value is typically less than 100 pm, which
cannot support a high-resolution spectrum. As a result, a phase
modulation module is necessary.

Fig. 2. (a) Electric field amplitude obtained through the beam propagation
simulation of the star coupler. (b) The electric field amplitude at the end
of the simulated region shows the Gaussian envelope of the illumination pat-
tern of the tapered waveguide as sampled by the waveguide array.
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The structure of the phase modulation module is as follows.
The first phase modulation structure is set immediately after the
reconfigurable module and can generate a length difference of
8 cm, which can support a resolution of 45,000 on a silica plat-
form. To enhance the resolving power to a higher level, another
phase modulation (second phase modulation) is added with a U-
shaped adapter structure to minimize the negative length differ-
ence and structure size. With the two-stage phase modulation
demonstrated above, the total length difference can reach
18 cm, and the theoretical spectral resolution can reach 100,000
on a silica platform. According to our calculation, the overall size
of the CPMWA chip is only 10% of that of the conventional
AWG structure with the same resolution. High resolution can
be achieved in smaller sizes using materials with high refractive
index differences. Furthermore, multiple structures can be
stacked vertically to achieve high resolution with even smaller
sizes.

The output section of the CPMWA consists of a series of uni-
formly distributed waveguide arrays that emit an array of beams
with constant phase differences. The primary purpose of this
module is to obtain a continuous high-resolution spectrum.
To disperse different orders of the spectrum and obtain broad-
band detection, the geometry of the waveguide array output was
designed to be compatible with orthogonal dispersion optics,
effectively eliminating spectral overlap. Furthermore, by
allowing for an arbitrary adjustment of the spacing DO between
adjacent waveguides, as illustrated in inset (i) of Fig. 1, it is pos-
sible to create a customized aperture that is compatible with a
wide range of traditional optics.

3. Device Fabrication and Characterization

The fabrication of this chip involved photolithography and reac-
tive ion etching on a 6-in wafer. Subsequently, a 12-pm-thick
SiO, cladding layer was deposited using flame hydrolysis depo-
sition. The CPMW A has an array of 80 single-mode, rectangular
buried channel waveguides, each having core dimensions of
6.5 pum X 6.5 pm, as shown in inset (ii) of Fig. 1. The refractive
index of the SiO, buffer and cladding was 1.4567, and the core
refractive index was 1.46 (A = 0.23%) at the central wavelength
of 1550 nm. To finalize the process, the chip was diced to dimen-
sions of 10.4 cm X 10.3 cm X 0.1 cm and underwent facet polish-
ing for further refinement.

The CPMW A spectrograph was characterized using the setup
illustrated in Fig. 3. A narrow-linewidth laser source (Alnair
Labs: TLG-220) was employed, and its output was collimated
using a fiber collimator. The collimated light was coupled to
the input waveguide using a 10X objective lens. A lens with a
focal length of 200 mm was positioned behind the chip to focus
the output light on an infrared CCD (Raptor Photonics, Owl-
CL-640).

With the setup demonstrated in Fig. 3, a spectrum of two sep-
arated wavelengths, 1550.0 and 1550.1 nm, is obtained, as shown
in Fig. 4(a). Experimental observations demonstrate
that a variation with a 0.1-nm wavelength corresponds to a

Fig. 3. Experimental setup of the CPMWA spectrograph. MO, microscope
objectives; SL, spherical lens.

Fig. 4. (a) Captured spectral lines at different wavelengths of the CPMWA
spectrograph. (b) Spectrum measured with the CPMWA spectrograph.
(c) Measured and fitted spectrum with an FWHM of 2.0 pixels at 1550 nm.

movement of 9.0 pixels in the spectral image captured by the
detector, as shown in Fig. 4(b). Additionally, the full width at
half-maximum (FWHM) of the peaks in Fig. 4(c) is approxi-
mately 2.0 pixels. Hence, the spectral resolution of the CPMWA
spectrograph was calculated as 0.0227 nm, which is equal to
68,282 at a wavelength of 1550 nm.

The measured resolution of the spectrograph is approxi-
mately 68% of the theoretical value. The main cause of the
decrease in resolution is the incomplete involvement of all wave-
guides in the multibeam interference. We measured the normal-
ized transmission of 80 waveguides in the CPMWA chip. The
data are illustrated in Fig. 5(a). Figure 5(b) shows that more than
35 waveguides do not have sufficient transmission compared
with the designed chip. We also calculated the line spread func-
tion (LSF) of the CPMW A spectrograph with the theoretical and
measured transmission and found that the spectral resolution
deteriorated by approximately 70%, as illustrated in Fig. 5(c).

4. Spectrum Reconstruction

As shown in Fig. 4(b), the measured spectral contrast, which is
calculated by comparing the secondary peaks with the main
peak, is only 5 dB, owing to the large phase error of the phased
array caused by imperfect manufacturing. The proposed data
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Fig. 5. (a) Near-field images of the output facet of the CPMWA. (b) Normalized
light transmission of the 80 waveguides in the CPMWA chip. (c] The line spread
function of the CPMWA spectrograph is calculated from the theoretical (blue
line) and measured transmission (red line).

post-processing approach addresses this issue. This method
involves calculating phase errors and correcting the spectrum
to obtain a higher contrast.

First, a model of the CPMWA spectrograph is constructed
considering light propagation, multibeam interference, and
spectral imaging processes, as shown in Fig. 6(a). The transfer
function of the ideal CPMWA chip, denoted by f(4), is deter-
mined by the chip design. However, in the real case, phase
errors, represented as {x;, X, . .. }, where x; represents the phase
error of the ith waveguide, change the transfer function to
f(Ax1,%5, ...). To determine the unknown phase errors of
the waveguide array, a series of inputs with different single
wavelengths A, was applied, and the corresponding multi-
beam interference pattern S, was obtained. The phase errors
can then be resolved with these data {S;,4;;S,,4,; ...}, using
a basic optimization procedure, expressed as x =min, Y L
If (A x1,%5, ...) = S,|*, where x={x,x,, ...}, and N repre-
sents the number of inputs. The phase error detection process
is shown in Fig. 6(b).

Using the phase-error data obtained as described earlier, the
spectrum reconstruction was performed using the process
shown in Fig. 6(c). For the measured low-contrast spectrum
S, an optimization procedure was applied to obtain an optimum
intermediate spectrum with an inverse calculation using the

Fig. 6. (a) Spectrum reconstruction overall process. L; represents the
designed length of the ith waveguide. (b) Phase error detection. (c) Spectrum
reconstruction process.

] https://www. cnki. net
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model of the CPMWA spectrograph. Since the cross disperser
is not arranged in the setup, the input spectrum and that mea-
sured with the spectrograph do not have a one-to-one mapping
relationship. For example, wavelengths separated by the free
spectral range were measured as the same wavelength.
Consequently, the intermediate spectrum, which is calculated
from the inverse model, possesses all the information of the
input spectrum but has a large difference. To solve this problem,
we used the intermediate spectrum as the input and applied the
model again to obtain the corrected spectrum.

To obtain the transfer function of the real CPMWA chip, 80
single-frequency light beams with different wavelengths were
injected into the spectrograph, and the corresponding spectra
were measured. Figure 7 illustrates the ideal, measured, and
reconstructed spectra. We observed that the spectral contrast

Fig. 7. (a) Ideal spectrum. (b) Measured spectrum. (c) Corrected spectrum,
contrast up to 20 dB.
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