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ABSTRACT
Photonic spectrographs offer a highly miniaturized, flexible, and stable on-chip solution for
astronomical spectroscopy and can be used for various science cases such as determining the atmospheric composition of exoplanets to understand their habitability, formation, and evolution.
Arrayed Waveguide Gratings (AWGs) have shown the best promise to be used as an astrophotonic
spectrograph. We developed a publically-available tool to conduct a preliminary examination of the
capability of the AWGs in spectrally resolving exoplanet atmospheres. We derived the Line-SpreadFunction (LSF) as a function of wavelength and the Full-Width-at-Half-Maximum (FWHM) of the
LSF as a function of spectral line width to evaluate the response of a discretely- and continuouslysampled low-resolution AWG (R „ 1000). We observed that the LSF has minimal wavelength
dependence („5%), irrespective of the offset with respect to the center-wavelengths of the AWG
channels, contrary to the previous assumptions. We further confirmed that the observed FWHM
scales linearly with the emission line width. Finally, we present simulated extraction of a sample
molecular absorption spectrum with the discretely- and continuously-sampled low-resolution AWGs.
From this, we show that while the discrete AWG matches its expected resolving power, the continuous AWG spectrograph can, in principle, achieve an effective resolution significantly greater („
2x) than the discrete AWG. This detailed examination of the AWGs will be foundational for future
deployment of AWG spectrographs for astronomical science cases such as exoplanet atmospheres.
Keywords: Astrophotonic spectrographs, Arrayed Waveguide Gratings, On-chip, Line Spread
Function, Exoplanets

1. INTRODUCTION
1.1 Background and Motivation
1.1.1 Exoplanets
As of September 2021, over 4,521 planets have been discovered orbiting a star other than the
Sun, known as exoplanets.1 In order to better understand our place in the universe, and to search
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for extraterrestrial life beyond the Earth, it is of key importance that it is determined which
exoplanets could host life. Determining the atmospheric composition of exoplanets is necessary for
understanding their habitability, planet formation, and evolution.
There are two primary methods of conducting spectroscopy of exoplanet atmospheres: spectroscopy of exoplanets in transit (passing through the line of sight between Earth and their host
star) and spectroscopy of directly imaged exoplanets.2 By using the world’s largest, most advanced
telescopes it may be possible to measure the presence of compounds that may indicate a potential
environment for life (CH4 , O2 , H2 O).3 Historically, this has been a challenging endeavour, but by
using high resolution spectrographs, and high contrast exoplanet imaging technologies, it is possible
to separate spectra associated with the star from spectra associated with the planet’s atmosphere2 .4
The Keck Planet Imager and Characterizer (KPIC) on the W.M. Keck II Telescope is an instrument
suite that has demonstrated high resolution spectroscopy of the atmospheres of gas giant exoplanets
in the infrared5 .6
1.1.2 Photonic Spectrograph: Arrayed Waveguide Grating (AWG)
Currently, the Keck Planet Imager and Characterizer (KPIC) employs a conventional bulk-optics
spectrograph, NIRSPEC, which is 1.0 m ˆ 1.5 m ˆ 0.7 m large.7 Photonic spectrographs offer an
on-chip and extremely compact solution that is suitable for a KPIC-like setup.8 In addition, the
guiding the light in single-mode waveguides on photonic chips grants unique capabilities such as
spectral filtering (eg: using waveguide Bragg gratings9 to filter the narrow OH-emission lines in the
atmosphere), spatial filtering (eg: using on-chip nulling interferometers to suppress starlight and
thus enhance the star-planet contrast for exoplanet spectroscopy4, 10 ), and polarization filtering (by
leveraging the polarization dependence of the waveguides). A photonic spectrograph can integrate
one or more of these capabilities with spectroscopy thanks to the single-mode propagation and
hence, offer access to unique science cases.
In this paper, we conduct preliminary simulations to examine the capability of photonic spectrographs in characterizing and spectrally resolving the atmospheres of exoplanets.11 So far, the
Arrayed Waveguide Gratings (AWG) has been the best photonic architecture for building a compact diffraction-limited astrophotonic spectrograph.8, 12–14 The AWG-based photonic spectrograph
intakes light from single-mode optical fibers. Light is then directed into an array of waveguides
with different path lengths leading to a constructive interference of different wavelengths at different
locations along its focal plane (the Rowland curvature), allowing the AWG to create a spectrum
which is then sent to a detector to be recorded, as shown in Fig. 1. Each output waveguide in Fig.
1 corresponds to a discrete spectral channel.
We seek to further the development of photonic spectrographs by running simulations to systematically gauge their capabilities to reliably acquire high-quality exoplanet spectra using large
telescopes. The advent of photonic spectrographs uniquely offers a drastic reduction in the size
and mass of spectrographs as well as flexibility in coherently manipulating the light.4 These advantages of photonic spectrographs make them well-suited for existing ground-based observatories,
and future space-based telescopes.15
In the future, we will simulate the performance of AWG spectrographs on KPIC for measuring
the chemical composition of exoplanet atmospheres.
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Figure 1: Left: CAD of the AWG, Right: Transmission response of the AWG in the form
of Transmission in decibels (dB) as a function of wavelength.

2. LINE SPREAD FUNCTION (LSF)
The first step is to characterize how the AWG transmits different wavelengths of light. Even if
the AWG spectrograph is illuminated by a narrow emission line (much narrower than the spectral
channel), multiple spectral channels will still receive the photons since each spectral channel has a
finite non-zero response at each wavelength (due to the inherent properties of the spectrograph such
as side lobes and phase errors16 ). This ‘scattering’ is called the line spread function (LSF). We aim
to characterize the wavelength dependence of the LSF of an AWG by simulating the transmission of
a narrow emission line positioned at various wavelengths in within the AWG’s free spectral range.
We developed a Python tool to conduct these simulations and made the repository publicly
accessible1 on Github.17

2.1 Design
AWG Design: As a first step, we simulate a low-resolution AWG of R „ 1000 to examine the
overall behavior of an AWG spectrograph. Note that, we define R = λ{δλ with δλ = channel spacing
of the discrete AWG. Such low-resolution AWG is suitable for spectroscopy of faint targets such as
exoplanets. We have considered two variants of the AWG, first with discrete output waveguides (i.e.
sampling the spectrum into discrete output channels), and a second variant (of the same AWG)
with a continuous sampling of the spectrum. The continuous-sampling AWG is achieved by simply
removing the output waveguides from the discrete AWG and directly imaging the free-propagation
region (FPR) on a detector.18, 19 A CAD of the low-res AWG and its transmission response are
shown in Fig 1. The channel spacing and the free spectral range (FSR) of the AWG are 1.5 nm and
20 nm, respectively. The crosstalk for the discrete output AWG is -25 dB. The average full-width
at half-maximum (FWHM) of each channel’s wavelength response (also called the 3-dB width) is 1
nm. The scheme for examining the performance of this AWG as a spectrograph is detailed below
and will be expanded to high-resolution AWGs (R ą 10,000) in the future.

2.2 Discrete AWG simulation
First, we consider the discrete-channel AWG to examine the spectrograph properties. The
transmission response of the AWG, as shown in Fig. 1, was obtained by simulating the AWG with
1
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beam propagation method using the Rsoft software.20
In order to measure the line-spread function, we simulated the transmission of a narrow emission
line centered at the transmission peak of each spectral channel and calculated the power measured
in each output waveguide. The output power for each channel for various emission lines are shown
in Fig. 2. For each plot in Fig. 2, we show the transmission from an individual emission line. We
simulated both a rectangular emission line (in red points) and a Gaussian emission line (in blue
points). Each rectangular profile has a height of 1 unit and a width equal to the average 3-dB width
of each channel (= 1 nm). Each Gaussian profile has a peak height of 1 unit and an FWHM equal
to the average 3-dB width of each channel (= 1 nm).

Figure 2: The simulated power measured by the detector after being dispersed by the Arrayed Waveguide
Grating (AWG) when observing an emission line at the transmission peak of a spectral channel. We show
both the transmission for Gaussian (blue points) and rectangular (red points) input emission
lines. Each rectangular profile has a height of 1 (in power units) and a width equal to the average 3dB
width of each AWG channel (1 nm). Each Gaussian profile has a peak of 1 and FWHM equal the average
3dB width of each channel (1 nm). Each emission line is centered at the peak of an odd numbered channel
Ptransmitted
(channels 1, 3, 5, 7, 9, 11, and 13, respectively). Note that power in decibels (dB) = 10 ¨ log10
Psource
where Ptransmitted is the power transmitted by the spectrograph in a particular channel and Psource is the
original total power of the incident light (here taken to be 1 in arbitrary power units).

Notably, the shape of the LSF appears to change as we shift the emission line though the peakwavelengths of different channels of the AWG (Fig. 2). The LSF is a symmetric Gaussian-like
curve for wavelengths around the center of a given spectral order (corresponding to channels 4 to
10) and become asymmetric towards the edges of the spectral order (corresponding to channels 1-3
and 11-13). This effect arises is due to the asymmetry in the illumination pattern of the arrayed
waveguides as seen from the output waveguides at the edges (as opposed to the central output
waveguides). The LSF from the rectangular emission line is clearly narrower compared to the LSF
for Gaussian emission line, which is primarily due to the larger width of the Gaussian emission line.
This effect is discussed in more detail in Section 2.4.
The discrete AWG transmission response for a given channel varies sharply as a function of
wavelength. For instance, there is 10 dB variation in the transmission as the wavelength changes
from 1550 to 1549 nm for the magenta channel, as seen in panel 4 of Fig. 1. Given such sharp
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changes, it is important to examine the LSF not only at the peak wavelengths of the channels, but
also at various offset wavelengths (i.e. in-between the channel peaks). Following a similar procedure
are above, we calculated the output power in AWG channels for emission lines placed at various
wavelength offsets. We used 0.31 nm (= 1/5 ˆ channel spacing) as the width of rectangular emission
line and FWHM of Gaussian line, instead of 1 nm to ensure that the line remains unresolved. In
Fig. 3, we show the AWG power distribution (and hence, the LSF) corresponding to emission
line at the peak wavelength of channel 7 (1530 nm) as well as at the offsets of 25% (1530.4 nm),
50% (1530.8 nm), and 75% (1531.2 nm) between channels 7 and 6. By fitting a Gaussian to the
resulting AWG power distribution, we obtained the FWHM of the LSFs. The FWHM for various
offset values are shown in the rightmost panel of Fig. 3. It can be clearly seen that while the average
FWHM is around 1.19 nm, the FWHM varies by „5% within the range of 2 channels, depending
on the offset from the channel peak wavelength. Thus, we conclude that the AWG LSF is mildly
(„ 5%) wavelength-dependent. In Fig. 4, we plot the FWHM of the observed (Gaussian-like)
profile with the AWG against the FWHM of 2200 different emission lines input to the AWG (one
line at a time). It is clear from the figure that the observed width scales linearly with the width
of the source emission line, which confirms that there are no non-linear artifacts when we use the
AWG as a spectrograph, as expected. The small non-linearity is only seen when the emission line
is unresolved (FWHM ă 1 nm), which is expected in a spectrograph.

Figure 3: Left and center: The simulated power measured in the discrete output channels of the discrete
AWG when emission lines of different profiles are input to the AWG. Each rectangular profile has a height
of 1 and a width of 0.31 nm (= 1/5 channel spacing). Each Gaussian profile has a peak of 1 and FWHM
= 0.31 nm. When only one of the emission line’s transmission is visible on the plot, the rectangular and
Gaussian emission line have approximately the same transmission. Right: The FWHM of the LSFs
derived at various channel-offset values is shown, in the range of channel 6 to channel 8. The FWHM of the
LSF at each offset was obtained by fitting a Gaussian to the resulting AWG power distribution, when the
emission line is placed at the corresponding offset wavelength. It can be clearly seen that while the average
FWHM for the LSF is around 1.19 nm, the FWHM varies by only „5%, depending on the channel offset
(and hence, the wavelength).
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Figure 4: By minimizing the least square of the residuals for Gaussian fits of the LSFs for 2,200 different
emission lines, we have calculated the FWHM of the photonic spectrograph as a function of emission line
width (FWHM). Each red point is the average FWHM of the LSF for 11 emission lines of the same width
but centered at different points between the peaks of channels 6 and 8.

2.3 Continuous AWG
The continuous AWG is realized by removing the discrete output waveguides from the AWG,
and thus allowing a continuous sampling of the spectrum by directly imaging the free propagation
region (FPR, i.e. the focal plane) of the AWG. For a continuous AWG, there are no well-defined
‘channels’, however, we can use the 3-dB width of the AWG transmission response at a given
location on the FPR as an imaginary limit to define channels. Our goal is to examine whether such
definition of channels is invertible to reliably extract the spectrum and what spectral resolution can
be achieved using this approach.
Similar to the discrete AWG (Sec 2.2), the transmission response of the AWG, as shown in the
leftmost panel of Fig. 5, was obtained by simulating the AWG with beam propagation method
using the Rsoft software.20 We then used the 0.31 nm as the width of rectangular emission line and
FWHM of Gaussian line (same as Sec 2.2) to ensure that the line remains unresolved. In the central
panel Fig. 5, we show the AWG power distribution (and hence, the LSF) corresponding to emission
line at the peak wavelength of the central channel (channel 13 at 1530 nm) as well as at an offset
of 50% (1530.43 nm) between channels 13 and 12. By fitting a Gaussian to the resulting AWG
power distribution, we obtained the FWHM of the LSFs. The FWHM for various offset values are
shown in the upper-right panel of Fig. 5. It can be clearly seen that while the average FWHM
is around 1.06 nm, the FWHM varies by only „5% within the range of 2 channels, depending on
the offset from the channel peak wavelength. Thus, we conclude that the AWG LSF is only mildly
(„ 5%) wavelength-dependent. Note that the average FWHM here is slightly smaller than that for
the discrete AWG simply due to the higher number of ‘effective channels’ available for fitting the
Gaussian.
Further, in the lower-left panel of Fig. 5, we plot the observed line profile FWHM against the
input emission line FWHM for 2200 distinct emission lines (similar to Fig. 4). Again, it is clear
from the figure that the observed width scales linearly with the width of the source emission line,
which confirms that there are no non-linear artifacts when we use the AWG as a spectrograph, as
expected. The small non-linearity is only seen when the emission line is unresolved (FWHM ă 0.8
nm), which is expected in a spectrograph.
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Figure 5: Left panel: The transmission response of the continuous AWG by using the 3-dB width of the
profiles for defining a spectral ‘channel’. Center panel: The LSF derived using rectangular (red points)
and Gaussian (blue points) emission lines of FWHM = 0.31 nm (i.e. unresolved lines). The LSF is derived
for channel 13 (the central channel) and at 50% offset (halfway between channels 12 and 13). The response
is similar for rectangular and Gaussian lines, showing that the LSF is independent of the shape of the input
emission line. Upper-right panel: Similar to Fig. 3, the FWHM of the LSF was obtained at different
channel offsets. The FWHM only varies within 5% as a function of the wavelength offset of the input
emission line. Lower-right panel: Similar to Fig. 4, this panel shows the FWHM of the observed spectral
profile as a function of the FWHM of the input emission line for 2200 different emission line widths. It is
clear that the scaling is linear when the line is resolved (FWHM ą 0.8 nm).

2.4 Full Width at Half Maximum (FWHM) of LSF and Resolving Power
Ideal resolution of a discrete AWG The FWHM of the LSF as a function of emission line
width was derived by fitting a Gaussian to the LSF of the transmission through the photonic
spectrograph from different simulated emission lines, examples of which are shown in Figs. 2-5.
Note that the Gaussian fits in Figs. 3 and 5 closely approximate the core of the LSF but become
less accurate towards the wings of the LSF. This is because the LSF is not exactly Gaussian and
its shape changes (albeit slightly) with wavelength.
The FWHM of the line spread function is not necessarily the best way to define the spectral
resolution of the spectrograph, since the FWHM of the LSF can be difficult to compare for spectrographs with different shapes of the LSF.21 The spectral resolution is the minimum separation
between two spectral features for them to both be individually resolved by the spectrograph. The
FWHM of the LSF is only one part of a calculation for a more consistent calculation of the resolving
power that can then be used to compare two spectrographs irrespective of the shape of their LSFs.?
This is non-trivial to calculate for the photonic spectrograph since the shape of the LSF varies with
wavelength (as seen in Fig. 3). To examine the dependence on the shape of the LSF, we have
calculated below the spectral resolving power assuming a sinc2 profile and then again assuming a
Gaussian profile for the LSF of both the discrete and continuous AWGs.
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The generalized equation for converting the FWHM of the LSF to the resolving power the
spectrograph is described in Robertson et al. 201321 as follows:
R“

λ
β FWHMLSF

(1)

where β is the parameter dependent on the shape of the LSF as follows (see Robertson etal.
201321 for detailed derivation):
β“

1.3809 Z1{3 EW2{3
FWHMLSF

(2)

where, Z and equivalent-width (EW) are the parameters dependent on the LSF shape. For sinc2
LSF, they are given by:21
Zsinc2 “ 0.4289 FWHMLSF
EWsinc2 “ FWHMLSF {0.8859
thus using Eqn 2 : βsinc2 “ 1.1289

(3)

The same parameters for Gaussian LSF are given by:21
FWHMLSF
ZGaussian “ a
2πloge p2q
c
π
EWGaussian “ FWHMLSF
4loge p2q
thus using Eqn 2 : βGaussian “ 1.1265

(4)

Assuming a sinc2 profile of the LSF of the discrete AWG and using the average FWHM of the
LSF from Fig. 3 (= 1.189 nm), and equations 1 and 3, we can deduce the spectral resolving power
(Rayleigh criterion) of the photonic spectrograph as:
RDiscrete,sinc2 “

1530.0nm
“ 1138.9
1.1289 ˆ 1.1899nm

Similarly, assuming a Gaussian profile for the LSF of the discrete AWG, and using equations
1 and 4, we get
RDiscrete,Gaussian “

1530.0nm
“ 1141.4
1.1265 ˆ 1.1899nm

Thus, we should expect a resolving power R „ 1140 for the discrete AWG considered here.
Similarly, for the continuous AWG, we can use the average FWHM of the LSF from Fig. 5 (= 1.0623
nm), and equations 1, 3, and 4, we can deduce the spectral resolving power of the continuous AWG
as:
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RDiscrete,sinc2 “

1530.0nm
“ 1275.7
1.1289 ˆ 1.0623nm

RContinuous,Gaussian “

1530.0nm
“ 1278.5
1.1265 ˆ 1.0623nm

From this analysis, we conclude that we should expect a resolving power R „ 1277 for the
continuous AWG considered here, which is larger than the discrete AWG by around 10%. In
addition, we confirm from this analysis that both Gaussian or sinc2 profiles can be used to as the
LSF profile and they both give a consistent resolving power.
The next step is to validate this resolving power by illuminating the discrete and continuous
AWGs with a reference spectrum in simulation and then extract an inferred spectrum using the
observed power at the end of the AWGs (and a calibration matrix). The goal would be to check if
the spectrum can indeed be extracted at the resolution anticipated from the analysis above.

3. SPECTRAL EXTRACTION
The AWG spectral response at any output channel (or output waveguide) has a non-zero value at
all wavelengths and potentially low-level side lobes at wavelengths other than the central wavelength
of that particular channel. Therefore, the AWG spectral extraction cannot simply be done by
one-to-one correspondence between the peak wavelength of the channel and the power measured
in that particular channel. A reliable and more accurate AWG spectral extraction requires the
knowledge of the transmission response of the AWG output channels. The relationship between
the AWG response, the source spectrum, and the measured power in AWG output channels can be
summarized in a matrix form as follows.
ANchan ˆNresp ¨ SNresp ˆ1 “ PNchan ˆ1

(5)

The AWG response matrix (A, size: Nchan ˆ Nresp ) is a direct representation of the transmission
response shown in Fig. 1 and can be obtained at high-resolution (say, Nresp resolution elements,
irrespective of the AWG resolution) using a tunable laser source or by using a combined setup of a
broadband source and an optical spectrum analyzer.22 The observed AWG power in each channel
(P) can therefore be expressed by multiplying the AWG transmission response for that channel (at
highest resolution) with the source spectrum (at the same resolution, represented by S). Thus, the
number of rows in the AWG response matrix is equal to the number of AWG channels (Nchan ), and
the number of columns is equal to the number of resolution elements (Nresp ) for which the AWG
transmission response of the channel was measured.
Reference spectrum: We obtained the near-IR absorption spectrum of CO molecular species
at a temperature of 296 K and pressure of 1 atm, over a column length of 1 km using HITRAN.23
We use this spectrum as a reference for testing the performance of the AWG as a spectrograph. For
consistency, the spectrum was shifted in the wavelength domain to fall within the 1520´1540 nm
band, which is used throughout this paper to examine the AWG characteristics. Given the known
AWG response for the discrete and continuous AWG, we use Eqn. 5 to derive the power measured
in each spectral channel of the AWG. The calibration matrix derived in the next subsection is
then used to recover the original spectrum (at a low resolution) given the knowledge of the AWG
transmission and the power measured in the AWG spectral channels.
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3.1 Calibration Matrix
The goal here is to compare the extracted spectrum from the discrete and continuous AWGs of
R = 1000 with the original source/reference spectrum binned at an R = 1000. In order to perform
the spectral extraction, the matrix A (size: Nchan ˆ Nresp ) needs to be inverted. Given that it
is a rectangular matrix (Nresp " Nchan ), the simplest approach is to bin the AWG transmission
response to reduce the number of columns of A from Nresp to Nchan and thus, approximate matrix
A (Nchan ˆ Nresp ) to Ã (Nchan ˆ Nchan ). Alternatively, a pseudo-inverse approach24 could be used
to invert the rectangular matrix A using its singular value decomposition, but the solution is
unstable and degenerate, which makes it unsuitable for spectral extraction. Hence, we use the
binned square matrix Ã for spectral extraction. The approximate source spectrum as extracted
from the AWG is given by pre-multiplying the AWG power (P) with Ã´1 as follows:
S̃Nchan ˆ1 “ pÃNchan ˆNchan q´1 ¨ PNchan ˆ1

(6)

3.2 Results
Using the spectral extraction method, we extracted the approximate source spectrum for a
discrete and continuous AWG of R = 1000 (note that R = λ{δλ with δλ = channel spacing of the
discrete AWG). These results are summarized in Fig. 6. The solid black line indicates the ideal
binned spectrum of the reference spectrum to an R = 1000. The faint black trace and black stars
show the extracted reference spectrum if observed with a discrete AWG of R = 1000. The AWG
extracted spectrum and the binned reference spectrum are consistent with each other, suggesting
a faithful reconstruction. Similarly, the solid red trace shows the reference spectrum binned to an
effective spectral resolution of R = 2000. The faint red trace and red stars show the extracted
reference spectrum if observed with the continuous AWG. Given the agreement between the
continuous AWG and the binned spectrum of R = 2000, is clear that the continuous AWG (i.e. the
AWG obtained after removing the output waveguides of a discrete AWG of resolution 1000) has an
effective spectral resolution of R „ 2000.
With this simple spectral extraction method, we are able to achieve a spectral resolution R =
« 1, 000 for the discrete AWG and an R = 2000 for the continuous AWG. This is clearly higher
than the expected resolution for continuous AWG calculated from its FWHM („ 1275). This is
possible because the AWG transmission response (Fig. 5 left panel) can be measured at very high
resolution and the higher number of ‘effective channels’ in the continuous AWG (as opposed to
the discrete AWG) allow the inversion of the calibration matrix at a finer resolution. We do see
additional outlier structures at the edges of the spectral order for the continuous AWG, which is
primarily due to the high overlap between the ‘effective channels’ of a continuous AWG, which can
potentially be mitigated using more sophisticated algorithms.
λ
δλ

3.3 Future Work
In the future, we plan to work on a more sophisticated algorithm to minimize the stray features
in the continuous AWG. Further, we plan to extend this analysis to high-resolution AWGs (R
ą 10,000) in the future, since the high-resolution spectroscopy is key for exoplanet atmosphere
characterization using instruments such as KPIC. This will allow us to evaluate the performance
of compact, high-resolution AWG spectrographs on a KPIC-like setup for investigating exoplanet
atmospheres.
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Figure 6: AWG spectrum extraction Left: The original high-resolution reference spectrum of the molecular species is shown in green. The solid black line indicates the ideal binned spectrum of the reference
spectrum to an R = 1000. The faint black trace and black stars show the extracted reference spectrum
if observed with a discrete AWG of R = 1000. The AWG extracted spectrum and the binned reference
spectrum are consistent with each other, suggesting a faithful reconstruction. Similarly, the solid red trace
shows the reference spectrum binned to an effective spectral resolution of R = 2000. The faint red trace
shows the extracted reference spectrum if observed with a continuous AWG of R = 1000. Given the
agreement between the continuous AWG and the binned spectrum of R = 2000, is clear that the continuous
AWG of R = 1000 has an effective spectral resolution of R „ 2000. Right: The zoomed-in version of the
AWG spectral extraction on the left.
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