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Abstract: Recently novel types of imaging spectrometers have been successfully demonstrated,
where photonic crystals filters are placed onto a detector. For focused beams, it is however
unclear how numerical aperture (NA), aperture shape and aberrations affect the transmission of
these filters and there is currently no established and computational efficient method to assess
this. In this work we present an angular spectrum method to reconstitute focused beam fields and
transmissions based on plane wave simulations. Once these plane wave simulations have been
performed, the transmission of arbitrary pupils, aberrations and NA can be directly computed.
We investigate the accuracy of this method by comparing the synthesized transmission and
Poynting vectors with a fully simulated focused Gaussian beam. These results show that an
angular sampling between 0.5° and 0.8° is required to achieve an accurate result depending on
the mesh sampling of the simulation. Lastly, we demonstrate how this method can be used to
investigate the effect of the pupil shape and aberrations on the transmission profiles. This analysis
enables the identification of spectral regions which are sensitive to the instrument design but also
regions which appear robust. We believe that the method described in this work can provide
scientists and optical engineers a tool to perform detailed performance studies on these promising
new instruments.

Published by Optica Publishing Group under the terms of the Creative Commons Attribution 4.0 License.
Further distribution of this work must maintain attribution to the author(s) and the published article’s title,
journal citation, and DOI.

1. Introduction

On-chip spectrometers [ 1-8] are a new type of imaging spectrometer where photonic crystals
(PC) slabs are placed onto a detector which act as optical filters. These filters allow to reconstruct
the spectrum using (compressive sensing) reconstruction techniques [9-12] or directly infer
other information such as gas concentrations [1,13,14]. In this concept, traditional dispersion
optics (i.e., gratings and prisms) are no longer needed, due to the strong dispersive resonances
in the photonic crystal. One particular interesting application is in space instruments, such as
remote sensing [15], where the latter size is often a major cost driver. In remote sensing, a
typical application is an imaging spectrometer in a push-broom configuration [16]. This type of
instrument consists of a telescope and spectrometer, of which the latter is the largest contributing
factor to the size of the instrument. In the novel photonic crystal enabled spectrometers, the
spectrometer is reduced to a flat optical component, which reduces the size of the instrument
considerably.

Typically, PC slab transmissions are computed with plane wave excitation, often using Finite
Difference Time Domain (FDTD) simulations [17] or Rigorous Couple Wave Analysis (RCWA)
[18]. However, in a photonic crystal enabled imaging spectrometer, light is focused onto the
detector chip, which deviates from plane wave simulations. Therefore, to assess the performance
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of these concepts the photonic crystals filter responses for a focused beam are needed. Moreover,
the numerical aperture (NA) or F-number of the imaging system is a major performance driver in
any optical instrument. In traditional optical instruments, faster optics allow for a larger etendue
(more light collection) and higher (spectral) resolution, typically at the cost of optical aberrations
and system complexity. This trade-off has been extensively studied for optical instrument design
and is well understood [19]. Since the spectral performance of the photonic crystals is as well
affected by the NA, aperture shape and optical aberrations, these new types of compressive
sensing imaging spectrometers raise an additional consideration to this trade-off.

In order to investigate this trade-off, numerous focused beam simulations have to be performed,
including many optical aberration configurations. FDTD is required for a focused beam simulation,
which is computationally expensive in this configuration. The physical simulation domain should
compass the full Point Spread Function (PSF) which can span 10-100 um, depending on the
application and wavelength. The 3D simulation domain should ideally be highly sampled (>16
points per wavelength, ppw) [20], which leads to long computation times (>50h for a single
simulation) and large memory demands.

To complicate things further, one major advantage of this new spectrometer concept is that the
photonic crystals filters can be chosen such that they optimize the information measured for the
intended purpose of the device [21,22]. Typically, many different filters have to be simulated and
a filter library with thousands of filters is created, after which a selection is made. However, filters
which might perform well under plane wave conditions, might perform poorly in the focused
beam condition. Therefore, the performance trade-off of the photonic crystal filters should be
made with the complete focused beam transmission library. This poses additional constraints on
the focused beam simulations. Not only do they have to be performed for different NA’s, pupil
shapes and aberration conditions, the assessment has to be performed for many thousands of
filters which would take many years of computation time. Therefore direct FDTD simulations of
focused beams are not a feasible path for such an optimization.

An alternative way to compute the transmission of a focused beam is to synthesize the electric
and magnetic field of the focused beam from plane waves [23,24], also known as the angular
spectrum method [25]. Since the computational demand is much smaller for a single unit cell,
this simulation can be easily paralyzed on clusters or servers. Moreover, the major advantage of
this approach is that once the simulation for all angles has been performed, the transmission of
the photonic crystal for any pupil, NA and aberration condition can be directly computed. A
previous method proposed by Xu et al. [26] claims that the transmission of a focused beam of
a PC slab can be computed as the (weighted) integral of individual plane wave transmission
profiles for a range of 1D angles. We would argue that in general this approach is incorrect
for two reasons. First, the pupil should be integrated in 2D, taking into account the different
responses depending on the azimuthal angle in the pupil. Secondly, the electric and magnetic
fields should be integrated independently first over the pupil before computing the flux and overall
transmission [24].

In this work we describe a methodology how the angular spectrum method can be used to
synthesize the electric and magnetic fields using plane wave simulations of a single unit cell with
different incidence angles, see Fig. 1(b). The reconstituted fields can then be used to compute the
flux and transmission of the PC slab. We investigate the trade off between the achieved accuracy
and the angular sampling by comparing the synthesized transmission with a focused Gaussian
beam simulation. We show how photonic crystal symmetry, if present, can be correctly applied
to reduce the number of required simulations and several implementation details which should
be taken into account. Lastly, we demonstrate how this approach can be used to compute and
investigate the transmission for photonic crystals for different NA’s and pupil functions and how
optical aberrations can impact the transmission profile of the photonic crystal.
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Fig. 1. a) [llustration of a single focused beam FDTD simulation with a Gaussian source.
b) llustration of the plane wave decomposition. The focused beam of (a) can be described
as a linear combination of angled plane wave simulations of a single unit cell.

2. Theory

Consider a 2D photonic crystal slab spanning the plane X = (x, y) consisting of a substrate with
a thin film of amorphous silicon (aSi) where the photonic crystal is etched into (Fig. 1). The
source plane is located at the z-plane at position £ and the transmission monitor is located in the
z-plane at position —A. The transmission of the photonic crystal 7 is given by the ratio of the
electromagnetic flux @ through the source plane and transmission monitor

(Dmon

T=—"". 1
q)SI‘C ( )

The time averaged electromagnetic flux is given by [27]
1 N 1 27
<1>=——/%[sz(x)]dx=——/9%[ExHT] i @)
2 )z 2 J; z

with S, the z-component of the instantaneous Poynting vector and E and H the electric and
magnetic field respectively of the focused beam. Using plane wave decomposition, the E-and
H-field of the focused beam can be described as a linear combination of plane waves with
appropriate phase and amplitude

E(¥) = / P(B)EP™ (%, p) exp [~i (kpp -  + k.h) | dp 3)
P

with p = [nsin(@ cos(¢)), nsin(8 sin(¢)] the pupil coordinate in Cartesian coordinates, n the
refractive index, and 6 and ¢ the incidence angle and azimuthal angle in cylindrical coordinates
respectively, see Fig. 2. EP¥ denotes the electric field for the plane wave excitation, k = 27/A the

angular wave number, k. = 274/n? — NA?/p2/ A the z-component of the wave vector and P(p) is
the pupil function, which is given by

P(p) = A(p) exp [-ikW(p)], S

where A(p) is the aperture function and W(g) the optical aberration. Similarly to Eq. (3), the
magnetic field is given by

H (%) = / P(B)H (%, ) exp [~i (kf' - % + keh) | dp’ (5)
5
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with HPY the magnetic field in the case of plane-wave excitation. Here g’ indicates that Eq. (3)
and (5) are two distinct pupil integrals. The E- and H-fields at both the source plane and monitor
plane are synthesized and the transmission is computed according Eq. (1) and (2).
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Fig. 2. Pupil coordinate system with quadrants. @ is the incident angle and ¢ the azimuthal
angle. The colors indicate the different quadrant of the pupil (Q1-Q4). The grey arrows
indicate the polarization across the pupil. To achieve a linear polarized pupil, the polarization
should be rotated by —¢ in the FDTD plane wave simulation.

3. Photonic crystal simulations

We performed two types of photonic crystal simulations, a large focused beam simulation and
plane wave simulations with a single unit cell. Both are simulated using Finite-Difference
Time-Domain (FDTD) in Lumerical (2023, Ansys), see Fig. 1.

The simulation domain consists of a of quartz substrate with a 415 nm layer of amorphous
silicon (aSi) on top. The photonic crystal is etched into the aSi layer and consists of circles with
with a periodicity of @ = 1 um and a radius = 250 nm (r/a = 0.25). The wavelength range is
chosen to be of [1.5-1.8] ym in 1 nm steps as the photonic crystal exhibits several interesting
features in this range. To compare the transmission profiles we choose an maximum excitation
angle of O.x = 5°, corresponding to an NA of 0.09 and F-number 5.7. All simulations are
performed on a workstation (Intel Xeon Silver 4108) with 380 GB memory space.

3.1.

In the case of the focused Gaussian beam, the simulation domain spans an area of 51 um x 51
um, which is sufficiently large to capture the 1/e* intensity threshold (+ 24 um). The simulation
domains spans [-2.5-3.0] um in the z-direction and the source plane and transmission monitor
are placed at 2.5 pm and -2 um respectively. For all boundaries a Perfectly Matched Layer (PML)
is applied of type 2 (stabilized) and the mesh accuracy is set to 3 (14 points per wavelength, ppw),
resulting in spatial sampling of roughly 30 nm. All objects extend through the PML layer except
the etching layer. It was found that this highly dispersive feature leads to diverging simulations
when extended through the PML boundary. Therefore the aSi-layer and substrate were extended,
but not the photonic crystal pattern. This resulted in converging simulations.

Focused beam simulation

3.2. Plane wave simulations

For the plane-wave simulations, the simulation domain consist of a single unit cell, in this case 1
um X 1 um. The source and transmission monitor are placed at the identical z-positions as the
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focused beam simulation. For the x- and y-boundary, a Bloch boundary condition is applied to
account for the angled plane wave. For the z-boundary, a PML applied of type 2 (stabilized) and
the mesh accuracy is set to 3 (14 ppw).

To achieve the linear polarization identical to the focused beam simulation, care should be
taken to rotate the polarization of the source accordingly. For an angle of incidence 6 and
azimuthal angle ¢, the polarization angle of the source should be rotated by —¢ to achieve a
linear polarized pupil, matching the focused beam simulation, see Fig. 2.

Once the FDTD simulations are performed, the individual electric and magnetic fields are
stitched together to form the full electric and magnetic field of the focused beam. The output
E- and H-field of the FDTD simulations already contain the local phase ramp of the angled
plane wave, i.e. exp [—ikﬁ . 55’], where X’ denotes the local simulation grid. Therefore only the

additional phase offset induced by the stitching has to be added. The electric field E™ and
magnetic field H>™ at unit cell location index (I, m) are then given by

B @) = /~P(5 VES™ (¥, p) exp | ~ika (Ipy + mpy) | dp ©)
0

and
i ) = [ PO (. 7) exp [-ika (i, + mp,)| d7 @
P

with E5i™ and A*™ the simulated FDTD electric and magnetic fields with local grid coordinates
X’ and a the lattice constant.

3.3.  Pupil sampling

The pupil is sampled in a hexapolar fashion, commonly used in geometric optical transfer
function sampling and ray tracing [28]. For hexapolar sampling, the pupil is sampled in a grid
with node coordinates (6;, ¢;;), With 6; = jOnax/Nrings, - - - » Omax and ¢;; = in/(3nj), ..., 2n,
where iS 7ings the number of rings. We performed pupil samplings at 6 different densities
Mrings = [30, 15, 10, 6, 3, 2], where each sampling is a subset of nyjng = 30, see Fig. 3. These
densities result in an angular sampling of A6 = 0.16°, 0.33°, 0.5°, 0.83°, 1.66° and 2.5°
respectively.

Due to the photonic crystal symmetry, only 1 quadrant of the pupil has to be simulated,
reducing simulation time. To retrieve the electric and magnetic fields of the other quadrants of
the pupil the following modifications to the E- and H-fields have to be made:

1. for 7/2<¢ < m (Quadrant 2):
* Flip E- and H-field in the x-direction.
EZ! -H?'
o EQ2 = _Ele and H?? = Hle
_ EZQI HZQI
2. for r<¢ < 37/2 (Quadrant 3):

* Flip E- and H-field in the x- and y-direction.
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Fig. 3. Hexapolar pupil sampling for 6 chosen densities. The total number of pupil samples
for each quadrant is 721, 192, 91, 37, 27 and 12 for nyings = 30, 15, 10, 6, 5 and 3 respectively.

3. for 37 /2<¢ < 27 (Quadrant 4):
* Flip E- and H-field in the y-direction.
E¢ -H?
« B4 = _Ele and H* = HyQ]
E? -H?

The full angular spectrum field synthesis workflow is therefore as follows. First FDTD simulations
are performed for a single PC unit cell for a range of different angles of a single pupil quadrant.
The fields for the 3 other quadrants are calculated using the above-mentioned symmetry. Then
the pupil integrals (Eq. (6) and (7)) are computed for each unit cell location and the fields are
stitched for both the fields at the source plane and the monitor plane. Lastly, the flux is computed
by integrating the fields over de xy-plane (Eq. (2)) and the transmission is found as the ratio
between the monitor and source plane (Eq. (1)).

3.4. Pupil shapes

We tested the impact on the transmission profile for several different pupil shapes, as shown Fig. 4.
The pupil shapes consist of a Gaussian apodization, a top hat and an annulus, see Fig. 4. The top
hat profile will result in an Airy disk focus and has a transmission of 1 for 6 < 5° and 0 otherwise.
The annulus is a common optical design for telescopes and for this design has a transmission of 1
for 2° < § < 5° and 0 otherwise. The Gaussian apodization will result in a Gaussian beam and is
given by P(6) = A exp[- sin(#)?/o?] with o = sin(2.5°) and A a normalization factor. With this
amplitude apodization, the intensity of the beam is 1/e* at 6 = 5°.
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These pupil shapes are of interest for the following reasons. First, the Airy disk is the most
commonly used PSF in instruments, but electromagnetically not trivial. The phase of the electric
and magnetic field of Airy rings oscillate 180°, thereby affecting the resonances in the photonic
crystal, see Fig. 4(b)&(c). In contrast, the Gaussian beam excitation is less spatially constraint
and maintains the phase of the excitation across the whole PSF. Lastly, the PSF with an annulus
pupil is similar to an Airy disk but contains more pronounced interference rings. These pupil
shapes therefore provide interesting information how these different excitations, each with specific
amplitude and phase profiles, affect the transmission of the PC slab.

a Gaussian Airy Annulus
1.0
0.8
0.6
0.4
0.2
0.0
b C
1.01 —— Gaussian Ry pp— Gaussian
~ 08 —— Airy ——— Airy
I Annulus _ 1359 —— Annulus
= o
206 3
> @ 907
g) 0.4 4 ©
=
£ * 454
= 0.2 1
0.0 A 0
0 5 10 15 20 25 0 5 10 15 20 25
Position (um) Position (um)

Fig. 4. (a)-(c) Pupil apodization used in this work: Gaussian, Airy and and annulus, shown
here in normalized pupil coordinates. (b),(c) The associated intensity distributions (b) and
phase (c) of the three different pupil apodizations.

3.5. Aberrations

The pupil function in Eq. (3) can contain optical aberrations W(p). Here the optical aberration is
described using a combination of Zernike modes Z; with amplitude A;

WE) = > AiZi(p) @®)

with i the Noll index. The Zernike modes are RMS normalized such that the total RMS aberration
level is Wyms = /2 A2,

We explore the effect of three common optical aberrations: astigmatism, coma and primary
spherical aberration with Wy levels ranging from 0 to 400 mA. For reference, an optical system
is presumed to be diffraction limited when W,y < 72 mA (Maréchal criterion).
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4. Results

4.1. Transmission and field accuracy

Before we compare the transmission and Poynting vector of the fully simulated focused beam and
field synthesized beam, it is worthwhile to investigate the transmission profiles of the PC slab
for angled plane waves. Figure 5 shows the transmission profile as function of angle for P- and
S-polarization. These correspond to the ¢ = 0° and ¢ = 90° case of the plane wave simulations.
The photonic crystal slab exhibits a sharp resonance feature at 1518 nm and a broader reflection
feature around 1700 nm. The sharp spectral feature splits into two separate resonances, depending
on the polarization state, while the broad feature appears to be relatively insensitive to the angle
of incidence and polarization. Based on this assessment we expect the transmission of the
focused beam to maintain the broad reflection feature, but no sharp feature at 1518 nm as it will
be smooth out. Fig. 6(a)-c shows the transmission derived from the fully simulated focused
beam and the field synthesized beam, alongside the transmission for the orthogonal plane wave.
As expected, the focused beam transmission also shows the broad reflection feature but not the
resonance feature at 1518 nm. Instead, two different feature arise at 1508 and 1521 nm, which
are present in both the fully simulated as well as the synthesized focused beam. In general, the
transmission of the focused beam simulation and the field synthesized beam align very well.
Both transmission profiles include the two resonance features and in overall the RMS difference
between two transmission profiles is 2%.

Despite the sharp transmission feature in the plane wave simulations, the synthesized beam
transmission appears to be smooth for high pupil samples (see Fig. 6(d)-f). With fewer pupil
samples, the transmission profile becomes less smooth with more erratic features around
1500-1530 nm, although the overall transmission does not change with fewer pupil samples.

a P-polarization b S-polarization

51 1.0 5 1.0
41 0.8 4 0.8

— ! —

34 0.6 o3 0.6

z z

it 8

2 2

£ 21 0.4 £2 0.4
1 0.2 1 0.2
0+ 0.0 0 T T 0.0
1500 1550 1600 1650 1700 1750 1800 1500 1550 1600 1650 1700 1750 1800

Wavelength (nm) Wavelength (nm)

Fig. 5. Transmission profiles of the photonic crystal slab for plane wave excitation for
P-polarization (a) and S-polarization (b).

To quantify the difference between the fully simulated and synthesized beam we computed
the RMS difference between the transmission profiles for two different mesh accuracy settings,
as shown in Fig. 7. This reveals that for finer pupil sampling the difference decreases and the
fidelity of the field synthesis beam improves. However, the best RMS difference which can be
achieved seems to depend strongly on the general mesh accuracy of the simulations. For mesh
accuracy #2, the best achievable RMS difference is 3.8%, while for mesh accuracy #3 this is 2%.

This indicates that the main driver for the difference between the fully simulated and synthesized
beam is the mesh accuracy of the simulation itself. In other words, at a certain pupil sampling,
the accuracy of the field synthesized beam and the fully simulated beam is limited by the mesh
sampling and not the pupil sampling. Therefore, the observed difference in transmission profiles
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Fig. 6. (2) Transmission profile for the fully simulated focused beam, the field synthesized
beam with 7rings = 30 pupil sampling and plane wave. (b) and (c) Zooms of (a). (d)
Transmission profile of the synthesized beam for different pupil samplings. (e) and (f)
Zooms of (d).

5.0

—§— Mesh accuracy #2
4.5 4 —)— Mesh accuracy #3
4.0 1

w
w
1

RMS difference (%)
N w
%] o

N
o
1

=
w
1

1.0 T T T T T T T T
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

A© sampling (deg)

Fig. 7. RMS difference between the fully simulated and synthesized beam as function of
pupil sampling for mesh accuracy #2 (10 ppw) and #3 (14 ppw).
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lies in the meshing difference between the two simulations, as mesh staircasing can be a main
source of error in FDTD [29-31].

These results reveal computationally cost-effective pupil samplings, relative to the overall
accuracy of the simulation set by the meshing sampling. Good pupil samplings appear to be
at 0.8° sampling for mesh accuracy #2 and 0.5° sampling for mesh accuracy #3. For this mesh
accuracy and pupil sampling, the 91 plane wave simulations required for the field synthesis took
42h to compute, compared to the 70h of the fully simulated beam. The field synthesize method
is therefore not only more versatile but is faster to compute in order to reach a similar level of
accuracy.

Figure 8 shows the Poynting vector recorded by the fully simulated focused beam and the
synthesized Poynting vector for 2 different wavelengths (4 = 1800 nm and A = 1657 nm). For
1800 nm, the transmission difference between the fully simulated and synthesized beam is 2%
(54% vs 52% resp.) and the difference in Poynting vectors appears to be smooth with little
electromagnetic interaction inside the PC slab. Surprisingly, for 1657 nm the Poynting vector of
the field synthesized beam features more pronounced oscillations inside the PC slab with local
relative differences larger than 20%. Nonetheless, the overall flux is very similar between the two
simulations (2.2% vs 2.3%). These examples illustrate two cases. One case where the overall
transmission deviates relatively much, but the structure of the Poynting vector matches well and a
case where the overall transmission matches well, but the Poynting vector deviates more strongly.
We attribute these differences to the meshing accuracy and expect these differences to converge
with higher samplings at the expense of computational time.

Q  Fully simulated beam b Synthesized beam C
1800 nm, 54.5%T 1.0 1800 nm, 52.7%T 1.0 Relative difference (%)
20 20 20 50
_ 0.8 0.8
E1s 15 15 2.5
= 0.6 0.6
210 10 10 0.0
F 0.4 0.4
a -2.5
.5 5 5 :
> 0.2 0.2
o o o -5.0
o 5 10 15 20 90 5 10 15 20 00 0 5 10 15 20
d 1687 nm, 2.3%T 1.0 1687 nm, 2.2%T 1.0 f Relative difference (%)
20 20 A 20
_ 0.8 0.8
5 15 15 - 10
= 0.6 0.6
210 10 0
7 0.4 0.4
=3 -10
L5 5
> 0.2 0.2 oo
oos -20
0 0.0 00 0 . : . ,
0 5 10 15 20 : 5 10 15 20 : 0 5 10 15 20

x-position (pum)

x-position (um)

X-position (um)

Fig. 8. Poynting vector of the fully simulated beam (a) and synthesized beam (b) for
A = 1800 nm. (c) The relative difference between the (a) and (b). (d)-(f). Similar as (a)-(c)
but for A = 1687 nm.

4.2. Pupil shape impact

With the effectiveness and fidelity of the field synthesized transmission established, we next
investigated the effect of different pupils on the transmission profile, as shown in Fig. 9. The
Poynting vector, (Fig. 9(a)-c), is more confined for the airy and annulus pupil as expected and the
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airy ring is visible and more pronounced for the annulus pupil. Interestingly, the transmission
profiles of the airy disk and annulus deviate substantially from the Gaussian beam transmission
between 1500 and 1550 nm. The peak at 1520 nm of the Gaussian beam disappears for the Airy
and annulus pupil, but the peak at 1508 nm remains. This brief investigation shows how the pupil
shape can alter the transmission of PC filters, depending on the type of resonance features.

a gaussian 1.0 b airy 1.0 c annulus 1.0
20 ' 20 ' 20 '
2 0.8 z 0.8 z 0.8
El 15 3 15 E 15
c 06 C 0.6 T 0.6
S 10 £ 10 £ 10
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Z s s s
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0 0.0 0 0.0 0 0.0
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
Xx-position (um) X-position (um) x-position (um)
d e
1.0 0.8
0.8 A 0.6 -
S
‘w 0.6 1 0.4 T T 1
2 1500 1510 1520 1530
E 04 f Wavelength (nm)
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Fig. 9. (a)-(c) Synthesized Poynting vector for Gaussian (a), Airy (b) and annulus (c) pupil
apodization for A = 1687 nm. (d) Transmission profiles of the three pupil apodizations. (e)
and (f) Zooms of (d).

4.3. Aberration impact

Lastly, we assessed the impact of optical aberrations on the transmission profile of the PC slab.
For this we selected the Airy beam as is it the most commonly used pupil and 7, = 15 pupil
sampling (A@ = 0.33°). In this case the size of field synthesized beams are increased to +42
um, to fully capture the aberrated PSF. Figure 10 shows the synthesized PSFs for different
aberrations and the associated transmission profiles. This analysis reveals that the effect of
astigmatism is small on the transmission profile, whereas both coma and spherical do have an
impact on the transmission profile but affect different spectral regions. Coma appears to reduce
the transmission at 1530 nm whereas spherical aberration increases the transmission around 1540
nm. Furthermore, the transmission profiles shown in Fig. 10(d)-f appear more erratic and noisier
compared to the transmission profile computed using 30 rings (Fig. 9(d)). This indicates that the
Airy disk, in combination with aberrations is more sensitive to the pupil sampling and suggests
that a higher pupil sampling might be preferential for these cases. Figure 11 shows the RMS
difference in transmission as function of aberration level for three aberrations for 2 wavelength
bands [1500 — 1800] nm and [1500 —1580] nm. It appears that the transmission of this PC slab
is relatively robust against astigmatism, but sensitive to spherical aberration. Furthermore, the
transmission is generally more robust against aberrations in the [1580 —1800] nm band.

We believe that this type of analysis will be useful in tolerance studies. Optical design software
can produce thousands of aberration configurations, based on the mechanical tolerances of the
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optical components. These aberration configurations can be used to compute the associated
transmission profiles and in turn to assess the instrument performance, closing the performance
optimization loop. Another use case would be to assess the impact of aberrations induced
by thermal deformations of the instrument, generally experienced by flight instruments, or
misalignment caused by settling effects of optical components after launch. Structural Thermal
Optical Performance (STOP) analysis together with the angular spectrum field synthesis can
be used for end-to-end performance modeling of the full optical instrument. These proposed
workflows highlight the need for a cost-effective computationally implementation as presented in
this work.

5. Conclusion

Novel photonic crystal enabled spectrometers introduce an additional performance trade-off in
the form of the photonic crystal transmission; unique to this type of instrument. The photonic
crystal transmission, and by that the spectral reconstruction accuracy, has to be traded against
signal-to-noise, optical performance and imaging resolution. In this work we provide a tool
how to efficiently analyze and assess this trade-off. We show that, using angular spectrum
field synthesis, it is possible to compute transmission profiles for many different instrument
configurations, NA’s and aberration levels in a computationally efficient manor.

It appears that, for the photonic crystal slab used in this study, an angular sampling of 0.5° is
required to achieve an accurate result for a mesh accuracy #3 (14 points per wavelength) and
an angular sampling of 0.8° for mesh accuracy #2 (10 points per wavelength). Depending on
the type of resonances present in the PC slab in the wavelength band, a finer sampling might be
preferential in the case for an Airy or annulus pupil shape.

The presented method can be used to efficiently assess the impact of the pupil shape and optical
aberrations on the transmission. For the PC slab under study we find that the transmission is quite
strongly dependent on the pupil shape, for specific sharp resonances, whereas the other spectrally
broader feature appears more resilient. This behavior might differ for different photonic crystal
filters or depend on the type of electromagnetic resonances present in the filter. However, small
differences in transmission can already result in performance degradation in applications such as
computational spectroscopy [11] or gas measuring devices [2,14] where the exact transmission
profile directly influences the performance of the instrument.

We furthermore show that for this PC slab design optical aberrations affect different regions of
the transmission profile and described how such an assessment can be used in tolerance studies
and end-to-end performance modeling. Additionally, this method can be used for polarization
sensitive PC slabs and other nanophotonic filters such as metasurface filters [32,33]. In case of
polarization sensitive metasurface filters such as in [34], the workflow remains identical, except
in that case two pupil quadrants have to be simulated for two pupil polarizations.

The angular spectrum field synthesis method presented in this work is not only more versatile,
allowing for different pupils, aberrations and NA’s, the required plane wave simulations to reach
a similar accuracy as the fully simulated beam are almost twice as fast to compute compared
to a single configuration of a fully simulated focused beam. Therefore we believe that the
methodology presented here is therefore a useful tool to design these highly specialized optical
instruments.
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