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Highlights

What are the main findings?

e A miniaturized dual-channel airborne imaging spectrometer with a self-collimating
shared-optical-path configuration is proposed, and the design is predicted to support
simultaneous observation of SIF-related spectral radiance and vegetation-canopy
spectral reflectance without inter-channel temporal delay.

e An asymmetric double Babinet depolarizer is incorporated into the optical design,
and simulations indicate reduced system polarization sensitivity, thereby supporting
improved spectral-measurement accuracy.

What are the implications of the main findings?

e  The proposed optical configuration provides a compact and integrated design strategy
for airborne SIF spectral imaging systems and offers a design-stage basis for future
dynamic monitoring of vegetation physiological status at regional scales.

e  The proposed instrument concept is expected to support fine-scale airborne observa-
tions of vegetation ecology and has potential applications in near-surface validation of
spaceborne fluorescence products.

Abstract

Solar-induced chlorophyll fluorescence (SIF) provides a direct proxy for vegetation
photosynthesis-related information; however, under stress conditions, its relationship with
photosynthesis should be interpreted together with absorbed photosynthetically active
radiation by chlorophyll (APAR4,;) and non-photochemical quenching (NPQ). This study
presents a conceptual design of a compact dual-channel airborne imaging spectrometer for
synchronous observation of SIF-related spectral radiance and broadband vegetation-canopy
spectral reflectance (BR). A self-collimating shared-optical-path configuration is proposed
to reduce the system volume, yielding a simulated optical envelope of 205 x 150 x 120 mm?3.
Optical simulations predict spectral resolutions better than 0.3 nm over 670-780 nm for
the SIF channel and better than 2 nm over 400-780 nm for the BR channel. An asymmetric
double Babinet depolarizer is incorporated to reduce polarization-related errors, and the
simulated system polarization sensitivity is below 1%. The calculated stray-light ratios
of the SIF and BR channels are 0.553% and 0.287%, respectively. LightTools was used to
simulate the radiative transfer performance of the instrument under realistic scenes. Fur-
thermore, an end-to-end SIF retrieval simulation was performed to evaluate the retrieval
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capability of the proposed system. The results indicate that the proposed concept is theoret-
ically feasible and may support future quantitative SIF retrieval and the interpretation of
vegetation photosynthetic and stress-related processes.

Keywords: solar-induced chlorophyll fluorescence; photosynthesis; depolarizer
design; self-collimating

1. Introduction

In regional-to-global assessments of vegetation photosynthesis, vegetation indices
such as the normalized difference vegetation index (NDVI) and leaf area index (LAI) have
long been used as proxies for photosynthetic productivity [1,2]. However, these metrics
are indirectly linked to the underlying physiological processes. Numerous studies have
shown that growing seasons derived from NDVI or LAI are often significantly longer than
those inferred from gross primary productivity (GPP) or flux-based observations [3,4]. In
contrast, solar-induced chlorophyll fluorescence (SIF) originates directly from the energy
partitioning processes of photosynthesis; therefore, it serves as a more physiologically
meaningful indicator of photosynthetic activity.

SIF arises from the re-emission of the fraction of absorbed photosynthetically ac-
tive radiation that is not utilized in photochemistry or dissipated via non-photochemical
quenching (NPQ). Studies from leaf to canopy scales consistently demonstrate a positive
correlation between SIF and photosynthetic activity [5,6]. As illustrated in Figure 1, SIF
acts as a direct, non-invasive probe of photosynthesis, characterizing the efficiency of
photosynthetic electron transport and the state of light energy utilization. It is highly
sensitive to functional changes induced by light, temperature, and water stress, and can
reveal drought-driven declines in photosynthesis prior to observable canopy structural
responses [7,8]. Consequently, SIF outperforms traditional vegetation indices in capturing
the spatiotemporal dynamics of photosynthesis and in assessing ecosystem responses to
climate variability and environmental stress, and has become a key parameter in global
carbon cycle monitoring and functional vegetation remote sensing.

Figure 1. Relationship between SIF and vegetation ecology.

Under non-stress conditions, SIF is positively correlated with the photosynthetic
rate and can serve as an indicator of photosynthetic productivity. However, under stress
conditions such as high irradiance, drought, and low temperature, the SIF signal is jointly
regulated by photochemical quenching (PQ) and NPQ. During mild drought, vegetation
typically enhances photoprotective processes by upregulating NPQ, thereby increasing
thermal dissipation, reducing chlorophyll fluorescence quantum yield, and suppressing
SIFE. In contrast, the response of photosynthetic productivity to drought is often delayed or
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relatively weak due to the combined effects of irradiance variability and stomatal regulation.
Consequently, if NPQ is not considered, reductions in SIF may be erroneously interpreted
as declines in photosynthetic productivity. Moreover, fluorescence radiance is driven by
incident illumination and is fundamentally determined by absorbed photosynthetically
active radiation by chlorophyll (APAR.,;). Accurate retrieval of fluorescence quantum
efficiency therefore requires effective separation of chlorophyll absorption from that of other
vegetation components. Based on the spectral absorption characteristics of chlorophyll, this
requirement has motivated a focus on the 400-500 nm and 600-700 nm spectral regions [9].
Accordingly, to better interpret the relationships among SIF, plant photosynthesis, and
stress-related responses, an additional spectral channel is required to provide broadband
spectral reflectance information, which is expected to support the estimation of NPQ- and
APAR y,-related processes [10].

SIF remote sensing platforms mainly include ground-based, airborne, and spaceborne
systems. At present, satellite observations are largely constrained by coarse spatial resolu-
tion, discontinuous spatial sampling, and long revisit cycles, making them inadequate for
high-precision, dynamic SIF monitoring at regional scales. For example, the Tropospheric
Monitoring Instrument (TROPOMI) onboard Sentinel-5P [11] provides daily global cov-
erage. During the initial mission phase, its spatial resolution was 3.5 x 7 km, which was
insufficient to resolve fine-scale heterogeneity within croplands and forested areas. The
dedicated SIF payload, the Solar-Induced Chlorophyll Fluorescence Imaging Spectrometer
(SIFIS) [12], has a swath width of 34 km and requires 1-2 months to achieve global coverage.
Although ground-based or laboratory instruments offer high accuracy, their site-based
monitoring provides limited spatial coverage. In this context, lightweight and compact
airborne SIF imaging spectrometers are expected to bridge the scale gap between satellite
and ground-based observations and, when combined with flexible flight strategies, support
fine-scale spatiotemporal characterization of ecosystem carbon-water coupling processes.

Among currently mature airborne SIF remote sensing systems, the High-Performance
airborne imaging spectrometer (HyPlant) [13] is one of the few capable of simultaneously
acquiring SIF and vegetation canopy spectral reflectance. The system consists of two
independent spectrometers, and the SIF module alone weighs 25 kg, imposing stringent
constraints on payload capacity and flight endurance. In contrast, the Chlorophyll Fluores-
cence Imaging Spectrometer (CFIS) [14], the fluorescence imaging of red and far-red light
yield (FIREFLY) [15], and the imaging spectrometer developed by Yu et al. [16] primarily
provide fluorescence spectral information, but lack synchronous acquisition of key parame-
ters such as canopy reflectance. The main parameters of these instruments are summarized
in Table 1.

Table 1. Airborne SIF imaging spectrometer systems.

Name/Author Spectrometer Name F Number Band Range (nm) SpeF tral Weight (kg)
Resolution (nm)
HvPlant FLUO 1.7 670-800 0.25 25
y DUAL 17 370-2500 3.00/10.00 (FLUO only)
CFIS CSIF 2.5 737-772 <0.10 ~100
FIREFLY Fluorescence 2.5 670-780 0.10-0.20 6.3
Yu et al. - 2 670-780 0.30 -

Additionally, since imaging spectrometers employ components such as gratings and
mirrors that exhibit strong polarization sensitivity, the instrument response is determined
not only by the target radiance but also by the polarization state of the incident light.
Solar radiation becomes polarized or partially polarized after scattering by atmospheric
molecules and aerosols [17], while specular reflection from the leaf cuticle/wax layer
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introduces pronounced partial linear polarization [18]. These effects make the polarization-
dependent response of imaging spectrometers more prominent, directly degrading the
accuracy of radiometric measurements and retrievals [19]. Moreover, stray light is another
major error source contributing to uncertainty in SIF radiance measurements. Therefore,
to ensure measurement accuracy, the system design should incorporate both polarization-
sensitivity control and stray-light suppression.

To address these challenges, this study presents a conceptual design of a compact
airborne dual-channel imaging spectrometer intended for the synchronous observation of
vegetation-canopy spectral radiance and spectral reflectance. One channel is dedicated to
SIF detection, while the reflectance channel provides spectral information that may support
the estimation of NPQ- and APARy-related processes. Based on the optical path of the SIF
channel, a self-collimating configuration is introduced to reduce optical volume. To ensure
radiometric accuracy, an asymmetric double Babinet depolarizer is designed for system-
level depolarization. LightTools is used to simulate the radiative transfer performance of
the instrument. The scope of this paper is limited to initial optical design and feasibility
analysis, including optical system evaluation, simulated stray-light analysis, theoretical
signal-to-noise ratio (SNR) calculation and end-to-end simulation of SIF retrieval. The
main contents of this paper include optical system design and evaluation, stray-light
analysis and suppression, and theoretical SNR analysis. Section 2 describes the observation
objectives and requirements of the shared-optical-path dual-channel imaging spectrometer.
Section 3 presents the optical design methodology and results. Section 4 analyzes the stray
light, theoretical SNR and SIF-retrieval simulation of the proposed instrument. Section 5
discusses the results, and Section 6 concludes the study.

2. System Design Specifications
2.1. Requirement Analysis of the SIF Channel

SIF retrieval is challenged by its weak signal and its superposition on canopy-reflected
radiance [20]. Therefore, absorption dark lines in the solar irradiance spectrum are com-
monly used for SIF extraction. Within an absorption line, the incident solar irradiance and
vegetation-reflected radiance are relatively reduced, while the filling-in effect caused by
fluorescence becomes more pronounced, providing favorable conditions for SIF retrieval.
The observation principle of SIF and broadband reflectance signals is shown in Figure 2.
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Figure 2. Observation principle of SIF and broadband reflectance signals.
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The classical SIF retrieval algorithm, Fraunhofer Line Discrimination (FLD) [21], uses
the apparent radiances of two spectral bands: one located inside the Fraunhofer line and
the other outside the Fraunhofer line, denoted as L;,, and Ly, respectively. When these
two bands are sufficiently close, the vegetation reflectance r and fluorescence value F;
are assumed to remain approximately constant between them. Once the incident solar
irradiance and the canopy upwelling radiance are known, the fluorescence signal can be
derived as follows:

{ Liw=r1-Epn/m+Fs HF:Eout’Lin_Lout'Ein
Lout = 1+ Eout / 70 + Fs ° Eout — Ein

(1)

where E;;, and E,; represent the incident solar irradiance inside and outside the Fraunhofer
line, respectively. The radiance of the vegetation target can be directly obtained using the
instrument after laboratory radiometric calibration, while the incident solar irradiance can
be inversely derived from pre-flight measurements of a standard diffuse reflectance panel
with known reflectance.

SIF is an electromagnetic signal emitted by chlorophyll-a in green leaves within the spec-
tral range of 650-800 nm. In this range, there are several narrow atmospheric O, absorption
lines and solar Fraunhofer lines (0.1-10 nm) [22,23]. The O, absorption windows centered at
687 nm (O2-B) and 760 nm (O,-A) nearly overlap with the SIF emission spectrum. Moreover,
retrieval methods based on atmospheric O, absorption lines generally show better stability
and applicability. Therefore, the instrument design in this study is based on the atmospheric
oxygen absorption bands. To avoid the effects of water vapor absorption at the upper end of
this spectral interval, the spectral range of the SIF channel is selected as 670-780 nm.

The detection and retrieval of weak SIF signals place stringent requirements on the
spectral resolution (SR) and SNR of the instrument [24]. Previous studies have carried out
extensive field experiments to determine the optimal SR for SIF detection and retrieval [25].
The results show that the best separability between fluorescence emission and background
reflectance is achieved with an SR of approximately 0.3 nm. Here, SR represents the
minimum spectral feature width that can be resolved by the instrument. In contrast, the
spectral sampling interval (SSI) defines the wavelength spacing between adjacent detector
spectral samples. To avoid spectral aliasing in the measured signal, an SSI of 0.1 nm was
selected considering the characteristic shape of the spectral radiance curves within the
spectral range covered by the instrument.

The SNR requirement for high-precision SIF retrieval depends on the required accuracy
of vegetation fluorescence measurements. The FLEX mission proposed that SIF should
be retrieved with a measurement accuracy of 10%, and extensive algorithm and model
studies were conducted to determine the optimal SNR values. The results show that, for
one spatial sampling distance (SSD), an SSI of 0.1 nm, and typical vegetation radiance at
the top of atmosphere (TOA), the minimum SNR requirements are 115 in the O,-A window
and 175 in the O,-B window. These values can be converted to equivalent minimum SNR
requirements of approximately 200 and 303 at an SR of 0.3 nm according to the relationship
SNR o /AA. Based on this conversion, the minimum SNR requirement of the proposed
instrument is defined in this study.

2.2. Requirement Analysis of the BR Channel

Vegetation stress mainly refers to disturbances in photosynthetic function caused by
biotic or abiotic factors, including drought, excessive illumination, temperature variations,
water-balance abnormalities, pests, and diseases. These stress factors can alter plant
photochemical utilization, fluorescence emission, and NPQ processes, and therefore can be
reflected in optical indicators such as SIF and canopy reflectance.
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The photochemical reflectance index (PRI) has a clear and direct relationship with
NPQ, and can be used to quantitatively characterize NPQ-related heat dissipation [26].
PRI is defined as the normalized difference between the reflectance at 531 nm and 570
nm. The subtle spectral variation near 531 nm is closely related to the physiological status
of vegetation; therefore, PRI is sensitive to wavelength position and spectral bandwidth.
Previous studies have shown that an SSI of 1 nm is sufficient for PRI extraction [27]. To
reduce the influence of canopy structure, such as leaf inclination angle, on narrow-band
reflectance measurements, it is necessary to measure the full spectral dynamic variation
over the 500-600 nm range [25].

In vegetation reflectance spectra, the red edge within 680-760 nm, together with its
position and slope, is highly sensitive to variations in chlorophyll content and canopy
absorbed photosynthetically active radiation (APAR), and can provide constraints on the
radiative transfer and absorption background of fluorescence signals [28,29].

In summary, to better support the potential interpretation of dynamic fluorescence
variations in relation to actual photosynthetic activity and vegetation health status, a
canopy-reflectance observation channel synchronized with the SIF channel is required to
acquire canopy spectral reflectance over 400-780 nm. Since the red edge and chlorophyll
absorption features in vegetation reflectance spectra are broad spectral features, an SR of
2 nm and an SSI of 0.66 nm are sufficient to meet the measurement requirements.

The observation objectives of each spectral band of the dual-channel imaging spec-
trometer studied in this paper are summarized in Table 2.

The primary design challenge lies in the fluorescence channel. To simultaneously
achieve high SNR and sub-nanometer SR, a large numerical aperture is required; here,
an F-number of 2.2 is adopted. The instrument is designed as a UAV-borne push-broom
imaging spectrometer consisting of a telescope module and a spectrometer module, with
a system magnification of 1. To ensure radiometric accuracy, system specifications for
polarization sensitivity and stray light are defined in accordance with the requirements of
the Fluorescence Explorer (FLEX) mission of the European Space Agency (ESA) [25]. The
detailed design parameters are listed in Table 3.

Table 2. Characteristic spectral bands of the two channels and their corresponding observation targets.

Spectral Band/nm  Spectral Resolution/nm  Spectral Sampling Interval/nm Detection Target Channel Name
400-500 Chlorophyll absorption
500-600 PRI
600700 2 0.66 Chlorophyll absorption PR Channel
680-760 Red edge
677-697 SIF (O,-B)
755-780) 0.3 0.1 SIF (0,-A) SIF Channel
Table 3. Design parameters of the dual-channel imaging spectrometer.
Parameters SIF Channel BR Channel
band/nm 670-780 400-780
SR/nm <0.3 <2
SSI/nm 0.1 0.66
F number 22
Field of view (FOV)/° 16 x 0.065
Slit size (length x width)/mm 7.4 x 0.033

Detector pixel size/pm

11 x 11 (2048 x 2048 pixels)

Spatial pixel binning 6 pixels
Stray light ratio <1%
Linear polarization sensitivity <1%
SNR >200@0,-A, >300@0,-B >400
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3. Optical System Design
3.1. Telescope System

The requirements for high SNR and miniaturization impose stringent constraints on
the telescope performance. An off-axis two-mirror configuration is adopted due to its
unobscured aperture, compact structure, near-diffraction-limited imaging performance,
image-space telecentricity, and large relative aperture with high light-gathering capability.
As an all-reflective system, it eliminates chromatic aberration and reduces energy loss
compared with transmissive designs. The main design parameters are listed in Table 4.

Table 4. Design parameters of telescope system.

Parameters Wavelength/nm Focal Length/mm  FOV/®  Off-Axis Angle/°
Value 400-780 29 +8 22

After theoretical analysis and optimization, the system meets the design specifications
with excellent imaging quality. The three-dimensional model exported from ZEMAX is
shown in Figure 3a.

2:0.59.
2-0.78:

e OTF

05

Modulus of th

0 0.8 1.6 24 32 4.0 4.8 56 64 72 8.0
Spatial Frequency in cycles per mm

Spot Diagram

(b) (©)

Figure 3. (a) Three-dimensional model of the telescope system, (b) MTF curves, and (c) spot diagram.

The modulation transfer function (MTF) is used to evaluate telescope imaging perfor-
mance. The system Nyquist frequency N is calculated as [30]

N =1000/2/N; (2)

where Nj is the detector pixel size (um). Considering 6-pixel binning in the spatial dimen-
sion, N is set to 8 cycles/mm. As shown in Figure 3b,c, the MTF of the telescope exceeds
0.9 at the Nyquist frequency, and the RMS spot radii for all five fields are below 2 um,
demonstrating excellent imaging performance.

3.2. Asymmetric Double Babinet Depolarizer Analysis

To mitigate the impact of the incident polarization state on the instrument response, a
depolarizer is typically placed in the fore-optics to minimize measurement errors caused
by the polarization sensitivity of optical components. Given the SIF channel’s high SR
of 0.3 nm, we employ a double Babinet depolarizer to achieve broadband depolarization
across the full spectral range for all polarization states. A conventional double Babinet
depolarizer consists of two identical horizontal-vertical (H-V) depolarizer pairs, denoted as
H-V-1 and H-V-2, whose optical axes are rotated by 45° relative to each other. The wedge
angles of H-V-1 and H-V-2 are denoted by 1 and 3, respectively.
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Owing to crystal birefringence, a single object point is split into four image points
after passing through the depolarizer, as shown in Figure 4b, which degrades the imaging
quality of the instrument. In the spectrometer designed in this study, the spectral pixels
remain unbinned with a pixel size of 11 um, whereas the spatial pixels are binned to 66 pm.
Therefore, the depolarizer is rotated by 45° about the z-axis so that the short axis (Hj) of the
parallelogram formed by the four images is aligned with the spectral dimension, as shown
in Figure 4c, thereby reducing the influence of image separation on the spectral dimension.
Increasing 81 and f3, improves the depolarization performance, but also leads to increases
in H; and Hy, respectively. Therefore, an asymmetric double Babinet depolarizer [31],
namely B; # B,, is adopted to balance depolarization performance and image quality.

Depolarizer Rotate 45°
ce e, o
{ orF 00
h2 -
L =
\

H2

() (b) ©

Figure 4. Schematic of spot separation after a double Babinet depolarizer: (a) incident object point;
(b) four separated image points; (c) spot distribution after rotating the depolarizer by 45°.

The Mueller matrix of a conventional double Babinet depolarizer has been derived in
detail in [32]. For the asymmetric configuration, the average Mueller matrix Mpg can be
obtained from the Mueller matrix of the H-V depolarizer combined with rotation matrices
and pupil integration:

1 0 0 0
i~ |0 2h(&)/& J(D-)/D- —i(D+)/D+ 0 3)
PP o 0 2J1(61) /61 0
0 0 0 Ji(D-)/D—-+J1(D+)/D+

where [; represents the first-order Bessel function, D+ and é; are defined in Equation (4).

(4)

Di =/} £ 2610, + &
0; =4mn(n, —no)RtanB1/A, (i = 1,2)

ne — 1, denotes the birefringence of the material at a given wavelength A; R is the
entrance pupil radius.

To limit image degradation, the separation between the o- and e-rays on the detector
is constrained to be less than half a pixel [31]. With a single spectral pixel size t = 11 pum,
the condition becomes

{ H, = 2dysin(45°) < ¢/2 6

dl = ftan[(ne — 1’10),31]

where f is the telescope focal length. Quartz was selected as the depolarizer material; its
birefringence dispersion curve is shown in Figure 5a.

For the system designed in this study, the entrance pupil radius R is 6.59 mm. As-
suming incident linearly polarized light, the output Stokes vector was used to analyze
the effects of wavelength, incident polarization angle, and j,. Based on this analysis, the
final wedge angles were set to f; = 0.78° and $, = 1.6°. After integration over the full
entrance pupil, the residual degree of polarization (Rpop) remains below 3% across the
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entire operating wavelength range and for all incident polarization angles considered. The
result is shown in Figure 5b, where ¢ represents the polarization angle of linearly polarized
light with different orientations.

Qu::nz birell'ringenc'e A n():) (T=2(') C) ﬂl=0.78 s ﬂz=1.60 , R=6.59 mm

— ¢=0°
251 ¢=30°

$=60" /\
|~ ¢=90"

Residual DoP P (%)
in

8.9 s s s L s s s 0 s A s
400 450 500 550 600 650 700 750 800 400 450 500 550 600 650 700
Wavelength (nm) Wavelength (nm)

750 800

(a) (b)

Figure 5. (a) Birefringence of quartz; (b) residual degree of polarization curves for linearly polarized
light at different polarization angles versus wavelength.

Since the proposed optical system includes polarization-sensitive components such
as mirrors, beam splitters, and gratings, its intrinsic polarization sensitivity must be eval-
uated through simulation. In the modeling, appropriate coatings are assigned to each
element: (1) mirrors are modeled with a silver coating, whose complex refractive index
n + ik is taken from Figure 6a [33]; (2) for the beam splitter, a 50:50 cube beam splitter from
Thorlabs was selected for analysis. The transmission and reflection efficiency curves for S-
and P-polarized light are shown in Figures 6¢ and 6d, respectively; (3) all lens surfaces are
coated with anti-reflection (AR) films; and (4) the volume phase holographic transmission
(VPHT) grating in the SIF channel and the plane reflection grating in the BR channel are
approximated using AR and silver coatings, respectively. Since atmospheric scattering
mainly induces linear polarization, with negligible circular polarization, linear polarization
sensitivity (LPS) is used to quantify system polarization response. LPS is defined as

LPS = /M2, + M2,/ My, 6)

where M11, M1y, and Myj are the first three elements of the first row of the system Mueller
matrix. In ZEMAX polarization analysis, horizontally, vertically, +45°, and —45° linearly
polarized light was sequentially input, and image-plane irradiance was recorded. These
irradiance measurements were then used to calculate Mj1, M1y, and My3. As shown in
Figure 6e f, the calculated LPS values remain below 5% across the full operating wavelength
range for both the central field (0°) and the edge field (8°) of each channel.

Based on the published S-P diffraction-efficiency differences in comparable Thorlabs
VPHT gratings, a conservative 15-percentage-point LPS margin was adopted, yielding
a worst-case estimate of LPSy < 20%. According to the Mueller-Stokes formalism [34],
under the worst-case assumption of fully linearly polarized incident radiation (DOP = 1),
the maximum polarization-induced relative response is given by

LPS = DOP - Rpop - LPSy < 0.6% (7)

This indicates that the total system LPS is below 1%, satisfying the requirements for
SIF and vegetation reflectance measurements [25].
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Figure 6. System polarization characteristics: (a) complex refractive index of silver; (b) reflectance
curves of S- and P-polarized light for silver-coating mirror; (c) transmittance curves of S- and P-
polarized light for the cube beam splitter; (d) reflectance curves of S- and P-polarized light for the
cube beam splitter; (e) LPS curves of the SIF channel; (f) LPS curves of the BR channel. (Note: LPS is
linear polarization sensitivity; S and P correspond to s- and p-polarized light, respectively; the green
shaded region in (d) indicates the parameters used for the SIF channel.)

3.3. Spectrometer System

To avoid vignetting at the interface between the telescope and spectrometer modules,
the spectrometer should be designed as an object-space telecentric system. Its numerical
aperture should be no smaller than that of the telescope to maintain efficient optical
throughput; therefore, the F-number of the spectrometer is also set to 2.2. Under this
constraint, the SIF channel must still achieve an SR of 0.3 nm, which imposes significant
limitations on typical spectrometer architectures. The traditional Czerny-Turner structure
requires aspheric or even toroidal optics to correct severe aberrations at a small F-number.
Prism-Grating—Prism and Dyson configurations are limited by dispersion capability and
cannot meet the SIF channel resolution requirement. Although the Offner configuration
offers good imaging performance, its convex grating exhibits low first-order diffraction
efficiency, typically 25—40%, resulting in an overall spectrometer transmittance of about
30%. Moreover, convex gratings involve higher fabrication difficulty and substantial
customization cost.

In addition, Coded-Aperture Snapshot Spectral Imaging (CASSI) and single-shot
hyperspectral imaging systems with learned diffractive optics have recently emerged as
promising compact snapshot hyperspectral imaging techniques, with great potential for
system miniaturization. However, existing studies show that their SR is generally at the
5-10 nm level [35-38], which does not meet the key requirements of this study. Therefore, a
transmissive imaging spectrometer architecture is adopted, with a VPHT grating as the
core dispersive element. Under Bragg conditions, the theoretical diffraction efficiency of a
VPHT grating can approach 100%, significantly improving optical throughput.
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For a plane grating, the spectral dispersion width A\, on the image plane can be
estimated as
Aldisp = A/\range x k X dpix /A/\samp (8)

where AAyqnge is the spectral range of the working band, k is the sampling factor; dpix
represents the width of a single pixel; and AAsump is the SSI. The linear dispersion of the
grating Alyis, / AArange is related to the focal length of the imaging lens f] and the grating
constant 4 as follows:

Aldisp/A/\mnge =mX fll/d/ cos (pl/ cosw 9)

where w is the angle between the spectrometer image plane and the plane perpendicular to
the optical axis, ¢’ is the diffraction angle at a given wavelength, and m is the diffraction
order. Based on the analysis in Section 2, the sampling factors k and AAsnge of the two
channels are known. Once the f] is selected, the grating constant d can be determined.
The distortion of an imaging spectrometer is characterized by spectral line curvature,
namely smile, and chromatic distortion, namely keystone. In the SIF channel, the use of
a high-line-density grating results in spectral line curvature on the order of hundreds of
micrometers. Introducing a prism before the grating, with spectral line curvature opposite
to that of the grating, can effectively correct the smile distortion.
The spectral smile induced by prism dispersion is given by Equation (10):
Ayy = —x%sina - (n? —1)
P 2nfl cos® cost),

(10)

where « is the prism apex angle; 6] and 6} are the refraction angles at the first and second
prism surfaces; x is the slit length; and # is the prism refractive index.
The spectral smile introduced by a plane grating is expressed in Equation (11):

kAx2

=" 11
2df{ cos ¢’ ()

Aye

From the above two expressions, Ay, < 0 and Ay > 0, indicating opposite curvature

directions. By combining prism and grating, complete smile compensation at a given
wavelength can be achieved when

Ay = Ayp +Ayg =0 (12)

The dispersive element of the SIF channel adopts a VPHT grating. In the practical
optical design, to avoid an excessively large prism apex angle, the grating is rotated by a
certain angle and slightly deviated from the Bragg condition to obtain a more reasonable
optical configuration. The layout of the transmissive P-G element is shown in Figure 7a,
where MO denotes the spectrometer slit. From geometric relations and Snell’s law,

0] = arcsin[sin 6, /]
67 = arcsin[n,, sin(a — 6])] (13)
p=0,—¢=0,—p+w

where A is the central wavelength; ¢ is the angle between the grating surface and the prism
exit surface; in Figure 7a, the purple dashed line is parallel to the y-axis; and w is the grating
tilt angle relative to the y-axis. Once the prism material is determined, the prism apex
angle « and the parameter w are obtained by numerical solution combined with the grating
equation. Owing to the high groove density in the SIF channel, high-refractive-index prism
material is required to prevent excessively large prism apex angles.
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The BR channel employs a plane reflection grating for spectral dispersion, with a
prism also placed in front of the grating to correct spectral smile. To realize synchronous
detection with two different SRs, a shared-telescope configuration combined with separate
spectrometers is commonly adopted in related studies [39]. However, this configuration
leads to a bulky rear optical path and a complex system structure. If, on the basis of a
shared telescope, the collimating and imaging lens groups can be further shared by different
spectral channels, the system volume can be significantly reduced. Therefore, in the design
of the BR channel, the existing collimated optical path of the SIF channel is directly reused.
By introducing a beam splitter and a plane reflection grating, the diffracted beam of the BR
channel is redirected back into the collimating lens group for imaging, thereby forming
a self-collimating configuration. The optical layout is shown in Figure 7b. Compared
with a single SIF channel, only one additional grating and prism are required to achieve
dual-channel synchronous detection, greatly improving optical path utilization.

I Collimator
1 , (Imager)
X 1
0 i
o
L, ~
le—1¢
L, ]
o1 =
Detector /
Prism Grating Prism Grating

@) (b)

Figure 7. Layout of the prism-grating component: (a) SIF channel; (b) BR channel. (Note: The colored
arrows indicate light rays at different wavelengths.)

In a self-collimating spectral imaging system, slit off-axis displacement introduces
various off-axis aberrations. To balance the aberrations at the central wavelength, the
height L; of the slit center relative to the optical axis can be set equal to the height L, of
the central-wavelength diffracted image point on the image plane. In this case, the off-axis
angles corresponding to the incident beam and the central-wavelength diffracted beam in
the collimating/imaging lens group have equal magnitudes but opposite directions, which
is beneficial for aberration balancing.

To calculate the initial parameters of the P-G structure in the BR channel, the P-G
structure is simplified as the two-dimensional model shown in Figure 8, and the prism is
designed as a right-angle prism to simplify the calculation process.

Figure 8. Schematic diagram of P-G component of BR channel.
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For the self-collimating optical configuration, the incident beam and the diffracted
beam each pass through the prism once, and their propagation paths inside the prism
are different. Therefore, the spectral smile introduced by the two passes through the
prism should be calculated separately. According to Equations (10)-(12), when the
central wavelength satisfies Equation (14), the spectral smile at this wavelength can be
completely eliminated,

Ayp1 + Aypy + Ayg =0 (14)
This means that:
2 2 2
. -1 1 1 kA
_x“sina - (n ) ; . ; ; 0X B (15)
2nfq cosijcosi, cosizcosiy’  2dficos @y

According to the geometric relationship, Snell’s law, and the grating equation, the
initial parameters can be calculated using the following equations:

uy = arctan(Lq/ f1) — i1 = & — u3 — i} = arcsin(sini; /n)

ip =« — i} — i}, = arcsin(n sini)

@2 = ih+w — @), = arcsin(mAy/d — sin ¢;) (16)
i3 = @) +w — iy = arcsin(siniz/n)

iy = if + &« — iy = arcsin(nsiniy)

where L, is the off-axis height of the slit; f is the focal length of the collimator; « and n are
the prism apex angle and refractive index, respectively; Ag and d are the central wavelength
and grating constant of the BR channel, respectively. By adjusting the grating tilt angle w
relative to the y-axis, L = L can be achieved. Once L4, f1, A, and d are determined, the
initial parameters of the P-G structure in the BR channel can be obtained by numerically
solving the above five equations, followed by further optimization and correction using
optical design software.

Following the above procedure, the prism material, prism apex angle, and grating
tilt angle required for the two spectral channels were calculated. After optimization, the
spectral smile of both channels was successfully reduced to 5 um. As for keystone distortion,
since the working spectral range of the proposed imaging spectrometer is not broad, good
correction can be achieved using the lens group. The final parameters of the BR and SIF
channels are listed in Table 5.

Table 5. Design parameters of dual-channel imaging spectrometer.

Parameters BR Channel SIF Channel
AMrange/nm 400-780 670-780
Ag/nm 590 725
AMsamp /nm 0.66 0.1

k 3 3
dpix/llm 11 11
w/° 47 33
w/° -1.5 49
o/ —0.6°/8.4° —28.9°/27.3°
m -1 1
Grating constant/mm 1/230 1/1300
Material of Prism H-K9L H-ZLAF89L

3.4. Optical System Performance

Based on the parameters above, the telescope system, spectral imaging system, and
double Babinet depolarizer were jointly integrated and optimized to satisfy the overall
imaging-performance requirements. The final two-dimensional layout of the complete
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Cube beamsplitter

T/

optical system is shown in Figure 9. After depolarization at the entrance pupil, target
radiation is focused by the telescope onto the slit and then enters the spectrometer. A
bandpass filter placed before the slit suppresses out-of-band stray light, and a plane mirror
behind the slit folds the optical path to prevent spatial interference between the telescope
and the detector of the BR channel. The shared collimator consists of four lenses, followed
by a cube beam splitter for 50:50 splitting. The reflected beam enters the SIF channel, where
the transmissive P-G element performs spectral dispersion and the Imager-2 lens group
forms the image. Filter-2 is a long-pass filter, which prevents short-wavelength light from
the BR channel (400-670 nm) from entering the SIF channel and causing inter-channel
crosstalk. The transmitted beam is diffracted by the reflection grating (Prism-Grating-1),
redirected back into the collimator, and reimaged to form the BR channel. The three-
dimensional layout of the complete system is shown in Figure 10, with an overall optical
envelope of 205 mm X 150 mm x 120 mm.

Detector-2

Depolarizer

i\

S {11111
6.0

Imager-2

Stop

Prism-
Grating-1

Prism
Grating-2

Collimator

Vov,, !

Y % &
Collimat X < £ PO
b Loy ke
(a) (b)

Figure 9. Two-dimensional diagram of the imaging spectrometer: (a) BR channel; (b) SIF channel.

Figure 10. Three-dimensional diagram of the dual-channel imaging spectrometer system.

Figure 11a—f shows the MTF curves for the system. The MTF exceeded 0.9 at the
Nyquist frequency of 8 cycles/mm at the central and edge wavelengths across all evaluated
FOVs. The worst-case nominal MTF is 0.93, occurring at 590 nm and the maximum field in
the BR channel.
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Figure 11. MTF curves for different wavelengths at the fields between —8° and 8°. BR channel:
(a) 400 nm, (b) 590 nm, (c) 780 nm; SIF channel: (d) 670 nm, (e) 725 nm, (f) 780 nm.

Spot-diagram performance was also evaluated at different field angles using the
maximum, minimum, and central wavelengths of each channel, as shown in Figure 12. The
largest RMS spot radius is 8.985 um, occurring at 590 nm and the maximum field in the BR
channel, which is smaller than one pixel. The performance of MTF curves and spot diagram
indicates that the system provides excellent imaging quality and spatial resolution.
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Figure 12. The spot diagrams for different wavelengths at the fields between —8° and 8°. BR
channel: (a) 400 nm, (b) 590 nm, (c) 780 nm; SIF channel: (d) 670 nm, (e) 725 nm, (f) 780 nm.
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Smile and keystone are key metrics for evaluating imaging spectrometer perfor-
mance. After correction, the smile and keystone of the SIF and BR channels are shown in
Figure 13a—d. The maximum absolute smile is 4.2 um, occurring at 780 nm and the max-
imum field in the BR channel. The maximum absolute keystone is 5.4 pm, occurring at
780 nm and the maximum field in the SIF channel. All values are within half of a detector
pixel, indicating effective correction of spectral smile and keystone distortion.

- |
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Figure 13. Smile and Keystone optimization results for BR channel: (a) Smile, (b) Keystone; SIF
channel: (c) Smile, (d) Keystone.

Finally, the SR of the system was evaluated. In this study, SR is defined as the full width
at half maximum (FWHM) of the instrument spectral response function for a monochro-
matic slit input. In Zemax, the image-plane energy distribution of the monochromatic slit
image is obtained using geometric image analysis. The SR is calculated as

w
A)\SR _ WFWHM

dy/dA 17)

where AAgg is the SR, wrwrm is the FWHM of the monochromatic slit image in the disper-
sion direction, and dy/dA is the average linear dispersion, calculated from the image-plane
dispersion length corresponding to the wavelength interval of each channel. The parame-
ters used for SR calculation are listed in Table 6.

Table 6. Parameters used for spectral-resolution calculation.

Parameters BR Channel SIF Channel
Band range/nm 400-780 670-780
dA/nm 380 110
dy/mm 6.894 12.568

For the SIF channel, five representative wavelengths were input, and the field width
was set to a single slit width. The image-plane energy distributions are shown in Figure 14a,
from which the corresponding wrwps values were extracted. The BR channel was evalu-
ated in the same manner. The calculated SR results are shown in Figure 14b,c. The results
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indicate that the worst-case SR is better than 1.7 nm for the BR channel and better than
0.26 nm for the SIF channel, both satisfying the design requirements.
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Figure 14. Spectral-resolution evaluation results: (a) image-plane energy distributions of monochro-
matic slit images for the SIF channel; (b) calculated SR results of the BR channel; (c) calculated SR
results of the SIF channel.

Unless otherwise specified, the MTF, spot diagrams, smile, keystone, and SR results
reported in this section are nominal results obtained from the optimized optical design
without considering manufacturing and alignment errors. A Monte Carlo tolerance analysis
of the MTF is presented separately in Section 3.5.

3.5. Tolerance Analysis for the Dual-Channel Imaging Spectrometer

For the designed optical system, tolerance analysis was performed to evaluate the
expected effects of manufacturing and alignment errors on imaging performance, and
is therefore indispensable before fabrication. In this study, sensitivity and Monte Carlo
analyses were used for tolerance evaluation, with an MTF value greater than 0.7 adopted
as the performance criterion. The tolerance allocation results are summarized in Table 7.
Starting from relatively loose initial values, the tolerances were iteratively tightened to
ensure the optical performance. In the Monte Carlo analysis, 800 trials were performed
using a normal distribution for all tolerance perturbations, with back-focus compensation
applied to refocus the system after each perturbation. The analysis results indicate that
the performance is most sensitive to the decenter and tilt of optical surfaces and elements,
making these tolerances the most restrictive.

Table 7. Tolerance allocation results.

Parameters Value Parameters Value
Curvature Radius/mm +0.03 Thickness/mm +0.05

Eccentric distance of lens +0.02 Inclination of lens surface/° +0.04

surface/mm
Eccentric distance of lens 1002 Inclination ofolens 1004
element/mm Element/
Refractive index +0.001 Abbe number % +0.5

The cumulative probability curves of the MTF for the SIF and BR channels are shown
in Figure 15, obtained from 800 Monte Carlo trials with randomly perturbed lens groups.
In each trial, the MTF was evaluated at different FOVs between 0° and +8°, and at the
maximum, minimum, and central wavelengths of each channel. Different colors in Fig-
ure 15a,b represent different combinations of FOV and wavelength. The horizontal axis
represents the MTF value, and the vertical axis represents the cumulative probability of
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100

achieving the corresponding performance. The tolerance analysis indicates that, when all
manufacturing and alignment errors remain within the specified tolerance ranges, both
channels have an 80% probability of achieving an MTF greater than 0.85 at the Nyquist
frequency of 8 cycles/mm over the evaluated wavelengths and FOVs. This result suggests
that the tolerance allocation is reasonable for subsequent fabrication and assembly.
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Figure 15. Cumulative probability curves of the MTF for (a) BR channel and (b) SIF channel, at
Nyquist frequency 8 cycles/mm. (Note: F1, F2, and F3 denote the field angles of 0°, 4°, and
8°, respectively.).

4, Instrument Performance Evaluation
4.1. Data Source

The SIF signal is inherently weak, with an average spectral radiance of approximately
2mW m~2 sr~! nm~!. Retrieval based on atmospheric oxygen absorption features there-
fore requires not only high SR but also stringent control of SNR and stray light. The
FLEX mission specifies that stray light should be limited to below 1% during instrument
design [25]. Accordingly, stray light analysis and suppression were carried out at the
opto-mechanical design stage, and the theoretical SNRs of two channels were assessed.

To evaluate the instrument performance under realistic observation conditions, the
radiance product dataset acquired by HyPlant, the airborne demonstrator of FLEX FLORIS,
was selected. The radiance data were imported into LightTools to model the source and
simulate the transmission characteristics of real vegetation radiation entering the instru-
ment. Based on the irradiance distribution at the detector plane, the stray light levels of the
two channels were analyzed and their SNRs were calculated.

The data used for the analysis were acquired by the HyPlant instrument on 16 June
2019 in Grosseto [40], Italy (the study area is located at 42.8337°N, 11.0765°E, W(GS84), at
around 11:30 local time (CEST), with a solar zenith angle of approximately 30°, as shown in
Figure 16a. The area is characterized by flat terrain with extensive farmland and woodland,
which is representative of typical vegetation remote sensing scenes. The radiance data
of the FLUO module and the DUAL module corresponding to the selected spatial pixel
located at the farmland area marked by the red cross in Figure 16a were extracted, as shown
in Figure 16b and Figure 16c, respectively.

4.2. Stray Light Analysis and Suppression

Stray light is a critical factor affecting radiometric measurement accuracy. Since the
telescope and spectrometer are coupled via the entrance slit, internal stray light within
the spectrometer dominates system performance. The principal contributors include
diffraction into non-working grating orders, reflections from lens surfaces, and scattering
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from the inner housing walls. The inner surfaces were blackened to reduce scattering, and
mechanical structures such as retaining rings were introduced to block edge leakage around
the lenses. As shown in Figure 9, a bandpass filter is placed in front of the slit to prevent
out-of-band light from entering the system. Among them, filter-2 is a long-pass filter, which
prevents short-wavelength light from the BR channel (400-670 nm) from entering the SIF
channel and causing inter-channel crosstalk.

160 |
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Figure 16. Data from HyPlant: (a) test location, (b) radiance from FLUO module, (c) radiance from
DUAL module.

The overall mechanical configuration is shown in Figure 17, with alignment holes
incorporated for UAV pod integration and positioning. The mass of the instrument was
further evaluated using SolidWorks 2025. The mass property analysis shows that when the
main mechanical structure is made of aluminum alloy and the lens barrel and lens support
structures are made of low-thermal-expansion Invar alloy, the total mass of the instrument
is less than 6 kg, satisfying the lightweight requirements for airborne applications.

Detector of SIF

Alignment holes
Detector of BR

Telescope

Baffle tube

Figure 17. Enveloping diagram of the overall structure of the dual-channel hyperspectral
imaging spectrometer.

Stray light performance is quantified using the stray radiation ratio, defined as the
ratio of stray irradiance N; to total irradiance N; at the detector plane:

R = Ns/Ni (18)

Stray-light analysis was performed using LightTools. Before the simulation, the
material properties and surface optical properties of the optical and mechanical components
were first defined. The surface treatments and properties of the components are listed in
Table 8, and the parameter settings were determined with reference to previously reported
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Wavelength (nm)

stray-light simulation methods for optical systems [41,42]. For the gratings in the two
channels, the energy fractions assigned to the working diffraction orders were based
on the grating-efficiency curves. The energy fractions of the neighboring non-working
diffraction orders were set to decrease progressively, providing a conservative evaluation
of stray light caused by non-working grating orders. Since the canopy spectral radiance
curves acquired by instruments with different SRs are not exactly the same, stray-light
analysis was conducted independently for the two channels. Two area sources were
established according to the spectral radiance curves shown in Figure 16b and Figure 16c,
corresponding to the SIF and BR channels, respectively.

A total of 50 million rays were traced in the simulation. In LightTools, the detector ray-
path filter was used to distinguish effective rays from stray rays. The resulting distributions
of total irradiance, stray-light irradiance and stray-light ratio at the image plane for different
wavelengths and FOVs in the two channels are shown in Figure 18.
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Figure 18. (a) Total irradiance and (b) stray-light irradiance and (c) stray-light ratio distributions of
the SIF channel at the image plane; (d) total irradiance and (e) stray-light irradiance and (f) stray-light
ratio distribution of the BR channel at the image plane.

0.03

The transmittance of each channel was calculated as the ratio of the total optical
power received at the image plane to the optical power emitted by the source. The results
agree well with the theoretical transmittance calculated using the parameters listed in
Table 9, thereby supporting the validity of the LightTools model for instrument-performance
evaluation. Subsequently, the stray radiation ratio at each detector pixel (66 pm x 11 um)
was calculated according to Equation (18). Because each detector pixel corresponds to a
specific field-wavelength combination, Figure 18c,f show the stray-light ratio across the
full spatial and spectral ranges of the two channels. The maximum ratios are 0.553% for
the SIF channel and 0.287% for the BR channel, both satisfying the requirement that the
stray-light ratio be less than 1%.
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Table 8. Surface-property parameters of the components used in the simulation.
Components Surface Treatment Surface Properties
fnner wall of o echanical Sprayed with black paint 95% absorption + 5% Lambertian scattering
housing
Surface of lens Coated with anti-reflection film 98.5% transmission + 1% reflection + 0.5% absorption
Mirror Coated with metal film 95% reflection + 3% absorptlon + 2% Lambertian
scattering
Beam splitter Nominal 50:50 beam splitter 50% reflection + 50% transmission
Detector Absorbing detector surface 98% absorption, 2% Lambertian scattering
Total diffraction efficiency of 100%;
(SIF channel) diffraction orders —1, 0, 1, 2, 3 with ratio
Grating / 1:2:14:2:1
(BR channel) diffraction orders —3, —2, —1, 0, 1 with ratio
1:3:12:3:1
Light source / (SIF channel) Disk source 1, 670-780 nm

(BR channel) Disk source 2, 400-780 nm

Table 9. Stray light analysis results.

Channel Transmittance Stray Radiation Ratio
SIF channel 0.278 <0.553%
BR channel 0.139 <0.287%

To evaluate possible crosstalk between different channels, ray tracing was also per-
formed for the dual-channel system using the BR-channel source. The additional stray
radiation ratio at the image plane was found to be less than 10~#%, which is negligible.
Therefore, inter-channel crosstalk is not further discussed here.

4.3. SNR Analysis of the System
4.3.1. Principle of SNR Analysis

According to the analysis results in Section 4.2, the image-plane irradiance distribu-
tions of the SIF and BR channels under typical radiance levels of vegetation scenes were
obtained, as shown in Figure 18a,d. Based on these results, the theoretical SNRs of the two
channels can be further analyzed.

When the image-plane irradiance E;(A) is known, the received optical energy of the
detector within an integration time Ty is

Q(A) = E4(A) - Ag - Tint - DAsR (19)

Considering detector quantum efficiency, the number of photoelectrons generated
during Tip is

Se(A) =n(A)-Q(A)-A/h/c (20)

Substituting Equation (19) into Equation (20), the number of detected photoelectrons
is given by
Se(A) = Eq(A) - Ag - Ting - AAsr - 11(A) - A/h/c (21)

where A is the pixel area, #(A) is the detector quantum efficiency, AAgg is the spectral
resolution, A is the wavelength, & is Planck’s constant, and c is the speed of light.

Considering photon shot noise, dark current noise Nj,,x, and readout noise N,,,;, the
SNR of the SIF system is given by

SNR = S¢//Se + Nygric + N2

read

(22)
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The dark current electrons accumulated during T;,,; are
Naark = Qdark - Tint - Npix (23)

where Q¢ represents the dark current per pixel per unit time, and Ny;, is the number of
pixels included in the dark-current term.

4.3.2. Diffraction Efficiency Analysis of the VPHT Grating

Since the diffraction efficiency of the grating in LightTools can only be set as a fixed
value, it is necessary to consider the actual wavelength-dependent diffraction efficiency of
the grating in the SNR calculation. The SIF channel employs a non-slanted VPHT grating.
Under Bragg conditions, diffraction efficiency can theoretically reach 100%, with grating
thickness determined by

t =AcosBy/2nq (24)

where 6, is the Bragg angle and 1, is the refractive index modulation of the grating material.
Dichromated gelatin (DCG), a material commonly used for VPHT gratings, has an average
refractive index of approximately 1.5 and can be processed to provide refractive-index
modulations of 0.02-0.10 in layers ranging from 4 to more than 20 um in thickness [43].

To compensate spectral smile, the grating is designed to operate slightly off the
exact Bragg condition at the central wavelength. In addition, off-center wavelengths
within 670-780 nm and rays incident at different slit positions also deviate from Bragg
conditions, reducing diffraction efficiency. Neglecting absorption in the recording medium,
the diffraction efficiency of VPHT grating is calculated using Equations (25)-(27) [44].

{ 7 = (sin(v/X2 +v2))2/(1 + X2 /v?)

(25)
v = rtnqt/ A cos 6y

The parameter X is related to the angular deviation from the Bragg angle 46, as follows:

X =60 - 27tnsing, - t/A (26)

X is also related to the deviation from the central wavelength A, as follows:

X =0 - 2ntntan 6, sin 6y, - £/ A2 (27)

Assuming an average DCG refractive index n = 1.5 and n; = 0.08. At the SIF-channel
central wavelength of 725 nm, light enters the grating at a Bragg angle of 28.11° after
prism dispersion. From Equation (24), a grating thickness of 4 um yields 100% diffraction
efficiency. Efficiency variations with angular and spectral deviations are shown in Figure 19.
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Figure 19. Diffraction efficiency curves: (a) angular deviation from the Bragg condition; (b) wave-
length deviation from the Bragg condition.
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Optical design results indicate a maximum angular deviation of 1°, corresponding to
an efficiency reduction to 0.93; and a maximum wavelength deviation of 55 nm within the
working band, reducing the efficiency to 0.66. Since angular deviation has a minor effect,
the efficiency curve in Figure 19b is used for SNR calculation.

4.3.3. SNR Calculation Results

The efficiency of the VPHT grating is taken from Figure 19b, and the diffraction
efficiency of the plane reflection grating in the BR channel is calculated according to
Figure 20b. The two channels employ two independent detectors of the same model and
the quantum efficiency curve is shown in Figure 20a.
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Figure 20. (a) The quantum efficiency curve of the detector; (b) diffraction efficiency curve of the

plane reflection grating in the BR channel (Shimadzu 020-060 grating; data from the Shimadzu
official website).
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Six adjacent pixels are binned along the spatial dimension of the detector, while
the pixels along the spectral dimension remain unbinned. On-chip binning is assumed;
therefore, read noise is applied once per binned spatial sample. The parameters used for
SNR calculation are listed in Table 10.

Table 10. Parameters used for SNR calculation.

Parameters Value
h 6.626176 x 1073* W52
c 2.997925 x 108 m/s
Ay 66 um X 11 pm
AAgR 0.3 nm (SIF channel); 2 nm (BR channel)
Tint Determined by flight altitude and speed
Qdurk 0.27 e~ /pixel/s (—40 °C)
Niead l6e
Number of pixels in dark-current term Npix =6

The instantaneous field of view of the system is 2.27 mrad, corresponding to a ground
sampling distance of 22.7 cm at 100 m altitude. With a UAV flight speed of 1.5 m/s, the
detector integration time is set to 150 ms. The resulting SNR curves, calculated using
Equations (19)—(23), are shown in Figure 21.

As shown in Figure 21a, in the O;-A window of the SIF retrieval band, namely
755-780 nm, the minimum SNR is 500; in the O;-B window, namely 677-697 nm, the
minimum SNR is 350. As shown in Figure 21b, the minimum SNR of the BR channel
is 570. The calculated results indicate that the proposed instrument has a good SNR
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performance and satisfies the requirements for SIF retrieval and broadband vegetation
canopy reflectance measurement.
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Figure 21. Theoretical SNR analysis results of (a) the SIF channel and (b) the BR channel under a
typical vegetation canopy radiance level.

4.4. End-to-End Simulation of SIF Retrieval

To establish the relationship between the designed optical system performance and the
final SIF retrieval results, an end-to-end simulation framework was developed, covering
the entire process from solar radiation input to SIF parameter retrieval. This simulation
aims to evaluate whether the prescribed SIF signal can be reliably recovered from the
simulated observed spectra under the designed spectral response function (SRF), spectral
sampling interval, stray-light level, and SNR conditions. The FLD-based retrieval approach
introduced in Section 2.1 was adopted for the simulation. The complete workflow consists
of four main steps: (1) scene radiative modeling; (2) simulation of instrument spectral
response degradation; (3) simulation of stray-light and detector noise effects; and (4) SIF
retrieval and performance evaluation.

4.4.1. Simulation Workflow and Input Parameters

First, MODTRAN was used to simulate the downward solar spectral irradiance reach-
ing the top of the vegetation canopy within the 670-780 nm spectral range. The main input
parameters used in the simulation are listed in Table 11. This configuration preserves the
fine spectral structures of the O,-B and O;-A absorption bands and provides an input
spectrum with higher spectral resolution than the instrument resolution for subsequent
convolution with the instrument spectral response function (SRF). The simulated result is
shown in Figure 22a.

Table 11. MODTRAN simulation parameters.

Parameter Setting Parameter Setting
Execution mode Direct Solar Irradiance Aerosol model Rural, VIS = 23 km
Atmospheric profile 1976 U.S. Standard CO; mixing ratio 400 ppm
Path type Slant Path to Space Spectral range 670-780 nm
Observation altitude 0.01 km Frequency increment 0.052 nm
Solar zenith angle 30° FWHM of slit function 0.104 nm

Note: All other parameters were kept at their default values.

The vegetation spectral reflectance, p(A), was obtained from the measured reflectance
spectrum of yellow-green top leaves of aspen (Aspen-3_yellowGreenTop) in the USGS
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spectral library [45], as shown in Figure 22b. Assuming that the target surface can be
approximated as a Lambertian reflector, the reflected radiance can be expressed as:

Lref(/\) =p(MEQX) /7 (28)

where E(A) represents the downward solar spectral irradiance at the target surface
(W/m?/nm), and A is the wavelength. The canopy-reflected irradiance spectrum was
then calculated as the product of p(A) and E(A), as illustrated in Figure 22c.

To simplify the validation process, a closed-loop dataset with known ground truth
was constructed. Specifically, constant SIF signals of 1.5 and 2.5 mW/m?/sr/nm were
prescribed within the Op-B and O;-A absorption windows, respectively. The ideal canopy-
leaving radiance Ly (A) can therefore be expressed as

Ltrue()\) = Lref (A) + Frue (/\) (29)

where Firye(A) represents the prescribed SIF truth, with a unit of mW/ m?/sr/nm.
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Figure 22. (a) Downward solar spectral irradiance at the canopy top simulated using MODTRAN;
(b) vegetation reflectance spectrum obtained from the USGS spectral library; (c) canopy-reflected
irradiance spectrum; (d) instrument spectral response functions (SRFs) at the central wavelengths of
the O,-A and O;-B channels.

The instrument spectral degradation was simulated using the actual SRFs obtained
from Zemax monochromatic slit-image simulations. The SRFs at 687 nm and 760 nm were
both normalized by area according to Equation (30), and the resulting SRFs are shown
in Figure 22d.

/ " SRE,, (A)dA = 1 (30)

The central wavelengths A are set to 687 nm and 760 nm for the O,-B and O,-A
absorption bands, respectively.
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The instrument-degraded radiance was further simulated by convolving the ideal
solar irradiance and canopy radiance with the corresponding SRFs, followed by resampling
at a spectral sampling interval of 0.1 nm.

{ Ex(A) = [ EQ)SRF((A = Ag)dd— p -
Lk()L) = f Lirue (A)SRFk(/\ - /\Ok)d/\

where k denotes the corresponding oxygen absorption band, and Ay represents the central
wavelength of the spectral channel.

To preliminarily evaluate the impact of stray light on SIF retrieval, Li(A) was first
smoothed using a 3 nm moving window to obtain the background radiance Ly x(A). Sub-
sequently, the maximum stray-light ratio of 0.553% obtained from the SIF channel analysis
(Figure 18c) was introduced as an equivalent stray-light contribution and superimposed
onto the target radiance
LSfWZy ()‘) = Lk()‘) + SLavg,k<A) (32)
where e = 0.00553.

Meanwhile, based on the previous SNR analysis, conservative SNR values of 350 and
500 were adopted for the O,-B and O,-A absorption windows, respectively. Zero-mean
Gaussian noise was then added to the simulated observations:

Lobs,i(/\) = Lstruy,i()\) + ni(/\) (33)
) 2
ni(A) ~ N (0, {W} ) (34)

where Lyt,qy,; denotes the radiance at the i-th spectral sampling point after the equivalent
stray-light contribution is added, and n;(A) represents the random noise at that sampling
point.Finally, 1000 Monte Carlo simulations with random noise realizations were performed
for both the Oz-A and O,-B bands to evaluate the stability and uncertainty of the SIF
retrieval results.

4.4.2. SIF Retrieval Method

In this study, the FLD algorithm introduced in Section 2.1 was first applied for SIF
retrieval. The preliminary retrieval results indicate that the O,-A band is located within
the near-infrared reflectance plateau region, where the vegetation reflectance variation
between the in-band and adjacent out-of-band wavelengths is relatively small, resulting in
satisfactory retrieval performance. In contrast, the O,-B band is located within the vegeta-
tion red-edge region, where reflectance varies rapidly and nonlinearly with wavelength, as
shown in Figure 22b. This violates the assumption of the FLD algorithm that the reflectance
inside and outside the absorption band is approximately equal (pin = pout), leading to
significant retrieval errors.

Therefore, a local spectral fitting method (SFM) [46] was adopted for the O,-B window
(684-691 nm) in this study. A third-order polynomial was used to describe the spectral
variation in vegetation reflectance:

02(A) = ag + ayx + axx® + azx®,x = (A — 687)/3.5 (35)

where py () represents the vegetation reflectance within the O,-B window; ag, a1, ap, and
a3 are the unknown polynomial coefficients; x is the normalized wavelength variable, with
687 nm defined as the polynomial center wavelength and 3.5 nm as the scaling factor.
Within this narrow spectral window, SIF was assumed to be spectrally constant and
denoted as Fp. The high-resolution forward model can therefore be expressed as:
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E(A

Lot () = ZM (a9 + ayx + axx? + a52) + Fy (36)
where L,;0401 (1) represents the canopy radiance simulated by the local SEM forward model.

To ensure consistency between the retrieval model and the instrument observations,
each basis function of the polynomial reflectance model was first convolved with the actual
SRF at 687 nm, followed by resampling at 0.1 nm intervals. The same stray-light and noise
degradation processes were then applied. Subsequently, a weighted least-squares fitting
was performed using all spectral samples within the retrieval window:

model,i}

Lo :—
minz [ obs,i (37)
i

L
7
where L, is the simulated observed radiance at the i-th sampling point; ¢; represents
the standard deviation of the noise at the corresponding sampling point; and the sum-
mation covers all spectral samples within the 684-691 nm fitting window. The fitting
simultaneously estimates the polynomial coefficients ap—a3 and the Fp.

Finally, the degraded radiance spectra after considering the instrument SREF, stray light,
and detector noise were used for SIF retrieval. The retrieved SIF values were compared
with the predefined SIF truth values to evaluate the retrieval accuracy and uncertainty
under the simulated instrument conditions. The comparison results are shown in Figure 23.
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Figure 23. Simulated spectral degradation process for SIF retrieval. (a) O,-B radiance degradation
and local SFM fitting result; (b) O,-A radiance degradation using the FLD retrieval scheme; (c) Op-B
irradiance after instrument spectral response degradation; (d) O,-A irradiance after instrument
spectral response degradation. (Note: In (a,b), the blue solid line represents the radiance after SRF
convolution and spectral sampling, the orange solid line represents the radiance further considering
the equivalent stray-light contribution, the purple dots indicate one realization of the noisy observa-
tion spectrum, and the green dashed line in (a) denotes the local cubic SFM fitting result. The vertical
dotted and dashed lines indicate the fitting window boundaries and the line-in/line-out wavelengths
used for FLD retrieval, respectively.)
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4.4.3. Retrieval Results and Accuracy Evaluation

The predefined SIF values were used as reference values, and the retrieval performance
was evaluated using relative bias, standard deviation (SD), and root mean square error
(RMSE). Three degradation cases were considered: SRF only, SRF with stray light, and the
full model including SRE, stray light, and detector noise.

After incorporating the actual SRFs, 0.1 nm spectral sampling, 0.553% equivalent
stray-light background, and detector noise, the retrieved SIF values remained close to the
predefined truth values. For the O;-B band, the local SFM retrieval achieved a relative bias
of —1.47% and a relative RMSE of 5.63%. For the O,-A band, the FLD retrieval resulted
in a relative bias of 0.79% and a relative RMSE of 1.81%. Both results satisfy the required
retrieval accuracy of 10%. Detailed results are summarized in Table 12.

Table 12. SIF retrieval performance under end-to-end simulation conditions.

Band Retrieval Method True SIF Mean Retrieved SIF  Relative Bias SD Relative RMSE
0,-B Local SFM 1.5 1.478 —1.47% 0.0816 5.63%
0,-A FLD 2.5 2.5198 0.79% 0.0407 1.81%

Note: All SIF values are in mW/m?2/sr/nm. SD represents the standard deviation of 1000 Monte Carlo retrievals.

It should be noted that these results are obtained from a numerical closed-loop vali-
dation at the design stage and are intended to demonstrate the feasibility of SIF retrieval
under the nominal optical performance of the proposed system. The absolute retrieval
accuracy requires further verification through laboratory spectral calibration, SNR and
stray-light characterization, and future field observations.

5. Discussion
5.1. Interpretation of the Simulated Results

The proposed two-channel system was designed for different measurement objectives.
The SIF channel provides a predicted SR better than 0.26 nm with a sampling interval better
than 0.1 nm, which is suitable for resolving the narrow O;-A and O,-B absorption features
used for SIF retrieval [24,25]. The BR channel provides a calculated SR better than 1.7 nm,
which is sufficient for broader spectral features related to PRI, chlorophyll absorption, and
the vegetation red edge [26-29]. The simulated smile and keystone remain below half a
detector pixel, while the polarization-induced response error and stray-light ratios remain
below 1%, indicating that the principal optical and radiometric error sources are controlled
at the design stage.

The end-to-end simulation further shows that the proposed optical performance can
support SIF retrieval under the assumed conditions. The relative RMSE values are 1.81% for
O;-A and 5.63% for O,-B. The larger O;-B error is mainly related to the rapid variation in
vegetation reflectance within the red-edge region, the local SFM reduces this effect and
provides acceptable retrieval accuracy.

5.2. Comparison with Previous Studies

HyPlant employs separate FLUO and DUAL modules to acquire fluorescence and
canopy reflectance information, respectively, and provides broader spectral coverage [13].
Within the visible-near-infrared range targeted in this study, the proposed system covers
the key spectral bands required for SIF and canopy-reflectance measurements. The SR of
SIF channel is comparable to that of HyPlant FLUO, while the SR of BR channel is finer than
the reported resolution of HyPlant DUAL in this spectral region. CFIS, FIREFLY, and the
instrument developed by Yu et al. enable high-resolution fluorescence measurements but
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do not simultaneously acquire broadband canopy reflectance spectra [14-16]. The proposed
system instead represents a trade-off between spectral coverage and compactness, with each
channel covering the range required for its measurement objective. The self-collimating
shared optical path reduces optical redundancy and is expected to support synchronous
dual-channel observations. For reference, SPECIM AisalBIS, the commercial version of
the HyPlant FLUO module, has dimensions of 588 x 227 x 160 mm? [47], whereas the
simulated optical envelope of the proposed system is 205 x 150 x 120 mm?, indicating its
potential for miniaturization. However, the shared optical path also increases inter-channel
coupling and places stricter demands on component positioning. Nevertheless, this trade-
off provides a practical design approach for lightweight airborne SIF imaging systems.

5.3. Limitations and Future Studies

This study focuses on the optical design and simulation-based performance evalu-
ation of the proposed instrument. The predicted SR, polarization response, stray-light
performance, and SNR demonstrate the feasibility of the proposed architecture at the
design stage. Several practical factors may affect the final performance, including align-
ment and calibration uncertainties, thermal variations, platform vibration, mechanical
deformation, detector nonuniformity, changing illumination conditions, and inter-channel
co-registration errors. Therefore, after prototype fabrication, the actual performance should
be evaluated experimentally.

In addition, the end-to-end SIF retrieval simulation was conducted under specific
atmospheric, vegetation, and observation conditions. Future studies should extend the
analysis to different canopy types, illumination conditions, and retrieval scenarios to further
evaluate the robustness of the proposed system.

Future work will proceed from prototype fabrication, optical alignment to laboratory
spectral and radiometric calibration, and experimental characterization of polarization sensi-
tivity, stray light, SNR, and inter-channel registration. Environmental and low-altitude UAV
flight tests will then be conducted to evaluate system stability and retrieval performance and
operational reliability of the proposed system under realistic observation conditions.

6. Conclusions

This study presents a conceptual optical design and simulation-based analysis of a
compact airborne dual-channel imaging spectrometer for synchronous observation of SIF-
related spectral radiance and vegetation-canopy spectral reflectance, which may support
interpreting photosynthetic function and stress-related physiological responses. In the
proposed configuration, the two channels share the telescope and part of the spectrometer
optics, including the collimating/imaging lens group, while using separate dispersive
elements. The resulting simulated instrument dimensions are 205 x 150 x 120 mm?>. The
telescope system and the overall imaging spectrometer were evaluated using MTF and
spot diagrams, respectively, and the simulated results indicate that the design meets the
required dispersive capability and imaging quality. Nominal optical simulations show that
the system provides an SR better than 0.3 nm over 670-780 nm for the SIF channel and
better than 2 nm over 400-780 nm for the BR channel. In both channels, the smile distortion
is less than 5 pm, and the keystone distortion is less than 5.5 um, both smaller than half of
a detector pixel.

An asymmetric double Babinet depolarizer is incorporated into the optical design
to reduce polarization-related measurement errors. The simulated system LPS is below
1%. LightTools software (https://www.keysight.com/hk/en/products/software/optical-
solutions-software /optical-design-solutions/lighttools.html, accessed on 23 July 2026)
was used to analyze the image-plane irradiance of the SIF and BR channels under typical
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vegetation radiance conditions. Based on the results, the stray-light ratios and theoretical
SNR of the system were calculated. The simulated stray-light ratios of the SIF and BR
channels are 0.553% and 0.287%, respectively. The calculation indicates that, for one
spatial sample, at the specified spectral resolution, and under a representative vegetation-
radiance condition, the minimum SNR of the SIF channel is 500 in the O,-A window
(755-780 nm) and 350 in the O,-B window (677-697 nm), while the minimum SNR of the
BR channel is 570. The end-to-end SIF retrieval simulation demonstrates the potential
of the proposed system for quantitative SIF retrieval. These simulation results indicate
that the proposed optical concept is theoretically feasible for supporting SIF retrieval and
canopy-reflectance measurements.

This design-stage study indicates the potential of the proposed instrument for future
regional-scale monitoring of vegetation photosynthesis and stress, growth-status assess-
ment, and precision crop management. The optical system has been designed and analyzed
through simulation, and the predicted performance meets the required specifications. The
next steps include prototype development, laboratory calibration, airborne testing, direct
SIF-retrieval validation, and practical application evaluation.
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