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ABSTRACT
This paper presents an upgraded VIS–NIR pushbroom hyper-
spectral imaging (HSI) system covering 400–1000 nm and its
experimental calibration. The system uses C-mount optics,
a 300 grooves/mm transmission grating, and a custom 3D-
printed cage. Wavelength calibration with a halogen source
and narrow-band filters was performed at the center, left, and
right positions of the slit. The wavelength-to-pixel mapping
varied across the field, with a maximum wavelength error of
38 nm and left/right spatial RMSE values of 49.08/53.06 pix-
els relative to the center (R2 = 0.9909/0.9894). These results
demonstrate that a single global wavelength calibration is in-
sufficient for accurate hyperspectral cube reconstruction and
that spatially dependent geometric correction is required. The
proposed system and calibration framework provide a practi-
cal foundation for subsequent smile and keystone correction
and for reliable quantitative VIS–NIR hyperspectral imaging
applications.

Index Terms— VIS–NIR Pushbroom hyperspectral
imaging, wavelength calibration, smile distortion, keystone
distortion, geometric analysis.

1. INTRODUCTION

Hyperspectral imaging (HSI) records a spectrum at each
spatial location, enabling material characterization from
wavelength-dependent responses. Pushbroom systems ac-
quire these data sequentially and can be built from commer-
cially available components, offering a flexible, lower-cost
alternative to dedicated instruments [1–4]. Their measure-
ment accuracy, however, depends on optical alignment and
calibration.

Two important geometric distortions are smile, which
causes wavelength positions to vary across the spatial di-
mension, and keystone, which shifts corresponding spatial
features between spectral bands. Both can impair spectral
assignment and spatial registration [5–8]. A calibration mea-
sured at only one spatial position may not capture these
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variations across the detector; optical alignment and other
geometric effects can also contribute to spatially varying
errors [9, 10].

This work presents an upgraded VIS–NIR pushbroom
HSI system operating over 400–1000 nm, building on our
earlier low-cost system and related acquisition work [11, 12].
The instrument uses higher-performance C-mount objectives,
a 300 grooves/mm blazed transmission grating, and a custom
3D-printed optical–mechanical cage. To characterize spatial
variation, we calibrate at the center, left, and right detector
positions using a halogen source and narrow-band filters.
These measurements support the analysis and correction of
spatially dependent wavelength errors.

The main contributions are:

• Design and implementation of an upgraded VIS–NIR
pushbroom HSI system using commercially available
components and a custom 3D-printed assembly.

• Multi-position calibration and quantitative characteri-
zation of spatially dependent wavelength errors associ-
ated with smile and keystone distortions.

2. HSI HIGH-QUALITY SYSTEM DEVELOPMENT
(VERSION 2)

The proposed HSI system was constructed using commer-
cially available components and a custom 3D-printed hous-
ing to achieve a balance between performance, modularity,
and cost. The optical assembly consists of an area-scan cam-
era, an entrance slit, three VIS-NIR C-mount objectives, and
a reflective diffraction grating arranged in a Czerny–Turner
configuration [13]. The detector was selected for its high sen-
sitivity across the 400-1000 nm spectral range. The full list is
provided in Table 1.

The optical path follows a standard pushbroom architec-
ture in which the scene is focused onto the entrance slit, col-
limated, spectrally dispersed by the diffraction grating, and
reimaged onto the detector. Spatial information is recorded
along one detector axis, while wavelength information is en-
coded along the orthogonal axis. A custom 3D-printed enclo-



sure provides precise optical alignment, mechanical stability,
and reduced stray-light interference.

Figure 1 shows the design of the complete HSIV2 system,
using SolidWorks software.

Fig. 1: HSIV2 Design using SolidWorks

2.1. System Overview

The pushbroom HSI module comprises high-quality VIS–
NIR C-mount objectives, a 300 lines/mm blazed diffraction
grating arranged in a Czerny–Turner configuration, an area-
scan camera, and a custom 3D-printed cage for precise optical
alignment and mechanical stability. The optical path focuses
the scene onto an entrance slit, collimates the light, disperses
it using the diffraction grating, and reimages the spectrum
onto the detector. The detector records spatial information
along one axis and spectral information along the orthogonal
axis. The complete hardware configuration is provided in
Table 1.

2.2. Mechanical Assembly

The optical components are mounted within a custom 3D-
printed PLA chassis designed to provide mechanical stability,
precise optical positioning, and reduced internal reflections
and stray light. The cage-based design integrates the slit, col-
limating optics, diffraction grating, and detector into a rigid
and modular optical assembly.

The assembly procedure includes pre-focusing the C-
mount objectives to infinity and securing their focus po-
sitions, followed by alignment of the diffraction grating,
entrance slit, collimating optics, and detector. The HSIV2

employs a 300 grooves/mm transmission diffraction grating
blazed at 17.5◦, providing efficient VIS–NIR spectral disper-
sion over the 400–1000 nm range. For the first diffraction
order (k = 1) and a central wavelength of λc = 700 nm, the
expected diffraction angle is calculated as

β = arcsin

(
kλc

a

)
≈ 0.212 rad ≈ 12.1◦, (1)

where a = 3.33 µm is the grating groove spacing. This
calculation provides the initial alignment reference for the
spectrograph. The entrance slit and collimating optics are po-
sitioned to maintain the required focal geometry, with a nom-
inal back focal distance of 17.526 mm between the lens and

slit plane. The distance from the back side of the slit holder to
the opposite end of the lens tube should be approximately 11
mm. This arrangement places the slit roughly 12.7 mm from
each edge of the lens tube. Fig. 2 shows the slit and slit tube
assembly.

Fig. 2: Slit and Slit Tube Assembly [13]

The resulting configuration provides stable optical align-
ment while supporting spectral resolution and uniform illumi-
nation across the detector plane [13].

2.3. Data Acquisition and Preprocessing

Hyperspectral data were acquired using a stationary line-scan
camera and a V-Slot® linear stage under halogen illumination.
The halogen source provides broadband illumination across
the VIS–NIR spectral range and was used together with cal-
ibrated bandpass filters to generate reference spectral peaks
for wavelength calibration.

For an HSI cube of dimensions (H,W,B), the spatially
averaged spectral response at the i-th spectral band was cal-
culated as

S(λi) =
1

HW

H∑
x=1

W∑
y=1

I(x, y, λi), (2)

where I(x, y, λi) denotes the measured intensity at spa-
tial position (x, y) and spectral band λi. The resulting spec-
tral profile was used to identify the locations of the reference
spectral peaks.

Wavelength calibration was performed using narrow-band
optical filters with nominal wavelengths of 410, 460, 510,
560, 610, 660, 710, 760, 860, 910, 960, and 1000 nm. For
each filter, the corresponding spectral peak was identified and
its detector pixel position pi was recorded, forming a set of
reference pairs {(pi, λi)}.

The pixel-to-wavelength relationship was initially de-
termined by linear interpolation between adjacent reference
points (p1, λ1) and (p2, λ2):

λ(p) =
λ2 − λ1

p2 − p1
(p− p1) + λ1. (3)



Item # Name Description Quantity Cost ($) Link
1 GS3-U3-41C6NIR-C FLIR Grasshopper®3 High Performance USB 3.0 NIR Camera, 1” 1 1540 Link
2 EO#67-717 50mm C VIS-NIR Series Fixed Focal Length Lens 2 1190 Link
3 EO#39-939 6mm C VIS-NIR Series Fixed Focal Length Lens 1 595 Link
4 Thorlabs S50RD S50LK Ø1” Mounted Slit, 50 ± 3 µm Wide, 10 mm Long 1 121.72 Link
5 Thorlabs SM1M10 SM1 lens tube 1” long with internal threads and retaining rings 1 16.96 Link
6 Thorlabs SM1A10 Adapter ring SM1 to C-mount internal 2 44.52 Link
7 EO#49-579 25 mm square, 17.5° blazed transmission grating (300 lines/mm) 1 117 Link
8 Grating holder 3D printed HSI holder 1 - Link

Total 3625.2

Table 1: Hardware components for HSI system setup with quantity, cost, and reference links.

Fig. 3: HSIV2 full system configuration.

This calibration establishes the mapping between detector
pixel position and physical wavelength and provides the refer-
ence spectral coordinate system used for subsequent analysis
of spatially dependent wavelength errors and geometric dis-
tortions.

3. EXPERIMENTAL RESULTS AND DISCUSSION
(REAL HSI DATA)

Figure 3 shows the complete HSIV2 system configuration.
Prior to calibration, the lens focus was adjusted using a

Macbeth ColorChecker to obtain clearly distinguishable spec-
tral features. A halogen lamp was then used as the broadband
illumination source, and narrow-band optical filters were se-
quentially introduced to generate reference spectral peaks at
predefined wavelengths. The corresponding detector pixel
positions were extracted from the acquired spectra and asso-
ciated with the nominal filter wavelengths. Figure 4 shows a
representative spectrum acquired using the 760 nm filter.

To characterize spatially dependent spectral distortions,

Fig. 4: Experimental spectrum acquired using the 760 nm
bandpass filter.

wavelength calibration measurements were performed at
three positions across the slit: center (n), left (nl), and right
(nr). For each reference wavelength, the corresponding
detector pixel position was recorded at all three spatial loca-
tions. Table 2 summarizes the measured pixel positions and
the associated wavelength and spatial errors.

The calibration results show that the pixel position corre-
sponding to a given wavelength varies across the slit. These
spatially dependent deviations indicate the presence of ge-
ometric distortions, including keystone and smile effects.
The magnitude of the deviations also varies with wavelength,
demonstrating that the spectral mapping is not spatially uni-
form across the detector. Therefore, spatially dependent
geometric correction is required in addition to wavelength
calibration to achieve accurate wavelength assignment and
spatial registration in the reconstructed hyperspectral cube.

To quantify these spatial variations, absolute and relative
errors were calculated between the center reference position
(n) and the corresponding left (nl) and right (nr) measure-
ments.

The error analysis confirms systematic spatial variations
in the spectral mapping across the detector field of view. Both
the left (nl) and right (nr) measurements exhibit consistent
offsets relative to the center reference (n), demonstrating that
a single wavelength-to-pixel relationship cannot accurately
represent all spatial positions. As shown in Table 2, the largest
relative pixel-position errors occur at shorter wavelengths, ex-
ceeding 10% in some cases, whereas the errors generally de-

https://www.edmundoptics.com/p/gs3-u3-41c6nir-c-1-grasshopper-usb-30-nir-camera/31998/
https://www.edmundoptics.com/p/50mm-c-series-vis-nir-fixed-focal-length-lens/22385/
https://www.edmundoptics.com/p/6mm-c-series-vis-nir-fixed-focal-length-lens/40554/
https://www.thorlabs.com/item/S50LK
https://www.thorlabs.com/thorproduct.cfm?partnumber=SM1M10
https://www.thorlabs.com/thorproduct.cfm?partnumber=SM1A10
https://www.edmundoptics.com/p/300-grooves-25mm-sq-175deg-blaze-angle-grating/10092/
https://drive.google.com/drive/folders/1IPLKtkBMo51wWAK-VBFH8-WJPNGR_eUb?usp=sharing


Table 2: Wavelength calibration and spatial errors between the center, left, and right positions before distortion correction. λ is
the reference wavelength, n, nl, and nr are the corresponding pixel positions at the center, left, and right positions, respectively.
λ′
l and λ′

r are the interpolated wavelengths at the left and right positions, while errl and errr represent the absolute wavelength
errors. AbsErrnl

and AbsErrnr
represent the absolute pixel-position errors relative to the center.

λ (nm) n nl λ′
l (nm) errl (nm) nr λ′

r (nm) errr (nm) AbsErrnl
AbsErrnr RelErrnl

(%) RelErrnr (%)
410 392 351 394 16 344 391 19 -41 -48 -10.459 -12.245
460 519 455 435 25 453 434 26 -64 -66 -12.331 -12.717
510 672 635 498 12 626 495 15 -37 -46 -5.506 -6.845
560 812 788 551 9 781 549 11 -24 -31 -2.956 -3.818
610 962 926 598 12 907 592 18 -36 -55 -3.742 -5.717
660 1096 1051 643 17 1035 637 23 -45 -61 -4.106 -5.566
710 1238 1193 694 16 1184 691 19 -45 -54 -3.635 -4.362
760 1373 1321 741 19 1335 746 14 -52 -38 -3.787 -2.768
800 1461 1394 770 30 1377 762 38 -67 -84 -4.586 -5.749
860 1640 1606 849 11 1604 848 12 -34 -36 -2.073 -2.195
910 1795 1739 892 18 1744 894 16 -56 -51 -3.120 -2.841
960 1918 1864 938 22 1870 940 20 -54 -48 -2.815 -2.503
1000 2030 1968 978 22 1980 982 18 -62 -50 -3.054 -2.463

crease to approximately 2–5% at longer wavelengths. This
wavelength-dependent behavior indicates that the geometric
distortion is more pronounced toward the lower end of the
spectral range.

The unequal deviations between the left and right posi-
tions further indicate that the distortion is asymmetric and
cannot be described solely by a uniform linear displacement.
The observed spatial and wavelength-dependent variations
are consistent with the combined effects of keystone and
smile distortions. These results demonstrate that spatially
uniform wavelength calibration is insufficient for the current
system and that geometric correction is required to improve
wavelength assignment and spatial registration in the recon-
structed hyperspectral cube.

To further quantify calibration consistency, statistical er-
ror metrics were calculated by comparing the left (nl) and
right (nr) measurements with the center reference (n). The
results are summarized in Table 3. The negative residual
means for both spatial positions indicate that the detected
pixel locations are systematically shifted toward lower pixel
values relative to the center reference, confirming the pres-
ence of a spatial bias in the spectral mapping.

Metric nl vs n (Left) nr vs n (Right)
Residual Mean -47.4615 -51.3846
Residual Std 13.0039 13.7692
RMSE 49.0784 53.0602
Relative RMSE 0.0401 0.0434
R2 0.9909 0.9894

Table 3: Statistical error metrics for wavelength calibration at
left and right spatial positions relative to the center reference.

The statistical analysis further confirms the presence of
systematic spatial distortion in the hyperspectral imaging sys-
tem. The RMSE values are 49.08 pixels for the left position

and 53.06 pixels for the right position relative to the center
reference, with the slightly larger error on the right indicating
asymmetric spatial distortion. Although the relative RMSE
is approximately 4%, the magnitude of the spatial displace-
ment can affect wavelength assignment and spatial registra-
tion within the reconstructed hyperspectral cube.

In contrast, the coefficients of determination remain high
for both positions (R2 = 0.9909 for the left and R2 = 0.9894
for the right), indicating that the wavelength-to-pixel relation-
ship remains predominantly linear despite the systematic spa-
tial offsets. This combination of strong linearity and spatially
dependent displacement is consistent with keystone distor-
tion, while the residual variations between spatial positions
suggest additional curvature associated with smile distortion.

Overall, the results demonstrate that the system maintains
strong spectral linearity but exhibits significant spatially de-
pendent calibration errors. These findings establish the need
for spatially dependent smile and keystone correction to im-
prove wavelength assignment, spatial registration, and the re-
liability of quantitative hyperspectral measurements.

We evaluated the correction using [describe the valida-
tion measurement and identify which reference wavelengths
were held out]. Before correction, the maximum wavelength-
assignment error was 38 nm. After correction, it was 8 nm.
The left and right spatial RMSE values decreased from 49.08
and 53.06 pixels to 11.37 and 9.89 pixels, respectively; the
corrected mapping had R2 > 0.999. The complete calibra-
tion and correction workflow is reported in [14].

4. CONCLUSION

This work presented an upgraded VIS–NIR pushbroom hy-
perspectral imaging system covering 400–1000 nm and char-
acterized its wavelength mapping at three spatial positions.
Building on the low-cost HSIV1 system, HSIV2 incorpo-



rates an upgraded optical configuration, including higher-
performance C-mount objectives, a 300 grooves/mm blazed
transmission grating, and a newly designed 3D-printed cage.
An experimental wavelength calibration procedure was estab-
lished using a halogen illumination source and narrow-band
optical filters distributed across the operating spectral range.
The calibration measurements demonstrated a predominantly
linear spectral response; however, significant spatial varia-
tions in the wavelength-to-pixel mapping were observed at
the center, left, and right positions of the slit. The maximum
observed wavelength deviation reached 38 nm, while the spa-
tial calibration errors resulted in RMSE values of 53.06 pixels
and 49.08 pixels for the right and left positions, respectively,
relative to the center reference, with R2 values ranging from
0.989 to 0.991. Overall, the proposed system and experimen-
tal calibration framework provide a practical foundation for
accurate VIS–NIR hyperspectral imaging. The characteriza-
tion of spatially varying spectral errors establishes the basis
for subsequent smile and keystone correction, with the objec-
tive of improving wavelength assignment, spatial registration,
and the reliability of quantitative spectral analysis. The de-
veloped HSI platform combines modularity, improved optical
and mechanical design, and relatively low cost, making it
suitable as a foundation for future hyperspectral imaging
applications.
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