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Abstract

This appendix report introduces the reader to the basic concepts of hyperspectral imaging and imec
hyperspectral cameras.
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Appendix: Basics of hyperspectral imaging

Hyperspectral imaging combines the characteristics of computer vision and point spectroscopy by
obtaining an image with both spatial and spectral information. This technique enables therefore to
analyse the chemical composition of materials and simultaneously visualize their spatial distribution [3].
In Figure 1, the trade-off offered by hyperspectral imaging in terms of spectral and spatial resolution is
illustrated. Some of the advantages of hyperspectral imaging over point spectroscopy are that it allows
visualization of feature distribution over a product, better dealing with heterogeneous products since
more representative samples can be acquired and faster inspection over a batch of products. The first
hyperspectral imager was developed in the 1970s for Earth remote sensing. By the late 1980s several
commercial hyperspectral imagers were available on the market [4]. Since then, it has been a rapidly
growing market with applications in remote sensing, medical imaging, forensics, and agri-food
processing.

The main disadvantages of hyperspectral imaging with respect to point spectroscopy or traditional
colour imaging are related to the higher amount of data that has to be stored and processed. Moreover,
the cost of hyperspectral cameras is typically higher than the one of colour cameras, and this for a lower
spatial resolution. In addition, hyperspectral cameras generally require higher light intensity than colour
imaging, which can result in higher integration and acquisition times.
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Figure 1: Schematic illustration of different configurations for hyperspectral imaging and their position as a method
between point spectroscopy and RGB imaging.

Colour imaging acquires three broad spectral bands corresponding to the ranges of the electromagnetic
spectrum which humans perceive as Red, Green and Blue. Hyperspectral imaging subdivides these
broad bands into many more narrow bands and can potentially go beyond the visible light domain (400-
750 nm) extending for instance to the infrared domain (750 nm — 1000 pm) or the ultra-violet range (10-
400 nm). This greatly increases the amount of information from an image and provides for every pixel
in the image a full spectrum, indicating how the light is reflected in the pixel for a range of wavelengths.
Figure 2 shows the distribution of the full electromagnetic spectrum. The visible portion of the
electromagnetic spectrum extends from 400 nm to 750 nm. It is only a very small part of the overall
range of wavelengths in the spectrum. The infrared range includes a broad range of wavelengths from
750 nm to 10°nm. The part of the range closest to the visible spectrum is called near infrared (750 —
1000 nm), the 1000-3000 nm range is denominated as short-wave infrared (SWIR) and the 3000-
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8000nm as mid-wave infrared (MWIR). The longer wavelength parts of the infrared spectrum are called
long-wave infrared (LWIR) in the (8-15 um) and far infrared (FIR) from 15 to 1000 pum.

Wavelength (nm)
104 102 10° 102 ‘ 10 10 10 0% 107

Infrared

Gamma Ray 555

Figure 2: The electromagnetic spectrum [6]

The hyperspectral image data can be thus perceived as a three-dimensional datacube, where every two-

dimensional band image provides information about a specific reflected wavelength. This is shown in
Figure 3.

HYPER SPECTRAL IMAGING:
A COMBINATION OF SPECTROSCOPY AND IMAGING

Improves machine vision by using spectral information
of surface material being imaged

Figure 3: Hyperspectral Imaging

The spectral response of every object/material is unique. Therefore, acquiring the spectrum or spectral
signature for every pixel in the image greatly increases the material information and discrimination
capabilities with respect to traditional color machine vision.

Like other spectroscopy techniques, hyperspectral imaging can be performed in transmittance,
transflectance, or reflectance mode. These terms refer to different geometric arrangements of the
radiation beam, sample, and detection system (camera, spectrometer) used to measure the spectral
information of the sample. These three modes are schematically illustrated in Figure 4 ([5]).

Page 6 of 12



R
EXJMI‘ US Hyperspectral imaging as a particle exposure assessment Appendix
Project No. 874707 tool Final version

Impinging o
a inai b) light C) Impinging
Impinging light
light ol :
i :
! Sample T e ! :—--&/(---.'
) 1

 Sample \

Mirror

Figure 4: Measurement modes in hyperspectral imaging/NIR spectroscopy: a) Transmittance b) Transflectance c¢) Diffuse
reflectance. ([5])

In transmission mode we acquire the light that has travelled through the sample. In transflectance mode,
a reflector is placed at the back of the sample to send all transmitted light back through the sample to be
collected with the reflected light. When no mirror element is used this is also called interactance. Then,
in diffuse reflectance mode, the portion of the incident light reflected by the sample is quantified as a
function of the wavelength. Finally, in fluorescence spectroscopy an Ultra-violet excitation light is used
to excite the electrons in the material molecules and causes them to emit light back, typically in the
visual range.

Hyperspectral image data can be acquired in different ways, known as spatial scanning,
spectral/wavelength scanning, spatio-spectral scanning, and non-scanning (or snapshot) imaging ([6],
[7]). In Figure 5 these different acquisition methods are illustrated.

a) b)
Spectral
Scanning
d) c)
Non-scanning Spatio-Spectral
(Snapshot) Scanning

Figure 5: The portions of the datacube collected during a single detector integration period for a) spatial scanning, b) spectral
scanning, c¢) spatio-spectral scanning and d) snapshot acquisition. [6]

In spatial scanning, each two-dimensional sensor output corresponds to a full slit spectrum. A strip of
the scene is projected onto a slit, which is dispersed by a prism or a grating. The image is acquired line
by line in a push broom manner ([8],[9],[10]), and a scanning movement is required to capture a full
hyperspectral 3d cube. Traditional hyperspectral cameras performing spatial scanning are based on a
prism grating system, relatively bulky and expensive (due to the required internal optical elements).

In spectral scanning, the full image is acquired for an individual waveband at a time. This way, each
2-D sensor output represents a single band image of the scene. These devices are typically based on
optical band-pass filters, which can be tunable or fixed. One of these advances is the development of a
unique hyperspectral sensor concept in which the hyperspectral filters are monolithically integrated on
top of a chip, a standard CMOS sensor. This integration is done at wafer level, where a wafer contains
multiple image sensor chips, as shown in (Figure 6). These filters are Fabry-Perot filters ([11],[12]),
consisting of a transparent layer (cavity) with two mirrors at each side. The central wavelength of the
filter will be mostly determined by the thickness of this cavity layer. The integration of these filters on
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the image sensors at wafer level heavily reduces the cost and improves the compactness of the
hyperspectral camera.

Spatio-spectral scanning yields a series of thin, diagonal slices of the data cube, as shown in Figure 5.
Each acquired image is a 'rainbow-colored' spatial map of the scene, where different lines correspond to
different wavelength responses. Therefore, to acquire the spectrum of a given object point, scanning is
needed. Examples of spatio-spectral scanning systems are Imec line-scan [12] and Snapscan camera
systems [1]. In both spectral and spatio-spectral scanning careful alignment of the camera sensor and
the translational movement is required to reconstruct an accurate spectrum with all bands available in
all sensor pixel positions.

Generally, scanning acquisition systems such as spatial scanning, spectral scanning or spatio-spectral
scanning can obtain hyperspectral images with high spectral and spatial resolution, but require time for
the scanning. In contrast, snapshot systems trade-off between spectral and spatial resolution to be able
to provide instantaneous and faster acquisition than scanning systems. While scanning systems,
requiring multiple exposures, are more exposed to motion artifacts, a snapshot imager capturing a
multispectral image at one single exposure, can better avoid such artifacts.

Although the potential of hyperspectral imaging has been demonstrated for several applications using
laboratory setups, it is generally still a scientific tool. Indeed, most commercial hyperspectral cameras
are made for the research market, e.g., remote sensing ([13],[14]) and food science [15],[16]. The
adoption of hyperspectral imaging by the industry has so far been limited due to the lack of fast, compact,
and cost-effective hyperspectral cameras with adequate specifications [17]. Nevertheless, over the last
decade there have been important technological advances in the design of the sensors and cameras,
which have fuelled the growth of the hyperspectral imaging market.

Figure 6: IMEC hyperspectral filter structures processed at wafer-level on top of commercial CMOS image sensor
wafer (here on CMOSIS’s CMV2000 & CMV4000 sensors).

This filter processing technology is based on a wedge-based, or in other words staircase-alike, filter
structure. Moreover, the processing technology used allows pixel level accuracies in filter alignment.
Thanks to this, the filter layout (covering different groups of pixels or depositing filters per pixel) and
performance (i.e., bandwidth, FWHM, etc) can be customized to match the requirements of specific
applications. The result is a compact and fast hyperspectral imager made with low-cost CMOS process
technology. This technology has been demonstrated with three specific instances:

o A wedge-based line-scan hyperspectral imager: this is a spatial-spectral acquisition system
offering 100 spectral bands in the range of 600-1000 nm or 150 bands in the 470-900 nm
wavelength region [12].

o Atiled snapshot imager: 32 spectral bands in the range of 600-1000 nm and also with FWHM
of each band around 10 nm. An optical duplicator is required in this case, such as microlenses
that duplicate the image onto their corresponding 32 filter tiles [21].
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e The mosaic snapshot imager [2]: in this sensor, the filters are arranged onto individual pixels,
on a 5.5 micrometer pitch, extending the traditional Bayer color imaging concept to multi- or
hyperspectral imaging at video-rates without the need for dedicated fore-optics or linear
scanning. Two mosaic sensors are available: a VIS (470-620 nm range) with a 4x4 filter repeated
configuration (therefore 16 bands) and spatial resolution of 512x276 pixels, and a NIR (600-
1000 nm) with a 5x5 configuration (25 bands in this NIR range) and a spatial resolution of
410x218 pixels.

Some of the already mentioned characteristics for the different sensor types are summarized in7:

LINESCAN Snapshot TILED Snapshot MOSAIC
‘wedge’ design "chess-board’ design ‘per-pixel’ design

Or

NO SCAN
SCANNING needed

NO SCAN

Spatial vs. Spectral
resolution trade-off Spatial vs. Spectral
resolution trade-off

HIGHEST spatial &
spectral resolution

Optical duplicator

150 bands in 450-950nm range resded

NO optical duplicator

32 bands in 600-1000nm range Mosaic NIR: 25 bands in 600-1000nm range
Mosaic VIS: 16 bands in 460-630nm range

Figure 7: Illustration of the different hyperspectral sensors developed by IMEC with their spatial and spectral
characteristics.

The wedge layout enables the acquisition of hyperspectral images with high spectral and spatial
resolution, while tiled/mosaic layouts inherently dictate a trade-off between spectral and spatial
resolution. As a result, both designs will enable a different set of target applications.

The wedge layout, where the filters are arranged in a staircase-like structure over the pixel array, is
useful in applications where the scene of interest has a natural translation movement (e.g., in a conveyor
belt) and the hyperspectral imager will be used as a line-scanner.

An alternative design is a tiled layout, in which filters are laid out in rectangular or square shapes on top
of (groups of) pixels. This tiled layout or mosaic layout is useful in applications where the scene of
interest has objects that are dynamic or have random movements or that require snapshot video
acquisition.

The Snapshot Mosaic cameras enable a different range of applications where no scanning can be
performed such as biomedical or surveillance applications. For instance, in [22] a compact Mosaic
camera with 16 bands in the visual range was used for retinal imaging at 20fps, enabling potential
applications for monitoring of retinal diseases.

Generally, snapshot Mosaic cameras such as ([2]) offer lower fidelity than line-scan sensors such as
[12]. This is due to the mosaic filter pattern and the crosstalk between these closely placed filters [19].
On the other hand, snapshot Mosaic cameras provide an increased acquisition speed and are suitable for
dynamic scenarios.

In addition to previous camera systems, a new camera system concept for on-chip line scan sensors: the
‘Snapscan’ [1] was introduced in 2017. This camera offers simultaneously the benefits of line scan
(featured with high-speed image quality) and snapshot technologies (no translational movement
required). The Snapscan camera system illustrated in Figure 8 is a camera system with the high spatial
and spectral resolution of linescan hyperspectral imaging technology, namely 7Mpixels and 150 spectral
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bands. In addition, thanks to its internal translation stage, it provides the ability to acquire datasets as
easily as with a snapshot camera. It provides the high spectral and spatial resolution of linescan sensors,
without the need for any external scanning movement: scanning is handled internally, using a
miniaturized scanning stage. Full hyperspectral images can be acquired in a few seconds. Currently, the
maximal RAW spatial resolution that can be reached is 3650 x 2048px (7MpXx), with a spectral resolution
of 150+ spectral bands within the 470-900 nm (visible to near-infrared, VNIR) wavelength range.

4 Image Circle q i

Figure 8: Schematic illustration of a traditional linescan imaging system (left) and the Snapscan system with internal
scanning (middle and right).

One of the advantages of internal scanning is that it is straight forward to combine this camera with a
microscope setup. This way, in [20] a Snapscan camera in the 470-900 nm range has been successfully
used in combination with a microscope setup to discriminate live and dead human ovarian cancer cells
in a non-destructive way.

Imec on-chip hyperspectral imaging cameras have extended the visual-near-infrared range to cover the
short-wave infrared (SWIR) range between 1100 and 1650 nm [22]. Similarly, Mosaic SWIR snapshot
cameras have also been developed to extend this measurement concept to the SWIR range (1100-1650
nm). It is important to note that “on-chip” hyperspectral cameras, [1], [2], have the potential to
considerably reduce the technology cost since they can be mass produced and their price scales down
for high order demands. Figure 9 shows the 3x3 sensor layout used in the snapshot model in the swir
range, with 9 bands in the 1100-1650 nm range and a spatial resolution of 633x504 pixels.
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Figure 9: Mosaic SWIR camera (right) and its 3x3 sensor layout (left)
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