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Abstract
Hyperspectral cameras take pictures containing wavelength information of the imaged
view. The wavelength information, or spectrum, is imaged via dozens of spectral
channels of the camera. The number of channels defines the spectral resolution of the
imaging hardware, and the characteristics of the channels, such as bandwidth, define
its spectral accuracy. The acquired spectral information can be used, for example,
to identify imaged materials.

In this thesis, the spectral responsivity of a Fabry-Pérot-interferometer-based
hyperspectral camera was characterized. For this purpose, an automated measure-
ment setup and analysis software were developed. The most integral part of the
measurement setup was a tunable monochromatic radiance source. The spectral
bandwidth and wavelength scale of this source were characterized with a reference
spectroradiometer, and the relative spectral radiance with a reference pyroelectric
radiometer.

The spectral responsivities of the channels of the camera were measured as a
function of both wavelength and pixel coordinates. The peak responsivities of the
channels varied by 20% on average. Compared with the factory calibration, the
measured centroids of the channels deviated by an average of 0.54 nm and the
measured channel bandwidths by an average of 10%. The channel centroids shifted
by up to 2.5 nm when moving from the image center to the image corner. The
expanded uncertainties (k = 2) for the channel peak spectral responsivities and
channel bandwidths were 10% and 8%, respectively. Expanded uncertainty for the
centroid wavelengths was 0.40 nm.

The results were validated by imaging a radiance source, whose spectrum was
measured also with a spectroradiometer. Compared with the factory calibration, the
new calibration reduced the relative difference in the measured spectral radiance
from 14% to 5%.
Keywords hyperspectral imaging, hyperspectral camera, calibration, spectral

responsivity, Fabry-Pérot interferometer
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Tiivistelmä
Hyperspektriset kamerat ottavat kuvia, joihin tallentuu kuvattujen kohteiden sähkö-
magneettinen spektri. Spektri havainnoidaan kameran kymmenien aallonpituuskana-
vien kautta. Aallonpituuskanavien määrä määrittää kameran spektrisen resoluution.
Kanavien ominaisuudet, kuten kaistanleveys, määrittävät kameran spektrisen tark-
kuuden. Mitattuja spektrejä voidaan käyttää esimerkiksi kuvassa näkyvien materiaa-
lien tunnistamiseen.

Tässä työssä rakennettiin automatisoitu mittausjärjestelmä ja analysointiohjel-
misto, joita käytettiin Fabry-Pérot-interferometriin pohjautuvan hyperspektrisen
kameran spektrisen vasteen karakterisoinnissa. Mittausjärjestelmän keskeisin osa
oli säädettävä monokromaattinen säteilylähde. Lähteen spektrinen kaistanleveys,
aallonpituuspoikkeama ja radianssi karakterisoitiin referenssilaitteistoilla.

Mittauksissa selvitettiin kanavien muoto ja suhteellinen vaste sekä aallonpituuden
että pikselikoordinaattien funktiona. Kanavien suhteelliset maksimivasteet vaihteli-
vat keskimäärin 20% maksimien keskiarvoon nähden. Tehdaskalibrointiin verrattu-
na kanavien mitatut aallonpituuskeskipisteet poikkesivat ilmoitetuista keskimäärin
0.54 nm, ja mitatut kaistanleveydet keskimäärin 10%. Kanavien aallonpituuskes-
kipisteet siirtyivät 2.5 nm liikuttaessa kuvan keskipisteestä reunoille. Laajennettu
mittausepävarmuus (k = 2) oli kanavien maksimivasteille 10%, kaistanleveyksille 8%
ja aallonpituuskeskipisteille 0.40 nm.

Tulokset varmennettiin kuvaamalla kameralla spektriltään tunnettua radianssi-
lähdettä. Tehdaskalibrointiin verrattuna uusi kalibrointi vähensi mittaustulosten ja
referenssispektrin suhteellista eroa 14%:sta 5%:iin.
Avainsanat hyperspektrinen kuvantaminen, hyperspektrikamera, kalibrointi,

spektrinen vaste, Fabry-Pérot interferometri
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C0 reference spectral responsivity
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dcpr distance to the center of projection from the interferometer
f finesse
F coefficent of finesse
I0 intensity of the incident field
Itrans intensity of transmitted radiation
K coefficent of peak location
L(λ) spectral radiance
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n refractive index
p path difference
r reflection coefficent
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wmeas measured bandwidth
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y y coordinate in image pixels
y0 reference y coordinate in image pixels

δ phase difference
∆λfsr free spectral range
∆λ(θ) peak shift as a function of incident angle
∆λ(x, y) peak shift as a function of spatial location
λ wavelength
λ0 reference wavelength
λmeas measured wavelength
λnom nominal wavelength
θ incident angle
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Abbreviations
3CCD A high-end camera system with three CCD detector arrays, one for

each color
AOTF Acousto-optic tunable filter
CCD Charge-coupled-device, a sensor technology used in the detector arrays

of digital cameras.
CMOS Complementary metal oxide semiconductor, a microchip sensor tech-

nology used in the detector arrays of digital cameras.
CMYK Cyan-magenta-yellow-black color model, a subtractive color model used

in printing
FGI Finnish Geospatial Research Institute
FPI Fabry-Pérot interferometer
FWHM Full width at half maximum, a measure for bandwidth
HSI Hyperspectral imaging
LCTF Liquid crystal tunable filter
MEMS Microelectromechanical systems
MOEMS Micro-opto-electro-mechanical systems
PTFE Polytetrafluoroethylene
RGB Red-green-blue color model, an additive color model for displaying

colors with light
RMSE Root mean square error
UAV Unmanned aerial vehicle
VNIR Visible light and near-infrared, wavelengths 380–1400 nm



1 Introduction
In the past years, there has been a significant rise of interest towards hyperspectral
imaging. While hyperspectral imaging is not a new concept, its applications have
previously been quite limited due to the high requirements in computational and
imaging technology. The recent advances in these fields have enabled many hyper-
spectral applications that would have been technically and financially impossible just
a decade ago. Hyperspectral imaging devices are becoming ever lighter, faster and
more accurate – and also cheaper. To better analyze hyperspectral data, state-of-the-
art machine learning algorithms have been developed [1]. Previously, hyperspectral
imaging has been mostly used in a few select domains, such as astronomy and geology,
but as hyperspectral imaging devices become cheaper and more accessible, it is likely
that their applications will spread from a few branches of science to industry and
later maybe even to consumer markets.

The accuracy of a hyperspectral imager is directly related to the spectral respon-
sivities of its channels. Without knowledge on the characteristics of the channels,
such as bandwidths, relative spectral responsivities and unidealities, the reliability of
imaged hyperspectral data cannot be assessed.

The goal of this thesis is to characterize the spectral responsivity of a Rikola
hyperspectral imager [2], manufactured by Senop Oy. The camera operates in the
visible and near infrared (VNIR) spectral range and was designed to be used in
unmanned aerial vehicles (UAVs). The camera utilizes state-of-the-art Fabry-Pérot
interferometer technology. In addition to characterizing the spectral responsivity
of the camera channels, the variation of the spectral responsivity as a function of
spatial image location was also studied.

After the theoretical background of chapter 2 on human vision and digital imaging,
the technologies used in hyperspectral cameras are introduced in chapter 3. Chapter 4
describes the tuneable monochromatic radiance source built for this thesis, consisting
of a broadband radiation source, a monochromator, a set of order sorting filters and
a diffuser plate. The camera was mounted on a motorized turntable, taking pictures
of the diffuse surface at several wavelengths and spatial locations. The measurement
process was fully automated. The characterization of the setup is also described in
chapter 4. In chapter 5 the measurement results are presented and their uncertainty
is estimated. Conclusions are drawn in chapter 6.

The characterization of the Rikola camera was a commission from the Finnish
Geospatial Research Institute (FGI).
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2 Background
This chapter provides insight into the fundamentals surrounding vision and imaging.
The first section describes the human visual system. The second section explains
the concept of spectral responsivity. The third section discusses digital imaging and
basic digital camera technology.

2.1 Human visual system
To fully understand the way digital images are formed, it is first necessary to
understand the way human visual system perceives the world. The schematic of
the human eye is visualized in figure 1. The most important parts of the human
eye are the pupil, lens and retina. The pupil works as a size-adjustable aperture,
controlling the amount of light passing to the lens. The lens can adjust its shape,
effectively changing its focal length, allowing it to focus to different distances. The
lens projects the incoming light onto the retina. The retina is filled with cells
sensitive to electromagnetic radiation, called photoreceptive cells. The part of the
electromagnetic spectrum that is perceivable by humans is called visible light. Visible
light covers the wavelength range from 380 to 780 nm, though these limits vary
between different observers [3]. [4]

retina

cornea

pupil

lens

optical
nerve

iris

Figure 1: Elements of the human eye.

There are two types of photoreceptive cells: rod cells and cone cells. Rod cells
are highly sensitive to light and are responsible for vision in the dark. A rod cell can
even detect a single photon [5]. Rod cells offer only monochromatic (single-channel)
vision, which is why humans cannot see colors in the dark. Cone cells are responsible
for color vision. There are three types of cone cells: S, M and L types, which are
receptive for short, medium and long wavelengths, respectively [4]. The part of the
electromagnetic spectrum to which a cell is sensitive to is called its channel. This
kind of three-channel vision is called trichromatic vision.

As the human eye perceives colors on a three channel basis, it is a natural way
to display color. Most digital color cameras and displays use the red-green-blue
(RGB) color model. The RGB color model is an additive color model, where colors
are formed by adding primary colors together, as demonstrated in figure 2. Its
counterpart is the cyan-magenta-yellow-black (CMYK) color model used in printing.
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CMYK is a subtractive color model, where colors are formed by subtracting primary
colors from the white background. This can be understood as CMYK-colored inks
removing colors from white light.

Figure 2: An RGB image, divided to its three color channels. Lower right corner
shows the combined color image.

2.2 Spectral responsivity
As with the photoreceptive cells in the human eye, a spectral channel or a spectral
band of a sensor denotes the part of the electromagnetic spectrum to which the
sensor is sensitive. Figure 3 shows a comparison of the spectral responsivities of the
cone cells in the human eye and the color channels of a digital RGB camera.

In practice, the difference in the color channels means that a single object will
appear to have different color depending on the device imaging it. In mathematical
terms, the spectrum of the object is weighted by the responsivity of the channels,
and the results are integrated over the responsivity range of the channel, producing
one scalar per channel. This can be presented as a mathematical equation

ci =
∫

L(λ)Ci(λ)dλ, (1)

where ci is the response of channel i, L(λ) is the spectral radiance of the perceived
object and Ci(λ) is the spectral responsivity of channel i.

From a computational point of view, this is effective data compression, though
most of the spectral information is lost. While three channels have been enough
to ensure the survival of human species, some modern applications require more
accurate imaging in the electromagnetic spectrum. This requires an increase in the
number of channels.
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Figure 3: Spectral responsivities of human eye [6] (left) and an RGB camera. The
camera in question is a Canon T3i APS-C with a CMOS sensor [7]. All channels are
normalized so that their maximum value is one.

2.3 Digital cameras
Digital cameras mimic the human eye: the light passes through an aperture and a
set of lenses, and is then projected onto a light-sensitive sensor array. The elements
of a typical digital camera are shown in figure 4. Unlike biological lenses, glass
lenses do not change shape. In order to change the focal length of the camera there
needs to be several lenses whose positions can be adjusted. The amount of light
arriving to the sensor is limited not only by the aperture size but also by the exposure
time, meaning the time the detector array collects light when taking a single picture.
Longer exposure time allows more light to the sensors, creating brighter pictures
but also making them more susceptible to motion. With too long exposure time
the picture may become overexposed, meaning that parts of the picture may be
saturated. On the other hand, too short exposure time may lead to the picture
being underexposed, failing to capture some details of the imaged object. Exposure
time can be controlled either with a mechanical shutter or, if the detector array is
continuously exposed, by limiting the electronic reading time of the array.

The detector array responsible for the actual light measurement is usually either
a charge-coupled-device (CCD) or a complementary metal oxide semiconductor
(CMOS). CMOS sensors are cheaper but generally less accurate than their CCD
counterparts, and are most commonly used in consumer products, whereas CCD
sensors are mostly used in professional-grade products [8]. Unlike the cone cells in
the human eye, CMOS and CCD arrays do not contain different types of sensors for
different channels, and as such can produce only monochromatic images. To produce
a color image, the array needs color filtering. There are three main ways of RGB
color filtering: mosaic filters, separate detector arrays and changing color filters.

A mosaic filter is placed on the detector array covering the pixels with red, green
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light collection
lenses

aperture shutter

sensor
array

color filter

focusing
lenses

zooming
lenses

Figure 4: Elements of a typical digital camera.

and blue band-pass filters. Each pixel carries information on only one color, and
the final color picture needs to be constructed via interpolation. Mosaic filters are
the cheapest form of color filtering, and are used in most RGB cameras. By far the
most common mosaic filter is the Bayer filter, in which the proportion of red, green
and blue filters is 1:2:1, respectively. The layout of the Bayer filter compared to the
distribution of cone cells in human eye is shown in figure 5. [9]

In cameras utilizing separate arrays for each color, the incoming light is split
to three branches and directed to corresponding detector arrays. Each array has
its own full-frame filter. This sort of filtering is expensive compared with mosaic
filtering, as it not only requires several detector arrays, but also sophisticated optics
for beam splitting. However, no interpolation is needed when constructing pictures.
Most often used with CCD detector arrays and dichroic filters, this technology is
known as 3CCD (three-CCD). [9]

Color pictures can also be formed by having a changing color filter on a single
detector array. The final RGB picture is then constructed sequentially from the
individual color frames. While this kind of RGB cameras are rare, many hyperspectral
cameras work this way. [9]

Figure 5: Distribution of cone cells on the retina (left) [10] and layout of the Bayer
filter (right).
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3 Hyperspectral imaging
This chapter discusses hyperspectral imaging (HSI). The first section introduces the
concepts necessary to understand the information conveyed by hyperspectral images.
The second section delves into the different hyperspectral camera technologies. The
third and final section describes several state-of-the-art HSI applications.

3.1 Basic concepts and terminology
Hyperspectral imaging refers to taking two dimensional pictures with spectral infor-
mation. The information is captured within the spectral range of the camera, defined
by the responsivity of its channels. The principle is the same as in RGB cameras,
but whereas an RGB camera has three channels, a hyperspectral camera may have
way over a hundred channels. From a data-oriented point of view, an RGB image is a
X × Y × 3 matrix, where X and Y denote the pixel resolution of the picture and the
number of channels is three. A hyperspectral image is a X × Y × N matrix, where
X and Y again denote the pixel resolution and N is the number of channels. This
matrix is referred to as a hyperspectral cube, or simply a hypercube. A single pixel
in a hyperspectral image is a vector of length N , containing the measured spectral
radiance of the imaged point.

Referring to the different elements of the hypercube can be troublesome, as
traditional image terminology cannot be used. Indeed, inconsistent terminology is
used across the whole field of hyperspectral imaging [11]. The terminology employed
in this thesis is visualized in figure 6. The spectrum of a single image point is referred
to as a point spectrum. Individual spectral elements are known as channels, as
opposed to bands that are sometimes used. The monochromatic image of a single
channel, or a single horizontal layer in the hypercube, is called a channel image. A
lone element in the hypercube, or a single point in a single channel image is known
as a voxel, or a volume element. The word pixel is used when referring to a spatial
point in the image, and its spectral information is of no interest. When referring to
horizontal or vertical layers in a hypercube, the positioning in figure 6 is used.

A term often used in the same context with hyperspectral imaging is multispectral
imaging. There are different notions of the differences between multispectral and
hyperspectral imaging. The most common one is the difference in the number of
channels: a multispectral camera would have at most a dozen channels, whereas a
hyperspectral camera would have significantly more, even over a hundred channels.
Another view is that a hyperspectral camera provides a continuous measurement of
the spectrum, i.e. there are no gaps between the channels, whereas a multispectral
camera would have clear gaps between its channels. In practice, the exact dividing
line between multispectral and hyperspectral cameras is difficult to draw. [12]

Whether to use a multispectral or a hyperspectral camera depends on the appli-
cation. Multispectral cameras are generally smaller, cheaper and faster than their
hyperspectral counterparts. Also, processing multispectral images requires much less
computing power than processing hyperspectral ones. In constrained problems, such
as classifying a few select materials, multispectral cameras may prove more practi-
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voxel
pixel point spectrum

channel image

N

X

Y

Figure 6: Visualization of the terminology used when referring to the different
elements of a hypercube.

cal than hyperspectral ones. Of course, certain applications require more detailed
spectral information. Also, practice has shown that in noisy outdoor applications
hyperspectral cameras are often more useful than their multispectral counterparts.
The extensive data generated by hyperspectral cameras allows the use of statistical
techniques in data analysis, yielding results even when the amount of noise would
render multispectral data unusable. [12]

3.2 Technology
Hyperspectral cameras differ from each other not only by their speed, size, resolution
and price, but also by their underlying technology. In contrast to common RGB
cameras, that capture the whole image simultaneously, most hyperspectral cameras
have to resort to some form of scanning. This section describes the different tech-
nologies for producing hyperspectral images. The presented scanning methods are
collectively visualized in figure 7.

3.2.1 Spatial scanners

Spatial scanners measure all the spectral channels simultaneously, but only for a
limited spatial area. The area is most typically a line, or in some cases, a point. The
hypercube is constructed by spatially sweeping the image area. Line scanners are
called push broom scanners and point scanners are called whisk broom scanners. The
working principle of a typical push broom scanner is shown in figure 8. The incoming
light is first focused into an entrance slit, allowing only a narrow line of light into the
camera. The light passing through the slit is collimated to a dispersive element, most
typically a prism or a grating. This element disperses the light spectrally, and the
dispersed light is then focused onto the 2D sensor array, producing a single vertical
plane in the hypercube. In whisk broom scanners, the entrance slit is a small, round
aperture, and the detector array is a line, producing a single point spectrum in the
hypercube.
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Spatial Scanners Spectral Scanner

Spatio-Spectral Scanner Snapshot Imager

Figure 7: Hyperspectral scanning methods. The visualized voxels describe the part
of the hypercube captured during a single scan. The positioning of the cubes is the
same as in figure 6.

field of view
on object

lens slit collimator
lens

dispersive
element

lens 2D detector
array

Figure 8: Working principle of a push broom scanner.

Since push broom scanners need to scan the image area spatially, either the
camera or the imaged object has to move. Push broom scanners are especially useful
in conveyor belt monitoring and aerial imaging, as the steadily moving environment
eliminates the need for any moving parts in the camera. Push broom scanners are
susceptible to uncontrolled motion in the image area, as moving objects will induce
motion artifacts in the picture. The problem is emphasized in whisk broom scanners.

3.2.2 Spectral scanners

Spectral scanners measure the whole spatial image at once, but only for a single
channel. The complete hypercube is constructed by sequentially measuring all the
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channels. Spectral scanners are basically monochromatic cameras with an adjustable
band-pass filter. This principle is demonstrated in figure 9.

field of view
on object

lens filtering
element(s)

2D detector
array

Figure 9: Working principle of a spectral scanner. There are often additional lenses
and collimators.

There are many different solutions for the adjustable filter. The simplest one is
a filter wheel with several fixed band-pass filters. Other solutions include acousto-
optic tunable filters (AOTF), liquid crystal tunable filters (LCTF) and Fabry-Pérot
interferometers (FPI) [13]. Filters differ from each other by size, price, speed and
applicable spectral range. Fabry-Pérot interferometers are analyzed in detail in the
next section.

3.2.3 Spatio-spectral scanners

Spatio-spectral scanning is a technique built upon the intrinsic attributers of basic
slit spectrometers. A basic slit spectrometer consists of a slit and a diffraction grating,
as shown in figure 10. Light passes through the slit to the grating, generating a
spectral decomposition of the slit view. The slit view, however, is not a line, but
has a certain field of view. Therefore, in the spectral view through the grating,
the different wavelength areas also correspond to different viewing angles on the
imaged object. This is equivalent to capturing a diagonal plane of the hyperspectral
datacube. This kind of scanning could solve some of the problems with spatial and
spectral scanners, most notably constructing images when the camera or the scene
moves irregularly. [14]

field of view
on object

2D detector
array

slit grating

Figure 10: Working principle of a spatio-spectral scanner.
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3.2.4 Snapshot cameras

Snapshot cameras capture the whole hyperspectral datacube in a single measurement.
Snapshot cameras are less susceptible to motion artifacts, and they often have a better
light collection efficiency than scanning instruments [15]. However, the achieved
spatial and spectral resolutions are usually significantly lower than with scanning
systems. Also, the dividing line between snapshot and scanning systems is not
completely clear, as some architectures can perform several scans simultaneously,
but still require subsequent scans to complete the hypercube [11].

Most snapshot systems are based on splitting the incoming beam to several
separate beams, which can then be individually filtered or dispersed. Solutions for
beam splitting include, for example, beamsplitter prisms, faceted mirrors, lenslet
arrays and optical fiber bundles. Filtering architectures often make use of multiband
mosaic filters. [11]

3.3 Applications
Modern hyperspectral imaging rose from the field of geology in the 1980s [16].
Previously, performing geological mapping required the geologist to travel in often
very difficult terrain, collecting mineral samples and doing on-site analysis. However,
with hyperspectral imaging, the same results could be achieved by imaging the
area from an over-flying plane. Since then, with the advancements in both imaging
and computing technology, hyperspectral imaging has become an increasingly more
common and more powerful tool in fields ranging from agriculture to art conservation.

In the field of medicine, hyperspectral imaging can be used in identifying and
monitoring the progression of diseases in tissue. The light absorption, fluorescence
and scattering characteristics of tissue change when under disease. This change in
spectrum can be measured with spectral imaging devices. In comparison to commonly
used spectrometers that measure the spectra of single points, hyperspectral images
provide a more complete view on the tissue. This is very useful in diagnosing diseases
that only appear in a small part of the examined tissue, such as early stages of
different cancers or arterial diseases. [17]

In agriculture, hyperspectral imaging can be used in monitoring the health of
growing crops as well as inspecting the quality of harvested ones. There are many
threats to growing crops: environmental effects, such as lack of water, that put the
crops under stress, and biological pests, such as diseases, fungi and insects that cause
damage to the crops. In addition, weeds spread in the fields, claiming important
space and nutrients. All this damage and stress cause changes in the reflectance
of the plants, measurable by spectral imagers. Moreover, the different hazards to
crop growth usually spread in batches on the fields. UAV-mounted hyperspectral
cameras can be used in identifying and localizing these hazards. This allows for more
efficient nurture of the field, such as more accurate use of irrigation, fertilizers and
herbicides. [18–20]

Perhaps surprisingly, hyperspectral imaging is very useful in the conservation
and research of art and historical artifacts. Hyperspectral imaging can be used as a
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non-damaging method of studying the materials of historical artifacts, allowing for
example the identification of the paints and their substances used in works of art,
or detecting hidden layers in paintings. In daily conservation work, hyperspectral
imaging allows the monitoring of the effects of conservation treatments as well as
digital imaging and archiving with great precision. [21]

In addition to these introduced applications, the potential of hyperspectral
imaging has been recognized in many other fields of science and branches of industry.
Hyperspectral imaging applications are being developed and used in for example
forensic science [22], food quality inspection [23,24] and surveillance [25].

3.4 Fabry-Pérot interferometers
3.4.1 Principle of operation

Fabry-Pérot interferometer (FPI), sometimes called Fabry-Pérot etalon, consists of
two partially reflective, parallel surfaces separated by a cavity, as shown in figure 11.
Light enters the interferometer at a certain angle, and reflects between these mirrors.
At each interface, part of the light is transmitted through the surface and part of it
is reflected back. Interference occurs between the transmitted waves.

distance between
mirrors

incident angle

lens

interference

d

θ

Figure 11: Working principle of a Fabry-Pérot interferometer.

The path difference p between two consecutive waves is

p = 2nd cos θ, (2)

where θ is the incident angle, d the distance between mirrors and n the refractive
index of the cavity. The refractive index of air is n = 1.000.

The path difference determines the phase shift between the waves. When the
path difference is a multiple of the wavelength of the transmitted wave, constructive
interference occurs. The wavelengths at which the constructive interference occurs
are given by formula

2nd cos θ = mλ, (3)
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where m = 1, 2, 3. . . is the order of interference and λ is the wavelength of the waves.
The peak wavelengths can be adjusted either by changing the incident angle or the
distance between the mirrors, the latter being the usual method.

The intensity of the transmitted radiation is

Itrans = I0

1 + F sin2( δ
2)

, (4)

F = 4r2

(1 − r2)2 , (5)

where I0 is the intensity of the incident field, δ is the phase difference between
the waves and r is the reflection coefficient of the mirrors. F is the coefficent of
finesse of the interferometer. The reflection coefficent r also changes as a function
of wavelength, but mirror materials are usually chosen so that the coefficent stays
practically constant in the operational wavelength range. The relation between phase
difference and path difference is

δ = 2πp

λ
. (6)

Free spectral range and finesse are important interferometer characteristics. Free
spectral range ∆λfsr is defined as the wavelength distance between the peaks of the
interferometer output,

∆λfsr = λ2

2nd
. (7)

Finesse f describes the sharpness of the interference, with larger values leading to
sharper peaks. Finesse is defined as the free spectral range divided by the bandwidth
(full width at half maximum, FWHM) of the peaks. Finesse depends only on the
reflectance of the mirrors, not on the distance between them. The finesse of an FPI
is calculated as

f = πr

1 − r2 . (8)

The output of an ideal Fabry-Pérot interferometer is visualized in figure 12. The
spectral transmittance of the Fabry-Pérot interferometer can be described with
Lorentz distributions, also known as Cauchy distributions [26].

Fabry-Pérot interferometer produces an output with several peak wavelengths. In
applications where only one wavelength is wanted, such as hyperspectral cameras, the
other wavelengths need to be filtered out. This can be done with ordinary band-pass
filters or for example with a second Fabry-Pérot interferometer.

3.4.2 Implementations

Although Fabry-Pérot interferometers have been around for over a hundred years,
rapid advancements have been seen mostly in the past decade. The most fundamental
improvements have been in the manufacturing technology. Nowadays miniaturized
tunable FPIs can be mass-produced on monolithic chips, in a similar way as microchips
are produced [27]. Monolithic means that the whole component is manufactured from
a layered wafer, making the component more durable and the production cheaper
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Figure 12: Spectral transmittance of a Fabry-Pérot interferometer for mirror reflection
coefficent r = 0.90, calculated using equation 4.

compared with traditional assembly. The distance between the interferometer mirrors
is adjusted by electrostatic actuators. These tunable Fabry-Pérot interferometers
are called MEMS (microelectromechanical systems) or MOEMS (micro-opto-electro-
mechanical systems) FPIs. These components are small, in the range of 10×10×5 mm,
and have low energy consumption as well as low cost, making them applicable for
lightweight hyperspectral imagers [28].

Another way of implementing small-scale tunable FPIs is by using piezoelectric
actuators to adjust the distance between the mirrors. When compared with MEMS
FPIs, piezoelectric FPIs offer narrower measurement bands over a wider wavelength
range. However, their size is larger, in the range of 30×30×15 mm, and manufacturing
costs are higher. [28]
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4 Measurement setup

4.1 Monochromatic radiance source
In order to measure the spectral responsivity of the imaging device, a monochromatic
radiance source was required. The overview of the constructed setup is shown in
figure 13. The radiation exiting the monochromator was used to illuminate a diffuse
surface for the camera to image. The illuminated surface covered only a portion of
the view of the camera, so turning the camera was required to measure the entire
image. This was achieved by mounting the camera on a motorized turntable. The
measurement sequences were lengthy, up to tens of hours, so the process had to be
automated.

camera

turntable

diffuser

filter wheel

monochromator

parabolic mirrors

entrance slit exit slitlight source

baffle

grating
turret

Figure 13: Measurement setup overview.

The radiation source of the system was an Energetiq EQ-99X laser-driven light
source [29]. The spectrum of the lamp spanned from 170 nm to over 1000 nm. The
beam of the lamp was focused to the monochromator entrance slit using two off-axis
parabolic mirrors. The monochromator was a Princeton Instruments SP-2750 [30].
The monochromator had three selectable gratings [31–33], each optimized for a
different wavelength range. The bandwidth of the monochromator could be changed
by adjusting the entrance and exit slit widths. An external filter wheel [34] equipped
with three order-sorting filters with cutoff wavelengths of 280, 455 and 830 nm was
placed after the monochromator exit slit to eliminate higher order diffractions in the
monochromator output. The wheel was also equipped with a shutter for taking dark
reference pictures.
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A 1-mm-thick piece of white polytetrafluoroethylene (PTFE) was placed after the
filter wheel to act as a diffuser. The camera was mounted on a motorized turntable,
operated with two Newmark stepper motors [35, 36] and an external Pro-Dex PC78
motor controller [37]. The distance between the camera and the diffuser was 175 mm.
To prevent stray light, the camera setup was encased with black cardboard. The
whole measurement process was automated using a LabVIEW-implemented [38]
program.

4.2 Wavelength and bandwidth characterization
To determine the monochromator bandwidths at different wavelengths, the monochro-
mator output was measured with an Instrument Systems Spectro 320D spectrora-
diometer [39]. The diffuser was removed, and the spectroradiometer measurement
head was placed directly after the filter wheel. The bandwidth of the monochroma-
tor was changed by adjusting the entrance and exit slits with micrometer screws.
Figure 14 shows the relationship between the slit width and the bandwidth at three
different wavelengths. Grating #2 [32] was optimized for the wavelength range of
interest, and was used in the characterization measurements.
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Figure 14: Monochromator bandwidth as a function of slit width at three different
wavelengths. Values are for grating #2.

With monochromator slit width fixed to screw reading of 1.0 μm, the output of
the monochromator was measured at different wavelengths. The results are shown
in figure 15. The measured wavelength positions show slight deviation from the
nominal monochromator values. This deviation can be approximated with a constant
value of 0.1779 nm, yielding a root mean square error (RMSE) of 0.014 nm. The
monochromator channel width changes linearly as a function of wavelength, and
can therefore be approximated with a first-order polynomial, yielding an RMSE of
0.012 nm and R-squared value of 0.961.
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Figure 15: Monochromator channel deviations between the nominal and measured
centroid wavelengths and measured monochromator channel width as functions of
nominal monochromator wavelength.

4.3 Level characterization
The output radiance of the measurement system depended on the spectrum of the
light source, spectral throughput of the monochromator, spectral transmittance of
the filters and spectral transmittance of the diffuser. The spectral irradiance of the
system was measured with a Laser Probe Inc. RkP-575 pyroelectric radiometer [40].
The diffuser plate was removed, and the pyroelectric radiometer was placed directly
after the filter wheel. The radiation from the monochromator underfilled the aperture
of the pyroelectric radiometer. The radiometer also required an external chopper,
which was placed before the entrance slit of the monochromator. To reduce noise and
irregularities in the measurements, the measurement sequence was executed five times
and the obtained data were averaged. The averaged data were further smoothed
with a moving average filter and normalized at 650 nm. The monochromator slit
widths were kept at the previously fixed width and filters were selected automatically
according to the monochromator wavelength.

The spectral transmittance of the diffuser plate was measured with a Cary 7000
spectrophotometer [41], calculated as the average of the transmission radiance factors
in the center ±10◦ viewing angle towards the diffuser and normalized at 650 nm.
The results of the level characterization are shown in figure 16.

4.4 Measurement procedure
The devices in the setup were controlled using a LabVIEW program. The measure-
ment sequences were compiled using a separate MATLAB [42] application. The
most important aspects of the measurement sequences, such as wavelength ranges,
camera angles and number of dark and measurement frames, were adjustable. The
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Figure 16: Relative spectral radiance of the measurement setup, calculated as a
product of the measured spectral irradiance before the diffuser and the measured
spectral transmittance of the diffuser.

order-sorting filter best suited for each wavelength region was selected automatically
by the compiling application. The measurement sequences were fully automatic.

The dark signal level was dependent on the temperature of the camera sensor.
The sensor reached a steady temperature of approximately 37 ◦C in around five hours
of continuous operation. Because of time constraints, waiting for the temperature to
stabilize was not feasible. To account for the change in dark signal levels, sequences
of dark frame measurements were inserted to each measurement run at regular
intervals, usually five dark frames for every 50 measurements. When analyzing the
measurement data, the dark signal for each measurement was obtained by linear
interpolation of the average signals from the previous and the next dark sequence.

To reduce the effects of noise in the measurements, several pictures, usually five,
were taken at each measured wavelength position. After dark reference removal these
images were averaged to form a single measurement image at the given wavelength.

The illuminated area on the diffuser plate covered only a small portion of the view
of the camera. This illuminated area was automatically detected from the pictures.
An example of illuminated area detection is shown in figure 17.

4.5 Mathematical analysis
The spectral responsivity for each channel was determined from the average of a 30×30
pixel area at the center of the illuminated area. To account for the change in the
spectral radiance of the monochromatic source, the obtained spectral responsivities
were divided by the combined setup spectral radiance shown in figure 16. The
0.18 nm shift in the wavelength scale (figure 15) was also taken into account.

Noise in the measured spectral responsivities increased the uncertainty in the
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Figure 17: Illuminated area detection. Picture on the left shows the measurement
picture after dark signal removal, picture on the right shows the detected illuminated
area.

values derived from the data, e.g. channel bandwidth, peak responsivity and wave-
length. To reduce the effects of noise, the channel spectral responsivities were fitted
with three-parameter Lorentz distributions

C(λ) =
C0(w

2 )2

(λ − λ0)2 + (w
2 )2 , (9)

where C0 is the peak height, λ0 is the peak centroid position and w is the full width
at half maximum. An example of Lorentz distributions fitted to the measurement
data is shown in figure 18.

As the output of the monochromator was not completely monochromatic, but
had an FWHM bandwidth of approximately 1 nm, the measured bandwidths of
the channels were widened compared with the undistorted values. The effect of the
bandwidth of the monochromator on the measured channels can be understood as
the convolution between the spectrum of the output signal of the monochromator
and the undistorted spectral responsivity of each channel. To recover the undistorted
spectral responsivities of the channels, the measured responsivities would need to be
deconvoluted. The deconvolutions were estimated by simulating convolutions with
varying source bandwidths and measurement channel bandwidths at the measured
wavelength positions. The simulation results formed a lookup table, which was used
to correct the measured channel bandwidth values. The corrections were at maximum
5% of the channel FWHM.
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Figure 18: Examples of Lorentz distributions fitted to the measurement data. The
peak of the channel centered at 717 nm was measured with a higher spectral resolution
than the four other displayed channels.

4.6 Rikola hyperspectral camera specifications
The Rikola hyperspectral camera characterized in this study is a spectral scanner
based on piezoelectric Fabry-Pérot interferometer technology. The spectral range
of the camera was from 490 to 910 nm, but a detector sensor switch occured at
640 nm, sensor 2 being active from 490 to 640 nm and sensor 1 from 640 to 910 nm.
The bandwidths of the spectral channels varied between 5 and 17 nm. The pixel
resolution was 1010 × 1010 pixels, and field of view was 36.5◦× 36.5◦. The focal
length of the camera was 9 mm, and the camera had fixed optics, meaning that there
were no zooming options. The spectral data were saved using a 12-bit depth for each
channel. [2]

The Rikola camera software allowed the user to define the spectral channels
of the camera, but not completely unconstrained, as only certain wavelength and
channel bandwidth combinations were allowed. In the analysis, the measured channel
responsivities were compared with these nominal values.
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5 Measurement results

5.1 Channel spectral responsivities
The measured spectral responsivities of the set of 47 channels used by FGI with the
Rikola hyperspectral imager are shown in figure 19, and fitted Lorentz distributions
in figure 20. The spectral responsivities were calculated from the raw pictures taken
by the camera, without the calibration files of the camera software provided by
the manufacturer. The values are measured from the center of the image area and
normalized with the height of the channel at 700 nm.
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Figure 19: Measured spectral responsivities of the Rikola hyperspectral camera at
the center of the image area. The channels are those typically used by FGI.

Calculated from the fitted Lorentz distributions, according to equation 9, the
standard deviation of the channel peak heights was 20.0% of the mean peak height.
There is a clear drop in responsivity around 640 nm, which is the location where the
camera sensor switch occurs. In addition, there are two detectable channel leaks, i.e.
regions of sensitivity outside the main peak, above the measurement noise floor. The
channel at the smallest wavelength position, 492 nm, leaks in the wavelength region
from 635 to 645 nm. The channel at 565 nm leaks in the wavelength region from 475
to 485 nm. The leaks are not visible in figure 20, as the Lorentz distributions show
only the main peaks of the channels.
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Figure 20: Lorentz distributions fitted to the measurement data. The distribution
widths have been corrected with the deconvolution correction factors.

5.2 Channel peak shift
Peak shift describes the deviation of the measured channel centroid wavelengths from
the nominal ones. The centroid wavelengths were calculated from the fitted Lorentz
distributions, according to equation 9. Figure 21 shows the channel peak shift as a
function of wavelength. The standard deviation of the shifts is 0.68 nm and average
magnitude is 0.54 nm.

Figure 22 shows peak shift as a function of spatial location in the image area for
the two sensors of the camera. The measurement data for sensor 1 is an average of the
peak shifts for three channels of different bandwidths centered at wavelength 715 nm.
Similarly, the data for sensor 2 is an average of the peak shifts for three channels of
different widths centered at wavelength 555 nm. The results were adjusted so that
the peak shifts at the spatial center of the image were zero.

The effect where the channel centroid wavelength shifts when moving from the
center of the picture area towards the sides is known as Smile. It is usually associated
with push broom scanners. As push broom scanners only observe a narrow line of
the image area at a time, in their case the figure for Smile is a curve – hence the
name. As the measured camera was a spectral scanner, the Smile of the camera was
a curved plane.
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Figure 21: Channel peak shifts as a function of wavelength.
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Figure 22: Peak shift as a function of spatial location. The black dots indicate the
locations of the measurement points, and their areas represent the fitting error for
each point.

By assuming that the center of the projection of the camera optics is located
behind the Fabry-Pérot interferometer, an estimate for peak shift as function of
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spatial location can be derived from equation 3:

∆λ(θ) = K cos θ − λ0 (10)

∆λ(x, y) = K
dcpr√

dcpr
2 + (x − x0)2 + (y − y0)2

− λ0 (11)

K = 2nd

m
(12)

where ∆λ(x, y) is the peak shift, x and y denote the pixel location on the image,
x0 and y0 denote the center position of the peak shift effect, λ0 is the reference
wavelength and dcpr is the distance to the center of projection from the interferometer.
The peak shift measurement data were fitted with this equation as well as second-
order polynomial planes. The fits are visualized in figure 22, and the goodness of the
fits is listed in table 1.

Table 1: Goodness of the spatial fits for peak shift. St. dev. describes the standard
deviation of the measurement data when compared with a uniform plane. RMSE
stands for root mean square error. R2 is the R-squared goodness of fit criterion.

fit fit function st. dev. [nm] RMSE [nm] R2

Spatial fit for peak
shift, sensor 1

2nd-order polynomial
plane

0.68 0.19 0.94

Spatial fit for peak
shift, sensor 1

Equation 11 0.68 0.21 0.92

Spatial fit for peak
shift, sensor 2

2nd-order polynomial
plane

0.65 0.24 0.89

Spatial fit for peak
shift, sensor 2

Equation 11 0.65 0.25 0.88

The polynomial plane offers a better fit, mostly due to it being non-symmetric.
The symmetric equation derived from the attributes of a Fabry-Pérot interferometer
offers slightly better fit at the center of the picture, but worse at the edges. Applying
geometric corrections, such as image rectifying, to the equation could affect the fit
at the image edges.

5.3 Channel bandwidths
Figure 23 shows the relative difference between measured and nominal channel
bandwidths as a function of the nominal centroid wavelengths of the channels. The
standard deviation of the values is 13% and average magnitude is 10%.
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Figure 23: Relative channel bandwidth as a function wavelength. Relative channel
bandwidths are calculated as (wmeas/wnom − 1) × 100%, where wmeas is the measured
measured channel bandwidth and wnom the nominal channel bandwidth.
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Figure 24: Relative channel bandwidths as a function of spatial location. Relative
difference is defined in the same way as in figure 23. The crosses show the locations
of the measurement points. The values above the pictures describe the nominal
bandwidths of the measured channels. The values on the left describe the nominal
wavelength positions of the channels. The pictures have been smoothed with thin-
plate spline interpolation.
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The change of the channel bandwidth in the image area is shown in figure 24.
The upper row shows the data for three channels with different bandwidths at the
wavelength of 555 nm. Similarly, the lower row shows data for three channels with
different bandwidths at the wavelength of 715 nm. The measurements done at the
same wavelength position appear to have similar features, even though the signals
are noisy. The channels are at their widest at the lower right corner of the images.

5.4 Dark signal temperature dependency
The relation between the dark signal level of the camera and sensor temperature is
visualized in figure 25. The dark signal is dependent on the sensor temperature and
the used sensor. The sensor temperature values are from the internal temperature
sensor of the camera. The signal level was normalized with the same factor as the
responsivities in figures 19 and 20.

24 26 28 30 32 34 36 38
Temperature [◦C]

4.0

4.5

5.0

5.5

6.0

Si
gn

al
le

ve
l

Sensor 1
Sensor 2

Figure 25: Dark signal temperature dependence for different sensors of the hyper-
spectral camera.

When constructing the curves in figure 25, the measurements from the first ten
minutes for each sequence were filtered out. Every time the camera was turned
on, during around the first ten minutes, the measured temperature would remain
approximately constant or even decrease. The dark signal levels, however, would rise
just as if the temperature was steadily rising. As this occured every time the camera
was turned on, and independently of the starting temperature, it was deemed to be
caused by nonidealities in the temperature measurements rather than being a feature
of the detector arrays.
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5.5 Uncertainty analysis
The uncertainties were defined for the channel peak spectral responsivities, band-
widths and centroid wavelengths. These variables were calculated by fitting Lorentz
distributions to the measurement data. The uncertainty budgets were divided to
three wavelength ranges, from 490 to 650 nm, 650 to 800 nm and 800 to 910 nm.
These ranges were chosen based on the characteristics of the radiation source, shown
in figure 16. From 490 to 650 nm the radiance of the measurement setup is smooth,
and the signal level is relatively high. From 650 to 800 nm the radiance is still smooth,
but signal level is lower, yielding a worse signal-to-noise-ratio. After 800 nm the
spectrum of the light source contains some high-intensity peaks, greatly increasing
the uncertainty of the measured variables.

To determine the repeatability of the results, a measurement series for 15 channels,
five in each uncertainty wavelength range, was repeated ten times. Between the series
the camera and components of the measurement setup were occasionally turned off
and on again, yielding different camera starting temperatures and device uptimes.
Calculated from the camera measurements, the effects of the repeatibility of the
radiance source and the effects of the repeatibility of the camera are inseparable.

The uncertainty budget for the channel peak spectral responsivities is listed in
table 2. The combined uncertainty is dependent on the uncertainty of the measured
signal level correction factors, namely the reference irradiance and diffuser trans-
mittance values. The repeatibility of the reference irradiance measurements was
estimated from the deviation of the five measurement sequences carried out with the
pyroelectric radiometer. The uncertainty of the spectral response of the radiometer
itself was declared by the manufacturer [40].

Table 2: Uncertainty budget for the channel peak spectral responsivities.

Source of uncertainty Relative uncertainty [%]
490–650 nm 650–800 nm 800–910 nm

pyroelectric radiometer spectral
responsivity

1.0 1.0 1.0

reference irradiance measurement
repeatibility

1.6 3.2 4.4

diffuser transmittance measurement 2.0 2.4 2.8
camera measurement repeatibility 3.6 3.0 3.4
combined uncertainty (k = 1) 4.5 5.1 6.3
expanded uncertainty (k = 2) 9.0 10.2 12.6

The uncertainty of the channel peak wavelengths is estimated from the repeata-
bility of the camera measurements and from the wavelength scale repeatabilities of
the monochromator as well as the spectroradiometer, as declared by their manufac-
turers [30, 39]. The uncertainty budget is listed in table 3.

The uncertainty budget for the channel bandwidths is listed in table 4. The
combined uncertainty is estimated from the repeatibility of the camera measurements,
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as well as the uncertainty of the deconvolution correction factors. The uncertainty
of the deconvolution factors was estimated by simulating a shift in the channel
wavelength positions up to the standard deviation of the channel peak shift while
keeping the measurement wavelengths constant and calculating the change in the
correction factors within this range.

Table 3: Uncertainty budget for the channel wavelengths.

Source of uncertainty Uncertainty [nm]
490–650 nm 650–800 nm 800–910 nm

spectroradiometer wavelength scale
repeatibility

0.10 0.10 0.10

monochromator wavelength scale
repeatibility

0.05 0.05 0.05

camera measurement repeatibility 0.18 0.11 0.21
combined uncertainty (k = 1) 0.21 0.16 0.24
expanded uncertainty (k = 2) 0.41 0.32 0.48

Table 4: Uncertainty budget for the channel bandwidths.

Source of uncertainty Relative uncertainty [%]
490–650 nm 650–800 nm 800–910 nm

deconvolution unidealities 1.7 1.0 10.0
camera measurement repeatibility 3.8 3.6 5.1
combined uncertainty (k = 1) 4.2 3.7 11.2
expanded uncertainty (k = 2) 8.4 7.4 22.4

5.6 Validation of the spectral responsivity characterization
The results were validated by imaging an integrating-sphere-based radiance source
and comparing the measurement results with the known spectrum of the source,
measured with the Instrument Systems Spectro 320D spectroradiometer [39]. The
outlet of the integrating sphere covered an approximately 50×50 pixel area at the
center of the image. The channel responses were calculated from the average of
the pixel values of the illuminated area. The validation results for the measured
correction, manufacturer calibration and uncalibrated raw data are shown in figure 26.
The measurement-based corrections were calculated by dividing each channel by its
area, i.e. the integrated spectral responsivity of the channel. To compare how well
the relative shape of the spectrum was captured, the spectra were further normalized
so that the RMSE criterion was minimized. The RMSE was calculated from relative
differences from the reference spectrum. The errors of the results obtained with the
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Figure 26: Measured relative spectral radiance of a reference source using different
calibrations for the hyperspectral camera.

500 550 600 650 700 750 800 850 900
Wavelength [nm]

-40

-20

0

20

R
el

at
iv

e
er

ro
r

[%
]

Measurement point
Combined uncertainty, k = 1
Expanded uncertainty, k = 2

Figure 27: Uncertainties and relative errors of the measured spectrum with the
newly-defined corrections applied.

measurement-based corrections along with the uncertainty limits are visualized in
figure 27. Because channels at 492 and 565 nm had known leaks, they were considered
outliers and ignored in the goodness-of-fit calculations.

The normalized RMSE of the corrected spectrum was 5.4%, compared with the
raw data RMSE of 26.8% and the manufacturer calibration RMSE of 13.6%. The
uncertainties of the measured corrections are the standard uncertainties of the channel
peak areas. The combined uncertainties of the areas were calculated as the square
sum of the combined uncertainties of the channel peak responsivities and the channel
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peak bandwidths, yielding 6.1%, 6.3% and 12.8% for wavelength ranges from 490 to
650 nm, 650 to 800 nm and 800 to 910 nm, respectively. Out of the 45 measurement
points, 77.8% fall within the combined uncertainties (k = 1) and 97.8% within the
expanded uncertainties (k = 2). One point, or 2.2% of the measurements, is slightly
out of the uncertainty limits.

5.7 Discussion and further improvements
The most dominant source of uncertainty in the presented measurement setup was the
poor signal-to-noise-ratio of the measurements. In this thesis, the issue was combatted
by averaging measurements and fitting the noisy measurement data with Lorentz
distributions. However, averaging greatly increases the length of the measurement
runs. Furthermore, it cannot be guaranteed that the measured responsivities could be
viably characterized with parametrized distributions. The simplest way to improve
the signal-to-noise-ratio is to use a radiation source with a higher output signal. The
problematic peaks in the output radiance could also be removed by choosing a more
spectrally uniform radiation source.

As the measurement setup was fully automated, the lengthy time the measurement
sequences required was itself not an issue. However, the 128 GB memory card of the
camera under study was filled up every few hours, and had to be manually changed,
making for example overnight measurements unviable. Extensive measurement runs
would be feasible, if the camera could transfer the images directly to an external
hard drive with reasonable speed.

In the current setup, the effects on uncertainties caused by the stability of the
radiance source and the stability of the camera itself are inseparable. These effects
could be separated by measuring the relative irradiance or radiance of the source
simultaneously with a spectrally calibrated reference detector and the camera under
study. Separating the effects would allow to reduce the uncertainty related to the
stability of the source, as well as to better assess the potential instability of the
camera itself.
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6 Conclusions
The field of hyperspectral imaging has been growing rapidly in the past years. The
advances in imaging and computing technologies have enabled hyperspectral solutions
that would have been impossible just a decade ago. Hyperspectral cameras capture
the wavelength information of the imaged object via dozens of spectral channels of
the camera. There are numerous different hyperspectral camera technologies that
differ from each other by speed, size, resolution and price, among others. Yet the
defining attribute of a hyperspectral camera is its spectral responsivity.

In this thesis, a setup for measuring the spectral responsivity of a hyperspectral
camera was constructed, its most integral part being a tuneable monochromatic
radiance source. The tuneable radiance source consisted of a broadband radiation
source, a monochromator, a set of order-sorting filters and a transmitting diffuser
plate. The camera was placed on a motorized turntable, allowing it to image the
diffuse, monochromatic surface at different view angles. The measurement procedure
was fully automated. The spectral output of the source was characterized with a
reference pyroelectric radiometer and a spectroradiometer.

The setup was used for characterizing the spectral responsivities of the channels
of a Fabry-Pérot-interferometer-based Rikola hyperspectral camera. To resolve the
responsivities both as functions of wavelength as well as image spatial position,
the measurements were performed at different source wavelengths and camera view
angles. To reduce the effects of noise when calculating the channel characteristics, the
channel responsivities were fitted with Lorentz distributions. The peak responsivities
of the channels at different wavelength positions varied from each other by 20% on
average. Compared with the factory calibration values, the channel widths varied
by an average magnitude of 10% and the channel centroid wavelengths were shifted
by an average magnitude of 0.54 nm. The channel peak shift when moving from
image center to the image corner, also known as Smile effect, was up to 2.5 nm.
The channel bandwidths also varied within the image area, showing some repeating
patterns between different channels. The measurements also revealed two channel
leaks in the measured wavelength range. The expanded uncertainties (k = 2) for the
channel peak spectral responsivities were 10%, for channel bandwidths 8% and for
channel centroid wavelengths 0.40 nm.

The results were validated by imaging a radiance source with known spectral
radiance with the hyperspectral camera. Compared with the calibration by the
manufacturer, the newly defined corrections reduced the difference in the measured
spectral radiance from 14% to 5%.
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