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Abstract:

The application effect of the hyperspectral imaging system heavily relies on the signal to noise ratio. According to

design features of hyperspectral imaging system and source of various noises, various noise models are established like
time-domain noise, spatial-domain noise, spatial interference, spectrum superposition and so on and the influence and restriction
of various noises on hyperspectral imaging system are analyzed in detail on this basis. The conclusion of this paper plays an im-

portant role in promoting the practicability of the hyperspectral imaging system in China.
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1  THEORETICAL MODEL FOR CALCULATING
RADIATION SENSITIVITY OF HYPERSPEC-
TRAL IMAGER

The main technical indexes for evaluating hyperspectral
imager include spectral resolution, spectral coverage, spatial
resolution, spatial coverage, radiation sensitivity and so on.
These indexes are mutually restrictive (Tong et al., 2006). Ra-
diation sensitivity is the key to successful design of the imaging
system after the requirements of the spectral resolution cover-
age and the spatial resolution coverage are satisfied.

This paper discusses in detail the influence and restriction of
various noises on the system radiation sensitivity, and espe-
cially makes in-depth study on the influence of noise in spatial
domain, signal interference in spectral domain and inconsis-
tency of different wavebands on the system radiation sensitivity
through analysis on radiation characteristics of ground object
and radiation sensitivity equations.

1.1 Radiation characteristics of object

Radiation of ground object consists of thermal radiation
given off by the object and reflection of solar radiation. In the
visible and SWIR bands (0.4—2.5um), the radiant energy of
object mainly comes from the reflection of solar radiation and
its own thermal radiation is relatively small which always can
be ignored during calculation. While in the mid-wave
(3.0—5.0um) and long-wave (8.0—12.5um) thermal infrared
bands, the reflected energy from solar radiation is relatively
small and the radiation of object is mainly thermal radiation
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given off by itself. For ground object with characteristic of
Lambertian reflector and the resistivity of p(4), the radiation
power P(1) per wavelength which is absorbed by detector of
hyperspectral imager in visible band and SWIR band can be
expressed as follows (Yu, 1995):

2
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where E(A) represents the solar spectral irradiance at the ground
surface; 7,(4) is the spectral transmittance of the atmosphere;
7,(4) is total transmittance of optical system; 6 represents sun
clevation angle; L, (1) is path radiance caused by atmospheric
scattering; D, is optical effective aperture of the spectrometer
and f is instantaneous field of view (IFOV). In order to sim-
plify the calculation, influence of path radiance L,(4) caused by
atmospheric scattering is ignored.

With regard to thermal radiation of the object, the object and
background of imaging system are mutual. What affect the
radiation images are pixel temperature 7, specific emissivity &,
reflectivity p, the temperature difference of adjacent pixels A7,
the specific detectivity difference A¢ and the reflectivity vari-
ance Ap. The radiation power difference per wavelength of
adjacent pixels AP(1) can be expressed as (Xue, 1992):

AP() = D5, (D7 (2) %
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where, Lt (1) represents the spectral emissivity of the object.

1.2 Calculating formula of radiation sensitivity of
hyperspectral imager

For the hyperspectral imager with spectral range of
0.4—2.5um, detection sensitivity can be expressed by signal to
noise ratio SNR or noise equivalent reflectance difference
NEAp. NEAp represents the reflectance difference of object in
the case that SNR equals 1.

1.2.1 SNR calculation based on D*-Specific detectivity method

SNR calculation based on D* method is to calculate SNR
with specific detectivity of detector. This method is more suit-
able for traditional hyperspectral imager with single or
multi-photoconductive detector. For a waveband whose central
wavelength is A and the narrow spectral bandwidth is A4, the
SNR can be expressed as (Xue, 1992):

Vs(A) _ DS,
(A aJAnf

7,(D)7, (A)D"(A)E(A)sinGp(2)AA 3)
where, 7,(1), 7,(1), D*(1), E(4) and p(4) are the average value
within the spectral bandwidth A4; J. represents the signal proc-

SNR(A) =

ess factor; Vy is the noise voltage of the detector; D*(4) is the
normalized spectral detectivity or specific detectivity; 44 is the
pixel size of the detector and Af is noise bandwidth of the elec-
tronics.
1.2.2 SNR calculation based on quantum efficiency-equivalent
electron method

Equivalent electron method is to calculate SNR through
calculation of the signal electrons and noise electrons generated
by the detector. This method is more applicable to hyperspectral
imager with CCD detector or infrared focal plane array detector.
With this method, the radiation power P(1) received by the
detector pixel is converted to photon number Np(4). The num-
ber of electrons Ng (1) generated by detector can be obtained
with detector spectral quantum efficiency #(1). Thus, the system
SNR is the ratio of signal electrons number to the sum of vari-
ous noise electrons number Ny, (4), which can be expressed as:

SNR(1) = @) (@)
N total (M)
where signal electrons number Ns(4) can also be expressed as:
P(A)T A
N = Np(ima ="ty s)

where h represents Planck constant; ¢ is velocity of light and
Tine is the integration time of detector. According to Eq.(1),
Eq.(4) and Eq.(5), SNR can be given by:

Ny _ Dip’sin0Ty
Ntotal(}\‘) Niotal ¥ 4he (6)
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For the thermal infrared hyperspectral imager with spectral

SNR =

range between 3.0um and 12.5um, detection sensitivity can be

represented by noise equivalent temperature difference NEAT.

Under laboratory conditions, system performance can be evalu-
ated with black body. When ¢=1, Ae=0 and Vi=Vy, AT is equal
to NEAT. Considering the process factor of signal processing
system, NEAT can be formulated as (Xue, 1992):
NEAT = —— WApY - (7
DOﬁ 5e‘[0(l)‘[a (ﬂ')D (A)XT (l)

where, Xt(4) represents differential radiant exitance, which is

expressed as:
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2 NOISE MODEL OF HYPERSPECTRAL IMAGER

Overall noise of hyperspectral imager consists of noise in
the time domain and noise in the spatial domain. Time-domain
noise is related to each pixel of detector, which mainly includes
inherent noise of detector, noise caused by signal electron fluc-
tuations and the electronic noise. Spatial-domain noise is
caused by the application of multi-element detector and focal
plane detector and the occurrence of spectral dimension in hy-
perspectral imager and spatial factors like the non-uniformity
and mutual superposition of different detector pixels and dif-
ferent wave bands can give rise to spatial-domain noise. In the
analysis of traditional remote sense system, the analysis of time
domain noise is clearer than that of spatial domain noise due to
more extensive application of unit detectors. With extensive use
of FPA in a new generation of hyperspectral imager, the influ-
ence of spatial domain noise on system performance becomes
significant. Time domain noise and spatial domain noise are
irrelevant, so total noise power of hyperspectral imager is equal
to mean square root of time domain noise and spatial domain
noise.

2.1 Time domain noise model

Time domain noise includes shot noise, readout noise, ther-
mal noise, amplifier noise and so on. Essentially, this kind of
noise is caused by random motion of micro particles, so it
changes randomly with time. For hyperspectral imager with
FPA, the system performance is mainly affected by the shot
noise and the readout noise.

2.1.1 Shot noise

Photon fluctuation received by the photoelectric detector and
the discontinuity and randomness of the photo-generated carri-
ers” mobility will cause fluctuation of carriers and give rise to
shot noise. Shot noise of hyperspectral imager mainly includes
photon shot noise introduced by light-current /g which is gener-
ated by the target radiation, photon noise of photocurrent /p
generated by other radiation (non-target radiation) and shot
noise generated of FPA dark current /y,,. Spectral characteris-
tics of these kinds of shot noise approximately approach to
characteristics of the white noise, so in hyperspectral imager the
total shot current noise can be expressed as:
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if = 2elyAf = 2e[ I+ Ip + Ly JA )
where /4 is the sum of photocurrent generated by detector; e is
the electronic charge and Af is the system noise equivalent
bandwidth. For FPA detetor with readout circuit, the Af and the
integration time of detector 7}, have the following relation:

Af =

G (10)

int
According to Eq. (10) and Eq. (9), total number of electrons
of shot noise is:

lN X Tmt
Nshot -

1
=—x,/2el4Af x T
e
:\/N5+NP+Ndark:\/Nd (11)

Where Ny represents total number of signal electrons gener-
ated by the detector within the integration time 7, which in-
cludes the number of photo-electrons Ng generated by target
radiation, Np generated by other radiation and N, generated
by detector dark current. According to the current development
level of hyperspectral imager, Np generated by other radiation is
affected by at least the following factors: the stray light of sys-
tem, the background radiation of device, the response
non-uniformity and the crosstalk of device, the superposition of
spectral response functions in different wavebands and so on.
2.1.2 Readout noise

Readout noise N,,q of FPA mostly arises from the inherent
noise of device in readout circuit and additive noise introduced
by the circuit structure or the operating mode. Readout noise
mainly includes inherent noise and the switch noise of
MOSFET and KTC noise. With the improvement of design and
manufacturing process of FPA in recent years, the readout noise
level has been greatly improved. In the visible and near-infrared
waveband, readout noise of high-end CCD devices produced by
some foreign manufacturers is as low as dozens of electrons. In
the short-infrared waveband, the readout noise of HgCdTe FPA
is also as low as several hundred electrons.

2.1.3 System signal-to-noise ratio

For hyperspectral imager with focal plane detector, the
time-domain noise mainly includes two types of noises which
are mentioned above. Because these two types of noises are
irrelevant, total noise electrons of the system N can be ex-
pressed as:

2 2
Niotal =V Nshot” + Nread (12)

According to Eq. (4) and Eq. (11), after eliminating disable
pixels of the detector, the calculating formula of system SNR
based on quantum efficiency is:

SNR = s N (13)

Ntotal \/Ns + NP+Ndark + N, ead

According to the above formula, it can be seen that system
SNR is limited by the number of readout noise electrons and
the signal electrons generated by FPA. The signal electrons N

are only a part of Ny, so:

SNR <,/N, (14)

This formula shows that single pixel SNR of hyperspectral
imager is limited by the square root of the total number of elec-
trons collected by it. System SNR is not linear with the increase
of signal, so the NEAp will change when the object has differ-
ent reflectivity p. When p is relatively small, the sensitivity of
system is relatively high. Fig.1 shows the relationship between
single pixel output noise DN and the signal DN. It can be seen
from this figure that when the signal is relatively small, system
noise is mainly determined by the readout noise; when the sig-
nal increases gradually, system noise is predominated by shot
noise and when signal is in saturated zone, the noise begins to

fall again.
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Fig. 1 Relationship between the noise DN and the signal DN of the
SWIR FPA

2.2 Spatial-domain noise model

2.2.1 Non-uniformity noise of multi-unit detector

At present, most hyperspectral imagers use FPA detectors, so
the impact of non-uniformity of the detector response on the
system cannot be ignored. According to the National Standard
of the People’s Republic of China, the Technical Norms for
Measurement and Test of Characteristic Parameters of Infrared
Focal Plane Arrays (1998), the non-uniformity of IRFPA re-
sponse Uy is defined as:

1
Ur=3% \/MXN (d+h)ZZ[R(’ 2 R] (13)

i=1 j=l1

where R(i, j) is the responsivity of FPA pixel; M and N repre-
sent the number of rows and columns of FPA respectively; d
and £ are the number of non-responsive and excessively noisy

pixels respectively. R is the average responsivity after elimi-
nating the disabled pixels (including non-responsive and exces-
sively noisy pixels). According to the current production level
of FPA, response non-uniformity of CCD device is generally
greater than 2%, while that of IRFPA is 5% or so. Because one
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dimension of FPA of hyperspectral imager adopts spatial imag-
ing and the other applies spectral imaging, non-uniformity in
spatial image can be simplified to:

U =L N Ry -rp (16)
R_E N-p 1

where N is the number of pixels in spectral dimension; R is
the average responsivity after eliminating the dead pixels in
spectral dimension and p represents the number of dead pixels
in spectral dimension. The non-uniformity of FPA can be im-
proved through correction. Since there are a lot of methods for
correcting non-uniformity, details of correction are not dis-
cussed here. In general, the non-uniformity of corrected hyper-
spectral images can be less than 1%. Fig.2 shows average DN
value of each pixel before and after correction of
non-uniformity of spectrogram in thermal infrared hyperspec-
tral imager developed by SITP. This spectral channel’s response
non-uniformity is about 9.56% before correction, and it is re-
duced to about 0.24% after correction.

For single pixel, response non-uniformity of detector means
different pixels have different responsivity, but for the whole
remote sensing image, a kind of spatial domain noise is intro-
duced. For hyperspectral imager, image noise in spatial domain
introduced by response non-uniformity of detector is the prod-
uct of non-uniformity and the average value of image. The
electron number of spatial domain noise Ny introduced by re-

sponse non-uniformity of the detector is formulated as:
NR:UR'XNd (17)

Spatial domain noise caused by detector response
non-uniformity will change with changes of image signal, but
for the linear response system the scale remains unchanged.
Therefore, image non-uniformity constitutes the upper limit of
image SNR. For instance, if the non-uniformity is 1%, the
maximum image SNR cannot exceed 100. Therefore, reduction
of system response non-uniformity plays a very important role

in increasing radiant sensitivity of hyperspectral imager.
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Fig. 2 Nonuniformity of a single channel before and after correction

for a thermal infrared hyper-spectral imager

2.2.2  Spatial background radiation noise

Stray light of optical system and internal structure of hyper-
spectral imager and its own thermal radiation will also intro-
duce noise and reduce radiation sensitivity of the system. In
MWIR, LWIR and SWIR bands, hyperspectral imager that
requires a long integration time is mainly influenced by the
background infrared radiation. Especially for the thermal infra-
red hyperspectral imager, the signal generated by the system
optical background radiation at room temperature greatly ex-
ceeds the radiation from the target itself. Background radiation
becomes the main factor that restricts the improvement of sys-
tem radiation sensitivity. Fig.3 shows the schematic diagram of
infrared detector receiving background radiation.

Thermal
radiation

Dewar cold Detector

Fig. 3 Background thermal radiation model of the hyper-spectral
imagery

In order to analyze the impact of background radiation of
various components in the hyperspectral imager on system
performance, the thermal radiation model shown in Fig.3 can
be established. In the figure, w, means the half field angle of
detector dewar cold shield to the center of focal plane and w,
means the half field angle of the optical aperture to the center of
the focal plane. The background thermal radiation can be di-
vided into three parts, namely, dewar cavity thermal radiation,
thermal radiation of the optical system and the structure back-
ground thermal radiation.

(1) Dewar cavity radiation

In order to reduce the influence of dewar cavity thermal ra-
diation background of infrared detector, the cold shield is usu-
ally used to reduce thermal background. When aperture of cold
shield coincides with the entrance pupil optical system (in Fig.3,
w=w,), that is, when f number of dewar cold shield exactly
matches the optical system, the influence of thermal radiation
on the system is the smallest and the thermal radiation of dewar
cavity can be basically ignored. Sometimes, in order to simplify
the system, cold shield is not designed for SWIR detector.
Without cold shield, dewar cavity radiation will be directly
received by the detector. The light current generated by SWIR
thermal radiation of dewar cavity at room temperature is up to
nearly pA level, which is equivalent to the detector dark current,
so it can not be simply ignored here.

(2) Optical system thermal radiation

For influence of optical system radiation, besides target signal,
the detector can also receive thermal background radiation generated
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by optical lens or reflecting mirror. At room temperature, the
background radiation from the optical system is much smaller
than others in MWIR and SWIR, which can be ignored, while
in the thermal infrared waveband, especially in the case that the
detector’s cold shield and the optical system matches perfectly,
thermal background radiation of the optical system can not be
ignored.

(3) Calculation of structure background thermal radiation

According to geometric relationship shown in Fig.3, when
w1>w,, the background thermal radiation of the instrument
cannot directly reach detector pixels, while its thermal radiation
also will not reach pixels through other reflection paths. When
w<w,, thermal radiation of the instrument can be received
directly by detector pixels, since inner wall of instrument is
black treated, background thermal radiation must be taken into
account seriously.

If P, represents power of background thermal radiation re-
ceived by detector pixel, similar to Eq.(5), the number of signal
electrons Ny of light current generated by background ther-
mal radiation can be expressed as:

BT

int

he

As the background thermal radiation changes slowly with

Nyptack = Nplack? = n (18)

change of temperature of the instrument, such change can be
removed through inter-calibration, but shot noise caused by
background thermal radiation cannot be eliminated. Therefore,
noises introduced by background thermal radiation and detector
dark current are similar.

In addition to emissivity, radiation and temperature of object
are closely related. Fig.4 shows the background radiation of the
hyperspectral imager, which is designed by a project team in
SITP, at different temperatures. In the process of system cooling
down, the average irradiance of the detector photosensitive
surface reduce from 7.24x10*W/em® at 300K to 0.06x
107*W/cm? at 150K, which is only 1/120 of the irradiance at
300K. Since the temperature plays an important role in the
background radiation, cooling down the optical system is the
most efficient method to reduce the background radiation.

Average irradiation/ (W/cmz)

280 240 200 160 120 80

Temperature of opto-mechanical surfaces/K

Fig. 4 Background radiation of the hyper-spectral imagery at
different temperature

2.2.3  Stray light noise

For near-infrared or shortwave infrared band which mainly
reflect sun signal, stray light is also an important factor for
radiation sensitivity.

Though in the design system, non-target field signal will not
be received by detector, the reflection rate of structure of the
system to optical signal will not be absolute zero; thus signal
outside the field will be in the images in form of stray light.
Specially, when the light is strong, the impact of the stray light
would be very serious. Since stray light changes with the targets
and its surroundings, which is a random process can not be
predicted, its direct performance in images is noise. Normally,
stray light is associated with target surroundings, when the
target background radiation is large, the effect of stray light will
increase. For some particularly bright interfering signals (such
as direct sunlight), special measures must be adopted for pre-
vention.

2.2.4 Crosstalk of multi-unit detector

Pixel crosstalk of multi-unit detector may also affect the
quality of hyperspectral images. For hyperspectral imaging
system, pixel crosstalk in space-dimension of FPA will affect
the image quality, mainly reflected by that the neighboring
pixel signal is received by detector of the measured pixel. The
influence of crosstalk is similar to the impact that optical sys-
tem aberration decreases system spatial resolution, so the deg-
radation of image quality caused by pixel crosstalk is more
appropriate to be expressed with MTF of system. Pixel
crosstalk in spectral dimension, which makes signals from dif-
ferent band superposing, then decreases spectral resolution.
This problem will be discussed with the effects of spectrum
aliasing on the radiation sensitivity. The problem that pixel
crosstalk in spectral dimension makes signals from different
band superpose and leads to decrease of spectral resolution and
sensitivity of spectral superposing to system radiation will be
discussed later together.

3 INFLUENCE OF SPECTRAL DIMENSION TO
SYSTEM RADIATION SENSITIVITY

3.1 Influence of spectrum superposition

In hyperspectral imaging system, ideal waveband spectral
response function R(4) should be a rectangular function (1992),
whose center wavelength is 4, and the bandwidth is ALl. How-
ever, for an actual imaging system, the rectangular coefficient
of the spectral response function will be worse due to the width
of imaging slit, the optical system aberrations and the pixels
crosstalk of multi-detector. The waveband spectral response
function can be expressed with Gaussian function, thus spectral
response function with the center wavelength of A; and the
bandwidth of AL can be expressed as (Wang & Xue, 1998):

(A4 )
1 202

R(A) = N (19)
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Fig.5 shows that not only the target’s signal in the spectral
band is received by pixel, but also some signal whose wave-
length is less than 2—1/2AA or over 4,+1/2A4 is received. These
signals outside the band [1,—1/2A4, A +1/2AA] lead to decrease
of radiation sensitivity of spectral dimension.

Suppose the object’s radiation power per wavelength is P(4),
and the average radiation power in the band i [1—1/2AA,
A+1/2A2] is PA;, according to Fig.5, the pixel response signal 7
in this band can be approximate expressed as :

1
V= [T ROPGAIA = j(j"EM RO)P(A)dA +

© /li+2Aﬂ.
jm % L ROP()AA+ Py Ili—l . R(A)dA

1
_ j(fl‘EM RONP(A) - Py )dA+

[ 1, ROXP() = Py dA +
2

P, [ R(2)d2 (20)

For different objects, (P(4)—P,;) in Eq.(20) is a random
number, the item 1 and 2 in Eq.(20) are the response outside the
band i [A,—1/2AA, 2+1/2AA], which are equivalent to the noise,
while the item 3 is the signal part proportional to P;,.

For the Gaussian function, the superposition of signals is
mainly from near back and forth wave. If the reflectivity dif-
ference of the adjacent object band is less than 5%, and then the
noise introduced by the superposition is about 1.2% of the sig-
nals through calculation. The above analysis is based on that the
superposition of adjacent band’s spectral response function is at
the ideal 50% place, if the overlapped place become larger due
to the optical aberration or others reasons, then the superposi-
tion noise introduced will be greater. This spectral superposition
noise is a kind of spatial-domain noise caused by the system
features, the mechanism of which and the test method are more
complicated compared to other spatial noises like detector
non-uniformity or noise generated by the background radiation.

=1/2A4

Fig. 5 Spectrum response function of the hyperspectral imagery
simulated with Gaussian Function

3.2 Influence of consistency of radiation sensitivity
in different waveband

The most prominent feature of hyperspectral imaging system
is obtaining spatial and spectral information simultaneously.
However, considering the non-uniformity of the solar radiation
or target spectral radiation, spectral transmittance of optical
system, detector spectral response and other factors. Especially
different spectroscopic methods make the bandwidth of differ-
ent wavebands different, many systems normally need to limit
aperture and integral time to ensure fidelity of original data,
which makes part of spectral waveband be weak and sig-
nal-noise ratio be low.

Ultimately each wave band’s SNR of hyperspectral imaging
are very different. The difference will affect the application
effect directly if the dynamic scope of the system is limited,
which makes a lot of wave bands not able to meet the applica-
tion requirement. It is also the great concerning issue for the
remote sensing consumers.

Consistency of radiation sensitivity in different wave bands
is also an important factor needs to be very concerned (Bin,
1998). Generally, consistency of radiation sensitivity in differ-
ent wave bands can be realized by choosing uniform dispersive
component, applying different spectral resolution at different
wave band.

Fig.6 illustrates the SNR curve of one SWIR hyperspectral
imaging system based on the prismatic light splitting method,
which is developed by SITP. Due to the refraction characteris-
tics of the quartz dispersive prism, the bandwidth in the spectral
range of 1.0—2.0um is very wide, which is about 25—30nm;
while in the spectral range of 2.0—2.5um is narrow, which is
about 16—25nm. However, solar radiation in the spectral range
of 2.0—2.5um is much weaker than that of range of 1.0—
2.0um, and therefore, SNR in the two spectral range are much
different. The designer has solved this problem, namely, how to
ensure the consistency of radiation sensitivity in different wave
bands by the on-chip programming technology.

1.2 —— Different gain
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Fig. 6 Contribution of gain design of detector to improvement of SNR
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By the on-chip programming, the corresponding detector
gain for 2.0—2.5um spectral range can be set as 4 times of
1.0—2.0um spectral range, which will reduce the readout noise
of detector in these wavebands and double the SNR, and then
keep the consistency of sensitivity in different bands.

4 CONCLUSION

Radiation sensitivity is one of the most important parameters
for hyperspectral imaging system. The paper analyzes the noise
sources and characteristics of hyperspectral imaging system
according to radiation characteristics and sensitivity calculation
formula of objects, establishes noise models such as
time-domain noise, spatial-domain noise, spatial interference
and spectrum superposition, analyzes the influence of various
noise to the sensitivity of hyperspectral imaging system and
concludes that:

(1) Traditional analyzing method for SNR of hyperspectral
imaging system holds that the system noise is mostly
time-domain noise; however, with the development of hyper-
spectral imager and widely application of FPA detectors, the
exist of spatial-domain noise gradually becomes the main limits
of the system SNR, while it is more suitable to apply equivalent
electron to calculate SNR now.

(2) The system sensitivity does not increase linearly with the
object’s reflectivity. When the target’s reflectivity is low, NEAp
is comparatively small, but the sensitivity is comparatively high,

limit of the system’s SNR is the square root of signal electron
number.

(3) The analysis and calculation to noise introduced by the
spatial-domain noise and spectral superposition show that the
influence of noise to sensitivity can not be ignored, even it has
been bottleneck restricting radiation sensitivity of hyperspectral

imaging system.
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