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The mathematical and physical models of new frame IR spectroradiometer based on microbolometer detector array with 
subpixel image registration have been presented. The radiometer is planned to be incorporated into the onboard 
instrumentation of Sich satellite system for obtaining the earth surface physical parameters from the data of aerospace IR 
survey with enhanced spatial resolution.
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Aerospace survey in the visible and the IR 
bands is an important tool to address effectively 
the following tasks: to search the minerals and 
energy sources, to monitor the environmental si-
tuation and environmental pollution, to assess the 
heat losses in urban and industrial areas, to moni-
tor the agricultural and forest plantations, to sur-
veil the emergency situation zones, to detect the 
disguised objects and so on [1].

The majority of problems to be solved requires 
the data on physical parameters of the observed ob-
jects and the earth's surface, such as temperature 
and emissivity. Such information can be provided 
only by survey within the far infrared (thermal) 
range of 7–14 microns [2], but today the accuracy 
of temperature and heat radiation coefficient de-
rived from the survey data does not always meet 
the requirements and conditions of problem to be 

solved. Therefore, worldwide, the researchers are 
working to improve means of infrared survey and 
to develop effective algorithms for processing of 
survey results and reconstruction of real values of 
the aforementioned physical parameters [3].

The purpose of this study is to develop mathe-
matical and physical models for a new IR spectrora-
diometer based on microbolometer detector array 
with sub-pixel image registration, which ensures de-
riving the physical characteristics of terrestrial ob-
jects from the space survey data in order to address 
many problems of the Earth remote sensing (RS).

PHYSICAL PARAMETERS 

OF THE EARTH SURFACE BASED 

ON IR SURVEY

The remote measurement of physical parameters 
of the terrestrial objects and the earth surface (tem-
perature and emissivity) is complicated by two fac-
tors. Firstly, in the case of real (not black) bodies, 
these parameters are interdependent. Secondly, the 
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= 2898 μm × К – the Wien constant. For typical 
temperature of the Earth’s surface Т = 25 °C the 
maximum radiation is reported for λmax = 9.72 μm, 
i.e. for the far IR band.

The spectral density of radiance Li on the IR 
sensor aperture in the i-th spectral channel in the 
upper limit of atmosphere is described by integral 
equation of radiation transfer:

 Li = εi τi ∫ lll dSTM i )(),(  +

 + Li
↑ + (1 — εi) τi Li

↓, (4)

where εi is emissivity in the i-th spectral channel; 
τi is transmission coefficient of atmosphere in the 
i-th spectral channel; Si(λ) is normalized spectral 
sensitivity of the sensor in the i-th spectral chan-
nel; Li

↑ and Li
↓ are spectral densities of radiance of 

ascending and descending radiation in the i-th 
spectral channel [6].

The main cause of atmosphere effect on the radia-
tion transfer in the far IR range is water vapors. In 
addition, τi and Li

↑, and, respectively, the recorded 
radiance temperature depend on the angle of sensor 
boresight. Hence, in order to determine the physi-
cal parameters of terrestrial surface on the basis of 
IR survey it is necessary to take into consideration 
the atmospheric, the angular, and the emission un-
certainties in the radiation transfer equation. Unlike 
the first two factors that can be removed or reduced 
with the help of additional orbital or surface sur-
veys, the uncertainty of spectral emissivity always 
requires certain a priori assumptions [7].

All known methods for determining tempera-
ture and emissivity are divided into the two dif-
ferent groups: 1) the methods that use radiation 
transfer models and 2) the methods that foresee 
the separation of temperature and emissivity. 
Both groups require knowledge of either emissiv-
ity of the surface or other parameters of the earth 
surface that enable to estimate it. The first group 
methods can be realized even for one spectral 
band, while the second group requires, at least, 
two different spectral ranges [8].

Since the studied array spectroradiometer is 
planned to be incorporated into the onboard op-

calculated emissivity of the object depends on the 
spectral range where IR radiation is recorded. Con-
sequently, in the case of multispectral IR imaging, 
the number of unknown values in the equations of 
radiation transfer always exceeds by one the num-
ber of equations in the system. Thus, the problem of 
separation of temperature and spectral emissivity is 
incorrect in the general case [4].

It should be noted that the Earth surface pa-
rameters are remotely measured as average we-
ighted by shares of different layers, provided the 
layer is materially inhomogeneous within the pi-
xel of IR image. Therefore, emissivity differs for 
different pixels, even if their values have been 
me asured for all types of layers. Hence, tempera-
ture T and emissivity ε should be found for each 
pixel of IR image separately.

The remote temperature control is based on 
the Planck law of thermal radiation:

 L(λ, T) = ε(λ) M(λ, T) = 
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where L(λ, T) is spectral density of earth’s sur-
face radiance; ε(λ) is spectral coefficient of ther-
mal radiation; M(λ, T) is spectral density of black 
body radiance; c1 = 2hc2 = 1.191 × 10—16 W × m2 

and c2 = 
k
ch

 = 1.439 × 10—2 m × К are the first 

and the second constants of the Planck law; h = 
= 6.626 × 10—34 J × s is the Planck constant, c = 
= 2.998 × 108 m/s is light speed in vacuum; k = 
= 1.381 × 10—23 J/К is the Boltzmann constant; λ 
is wavelength of electromagnetic radiation [5].
Temperature can be derived from (1):
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Thermal radiation is governed by the Wien 
dis placement law

 λmax = 
T
b

, (3)

where λmax is wavelength corresponding to the 
maximum spectral density of radiance (1); b = 

ε(λ) c1 λ
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toelectronic instrumentation of Sich satellite sys-
tem together with survey instruments of multi-
spectral scanner operating in the visual and the 
near IR bands [9], it is feasible to develop two in-
dependent models for determining temperature 
and emissivity of the earth surface on the basis of 
IR survey data: the first one is for the combined 
application of IR spectroradiometer and survey 
instruments of multispectral scanner and the sec-
ond one is for the separate use of IR spectroradi-
ometer. Both models require additional models to 
make onboard calibration of IR spectroradiome-
ter and to take into consideration the atmosphe-
ric effect. Also, it is necessary to have a database 
(spectral library) of spectral emissivity of typical 
surface layers in the far IR band in order to ensure 
information support of the models [10].

The most accurate and reliable method or de-
termination of emissivity is the one based on the 
classification of surface layers and the use of re-
spective databases followed by recalculation of 
ra diance temperature of the surface measured by 
IR radiometer into the thermodynamic tempera-
ture [11]. However, the creation and the valida-
tion of huge databases of emissivity and other pa-
rameters of surface layers even for a small terri-
tory are very resource and time intensive proc-
esses [12]. Therefore, the most suitable method is 
the one based on Variable Atmospherically Re-
sistant Index (VARI) [13]:

 ε(λ) ≈ a + b ln VARI, (5)

where VARI =
bluegredgreen

redgreen

rrr

rr

−+

−
; ρ are spectral 

reflection coefficients of terrestrial surface in the 
respective ranges; a ≈ 1.1011 and b ≈ 0.0857 are 
regression coefficients.

Using the IR spectroradiometer without the 
data of multispectral survey in the visual and the 
near bands (for example, at night) the temperature 
and emissivity separation problem can be solved 
by joint processing of IR images recorded in sev-
eral spectral bands at the same time. Insofar as the 
designed IR spectroradiometer is expected to be 

equipped with 3–5 separate spectral channels [14], 
it is feasible to use the TES (Temperature and 
Emi ssion Separation) method, as the most advan-
ced one [16], for processing the survey data [15]. 

The TES algorithm combines three groups of 
operations:

1) Normalization of emissivity in different spect-
ral channels

 βi = 
∑
j

j

i

e
e

, (6)

where βi is normalized emissivity in the i-th spec-
tral channel;

2) Calculation of MMD (Minimum Maximum 
Difference): Δβmax = ii

bmax  — ii
bmin ; 

3) determination of absolute value of minimum 
emissivity εmin proceeding from empirical depen-
dence
 εmin ≈ a + b (Δβmax)

r, (7)

where a, b and r are the coefficients of indicative 
regression to be obtain from experiments for each 
multispectral IR radiometer separately [17]. 

Having obtained εmin one can calculate the ab-
solute values of emissivity from (6):

 εi = βi 
jj

b
e

min
min . (8)

With the help of (6)–(8), the temperature and 
emissivity separation has been made. Now, tem-
perature can be easily calculated by the Planck 
formula (2).

CALIBRATION 

OF IR SPECTRORADIOMETER

The calibration of IR spectroradiometer means 
the determination of coefficients for recalculat-
ing the digital values DN of output image signal 
level into the absolute physical value, spectral 
density of radiance L on the sensor aperture meas-
ured in W/(m2 × μm × sr). An important require-
ment for the calibration of spectroradiometer is 
linearity [18]. The linear calibration parameter 
can be described by the following dependence be-
tween input DN and output L [19]:

ρgreen– ρred

ρgreen+ ρgred– ρblue

ε
ε

β β

β
ε
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 L = bDN + a, (9)

where b and a are calibration coefficients of en-
hancement and shift.

For getting more accurate calibration coeffici-
ents during the flight, the satellite IR spectroradi-
ometer is provided with a special calibration device 
incorporated into the far IR metallic emission ele-
ment equipped with electric heating system with 
precision embedded thermometer [20]. The on-
board calibration subsystem enables obtaining IR 
images of emission element in the whole radiometer 
view at known physical temperature of emitter, at 
closed input aperture. Having several, at least, 3 
measurements at different temperature of the emit-
ter, one can solve the uncertainty of calibration co-
efficients and emissivity of the emitter.

Hence, onboard calibration of IR spectroradi-
ometer is based on a set of, at least, three meas-
urements of emitter physical temperature, re-
spective readings of spectral density of radiance L 
and DN. Insofar as direct onboard record of L is 
too complicated or impossible at all, it is calcu-
lated by formula (4), for which information on 
relative spectral sensitivity of the sensor in oper-
ating spectral range S(λ).is required. 

The calibration algorithm foresees two stages: 
firstly, to determine emissivity of the calibrating 
emitter from the equation (1):

 ε = 
),( TM

L
l
Ω

, (10)

where M(λ, T) is the Planck spectral density of 
black body radiance; Ω is solid angle within which 
radiation spreads. This angle depends on the inner 
geometry of calibrating device; secondly, referring 
to the known values of L and DN, the calibration 
coefficients a and b in the equation system (9) are 
reproduced using the least square method [21].

IMPROVEMENT 

OF SPATIAL RESOLUTION OF IR IMAGES

Currently, the spatial resolution of far IR micro-
bolometric spectroradiometers depends mainly on 
technological limitations of photo receiving arrays 
and is not sufficient. Nowadays, all over the world, 

the researchers are carrying out studies for devel-
oping techniques of sub-pixel digital imaging, 
which can ensure raising the spatial resolution of 
survey instruments without affecting the proper-
ties of photo receiving array [22]. The sub-pixel 
imaging significantly softens requirements for the 
number of photo detectors of multi-element photo 
receiver due to an increase in the time of record 
and a certain complication of the survey instru-
ment design. The critical parameter is time per for-
mation of image that is limited by requirement for 
uninterrupted imaging in the case of moving car-
rier of survey instruments, on the one hand, and by 
frequency of image formation and reading by the 
array photo receiver, on the other hand [23].

The proposed physical simulator of IR spectro-
radiometer enables enhancing the spatial resolu-
tion through restoration of resulting image on 
the basis of two images of lower spatial resolution 
displaced with respect to each other. The dis-
placement is assumed to be the translational one, 
by non-integer number of pixels [24]. The Gauss 
regularization method based on transformation 
in sliding window has been implemented. For re-
ducing the image noises the iterative image re-
construction method was used [25]. The method 
is based on the serial regularization of restored 
image and the removal of discrepancies and er-
rors resulting from the substitution of restored 
image with simultaneous noise attenuation using 
the median filtration at the stage of decreasing 
the resolution of restored image [26].

The algorithm for processing the input images 
with low resolution enables the superposition of 
fragments of input images and their alignment, 
the calculation of auto-covariance matrixes and 
operators of window processing, and the above 
mentioned iterative regularization.

PRACTICAL REALIZATION 

OF THE PHYSICAL SIMULATOR

The testing and adjustment of engineering so-
lutions with respect to design and functionality 
of IR array spectroradiometer were made using a 
physical simulator developed by researchers of 
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Arsenal corporation (Fig. 1 а, b). The simulator 
contains a microbolometric photo receiver, an IR 
lens, a splitter based on the system of IR filters 
enabling to create 3–5 operating spectral bands of 

spectroradiometer, as well as all necessary proces-
sing and service electronic devices [27]. The phy-
sical simulator was tested at a special stand desig-
ned at the Arsenal design office using the 4-groove 

Fig. 1. Equipment and schemes of physical model of 
IR spectroradiometer: а — optic lens; b — photo 
receiver; c — scheme of digital interface of photo 

receiver, d — scheme of optic head

а b

c

d
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IR Foucault patterns with different spatial frequ-
ency and IR contrast as test images, a mirror op tic 
collimator, and a precision positioning table.

The simulator was based on OEM-product of un-
cooled far IR microbolometric chamber of Tau seri-
es (http://www.flir.com/cores/display/?id=51981) 
manufactured by FLIR Systems, Inc. The schemes 
of digital interface and photo receiver are showed 
in Figs. 1 c, d. The products of FLIR Systems are 
widely used for aviation and specialized IR sys-
tems. The proposed physical simulator differs from 
counterparts [28] by the option of sub-pixel pro-
cessing of digital IR images, which potentially is 

able to improve the resolution. The onboard sub-
pixel IR imaging is done due to the special engi-
neering solution [29] constituting a part of gene-
ral technology proposed. 

The sub-pixel processing of input series of IR 
images has been realized with the help of software 
developed by researchers of the R&D Center for 
Aerospace Research of the Earth under the In sti-
tute of Geologic Science of the NAS of Ukraine. 
The software enables obtaining IR images with 
enhanced resolution in a quick and easy manner. 
It has a modular architecture and advanced mul-
ti-window user interface (Fig. 2). It supports wi-
despread formats of digital images. The software 
structure includes 10 separate computational mo-
dules [30].

RESULTS AND DISCUSSION

The proposed physical simulator of IR spectro-
radiometer was tested through obtaining several 
series of test IR images with different spectral 
bands, temperature, composition of optic pat-
terns, and other parameters, processing and eva-
luating the spatial resolution, the IR contrast 
enabling reliable detection of test objects, the ca-
libration coefficients, and the accuracy of resto-
ration of temperature and emissivity.

During the tests, the following parameters have 
been assessed: enhancement of spatial resolution 
due to sub-pixel processing, minimum detectable 
temperature difference (MDTD), and minimum 
resolvable temperature difference (MRTD).

The statistical analysis of spatial resolution r* 
by test images of IR patterns is based on calculat-
ing the significance of difference of respective ar-
eas of digital image [31]:

 r* = )(
||

1 *1
* P

x
a −Φ
Δ

≅
s

n
, (11)

where ν* is threshold spatial frequency of image 
at which the object is recognized with sufficient 
prescribed probability P*; a is size of photo de-
tector of multi-element photo receiver; σ is total 
mean square deviation of noises in the image; Δx 
is difference of mean signal values in images of 

Fig. 2. Graphic interface (а) of software for sub-pixel pro-
cessing of IR images and fragments of the input digital ima-
ges having a poor resolution (b) with test patterns and the 

output digital image with enhanced resolution (c) 

а

b c

a σ
ν*
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grooves and periods of the pattern; Ф(х) is the 
Laplace function [32].

The statistical analysis shows that the spatial 
resolution of physical simulator increases, at least, 
1.66 times with 95% confidence, while MRTD 
grows 1.41 times, at average [33].

The accuracy of temperature and emissivity de-
termined on the basis of IR survey data depends on 
many factors, in particular, on the errors caused by 
inaccurate definition of types of surface layers, the 
estimation of atmospheric para meters, as well as 
on the methods and computational algorithms. The 
majority of these uncertainties cannot be solved re-
liably. However, the accuracy of radiometer is de-
termined mainly by the errors of calibration and 
can be estimated theoretically by propagating the 
errors through the computing lane of the determi-
nation of earth surface physical parameters.

The analytical solution of error propagation in 
the radiation transfer equations (1) — (4) for es-
timating the accuracy of earth surface tempera-
ture is complicated, therefore the statistic mod-
elling by the Monte Carlo method has been used. 
The mean square deviations of temperature caused 
by the calibration errors of spectroradiometer phy-
sical simulator range within 0.08–0.37 К. Emis si-
vity was accurately determined using the TES al-
gorithm whose ratios (6) — (8) make possible to 
get an analytical solution with respect to the er-
rors [34]. The calculated errors of emissivity va ry 
from 0.005 to 0.02.

CONCLUSIONS AND PROPOSALS

Hence, during the project implementation, a 
physical simulator of frame IR spectroradiome-
ter based on microbolometric detector array with 
sub-pixel imaging has been designed and studied. 
The device enables obtaining numerical physical 
parameters of earth surface objects on the basis 
of space survey data, with the use of satellite IR 
spectroradiometer in order to address problems 
of the Earth remote sensing (RS).

Among the project deliverables, there are a ma-
thematical model and algorithms for determining 
thermodynamic temperature and zonal emissivity, 

algorithms and software for sub-pixel processing 
of IR images, and a panel for testing the physical 
simulator of IR spectroradiometer with enhanced 
spatial resolution. The developed simulator of IR 
spectroradiometer has been tested. 

The implementation of project results will en-
able enhancing 1.4—1.8 times the spatial resolu-
tion of IR imaging due to sub-pixel processing, 
without any substantial complication of design. 

The designed physical simulator has confirmed 
the possibility of creating a satellite array IR spec-
troradiometer with parameters that match the best 
world counterparts.

The project has created technological opportu-
nities for implementing software and engineering 
solutions to be used for the design of first Uk rai-
nian satellite IR spectroradiometer. As of today, 
the project results have been implemented at the 
Arsenal’s design office when developing and ma-
nufacturing an operating sample of array camera 
for RS system within the scope of assignments spe-
cified by target R&D space program of Ukraine 
for 2013–2017.

The further studies should be aimed at improv-
ing the models and algorithms for the determina-
tion of physical parameters of the earth surface on 
the basis of IR survey data in order to better the 
accuracy of temperature and emissivity measure-
ments; at developing new methods and schemes for 
the sub-pixel imaging and restoration of IR images 
in order to enhance their spatial resolution and to 
improve MRTD; and at creating a prototype of sa-
tellite IR spectroradiometer having an enhanced 
spatial resolution with the help of sub-pixel image 
processing. The test bench for studying the physi-
cal simulator of spectroradiometer should be up-
graded in order to ensure additional tests of cali-
bration methods related to temperature and emis-
sivity measurements under realistic conditions

The research was made within the framework of 
innovative R&D project of the Target Compre hen-
sive Space Research Program of the NAS of Ukraine 
for 2012–2016, under financial support of the NAS 
of Ukraine (Resolution of the Presidium of the NAS 
of Ukraine no. 142 of 05.03.2014, grant no.13).
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ФІЗИЧНА МОДЕЛЬ ІНФРАЧЕРВОНОГО 
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ПРОСТОРОВОЇ РОЗРІЗНЕННОСТІ 
ЗА ДОПОМОГОЮ СУБПІКСЕЛЬНОЇ ОБРОБКИ 

ЗОБРАЖЕНЬ

Наведено математичну та фізичну моделі нового кадро-
вого інфрачервоного спектрорадіометра на основі мікробо-
лометричного матричного приймача із субпіксельною реє-
страцією зображень. Спектрорадіометр планується включи-
ти до складу бортового обладнання пер спек тивної супутни-
кової системи «Січ» для одержання фізичних характеристик 
об’єктів земної поверхні за матеріалами інфрачервоної кос-
мічної зйомки з підвищенням просторової розрізненності.
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ПРОСТРАНСТВЕННОГО РАЗРЕШЕНИЯ
ПРИ ПОМОЩИ СУБПИКСЕЛЬНОЙ ОБРАБОТКИ

ИЗОБРАЖЕНИЙ

Представлены математическая и физическая модели 
нового кадрового инфракрасного спектрорадиометра на 
основе микроболометрического матричного приёмника с 
субпиксельной регистрацией изображений. Спектрора-
диометр планируется включить в состав бортового обору-
дования перспективной спутниковой системы «Січ» для 
получения физических характеристик объектов земной 
поверхности по материалам инфракрасной космической 
съёмки с повышением пространственного разрешения.
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