Radioelectronic systems

55

UDC 528.8.042.6

DOI: 10.32620/reks.2024.1.05

Kseniya NEZHALSKAYA!, Valerii VOLOSYUK?!, Kostiantyn BILOUSOV?,

Denys KOLESNIKOV?, Glib CHEREPNIN!

! National Aerospace University “Kharkiv Aviation Institute”, Kharkiv, Ukraine
2 Yuzhnoye State Design Office, Dnipro, Ukraine

STUDY ON POTENTIAL APPLICATION OF BRIGHTNESS TEMPERATURE
MODELS IN PASSIVE REMOTE SENSING

In the modern science and practice of remote sensing of any surface, including various types of land cover, radio
systems are widely used. Due to low energy consumption and high stealth, the most promising direction of
technical tools for remote sensing is the development of passive remote sensing systems. To estimate the specif-
ic parameters of the surface, information on the relation between the signals of the thermal radiation and these
parameters is needed. Therefore, it is relevant to study and analyze the existing types of such relations that con-
nect the brightness temperature and the parameters of the Earth’s surfaces; this is the subject matter of the study
in this paper. The goal of this study is to analyze existing relation models and study the conditions of their appli-
cation in terms of operating frequencies, geometric characteristics, type of surface coverage (with vegetation,
without vegetation, etc.), as well as the method of obtaining mathematical relations (electrodynamic models or
empirical models). Due to the large number of different types of earth surface coverings and different types of
surface models, in order to simplify remote sensing tasks for passive systems, as well as to improve the results
of modeling or experiments, the following tasks are formulated: to study and classify existing models of the re-
lation between surface parameters and brightness temperature, and to calculate and analyze the potential ac-
curacy of estimating surface parameters by passive remote sensing systems. The following results were ob-
tained: the impact of the atmosphere on the surface’s brightness temperature, described by the electrodynamic
flat model, for the operating frequencies 75-110 GHz of the radiometer was analyzed. The impact of the atmos-
Dphere on the brightness temperature appears at sighting angles greater than 50° at horizontal polarization and
greater than 80° at vertical polarization. According to the results, it can be said that the estimation accuracy of
the imaginary part of the complex permittivity decreases with an operating wavelength decrease, and the estima-
tion accuracy of the real part is the opposite. Conclusions. The results of simulation modeling show that for radi-
ometers with the above-mentioned operating frequencies, it is possible to estimate the real permittivity or only the
real component separately in the case of describing the surface with a complex permittivity parameter. It is rec-
ommended that the study be conducted at vertical and horizontal polarizations, without and with the impact of the
atmosphere. To estimate the surface conductivity (the imaginary part of the complex permittivity of a surface),
systems with lower operating frequencies are required. Thus, this study presents an analysis of existing models,
calculates the potential accuracy of parameters estimation when using these models, and provides recommenda-
tions for practical experiments or modeling.

Keywords: brightness temperature; passive remote sensing; surface model; permittivity; conductivity.

sible capabilities of estimating surface parameters using
such a passive system.

1. Introduction

Motivation. Solving the problems of monitoring
the earth’s surface state in modern science and practice,
considering the constant climate change, is relevant and
sometimes even necessary. Moreover, all modern stud-
ies, including studies of soil moisture [1, 2], use remote
sensing methods and appropriate radiosystems to solve
such problems.

As part of such studies, the creation and analysis
of a passive radar (radiometer), which is planned to be
launched on the university nanosatellite KhAI-1KA, is
interesting from both practical and scientific points of
view. The study in this paper is based on its characteris-
tics, which allows us to determine the theoretically pos-

State of the Art. Remote sensing, in the broadest
sense, means obtaining information about the Earth’s
surface and objects located on it or in its interior using
various non-contact methods [3]. When organizing and
using remote sensing data, the following tasks should be
solved: development of models of mathematical connec-
tions between surface parameters and backscattering
characteristics, development of an observation equation,
development of optimal processing algorithms and
analysis of estimates’ accuracy [4, 5]. Moreover, the
choice of the optimal model for surface description and
the optimal conditions for conducting the experiment is
the key to the effectiveness of such an experiment and
the interpretation of its results [6, 7].
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Currently, both active and passive radio systems
are used for remote sensing [8]. Each of them has its
advantages and disadvantages; therefore, both types of
systems are most often on modern carriers.

An analysis from open sources shows that, due to
their advantages, passive systems are often used to solve
various problems (both theoretical and practical), in
particular, to restore the parameters of the studied sur-
face or to analyze the results of practical experiments
[9, 10]. At the same time, the accuracy and suitability of
the obtained results depend on the fit of the chosen sur-
face description model to the real conditions of the stud-
ied surface [11]. Currently, there are difficulties in
choosing optimal models of brightness temperatures.
Therefore, this topic was chosen for the presented study:
to analyze existing models, compare models’ data pro-
vided by the authors, and research potential accuracy
characteristics.

Objective. In this study, we consider systems for
processing the self-radiation of surfaces and mathemati-
cal models for recording the brightness temperature as a
function of surface parameters. This study develops
recommendations for modeling and practical experi-
ments and simplify the solution of remote sensing prob-
lems.

This article considers a passive system being de-
veloped at National Aerospace University “Kharkiv
Aviation Institute” with specific operating parameters
(operating frequency band from 75 GHz to 110 GHz).
For this system, models of the connection between sur-
face parameters and brightness temperature are selected,
and mathematical modeling is performed to obtain the
potentially possible accuracy of these parameter estima-
tions.

To achieve the stated goals of the work, it was
necessary to solve and complete tasks such as collecting
information from open sources on existing models of
surface description for active and passive remote sens-
ing (section 2), describing and analyzing use cases and
limitations for selected models (section 2, Table 1), ana-
lyzing modern radiometric systems to determine the
conditions for conducting experimental studies and de-
termining appropriate models for surface description
(section 3), constructing the brightness temperature de-
pendencies as a function of sighting angles (section 4),
calculating potential accuracies of estimation of surface
parameters according to the selected conditions and
models and plotting the dependencies of estimation var-
iances on sighting angles for horizontal and vertical
polarization (section 5), calculating and analyzing po-
tential accuracy dependencies as a function of wave-
lengths (section 5, Fig. 5), and formulating recommen-
dations on the conditions for conducting research (sec-
tion 7).

2. Analysis of Existing Models

The most mathematically and physically accurate
relation between surface parameters and radiation char-
acteristics is determined by electrodynamic models [12,
13]. Such models can be used to describe a water sur-
face in complete calm (flat surface model), an asphalt,
concrete, or arable land surface (microroughness surface
model), a desert or water surface with varying levels of
swell (large-scale and two-scale models), and other
types of surfaces [13]. Despite the electrodynamic accu-
racy of such models, they do not always represent all
the parameters of real earth surfaces; therefore, the
problem of creating more practical empirical or regres-
sion models has arisen. Empirical models are mainly
created for the remote sensing of a specific type of earth
surface or for a specific experiment. Among such mod-
els are, e.g., the foam surface model [14, 15], the 1—®
model [16], and the Q, model [17].

Multiparametric measurements in passive sensing
systems allow us to estimate not only the parameters of
the underlying surface but also those of the atmospheric
layer between this surface and the receiving antenna. To
achieve this, the mathematical relation between the sur-
face parameters and the radiated field must include the
appropriate characteristics of this atmosphere layer.
Such studies can be performed, e.g., using a flat surface
model with the atmosphere impact [12, 18] and various
models for estimating moisture reserves [19, 20]. For
the above-mentioned electrodynamic and empirical
models, a comparative analysis was performed on the
basis of operating frequencies and usage restrictions.
The results of the analysis are shown in Table 1. There
are no frequency restrictions on the use of electrody-
namic models, but there are strict requirements for the
ratio of the operating frequency (wavelength ) and the
geometric parameters of the surface: the root mean
square height of roughness oy, (or their spatial height

h(x,y)), radii of curvature of roughness R, etc. Em-

pirical models, as mentioned earlier, are created for spe-
cific experimental studies; therefore, they work correct-
ly only in limited frequency ranges and for a certain
type of surface.

Thus, the process of selecting a model to describe
the surface under study is a rather complicated and im-
portant operation that must be performed before each
practical experiment. In addition, knowledge of the rela-
tion between surface radiation and its parameters is nec-
essary to solve the inverse problem of estimating sur-
face parameters from the self-radiation received by the
radio system.



Radioelectronic systems

57

3. Modern radiometers

The main advantages of passive-type radio systems
(stealth and energy efficiency) are the basis for the on-
going development of this area. In particular, in accord-
ance with the Law of Ukraine “On Space Activity” and
the “National Target Scientific and Technical Space
Program of Ukraine for 2021-2025” [21, 22], National
Aerospace University “KhAI” is conducting a study on
the topic “Ultra-wideband microwave passive radar for
the university nanosatellite KhAI-1KA”. The project
aims to design and manufacture a wideband
microwave passive radar (radiometer), which is planned
to be launched on the university nanosatellite KhAI-
1KA. According to the problem statement, the proposed
radiometer has an operating frequency band from 75
GHz to 110 GHz (wavelength 2.7 mm — 4 mm). This
frequency range is used in this study to analyze the pos-
sibility of using different self-radiation models to solve

the problems of surface estimation by passive radio sys-
tems.

4. Brightness temperature study

For the operating frequencies of the radiometer of
5 — 110 GHz (wavelength 2.7 — 4 mm), a comparative
analysis of the atmosphere’s influence on the surface’s
brightness temperature described by the flat model was
performed.

Radio-brightness temperature of the thermal radia-
tion of a flat surface

. 2
Tar) = (1—|KfB(r)| )To, (1)

where KfB(r) is Fresnel coefficients;

Table 1
Comparative analysis of the models
No Model name Frequency (f) Wavelength (1) Applicable for
1 | Flat model - - h(x,y)=0, o, =0
2 | Flat (taking into - - h(x,y)=0, o, =0
account the at-
mosphere) model
3 | Small-scale model | — - |h(x,y)| <L, oh(xy)/ox <1,
oh(xy)/oy <1, o <1/20
4 | Large-scale model | — - R =X, Ry >A, o 24
5 | Two-scale model | — - Oh1 2 A, Opp <A
6 | Model of the 9.3-34 GHz 8.8 mm —3.2cm | For sea surface with foam (excluding illumina-
surface with foam tion), considering wind speed
7 | t—o model 4 -8.8 GHz 34-75cm Vegetation is an evenly absorbing and
backscattering layer above the soil surface.
8 | Qp model 6.9-36.5GHz |83 mm-4.3cm | Surface without vegetation
9 | Regression model | 22.2-37.5GHz | 0.8—-1.35¢cm Estimation of the moisture content of a cloud-
less atmosphere
10 | “Meteor” 37.5GHz 0.8cm Estimation of the moisture content of the at-
regression model mosphere and clouds at a sighting angle
0=30
11 | “Nimbus 5” 31.25 GHz, A =0.96 cm, To estimate the moisture content of the atmos-
model 22.22 GHz A, =1.35 cm phere and clouds during nadir viewing, 6 =0°
12 | “Seasat” model 37.05 GHz, 2 =0.81 cm, To determine the velocity of near-water winds
20.98 GHz, Ay =1.43 cm, v <7 m/s, the thermodynamic temperature
%3(13 gnz’ Ay =167 cm Ty [K], atmosphere moisture content Q
6.5;93 GH? dop = 2.8 cm, [o/cm?], and clouds moisture content W
[mg/cm?]
As =4.55 cm
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¢ — complex permittivity of the environment,
£=¢—j-60-A-g (A —wavelength, g —conductivity of
the environment); 6 — sensing angle; T, — thermody-

namic surface temperature.

The brightness temperature of a flat surface, taking
into account the illumination by the atmosphere, can be
written as follows [12, 13]

Taxsr) = xB(r) (€ 0)K (g, 6)Ty +
. . 2
R @O Kihg OTza@+ )
+Ta [1-K(ho,0)],

. 2
where xgr) (é,6)=(l—|KfB(1—)(s,e)| ) — surface emis-

sivity; Tga (0) — radio-brightness temperature of the
total atmospheric radiation reflected from the surface in
the 0 direction; Tp — average temperature of the at-

mosphere (about 30° lower than the temperature of the
atmosphere near the Earth).

-1
—\ X koZk T Aol
T;{A(B)ITA 1_e0056( ko4k TXBo B) ,

1
K(ho,e) = eXp{_E(Xkozk *XAsoZs )} !

where z), z, are characteristic heights of absorption

B
by oxygen and water vapor, (z, =5.3, z, =2.1 km);
Yko» Xmo are absorption coefficients for oxygen and
water vapor near the earth’s surface (7, =0.0018,
Ao = 0.002).

Figs. 1 and 2 show the dependence of the bright-
ness temperature on the sighting angle without and with

the impact of the atmosphere at the horizontal Th(6),

Tha(6) and vertical Tv(6), Tva(®) polarizations.

Initial parameters: frequency 90 GHz, thermodynamic
temperature 300 K. Surface type: water (relative permit-
tivity € =70, conductivity g =5 S/m) [12].

5. Potential Accuracy Study

As mentioned earlier, one of the tasks that should
be considered when organizing an experiment and using
remote sensing data is to analyze the accuracy charac-
teristics of the estimation. Such an analysis can be per-
formed using the Fisher information matrix [13]. Such a
study makes it possible to determine the conditions that
provide minimal errors in surface parameter measure-
ment depending on polarization, sighting angles, and
other parameters.
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Fig. 1. Brightness temperature dependencies
on the sighting angle without and with the impact
of the atmosphere upon the horizontal polarization
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Fig. 2. Brightness temperature dependence
on the sighting angle without and with impact
of the atmosphere for vertical polarization

Let’s consider a case where it is necessary to esti-
mate the maximum measurement errors of the surface
caused by the electrophysical properties using a radiom-
eter with a single antenna. In the simplest case, when
measuring one parameter in one receiving channel, the
maximum error variance (lower bound) is determined as
follows

2
Tq(6,f, A

2
TAf Lﬂ,{ (6,F,1)/0n

2 . . .
where TAF is parameter that considers the observation

time T and the bandwidth Af ; f — operating frequen-
cy; A — estimated parameter.



Radioelectronic systems

59

Below are graphs of the dependence of the vari-
ance of the estimation of the complex permittivity real
component of the studied surface on the sighting angles
0 without and with the influence of the atmosphere for

the received radiation at horizontal och(8), oeha(6)

(Fig. 3,a) and vertical ocev(0), oceva(B) (Fig. 3, b)

polarizations. Parameters are as follows: operating fre-

quency 90 GHz, thermodynamic temperature 300 K,
2

mzlo_e. Surface type: water (relative permittivity

g£="70, conductivity g=5 S/m).
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Fig. 3. Variances of the estimation of the complex
permittivity real component upon horizontal (a) and
vertical (b) polarizations

For a visual representation of estimate quality,
graphs of potential estimation errors in percentage are
presented below. The true value of the estimated param-
eter is taken as one hundred percent, and the graphs
show the dependence of the error (in percent) on the
sighting angle without and with the impact of the at-

mosphere for the horizontal peh(6), peha(6), and
vertical pev(0), peva(6) polarization (Figs. 4,a and
4, b).

For two channels receiving oscillations with verti-
cal and horizontal polarizations, and two unknown pa-
rameters, the boundary error variances of the measure-
ment parameters A; and A, can be obtained by the

expression
2 2
oT 2 oT 2
oy AB | Tar + Y AL | T
2 2(1) 2(1)

Moy 2
@) TAT (oTgy oTgr 0Tg OTgr
ohy Oy 0N Oy

where Tgqp, Tgqr — brightness temperature at vertical
and horizontal polarization, respectively.

When simultaneously receiving radiation with hor-
izontal and vertical polarizations (two-channel meas-
urements), the unknown parameter A; can be consid-
ered to be the real component of the studied surface
complex permittivity ¢, and the second parameter A,
is the conductivity of the surface g .
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Fig. 4. Error percentage in estimating
the real component of complex
permittivity at the horizontal (a)

and vertical (b) polarizations
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In this study, the calculations were performed on
the basis of the following conditions: operating frequen-
cy 90GHz, thermodynamic temperature 300K,

T—ileO_G. Surface type: water (relative permittivity

¢=70, conductivity g=5 S/m). The accuracy of esti-

mation of the real component of the complex permittivi-
ty ¢ is highest at sighting angles 6 from 0 to 60 de-
grees at both polarizations. However, the estimation of
the conductivity of the surface g does not provide an

acceptable estimation accuracy in any of the abovemen-
tioned estimation methods. To solve this problem, it was
proposed estimating the imaginary part of the complex
permittivity in general, without separating the conduc-
tivity g. In other words, to represent the complex per-
mittivity in the form of ¢=¢—j-60-A-g=er—j-si.
This approach provides a much better, but still insuffi-
cient estimation accuracy.

The low accuracy of the imaginary part estimation
of the complex permittivity at this frequency can be
explained by the frequency dependence of the imagi-
nary part of the complex permittivity.

The dependence of the complex permittivity mod-
ulus on the wavelength is shown in Fig. 5 (¢=70,

g=>5).
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D5Af o
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208 e
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Fig. 5. Dependence of complex permittivity
modulus on the wavelength
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The variances of the real component estimation of the
complex permittivity ¢ as a function of wavelength at

6=30" at horizontal och(1), ogha(2) and vertical
oev(L), oeva()) polarization are shown in Figs. 6, a
and 6, b. Variances of the conductivity estimate g as a

function of wavelength at 6=30" for horizontal

ogh(A), ogha() and vertical polarization are shown
in Figs. 7,aand 7, b.

6. Discussion

The following can be drawn from the performed
modeling. At horizontal polarization, the brightness
temperature (without considering the impact of the at-
mosphere) decreases as the sighting angle increases (see
Fig. 1). At vertical polarization, it increases (see Fig. 2).

Considering the impact of the atmosphere leads to
an increase in the brightness temperature at sighting
angles greater than 50° for horizontal polarization and
angles greater than 80° for vertical polarization (see
Figs. 1, 2). For the studied device with the specified
operating frequencies, the real permittivity of the sur-
face can be a parameter with high estimation accuracy;
at a given value of 70, the error is less than 0.1 over a
wide frequency range (see Figs. 3, 4).

These dependencies show that the estimating accu-
racy of the imaginary part of the complex permittivity
decreases as the operating wavelength decreases, and
the estimating accuracy of the real part of the complex
permittivity, on the contrary, increases (see Fig. 5).

Our study on the dependence of the potential accu-
racy of estimating the surface parameters shows that the
estimating accuracy of the complex permittivity real
part increases at wavelengths near 0.5 m (see Fig. 6) at
both polarizations. The conductivity estimation accura-
cy increases with wavelength (see Fig. 7) at both polari-
zations.

3
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b

Fig. 6. Variances of the estimation of the real component of the complex permittivity
at the horizontal (a) and vertical (b) polarizations
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Fig. 7. Variances of conductivity estimated at horizontal (a) and vertical (b) polarizations

The atmosphere impact on the estimation accuracy be-
comes noticeable at wavelengths above 0.6 m (see Figs.
6 and 7).

7. Conclusions

This study is carried out for a radiometer with op-
erating frequencies of 75 - 110 GHz (wavelength 2.7 — 4
mm). The examined empirical models of brightness
temperature work correctly at lower frequencies, and as
an electrodynamic model, the flat surface model can be
applied. To fulfill the condition of using a small-scale

surface (o, < %) and operating wavelengths of 2.7 — 4

mm, the root mean square height of the surface rough-
ness should be less than 0.135 — 0.2 mm.

According to the proposed model, the impact of
the atmosphere on the brightness temperature becomes
apparent at sighting angles greater than 50° for horizon-
tal polarization and angles greater than 80° for vertical
polarization.

The variance of the estimate of the complex per-
mittivity real component increases with increasing
wavelength, whereas the variance of the estimate of the
conductivity decreases. Therefore, for radiometers with
the mentioned operating frequencies, it is possible to
estimate the real permittivity or the real component sep-
arately if the surface is described by a permittivity com-
plex parameter. Moreover, the variances of the esti-
mates of the real permittivity, considering the atmos-
phere, at horizontal polarization increase sharply at
sighting angles over 60°. To estimate the surface con-
ductivity (the imaginary part of the complex permittivi-
ty of a surface), devices with lower operating frequen-
cies are required. Moreover, the real permittivity of the
surface can be used as the estimated parameter, and it is
recommended that the study be conducted at vertical
and horizontal polarizations, without and with the im-
pact of the atmosphere.

Future research directions. For further studies,
we recommend expanding the research for modern re-
mote sensing devices with other operating frequency
ranges, as well as for other models of surface descrip-
tion. Further studies also imply practical measurements
and recalculations of radio-brightness measured data
into complex permittivity.

The above mentioned are planned to be presented
in future publications of the authors.
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JOCJIIXKEHHS MOTEHIIMHUX MOKJIMBOCTEN BUKOPUCTAHHS MOJEJENR
SACKPABICHOI TEMIIEPATYPHU ITPU MACUBHOMY JIMCTAHIIIMHOMY 30H/TYBAHHI

Kcenin Hescanvcoka, Banepiii Bonocwk, Kocmanmun Binoycos,
Jenuc Konecnikos, I'nio Yepennin

VY cydacHiil Hayli Ta MPaKTHII JUIs TUCTAHIIHOrO TOCHIPKEHHS OYy/b-sIKUX MMOBEPXOHb, B TOMY YHCHi U Pi3-
HHX TUIIB IIOKPUBIB 3€MHOI MOBEPXHI, INUPOKO BUKOPUCTOBYIOTh PaioTEeXHIUHI 3ac00U. 3aBASKN MajkM €HEpreTH-
YHUM 3aTpaTaM Ta BEJNWKiHd CKPUTHOCTI HAHOULIBII MEPCHEKTHBHUM HAMNPSMKOM PO3BHUTKY TEXHIYHHX 3acOOIB UIst
JMCTAHIIIMHUX OCIIIPKEHb € PO3BUTOK MACHBHUX CUCTEM JMCTAHIIMHOrO 30HAYBaHHs. [Ipy 1IbOMY /IS OI[iHIOBaH-
HSl KOHKPETHUX MapaMeTpiB JOCIIXKYBaHOI MOBEpXHI HEoOXimHa iH(opMallis M0N0 3B 3Ky CHIHAIIB BJIACHOTO
TEIJIOBOTO BUIIPOMIHIOBAHHS, SIKI MPUIIMAIOTHCA PaJiOMETPUYHOI0 CHCTEMOIO, 3 IMMH IapaMerpamu. Came ToMy
aKTYaJIbHUM € JIOCII/DKSHHsI Ta aHajli3 ICHyFOUMX THIIB TaKUX 3B’S3KiB, MOJEJICH TOBEPXOHb, SIKI TOB’S3YIOTh SCK-
paBicHy TeMmIepaTypy Ta MapaMeTpH 3eMHHUX IUIOIIMH, 110 1 € MPeIMeTOM JIOCHIDKEHHS B MTPEACTaBIIeHIH poOOTi.
MeTo10 po0OTH € aHaNi3 ICHYIOYHX MOJIeNeil 3B’ 513Ky, BUBYEHHS YMOB X 3aCTOCYBaHHS 32 pOOOYMMH YacTOTaMH, 32
TFEOMETPUYHUMHU XapPaKTEPUCTUKAMU, 32 TUIIOM TOKPHUTTS MOBEPXOHb (3 POCIMHHICTIO, 0€3 POCIMHHOCTI i T.i.), a
TAKOX 3a CrocoOOM OTPUMAaHHS MAaTEMAaTHYHHMX 3B’S3KiB (€NEKTpOJMHAMIiuHI Mojeii abo eMmmipuyHi mozen). Y
3B’S3KY 3 BEJIMKOIO KUIBKICTIO PI3HUX THITIB MOKPUTTIB 3€MHOI IMOBEPXHI Ta PI3HUX THITIB MOJENEH TOBEPXOHb, IS
CIIPOILEHHS BUPILIEHHS 3a/adi JUCTaHIIMHOTO 30HIYBaHHS MACHBHUMH CHCTEMaMH, a TAaKOX IOKPAIIEHHS Pe3yIlb-
TaTiB BUKOHAHHS MOJIENIOBaHHS a00 pealibHUX eKCHEepPHMEHTIB, B JaHiid poOOTi copMmyliboBaHe Take 3aBIAAHHS:
BUBYCHHS Ta KJacH(ikallis ICHyIOUMX MOJIENel 3B 13Ky MapaMeTpiB IIOBEPXOHb 3 SICKPaBICHOIO TEMIIEPATYpPOI0, po-
3paxyHOK Ta aHai3 MOTEHIIWHOI TOYHOCTI OI[IHIOBaHHS apaMeTpiB MOBEPXHI JOCIIIPKyBaHOI MACMBHUMHU 3acoba-
MU JHMCTaHIIHHOTO 30HaAyBaHHA. OTpuMaHi Taki pe3yiabraTu. [IpoaHaiizoBaHO BIUIMB aTMOc(epHr Ha SCKPaBICHY
TEMIIEpaTypy MOBEPXHi, 1[0 OMUCAHA ENIEKTPOANHAMIYHOI IUIOCKOK MOJIEIUIIO, Uil pOOOYMX YacTOT pajioMerpa
75-110 I'T'u. BriiuB atMocdepu Ha sICKpaBiCHY TeMIIEpaTypy 3’ SBJSIEThCS MPU KyTax BizyBaHHs OlbImX 3a 50° Ha
TOPU30HTANBHIN Mmospu3amnii Ta KyTax Outemmx 3a 80° Ha BepTHKaNbHINA momspm3anii. 3a pe3yapTaTaMu JOCTi-
JOKEHHSI TIOTEeHIIIHOI TOYHOCT] OLIHIOBAaHHS MOYKHA CKa3aTH, 10 TOYHICTh OIL[IHIOBAHHS YSBHOI YaCTUHU KOMILIEKC-
HOI JIeNeKTPUIHOI IPOHUKHOCTI 3MEHIITYETHCS TP 3MEHIIICHHI TOBKUHH POOOYO0i XBUITi, 4 TOUHICTD OLIHOK TiHACHOI
YaCTHHHU KOMIUIEKCHOI JIIeIEKTPHYHOI MPOHUKHOCTI — HAaBMAKd. BHCHOBKHU. Y pe3ynabTaTi iMITAIITHOTO MOJENIO-
BaHHS II0Ka3aHO, IO IS PagiOMeTpiB i3 BKa3aHUMH BHUIE POOOYNMH YaCTOTAMH MOXKIIUBE OLIHIOBAHHS MiMCHOI
TEeNeKTPUIHOI TPOHUKHOCTI a00 OKpEMO TIIBKU AIMCHOI KOMIIOHEHTH Y BHIIAAKY ONHCY ITOBEPXHI KOMIUIEKCHUM
apaMeTpoM IPOHUKHOCTI. JOoCTiIKEeHHS! peKOMEHAYEThCS TIPOBOAUTH HA BEPTHKAIBHIN Ta TOPH3OHTAIBHIN TOMS-
pu3atlisx, 6e3 ypaxyBaHHs Ta 3 ypaxyBaHHIM BIUTHBY atMocdepu. [[jis omiHKU MPOBiAHOCTI moBepXHi (ysBHOI 4ac-
THHHU KOMIDIEKCHOI JieIeKTPUIHOI IPOHNKHOCTI ITOBEPXHi) HEOOXiHI TIPUCTPOI 3 MEHIIUMHI POOOYNMH YaCTOTAMH.
Takum 9uHOM, B POOOTI MPEACTABICHUIN aHAJI3 ICHYIOUMX MOJENel, BHKOHAaHI PO3paxXyHKH MOTECHIIHHOI TOYHOCTI
OIIIHIOBAaHHS MAapaMeTPiB P BUKOPUCTAHHI X MOJAENEH, HaJJaHO pEeKOMEH/AIlii 10 MPOBEACHHS MPAKTUIHNX EKC-
TIEPUMEHTIB a00 MOICTIOBaHHS.

Kuro4oBi ciioBa: sckpaBicHa TeMIlepaTypa; MACHBHE AWCTAHINIMHE 30HyBAaHHS; MieIeKTpUYHA MPOHUKHICTD;
TIPOBiAHICTb.
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