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When using remote radiophysical methods in problems of monitoring the environment, the central place belongs to solving
problems of determining its electrophysical characteristics, i.e. dielectric permittivity €, conductivity ¢ (complex permittivity k).
The complex dielectric permittivity €, determined in one way or another, serves as the basis for determining the physical
characteristics of the medium under study: temperature, humidity, salinity, hardness, etc. The method for remote determination of
complex dielectric permittivity is proposed based on relative amplitude-phase relations in the radar receiver channels (orthogonal in
polarization) (we call it determination of the polarization phasor). Knowledge of the polarization phasor makes it possible to
determine uniquely both the permittivity and the conductivity of the surface under investigation. The latter is presented in the form
of a series of universal graphs which allow one to directly interpret the physical characteristics of surfaces. It shows how the
polarization phasor is placed on the KLLL-sphere. In addition, the trajectory of the phaser on this sphere is investigated in the case
when the physical characteristics of the investigated surface change. The random nature of local changes in the electrophysical
properties of the surface under study leads to random fluctuations of the polarization phasor. The paper contains a two-dimensional
density distribution of the permittivity and conductivity, as well as the corresponding one-dimensional densities. A graphic
illustration of the relations obtained is given.
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INTRODUCTION

The main objective of remote sensing is to determine physical, mechanical, chemical and other
properties of the ambient medium and objects. Solving these issues necessitates the analysis of various
characteristics of radio waves scattered by the objects under study. These characteristics are associated
with geometrical parameters and complex permittivity of the objects. Knowledge of complex permit-
tivity will allow determination of the main electric characteristics of the observed radar targets. Earlier
the authors introduced a new method useful in radar earth observation for determining complex per-
mittivity on the basis of relative measurements of signals in two receiver channels for two orthogonal
polarizations (relative means that only the ratio of receiver voltages and the phase difference in the
channels are needed) [1, 3, 7]. The basic idea of the proposed method consists of the selection of such
type of radiated wave polarization, for which the cross component is practically absent in the reflected
signal. This means that it is necessary to select that type of radiated wave polarization for which the
orthogonal components in the eigen polarization basis of the scattering matrix of the object have equal
powers and phases. After selecting this specific transmit polarization, the phase difference and the ratio
of the voltage amplitudes in the orthogonal channels of the receiver are measured. This method allows
for the determination of complex permittivity by making use of the measured complex polarization
ratio.

In general, the polarizing factor represents itself as a random variable. Two major reasons may
cause the stochastic character of this factor. At first, the presence of noise in the receiver, and second-
ly, the stochastic character of the changes in the dielectric characteristics of the surface under study.
As the statistical behavior of the signal reflected from the surface is significantly different from the
effects caused by the receiver noise, the second reason is given major attention.

Therefore, by investigating the statistical characteristics of the polarizing factor or (stated dif-
ferently) by studying the statistical characteristics of parameters describing the polarization of reflected
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waves (as projection at a surface called the KLL-sphere), it is possible to visualize the statistical char-
acteristics of dielectric permittivity of the surface under study.

In the first part of the paper the results obtained earlier are briefly summarized [1]; in the sec-
ond part new results are shown, giving a possibility to connect the statistical characteristics of the po-
larizing factor with statistical characteristics of dielectric permittivity by using the real and imaginary
parts of this permittivity of the surface observed by polarimetric radar.

MEASURING THE COMPLEX DIELECTRIC PERMITTIVITY
OF SURFACES BY USING POLARIMETRIC RADAR
EARTH OBSERVATIONS

The new-developed method of determining complex dielectric permittivity of surfaces leans on
the following. In the broad class of radar remote sensing issues to study the underlying surfaces, the
reflection coefficient of radio waves in the direction of the receiving antenna may be represented by a
product of two multiplicands [1, 2]. The first multiplicand is the Fresnel coefficient for the mirror "re-
flection angle", which depends on the type of polarization of the transmitted radio wave and the angle
of observation. The second multiplicand depends on the geometry of the surface structure and is as-
sumed to be independent on the polarization type of the transmitted radio wave.

It is obvious that the received reflected radio wave signals in orthogonal (in polarization sense)
channels will be proportional to the reflection coefficients at the surface under study. Assuming equali-
ty in the powers of both orthogonal components of the transmitted radio wave (for example if we use a
linearly polarized radio wave with an angle of declination of 45° or a radio wave with circular polari-
zation), the relation of the signals in the orthogonal channels of the receiving device will represent the
relation of the Fresnel coefficients (when using circular polarization, there is an additional phase shift
of 90° to be taken into account). The measured relation we shall name the polarizing factor of the
phazor. For surfaces for which the reflection coefficient may be represented by a product of the two
mentioned multiplicands, the phazor determines the type of polarization of the reflected radio wave.

In references [1, 7], it has been shown that there is the following functional dependence be-
tween the Fresnel coefficients for horizontal polarization Ryp and for vertical polarization Ryp assum-
ing that the observation is conducted under an angle 6 with respect to the vertical axis perpendicular to
the surface.

cos20—-R
e e 1-R,,»cos20 M
The polarizing factor (phazor) for these linear polarizations is equal to:
; R
S=fle =2 2)
HP

We pay further attention only to the phazor as the parameter to be measured by the polarization
radar. Using equation (1), it is possible to determine the Fresnel coefficients through measuring of R.
We obtain:

_ cos20-f
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Using formula (3) and the known expressions for the Fresnel coefficients, it is possible to de-
rive the expression for complex dielectric permittivity just by measuring the complex polarizing factor
i.e. the ratio of the amplitudes of the signals in the orthogonal polarization receiver channels and the
phase difference between these signals). We may find [1, 4, 5]:

g = [1 +Lzsin2 9} tan” 0. 4)
(1-1)

If we use waves with circular polarization formula (4) will change into:
€= [1 + ¢ tan’ 6] sin” 0, (5)

where g = |q|e’.8 is the polarizing factor for circular polarization (meaning that we use here the ratio of
the orthogonal components in the two receive channels with the right and left hand circular polariza-
tion). From formula (5), it is possible to derive rather compact formulas for the real part of complex
dielectric permittivity and for medium conductivity 6. The new result becomes:

Ree= [1 +¢” cos 28 tan” 6]sin2 0
(6)

c= Lq2 sin 28 tan” Osin” 0
60

At last, the complex dielectric permittivity can be expressed immediately in the parameters of
the polarization ellipse characterizing the reflected radio wave. These parameters in the polarization
ellipse are ellipticity coefficient K and declination angle y. The newly developed expressions are sum-
marized in the following formulas:

2
e=|1+ I-K e* tan? 0 [sin’ O
1+ K

1-KY
Ree=|1+| —— | cos4ytan’0 |sin’ 0. (7)
1+K

2
0=L 1=K sin 4y tan” Osin” 0
60A\ 1+ K

These formulas enable us to determine complex dielectric permittivity of the surface under
study using one radar measurement only. In Figure 1 (given for illustration only) the dependence of
dielectric permittivity of a medium with small conductivity (almost dielectric) is shown as a function
of the phazor module | /| and with various angles of observation 6 as a parameter.

Figure 2 gives the dependence of the dielectric permittivity of the same medium but now as
function of the ellipticity coefficient (of the received electromagnetic wave) K and as function of the
polarizing factor lg | when circular polarizations are being used [1, 15].
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Fig. 1. Dependence of dielectric permittivity € as function ~ Fig. 2. Dependence of dielectric permittivity € as function
of f with angle 0 as parameter (linear polarization) of the polarizing parameters K,
q with angle 0 as parameter (circular polarization)

KLL-SPHERE

The polarization ratio f represents a complex number and determines in a unique manner a cer-
tain point located on the Poincare sphere. At the same time, it determines the complex permittivity of
the underlying surface. This connection allows us to construct another sphere (which we called the
KLL-sphere) for which any type of earth surface is uniquely corresponded to a certain point located on
this sphere surface. It means [3, 6, 14] that a change on the KLLL-sphere is equivalent to a change in the
physical and/or chemical characteristics of the researched surface. By doing so we are able to construct
a sphere on which in real-time phazor f can be projected. This results into a direct remote sensing of
the surface permittivity. Variations in the measured f can be projected on the KLL-sphere. These pro-
jections show the changes in measured permittivity.

2|f|COS\|/
-|/f

b [ B2 cony
1+2|f|tan[3-cosw+|f|2 tan” p

23 = arctan

(8)

Equations (4), (5) and (8) relate uniquely f and so the permittivity to the KLL spherical coordi-
nates [1, 8, 13].

STATISTICAL CHARACTERISTICS OF THE ELECTRICAL PARAMETERS
OF THE RADAR-SENSED SURFACES

As was already said in the introduction, the fluctuations of radio wave parameters after reflec-

tion from the surface may be caused by variations in the physical and chemical properties of these sur-
faces, i.e. by variations in dielectric permittivity.

103



Hayunblii Becruuk MI'TY T'A Tom 22, Ne 04, 2019
Civil Aviation High Technologies Vol. 22, No. 04, 2019

There is much literature paying attention to the development of statistical (and physically rea-
sonable) models [2, 3, 8, 9, 10], which make use of orthogonal components of partially polarized
waves. By relating the statistical signal behavior to the statistics of the electric permittivity of the sur-
faces, statistical models of surface covers can be developed. For the construction of such statistical sur-
face models based on signal models with partially polarized radio waves, knowledge of appropriate
analytical relationships is required.

For deriving such associate relations, it is convenient to start from formulas (5) and (6) which
are valid for circular polarizations. With equation (5) we may find for ¢:

{l(e-sin” 0) + (6001’

|q| B sinOtan0 ) 9)
0 =0,5arctan LG;;
€—sin” 0

Using known rules for transformation of the probability density function PDF, we write:

3)

o(la
d(e,0)

W(S,G)ZW(‘Q(S,G) . (10)

,8(8,6))

Implicitly we have assumed in formula (10) that the PDF of the reflected radio wave parame-
ters WQq , 8) are known. For determining the one-dimensional PDF W0q|) and W(S) it is necessary to
integrate formula (10) so that we can eliminate one variable. However, this generalized problem repre-

sents serious mathematical difficulties and the results of integration can not be written in a closed
form.

By way of illustration we shall consider a special case, in which we define a PDF of the dielec-
tric permittivity assuming that the surface has a small medium conductivity. This situation is often met
in practice. We suppose also, that the deterministic component is in the orthogonal channels and that

the components of partially polarized waves are absent. The PDF WQq,S) can then be described by
(2,11, 12]:

2(1_ p2
)= gh* (1-R®*) ) an
n(l—2thcos§+q2h2)

where R is the correlation coefficient of the orthogonal components, / -is the ratio between the mean
square signal deviations in the orthogonal channels. In this case the required PDF becomes:

W (1 —R2)sin2 Otan’ 0

W (e)=

2
8 S—Sil’l2 0 |iSiIl2 9tan2 0—2hRsinOtan O S—Sil’l2 0+ ]’lz (8 —sin2 9)}

Various WQq,S) expressions as function of # and R can be found for other statistical PDF’s

than given in equation (11).
Further experimental investigations are needed to generalize the validity of our approach.
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CONCLUSION

It is shown that using relative measurements of signals in orthogonal channels of a receiving
device of a radar station, it is possible to unambiguously determine the complex permittivity and con-
ductivity of the surface, measured during its remote sensing. The values found can serve as a basis for
determining physical characteristics such as humidity, salinity, strength, temperature. Errors in the de-
termination of the unknown quantities arising as a result of inaccuracy in measuring the ratio of the
amplitudes and the phase difference in the orthogonal channels are given.

Knowledge of the polarization phasor makes it possible to uniquely determine both the permit-
tivity and the conductivity of the surface under investigation. The result is presented in the form of
universal graphs, allowing to directly interpret the physical characteristics of surfaces.

These graphs show how the polarization phasor is displayed on the KLL-sphere. In addition,
the trajectory of the phaser on this sphere is investigated in the case when the physical characteristics
of the investigated surface change. The trajectory of the phasor makes it possible to visualize local
changes in the physical properties of the underlying surface when it is probed.

The random nature of local changes in the electrophysical properties of the surface under study
leads to random fluctuations of the polarization phasor. The two-dimensional density distribution of
the permittivity and conductivity determined in the paper, as well as the corresponding one-
dimensional densities, make it possible to obtain more realistic estimates of the measured quantities.
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HOJAPU3AIIMOHHBIE METOIbI 1JI1 OITPEJAEJIEHUA
W BU3YAJIN3AIIAU KOMILIEKCHOM JAUDJIEKTPHUECKON
INPOHUIOAEMOCTH B BOITPOCAX IUCTAHIIMOHHOI'O
3OHANUPOBAHUA

JLIL .JInrxapTl, AN. KO3JIOB2, AN. JIOFBI/IHZ, U.B. ABTun’
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’Mockosckuii 20cy0apcmeentbiti MexHuYeckuli yHUSePCUmen 2pajicOancKoil asuayiii,
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HpI/I HCIIOJIb30BAHUHN JUCTAHIIMOHHBIX paHI/IO(l)I/BI/I"ICCKI/IX MCETOAOB B 3a/la4aX MOHHUTOPHHIA Opr)Ka}OHIeﬁ CpCbl HECHTPAJIbHOC

MECTO TIPUHAIICKUT PEIICHUIO 3a4ad ONpPEHCIICHHS €€ IJIEeKTPOPU3MUYECKIX XaApPaKTePUCTHK, T. €. IUIICKTPUYECKOM
MIPOHHIIAEMOCTH €, TIPOBOJIIMOCTH G (KOMITIEKCHON IUAIICKTPUYECKON TIPOHUIIAEMOCTH €,). JIMCTAaHIIMOHHO OTpEeNeNicHHOE TeM
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WIM UHBIM CIIOCOOOM 3HAYEHHE €, B JATBHEHIIIEM CITY>KMT OCHOBOM JUIS OMpeieieHUsT (DU3NUECKHUX XapaKTEPUCTUK UCCIIETyEeMOi
CpeIbl: TeMIIeparypa, BIaKHOCTh, CONIEHOCTh, TBEPJOCTh U T. I. B paboTe mpeiaraetcss METO/ IUCTAHIIMOHHOTO OTPEIEICHUsI
KOMIDIEKCHOU JIUAJICKTPHYECKON TPOHMIIAEMOCTH HA OCHOBAaHHU OTHOCHTEINIBHBIX aMILTUTYAHO-(a30BbIX OTHOIICHUI B
OPTOTOHAITBHBIX T10 TIOJISPU3AIMY KaHATIAM TIPUEMHHUKA PAIUOJIOKAIIMOHHOM CTAHIUK (OTPeIe/IeHHE TOJSIPU3AIIMOHHOTO (a3opa).
3HaHKe TOSAPU3AMOHHOIO (ha30pa AaeT BO3MOXKHOCTh OTHO3HAYHO ONPEACIHUTh KaK JAUAICKTPHUIECKYIO MPOHUIIAEMOCTh, TaK U
MPOBOJIMMOCTh HCCIIEyeMOi MmoBepxHOCTH. [locieHee OTpaKeHO B BHIE psifia YHHBEPCATIBHBIX TPA(UKOB, MO3BOJSIOIIMX
HETMOCPE/ICTBEHHO HMHTEPIPETHPOBATh (PU3MUECKUE XAPAKTEPUCTUKK TOBEpXHOCTeH. [loKa3bIBACTCs, KAK MOJSIPU3AMOHHBIH
dbazop orodopaxaercs Ha KLL-cepe. Kpome Toro, uccnenyercs tpaekropusi pasopa Ha 310l cdepe npu M3MEHEHHH (HPH3HIECKUX
XapaKTepUCTHK HccleqyeMol ToBepXHOCTH. CiydaiiHBI XapakTep JIOKaJIbHBIX W3MEHEHHH SIEKTPO(U3MIECKHX CBOICTB
MCCIIeyeMOl MOBEPXHOCTH TIPUBOMUT K CIyYalHBIM (ITYKTyalusM MoJisipu3aoHHoro azopa. B pabote Haxozstes AByMepHast
IUIOTHOCTh PACTIPEICTCHUS UAICKTPUUECKON MPOHUIIAEMOCTH M TMPOBOUMOCTH, & TAKXXE COOTBETCTBYIOIHE OTHOMEPHBIC
WIoTHOCTH. [IprBoMTCS TpadruecKast WILTFOCTPAIHS MOTYICHHBIX COOTHOIICHHH,

KnioueBble ciioBa: rmonsipuzalyisl, JMCTAHLIMOHHOE 30HAMPOBAHME, KOMIUIEKCHAs JMAJIEKTPHYECKas HPOHULAEMOCTb,
KLL-cdepa, koaddurmentsr PpeHensi, aMIumTy 1H0-(pa30Boe COOTHOIIEHHE.
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