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Monitoring technologies are rapidly developing at present and allow to extract and use non-coordinate information about objects. Non-
coordinate information is the information about the type and properties of an object under study. Remote sensing is the main method of
solving monitoring problems where special positioning belongs to the radar methods, based on space-time processing of signals and, in
particular, on methods of radio polarimetry. It is necessary to have information about the surface in order to solve the monitoring task.
The slightest changes in the electrical and physical properties of such areas as salinity, humidity, soil composition, etc. will lead to a
change in the basic electrodynamics of the surface, notably its complex dielectric permittivity. The article demonstrates the precise
solutions to the problems of radio-waves reflection from a layered surface with various laws of changes of the complex permittivity € in
depth. Media with exponential and quadratic laws of variation € for arbitrary angles of incidence of the radio wave on the surface are
considered. Precise decision is obtained for layered media with the law of change in the complex permittivity the polynomial and linear
characteristics. A similar problem for the parabolic layer is considered separately. The detailed analysis of radio waves reflection from
the medium with a matching layer is carried out. The nature of the electromagnetic field inside the transition layer is studied in detail. The
article is illustrated by the graphs showing the dependences of an electromagnetic wave reflection coefficient on the layered medium
with linear and exponential laws of variation of the complex dielectric constant over depth.
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1. INTRODUCTION

In order to solve the remote sensing issues, it is very important to know polarization patterns of
radio waves reflected from underlying surfaces. We initially need the information on elements of the
scattering matrix of illuminated areas on the surface. It is clear that variations of electrical-and-
physical properties (salinity, moisture, soil composition, etc.) of such areas will cause variations in the
main electrodynamic characteristics of the surface, notably its complex permittivity . Complex per-
mittivity variation results in variation of reflecting characteristics of the underlying surface (i.e. charac-
teristics of its elements in the scattering matrix).

2. GENERAL RELATIONS

In radiolocation, the scanning of underlying sur-
faces is carried out from top to bottom (from the aircraft
board, satellite, stationary tower, etc.). Thus, the dimen-
sions of an illuminated area of the underlying surface
are determined by the height (H) from which scanning
is carried out, the scanning angle (o), the antenna beam
width [2, 4, 9, 15] (in two mutually perpendicular planes
Ao and A Fig. 1).

The wave radiated by the antenna induces (on
the surface D) currents which are the sources of Ha scat-
tered field [13, 14]. In general, the energy is scattered
Fig. 1. To statement of a problem omnidirectionally and, in particular, in the direction of

the antenna.
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We shall consider a medium which fills the half-space z < 0. Electric-and-physical properties of
this medium depend only on the distance to the medium surface.

Suppose that a plane electromagnetic wave is incident on a boundary (medium surface) at the
angle. The electric vector of this wave is perpendicular to the plane of incidence (horizontal polariza-
tion). The field in the upper half-space will be included into the incident and reflected waves [2]. The

electric vector of the reflected wave should meet the differential equation: AE(x,z)+k’e(z)E(x,z)=0.

This equation after substitution of E(x,z)=g(z)exp{ikxsinB} will be reduced to the following dif-

ferential equation:
gl +k? [g(z)—sin2 O}g(z):O. (1)

It is possible to derive the formula for the reflection coefficient on the horizontal polarization
by using standard conditions of the continuity of tangential components of the vectors E and H:

Ry;p (0)=[ikg (0)cos0+g. (0)]/[ikg(0)cosd-g’ (0)]. )
The magnetic vector for a vertical polarization may be represented by the following form:
H(x,z)zn(z)v(z)exp(—ikxsin@), 3)

where n(z)=,/e(z), the function v(z) is the solution for the differential equation:

[n(z)v(z)] _+K*[n* () =sin’ 0]n(z)v() =0,

It is possible to derive the formula for the reflection coefficient by using standard conditions of
the continuity of tangential components of the vectors E and H:

Ry = [g; (0)+ikg (0)(0)cos 6]/[g; (0)—ikg(0)&(0)cos 6]. (4)
3. EXPONENTIAL LAYER

The  complex  permittivity  varies  according to  the  exponential law
e(z)=Pp-exp{2a-z} = (B, +iB,)exp{2a-z}; Imo =0. The function g(z) will be the solution for the

equation (1):
g(z)=H£2)(§\/B-exp{a-z}j, (5)

where H, éz) is the Hankel function of the second kind. The order of this function is & = ﬁsin 0.
o

In case we use the formula for the Hankel function derivative we get:
, k L k , k i k
R =| 2 £ B e B (25 | 1| (£ B Jem e B (245 )|
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4. QUADRATIC LAYER

The complex permittivity varies according to the quadratic law: g(z) = (ocz + 6)2. For such a

medium it is impossible to express the solution (1) with the use of the known functions. The following
solution may be derived with small ¢, :

1 T 2 .
glz)= exp{ —ik | +/(0z+P) —sin’ zdz}. (7)
) ‘\‘/((xz+B)2—sin29 { '([\/( )

S. VERTICAL SCANNING

Vertical scanning is quite often used when solving remote sensing issues. In this case there is
no difference between vertical and horizontal polarizations and the scattering matrix becomes the iden-
tity matrix. However, the reflected-wave power depends to a great extent on the behavior of dielectric
properties of the surfaces under study [7, 12, 14, 15, 16, 17, 18]. Let us consider how such reflection
for several laws of the complex permittivity changes with depth.

5.1. Polynomial layer

The law of the complex permittivity change is described by relation: s(z) = (az+ b)m . The for-
mula will be the solution of (2) which satisfies the condition of infinity [15]:

m+2

g(Z)=\/az+b-JL miz(§)4(az+b)’112+2 . (8)

m+2

5.2. Linear layer

The law of the complex permittivity change is described by the relation: 8(2) =az+b. It results
in the relation [2, 18]:

R 335 )5 (28 (2 )3y 2| g
3a 3a 3 3a

a

Analysis of this expression with arbitrary complex values a and b results in awkward, hardly
soluble expressions. Let us consider only extreme cases of small and large |a| and also the relations
between |R| and | o] for several typical and practically important cases.

With small | o] (when the complex permittivity modulus slowly varies in depth), we derive:

R= [1—13&5 +ib 1 %(0,104+0,146b°’5 )}/{Hb” +ib 1 %(0,104—0,146[)0’5 )} (10)

When a sharp boundary is absent (i.e. b = 1), we have: R = 0,004|a|27»2 . In this case there is almost no

reflection.
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Another extreme case is when the complex permittivity increases with a high speed, i.e. |a] is
large. In this case we derive:

2kibb

3a

1/3
R=-1+ 1,58[ J (1-i-1,73). This formula shows that the reflection coefficient is close

to 1 for large values of | o.|. With a further increase of | ol and A it tends to 1.

The above mentioned behavior of R remains mainly for other kinds of the polynomial depend-
ence. Fig. 2. shows the dependence of the reflection coefficient |R|? on the parameter |l for a linear
layer.
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Fig. 2. Dependence ‘R‘zupon ‘OL‘ cm’ for a liner layer. A = 3cm.
Le(z)=2+ild|z; 2.8(z)=1+i|ofz; 3.e(z)=2+0,5v2(1+i)]o|z

5.3. Parabolic layer

Let us introduce the following notation: €(z)=(az + b)2 = I:(a1 +ia,)z+(b, +b, )]2 . In this case:

R=| B (w)=ibH s (w) /| HE (w)+ibH g (w) ], (11)
2
where w = L
2a

When |a|l << b, ie. |p| >>1, we have
R=[(1-b)kw+i(0,0094+0,156b) ] /[ (1+b)kw+i(0,0094 -0,156b)]. (12)

When a sharp boundary is absent (b = 1): R=0,016|a|2 A?. In another extreme case when

5,1(1-i)

|p| <<1, we have: R=—-1+—7—2.
a2
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5.4. Matching layer

In a number of extreme cases a thin intermediate layer is formed on the medium-atmosphere
boundary. In this layer, the complex permittivity smoothly varies from 1 (atmosphere) to its value in
the depth of the medium and the curve which represents this dependence has no kinks. The presence of
such a layer in a number of cases results in a substantial decrease of the reflection coefficient due to
the decrease in reflections that take place on the boundary.

Let us discuss the reflection of the following structure: a region of the space z is filled with a
medium with the complex permittivitye; . A “matching” layer is located within 4. The complex per-

1+8k
2
that when z = 0 the complex permittivity is &, =1, when z =7 — € = & and }(0)=¢%(h)=0, i..

I—Sk

mittivity € of this layer varies according to the law: g = + cosnz. This relation shows

the matching over the derivative takes place on boundaries of the layer. The wave equation for the match-
ing layer is reduced by means of substitution of an independent variable into the Mathieu equation.

Fig. 3. shows the results of calculation of the reflection coefficient with different values of the
complex permittivity
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Fig. 3. Dependence of 8(2) upon the thickness of an intermediate layer — /.

In an intermediate layer €(z) changes from € =1 up to e = 65—40i
according to the linear (1), harmonical (2) and exponent (3) laws. A =3cm

2
This figure shows that the reflection coefficient varies from ‘(1—\/5 )/ (l+\/g )‘ to zero. The

figure demonstrates the comparison of the similar curves for the matching layer with a linear depend-
ence (without the matching over the derivative). The figure reveals that a decrease in the reflection co-
efficient for the linear layer is faster than for the matching "cosinusoidal" layer. For a thick layer

2
20,4 |h
(h—>x) R=0, 002|1 _8k|2 (%j ; for a thin layer (h—0) R = 2 \/; )

NIEEA

5.5. Intermediate layer

The law of the complex permittivity change, determined by (3), corresponds to an intermediate
layer. In this case the formulae in 3 remain valid. For a medium with small o we have:

61



Hayunblii Becthuk MI'TY TA Tom 22, Ne 03, 2019
Civil Aviation High Technologies Vol. 22, No. 03, 2019

1\/715/2+0125—(1+3f—'5/2)
1+f—'5/2+0125—(1 3Ble —M)

(13)

i

where p, = kY ¢?2 § is the angle of losses. This formula shows that the reflection coefficient is

determined first and foremost by the complex permittivity on the boundary. In particular, for a medium

—f 0,140
1+\f B -1

when a 1s large we derive: R~—1+2N, (po)/[NO (po +2z\/§e’5/2 / TP, )J Fig. 4 shows a number of

with a very small permittivity (sweet water) we derive: R = . In another case

dependencies of the reflection coefficient upon o with different values [5, 6, 8, 17] of B and o.

IRY

Fig. 4. Dependence |R|2 upon |a| cm' for an exponent medium.
1l.e(z) = exp(1+i0,1az); 2.e(z) = (1 +i)exp(az); 3.e(z) = (3,5+ 2i) exp(az)

It is important to mention that, regardless of the law of variation of the complex dielectric con-
stant from depth, there is almost a linear dependence of the reflection coefficient on the determining
parameter.

CONCLUSION

The paper deals with the problem of reflection of electromagnetic waves from electrically lay-
ered inhomogeneous media. Most natural formations belong to the class of such media. The corre-
sponding problems of reflection of radio waves always arise during remote sensing of natural objects
under observation. The purpose of the relevant monitoring is to remotely determine the physical char-
acteristics of the underlying surfaces (humidity, hardness, temperature, etc.). The listed properties are
determined by the electrophysical characteristics of the surface: dielectric permittivity and conductivi-
ty, which, as it is known, are combined into a complex permittivity €.

Layered structures in which the laws of variation of the complex permittivity in terms of
depth were exponential, polynomial, parabolic and linear were considered as models of remote sens-
ing objects. The field inside each of the matching and transition layer was considered separately.
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Knowledge of the reflection coefficients dependence in such media opens the way to unambiguous
definition of the complex dielectric permittivity, and, consequently, of the physical characteristics of
the probed surfaces.

Unfortunately, it is impossible to express the value of the complex dielectric constant explicitly
as the function of the reflection coefficient and the viewing angle by means of the obtained strict de-
pendences of the reflection coefficient on the parameters of the laws of the change in the complex die-
lectric constant. However, this problem is solved quite easily by numerical methods, which, in the final
analysis, make it possible to determine the desired physical characteristics.
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OTPA’KEHME PAJIMOBOJIH ITPU JTUCTAHIHUOHHOM 30HANPOBAHUHN
HOACTUIAIOIIUX TIOKPOBOB

JLLIL. JII/Il"XilpTl, A.N. Kozaos 2, AMN. JlorBuH 2, U.B. ABTiH

! eagpmeruii mexnonoeuueckuii ynusepcumem, 2. JJeagpm, Huoepnanowl

? Mockogckuii 20cydapcmeennbii mexHuueckuti yHugepcumen 2pajicOanckoli aguayul,
2. Mockea, Poccus

B HACTOAIECC BPEMsS AKTUBHO PA3BUBANOTCA TEXHOJIOTMA MOHUTOPUHIA, KOTOPBIC IMO3BOJIAIOT M3BJICKATH U UCHOJIB30BATH
HEKOOpIMHATHYI0 MH(popMmaimio 00 oObekTax. HekoopmuHartHas mHGpOpMamus — 3T0 MH(OpMAlMs O THIIE W CBOWCTBaxX
uccneayeMoro oobexra. OCHOBHBIM METOZIOM DEILIEHMS 33]iad MOHHMTOPHMHIA SBIISIETCS JWCTAHLOHHOE 30HIMPOBAaHUE, TIIE
0co00€ MEeCTO NPHHAWISKUT DPAJUOTIOKALMOHHEIM METOJaM, OIHMPAIOLNIMMCS Ha IPOCTPAHCTBEHHO-BPEMEHHYIO 00palboTKy
CHTHAJIOB, M B YaCTHOCTH HAa METOIBl paauonoysipuMerpuu. [is pelueHus 3aJaddl MOHHTOPUHTA HEOOXOAMMO HMETh
nH(pOpMANIO O MOBEPXHOCTH. [10CKONBKY maXke HEOONbINEe W3MEHEHHS ACKTPHUSCKIX M (PU3UUECKIX CBOWCTB (COJIEHOCTH,
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BII@XKHOCTH, COCTaBa IOYBBl U T. [.) TaKMX 30H NPHBENYT K W3MEHEHHWIO OCHOBHOW 3JIEKTPOPHU3MUECKON XapaKTepHUCTHKU
MOBEPXHOCTH — KOMITIEKCHON JMAJIEKTPHYECKOI MPOHUIIAEMOCTH. B cTaThe MpHBOAATCS CTPOTHE PEIICHHMS 3a4ad OTPaKeHHS
PaIMOBOJIH OT CIIOMCTON MOBEPXHOCTH C PA3THMYHBIMU 3aKOHAMH N3MEHEHHS KOMIUIEKCHON JIIAIIEKTPUYECKOH MPOHHUIIAEMOCTH — €
1o riryouHe. PaccMaTpuBaroTces cpefipl ¢ SKCIIOHEHIMATIBHBIM M KBaAPaTHYHBIM 3aKOHAMH U3MEHEHHS € TIPH IPOM3BOJIBHBIX yTIIax
MaJeHUs PAJMOBOJIHBI Ha MOBEPXHOCTh €. [l CIOMCTBIX CpeA ¢ 3aKOHaMHM M3MEHEHHsS KOMIUIEKCHOM JIHANIEKTpUYECKOM
MPOHUIIAEMOCTH, HOCSIIMMH TTOJMHOMUAJIBHBIN U TMHEHHBIN XapakTep, CTpOroe pelieHue MoMydeHo I Clydast BEpTHUKAIBHOIO
Bu3MpoBaHus. OTAENBHO paccMaTpUBASTCs aHAJIOTHYHAs 3a]a4a JUisl MapadoInuecKoro cios. [IpoBoanTCs JeTallbHBIA aHaIu3
OTpaXkEeHUsI PaJMOBOJIH OT Cpefipl ¢ coriacyroumm cioeM. [TonpoOHO Mcciemyercs XxapakTep 3JIeKTPOMarHiTHOTO TIOJISl BHYTPH
niepexoHoro ciosi. CTaThsi WINTFOCTpUpYeTCsl TpadUuecKUMy 3aBUCUMOCTAMH KO3((HUIMEHTOB OTPKEHUs 3JIEKTPOMArHUTHOM
BOJIHBI OT CJIOMCTOM Cpeibl C JIMHEHHBIM W 3KCHOHEHIMAIBbHBIM 3aKOHAMH W3MEHEHHS KOMIUIEKCHOM JWAJIEKTPUYECKON
MIPOHUIIAEMOCTH 1O TITyOnHe.

KiioueBble cioBa: noysipru3anusd, MaTpula pacCeaHys, IMOACTWIAroNIass TITOBEPXHOCTh, KOMIUICKCHAA JHIJICKTPpUYCCKas
TMIPOHUAEMOCTh, CKAHUPOBAHNE, TUCTAHIIMOHHOE 30HINPOBAHUE.
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