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Abstract. The development new methods for measuring the electrophysical and geometric parameters
multilayer dielectric medium in order to identify their layers, as well as to detect inhomogeneities in
them, is an urgent scientific task. Methods for assessing the state the snow-ice cover are proposed,
based on the identification layers of the snow-ice cover by the dielectric permittivity obtained indirectly
as a result inclined sounding of the underlying surface by an electromagnetic wave with vertical and
horizontal polarization. Under normal sensing the underlying surface, in the form snow-ice cover, by
radio waves with vertical and horizontal polarization, the obtained values the reflection coefficient
from the boundary layers the received signals are identical. Oblique sensing by a vertically polarized
wave in the range from 25 to 90 degrees leads to a sharp dip in the values the reflection coefficient
from the boundary layers at certain angles, so for dry snow — 47...55°, dry firn — 55 ... 58° and dry
ice — 58...61°. These angles characterize the dielectric properties the layers (permittivity), which
are explained by the complete polarization the reflected wave in a plane perpendicular to the plane
incidence, since at this moment the vibrations the layer's electrons along the direction their movement
do not lead to the emission electromagnetic waves in the direction the reflected wave (absent). The
given estimated values the complex relative permittivity snow-ice cover as two component medium air
and ice at a temperature from minus one to minus forty degrees, or three component medium air, ice
and water at zero temperature are a sample for establishing the identity the characteristic properties
layers. The purpose this article is to develop methods for assessing the state snow-ice cover used in
determining the possibility performing a safe landing a helicopter — type aircraft on an unprepared
site with snow-ice cover based on the identification the obtained characteristics snow-ice cover layers
based on the results radar sensing with calculated data.
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MeToabl OLIEHKH

COCTOAHHUSA CHEKHO-JICAAHOI'O IIOKPOBA

B.I. Mamkos, B. A. MaJabliuesB, I1. A. ®eaonnH
Boennwiii yueono-nayunwiit yenmp BBC
«Boenno-6030ywnas akademus

umenu npogheccopa H. E. JKyxoseckoeo u FO. A. ['acapunay
Poccuiickas ®@eoepayus, Boponeaic

AHHoTaums. IIpennoxeHsl METOIBI OLEHKH COCTOSTHUS CHEXXHO-JIEJISTHOTO TOKPOBA, OCHOBAaHHBIC
Ha WJICHTH(UKALNU CIOEB CHEXHO-JIECJASHOIO ITOKPOBA IO JIMAJIEKTPUUYECKOM ITPOHHUIIAEMOCTH,
MOJYyYCHHOW KOCBEHHBIM IIyTEM B pE3yJIbTaTeé HAKJIOHHOTO 30HAMPOBAHUS IOJICTHIIAOIIEH
MOBEPXHOCTHU 3JIEKTPOMArHUTHOM BOJHOM € BEPTUKAJIBHOM M TOPU3OHTAJIBHOW IOJISIPU3ALUEH.
[Ipn HOpMAIBHOM 30HIMPOBAHUH MOACTHIIAIONICH TOBEPXHOCTH B BHJIE CHEXHO-JIEHOTO TOKPOBA
pasnoBOIHAMHM C BEPTUKAJIBHOH M TOPU30OHTAJIBHOM MOJSPHU3ALMEH IOTYyUCHHBIC 3HAUCHUS
ko3(uIenTa OTpaskeHHsI OT IPAHUIL pa3/ielia CJI0eB MPUHATHIX CUTHAJIOB HACHTHYHBL. HakimoHHOE
30HJUPOBAaHNE BEPTUKAIBHO MOJIAPHU30BAHHON BOIHOM B mpeenax oT 25 10 90° mpuBOIUT K pe3KOMY
MpoBajy 3HAUYeHUH KOod(p(PUINEHTa OTpPa)XEHUs OT TI'PAHMUI[ pa3/ieNa CIOEB INPH OIPEAEICHHBIX
yriax: Tak, IJs cyxoro cHera — 47...55° cyxoro ¢upna — 55...58° u cyxoro mpma — 58...61°. Otun
YIIBl XapaKTEepPHU3YIOT IMAJIEKTPUUECKHE CBOMCTBA CIOEB (IMAJIEKTPHUYECKYIO INPOHUIIAEMOCTB),
OOBSACHSAEMBIC TIONHOM MOJSApPU3ALNNeH OTPaKEHHOW BOJHBI B TUIOCKOCTH, IEPHECHINKYISIPHON
MIJIOCKOCTH TIaJIeHN s, TIOCKOJIBKY B 3TOT MOMEHT KOJICOAHUs 3JIEKTPOHOB CIIOS BJIOJb HAIIPABIICHHS
CBOETO JABIDKEHHS HE TPUBOAST K M3y YCHHIO 3JIEKTPOMArHUTHBIX BOJIH B HAIIPABJICHUH OTPaKEHHON
BOJNIHBI (OTCyTCTBYyeT). IIpHBeIeHHBIE OICHOYHBIE 3HAYEHHUS KOMIUIEKCHOM OTHOCHTEIBHOHN
JUBIEKTPUIECKOH MPOHUIAEMOCTH CHEXHO-JIEIASHOIO IOKPOBAa KaK BYXKOMIIOHEHTHOW CpEibl
BO3yXa U JIbJIA IIPU TeMIIepaType oT MUHYC 1 10 MuHyc 40° 1r00 TPEXKOMITIOHEHTHOH CPe/Ibl BO3yXa,
JbJ1a ¥ BOJIBI IIPH HYJIEBOHM TEMIEpAType SIBISIIOTCS 00pa3IoM sl YCTAHOBIICHHS TOKECTBEHHOCTH
XapaKTepU3YIOIINX CBOWCTB CIIOEB.

Lenp naHHON cTaTbu — pa3pabOTKa METONOB OLEHKH COCTOSHHS CHEKHO-JICISHOTO ITOKPOBa,
HCIIONIb3YEMBIX B OIIPEJEICHUN BO3MOXKHOCTH BBIIIOTHEHHS O€3011aCHON IMOCAIKH BO3YIIHOTO CyJHA
BEPTOJIETHOTO THIA HAa HEMOATOTOBJIEHHYIO IIJIOIIAAKY CO CHEXHO-JIEISHBIM IIOKPOBOM, HA OCHOBE
NICHTU(HUKANY TOIYYEHHBIX XapaKTEPUCTHK CIOEB CHEXKHO-JIEISHOTO TOKPOBA IO pe3ylbTaTaM
PannoIOKAIHOHHOTO 30HANPOBAHUS C PACIETHBIMH JaHHBIMH.

KiarwueBble cJioBa: COCTOSHUE CHCIKHO-JICAAHOTO IIOKpOBa, NOACTHJIAIOMIAsA ITOBEPXHOCTD,
JAUDJICKTPpUYCCKad NPOHHUIAEMOCTD, l/IILCHTI/l(l)I/IKaLII/Iﬂ CJIOCB, HAKJIOHHOC 30HAUPOBAHUE.

Hutuposanue: Mamikos, B.T. MeTo/bl OLIEHKH COCTOSHUS CHeKHO-JIeAsIHOrO MokpoBa / B.T. Mamkos, B. A. Maubliies,
I1. A. ®enronnn // XKypn. Cub. denep. yu-ra. Texuuka u rexnosnoru, 2021, 14(3). C. 316-331. DOIL: 10.17516/1999-494X-0312

Introduction

Remote sensing the underlying surface the landing site a helicopter-type aircraft (HTA), in the
form snow-ice cover, which is a multi-layer structure, to assess its condition, is almost the only justified
method, from the point view performing a safe landing on unprepared (unequipped) sites. The task
assessing the state snow-ice cover is reduced, first, to the identification its layers (snow, firn, ice), since
the number layers snow-ice cover formed in the natural environment will be different, which is due to
their formation during snowfalls, thaws, cold spells, etc., determined by a complex hydrometeorological

conditions. Secondly, to determine the depth snow and the thickness the ice cover, which is a key factor
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in making a decision to land a HTA on an unprepared (unequipped) snow-ice platform. Landing on
the snow-covered pond with snow depth above the permissible or thickness the ice cover below the
permissible in accordance with the type HTA, may lead to breaking through the snow, ice, or roll
HTA day and night in simple and adverse weather conditions (fog, haze, rain, snow, dust, or smoke the

atmosphere), and also in conditions raised snow rotating propeller [1, 2].

Method for estimating the state snow-ice cover by Brewster angle

Identification snow-ice cover layers. Measurement complex relative permittivity materials with
losses in the microwave range [3—5], based on measuring the dependence the coefficient of Fresnel
reflection a flat sample the material from the angle incidence within the range 8 = 40°...90° when the
electric field the wave parallel to the plane incidence, then the graph the dependence the coefficient of
Fresnel reflection from the angle incidence determine the Brewster angle 0y and the relative complex
dielectric permittivity ¢ the sample material or portion the surface the earth is calculated by the formula
e = (tgfp)*.

Since the snow-ice cover is a multi-layer structure with different densities, water content shares,
and its own structures, it is important to determine the boundaries the air—snow, snow—ice, and ice—
water layers. It is not always possible to obtain peaks echo signals from the boundary snow-ice layers
as a result the contrast the complex relative permittivity the layers, since if the snow is inhomogeneous,
compacting to the bottom so that at the s—i boundary & = ¢;, then there is no reflection from the s—i
boundary at all [6]. But, as a rule, the snow cover has layers with various complex relative permittivity,
increasing in depth, which is due to their compaction during snowfall, thawing, cooling, etc., which
allows you to receive echoes from the boundary layers snow-ice cover. Moreover, for example, for
freshwater ice (at A = 3 cm), the amplitude the echo signal from the i—w border will be greater than
from the s—i border, this is observed when the thickness the ice cover is less than 1.6 m [6].

On the territory the Russian Federation, the thickness the ice cover on rivers and lakes varies from
0.1 m in the southern regions to 3 m in the polar zone Siberia and up to 4 m on the ice sections rivers
in Eastern Siberia. In most cases, and especially in highly salty sea ice, the thickness does not exceed
2 m [6].

The dependence the reflection coefficient of the Fresnel with vertical polarization R* on the
complex relative permittivity the medium ¢, and the sensing angle within the limits 8 =40°...90° has a
pronounced dip in values (Fig. 1a) compared to the dependence the reflection coefficient of the Fresnel
with horizontal polarization R"™ (Fig. 1b). For vertical and horizontal polarization (vv, hh — the first
index the probing, the second received radio signal).

The reflection coefficient from the boundary snow-ice layers is determined by [4, 7] the sensing

angle and the relative permittivity the corresponding layer:

(erz cosf, — \/ (sing,)
RVV

£,c086 +,|e, (5 (sin 6’

% where 6, — sensing angle;

)
g[‘;cos¢92+\/glz(5r3 &, (siné,) 2))
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Fig. 1. Dependence the Fresnel reflection coefficient: a — with vertical polarization R""; b — with horizontal polar-
ization R™ on the complex relative permittivity the medium and the sensing angle within 8 = 0°...90°

(gml cos 61 - \/5n' (griﬂ —é&y (Sin 91 )2 ) )

R = , where 6 =arcsin (sin 91/\/5:) 1
(gml cos &, + \/6‘" (gnﬂ —¢,(sing )2 ))

The total reflection coefficient (1) from the snow-ice cover without taking into account multiple

reflections between the layer boundaries is determined by the recurrent formula [4]:

R,W(hh) R::’&‘h + 1{”1 k exp( j4ﬂ-hz+l/ﬂ“ \/ i+l )
* 1 + Rmi‘h Rz+l k exp( J47[hz+l /2‘ V i+l )
where /1,41 — is the depth (i + 1)-layer; A — is the wavelength the probing signal; ICX(“‘) =0, k#i, k#i+ 1.

The speed propagation an electromagnetic wave (EW) in a snow-ice cover is lower than the

@

speed propagation in the air, depending on its density, water content, and structure. For dry snow
Vas=278,1...212, 7 m/us, dry firn Vge=212.7...189,0 m/us and dry ice Vg = 189,0...167,9 m/us, vary very
markedly depending on the proportion water content, since for pure water V,,,, = 32,74...41,97 m/us, the
preferred orientation and shape ice and air inclusions in snow [2], so it is necessary to take into account
the wavelength in the layer.

Given the change in the wavelength in the layers, in formula (2) we obtain:

vv(hh) vv(hh vv(hh vv(hh
o) _ R )+R2§ )eXP(Vu) L R R+ By )eXP(ﬂ/n),Rw(hh) R + R exp(7., ).

13 - Wi Wi > %24, >
L+ R12 Rz% eXP( ) 1+R1,z(hh)R2,z(1hh) eXP(V n) 1+R2,§ )R3,4(1 )CXP(7’ xz)
Rw(hh) ex ( ) R;'(hh)+RW(hh) €x] (}/ ) Rw(hh)+RW(hh) ex (}/ )
g _ .2 P\7a) g _ 2.3 35 OPWVe) - pwim) _ 134 45 XP\7s)
1,5 2 - v v > 735 T v W gty
1+ R > Rz 5 eXP(}’ ) & Rz,_ghh)R_’,,s(hh) exp(7.,) 1+ R3,z(thh)R4,§hh) exp(7,3)
 4rh 47rh . 47zh ArH h. .
where y,=—j—%:;7,= Loy =— gl ——j o HL, == — relative depth
lﬂé‘rz l\/ ﬂ Ein Eiin lriﬂ

@@+ D-layer's; A,,, = 4 wavelength in the layer.

€in
It is known that if the probing signal falls on the boundary two dielectrics at an angle ; equal to
the Brewster angle g, then the reflected @ and refracted 0, signals are perpendicular to 6+ 6, = 90°.
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In this case, the reflected signal will be completely polarized in the plane perpendicular to the plane
incidence (absent), and the degree polarization the refracted beam will be maximum. According to
Snellius law (3), for a wave with the angle incidence 6; and the angle 6, refraction at the boundary two

dielectrics, the equality is valid for the medium under study (with x = 1: snow, firn, ice):

sin(6) _ n, Je
@) m_, % ©
sin(6,) n \/gT
where n,, n; — is the refractive index the first and second layers the medium; 7, ; — the refractive index
the boundary the first and second layers; ¢; and &, — the relative permittivity the first and second layers,
respectively.

The Brewster angle is defined:

@J

0, =arctg(n,,) = arctg[ .
| Je

The Brewster angle for the i-th layer boundary, at which there is no reflected signal with vertical

polarization from the i-th layer boundary, will be determined

Og 1, i1 = arctg(n,1),

where 7,11 = 1,41 / ny — the refractive index the i-th layer boundary, then

Oy = arctg[n”1 J = arctg [T‘g’”} “4)

nl gl

the sensing angle the first layer the underlying surface 0y 11 # Og 1 & The refractive i-th layer boundary
increases in depth with increasing snow cover density.

According to the proposed method, probing the radio signal with vertical polarization the
controlled area the snow-ice cover within the limits 6 = 40°...90°, allows us to determine the
dependence the Fresnel reflection coefficients RZ;'V+1’ (i,i + 1)-boundary layers on the angle incidence
the radio wave.

Fig. 2 shows the Fresnel reflection coefficients R

i1 for layers with complex relative permittivity:
en = 1,3 —j0,0008, &3 = 1,8 — j0,0008, &4 = 2,3 —j0,0008, &5 = 2,8 — j0,0008, &¢ = 3,1 —j0,0008,
&7 = T4 —j, depending on the sensing angle within 8 =40°...90°. The increase in electrical conductivity
for seawater (g,7 = 74 —j) is due to the presence salinity Sy, = 35 g/kg.

A sequential increase in the sensing angle, starting from 6 =40°, will lead to a sequential decrease
(disappearance) each subsequent peak the echo signal from the subsequent layer boundary at the
appropriate 6, since the density the snow-ice cover increases as the depth increases, ranging from
pr= 10 kg/m? — for freshly fallen snow to p, = 917 kg/m? — for dry ice without air inclusions.

Thus, the intervals the snow-ice cover densities will correspond to the intervals of Brewster
angles. So for dry snow pg = 100...500 kg/m? (¢4s = 1,162...1,984) — Ogqs = 47°...55°, dry
firn pgr = 500...700 kg/m> (e}4r = 1,984...2,51) — Opgr = 55°...58°, dry ice pg = 700...917 kg/m?
(€4i=2,51...3,179) — Opq; = 58°...61°. As the moisture content increases, the values of Brewster angles
shift to the values for water. For sea water ¢',, = 74 salinity is S;,, = 35 g/kg, and for pure (meltwater)
water €, = 87 with — Oy, = 84°.
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Fig. 2. Fresnel reflection coefficients RiV;,H for layers with complex relative permittivity: &, = 1,3 — j0,0008,

&3 =1,8-30,0008, &4 =2,3 —j0,0008, &5 =2,8 —j0,0008, &,6 = 3,1 —j0,0008, &7 = 74 — j depending on the sensing
angle within 6 =40°...90°

The graphs (Fig. 2) show the absence reflected signals from the boundary layers at &, for
medium with complex relative permittivity: &, = 1,3 —j0,0008, &3 = 1,8 —j0,0008, &4, = 2,3 —j0,0008,
&s = 2,8 —3j0,0008, &6 = 3,1 —j0,0008, &7 = 74 — j depending on the sensing angle within the range
0 = 40°...90°, respectively, equal to the Brewster angles Og; ;+1: 012 = 49°, Opy3 = 53°, Opz 4 = 57°,
Opas = 59°, Ops s = 60°, Opg; = 83°.

The solution the inverse problem the reconstruction the layers. The essence solving the
inverse problem estimating the dielectric permittivity individual layers snow-ice cover based on the
determination of Brewster angles is as follows. Let the object sensing the underlying surface is a snow-
ice cover of k layers irradiated by a linear frequency modulated (LFM) signal at an angle of 40 to 90
degrees by an electromagnetic wave with vertical polarization.

Brewster angles are determined using the minimum measured Fresnel reflection coefficient R,
for i, + 1 the boundary between layers snow and ice cover 0g; 1. At the same time, the Brewster angles
Op; +1 are determined sequentially, which allows us to determine the permittivity each subsequent layer

from the formula (4):

et = (t20p1,i11)% ®)

The methodological error in determining the dielectric permittivity layers (Fig. 2) at Brewster
angles Op; ;41 at specified design values ¢, (for example, obtained O, = 49°, O3 = 53°, O34 = 57°,
045 = 59°, Ops = 60°, Ops7 = 83°) constructed according to formula (1) and determined according to
formula (5), that is, their assessment without taking into account the impact of noise is no more than
3 %, which indicates the validity using formula (5).

To estimate errors in measuring the permittivity layers corresponding to the actual practical

situation, an additive Gaussian noise was added to the values of Brewster angles Og; ;1
OBiitiexp = Opiin1 T n(f),

— 321 —



Journal of Siberian Federal University. Engineering & Technologies 2021 14(3): 316331

where n(f:) — is the noise affecting £ measurement, due to both the error the measurement complex and
other experimental errors during the experiment, and the reliability the selected electrodynamic model
the real physical situation.

With this in mind, formula (5) will take the form

Eritlexp — (tgeBl,H-l)2 + n(.f)

Fig. 3 shows the dependence the measured values the relative permittivity &;.1exp the & layers
(Fig. 3a) and the error their estimation (Fig. 3b) when the values RMS the noise level increase from 3.8
to 4.8 in increments of 0.1 for 100 implementations each, where 1 — &exp, 2 — Ersexps 3 — Ertexps 4 — Ersexps
5 — &r6exp-

The analysis dependencies in Fig. 3 shows that the value errors in estimating the measured values
the relative permittivity .11, of k£ layers when the values RMS the noise level increase from 3.8 to
4.8 in increments of 0.1 for 100 implementations each with a confidence probability of 0.95 does not
exceed 10 %, which indicates the validity using this method.

The obtained values permittivity layers &4 (i + 1)-layers are identified with the sample values
dielectric permeability layers &, and the estimated state the snow-ice condition &, = &ya: ""SNOW
cover", "firn", "ice cover" or "water".

At negative temperatures 7 = —1...—40 °C, the real part the complex relative permittivity layers
&; (g5 — snow, &; — firn, & — ice) with the density layers p, = 100...917 kg/m? (p, = 100...500 kg/m?;
pr=500...700 kg/m3; p; = 700...917 kg/m?) do not depend on /= 1...10 GHz, but only on 7 in small
limits. The real part the sample values relative permittivity wet medium &, (for the General formula a
three-component medium): eyss — SNOW; &yga — firn; £yia — ICE; Epwa — U WAteT; &g, — S€a WateTr.

For example, T=—1...—40 °C for snow, as a two-component medium air and ice, the actual part the
permittivity .4 is between air e,,4 = 1 and ice &4;, = 3,15 (for dry dense ice without air inclusions with
pi =917 kg/m> —&,;, = 3,20+0,02), for firn (densely Packed, granular and partially recrystallized, usually
multi-year snow, i. e. an intermediate stage between snow and glacier ice), the relative permittivity

approaches the values for ice. For water under a snow-ice cover at 7= 0 °C frequencies f=2...8 GHz,

Ein exp T . Arrr"l exp %
%
5
3 gl
o] 1
4 A 0
2.5} . o 6f : Pt 53
g % 4 T { in] | igd
i SN S 0O o il e ?
@ o © i < 0-i9 o2
L5 1 2P A SN e 0 o, }) 5
O g @ R S S S _ ,-"G o C',_‘ ."bl O ' y \O
; I ! i I 0 P - e P R
383940414243 44454647 48 o 38394041424344454647 48 ¢
a) b)

Fig. 3. Dependence: a — measured values the relative permittivity ey:1.xp Of k layers; b — errors in their estimation
when the values RMS the noise level increase from 3.8 to 4.8 in increments of 0.1 for 100 implementations each
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there is a smooth decrease in the actual part the dielectric constant for meltwater &, = 83,84...51,03,
for sea water with a salinity of Sy, =35 g/kg — &5ys = 74,97...48,42 determined by the Debaev model [2].
The values the real part the dielectric constant the medium is calculated using the formula

Of G. Lueng [2, 10—12] for such medium with spherical air and ice inclusions

g :(Vi(i/;;fl)nLl)s, ©)

where v; = p, / p; — the volume content ice; p, — the density the dry medium (dry snow pgs, dry firn pge,
dry ice pg;); pi = 917 kg/m?> — the density dry ice without air inclusions; &; — the actual part the dielectric
permittivity ice.

At temperature 7= 0 °C, a significant contribution to the permittivity will be made by humidity

(the proportion water content in the layer) for a two-component ice-water mixture with water-filled pores

oo~ (i . () 0

where P,, — is the total percentage water content; ¢ and ¢, — the relative permittivity ice and water,
respectively. General formula for a three-component medium [2, 10—12] consisting ice with water and

air inclusions including special cases (6) and (7)

¢ :({/Z(l—Pwa)Jer (;/ngPm P, ))3 ®)

where P, — is the total percentage water and air content.

Fig. 4 shows the dependence the real part the complex relative permittivity the medium (snow, firn,
ice) on the density the medium p, (6) and the proportion water content (7) Py, = 0...0,1 for f=2 GHz
(Fig. 4a), for = 8 GHz (Fig. 4b) when 7, =0 °C.

Thus, based on the dielectric constant obtained indirectly as a result inclined sensing the
underlying EW surface with vertical polarization, it is possible to restore the parameters the layers

snow-ice cover (density p,, percentage water content Py).

p. B Py €.
kg/m’ T s kg/m’ FEFEEEEEE 4
800 ekt 800 :
700 e p 700 =
600 i 35 600 = |5
500 EEEEE " 3 500
i 25
400 - 25 400 .
300 saas ! 300 2
200 200 T
" = Wi
100 : 100
% 002 004 006 008 P,mm’ % 002 004 006 008 P,mYm’
a) b)

Fig. 4. Dependence the real part the complex relative permittivity the medium &, (snow, firn, ice) on the density
the medium p, (6) and the proportion water content P, =0...0,1 (7) for: a—f=2 GHz; b—f=8 GHz when 7, =0 °C
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The depth snow-ice cover layers is measured as follows.

The geometrical parameters the layers the snow-ice cover. Probing a controlled section snow-
ice cover with a linear frequency modulated (LFM) signal [6, 13] that implements the frequency
principle determining the depth layers snow-ice cover, based on the selection the beat frequency
(difference signal) obtained by multiplying the received and probing (reference) signals.

Generated in the transmitting device LFM signal with frequency

f®=fo+ aty, ¥ 0 <ty <Tp,, )

where /=2 GHz — is the starting frequency, a = 600 GHz/s — the rate change frequency (LFM slope),
tm — the time within a single period modulation chirp signal (fast time), a 7;, = 10 ms — the period

modulation (chirp LFM signal) and receiving echo signals by a receiver with a frequency

Jol® =fot ot = 2), V 1<ty < Ty, (10)

collected according to the classical scheme. At the same time, it is necessary to note the requirement
for the formation a LFM signal in the transmitting device: a constant signal amplitude at the output and
a high linearity the frequency-time dependence.

The received echo signal from the boundary snow-ice layers at a distance  has a time delay ¢

defined by the expression
t=2r/Va, )

where V}; — is the speed propagation the EW in the i-layer [2].
The frequency component the beat f, is directly related to the delay the echo signal (11), which is
the difference between the expressions (9) and (10)

Jo=fx—fox=0ar=2rB/ Vy; Ty, (12)

where B — the spectral width (deviation) LFM signal.
The depth the snow-ice layers is determined by the resulting distance difference from formula

(12), which pass the probing signals according to the formula
r=fo ViTn/2B

under normal probing to the underlying surface.
The total time delay, without taking into account the multi-layer snow-ice cover, 74 to the boundary
the "ice cover — water" 7;,, medium is generally defined
2h, 2h, 2h
e e
V. ¥

B i

Ty =Ty =0 TT,+T, =

where 7, — time delay to the boundary the "air — snow cover" environment; z,, 7; — time delay in snow
and ice cover, respectively; &, — distance from AHT to the "air — snow" medium boundary; 4, — snow
depth; /; — the depth the ice cover; V;, V; — the speed propagation electromagnetic effects in the snow
and ice, respectively.

To improve the accuracy measuring the depth snow and thickness ice cover, when restoring the
structure the underlying surface, it is necessary to take into account the propagation velocity EW [2]

to each layer the medium (11).
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The signal delay to the "snow cover — ice cover" medium boundary is determined 7;s = 7,5 + 7.

The resolution the depth the FM—CW radar, when using an ultra-wide-band LFM signal that
overlaps the C...S (3.75...15 cm) bands, with a frequency from 2 GHz to 8 GHz (B = 6 GHz) is about
4 cm [1, 2, 13], which is a good indicator when determining the possibility performing a safe landing
a helicopter-type aircraft on an unprepared area with snow and ice cover.

Thus, the probability identifying the components the structure the snow-ice cover increases,
thereby increasing the level safety landing a helicopter — type aircraft on an unprepared site with
snow-ice cover, transporting (delivering) cargo and objects along a reservoir with snow-ice cover, by
increasing the depth resolution, which when using an ultra-wide-band LFM signal with a frequency
from 2 GHz to 8 GHz (B = 6 GHz) is about 4 cm. In this case, the error in determining the permittivity
the layers (Fig. 2) at Brewster angles 6g; ;4 at the specified calculated values ¢+, and according to
the formula &,;; = (tgfp; +1)? in other words the methodological error is no more than 3 %. The value
the error in estimating the measured values the relative permittivity ,:1ex, the & layers when the
values the noise level RMS increase ¢ from 3.8 to 4.8 in increments of 0.1 for 100 implementations
each with a confidence probability of 0.95 does not exceed 10 %, which indicates the validity using
this method.

Method for remote identification the state snow-ice cover
by the ratio of Fresnel reflection coefficients

Identification snow-ice cover layers. In [14] based on the radiation controlled area the sea
surface microwave radio waves on an inclined polarization in the interval of § = 25°...75°, registering
the scattered back signal, defined Bragg mechanism scattering, both on the vertical and horizontal
polarizations, calculate the polarization ratio normalized backscattering cross sections measured at

vertical ¢"¥° and horizontal g

polarizations and calculated relative permittivity the medium below
the boundary the atmosphere-ocean.

The total coefficient reflection the Fresnel from the snow and ice cover without taking into account
multiple reflections between the layer boundaries during oblique sounding by flat microwave radio
waves with vertical and horizontal polarization is determined by the recurrent formula [4, 15] (2).

For horizontal polarization (hh — the first index the probing, second received radio signal) [15]:

(\/;fcosei_ (giﬂ_gi(sina)z))
i‘M_(\/;lCOSe,-"' (gm—g’.(sine,-)z)j.

The dependence the reflection coefficient the Fresnel with vertical polarization R*Y calculated by

hh

(13)

the formula (1) on the complex relative permittivity the medium &, and the sensing angle within the
limits 8 = 0°...90° has a pronounced dip in values (Fig. 1a), called the Brewster angle, compared with
the dependence the reflection coefficient the Fresnel with horizontal polarization R calculated by the
formula (13) (Fig. 1b).

When restoring the structure, the snow-ice cover according to this method, the EW [2, 11]
propagation velocity is taken into account in the same way as the above method for estimating the state
of the snow-ice cover by the Brewster angle.

The power the reflected signal from the snow and ice cover is determined by the formula [13]:
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RX)MZGZ

R“(h“)r
P= 7—'”'2
(4m) (2h)

, (14)
where Py, — power the transmitting device; A — wavelength; G — antenna gain; 4 — height in HTA.

On both polarizations, the radio signal (14) at a particular time has the same parameters Py, A,
G, h and since this dependence is leveled when calculating the ratio the Fresnel reflection coefficients
vertically and horizontally polarized signals, the ratio will be determined by three parameters: &,,,
6 and f. Expression (14) does not take into account the roughness layers snow-ice cover, since the
radio wave is not mirrored, but is scattered at different angles, but when calculating the ratio, the
Fresnel reflection coefficients vertically and horizontally polarized signals, this dependence is also
leveled.

According to the proposed method, probing the radio signal simultaneously with vertical and
horizontal polarization the controlled area the snow-ice cover within the limits § = 25°...45°, allows us
to determine the dependence the reflection coefficients the Fresnel with vertical R}, and horizontal

i+
hh
R

. i1 POlarization, (i,i + 1)-boundary layers on angle incidence radio wave.
Relative permittivity snow-ice layers is determined from the ratio of Fresnel reflection coefficients
R * vertical (Fig. 1a) obtained by formulas (1), (13) and ‘Rf‘n}jr

horizontal (Fig. 1b) obtained by formulas (1), (13) polarizations:

by power P, (Fig. 5) signals with

2

th
2> (15)

m

w

™

2

R[ - the reflection coefficients of the Fresnel on power (reflectivity) measured on

> ™

where |R:‘:
the horizontal (hh and vertical (vv) polarizations, respectively (the first index is the polarization the

probing, the second — the received radio signal); m — the number peaks the echo signal (the boundaries

the layers snow-ice cover with different relative permittivity).

Prm J / ] f
— 5r2:|.2-j0,0008f €y " dry snow; I ! /
1 ;—ril.‘)—j‘O.OOOSZ id‘“ - dry snow; /. |
[mem= € =2,5-j0,0008=€ .- dry firn; 7
[ € =3,2-J0,0008=¢ . - dry ice; ,,/
O [Hossarane Em:74.jz :‘5“ - sea water, S»\:}ngg- /.

0 L A
25 30 35 40 o

Fig. 5. Ratios of Fresnel reflection coefficients by power P, signals with vertical obtained by formulas (2), (4)
and horizontal obtained by formulas (3), (4) polarizations: 1 — &, = 1,2 —j0,0008, 2 — &3 = 1,9 — j0,0008, 3 —
& =2,5-30,0008, 4 —g,6=3,2—-j0,0008, 5 — &7 =74 — j, depending on the sensing angle within 6 = 25°...45°
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The maximum angle oblique sensing 6 = 25°...45° the controlled section snow-ice cover is
determined by the lower Brewster angle 8 = 46° for the layer snow-ice cover with the lowest relative
permittivity dry snow — &4, = 1,07 —j0,0008.

Fig. 5 shows the ratio of Fresnel reflection coefficients by power P, for layers with complex relative
permittivity: 1 —g, = 1,2 -j0,0008, 2 — &3 =1,9-j0,0008, 3 — &4 =2,5—30,0008, 4 — &, = 3,2 —j0,0008,
5 — &7 =74 —j, depending on the sensing angle within 8 = 25°...45°.

Successive determination the permittivity each subsequent layer up to ¢, where m = 1...n —1is

the number layers snow-ice cover, is carried out by the formula:

4P, (6
+()Zsin(0)2 tan(8), (16)
(o)
which corresponds to the graphs in Fig. 5 the dependency (15).

=1+

™m

The interval snow-ice cover densities will correspond to the intervals the Fresnel reflection coefficient
ratios by power P,,,. For example, when 6 = 46° for dry snow pgs = 100...500 kg/m? (¢4, = 1,162...1,984) —
Py, = 5,6915...3,3266, dry firn pgr = 500...700 kg/m? (¢4; = 1,984...2,51) — P,,, = 3,3255...2,8311, dry
ice pg; = 700...917 kg/m? (gy; = 2,51...3,179) — P,,, = 2,8311...2,4753. With an increase in the moisture
content the values the Fresnel reflection coefficient ratios by power P,,, decrease, aiming for values for
water. For sea water ¢, = 74 (sea water) salinity S, = 35 g/kg this P, = 1,1923, a for pure (thawed)
water with g, = 87 — P,,, = 1,1760.

To identify the layers snow-ice cover, the identity the obtained values the dielectric permittivity
the layers ¢,,, with the specified calculated (model) values of the dielectric permittivity the layers &y is
established by the condition ¢,,, = &,;a: "snow cover", "firn", "ice cover" or "water" similar to the above
method.

Thus, the methodological error in determining the dielectric permittivity layers (Fig. 5) based on
the ratios Fresnel reflection coefficients P,, for the given values ¢, and according to formula (16) is no

more than 1,5 %, which indicates the validity of using this method.

Method for remote determination the state snow-ice cover
by backscattering polarization relations

Identification snow-ice cover layers. The normalized cross section the backscattering ¢"vh"0 in

the case propagation the resonant components the wave field over a flat surface can be represented by
the formula [14]:
O_vv(hh)O (k

rk’e’ grk) = 8k13c GW(hh) (9’ grk ) ’ E(K;Brk )7

where vv(hh) — vertical and horizontal polarization, the first index corresponds to the polarization the

radiated signal, the second taken; & — wave number radio waves; E(IZB,k) — the range snow, ice or
water surface, according to the relevant wave vector K, the resonant components.

On both polarizations, a signal with the same wave net &, is proportional to the roughness the
snow, ice, and water surface, respectively, and since this dependence is leveled when calculating the
polarization ratio vertically and horizontally polarized signals, the polarization ratio will be determined
by three parameters: &y, 6, and f. Knowing the polarization relations of the signals Py, the sensing

angle 0, and the frequency £, iteratively determine the permittivity each subsequent layer €.
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The relative permittivity of snow-ice layers is determined from the polarization relations
backscattering Py (Fig. 6) signals with vertical o7 (Fig. 7a) and horizontal ¢° (Fig. 7b) polarizations:

* |Gz (6. e
i . , Eu
p=Za w1 Pl 17)
O-rk Grl;h (0, grk )

0 . . . . .
where o, 0"’ —normalized cross section backscattering measured on the vertical (vv) and horizontal

(hh) polarizations, respectively (the first index is the polarization the probing signal, the second — the
received signal); k—the number peaks of the echo signal (the boundary between layers of snow-ice cover
Gy (0, &)

G (0, &, )’2 — geometric coefficients that depend on the type polarization, the angle incidence radio

with different permittivity, corresponding to the number of layers of snow-ice cover);

>

waves at the boundary layers, and the electrophysical (dielectric permittivity) parameters layers snow-

ice cover a reservoir [16],

(&4 71)[5& (l +sin’ 6) —sin’ 6’}
[srk cos @ +4/g, —sin’ HT

G (0, £,)=cos'6 (5 71) (19)

7>
.2
[grkc050+\lgr,{—sm 0}

6 =25°...75° — the angle sensing the controlled area the snow-ice cover the reservoir determined by the

Gy (6, &, )=cos" 6

) (18)

resonant (Bragg) scattering mechanism.

From the formulas (17)—(19), the complex relative permittivity snow-ice layers is determined:

P, +sin’#
= (20)
1+sin” @
The interval snow-ice cover densities will correspond to the intervals polarizing relations

P, backscattering signals. So for example, when 6 = 65° for dry snow pgs = 100...500 kg/m?

Prk
[—— & _=1,2-0,0008=¢ ,_- dry snow;
25H r.J. : § .d.w 4 1
- srfml-J(].OOOS— ;d\-dry snow;
20 |- Sr4=2.4-j().0()(18: :‘L".- dry firn; | |
—_— €r5~3.l—10.0008- Edj - dry ice. ‘
5l 1
! / K ! B
—"—-—.—’
a—'_-—-—'— 2 -
W1 o
sp=r=
1
0 A i i L L
30 40 50 60 70 &

Fig. 6. Polarization relations P, backscattering signals with vertical ¢*¥°, obtained by formulas (17), (18) and
horizontal 6", obtained by formulas (17), (19) polarizations: 1 — P, = 1,8613, 2 — Pz = 9,0212, 3 — Py = 12,6012,
4 — P.s=23,2799, depending on the sensing angle within 6 = 25°...75°
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Fig. 7. Dependence the normalized cross-section backscattering: a — with vertical polarization ¢"*%; b — with
horizontal polarization 6" on the complex relative permittivity the medium &, and the sensing angle within
6=0°...90°

(€4s = 1,162...1,984) — Py = 1,6772...7,7967, for dry firn pge = 500...700 kg/m? (¢4s = 1,984...2,51) —
Py =17,7967...14,0648, for dry ice pg, = 700...917 kg/m? (¢g; = 2,51...3,179) — Py, = 14,0648...24,6891.
As the moisture content increases 3HaueHus, the values the polarization ratios Py the backscattering
signals increase significantly, tending to the values for water. For sea water &', = 74 (sea water) salinity
is Sgw = 35 g/kg this P, = 17949, a for pure (meltwater) water with e'pw =87 — Py = 24854.

The obtained values of the diclectric permittivity the layers &, are compared with the calculated
(model) values the dielectric permittivity the layers e,.5. By establishing the identity which condition
& = &ypa determines the state the snow-ice cover the reservoir: "snow cover", "firn", "ice cover" or
"water".

Methodological error in determining the permittivity of layers (Fig. 6) based on the polarization

w0 hh0

relations Py the normalized cross-sections backscattering o,", o, at the specified values &, and

according to the formula (20) is no more 1 %, which indicates the legality using this method.

Conclusion

Thus, the probability of correct identification of the constituent elements of the snow and ice cover
structure increases, thereby increasing the level of safety of landing a helicopter-type aircraft on an
unprepared site with snow and ice cover, by increasing the depth resolution, which when using ultra-
wideband LFM signal with a frequency from 2 GHz to 8 GHz (B = 6 GHz) is about 4 cm.

The error in determining the dielectric permittivity layers (Fig. 2) at Brewster angles 6g; ;41
for the specified calculated values ¢, and according to formula (5), i. e. the methodological error
is no more than 3 %. The value of the error in estimating the measured values of the relative
permittivity of &;11exp k& layers with increasing values of the RMS noise level ¢ from 3.8 to 4.8 in
increments of 0.1 for 100 implementations of each with a confidence probability of 0.95 does not
exceed 10 %.

Thus, the methodological error in determining the dielectric permittivity layers (Fig. 5) based on
the ratios Fresnel reflection coefficients P,, for the given values ¢, and according to formula (16) is no
more than 1,5 %.
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Methodological error in determining the permittivity of layers (Fig. 6) based on the polarization
relations Py the normalized cross-sections backscattering o'°, 6:,‘{"0 at the specified values ¢, and
according to the formula (20) is no more 1 %.

The results obtained allow us to draw a conclusion about the applicability the proposed methods
for assessing the state snow-ice cover used in determining the possibility performing a safe landing
a helicopter-type aircraft on an unprepared site with snow-ice cover based on the identification the
obtained characteristics snow-ice cover layers based on the results radar sensing with calculated

data.
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