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Abstract. This article substantiates the possibility of radar observation of objects in the presence of atmospheric
background. In the presence of an interfering background the radar observation of objects is based on the separation of
the object's echo signal from the general echo signal (object + background) in accordance with its polarization
difference. Therefore, the coherence matrix of a partially polarized wave is used, which allows to establish the structure
of its fluctuating component. Application of such coherence matrix is shown to describe the properties of polarized and
non-polarized fields. The coherence matrix combines the polarized and fluctuating components and is the coherence
matrix of the total partially polarized wave reflected from the observed objects by radar and the atmospheric
background. The elements of the coherence matrix are the actual Stokes parameters, which are the outcome values of
the radar polarimeter. The diagonal elements of the coherence matrix are the intensities of the orthogonally polarized
components of an electromagnetic wave, and not the diagonal elements determine their mutual correlation. The
electromagnetic wave reflected from the navigation object and the atmospheric background is partially polarized and
its total intensity is equal to the sum of the intensities of the stable and fluctuating components. The elements of the
fluctuating component of the coherence matrix reflect the polarization structure of the partially polarized wave and
represent the variances of the random Stokes polarization parameters and their statistical relationship. For an
unpolarized wave, the coherence matrix is diagonal in any polarization basis. The total coherence matrix provides
information on the polarization of a partially polarized wave reflected from the navigation object and the atmospheric
background. A necessary condition for remote radar observation of navigation objects located in the atmospheric
background zone is the separation of the echo signal into the echo signal of the navigation object and the echo signal of
the atmospheric formation, which are statistically independent. According to the Stokes theorem, the echo signal of a
partially polarized wave is decomposed into polarized and unpolarized components. A fully polarized component of a
total partially polarized wave has only one type of polarization — linear, circular, or elliptical. The unpolarized
component does not have any predominant polarization. The echo signal of the total partially polarized wave is
considered as a result of the addition of the intensities of two independent fully polarized components. The polarization
of the first component corresponds to the echo signal of the navigation object, and the polarization of the second
component corresponds to the echo signal of the atmospheric formation.

131



HUO®POBI TEXHOJOTIi, Ne 23, 2018

Keywords: coherence matrix, radar observation of objects, polarization parameters of an electromagnetic wave,
atmospheric background, polarization difference of the object's echo signal and atmospheric background.

Anomayia. Y cmammi o6IpyHmo8ana Moxciugicms padionokayiliHo2o cnocmepedicents 00 eKmie 3a Hasi8HOCMI
ammocgeprozo ¢ony. Padionoxayiiine cnocmepediceHts 00 ’€Kmié 3a HAABHOCMI 3A8AXHCANLHOZ0 (POHY OCHOBAHE HA
BUOLIEHHI TYHO-CUSHATY 00 €KMA 3 CyMAPHO20 TYHO-CUSHANY (00 'ekm + on) 3a ix norapusayitinoro eiominnicmio. Ilpu
YbOMY BUKOPUCIAHA MAMPUYSL KO2EPEHMHOCMI YACMKO80 NOAAPUI0EAHOT XU, WO O0360JIA€ YCMAHOGUMU CIPYKIMYPY
it @moxmyruoi komnonenwmu. Iloxkazano 3acmocysanHsi Mampuyi KO2EPEHMHOCMI Ol ORUCY G1ACMUBOCMel
noAAPUZAYIUHO20 [ He Rnouspusayiiino2o nonie. Mampuys koecepenmuocmi 06 ’€OHye NONAPUZ0BAHY | QDLIOKMYIOUY
KOMAOHEHmMU, [ € Mampuyer) KO2epeHMHOCMI CYMAPHOL YACMKOG0 NOJAPU306AHOI  X8ull, 6i0oumoi  6io
cnocmepesicysanozo PJIC o06’ckma i ammocpeprozo ony. Enemenmamu mampuyi koeepewmnocmi € OiticHi
napamempu Cmoxkca, AKi € GUXIOHUMU 8eIUYUHAMU PAdIONOKAYilIHO20 noaapumempa. liazonanvHi enemenmu mampuyi
KO2epeHMHOCMI € IHMEHCUBHOCAMU OPWO2OHATILHO NOAAPUI0EAHUX KOMNOHEHM eNeKmpOMASHImHOI Xeuni, a He
0iazOHANbHI efleMeHmU 8USHAYAIOMb IX 83AEMHY Kopenayito. Biobuma 6i0 Hasicayitinoco 06'ekma i ammocgheproco
Gony enekmpomacHimHa X6Uis € YACMKOBO NOJAPUSOBAHOIO T ii NOBHA IHMEHCUBHICTND OOPIBHIOE CYMI IHMeHCU8HOCmell
cmabinvuoi i ¢arokmyouoi  komnonenm. Enememmu  arokmyrtouoi KomnoHewmu mampuyi KoeepenmHocmi
8i000padicaioms  NONAPUIAYIUHY CMPYKMYPY HACMKOBO NOJAPUIOEAHOI XGUNi | AGNAIOMb OUCHepCii BUNAOKOBUX
nonspuzayiunux napamempie Cmoxca ma ix cmamucmuuHull 36'A30K. [N HenonsApu306aHoi Xeuni mampuys
KO2epeHmHOCmi € 0ia20HANbLHOI0 8 0Y0b-aKoMYy noaapusayitinomy oasuci. Cymapua mampuys Ko2epeHmHocmi 003601€
ompumamu iHopmayio npo NoIAPU3AYII0 YACMKO80 NOJAPU306aHOL Xeuui, 6i00umoi 6i0 Haegieayilino2o 00'ckma i
ammoceprozo gony. Heobxionowo ymoeow Oucmanyitino2o padioroKayiliHO20 CNOCMEPENCEHHS HABGI2aAYIUHUX
00'cKmig, Wo 3HAX00AMbCA 8 30HI AMMOCHepHO20 QOHY, € NOOIN IYHO-CUSHATY HA JTYHO-CUSHAN Hagieayilino2o 06 'ckma
i IYHO-CUSHAT AMMOCPEPHO20 YMBOPEHHA, AKI € cmamucmuyHo Hezanexchumu. 3a meopemoio Cmokca nposooumscs
PO3KAAOAHHS JIYHO-CUSHALY HACMKOB0 NOAAPU30BAHOI XGUNI HA NOAAPUZ0BAHY | HENOJAPUIOEAHY KOMNOHEHMU.
THosHicmio noasapuzo06ana KOMHOHEHMA CYMAPHOI 4ACMKOB0 RONAPUIOBAHOT XU 607100i€ MINbKU OOHUM 3 BUOIG
noaspusayii — JIHIHOW, Kpyeoeow abo eninmuunow. Henonspusoeana komnowewma He 80100i€ 6)0b-AK0I0
nepesasicHor noaapusayicio. Bionyuna-cuenan cymaproi yacmrkogo noaapu308anoi Xeuii po3aisiodemucs K pe3yibmam
CKNAOAHHs  [HMEHCUBHOCMEU 080X HEe3ANeHCHUX HNOBHICIIO NOAAPU306anux xomnonenm. Ionapusayis nepwoi
KOMNOHeHmU ION08I0A€ IYHO-CUSHANY HABI2ayiliHo20 00'ekma, a noaapuszayis 0pyeoi KOMNOHeHmuU 8i0N08i0ac IyHO-
CUSHATLY AMMOCHepHO20 YMEOPEHH.

Kniouosi cnosa: mampuys roeepenmuocmi, paodioniokayitine CHOCMEPENCEHHS 00 '€Kmis, NOIAPU3AYINHT
napamempu eneKmpoMAacHImHOI X6uni, ammocgepuuti (Pow, NoAAPU3AYIUHA GIOMIHHICIbL JYHO-CUSHANY 00 ’ckma i
ammocgpeprozo Gony.

Annomayun. B cmamve 060CcH08AHA 803MONHCHOCIL PAOUOIOKAYUOHHO20 HAOIIOOEHUs 00beKMO8 Npu HAIU4UU
ammoceprozo ¢hona. Paouonoxayuonnoe nabuiooenue 00beKMO8 NpuU HAIUYUU Meuwarnuezo Gona OCHOBAHO HA
8bI0€ICHUL IX0-CUSHANA 00BbEKmMaA U3 CYMMAPHO20 9X0-CucHaia (00vekm+@oH) no ux NoAApUAYUOHHOMY PASTUYUIO.
Ipu smom ucnonvsosana mampuya Ko2epeHMHOCMUY YACMUYHO  NOJAPUZ0BAHHOL B0JIHbL, NO360IUGULAS YCINAHOBUMD
cmpykmypy ee @aykmyupyiowei Komnonenmul. [lokazano npumeHnenue mampuyvl KO2EPEHMHOCMU O ONUCAHUS
CB0UICME NOIAPUIOBAHHO20 U HENONAPU308aHHO20 noneli. Mampuya koeepenmuocmu 00vbeOuHsAem ROIAPUZOBAHHYIO U
drykmyupyrowyio KOMnoHeHmuvl U AGNAEMCA Mampuyel KO2epenmHOCMU CYMMAPHOU YACMUYHO NOJAPUS0EAHHOU
60/IHbL, ompadicenHoll om Habmwodaemozo PJIC obvekma u ammocgheprozo ¢pona. Onemenmamu Mampuybl
KO2epeHmHoCmu ANAIMCcA Oelicmseumenshslie napamempusl Cmoxca, Komopwle AGNAIMCA 6bIXOOHbLIMU SeNUYUHAMU
PAOUONOKAYUOHHO20 — nolapumempa.  Juaconanvhble — 31eMeHmbl  MAmpuybl  KOLePeHMHOCMU  AGIAI0MCs
UHMEHCUBHOCAMU OPMO2OHANLHO NOJIAPUIOBAHHBIX KOMNOHEHM DJIeKMPOMASHUMHOL B0JIHbl, a4 He OUd2OHANbHbIE
NeMEeHmbl Onpedenaom ux 83aumuylo Koppeasyuro. OmpasdceHHdas om HABUSAYUOHHO2O0 00beKma u ammocpepHozo
Gona snekmpomasHUMHAA BONHA ABNAEMCA YACTNUYHO NOTAPUI0BAHHOU U ee NOIHAS UHMEHCUBHOCMb DABHA CYyMMe
UHMEHCUBHOCEU CMAOUNLHOU U DAIOKMYUpyioweln KoMROHenm. OieMeHmbl  OroKmyupylowei KOMHOHEHMbL
MaAmpuysbl KO2epeHmHOCMU OMpAadXCaiom NOAAPUSAYUOHHYIO CHPYKMYPY YACMUYHO HOIAPUSOBAHHOU BOIHbBL U
npeocmaegisaom OUCNepCUU CIYYAUHbIX NOAAPUAYUOHHLIX napamempos Cmokca u ux cmamucmudeckyro ceasv. s
HeNnonApU308aHHOL 8OJIHbI MAMPUYA KO2EPEHMHOCMU ABNAEMCs OUASOHANLHOU 8 N1000M NOAAPUSAYUOHHOM Dasuce.
Cymmapuas mampuya Ko2epeHmHoCmuy no360Jiaem NOLYYUms UHGOPMAYUIO 0 NOAAPUZAYUU YACTUYHO NOAAPUI0BAHHOU
BOJIHbl, OMPAICEHHOU OM  HABUSAYUOHHO20 00bekma u ammocgeprozo pona. Heobxooumvim yciosuem
OUCMAHYUOHHO20 PAOUONOKAYUOHHO2O HAOMIOOEHUs. HABUSAYUOHHBIX 00BEKMO8, HAXOOAWUXCSL 8 30He AmMOChepHo2o
gona, aeraemca pasdeneHue 3X0-CUSHAAA HA IXO-CUSHAL HABUSAYUOHHO20 ODBEKMA U IXO0-CUSHAL AMMOCHepHO2o
00pazosanus, Komopvle sAGIAOMCA cmamucmuyecku Hezagucumvimu. Ilo meopeme Cmoxca npousgooumcs
PA3NodceHUe IX0-CUSHANA YACMUYHO NOJIAPUZ0BAHHOU BOIHbI HA NOAAPUI0BAHHYVIO U HENONAPUZ0BAHHYIO KOMNOHEHMbL.
THonnocmuro nonapu308anHHas KOMNOHEHMA CYMMAPHOU YACMUYHO NOJAPUZ0BAHHOL 80IHbL 001A0aem MOIbKO OOHUM U3
BUO08 NOAAPUZAYUU — JTUHEUHOU, KPY2o8oU unu daaunmuyeckoi. Henonsapusosannas komnonenma we ooiadaem KaKou-
aub0  npeumMyuweCmeeHHoOU  noagpuzayuen.  OX0-CUSHAN ~ CYMMAPHOU  YACMUYHO  NOJSIPUSOBAHHOU  GOJIHb
paccmampusaemcs Kax pe3yibmam CIONCeHUs UHMEHCUBHOCMEU O08YX He3a8UCUMbBIX NOJHOCbIO NONAPU308AHHBIX
xomnonenm.  Ilonapuzayus nepeoll KOMROHEHMbI COOMEEMCMEYem dX0-CUSHANY HABUSAYUOHHO20 00bekmd, a
NOAAPUIAYUSA BMOPOL KOMNOHEHMbL COOMBENCINBYEM IXO0-CUSHATY AMMOCHEPHO20 00PA308AHUSL.
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Kniouesvie crosa: mampuya Ko2epenmnocmu, paouoioKayuonHoe HAOmooeHue 00beKkmos, NOIAPU3AYUOHHbIE
napamempbl 31eKMPOMASHUMHOU B0JIHbI, AMMOCHepHbLL (POH, NOAAPUZAYUOHHOE DA3IUYUE IXO-CUSHANA 00bekma u
ammocghepnozo ¢ona.

PROBLEM STATEMENT IN A GENERAL VIEW AND HIGHLIGHTING
COMMON QUESTIONS

Radar observation of objects on the ship’s route has a number of features that are associated
with an influence of the atmosphere on the parameters of the reflected signals. The interfering
background as such is an atmosphere formed echo signal, which masks the observed object’s signal.
During the radar observation of objects, the coherence matrix develops its own characteristics
which define the polarization transformations of an electromagnetic wave during its spreading in
the atmosphere. Observed navigation objects by ship’s radar are complex radar targets which are
characterized by constantly changing coordinates. These coordinates must be remotely measured
with the precise accuracy under adverse environmental conditions. Currently, almost all the obvious
ways to reduce the environmental impact on the radar observation of navigation objects by the
ship’s radar have been already achieved [1, 2, 3]. Therefore, Radar polarimetry methods which have
received a powerful incentive for their implementation are on the agenda today. However, a lot of
methods of polarization analysis in the marine radar observations of an electromagnetic wave have
not been implemented as yet. Due to an influence of atmospheric noise on radar observation of
navigation objects, it became necessary to search for various methods of polarization selection of
the echo signals [4, 5], the development of which is currently ongoing.

Radar echo emission efficiency of the navigation object from the echo signal of atmospheric
interference is still insufficient which leads to a significant decrease in the visibility of the observed
object by ship’s radar.

The aim of this article is to justify the use of a coherence matrix of a partially polarized wave
to increase the efficiency of radar observation of objects.

THE PRESENTATION OF THE MAIN MATERIAL AND THE JUSTIFICATION
OF SCIENTIFIC RESULTS.

Conditions of the atmospheric environment affect the work of the ship's radar when observing
a navigation object. Moreover, the radio vision of the navigation object and the condition of the
atmospheric environment are functionally related. When analyzing an impact of the atmospheric
environment on the operation of ship’s radar, it is necessary to consider the disturbance created by
the environment and determine what is known from what is unknown by means of differentiating,
which is parameterized by certain characteristics. While it is almost impossible to influence the
dynamics of atmospheric formation on the ship’s route from the outside, the goal of successful
operation of the ship’s radar is to choose a strategy by which the incoming impact determines
definitely the outgoing signal. This strategy is determined using the coefficients of the matrix
model, the dimension of which allows matching the incoming and outgoing signals in one equation.
The matrix model establishes the interaction of the navigation object with the atmospheric
environment. An electromagnetic, partially polarized wave, reflected from a navigation object and
an atmospheric formation, can be represented as a combination of a fully polarized signal and an
echo signal of a partially polarized interference, which has no deterministic component.

When analyzing and synthesizing a polarization state of an echo signal of a partially polarized
electromagnetic wave reflected from a navigation object and an atmospheric formation, it is
necessary to decompose (receive) the echo signal separately into polarization channels defined by
orts I, 1, . As the partially polarized wave reflected from the navigation and atmospheric objects
consists of fully polarized and non-polarized waves, it is a superposition of two elliptically
polarized waves that are incoherent with each other in general form.

During the radar observation of navigation objects, the electromagnetic wave emitted by the
antenna, causes induced oscillations of broad and bound charges on the surface of the object,
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regardless of its nature. If the navigation object is in the zone of atmospheric formation (rain, cloud
etc.), the incident wave also causes induced oscillations in the elementary reflectors, which are
distributed within the resolution element of the atmospheric formation. As a result of induced
oscillations, a secondary field is created inside the atmospheric formation and on the surface of the
navigation object that represents the reflected incoming signal to the ship’s radar antenna.

The electromagnetic wave which is reflected from the navigation object depends on its shape,
size and electrical quality but an electromagnetic wave which is reflected from elementary
reflectors of atmospheric formation appears as a result of signal interference of reflectors within the
resolution element. The reflected signal is also dependent on the length of the radiated antenna of
the ship’s radar wave and its polarization.

The navigation object is an object of complex configuration, consisting of a number of the
rigidly interconnected basic reflective elements. The atmospheric formation in which the navigation
object is located is a combination of individual reflectors in a certain area of space (volumetric
distribution). In the process of radar observation, the position of the object changes relatively to the
ship’s radar. Atmospheric formation is a volume-distributed object, consisting of a large number of
arbitrarily located elementary reflectors (particles of precipitation). Part of the navigation object are
bright dots which have a stable reflected signal with amplitude which exceeds the sum of all signal
amplitudes reflected from all other elements.

Since the amplitudes and phases of the echoes of other elements of the navigation object, as
well as reflective particles of atmospheric formation, experience random changes during relative
movements of the ship's radar, navigation object and atmospheric formation, resulting fluctuations
of the resulting echo signal. Then the resulting echo signal can be represented in a known form.

Uyee =U,, , cosot +Uy cos(ot-gy ), 1)

res — br.p

where U

or.p 1S the amplitude of the bright dot signal; Uy~ and ¢y - the amplitude and

phase of the resulting signal from the elementary reflectors.

The amplitude of the resulting echo signal of elementary reflectors consists of the sum of two
orthogonal components (cosine Uy and sinusoidal U;_ ):

Uzel.ref = VUZZ:cosl +U22:sin2 ' (2)

The echo component Uy is summed with the echo signal of the bright dot U, , of the
navigation object and, taking into account their phase coincidence, form the resulting fully
polarized coherent echo signal with amplitude U, :

U,=U,, +Us_ . (3)

br.p
The amplitude of the sinusoidal component of the echo signal U  forms the fluctuating
echo signal U, orthogonal to the echo signal U, :

UZ :Uzsinz '

These two orthogonal vectors U, and U, of the echo signal are statistically independent on each

other, since the change in the amplitude of one does not affect the change in the amplitude of the
other.

The amplitude of the resulting echo signal is determined from the condition:

Uy, = U} +U? (4)

It’s necessary to separate the total echo signal from the echo signal of the navigation object
located in the zone of the atmospheric formation, taking into account that the deterministic
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component belongs to the navigation object, and the fluctuating component belongs to the
atmospheric formation.

And although the navigation object is a complex object, however, its echoes during the time
of the radar observation give almost non-fluctuating reflection. Atmospheric formation is a
fluctuating object (interfering background), which impedes the radar observation of the navigation
object.

To solve this problem, we will use the coherence matrix of a partially polarized wave
reflected from a navigation object and an atmospheric formation consisting of a set of Stoke’s
parameters. The Stoke’s parameters allow us to determine the polarization of the wave at the
antenna input on ship’s radar only on the measured intensities. For partially polarized waves
consisting of fluctuation and monochromatic components, the existing methods used in network of
radar and radar systems do not allow separating the energy parameters of the fluctuation and
monochromatic components of the echo signal.

Taking into account the fluctuating and monochromatic components in an echo-signal of a
partially polarized wave for radar observation of navigational objects, first-order moments can be
used, in which the Stokes parameters sufficiently characterize the differential law of probability
distribution of these real parameters W, (S, S,, S,, S,), which exists and is integrated in the whole

space of possible values of S, (K =1,2,3, 4).

The real Stoke’s parameters, which include the amplitudes of the orthogonal components of a

partially polarized wave, will correspond to the first-order moments (mathematical expectations) [6]
o o o A

M[S]= [ [ [W,(S..S,.S,.8,)8,dS,dS,ds,ds, + 5

H ] W, (51,5,,84,84) 8,08, 0S5, dS,, dS, -
Since the phase fronts of the echo signals of the navigation object and the atmospheric
formation coincide and spread in the same direction, at a selected space point, the ship’s radar

observes an echo signal of a total partially polarized wave with properties determined by the nature
of the folding waves.

Imagine the polarization of an arbitrary electromagnetic wave in an arbitrary basis by the
well-known Stoke’s parameter vector S(t) in the form of a column matrix which will allow to form

the coherence matrix R, (t) [7]:
5,(t)
_|S:(0)
0=/ )| (6)

where S,(t), S,(t), S,(t), S,(t) — the Stoke’s parameters in a linear basis, which are written
in the form:

,(O)sind, (t)). @)
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The sign < > is the time averaging of the Cartesian components of the transverse electric field
of the wave.

For the considered arbitrary electric field of a wave defined in some basis by the Stoke’s
vector (6), we form an auxiliary matrix C, the elements of the first column of which are the Stoke’s
parameters and the elements of the second are zeros

S,(t) 0
S,(t) 0
S(t)=| : 8
(t) s.(t) 0 ®)
S,(t) 0
Imagine the Hermitian-conjugate matrix in the form:
o | S(t)* S,(t)* S,(t)* S,(t)*

The product of the matrices C(t)-C*(t) will give the coherence matrix of an arbitrary
electromagnetic wave

(10)

The diagonal elements of the matrix (10) are the intensities of the orthogonally polarized
components of the wave, represented by the actual energy parameters of Stoke's. The total intensity
of the wave is equal to their sum:

| = 8,(1)8,()*+8,(1)S, (1) * +S5(t)Ss(t)*+S, ()8, (t)* (11)
The off-diagonal elements of the matrix R,(t) determine their mutual correlation.

A partially polarized wave reflected from a navigation object and an atmospheric formation
consists of the sum of two statistically independent components: stable and fluctuating. When
analyzing an echo signal of a partially polarized wave, consider the coherence matrix of the stable
component and the coherence matrix of the fluctuating component.

The coherence matrix of a stable component of an echo signal of a partially polarized wave is
defined as the mathematical expectation of the product of the vector S(t) represented by the
elements of the column matrix of the stable component of the Stoke’s parameters of the partially
polarized wave M[S(t)] and the vector M|S (t)] Hermitian-conjugate vector S(t), also represented
by the Stoke’s parameters:

)] M[S,q(tIM[S5

~t

M|s;q

—
w
N
12
~—+
N—"
—_
—
o)
m)(—
<]
—
S
—_
—
w
N
12
~—+
N—"
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Sus(t) Sps(t) Spalt) Suslt)

_ SZlSt (t) Sast (t) Sast (t) Sast (t) (12)
Saust (t) Sast (t) Sast (t) Sust (t)
S4lSt( ) Sast (t) Saast (t) Sust (t)

The vector S (t)” is Hermitian conjugate to the vector Sg(t) and is a vector string written in
the form:

M [SSt (t)]bz M [Sl*St (t)] M [S;St (t)] M [S;St (t)] M [S:St (t)] (13)
The determinant A, of the matrix (12) is written in the form
ASt = SllSt(t)Al + SlZSt(t)Bl + Sl%t(tx:l + Sl4St( )D (14)
where A, B, C, D — algebraic additions to matrix elements S, (t), Sy (t), Siaei(t)s Syasi(t),
SZZSt ( ) S23St (t) SZASt (t)_ _SZlSt (t) SZSSt (t) 245t (t)
Ai = Sszs (t) SS3St (t) S34St (t) ) Bl = S3lst (t) SSBSt (t) S34s (t)
S425 (t) S4SSt (t) S448t (t)_ _S4lSt (t) S43St (t) S445 (t) 15)
SZlSt (t) SZZSt (t) SZ4St (t)—‘ SZlSt (t) SZZSt (t) 82331 (t)_
Ci =] Sus (t) Sast (t) Saust (t) v Dr=|Syq (t) Sast (t) Szt (t)
S4lst (t) SAZSt (t) S445t (t) _841St (t) SAZSt (t) S43St (t)_

Taking into account (15), equation (14) will take the value:

SZZSt(t) SZSSt(t) SZ4St(t) SZlSt(t)
As llSt( ) 325t(t) 338t() 34St(t) +Slzst(t)' SSlSt(
S

Sia(t) Sualt) Saus(t) as(t)

ZlSt (t) 225t ( ) S24St (t) ZlSt (t) SZZSt (t) SZSSt (t)
+ 1SSt( ) 315’[( ) 328t( ) 345t (t) + S145’[ (t) 31$t( ) SSZSt (t) S335t (t) (16)
S4lSt (t) S425t (t) S44$t (t) S4lSt (t) S425t (t) S43St (t)

Analysis of formula (11) shows that the determinant of the matrix Ry (t) for a stable
(monochromatic) polarization component is zero. The coherence matrix Ry, of the fluctuating

component of a partially polarized wave is also the mathematical expectation of the product of
vectors S, (t) and S, (t)f

Rs fl (t)= M _Sfl (t)sfl (t)>J=
M[S, )55 ()] M[S,e()S54)] M[S;at)S50)] M[S,a(t)S;4 ()]
— M [82 fl (t )S;fl (t)] M [SZ fl (t)S;ﬂ (t) M [SZ fl (t)S;fl (t)] M [SZ fl (t)SZﬂ (t)] —
M [83 fl (t )Sl*ﬂ (t )] M [SS fl (t )S;ﬂ (t )= M [83 fl (t )S;ﬂ (t )] M [83 fl (t )SZ fl (t )]
M [S4fl (t)sl*ﬂ (t)] M [S4ﬂ (t)S;fl (t) M [S4ﬂ (t)S;ﬂ (t)] M [S4fl (t)SZfI (t)]
Sll fl (t) SlZ fl (t) S13 fl (t) Sl4 fl (t)
S21f| (t) SZZfI (t) S231‘I (t) S24ﬂ (t)
71Su0) Saald) Sun(®) St ()
Sant) Spalt) Senlt) Sualt)
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The elements of the matrices R (t) and Rq ,(t), which are the Stoke’s parameters, have the

dimension of intensities and the sum of the diagonal coefficients of the matrices is equal to the total
intensity of the stable and fluctuating components of the partially polarized wave,

Isr = SllSt(t)+ SZZSt(t)+ 833St(t)+ S44sr(t)’ (18)
Iy =Siq (t)+ Syt (t)"‘ Sy (t)+ Sun (t) (19)

The total intensity | of a partially polarized wave is equal to the sum of the intensities of the
stable and fluctuating components, i.e.

I=1lg+1y= (Sllst (t)+ Sun (t))+ (SZZSt (t)+ S50 (t))Jr (S3sst (t)+ S (t))+ (SMSt (t)+ Saa (t)) (20)
The elements of the fluctuating component of the matrix R ,(t) reflect the polarization

structure of the partially polarized wave and represent the dispersions of random polarization
Stoke’s parameters and their statistical relationship. Then the sum of the diagonal elements of the
matrix is equal to the total intensity | of the fluctuations of the partially polarized wave and is
written in the form:

g =S (t)"' Sy (t)"' Saan (t)4411ﬂ (t) = G12 + Gg + Gé + 5421 : (21)
Matrix determinant R, ,(t)>0.

For a non-polarized wave, the coherence matrix R, (t) is diagonal in any polarization basis

S, 0 0 0O 1000
0 S, 0 O 0100
Rn,(t)= z =051 : (22)
- 0 0 S, O 0010
0o 0 0 S, 0001

The coherence matrix Ryy of the total partially polarized wave combines the matrices
Rss (t)— and Ry, (t), and is written in the form:

SllSt (t) SlZSt (t) SlSSt (t) Sl45t (t) Sllfl t) SlZ fl (t) S13 fl (t) S14 fl (t)
_ Syst (t) Sast (t) Syt (t) Saust (t) + Syt (t) Sy (t) Sy (t) S (t) _
Sast (t) Saost (t) Saast (t) Saust (t) Sain (t) Sa (t) Sy (t) S (t)
S st (t) Siost (t) Sy (t) Sust (t) San (t) Sin (t) S (t) S (t)
Sps (t) Sios (t) Sias (t) Sz (t)
_ Sas (t) Sps (t) stz(t) Sz4z(t)
_ , (23)
Sus(t) Saslt) Swslt) Sus(t)
Sus (t) Sis (t) S4sz(t) 8442(t)
where
8112 = SllSt + S11ﬂ ) S312 = Ss1sr + S31f| )
Slzz = Sl?_St + SlZ flo S322 = S325t + S32 fl s
8132 = SlSSt + S13 fl s 8332 = SBSSt + 533 fl s
S142 = Sl4St + S14 fl ) S342 = 8348'[ + Sa4ﬂ )
S212 = SZlSt + SZlfI ' S412 = S4lSt + S41 fly
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Szzz = SZZSt + Szz fl) S422 = S428t + S42 fl
Szzz = Szast + SZSfI ) S432 = S438t + S43ﬂ )
S442 = 8445t + S44 fl) S442 = S44$t + S44 fl -

The total coherence matrix Ry (t) makes it possible to obtain information about the

polarization of a partially polarized wave reflected from a navigation object and an atmospheric
formation since the elements of the matrix are the Stoke’s energy parameters which are easily
measured by ship’s radar. The necessary condition for remote radar observation of a navigation
object which is located in the zone of atmospheric formation is the separation of the echo signals
into the echo signal of the navigation object and the echo signal of atmospheric formation, which
are statistically independent. The polarization features of some individual electromagnetic waves,
that are part of an echo signal of a total partially polarized wave are given by a set of Stoke’s
parameters and, in the absence of a statistical connection between individual waves, the polarization
properties of a total partially polarized wave are described by the sum of the following parameters:

s,zzis,m,(lzo,l, 2,3). (24)

The coherence matrix of a superposition of independent echoes of a partially polarized wave
is the sum of the corresponding characteristics of its individual components, represented by the
Stoke’s parameters. Using the Stoke’s theorem [6], one can decompose the echo signal of a partially
polarized wave into polarized and non-polarized components which are also described by the
coherence matrices of the polarized and non-polarized components.

Then the total coherence matrix of the echo of a partially polarized wave is written as follows:
Ry (t) =Ry s (t)+ Rs o t)= Ry (t)+ Ry fl.p(t)+ Rs ﬂ.n.p(t)=

Sus (t) Siast (t) Stast (t) Sust (t) Sui (t) Stz (t) Stz (t) Su (t)
Sast (t) Sps (t) Sast (t) Sast (t) San (t) Sai (t) Sai (t) S (t)
) S3lSt(t) S32$t(t) S33St(t) S34St(t) " S31f|(t) S32f|(t) SSSfI(t) S34f|(t) )
Sast (t) Sas (t) Sust (t) Sus (t) Sy (t) Sp (t) Saai (t) S (t)
Siinp 0 0 0
Suanp 0 0

0

, 25
0 0 Su., 0 (25)
0

0 0 S44n.p
where
Rs fl (t): Rs fl.p(t)+ Rs fl.n.p(t)'

The total intensity 1, echo of a partially polarized wave of a navigation object and
atmospheric formation is found as the sum of the diagonal elements of the matrices

RSStp (t)1 Rs ﬂp(t)’ Rs ﬂn_p(t)’

Lot = Ip + In.p = SllStp (t)+SZZStp (t)"‘sasstp (t)+8445tp (t)+811 fl (t)"'szz fl, (t)+
+S5 fly (t)+ Sy fly (t)+ Su o (t)+522 o (t)+333 flo.p (t)+S44 flo.p (t) . (26)

The intensity of the echo signal of a polarized component of a partially polarized wave is
written as:
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I, =Sus, (t)+ Sast, (t)+ Saast, (t)+ Susst, (t)+ Siin, t)+S,, fl, (t)+Sss fl, (t)+S., fl, (t)=
= Slz(t)"‘ Szz(t)+ Ssz(t)+ S4z(t) '
lp =Suin, , (t)+S,, flop (t)+ S5 flyp (t)+S., flop (t)= Sln.p(t)+ SZn.p(t)+ SBn.p(t)+ S4n.p(t)’ (27)

Moreover, for a polarized echo signal that changes during radar observation of a partially
polarized wave, the following ratio of Stoke’s parameters takes place which characterize it’s
polarization structure and are random fluctuations of space and time

S7(1)=87(t)+85(t)+ S2(t). (28)

If the polarization of the echo signal of a partially polarized wave remains constant during the
averaging time, relation (28) will be:
8/(t)=8:(t)+ S5 (t)+ S{(t). (29)
The echo-signal of the navigation object fluctuates but at the same time it has a deterministic
component due to the presence in the general composition of reflectors with large EPR (bright dots)
which over time of observation give almost non-fluctuating reflection. The echo signal of
atmospheric formation is fluctuating due to the presence in the reflecting volume of a large number
of elementary reflectors with spatial and temporal changes in physical properties. These two echoes
are statistically independent and when added the Stoke’s parameters for the case of independent
radiation fluxes are equal to the sum of the corresponding parameters of the deterministic and
fluctuating fluxes, i.e.

Sal)=280, S.0-280), S.0-35.0. S.0)-3s.0. o

i=1 i i
where S, (t)=S;,(t)+S,,(t) (i=123,4)
and the coherence matrix of the total partially polarized echo signal is written as:
Slzgt;
Syt
R 00| e
Sux(t)
To extract the navigation objects echo from an partially polarized wave, used by another
remarkable property of the Stoke’s parameters, is that they can be used to decompose the total

partially polarized wave into the sum of two waves, one of which is completely polarized and the
other is not dependent on the first, is not polarized.

In a fully polarized wave, there is a complete correlation between the orthogonal components
of the electric field strength E,(t) and E,(t) included in the Stoke’s parameters S;;(t), S, (t),

S5x(t), Sux(t).
In a completely non-polarized wave, there is no correlation between E,(t) and E,(t).

Fully polarized and unpolarized waves are the most common and marginal polarization state
of partially polarized waves.

In a fully polarized wave, the fluctuations of the orthogonally polarized components Ex(t)
and Ey(t) in the linear basis are time-synchronous, and their product, averaged over time, is not
equal to zero, i.e.

E,(t)E,(t)=0. (32)
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For a completely non-polarized wave, fluctuations of orthogonally polarized components are
independent and their product which averaged over time is zero, i.e.

E,(t)E, (t)=0. (33)

Based on the analysis of fully polarized and unpolarized waves in the total partially polarized
wave, the Stoke’s vector performs a non-chaotic and not completely ordered motion, resulting in a
total partially polarized wave characterized by full intensity, consisting of the intensities of the fully
polarized and non-polarized components. Since the unpolarized component in the total partially
polarized wave does not have any preferential polarization, therefore the Stoke’s parameters
S,+(t)=S,:(t)=S,s(t)=0, and the Stokes vector of the unpolarized wave is characterized only by

the full intensity | equal to the first Stokes parameter ie.
Sup(t)=|S.5(t), 0,0,0]. (34)
A fully polarized component of a total partially polarized wave has only one type of

polarization — linear, circular, or elliptical. The Stoke’s parameters of a fully polarized component
of a partially polarized wave satisfy the equation:

Slzz (t) = 8222 (t)+ Se?z(t)"‘ sz (t) (35)

In general, the Stoke’s vector of a partially polarized wave can be decomposed into two
components and written as a sum:

S(t)= Sy (t)+S: (1), (36)
where Sunp( ) is the Stokes vector of the unpolarized component of a partially polarized wave,
equal to:

Sunp(t) = { [Slz(t)_ Szz(t)+ Ssz(t)+ SAZ(t)]l/Z! 0,0,0 }’ (37)

and the Stoke’s vector of the polarized component of the total partially polarized wave is
written through the Stoke’s parameters in the form:

S, (t)={(S2.()+ S2.(0+ SZ. )2 S0 1) Sux 1) S, 1) - (38)
The Stoke’s parameters allow the total intensity expressed in the total partially polarized

wave, expressed by the first Stoke’s parameter S, (t). Then the intensity of the non-polarized
component is written in the form:

Sunp \/S + 832 + sz (t) (39)
and the intensity of the fully polarlzed component will be equal to:
Sy (t) =Sy (6) = Sunyt) = S () + S5 (0) + S (1) (40)

A non-polarized component of a partially polarized wave consists of the sum of two
independent fully polarized components, which is equal in intensity, but opposite in polarity, with a
specific type of polarization. The polarization of the first component corresponds to the polarization
of the echo signal of the polarized component of the total partially polarized wave represented by

the Stoke’s parameters (\/sz(t)+S§E(t)+sz(t),Szz(t),S3z(t),S4Z(t)), and the polarization of the

second component is orthogonal to the polarization of the echo signal of the polarized component in
the total partially polarized wave. Accordingly, the echo signal of the total partially polarized wave
of a navigation object located in the zone of atmospheric formation is characterized by the Stokes

parameters {Slz(t)vszz(t)lsax(t)lSAz(t)} and is considered as the result of the addition of two
independent fully polarized components with intensities P, and P,:
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| Sult)+ L0+ SLR)+ SO

P ,
2
, - S0 (O EOSED. a

The polarization of the first component with intensity P, of the echo signal of the total

partially polarized wave coincides with the polarization of the stable polarized component of the
echo signal of the navigation object and corresponds to the echo signal of the navigation object in
the total partially polarized wave, and the polarization of the second component of the echo signal
of the total partially polarized wave with intensity P,, orthogonal to the polarization of the

polarized echo component of the navigation object and corresponds to the echo component
atmospheric formation in total partially polarized wave. After appropriate amplification and
transformation into the ship’s radar receiver, each of the P, and P, echo signal components of the
total partially polarized wave appears on the display of the ship’s computer, where the echo signal
of the navigation object and the echo signal of the atmospheric formation are separately observed in
the color image.

CONCLUSIONS

1. The research on the total coherence matrix of a partially polarized wave was carried out,
which allowed to obtain information about its polarization state.

2. Separate intensity of the echo signals of the navigation object and atmospheric formation
were obtained, which allowed their independent radar observation.

3. The solution was found on separating an echo signal of a navigation object from a total
echo signal when remotely observing objects by the ship’s radar system on a ship’s route.
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