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Â ïåðâîé ÷àñòè ñòàòüè òåîðåòè÷åñêè èññëåäóåòñÿ ñïåêòð ýëåêòðîìàãíèòíûõ âîëí, ðàññåÿííûõ
ìîðñêîé ïîâåðõíîñòüþ, â ïåðâîì ïîðÿäêå òåîðèè âîçìóùåíèé. Ðàññìàòðèâàåòñÿ ñëó÷àé ëèíåé-
íîé âñåíàïðàâëåííîé àíòåííû, êîòîðàÿ ðàñïîëîæåíà âáëèçè ìîðñêîé ïîâåðõíîñòè, îñâåùàåìîé
ïàäàþùèì ïîëåì. Ó÷èòûâàåòñÿ êîíå÷íàÿ ïðîâîäèìîñòü ìîðñêîé âîäû, ñêîëüçÿùåå ðàñïðîñòðà-
íåíèå ðàññåÿííûõ âîëí, âîçìîæíîå äâèæåíèå ïðèåìíèêà è ïîâåðõíîñòíîå òå÷åíèå. Âûïîëíåíû
ïðåäåëüíûå ïåðåõîäû ê èçâåñòíûì ðåøåíèÿì ÷àñòíûõ çàäà÷.

Ó ïåðø³é ÷àñòèí³ ñòàòò³ òåîðåòè÷íî äîñë³äæóºòüñÿ ñïåêòð åëåêòðîìàãí³òíèõ õâèëü, ðîçñ³ÿíèõ
ìîðñüêîþ ïîâåðõíåþ, ó ïåðøîìó ïîðÿäêó òåîð³¿ çáóðåíü. Ðîçãëÿäàºòüñÿ âèïàäîê ë³í³éíî¿ âñå-
ñïðÿìîâàíî¿ àíòåíè, ðîçòàøîâàíî¿ ïîáëèçó ìîðñüêî¿ ïîâåðõí³, îñâ³òëåíî¿ ïàäàþ÷èì ïîëåì. Âðà-
õîâóºòüñÿ ñê³í÷åííà ïðîâ³äí³ñòü ìîðñüêî¿ âîäè, êîâçíå ðîçïîâñþäæåííÿ ðîçñ³ÿíèõ õâèëü, ìîæ-
ëèâèé ðóõ ïðèéìà÷à òà ïîâåðõíåâà òå÷³ÿ. Âèêîíàíî ãðàíè÷í³ ïåðåõîäè äî â³äîìèõ ð³øåíü îêðå-
ìèõ çàäà÷.

Ââåäåíèå

Èñòîðèÿ ðàäèîîêåàíîãðàôè÷åñêèõ èññëåäî-
âàíèé â äåêàìåòðîâîì äèàïàçîíå [1, 2] íàñ÷è-
òûâàåò îêîëî ïîëóâåêà, îäíàêî è â íàñòîÿùåå
âðåìÿ ñóùåñòâóåò äîñòàòî÷íî ìíîãî ïðîáåëîâ
êàê â òåîðåòè÷åñêîì îïèñàíèè ðàññåÿíèÿ ðà-
äèîâîëí ìîðñêîé ïîâåðõíîñòüþ, òàê è â èí-
òåðïðåòàöèè ðåçóëüòàòîâ ýêñïåðèìåíòàëüíûõ
èçìåðåíèé, ÷òî íå ïîçâîëÿåò, â ÷àñòíîñòè, äî-
ñòàòî÷íî íàäåæíî ðåøàòü âàæíóþ ïðàêòè÷åñ-
êóþ çàäà÷ó � áåñêîíòàêòíûì ñïîñîáîì îïðå-
äåëÿòü ìåòåîóñëîâèÿ è ñîñòîÿíèå ïîâåðõíîñ-
òè ìîðÿ. Îáúÿñíÿåòñÿ ýòî ñëîæíûì õàðàêòå-
ðîì çàâèñèìîñòè ðàññìàòðèâàåìîãî ÿâëåíèÿ îò

áîëüøîãî ÷èñëà ïàðàìåòðîâ. Ïîïûòêè ñóùå-
ñòâåííûõ óïðîùåíèé â ïîñòàíîâêå ìàòåìà-
òè÷åñêîé çàäà÷è äëÿ îáëåã÷åíèÿ ðåøåíèÿ îã-
ðàíè÷èâàþò ïðèìåíèìîñòü ïîëó÷àåìûõ ðå-
çóëüòàòîâ ê ïðàêòè÷åñêèì ñèòóàöèÿì. Â îñî-
áåííîñòè ýòî êàñàåòñÿ ñêîëüçÿùåãî ðàñïðî-
ñòðàíåíèÿ, êîãäà ëèáî ïàäàþùåå, ëèáî ðàñ-
ñåÿííîå èçëó÷åíèå íàïðàâëåíî âäîëü ðàññå-
èâàþùåé ïîâåðõíîñòè. Òàê, â èçâåñòíîé ðà-
áîòå Áàððèêà [3] óäåëüíîå ñå÷åíèå ðàññåÿ-
íèÿ ïîëó÷åíî â ïðåäïîëîæåíèè èäåàëüíîé
ïðîâîäèìîñòè ïîâåðõíîñòè. Ýòîìó óñëîâèþ
ñ îïðåäåëåííîé �íàòÿæêîé� óäîâëåòâîðÿåò
ñëó÷àé áîëüøèõ óãëîâ ïàäåíèÿ è ðàññåÿíèÿ
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ïëîñêèõ îäíîðîäíûõ âîëí ïðè âûñîêîé ïðî-
âîäèìîñòè ðàññåèâàþùåé ïîâåðõíîñòè. Ïðè-
ìåíåíèå ïîëó÷åííûõ ïðè ýòîì âûðàæåíèé ê
ñêîëüçÿùåìó ðàñïðîñòðàíåíèþ, à òåì áîëåå,
àïðèîðíîå ââåäåíèå â íèõ ìíîæèòåëÿ îñëàá-
ëåíèÿ, ïðåäñòàâëÿåò óæå íå ïðåäìåò ïîñëåäî-
âàòåëüíîé òåîðèè, à ïîñòóëèðîâàíèå îïðåäå-
ëåííîé ýâðèñòè÷åñêîé ìîäåëè.

Èçâåñòíî [4], ÷òî äëÿ âåðòèêàëüíî ïîëÿðè-
çîâàííûõ ïëîñêèõ ýëåêòðîìàãíèòíûõ âîëí ïðè
âûñîêîé ïðîâîäèìîñòè ïîâåðõíîñòè êîýôôè-
öèåíò îòðàæåíèÿ Ôðåíåëÿ èçìåíÿåòñÿ îò çíà-
÷åíèÿ, áëèçêîãî ê +1, ïðè óãëå ïàäåíèÿ 0 0θ =
(à â ñëó÷àå èäåàëüíîé ïðîâîäèìîñòè � ïðè
ëþáûõ çíà÷åíèÿõ 0),θ  äî çíà÷åíèÿ �1 ïðè

0 2,θ = π ÷òî ïðèâîäèò ê íóëåâûì çíà÷åíèÿì
íàïðÿæåííîñòè ïîëÿ íà ãðàíèöå ðàçäåëà ïðè

0 2.θ = π  Ïîýòîìó ïîñòàíîâêà çàäà÷è î ðàññå-
ÿíèè îòäåëüíî âçÿòîé ïëîñêîé âîëíû ïðè
ñêîëüçÿùåì ðàñïðîñòðàíåíèè íàä ìîðñêîé
ïîâåðõíîñòüþ íå ñîîòâåòñòâóåò ðåàëüíîñòè.
Äëÿ êîððåêòíîãî îïèñàíèÿ íåîáõîäèìî ðàñ-
ñìàòðèâàòü ïàäåíèå ïó÷êà ïëîñêèõ êàê îäíî-
ðîäíûõ, òàê è íåîäíîðîäíûõ âîëí, âîçáóæäà-
åìûõ èñòî÷íèêàìè. Èìåííî íåîäíîðîäíûå
âîëíû íå òîëüêî îïèñûâàþò áëèæíåå ïîëå
èñòî÷íèêà èëè ðàññåèâàòåëÿ ([4], c. 217), ñó-
ùåñòâåííî îòëè÷íîå îò íóëÿ, íî è îïðåäåëÿ-
þò ìíîæèòåëü îñëàáëåíèÿ, çàâèñÿùèé îò ïî-
ëîæåíèÿ ïîëþñà êîýôôèöèåíòà Ôðåíåëÿ â
êîìïëåêñíîé ïëîñêîñòè óãëîâ ïàäåíèÿ:

2 ,p ipθ ≈ π +  ãäå 1p =  ([4], c. 241).

Ïîñòàíîâêà çàäà÷è

Â íàñòîÿùåé ðàáîòå ðàññìîòðåíî ðàññåÿ-
íèå ðàäèîâîëí (â ïåðâîì ïîðÿäêå òåîðèè âîç-
ìóùåíèé) â áëèæíåé çîíå ïðèåìíîé àíòåí-
íû. Ó÷òåíû, â îïðåäåëåííîé ñòåïåíè, ñëåäó-
þùèå îñîáåííîñòè ïðîöåññà ðàññåÿíèÿ:

à) êîíå÷íàÿ ïðîâîäèìîñòü ïîâåðõíîñòè;
á) ñêîëüçÿùåå ðàñïðîñòðàíåíèå ðàññåÿí-

íûõ âîëí;
â) ðàñïîëîæåíèå ïðèåìíîé àíòåííû â ïðå-

äåëàõ îñâåùåííîé ðàññåèâàþùåé ïëîùàäêè
ìîðñêîé ïîâåðõíîñòè;

ã) ðåãèñòðàöèÿ ðàññåÿííîãî èçëó÷åíèÿ â
äèàïàçîíå àçèìóòàëüíûõ óãëîâ 0 2 ;÷ π

ä) íàëè÷èå ïîâåðõíîñòíîãî òå÷åíèÿ;
å) äâèæåíèå ïðèåìíèêà.
Â èçâåñòíîé íàì ëèòåðàòóðå îòñóòñòâóåò

ðåøåíèå çàäà÷è ðàññåÿíèÿ â òàêîé îáùåé
ïîñòàíîâêå. Îíî ïðåäñòàâëÿåò èíòåðåñ â ïëà-
íå äàëüíåéøåãî ðàçâèòèÿ îêåàíîãðàôè÷åñ-
êèõ èññëåäîâàíèé â äåêàìåòðîâîì äèàïàçî-
íå ðàäèîâîëí, à èìåííî, ìîæåò áûòü èñïîëü-
çîâàíî äëÿ ñîïîñòàâëåíèÿ ñ ðåçóëüòàòàìè
ïðîâåäåííûõ ýêñïåðèìåíòîâ [5] è ðåøåíèÿ
îáðàòíîé çàäà÷è � îïðåäåëåíèÿ áåñêîíòàêò-
íûì ñïîñîáîì ïàðàìåòðîâ ìîðñêîãî âîëíå-
íèÿ. Íàéäåííîå ðåøåíèå âíåñåò âêëàä â ðàç-
âèòèå ìåòîäèêè ðàñ÷åòîâ â òåîðèè ðàññåÿíèÿ
ðàäèîâîëí.

Îñíîâíûå óðàâíåíèÿ è ìåòîäû
èõ ðåøåíèÿ

Îñíîâíûìè óðàâíåíèÿìè â òåîðèè ðàññåÿ-
íèÿ ýëåêòðîìàãíèòíûõ âîëí ÿâëÿþòñÿ óðàâíå-
íèÿ Ìàêñâåëëà äëÿ íàïðÿæåííîñòè E

r
 è H

r

ýëåêòðè÷åñêîãî è ìàãíèòíîãî ïîëåé.
Â ñàìîé îáùåé ïîñòàíîâêå äîëæíû áûòü

çàäàíû èñòî÷íèêè ïîëÿ. Â óïðîùåííîé ïîñòà-
íîâêå, ïðè çíà÷èòåëüíîì óäàëåíèè èñòî÷íèêîâ
îò îáúåêòîâ ðàññåÿíèÿ, ìîæíî îãðàíè÷èòüñÿ çà-
äàíèåì ïàäàþùåãî ïîëÿ âìåñòî çàäàíèÿ èñòî÷-
íèêîâ. Ðàññìàòðèâàåìóþ ìàòåìàòè÷åñêóþ çà-
äà÷ó ñîñòàâëÿþò óðàâíåíèÿ äëÿ íàïðÿæåííîñ-
òåé ïîëÿ ñ äîïîëíèòåëüíûìè óñëîâèÿìè íà ãðà-
íè÷íûõ ïîâåðõíîñòÿõ è íà áåñêîíå÷íîñòè.

Â êà÷åñòâå ãðàíè÷íûõ óñëîâèé âûáåðåì
óïðîùåííûå óñëîâèÿ èìïåäàíñíîãî òèïà (óñ-
ëîâèÿ Ëåîíòîâè÷à):

0
( , )

, , 0,
z r t

N E N N H
=ζ

    − η =     r

r r r r r
(1)

ãäå 0η  � ïîâåðõíîñòíûé èìïåäàíñ ( 0 1,η =

÷òî îïðàâäàíî ïðè âûñîêîé ïðîâîäèìîñ-
òè σ  ñëó÷àéíîé ïîâåðõíîñòè ( , ));z r t= ζ r

2( ) 1zN i= − γ + γ
r r r

 � âíåøíÿÿ íîðìàëü ê ìîð-

ñêîé ïîâåðõíîñòè, ( , ),r tγ = ∇ζr r
 zi
r

 � åäèíè÷-
íûé îðò âäîëü îñè z.

Õàðàêòåðíûå ÷àñòîòû èçìåíåíèÿ ôîðìû
ïîâåðõíîñòè è äðóãèõ ïàðàìåòðîâ çàäà÷è ñ÷è-
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òàåì ìàëûìè ïî ñðàâíåíèþ ñ ÷àñòîòîé 0ω
ýëåêòðîìàãíèòíîãî ïîëÿ, ÷òî ïîçâîëÿåò èñ-
ïîëüçîâàòü êâàçèñòàöèîíàðíîå ïðèáëèæåíèå.
Èñòî÷íèê, ðàñïîëîæåííûé â òî÷êå 1O  (ðàäè-
óñ-âåêòîð 1,R

r
 ðèñ. 1), ïðèïîäíÿò äîñòàòî÷íî

âûñîêî íàä �ñðåäíåé� ïîâåðõíîñòüþ
( , ) 0z r t= ζ =r

 è íàõîäèòñÿ â çîíå ðàçäåëåíèÿ
ñïåêòðîâ ([6], §10), òàê ÷òî 1 1.klL R =  Äëÿ
òî÷êè íàáëþäåíèÿ 2O  (ðàäèóñ-âåêòîð 2)R

r
 ñî-

áëþäåíî îáðàòíîå íåðàâåíñòâî 2 1.klL R ?

Çäåñü l � ðàäèóñ êîððåëÿöèè íåðîâíîñòåé, L �
ðàçìåð îñâåùàåìîé ïëîùàäêè, 0k c= ω  �
ýëåêòðîìàãíèòíîå âîëíîâîå ÷èñëî.

Ïðè ðàâíîìåðíîì äâèæåíèè íàáëþäàòåëÿ
ñî ñêîðîñòüþ ( , )x yu u u=r  ïàðàëëåëüíî ñðåä-
íåé ïîâåðõíîñòè èìååì 2 2( ) (0) .R t R ut= +

r r r

Ñêîðîñòü ïîâåðõíîñòíîãî òå÷åíèÿ const.=rv
Ñðåäíåå ïîëå ,E E=

r r
 H H=
r r

 îïðåäåëèì
â áîðíîâñêîì ïðèáëèæåíèè (ïðåíåáðåãàÿ ÷ëå-
íàìè ïîðÿäêà 2( )O ζ  â ãðàíè÷íîì óñëîâèè).

Â ïåðâîì ïðèáëèæåíèè òåîðèè âîçìóùå-
íèé äëÿ ôëóêòóàöèé ýëåêòðè÷åñêîãî ïîëÿ

z ze e i e⊥= +
rr r

 è ìàãíèòíîãî h
r

 ïîëÿ, ïîëó÷èì
ãðàíè÷íîå óñëîâèå:

0 1 2
0

,z
z

e i h B B B⊥
=

 − η = − − ≡ − 
r r r rrr

(2)

ãäå

1
0

, ,z
z

B i E
=

  = ∇ς  
r rr

(3)

2

0

.z z

z

B i i E
z =

∂  = −ς   ∂  

r rr r
(4)

Èíäåêñ ⊥  îçíà÷àåò ñîñòàâëÿþùóþ ïåðïåíäè-
êóëÿðíóþ ê .zi

r

×òîáû íå óñëîæíÿòü çàäà÷ó ó÷åòîì ïðîèç-
âîëüíîé ïîëÿðèçàöèè ïàäàþùåãî ïîëÿ ( ) ,iE

r

( ) ,iH
r

 îãðàíè÷èìñÿ íàèáîëåå èíòåðåñíûì äëÿ
ïðàêòèêè ñëó÷àåì âåðòèêàëüíîé ïîëÿðèçàöèè.
Óñëîâèå 1 1klL R =  ïîçâîëÿåò çàìåíèòü çàäà-
íèå èñòî÷íèêà ïîëÿ çàäàíèåì ïàäàþùåé âîë-
íû ([6], c. 99)

0( )
0 ,zi k r k z tiE Gg e ⊥ + −ω = −

r rr r
(5)

0( )
0 .zi k r k z tiH Gp e ⊥ + −ω =

r rr r (6)

Çäåñü ( ) 1
1 ,ikRG A R e=  const,A =

1 1

0 0 0 0 0 0

, , , / ,

[ , ]
, [ , ], [ , ], 2 .

[ , ]

z z z z

z
z z

z

k k i k k k k k R R

i
p g p g p i

i

⊥ ⊥ ⊥ = + = α = α α= −


α = = α = β β = α− α α

r r rr r r

r r r r rr rr r r r r
r r

(7)

Åñëè â ýòè ôîðìóëû ââåñòè óãîë ïàäåíèÿ 0,θ
òî 0sin ,k k⊥ = θ  0cos .zk k= − θ

Âûáåðåì ïëîñêîñòü y = 0 â êà÷åñòâå ïëîñ-
êîñòè ïàäåíèÿ. Òîãäà

0 0 0 0 0 0

0 0 0 0 0

(0,1,0), (sin ,0,cos ), (sin ,0, cos ),

(cos ,0,sin ), ( cos ,0,sin ).

p

g g

= β = θ θ α= θ − θ
 = θ θ = − θ θ

rr

r r

(8)

Ñðåäíåå ðàññåÿííîå ïîëå èùåì â âèäå

0

( )
( )

( )
0

,z

S
i k r k z t

S

gE
GR e

pH
⊥ − −ω  −   =   

   

r r

P

r r

r r (9)

Ðèñ. 1. Ãåîìåòðèÿ ðàññåÿíèÿ
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ãäå RP  � êîýôôèöèåíò îòðàæåíèÿ, îïðåäåëÿå-
ìûé ïðè ïîäñòàíîâêå ñðåäíåãî ïîëÿ, ðàâíîãî
ñóììå ïàäàþùåãî è ñðåäíåãî ðàññåÿííîãî, â
ãðàíè÷íîå óñëîâèå:

0 0 0 0(cos ) (cos ).R = θ − η θ + ηP (10)

Ïðåäñòàâèì ôëóêòóàöèè ïîëÿ e
r

 è h
r

 ôóðüå-

ðàçëîæåíèÿìè ñ àìïëèòóäàìè ( , ),e χ ωrr%  ( , )h χ ω
r r%

ñîîòâåòñòâåííî:

{ }( , , ), ( , , )e r z t h r z t =
rr r r

{ } ( )2d ( , ), ( , ) ,zi r z td e h e
∞ ∞

χ +χ −ω

−∞ −∞

= ω χ χ ω χ ω∫ ∫ ∫
rrrr r rr %% (11)

ãäå 2 2,z kχ = − χ  Im 0.zχ ≥
Âûðàçèâ èç óðàâíåíèé Ìàêñâåëëà h

r
 ÷åðåç

,e
r

 à ze  ÷åðåç ,e⊥
r

 äëÿ ôóðüå-àìïëèòóäû
( , )e χ ωrr%  íàéäåì èç óðàâíåíèÿ (2) (ñð. [7], ôîð-

ìóëà 4):

( )
0

0 0 0

( , )( , )
( , ) ,

( )( )z z z

BkB
e

k k k⊥

χ χ ⋅ χ ωχ ωχ ω = − + η
+ χ η χ + η + χ η

rr r r%r r%
rr%

(12)

0

( , )
( , ) ,z

z

B
e

k

χ ⋅ χ ωχ ω =
χ + η

rr r%
r

% (13)

ãäå ( , )B χ ω
r r%  � ôóðüå-àìïëèòóäà ( , ).B B r t=

r r r

Íàñ áóäåò èíòåðåñîâàòü ñëó÷àé ëèíåéíîé
àíòåííû, îðèåíòèðîâàííîé âäîëü íàïðàâëåíèÿ

.zp i=
rr

 Òîãäà ( ) ( , , ).p ze e p e r z t= ⋅ =r r r

Âîñïîëüçîâàâøèñü ôóðüå-ðàçëîæåíèåì

( , )r tζ =r

2 ( )d d ( ) ( ) ,i r t
s s

s

e
∞ ∞

′ ′χ −ω

=±−∞ −∞

′ ′ ′ ′ ′ = ω χ ζ χ δ ω − Ω χ ∑∫ ∫ ∫
r rr r r% %

(14)

îïðåäåëèì

{ 0( , ) [ ] ( )z zB iG g R g k⊥χ ω = − + ⋅ χ − +P

rr r%

}0 0( ) ( )z z z zk i g R g g R g + − + + − × P P

r r r

0( ) ( ) ,s s
s

k k⊥ ⊥
=±

 × ζ χ − δ ω− ω − Ω χ − ∑
r r rr r% (15)

ãäå ( )s k⊥Ω χ −
rr%  � çàêîí äèñïåðñèè êîëåáàíèé

ïîâåðõíîñòè ñ ó÷åòîì ïîâåðõíîñòíîãî òå÷å-
íèÿ [8].

Êîìáèíèðóÿ (15) è (13), íàõîäèì:

( , )ze χ ω =r
%

0( ) ( ) ( ) ,s s
s

D k k⊥ ⊥
=±

 = χ ζ χ − ⋅δ ω− ω − Ω χ − ∑
r r rr r r%

(16)

ãäå

[ ]( ) ( )zD iG kχ = − χ + η ×r

( ){ }0 0( )[ ] [ ] .z z zk g Rg k g Rg× χ χ − + + χ⋅ −P P

rr r r r r
(17)

Îáðàçîâàâ âðåìåííóþ êîððåëÿöèîííóþ
ôóíêöèþ ( )B τ  ñèãíàëà ( , , ),ze r z t

r
 ìîæíî âû-

÷èñëèòü ýíåðãåòè÷åñêèé ñïåêòð âðåìåííûõ
ôëóêòóàöèé ñèãíàëà:

221 1
( ) d d ( )

2 2
iS e D

∞ ∞
ωτ

−∞ −∞

′ ′ω = τ χ χ ×
π ∫ ∫ ∫

r r

2Im( )( ) .zzi u
s

s

W k e e ′′ ′ − χχ τ−ω τ
′ ⊥

′=±

′× χ − ⋅∑
r rrr% (18)

Ïðè âû÷èñëåíèè ( )S ω  èñïîëüçîâàíà äåëüòà-
êîððåëèðîâàííîñòü ñïåêòðàëüíûõ àìïëèòóä [8]:

( ) ( )s sk k∗
′ ′′⊥ ⊥′ ′′ζ χ − ⋅ζ χ − =

r rr r% %

1
( ) ( ),

2 s s sW k′ ′ ′′⊥′ ′ ′′= χ − ⋅δ δ χ − χ
rr r r% (19)
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ãäå s s′ ′′δ  � ñèìâîë Êðîíåêåðà; ( )sW k′ ⊥′χ −
rr%  �

íåñèììåòðè÷íûé ñïåêòð âîëíîâûõ ÷èñåë [8],
ïðè÷åì 0 ( ),s k⊥′ ′ω = ω + Ω χ −

rr%  a 2Im 0,zz′− χ ≤
ò. ê. Im 0zz′χ ≥  è 0.z≥

Ïîñêîëüêó Im 0z′χ ≡  äëÿ k′χ ≤ , à  äëÿ
k′χ ≥  ïîëó÷àåì ,z zi′χ = χ   îáëàñòü èíòåãðè-

ðîâàíèÿ ïî ′χr  â (18) (äàëåå, â (20) è íèæå, �
ïî )χr  ðàçáèâàåòñÿ íà äâå (ðèñ. 2): îáëàñòü
âíóòðè êðóãà ,k′χ =r

 ãäå ðàññåÿííûå âîëíû
òîëüêî îäíîðîäíûå ïëîñêèå; îáëàñòü âíå
êðóãà ,k′χ =  ãäå âñå ðàññåÿííûå âîëíû íåî-
äíîðîäíûå.

Åñëè 1,kz?  òî ñ ðîñòîì ′χ  2Im 1zze ′− χ
=  è

èíòåãðàëîì ïî ýòîé îáëàñòè âîëíîâûõ ÷èñåë
ìîæíî ïðåíåáðå÷ü. Åñëè 0z→  (òî÷êà íàáëþ-
äåíèÿ íà ñðåäíåé ðàññåèâàþùåé ïîâåðõíîñ-
òè), òî âêëàä íåîäíîðîäíûõ âîëí íà îïðåäå-
ëåííûõ ÷àñòîòàõ ìîæåò áûòü ïðåîáëàäàþùèì.
Íèæå áóäåì ðàññìàòðèâàòü ñëó÷àé òî÷å÷íîé
àíòåííû â òî÷êå 0.z=  Âûïîëíèâ â (18) èí-
òåãðèðîâàíèå ïî ,τ  ïîëó÷èì:

221
( ) d ( ) ( )

2 s
s

S D W k
∞

⊥
=± −∞

ω = χ χ χ − ×∑∫ ∫
rr r r%

( )0 ( ) .u k s k⊥ ⊥
 ×δ ω− ω + χ − χ − − Ω χ − 

r rr r rr r
v (20)

Çäåñü ó÷òåíî, ÷òî ïðè íàëè÷èè ïîâåðõíîñòíîãî
òå÷åíèÿ ñî ñêîðîñòüþ rv  [8], ( ),s sΩ = χ + Ω χr r%

v

( )Ω χ  � çàêîí äèñïåðñèè ñâîáîäíûõ êîëåáà-
íèé ïîâåðõíîñòè æèäêîñòè áåç ïîâåðõíîñòíî-
ãî òå÷åíèÿ.

Èç (20) ñëåäóåò, ÷òî ñïåêòð ñèãíàëà ÿâëÿ-
åòñÿ ñóììîé íåêîãåðåíòíûõ âîëí ñ âîëíî-
âûìè âåêòîðàìè ,z ziχ + χ

rr
 ðàññåÿííûõ íà

ìîðñêèõ âîëíàõ ñ ðåçîíàíñíûìè âîëíîâû-
ìè âåêòîðàìè q k⊥= χ −

rrr
 è èìåþùèõ ñäâèã

÷àñòîòû

( )0 ( ) .s u k s k⊥ ⊥∆ω ≡ ω− ω = −χ + χ − + Ω χ −
r rr r rr r

v

(21)

Ïðè ýòîì ïåðâîå ñëàãàåìîå â (21), ,u−χr r  �
äîïëåðîâñêîå ñìåùåíèå ÷àñòîòû çà ñ÷åò äâè-
æåíèÿ íàáëþäàòåëÿ, à âòîðîå è òðåòüå ñëàãàå-
ìûå � êîìáèíàöèîííûå ÷àñòîòû êîëåáàíèé
ïîâåðõíîñòè ñ äîïëåðîâñêèì ñìåùåíèåì ÷àñ-
òîòû èç-çà ïîâåðõíîñòíîãî ñíîñà.

Ôîðìóëà (20) íåóäîáíà äëÿ ðàñ÷åòîâ, ïî-
ñêîëüêó íà ïðàêòèêå çàäàåòñÿ íå ( ),sW k⊥χ −

rr%

a ïðîñòðàíñòâåííî-óãëîâîé ñïåêòð, âûðàæåí-
íûé â òåðìèíàõ .q k⊥= χ −

rrr
 Ïåðåéäÿ îò χr  ê

,q
r

 ïîëó÷èì:

22
0

1
( ) d ( ) ( )

2s s
s

S q D q k W q
∞

⊥
=± −∞

ω + ∆ω = + ×∑∫ ∫
rr r r%

( ) ( ) .s q k u q s q⊥ ×δ ∆ω + + − − Ω 
rr r rr

v (22)

Ïðè îòñóòñòâèè ïîâåðõíîñòíîãî òå÷åíèÿ è
ïåðåìåùåíèÿ íàáëþäàòåëÿ

22
0

1
( ) d ( )

2s
s

S q D q k
∞

⊥
=± −∞

ω + ∆ω = + ×∑∫ ∫
rr r

[ ]( ) ( ) .s sW q s q× δ ∆ω − Ωr% (23)

Ïîäñòàâëÿÿ â ôîðìóëó (17) çíà÷åíèÿ âåëè-
÷èí ,k⊥

r
 0,g
r

 ,g
r

 ,RP  ïîëó÷èì:

Ðèñ. 2. Îáëàñòü èíòåãðèðîâàíèÿ â (18) ïî 
rχ  (çàø-

òðèõîâàíà äëÿ çíà÷åíèé k k k k +k− −
rr

⊥ ⊥ ⊥< χ <
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2 2
2 0

2 2
0 0 0

4cos
( )

( ) (cos )z

G
D

k

θχ = ×
χ + η θ + η

22 2
0 0 0sin ( sin ) cos .s sk k × θ χ − χ θ − χ θ  (24)

Ñðàâíåíèå ñ èçâåñòíûìè ðåçóëüòàòàìè

Ñîïîñòàâèòü êîíå÷íûå ðåçóëüòàòû (22), (23)
ñ ïîäîáíûìè â ëèòåðàòóðå íåâîçìîæíî èç-çà
îòñóòñòâèÿ ïîñëåäíèõ. Îäíàêî ìîæíî ïðîâåñ-
òè ñðàâíåíèå äëÿ ðåçóëüòàòîâ ïðîìåæóòî÷íûõ
ýòàïîâ âû÷èñëåíèé. Äëÿ ýòîãî âûðàçèì óäåëü-
íîå ñå÷åíèå ðàññåÿíèÿ äëÿ ïëîùàäêè êîíå÷-
íûõ ðàçìåðîâ â äàëüíåé çîíå ÷åðåç ôóðüå-àì-
ïëèòóäó ðàññåÿííîãî ïîëÿ.

Ïîëå ( )e R
rr

 â äàëüíåé çîíå, ðàññåÿííîå ýëå-
ìåíòàðíîé ïëîùàäêîé, ñâÿçàíî ñî ñâîåé ôó-
ðüå-àìïëèòóäîé ( )e χrr%  ñîîòíîøåíèåì:

( ) 2 ( ) ,
ikR

z
e

e R i e
R

≈ − π χ χ
r rr r%   .z z

kR
i

R
χ + χ =

r
rr

(25)

([6], §1, â ôîðìóëå (28) ïîòåðÿí çíàê ���).
Âûðàçèì êîìïîíåíòû âåêòîðà z ziχ + χ

rr
 ÷å-

ðåç óãëû ðàññåÿíèÿ ,sθ  .sϕ  Òîãäà äëÿ îäíî-
ðîäíûõ âîëí

( sin cos , sin sin ),s s s sk kχ = θ ϕ θ ϕr
 cos ,z skχ = θ

à âåðòèêàëüíî ïîëÿðèçîâàííàÿ ñîñòàâëÿþùàÿ
ðàññåÿííîãî ïîëÿ â ïëîñêîñòè ðàññåÿíèÿ

1( , ) ( , ) sin .p z se eχ ω = χ ω θr r
% % (26)

Äëÿ áîëüøîé, íî êîíå÷íîé ðàññåèâàþùåé
ïëîùàäêè S â ôîðìóëå (19) ìîæíî ïðèáëèæåí-
íî ïîëîæèòü

( )2( ) (2 ) .S ′ ′′χ χ′ ′′δ χ − χ ≈ π δr r
r r

(27)

Ñïåêòðàëüíàÿ ïëîòíîñòü óäåëüíîãî ñå÷åíèÿ
ðàññåÿíèÿ 0

1( , )p s sσ θ ϕ  òàêîé ïëîùàäêè â äàëü-
íåé çîíå ïî îïðåäåëåíèþ ðàâíà:

2

1
0 2

1 2( )

( )
( , ) 4 .

p

p s s
i

e R
R

S E
σ θ ϕ = π

r

(28)

Ïðèíèìàÿ âî âíèìàíèå (5), (25), (26), (27),
ïîëó÷èì:

2 2
0

1 2

cos
( , ) 4 s

p s s
k

G

θσ θ ϕ = π ×

0

1 1 0

1
( ) ( ) .

2
p

s sp p
s

Q W q q
=±

 × δ ω − ω − Ω ∑
r r r%% (29)

Ïðè ýòîì, âñëåäñòâèå (26),

0

1 1

2( ) sin .p
sp pQ D q k⊥= + θ

r rr

Ïîäñòàâëÿÿ ñþäà (24), ïåðåïèøåì (29) â âèäå:

1

4 2 2
0 0

2 2
0 0 0

4 cos cos
( , ) 4

cos cos
s

p s s

s

k θ θσ θ ϕ = π ×
θ + η θ + η

2
0sin sin coss s× θ θ − ϕ ×

0

1
( sin cos , sin ,sin ,sin )

2 s s s s s
s

W k
=±

× θ ϕ − θ ϕ θ ×∑ %

0 ( ) .s q ×δ ω− ω − Ω 
% (30)

Ïðè 0u = =r r
v  è èäåàëüíîé ïðîâîäèìîñòè

0( 0)η =  âûðàæåíèå (30) ñ òî÷íîñòüþ äî êîí-
ñòàíòû, îáóñëîâëåííîé ðàçëè÷èåì â íîðìèðîâ-
êå ñïåêòðà, ïåðåõîäèò â ôîðìóëó (8à) èç ðàáî-
òû Áàððèêà [3].

Ïðè îáðàòíîì ðàññåÿíèÿ ( ,sϕ = π  0)sθ = θ
è èäåàëüíîé ïðîâîäèìîñòè íàøà ôîðìóëà (30)
è ôîðìóëà (2) ðàáîòû Âàëåíçóýëû [9] òîæå
ñîâïàäàþò ñ òî÷íîñòüþ äî íîðìèðîâî÷íûõ
êîíñòàíò. Â ýòîì íåñëîæíî óáåäèòüñÿ, ïðîäå-
ëàâ ñîîòâåòñòâóþùèå âû÷èñëåíèÿ.
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Ðàññìîòðåííûå ïðåäåëüíûå ïåðåõîäû óêà-
çûâàþò íà ïðàâèëüíîñòü ïîëó÷åííûõ ðåçóëü-
òàòîâ, ïî êðàéíåé ìåðå äëÿ àìïëèòóä Ôóðüå.

Òàêèì îáðàçîì, â ïåðâîé ÷àñòè ðàáîòû ïî-
ëó÷åíû îáùèå âûðàæåíèÿ äëÿ ðàñ÷åòà ñïåêò-
ðà ðàäèîñèãíàëà, ðàññåÿííîãî âçâîëíîâàííîé
ìîðñêîé ïîâåðõíîñòüþ, ïðè äâóõïîçèöèîííîì
ðàñïîëîæåíèè ïåðåäàò÷èêà è ïðèåìíèêà. Âî
âòîðîé ÷àñòè áóäóò ïðèâåäåíû ðåçóëüòàòû
÷èñëåííîãî ìîäåëèðîâàíèÿ, à òàêæå ïðîâåäå-
íî èõ ñîïîñòàâëåíèå ñ ýêñïåðèìåíòàëüíûìè
ñïåêòðàìè, ïîëó÷åííûìè ïðè èçìåðåíèÿõ ýô-
ôåêòîâ ðàññåÿíèÿ äåêàìåòðîâûõ âîëí â áàñ-
ñåéíå Ìèðîâîãî îêåàíà.

Ðàáîòà âûïîëíåíà ïðè ÷àñòè÷íîé ïîääåðæ-
êå â ðàìêàõ ïàðòíåðñêîãî ïðîåêòà ÍÒÖÓ Ð-072.
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Bistatic HF Scattering from
the Sea Surface. I. Theory

A. S. Bryukhovetski, A. S. Kashcheyev,
S. B. Kashcheyev, and Yu. M. Yampolski

In the first part of the paper, the first-order
perturbation spectrum of electromagnetic waves
scattered by the sea surface is investigated theo-
retically. The case of a linear non-directional
vertical antenna placed near the surface illumi-
nated by an incident field is considered with ac-
count of a finite conductivity of the sea water,
small grazing angles of the scattered waves and
possible motions of the detector and surface
streams of the sea. The limit transitions to the
well-known solutions of particular problems have
been carried out.


