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Öåëüþ ðàáîòû ÿâëÿëîñü èññëåäîâàíèå âåðòèêàëüíîé ñòðóêòóðû êîðîòêèõ ìîäîâûõ èìïóëüñîâ
âáëèçè êðèòè÷åñêèõ òîëùèí âîëíîâîäîâ ïîñòîÿííîé è ïåðåìåííîé ãëóáèíû ñ ðàçëè÷íûìè ìîäåëÿ-
ìè äíà. Â õîäå ðàáîòû áûëî òåîðåòè÷åñêè ïîëó÷åíî âûðàæåíèå êðèòåðèÿ ðàçðåøèìîñòè äëÿ êîðîò-
êèõ ìîäîâûõ èìïóëüñîâ â âîëíîâîäàõ ïîñòîÿííîé ãëóáèíû ñ ðàçëè÷íûìè òèïàìè äíà. Ïîëó÷åíà
ôîðìóëà îïòèìàëüíîãî ðàññòîÿíèÿ ðàçðåøåíèÿ ïîñëåäîâàòåëüíûõ ìîäîâûõ èìïóëüñîâ, ïðèõîäÿùèõ
â òî÷êó ïðèåìà ñèãíàëà, â çàâèñèìîñòè îò ïàðàìåòðîâ èçëó÷àåìîãî ñèãíàëà è ïàðàìåòðîâ ñàìîãî
âîëíîâîäà. Íà îñíîâå òåîðåòè÷åñêè ïîëó÷åííûõ ðåçóëüòàòîâ ðàçðàáîòàíà ìàòåìàòè÷åñêàÿ ìîäåëü
ðàñïðîñòðàíåíèÿ êîðîòêèõ ìîäîâûõ èìïóëüñîâ â âîëíîâîäàõ ïîñòîÿííîé è ïåðåìåííîé ãëóáèíû.
Ïîëó÷åíà òåîðåòè÷åñêàÿ ìîäåëü äëÿ ðàñ÷åòà îãèáàþùåé àêóñòè÷åñêîãî ðàäèîèìïóëüñà â âîëíîâîäå
ïåðåìåííîé ãëóáèíû ñ ðàçëè÷íûìè òèïàìè äíà. Äàííàÿ ìîäåëü ÷èñëåííî îïèñûâàåò ðàñïðîñòðàíå-
íèå ñèãíàëà, â õîäå êîòîðîãî ïðîèñõîäèò ðàçäåëåíèå èçëó÷àåìîãî êîðîòêîãî ñèãíàëà íà èìïóëüñû
ïî îòäåëüíûì ìîäàì, ñâÿçàííîå ñ ìåæìîäîâîé äèñïåðñèåé, è óøèðåíèå èìïóëüñà íà êàæäîé ìî-
äå èç-çà âëèÿíèÿ âíóòðèìîäîâîé ÷àñòîòíîé äèñïåðñèè. Â õîäå ýêñïåðèìåíòàëüíîé ÷àñòè ðàáîòû
ïðîâåäåíî èçìåðåíèå àìïëèòóäû ñèãíàëà îò âðåìåíè íà òðàññàõ ðàçëè÷íîé äëèíû ïðè ôèêñèðîâàí-
íîì çàãëóáëåíèè ïðèåìíèêà, òàêæå îïðåäåëÿëàñü äëèòåëüíîñòü èçëó÷åííîãî ñèãíàëà íà ïðèåìíèêå.
Ïðîâåäåíî èçìåðåíèå àìïëèòóäû ïðèíèìàåìûõ ïîñëåäîâàòåëüíûõ ìîäîâûõ èìïóëüñîâ ïðè ðàçëè÷-
íûõ çàãëóáëåíèÿõ ïðèåìíèêà.

PACS: 43.20.Fn, 43.30.Br. ÓÄÊ: 534.2
Êëþ÷åâûå ñëîâà: ìàñøòàáíîå ôèçè÷åñêîå ìîäåëèðîâàíèå, ìåæìîäîâàÿ äèñïåðñèÿ, âíóòðèìîäîâàÿ äèñïåðñèÿ,
ìîäîâûé èìïóëüñ, ðàçðåøåíèå ñèãíàëà.

ÂÂÅÄÅÍÈÅ

Îêåàíñêèé øåëüô ïðåäñòàâëÿåò ñîáîé çîíó âîêðóã
êîíòèíåíòà, ïðîñòèðàþùóþñÿ îò ëèíèè íèçêîé âîäû
äî ãëóáèíû, íà êîòîðîé ïðîèñõîäèò ðåçêîå óâåëè÷å-
íèå óêëîíà äíà â ñòîðîíó áîëüøèõ ãëóáèí. Ñ òî÷êè
çðåíèÿ àêóñòèêè, îêåàíñêèé øåëüô � ýòî âîëíîâîä,
îãðàíè÷åííûé ïîâåðõíîñòüþ âîäû è äíîì. Íà ðàñïðî-
ñòðàíåíèå çâóêà â òàêèõ âîëíîâîäàõ îêàçûâàþò âëèÿ-
íèå ìíîæåñòâî ôàêòîðîâ. Íàèáîëåå ñóùåñòâåííûå èç
íèõ � ôîðìà ïðîôèëÿ ñêîðîñòè çâóêà è ãåîàêóñòè÷å-
ñêèå ñâîéñòâà ìîðñêîãî äíà. Íóæíî çàìåòèòü, ÷òî óêà-
çàííûå ôàêòîðû èñïûòûâàþò áîëüøèå âàðèàöèè â çà-
âèñèìîñòè îò ãåîãðàôè÷åñêîãî ïîëîæåíèÿ, âðåìåíè ãî-
äà è ïîãîäíûõ óñëîâèé.
Íåñìîòðÿ íà ïîëó÷åííûå ðåçóëüòàòû ðàçëè÷íûõ

ãðóïï èññëåäîâàòåëåé, îñâîåíèå ðåñóðñîâ ñåâåðíîãî
øåëüôà è ìåëêîâîäíûõ îêðàèííûõ ìîðåé òðåáóåò ïî-
ëó÷åíèÿ åùå áîëüøåãî èíôîðìàöèîííîãî ãèäðîàêóñòè-
÷åñêîãî îáåñïå÷åíèÿ.
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1. ÍÀÕÎÆÄÅÍÈÅ ÊÐÈÒÅÐÈß ÐÀÇÐÅØÈÌÎÑÒÈ
ÄÂÓÕ ÏÎÑËÅÄÎÂÀÒÅËÜÍÛÕ ÌÎÄ Â ÂÎËÍÎÂÎÄÅ

Èçëàãàåìûé íèæå ñïîñîá ñåëåêöèè ìîä îñíîâàí
íà ìåæìîäîâîé äèñïåðñèè, ïðîÿâëÿþùåéñÿ â ðàçëè-
÷èè ãðóïïîâûõ ñêîðîñòåé îòäåëüíûõ ìîä [1]. Äëÿ åãî
îñóùåñòâëåíèÿ ïðîâîäèòñÿ èìïóëüñíîå âîçáóæäå-
íèå âîëíîâîäà. Òî÷å÷íûé èçëó÷àòåëü, ðàñïîëîæåííûé
â âîëíîâîäå, ñîçäàåò ðàäèîèìïóëüñû äëèòåëüíîñòüþ
τ0 ñ ÷àñòîòîé çàïîëíåíèÿ f0 è øèðèíîé ñïåêòðà
2∆f . Òàê êàê â ñðåäå èìååò ìåñòî ãåîìåòðè÷åñêàÿ
äèñïåðñèÿ, òî ãðóïïîâàÿ ñêîðîñòü çàâèñèò íå òîëüêî
îò íîìåðà ìîäû, íî è ÷àñòîòû. Ïîýòîìó â ïðîöåñ-
ñå ðàñïðîñòðàíåíèÿ èìïóëüñà ïðîèñõîäèò åãî ðàçäå-
ëåíèå íà èìïóëüñû ïî îòäåëüíûì ìîäàì, ñâÿçàííîå
ñ ìåæìîäîâîé äèñïåðñèåé, è óøèðåíèå èìïóëüñà
íà êàæäîé ìîäå èç-çà âëèÿíèÿ âíóòðèìîäîâîé ÷à-
ñòîòíîé äèñïåðñèè. Îòäåëüíûå íîðìàëüíûå âîëíû,
ðàçðåøàþòñÿ, åñëè âðåìÿ ïðèõîäà çàäíåãî ôðîíòà
èìïóëüñà, ñîîòâåòñòâóþùåãî ìîäå n, ìåíüøå âðåìå-
íè ïðèõîäà ïåðåäíåãî ôðîíòà èìïóëüñà, ïðåäñòàâëÿ-
þùåãî ìîäó n + 1 íîìåðà. Ðàçðåøåíèå èìïóëüñîâ
äëÿ ìîä ñ íîìåðàìè n è n + 1 ïðîèñõîäèò íà ðàññòîÿ-
íèÿõ:

R >
τ0vn, f0−∆fvn+1, f0+∆f

vn, f0−∆f − vn+1, f0+∆f
(1)

Êðîìå òîãî íåîáõîäèìî, ÷òîáû äèñïåðñèÿ ãðóïïîâûõ
ñêîðîñòåé äëÿ çàäàííîãî íîìåðà n èç-çà êîíå÷íîñòè
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Ðèñ. 1: à � Êà÷åñòâåííàÿ çàâèñèìîñòü ðàññòîÿíèÿ ðàçäåëåíèÿ ìîä R îò íà÷àëüíîé äëèòåëüíîñòè èìïóëüñà τ0. á � Ñõåìà
ïðîâåäåíèÿ ýêñïåðèìåíòîâ â âîëíîâîäàõ ïîñòîÿííîé (âåðõó) è ïåðåìåííîé (âíèçó) ãëóáèíû

øèðèíû ñïåêòðà èçëó÷àåìîãî ñèãíàëà 2∆f áûëà ìåíü-
øå äèñïåðñèè ãðóïïîâûõ ñêîðîñòåé äëÿ ìîä ñîñåäíèõ
íîìåðîâ, ò.å. âûïîëíÿëîñü ñëåäóþùåå óñëîâèå [2, 3]:

(vn,f0+∆ − vn,f0−∆) < (vn,f0−∆ − vn+1,f0+∆) (2)

Íà ðèñ. 1, à ïîêàçàíà êà÷åñòâåííàÿ çàâèñèìîñòü ðàñ-
ñòîÿíèÿ ðàçäåëåíèÿ ìîä R îò íà÷àëüíîé äëèòåëüíîñòè
èìïóëüñà τ0 äëÿ íåêîòîðîé íåñóùåé ÷àñòîòû f . Òàêæå
áûëà ïîëó÷åíà ôóíêöèÿ çàâèñèìîñòè ðàññòîÿíèÿ ðàç-
äåëåíèÿ ìîä r îò äëèòåëüíîñòè èìïóëüñà T :

r =
cT

1√
1−

(
(n + 1)πc

H (ω + ∆ω)

)2
− 1√

1−
(

nπc

H (ω −∆ω)

)2

,

(3)
ãäå � ñêîðîñòü çâóêà, � ãëóáèíà âîëíîâîäà, ω �
÷àñòîòà çàïîëíåíèÿ, ∆ω �ïîëóøèðèíà ñïåêòðà. Ôîð-
ìóëà (3) ïîçâîëÿåò âû÷èñëèòü îïòèìàëüíîå ðàññòîÿíèå
ðàçäåëåíèÿ äâóõ ïîñëåäîâàòåëüíûõ ìîä ñ íîìåðàìè n
è n + 1.

2. ÐÅÇÓËÜÒÀÒÛ ÔÈÇÈ×ÅÑÊÎÃÎ
ÌÎÄÅËÈÐÎÂÀÍÈß

Ôèçè÷åñêîå ìîäåëèðîâàíèå ïðîâîäèëîñü íà àêóñòè-
÷åñêîì êîìïëåêñå êàôåäðû àêóñòèêè Íèæåãîðîäñêîãî
óíèâåðñèòåòà. Ýêñïåðèìåíòû ïðîâîäèëèñü â ëàáîðàòîð-
íîé âàííå ñ çàãëóøåííûìè ñòåíêàìè äëèííîé 500 ñì,
øèðèíîé 65 ñì, è ãëóáèíîé 55 ñì, çàïîëíåííîé âîäîé
(c, ρ � ñêîðîñòü çâóêà è ïëîòíîñòü âîäû), â êîòî-
ðîé óñòàíàâëèâàëîñü ïîäâåñíîå äíî (c1, ρ1 � ñêîðîñòü
çâóêà è ïëîòíîñòü ïîäëîæêè). Äíî ñ ïîìîùüþ âèíòîâ
ìîæíî ïåðåìåùàòü â âåðòèêàëüíîé ïëîñêîñòè îò 0 äî
17 ñì. Ôèêñèðóÿ óãîë íàêëîíà äíà óñòàíîâêè, ìîæíî
ìîäåëèðîâàòü êàê ïëîñêèé âîëíîâîä, òàê è âîëíîâîä

ñ ïåðåìåííîé ïî òðàññå ãëóáèíîé, ïðè ýòîì óãîë íà-
êëîíà äíà áóäåò ïîñòîÿííûé ïî âñåé äëèíå òðàññû. Íà
ðèñ. 1, á èçîáðàæåíî âçàèìíîå ðàñïîëîæåíèå èçëó÷àòå-
ëÿ è ïðèåìíèêà ïðè ïðîâåäåíèè ýêñïåðèìåíòîâ.

Äëÿ ñîçäàíèÿ êîðîòêèõ èìïóëüñíûõ ñèãíàëîâ ïðÿ-
ìîóãîëüíîé ôîðìû ñ âûñîêî÷àñòîòíûì çàïîëíåíèåì f0,
èñïîëüçóåòñÿ ãåíåðàòîð ñèãíàëîâ Tektronix AFG 3102.
Äëÿ óìåíüøåíèÿ óðîâíÿ ïîìåõ, ñâÿçàííûõ ñ ðåâåðáå-
ðàöèåé, êîòîðûå âîçíèêàþò èç-çà îãðàíè÷åííîñòè èñ-
ñëåäóåìîãî îáúåìà, â ýêñïåðèìåíòå èñïîëüçóåòñÿ èì-
ïóëüñíûé ðåæèì èçëó÷åíèÿ.

Äëèòåëüíîñòü èçëó÷àåìûõ ïðÿìîóãîëüíûõ èìïóëü-
ñîâ τ0 óäîâëåòâîðÿåò óñëîâèþ f0τ0 À 2π, òàêèì îáðà-
çîì, îáåñïå÷èâàåòñÿ êâàçèìîíîõðîìàòè÷åñêèé ðåæèì
èçëó÷åíèÿ. Ñôîðìèðîâàííûé ãåíåðàòîðîì ïðÿìîóãîëü-
íûé ñèãíàë ïîñòóïàåò íà óñèëèòåëü ñèãíàëîâ Amplifier
research Model 75A250 75Watts, à çàòåì íà èçëó÷àòåëü
ñèãíàëîâ PANAMETRIX A430S.

Ñèíõðîíèçàöèÿ ðàáîòû âñåé óñòàíîâêè îáåñïå÷èâà-
åòñÿ ñèíõðîíèçèðóþùèì èìïóëüñîì, âûðàáàòûâàåìûì
òåì æå ãåíåðàòîðîì Tektronix AFG 3102.

Ïðîéäÿ ÷åðåç èññëåäóåìóþ ñðåäó, ñèãíàë ïðèíèìà-
åòñÿ ãèäðîôîíîì Br�uel & Kjær Type 8103. Ïðèåìíèê
çàêðåïëåí íà êàðåòêå, ñïîñîáíîé ïåðåìåùàòüñÿ â äâóõ
âçàèìíî ïåðïåíäèêóëÿðíûõ íàïðàâëåíèÿõ. Ïðèíÿòûé
ñèãíàë ïîñëå óñèëåíèÿ ïåðåäàåòñÿ íà öèôðîâîé îñ-
öèëëîãðàô Tektronix DPO 4102B, ãäå çàïèñûâàåòñÿ íà
öèôðîâîé íîñèòåëü äëÿ äàëüíåéøåé îáðàáîòêè íà ïåð-
ñîíàëüíîì êîìïüþòåðå.

Íà ðèñ. 2 ïîëó÷åííûå â õîäå ëàáîðàòîðíîãî ýêñïåðè-
ìåíòà ðåçóëüòàòû ñðàâíèâàþòñÿ ñ òåîðåòè÷åñêèìè çà-
âèñèìîñòÿìè. Äëÿ ïðèìåðà íà ðèñ. 3 ïðèâåäåíû ñòðóê-
òóðû âòîðîãî ìîäîâîãî èìïóëüñà â âîëíîâîäàõ ïîñòî-
ÿííîé è ïåðåìåííîé ãëóáèíû.
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Ðèñ. 2: (à) Òåîðåòè÷åñêèé è ýêñïåðèìåíòàëüíûé ãðàôèêè çàâèñèìîñòåé âðåìåíè âñòóïëåíèÿ ìîäîâûõ èìïóëüñîâ îò äëèíû
òðàññû ìåæäó èñòî÷íèêîì è ïðèåìíèêîì. (á) Çàâèñèìîñòü äëèòåëüíîñòè ïðèíèìàåìîãî ãèäðîôîíîì ñèãíàëà îò äëèíû òðàññû
èñòî÷íèê-ïðèåìíèê
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Ðèñ. 3: (à) Âåðòèêàëüíàÿ ñòðóêòóðà âòîðîãî ìîäîâîãî èìïóëüñà â âîëíîâîäå ïîñòîÿííîé ãëóáèíû. (á) Âåðòèêàëüíàÿ ñòðóêòóðà
âòîðîãî ìîäîâîãî èìïóëüñà â âîëíîâîäå ïåðåìåííîé ãëóáèíû

ÇÀÊËÞ×ÅÍÈÅ

Ïðîâåäåíî ñðàâíåíèå äàííûõ, ïîëó÷åííûõ â õîäå
ïðîâåäåííûõ íà êàôåäðå àêóñòèêè ÍÍÃÓ ýêñïåðèìåí-
òîâ ïî ôèçè÷åñêîìó ìàñøòàáíîìó ìîäåëèðîâàíèþ ðàñ-
ïðîñòðàíåíèÿ êîðîòêèõ ìîäîâûõ èìïóëüñîâ â âîëíîâî-

äàõ ïîñòîÿííîé è ïåðåìåííîé ãëóáèíû, ïîëó÷åíî õî-
ðîøåå ñîîòâåòñòâèå âûäâèíóòîé òåîðåòè÷åñêîé ìîäåëè
ýêñïåðèìåíòàëüíûì ðåçóëüòàòàì.
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Physical modeling of sound propagation in the shelf zone of the oceans
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The aim of the work was to study the vertical structure of short mode pulses near the critical thicknesses of waveguides of
constant and variable depth with different bottom models. In the course of the work, the expression of the solvability criterion for
short mode pulses in waveguides of constant depth with different types of bottom was theoretically obtained. A formula for the
optimal resolution distance of successive mode pulses arriving at the signal receiving point, depending on the parameters of the
emitted signal and the parameters of the waveguide itself, is obtained. Based on the theoretically obtained results, a mathematical
model for the propagation of short mode pulses in waveguides of constant and variable depth has been developed. The theoretical
model for calculating the envelope of an acoustic radio pulse in a waveguide of variable depth with various types of bottom is
obtained. This model numerically describes the signal propagation, during which the emitted short signal is divided into pulses by
individual modes, associated with intermode dispersion, and the pulse broadening at each mode due to the influence of intramode
frequency dispersion. In the course of the experimental part of the work, the signal amplitude was measured over time on paths
of various lengths with a fixed receiver depth, and the duration of the emitted signal at the receiver was also determined. The
amplitude of the received sequential mode pulses was measured at various depths of the receiver.
PACS: 43.20.Fn, 43.30.Bp
Keywords: modeling, intermode dispersion, intramode dispersion, mode pulse, signal resolution.
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