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Àííîòàöèÿ

Ïðîõîæäåíèå àêóñòè÷åñêèõ âîëí ÷åðåç áèîëîãè÷åñêèå ñðåäû îïðåäåëÿåòñÿ óïðóãîñòüþ è

íåëèíåéíûìè ñâîéñòâàìè ñëîèñòîé ñèñòåìû. Îïèñàíèå õàðàêòåðèñòèê ðàñïðîñòðàíåíèÿ âîëíû íà îñíîâå

ëèíåéíîãî ïðåäñòàâëåíèÿ íå âñåãäà äîñòàòî÷íî ïîëíî îïèñûâàåò ïðîöåññ ïðîõîæäåíèÿ âîëí â ñëîèñòîé

ñòðóêòóðå èññëåäóåìûõ áèîîáúåêòîâ. Èñïîëüçîâàíèå æå íåëèíåéíûõ õàðàêòåðèñòèê ïîçâîëÿåò íå

òîëüêî ïðîñëåäèòü ïðîöåññû ðàñïðîñòðàíåíèÿ àêóñòè÷åñêèõ âîëí, íî è ïîñòðîèòü ñèñòåìû âèçóàëèçàöèè

âíóòðåííèõ ñòðóêòóð áèîëîãè÷åñêèõ îáúåêòîâ. Â ðàáîòå ïðåäñòàâëåíû îñíîâíûå ìîäåëè îïðåäåëåíèÿ

àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà âòîðîãî ïîðÿäêà â áèîëîãè÷åñêèõ ñðåäàõ ïî õàðàêòåðèñòèêàì

ðàñïðîñòðàíåíèÿ àêóñòè÷åñêèõ âîëí. Ðàññìîòðåíû ñëó÷àè âèçóàëèçàöèè ñðåäû, íåîäíîðîäíîé ïî

íåëèíåéíîìó ïàðàìåòðó è îäíîðîäíîé ïî ëèíåéíûì õàðàêòåðèñòèêàì, à òàêæå ñðåäû íåîäíîðîäíîé

êàê ïî íåëèíåéíîìó ïàðàìåòðó, òàê è ïî ëèíåéíîé õàðàêòåðèñòèêå � ôàçîâîé ñêîðîñòè çâóêà.

Ïðåäëîæåíà ïàðàìåòðè÷åñêàÿ ìîäåëü îïðåäåëåíèÿ àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà ñðåäû ñ ó÷åòîì

íåëèíåéíîñòåé âòîðîãî è òðåòüåãî ïîðÿäêà. Ïðèâåäåíû ðåçóëüòàòû ìîäåëèðîâàíèÿ èçìåíåíèÿ óðîâíÿ

âòîðîé ãàðìîíèêè àêóñòè÷åñêîãî ñèãíàëà â çàâèñèìîñòè îò ÷àñòîòû äëÿ ðàçíûõ ñðåä. Ïðåäëîæåíà

ìîäåëü òðàíñìèññèîííîé àêóñòè÷åñêîé âèçóàëèçàöèè íåëèíåéíîãî ïàðàìåòðà íà îñíîâå òåîðåìû Ðàäîíà.
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Abstract

The passage of acoustic waves through biological media is determined by the elasticity and nonlinear

properties of the layered system. The description of wave propagation characteristics based on a linear

representation does not always fully describe the process of wave propagation in the layered structure of

the studied biological objects. The use of nonlinear characteristics makes it possible not only to trace the

propagation of acoustic waves, but also to build visualization systems for the internal structures of biological

objects. The paper presents the main models for determining the acoustic nonlinear parameter of the second
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order in biological media based on the propagation characteristics of acoustic waves. The cases of visualization

of a medium inhomogeneous in a nonlinear parameter and homogeneous in linear characteristics, as well as

a medium inhomogeneous in both a nonlinear parameter and a linear characteristic, the phase velocity of

sound, are considered. A parametric model for determining the acoustic nonlinear parameter of the medium

is proposed, taking into account second- and third-order nonlinearities. The results of modeling changes in

the level of the second harmonic of an acoustic signal depending on the frequency for di�erent media are

presented. A model of transmission acoustic visualization of a nonlinear parameter based on Radon's theorem

is proposed.

Keywords: acoustic nonlinear parameter, acoustic tomography, second harmonic, Westervelt

equation, Earnshaw equation, Burgers equation.

Ââåäåíèå

Øèðîêîå ïðèìåíåíèå àêóñòè÷åñêèõ âîëí äëÿ ðåøåíèÿ çàäà÷ íåðàçðóøàþùåãî
êîíòðîëÿ, ìåäèöèíñêîé äèàãíîñòèêè, èññëåäîâàíèÿ ìíîãîôàçíûõ ñðåä ïîðîäèëî
îáøèðíûé êðóã çàäà÷ â ñðàâíèòåëüíî íîâîé íàó÷íîé îáëàñòè - àêóñòè÷åñêîé âèçóàëèçàöèè
[1,2]. Ñóùåñòâóþùèå ìîäåëè è ïîäõîäû ê ïîëó÷åíèþ èçîáðàæåíèé ðàçëè÷íûõ îáúåêòîâ,
â òîì ÷èñëå è áèîëîãè÷åñêèõ, ïðåäïîëàãàþò íå òîëüêî ðåãèñòðàöèþ ïîëåé ïðîøåäøèõ
àêóñòè÷åñêèõ âîëí äëÿ èçìåðåíèÿ òàêèõ ëèíåéíûõ õàðàêòåðèñòèê, êàê ëîêàëüíûå
âåëè÷èíû ñêîðîñòè, êîýôôèöèåíò ïîãëîùåíèÿ, çâóêà, ïëîòíîñòü ñðåäû, íî è ïîçâîëÿþò
èñïîëüçîâàòü âûñîêèå äèàãíîñòè÷åñêèå âîçìîæíîñòè íåëèíåéíûõ ýôôåêòîâ äëÿ èçó÷åíèÿ
âíóòðåííèõ ñòðóêòóð èññëåäóåìûõ îáúåêòîâ [3].

Ïîëíîöåííûé ó÷¼ò òàêîé õàðàêòåðèñòèêè áèîëîãè÷åñêèõ òêàíåé, êàê ïîãëîùåíèå
ýíåðãèè àêóñòè÷åñêèõ âîëí, îáóñëîâëåííîãî âíóòðåííèì òðåíèåì è òåïëîïðîâîäíîñòüþ
ñðåäû, êîãäà ÷àñòü àêóñòè÷åñêîé ýíåðãèè ïðåîáðàçóåòñÿ â òåïëî, òðåáóåò ïîñòðîåíèÿ
ñîîòâåòñòâóþùåé ìîäåëè àêóñòè÷åñêîé âèçóàëèçàöèè âíóòðåííèõ ñòðóêòóð áèîëîãè÷åñêèõ
îáúåêòîâ [4].

Â ðàáîòå [5] ðåøàåòñÿ çàäà÷à ïîëó÷åíèÿ èçîáðàæåíèÿ âíóòðåííèõ ñòðóêòóð íà
îñíîâå èçìåðåíèÿ êàê àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà, òàê è ñêîðîñòè çâóêà äëÿ
ñëó÷àÿ, êîãäà íåîäíîðîäíûå ïî ýòèì ïàðàìåòðàì îáëàñòè ïåðåñåêàþòñÿ äðóã ñ äðóãîì.
Äàííàÿ ìîäåëü òðåáóåò ó÷¼òà êîíå÷íîé àïåðòóðû âçàèìîäåéñòâóþùèõ ðàññåÿííûõ
àêóñòè÷åñêèõ âîëí. Ðàçâèòèåì äàííûõ èññëåäîâàíèé ñòàëà ðàáîòà [6], â êîòîðîé
èññëåäóåòñÿ âîçìîæíîñòü ïðèìåíåíèÿ àêóñòè÷åñêèõ íåëèíåéíûõ ïàðàìåòðîâ âòîðîãî
è òðåòüåãî ïîðÿäêîâ. Â ðàáîòå [7] ðàññìîòðåíû îñíîâíûå îãðàíè÷åíèÿ èñïîëüçîâàíèÿ
íåëèíåéíîãî ïàðàìåòðà òðåòüåãî ïîðÿäêà. Ïîêàçàíî, ÷òî óðîâåíü ïîëåçíîãî ñèãíàëà,
ñîäåðæàùåãî èíôîðìàöèþ î äàííîé õàðàêòåðèñòèêå, î÷åíü ìàë è ïðàêòè÷åñêè ïîëíîñòüþ
ïîäàâëÿåòñÿ âêëàäîì êâàäðàòè÷íîãî íåëèíåéíîãî ïàðàìåòðà.

Â ðàáîòå [8] îïèñàí ïðîòîòèï òîìîãðàôè÷åñêîé ñèñòåìû, ïðåäíàçíà÷åííîé äëÿ
ïîëó÷åíèÿ ïîñëîéíîãî èçîáðàæåíèÿ îáúåêòîâ íà îñíîâå èñïîëüçîâàíèÿ àêóñòè÷åñêîãî
ïàðàìåòðà òðåòüåãî ïîðÿäêà.

1. Ïàðàìåòðè÷åñêèå ìîäåëè òîìîãðàôèè àêóñòè÷åñêîãî íåëèíåéíîãî

ïàðàìåòðà

Îäíèì èç ðàçâèâàåìûõ ïîäõîäîâ ê ïîñòðîåíèþ ñõåì àêóñòè÷åñêîé âèçóàëèçàöèè
ÿâëÿåòñÿ èñïîëüçîâàíèå â êà÷åñòâå ñòðóêòóðíîé õàðàêòåðèñòèêè àêóñòè÷åñêîãî
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íåëèíåéíîãî ïàðàìåòðà

ε = 1+
ρ0 × dc0

2

dP0

2
, (1)

ãäå ε � íåëèíåéíûé ïàðàìåòð, ρ0 � ïëîòíîñòü, c0 � ôàçîâàÿ ñêîðîñòü çâóêà,
P0 � àêóñòè÷åñêîå äàâëåíèå.

Â ðàáîòå [5] ïîêàçàíà ìîäåëü âîññòàíîâëåíèÿ àêóñòè÷åñêîãî íåëèíåéíîãî
ïàðàìåòðà,
â êîòîðîé ïðîâîäèëèñü èçìåðåíèÿ ïî íåëèíåéíûì õàðàêòåðèñòèêàì àêóñòè÷åñêèõ
ñèãíàëîâ, ðàñïðîñòðàíÿþùèõñÿ ïî çàäàííîé òðàåêòîðèè ëó÷åé, âûðàæàþùèõñÿ êàê
èíòåãðàë ε(x,y).

Çàäàííûå èíòåãðàëû ðàññ÷èòûâàëèñü ïðè èçìåðåíèÿõ àìïëèòóäû âîëíû
ðàçíîñòíîé ÷àñòîòû èëè ïî àìïëèòóäå âòîðîé ãàðìîíèêè àêóñòè÷åñêîãî ñèãíàëà.
Çíà÷åíèÿ ôàçîâîé ñêîðîñòè è ïëîòíîñòè ïðè ýòîì ñ÷èòàëèñü ïîñòîÿííûìè âî âñåì îáúåêòå
èçìåðåíèé. Êðîìå òîãî, äàííàÿ ìîäåëü îãðàíè÷åíà ðàìêàìè ëó÷åâîãî ïðèáëèæåíèÿ,
èç-çà ÷åãî ïîÿâëÿþòñÿ îãðàíè÷åíèÿ â ðàçðåøàþùåé ñïîñîáíîñòè äàííîãî ìåòîäà.

Ðàçâèòèåì äàííîé ìîäåëè ÿâëÿåòñÿ ðàáîòà àâòîðîâ Â.À. Áóðîâà, È.Å. Ãóðèíîâè÷à,
Î.Â. Ðóäåíêî, Å.ß. Òàãóíîâà, â êîòîðîé ðàññìàòðèâàåòñÿ ìîäåëü âîññòàíîâëåíèÿ
àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà ñ ó÷¼òîì íàëè÷èÿ íåîäíîðîäíûõ çíà÷åíèé
ñêîðîñòè çâóêà c è ïëîòíîñòè ρ, à òàêæå ñàìîé âåëè÷èíû ε [6].

Â äàííîé ìàòåìàòè÷åñêîé ìîäåëè ðàññìàòðèâàåòñÿ ðåøåíèå çàäà÷è, â êîòîðîé
âîññòàíàâëèâàþòñÿ íåîäíîðîäíîñòè ôàçîâîé ñêîðîñòè çâóêà c(r) è íåëèíåéíîãî
ïàðàìåòðà ε(r), êîãäà îáëàñòè äàííûõ íåîäíîðîäíîñòåé ïîëíîñòüþ èëè ÷àñòè÷íî
ïåðåêðûâàþòñÿ.

Èñõîäíîé ñèñòåìîé óðàâíåíèé äëÿ ýòîé ìîäåëè ÿâëÿåòñÿ ñèñòåìà óðàâíåíèé
Ýéëåðà, èç êîòîðîé áûëî ïîëó÷åíî âîëíîâîå óðàâíåíèå îòíîñèòåëüíî îñíîâíîé ïåðåìåííîé
� äàâëåíèÿ p′ = p− p0:

∆p
′ − 1

c20
× ∂2p

′

∂t2
= −Q, (2)

ãäå t � âðåìÿ ðàñïðîñòðàíåíèÿ êîëåáàíèé, Q � ôóíêöèÿ âòîðè÷íûõ èñòî÷íèêîâ:

ε

ρ0c40
× ∂2p

′2

∂t2
+

1

ρ0c40
×
(
∂p

∂t

)2

+
1

2
ρ0∆v

2 + ρ0v∆v, (3)

çäåñü v � êîëåáàòåëüíàÿ ñêîðîñòü.

Íà îñíîâå óðàâíåíèÿ (2) ðàññìàòðèâàåòñÿ ïðîöåññ ãåíåðàöèè âîëí êîìáèíàöèîííûõ
÷àñòîò ïðè âçàèìîäåéñòâèè âîëíîâûõ ïó÷êîâ. Ïðè ðàçðàáîòêå ìàòåìàòè÷åñêîé ìîäåëè
óðàâíåíèå (2) ñâîäèòñÿ ê óðàâíåíèþ Âåñòåðâåëüòà:

∆p
′ − 1

c20
× ∂2p

′

∂t2
= − ε

ρ0c40
× ∂2p

′2

∂t2
. (4)

Óðàâíåíèå (4) ñ ó÷¼òîì óñëîâèé çàäà÷è âîññòàíîâëåíèÿ c(r) è ε(r) ðåøàåòñÿ
ìåòîäîì ïîñëåäîâàòåëüíûõ ïðèáëèæåíèé:

∆p
′ − 1

c20
× ∂2p

′

∂t2
= −F

(
p
′
)
, (5)

çäåñü F (p) � ôóíêöèÿ âòîðè÷íûõ èñòî÷íèêîâ:

F
(
p
′
)
=

ε

ρ0c40
× ∂2p

′2

∂t2
+

(
χ

c20

)(
∂2p

′

∂t2

)
, (6)
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c = c (r) , χ = χ (r) = c20

[
1

c20
− 1

c2 (r)

]
. (7)

Ïåðâîå ñëàãàåìîå äëÿ F îïèñûâàåò ãåíåðàöèþ âîëí êîìáèíàöèîííûõ ÷àñòîò è
âòîðûõ ãàðìîíèê, âòîðîå � ðàññåÿíèå êàæäîé ÷àñòîòû íà íåîäíîðîäíîñòÿõ ñêîðîñòè çâóêà
c. Äàëåå ðåøåíèå çàäà÷è ðàññìàòðèâàåòñÿ ñ òî÷êè çðåíèÿ ñóïåðïîçèöèè àêóñòè÷åñêèõ
âîëí íà êîìáèíàöèîííûõ ÷àñòîòàõ ω1,2, ðàçíîñòíîé ÷àñòîòå Ω è ν.

Ñ ó÷¼òîì ýòèõ ãðàíè÷íûõ óñëîâèé èç óðàâíåíèÿ (5) ïîëó÷àþò ðÿä âûðàæåíèé äëÿ
àìïëèòóäû êàæäîé èç ÷àñòîòíûõ ñîñòàâëÿþùèõ:

∆p1 +
ω2
1

c20
p1 =

ω2
1

c20
χp1, (8)

∆p2 +
ω2
2

c20
p2 =

ω2
2

c20
χp2,

∆p− +
Ω2

c20
p− =

εΩ2

ρ0c4
p1p

∗
2 +

Ω2

c20
χp−,

∆p+ +
ν2

c20
p+ =

εν2

ρ0c4
p1p2 +

ν2

c20
χp+.

Èíòåãðàëüíàÿ çàïèñü ïåðâîãî è âòîðîãî óðàâíåíèé ñèñòåìû (8)

p1 (y) = p01 (y) +

∫
R

g1 (y,r)
ω2
1

c20
χ (r) p1 (r) dr , (9)

p2 (y) = p02 (y) +

∫
R

g1 (y,r)
ω2
2

c20
χ (r) p2 (r) dr , (10)

ãäå gj =
(
− 1

4π

)
exp (ikj |y − r|)/ |y − r| , j=1,2 � ôóíêöèè Ãðèíà â îäíîðîäíîé

áåçãðàíè÷íîé ñðåäå, k1,2 � ìîäóëè âîëíîâûõ ÷èñåë, p
0
1(y) è p

0
2(y) � ïåðâè÷íûå îáëó÷àþùèå

ïîëÿ; p1(y) è p2(y) � àêóñòè÷åñêèå ïîëÿ, y � òî÷êà íàáëþäåíèÿ, R � îáëàñòü ðàññåÿíèÿ, â
êîòîðîé ðàñïîëàãàåòñÿ íåîäíîðîäíîñòü ôàçîâîé ñêîðîñòè c.

Ñ ó÷¼òîì òîãî, ÷òî ïîëíîå àêóñòè÷åñêîå ïîëå èçâåñòíî òîëüêî â îáëàñòè èçìåðåíèé
è íåèçâåñòíî â îáëàñòè ðàññåÿíèÿ, âûðàæåíèÿ (9) è (10) ïðèîáðåòàþò ñëåäóþùèé âèä:

p1 (y) = p01 (y) +

∫
R

g1 (y,r)
ω2
1

c20
χ (r) p1 (r) dr , (11)

p1 (r) = p1 (y) +

∫
R

g1

(
r,r

′
) ω2

1

c20
χ
(
r
′
)
p1

(
r
′
)
dr

′
,

ãäå y /∈ R, r,r′ ∈ R .

Äëÿ îïðåäåëåíèÿ ðàññåÿííîãî ïîëÿ â ìîäåëü ââîäÿòñÿ îïåðàòîðû ĝ1(y,r′), êîòîðûé
îïèñûâàåò èñòî÷íèêè êîëåáàíèé, è ĝ1(r,r′), îòâå÷àþùèé çà âòîðè÷íûå èñòî÷íèêè,
îáðàçóþùèåñÿ â îáëàñòè R. Òîãäà (11) çàïèñûâàþò êàê:

p1 (y)− p01 (y) =
ω2
1

c20
ĝ1(y,r′ )χ (r) p1 (r) , (12)

p1 (r)− p01 (r) =
ω2
1

c20
ĝ1(r,r′ )χ

(
r
′
)
p1

(
r
′
)
.
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Ñèñòåìó óðàâíåíèé (12) ìîæíî ïðåäñòàâèòü â âèäå:

p1 = p01 +
ω2
1

c20
ĝ1(y,r)[E − ω2

1

ñ20
χĝ1(r,r′ )]

−1χp01, (13)

p2 = p02 +
ω2
2

c20
ĝ2(y,r)[E − ω2

2

ñ20
χĝ2(r,r′ )]

−1χp02,

ãäå E � åäèíè÷íûé îïåðàòîð íà îáëàñòè èíòåãðèðîâàíèÿ R:

Eψ
(
r
′
)
=

∫
R

δ
(
r − r

′
)
ψ
(
r
′
)
dr

′
= ψ (r) . (14)

Ñèñòåìà âûðàæåíèé (13) ïîêàçûâàåò ñâÿçü ìåæäó èçìåðÿåìûì ðàññåÿííûì ïîëåì
è çîíäèðóþùèìè ñèãíàëàìè ÷åðåç ôóíêöèþ Ãðèíà äëÿ íåîäíîðîäíîé ñðåäû:

Ĝ1 = ĝ1(y,r)

[
E − ω2

1

ñ20
χĝ1(r,r′ )

]−1

χ, (15)

Ĝ2 = ĝ2(y,r)

[
E − ω2

2

ñ20
χĝ2(r,r′ )

]−1

χ.

Äëÿ îöåíêè ðàññåÿííîãî ïîëÿ χ(r) è íåëèíåéíîãî ïàðàìåòðà ε èñïîëüçóåòñÿ
ñèñòåìà óðàâíåíèé (15), à êîìáèíàöèîííûå ÷àñòîòû, ðàññåÿííûå íà íåîäíîðîäíîñòÿõ
ñêîðîñòè çâóêà, îïèñûâàþòñÿ äâóìÿ ïîñëåäíèìè óðàâíåíèÿìè ñèñòåìû (8). Îòñþäà îáùåå
âûðàæåíèå äëÿ àìïëèòóäû çâóêîâîãî äàâëåíèÿ ðàçíîñòíîé ÷àñòîòû áóäåò:

p0− =
Ω2

ρ0
ĝ−(y,r)[βp1p

∗
2], (16)

ãäå β=ε(r)/c4(r).

Ïîëíîå ðàññåÿííîå ïîëå ðàçíîñòíîé ÷àñòîòû òîãäà áóäåò èìåòü ñëåäóþùèé âèä:

p− = p0− +
Ω2

c20
ĝ−(y,r)

[
E − Ω2

c20
χg−(r,r′)

]−1

χp0− (17)

Çàäà÷à íåëèíåéíîãî ðàññåÿíèÿ âîëí â ñðåäå ñ ðåôðàêöèîííûìè íåîäíîðîäíîñòÿìè
â äàííîé ìîäåëè ÿâëÿåòñÿ îáðàòèìîé çà ñ÷¼ò òîãî, ÷òî âûðàæåíèÿ äëÿ ñóììàðíîé è
ðàçíîñòíîé ÷àñòîò ïîëíîñòüþ èäåíòè÷íû. Êðîìå òîãî, ïðîöåññ ãåíåðàöèè âîëí ðàçíîñòíîé
è ñóììàðíîé ÷àñòîò òàêæå îïèñûâàåòñÿ èäåíòè÷íûìè ñîîòíîøåíèÿìè [7].

Ïðè ãðàíè÷íîì óñëîâèè c(r) = c0 àìïëèòóäû âîëí, ðàññåÿííûõ íà ðàçíîñòíîé è
ñóììàðíîé ÷àñòîòàõ, îïèñûâàþòñÿ êàê

p− (y) =
Ω2

ρ0c40
01p∗02g− (y) ε̃ (K−) , (18)

p+ (y) =
Ω2

ρ0c40
p01p

∗
02g+(y)ε̃(K+),

çäåñüK− � âîëíîâîé âåêòîð ðàçíîñòíîé ÷àñòîòû, K+ � âîëíîâîé âåêòîð ñóììàðíîé
÷àñòîòû.

Íà îñíîâå ñèñòåìû óðàâíåíèé (18) â äàííîé ìîäåëè ïðîèñõîäèò âîññòàíîâëåíèå
àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà â âèäå ε̃ (K) .
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Îäíàêî ïðè ïðàêòè÷åñêîé ðåàëèçàöèè âîçíèêàåò ïðîáëåìà èçáûòî÷íîñòè äàííûõ.
Â ñëó÷àå ôèêñèðîâàííûõ êîìáèíàöèîííûõ ÷àñòîò ω1, ω2 è ïðîèçâîëüíîé îðèåíòàöèè
âîëíîâûõ âåêòîðîâ k1, k2 ïðè êàæäîì èçìåðåíèè ε̃ (K) âî âñåõ íàïðàâëåíèÿõ îáëó÷åíèÿ
îáúåêòà èññëåäîâàíèÿ ïðèâîäèò ê èçáûòî÷íîñòè ïîëó÷àåìîé èíôîðìàöèè.

Óñòðàíèòü îáîçíà÷åííóþ ïðîáëåìó â äàííîé ìîäåëè ïîçâîëÿåò ñîãëàñîâàííûé
âûáîð ìíîæåñòâà íàïðàâëåíèé îáëó÷åíèÿ çîíäèðóþùèì èçëó÷åíèåì. Òåì íå ìåíåå â
äàííîé ìîäåëè íåîáõîäèìî ó÷èòûâàòü àïåðòóðó è ãåîìåòðèþ ðàñïðîñòðàíåíèÿ êàæäîé èç
âçàèìîäåéñòâóþùèõ âîëí.

Ðàçâèòèåì ïàðàìåòðè÷åñêîé ìîäåëè âîññòàíîâëåíèÿ àêóñòè÷åñêîãî íåëèíåéíîãî
ïàðàìåòðà ÿâèëàñü ñõåìà âîññòàíîâëåíèÿ äàííûõ õàðàêòåðèñòèê ñ ïîìîùüþ ìàëîãî ÷èñëà
ïðåîáðàçîâàòåëåé [7]. Îñíîâîé äàííîé ìîäåëè ÿâëÿåòñÿ âîëíîâîå óðàâíåíèå, ïîëó÷åííîå
îòíîñèòåëüíî äàâëåíèÿ:

∆p
′ − 1

c2(r)
× ∂2p

′

∂t2
= −Q+ F0, (19)

ãäå F0 � èñòî÷íèêè ïåðâè÷íûõ âîëí, Q � âòîðè÷íûå èñòî÷íèêè, ïðåäñòàâëåííûå â
âèäå:

Q =
ε (r)− 1

ρ0c4 (r)

∂2p2

∂t2
+

1

ρ0c4 (r)

(
∂p

∂t

)2

+
1

2
ρ0∆v

2 + ρ0v∆v. (20)

Âûðàæåíèÿ (19) è (20) îïèñûâàþò ñðåäó, íåîäíîðîäíóþ ïî ôàçîâîé ñêîðîñòè, ÷òî
âûðàæåíî â çàâèñèìîñòè c(r).

Ðåãèñòðèðóåìîå ðàññåÿííîå àêóñòè÷åñêîå ïîëå îïèñûâàåòñÿ óðàâíåíèåì
Âåñòåðâåëüòà:

∆p
′ − 1

c2 (r)
× ∂2p

′

∂t2
= − ε (r)

ρ0c4 (r)

∂2p2

∂t2
+ F0. (21)

Èñïîëüçîâàíèå äàííîãî óðàâíåíèÿ îáóñëîâëåíî íåîáõîäèìîñòüþ ó÷¼òà òîëüêî
âòîðè÷íûõ èñòî÷íèêîâ èçëó÷åíèÿ. Ïåðâûé ìíîæèòåëü â ïðàâîé ÷àñòè îïèñûâàåò
íåëèíåéíóþ ãåíåðàöèþ âòîðè÷íûõ âîëí, êîòîðûå âîçíèêàþò âíå îáëàñòè
ïàðàìåòðè÷åñêîãî âçàèìîäåéñòâèÿ: âîëíû ñóììàðíîé è ðàçíîñòíîé ÷àñòîò ω1 è ω2,
âîëíû âòîðûõ ãàðìîíèê 2ω1 è 2ω2.

Â ñëó÷àå ôèêñèðîâàííûõ ìîíîõðîìàòè÷åñêèõ ñîñòàâëÿþùèõ pj(r, t) àêóñòè÷åñêîå
ïîëå ïðåäñòàâëÿåòñÿ â âèäå ñèñòåìû óðàâíåíèé äëÿ êîìïëåêñíûõ àìïëèòóä pj(r):

∆p1,2 +
ω2
1,2

c2 (r)
p1,2 = F01,02, (22)

∆p± +
ω2
±

c2 (r)
p± =

ε (r)ω2
±

ρ0c4 (r)
p1p

(∗)
2 ,

ãäå p1, p2 � âîëíû ñ ÷àñòîòàìè ω1 è ω2, F01,02 � èñòî÷íèêè ïåðâè÷íûõ âîëí íà
ñîîòâåòñòâóþùåé ÷àñòîòå, (*) � çíàê ñîïðÿæåíèÿ p2.

Ðåøåíèå ñèñòåìû óðàâíåíèé (22) ïðåäñòàâëåíî â âèäå âûðàæåíèÿ ñèãíàëîâ
êîìáèíàöèîííûõ ÷àñòîò:

p± (y) =

∫
R

G± (y,r)
ε (r)ω2

±

ρ0c4 (r)
p1 (r) p

(∗)
2 (r) dr , (23)

çäåñü G± (y,r) � ìîíîõðîìàòè÷åñêèå ôóíêöèè Ãðèíà äëÿ ðàçíîñòíîé è ñóììàðíîé
÷àñòîò, ðàñïðîñòðàíÿþùèõñÿ â îäíîðîäíîé áåçãðàíè÷íîé ñðåäå, y � ðàäèóñ-âåêòîð,
îïðåäåëÿþùèé òî÷êó íàáëþäåíèÿ, R � îáëàñòü ðàññåÿíèÿ, ãäå âçàèìîäåéñòâóþò
àêóñòè÷åñêèå ïó÷êè.
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Äëÿ ðàñ÷åòà àêóñòè÷åñêîãî ïîëÿ â äàëüíåé çîíå ôóíêöèÿ Ãðèíà
äëÿ ìîíîõðîìàòè÷åñêîãî èçëó÷åíèÿ ïðåîáðàçîâûâàåòñÿ ê âèäó:

G± (y,r) ≈ G± (y,0) exp (ik±r), (24)

çäåñü k± � âîëíîâîé âåêòîð ðàññåÿííîé âîëíû íà ñóììàðíîé èëè ðàçíîñòíîé
÷àñòîòå.

Â ñëó÷àå ñðåäû, íåîäíîðîäíîé òîëüêî ïî íåëèíåéíîìó ïàðàìåòðó è îäíîðîäíîé ïî
ëèíåéíûì õàðàêòåðèñòèêàì, âûðàæåíèå (23) ïðåîáðàçîâûâàåòñÿ ê âèäó:

p± (y) ≈
ω2
±

ρ0c40
p01p

(∗)
02 G± (y,0) ε̃ (K±) , (25)

ãäå K∓ � ïðîñòðàíñòâåííûå âåêòîðû êîìáèíàöèîííûõ ÷àñòîò.

Äàííîå ñîîòíîøåíèå ÿâëÿåòñÿ îñíîâîé äëÿ âîññòàíîâëåíèÿ ñïåêòðàëüíûõ
õàðàêòåðèñòèê íåëèíåéíîãî ðàññåèâàòåëÿ ε̃ (K±).

Ïðè íàëè÷èè â ñðåäå íåîäíîðîäíîñòåé ñêîðîñòåé çâóêà, êîòîðûå ó÷èòûâàþòñÿ â

âèäå äîáàâêè χ (r) =
[

1
c20
− 1

c2(r)

]
, óðàâíåíèå (21) ñâîäèòñÿ ê âèäó:

∆p
′ − 1

c2 (r)
× ∂2p

′

∂t2
= −

[
ε (r)

ρ0c4 (r)

∂2p2

∂t2
+ χ (r)

∂2p2

∂t2

]
+ F0. (26)

Â äàííîì âèäå, êðîìå íåîäíîðîäíîñòè àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà,
â ìîäåëè ó÷èòûâàåòñÿ ðàññåÿíèå êîìáèíàöèîííûõ ÷àñòîò íà íåîäíîðîäíîñòÿõ ñêîðîñòè
çâóêà χ, ÷òî ïðèâîäèò ê óñëîæíåíèþ ðàñ÷åòîâ.

Â ðàáîòå [8] ðàññìîòðåíû ïðîáëåìû èñïîëüçîâàíèÿ íåëèíåéíûõ êîëëèíåàðíûõ
ïðîöåññîâ òðåòüåãî ïîðÿäêà äëÿ âîññòàíîâëåíèÿ íåëèíåéíûõ àêóñòè÷åñêèõ ïàðàìåòðîâ
âòîðîãî è òðåòüåãî ïîðÿäêîâ.

Â äàííîé ìîäåëè â âûðàæåíèè (20) óæå ó÷èòûâàþòñÿ àêóñòè÷åñêèå íåëèíåéíûå
ïàðàìåòðû âòîðîãî ε2 è òðåòüåãî ε3 ïîðÿäêîâ:

Q =

[
ε (r)− 1

ρ0c4 (r)

∂2p2

∂t2
+

1

ρ0c4 (r)

(
∂p

∂t

)2

+ ρ0∇ [(v∇) v] + ρ0v∇ (∇v)

]
+

+

{
2 (ε2 (r)− 1)2 − ε3 (r)

}
ρ20c

6(r)

∂2(p3)

∂t2
+

+2 (ε2 (r)− 1)

ρ20c
6 (r)

(
∂p

∂t

)
(
∂ (p2)

∂t
+ 2 (∇v)∇

(
ρ

′
v
)
− (27)

−∇
[
v
{
∇
(
ρ

′
v
)}]

−∇[ρ
′
(∇v) v].

Â äàííîì ñëó÷àå âîëíîâîå óðàâíåíèå óæå ðåøàåòñÿ îòíîñèòåëüíî êîëåáàòåëüíîé
ñêîðîñòè:

∂v

∂t
= −∇p

ρ0
+

∇ (p2)

2ρ20c
2 (r)

− (v∇) v − ε2
3ρ30c

4 (r)
∇(p3). (28)

Èñïîëüçóÿ ìåòîä ìàëîãî ïàðàìåòðà, êîãäà âêëàä êàæäîãî èç íåëèíåéíîãî
ïàðàìåòðîâ ÿâëÿåòñÿ îòäåëüíûì ñëàãàåìûì, îöåíèâàåòñÿ âêëàä íåëèíåéíûõ ýôôåêòîâ
âòîðîãî è òðåòüåãî ïîðÿäêà ìàëîñòè. Òàêèì æå îáðàçîì ïðåäñòàâëÿþòñÿ íåëèíåéíûå
âòîðè÷íûå èñòî÷íèêè âòîðîãî è òðåòüåãî ïîðÿäêîâ â ïðàâîé ÷àñòè âîëíîâîãî óðàâíåíèÿ,
êàæäûé èç êîòîðûõ â ñâîþ î÷åðåäü òàêæå ÿâëÿåòñÿ ñóììîé èñòî÷íèêîâ, êîòîðûå èõ
ôîðìèðóþò [8-10].
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Â òàêîì ïðèáëèæåíèè îñíîâíîé çàäà÷åé àêóñòè÷åñêîé âèçóàëèçàöèè ñòàíîâèòñÿ
íå òîëüêî âîññòàíîâëåíèå ðàñïðåäåëåíèÿ àêóñòè÷åñêîãî íåëèíåéíîãî ïîðÿäêà òðåáóåìîãî
ïàðàìåòðà, íî è ðàçäåëåíèå âêëàäîâ íåëèíåéíûõ ïîðÿäêîâ âòîðîãî ε2
è òðåòüåãî ε3 ïîðÿäêîâ. Òàêæå ïðîáëåìàòè÷íûì ÿâëÿåòñÿ íàëè÷èå íåëèíåéíîãî ïàðàìåòðà
òðåòüåãî ïîðÿäêà ìåøàþùåãî êîìáèíàöèîííîãî ñèãíàëà îò äâîéíîãî âçàèìîäåéñòâèÿ
êîìáèíàöèîííûõ ÷àñòîò âòîðîãî ïîðÿäêà [11,12].

2. Ãåíåðàöèÿ ãàðìîíè÷åñêèõ ñîñòàâëÿþùèõ àêóñòè÷åñêîé âîëíû

â áèîëîãè÷åñêèõ ñðåäàõ

Îòäåëüíîé çàäà÷åé, âîçíèêàþùåé ïðè ðàçðàáîòêå ñèñòåì âèçóàëèçàöèè
âíóòðåííèõ ñòðóêòóð, ÿâëÿåòñÿ èññëåäîâàíèå ãåíåðàöèè ãàðìîíè÷åñêèõ ñîñòàâëÿþùèõ
àêóñòè÷åñêèõ âîëí, ïî óðîâíþ êîòîðûõ ìîæíî ðàññ÷èòàòü âåëè÷èíó íåëèíåéíîãî
ïàðàìåòðà [13].

Èäåàëüíóþ ñðåäó, ÿâëÿþùóþñÿ íåëèíåéíîé, ïðèíÿòî îïèñûâàòü íà îñíîâå
óðàâíåíèÿ Èðíøîó:

∂v

∂x
=

ε

c20
v
∂v

∂τ
− ζ

c30
v2
∂v

∂τ
, (29)

ãäå τ = t − x
c
� ñîïðîâîæäàþùàÿ êîîðäèíàòà, ε � íåëèíåéíûé ïàðàìåòð âòîðîãî

ïîðÿäêà ζ � íåëèíåéíûé ïàðàìåòð òðåòüåãî ïîðÿäêà, v � êîëåáàòåëüíàÿ ñêîðîñòü.

Îòñþäà âûðàæåíèå äëÿ îöåíêè àìïëèòóäû âòîðîé ãàðìîíèêè áóäåò:

v2ω =
εωv20 x

2c20
sin (2ωτ) , (30)

ω � öèêëè÷åñêàÿ ÷àñòîòà êîëåáàíèé óëüòðàçâóêîâîé âîëíû, x � ðàññòîÿíèå
ðàñïðîñòðàíåíèÿ âòîðîé ãàðìîíèêè.

Ðåøåíèå (30) ïîëó÷åíî äëÿ àìïëèòóäû êîëåáàòåëüíîé ñêîðîñòè âòîðîé ãàðìîíèêè
àêóñòè÷åñêîãî ñèãíàëà, êîòîðóþ äîâîëüíî ñëîæíî èçìåðèòü. Ïîýòîìó âìåñòî ýòîé ìîäåëè
â äàííîì ñëó÷àå èñïîëüçóþò âûðàæåíèå äëÿ àìïëèòóäû äàâëåíèÿ âòîðîé ãàðìîíèêè:

p(2) =

(
ε

2ρ20c
4
0

)
ωp20x sin (ωτ). (31)

Íà îñíîâå âûðàæåíèÿ (31) ïðîâåäåíà îöåíêà ÷àñòîòû îñíîâíîãî ñèãíàëà íà óðîâåíü
âòîðîé ãàðìîíèêè, ÷òî ïîêàçàíî íà ðèñóíêå 1.

Ðåçóëüòàòû, ïðåäñòàâëåííûå íà ðèñóíêå 1, ïîêàçûâàþò ñòåïåíü âëèÿíèÿ
ðàçëè÷íûõ ïàðàìåòðîâ àêóñòè÷åñêîãî èçëó÷åíèÿ íà ïðîöåññ ðîñòà âòîðîé ãàðìîíèêè â
ðàçëè÷íûõ áèîëîãè÷åñêèõ ñðåäàõ. Ïðîâåäåííûé àíàëèç ðåçóëüòàòîâ ïîçâîëÿåò ñäåëàòü
âûâîä, ÷òî ïðè óâåëè÷åíèè ÷àñòîòû íà 67%äàâëåíèå âòîðîé ãàðìîíèêè íà ðàññòîÿíèè
10 ñì óâåëè÷èâàåòñÿ íà 70%, à ïðè èçìåíåíèè äàâëåíèÿ ïåðâîé ãàðìîíèêè íà 16%, ýòî
äàâëåíèå óâåëè÷èâàåòñÿ íà 42%.

Îäíàêî äàííàÿ ìîäåëü íå ó÷èòûâàåò íàëè÷èå äèññèïàòèâíûõ ïðîöåññîâ,
õàðàêòåðíûõ äëÿ ðàñïðîñòðàíåíèÿ óëüòðàçâóêîâûõ êîëåáàíèé â áèîëîãè÷åñêèõ òêàíÿõ.

Ó÷åñòü íàëè÷èå ýòèõ ïðîöåññîâ ïîçâîëÿåò óðàâíåíèå Áþðãåðñà

∂v

∂x
− ε

c20
v
∂v

∂τ
=

b

2c30ρ0

∂2v

∂τ 2
, (32)

b � äèññèïàòèâíûé êîýôôèöèåíò, ε � íåëèíåéíûé ïàðàìåòð, τ � ñîïðîâîæäàþùàÿ
êîîðäèíàòà.
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a) á)

â) ã)

ä)

Ðèñ. 1. Èçìåíåíèå àìïëèòóäû äàâëåíèÿ ñ ðàññòîÿíèåì äëÿ ðàçëè÷íûõ çíà÷åíèé ÷àñòîòû
(à � 1 ÌÃö, á � 3 ÌÃö, â � 5 ÌÃö) ïåðâîé ãàðìîíèêè äëÿ: à) æèðîâîé òêàíè, á) êðîâè,

â) ãîìîãåíèçèðîâàííîé ïå÷åíè, ã) ìûøå÷íîé òêàíè, ä) ìèîìû

Äàëåå èç äàííîãî óðàâíåíèÿ ïîëó÷àþò âûðàæåíèå äëÿ âòîðîé ãàðìîíèêè
àêóñòè÷åñêîãî ñèãíàëà:

v(2) =
εv0Re

2

(
e−2αx − e−4αx

)
sin 2ωτ, (33)

Re � ÷èñëî Ðåéíîëüäñà.
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Óðàâíåíèå (33) ïðèìåíèìî òîëüêî äëÿ ñëó÷àåâ ìàëîñòè íåëèíåéíûõ ïðîöåññîâ,
÷òî äëÿ öåëåé âîññòàíîâëåíèÿ íåëèíåéíîãî ïàðàìåòðà ìîæåò áûòü íåäîñòàòî÷íûì.

Êðîìå òîãî, îñîáåííîñòüþ äàííîãî óðàâíåíèÿ ÿâëÿåòñÿ òî, ÷òî âèä ðåøåíèÿ äëÿ
óðàâíåíèÿ Áþðãåðñà áóäåò çàâèñåòü îò ðàññìàòðèâàåìîãî ó÷àñòêà ïðîôèëÿ àêóñòè÷åñêîé
âîëíû [14].

Äëÿ èçìåðåíèÿ àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà ââîäÿò âåëè÷èíó N :

N =
An

A1

, (34)

ãäå An � àìïëèòóäà n-ãàðìîíèêè àêóñòè÷åñêîé âîëíû, 1 � àìïëèòóäà îñíîâíîé
÷àñòîòû. Ñ ïîìîùüþ ñðåäñòâ ñïåêòðàëüíîãî àíàëèçà ïðîâîäèòñÿ èçìåðåíèå ïîêàçàòåëÿ
N äëÿ äàëüíåéøåãî ïîëó÷åíèÿ àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà íà íåêîòîðîì
ðàññòîÿíèè îò òî÷êè âõîäà çîíäèðóþùåãî èçëó÷åíèÿ â ñðåäó.

Â ðàìêàõ äàííîé ìîäåëè íå äî êîíöà ðàññìàòðèâàåòñÿ ïîëó÷åíèå ïîñëîéíîãî
èçîáðàæåíèÿ èññëåäóåìîãî îáúåêòà, ÷òî íåîáõîäèìî äëÿ ðåøåíèÿ çàäà÷ òîìîãðàôèè [15].

Íà îñíîâå àíàëèçà ðàññìîòðåííûõ ìîäåëåé ïðåäëàãàåòñÿ ìîäåëü âîññòàíîâëåíèÿ
àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà, ó÷èòûâàþùàÿ ïðèíöèïû òîìîãðàôè÷åñêèõ ñèñòåì.

Äëÿ ñðåäû, ïîñòîÿííîé ïî äàâëåíèþ p, àêóñòè÷åñêèé íåëèíåéíûé ïàðàìåòð
çàïèøåì â âèäå:

ε(x) = 1 +
B

2A
. (35)

Äëÿ ðàñ÷¼òà àêóñòè÷åñêîãî ïîëÿ âîñïîëüçóåìñÿ óðàâíåíèåì Áþðãåðñà â âèäå:

∂p

∂x
− ε(x)

c3 (x) ρ0
p
∂p

∂τ
=

b

2c3(x)ρ0

∂2p

∂τ 2
. (36)

Ðåøåíèå äàííîãî óðàâíåíèÿ äëÿ ñëó÷àÿ, êîãäà íåëèíåéíûå ýôôåêòû èãðàþò
ïðåîáëàäàþùóþ ðîëü, èìååò âèä:

p = p0 sin

{
ω

[
t− x

(
1

c
− εp

c3ρ0

)]}
. (37)

Â äàííîì ðåøåíèè ó÷èòûâàþòñÿ çàâèñèìîñòü îò ðàññòîÿíèÿ íå òîëüêî íåëèíåéíîãî
ïàðàìåòðà, íî è ñêîðîñòè çâóêà äëÿ ïîâûøåíèÿ ðàçðåøàþùåé ñïîñîáíîñòè.

Ïåðåïèøåì âûðàæåíèå (37) â èíòåãðàëüíîé ôîðìå äëÿ òîãî, ÷òîáû ðàññ÷èòàòü
èçìåíåíèÿ àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà âäîëü ïóòè ñëåäîâàíèÿ àêóñòè÷åñêîãî
ëó÷à:

p(x) =

∫
r

g (x,r) p0(x)

{
ω

[
t− x

(
1

c (r)
− ε(r)p

c3 (r) ρ0

)]}
dr, (38)

ãäå g (x,r) = e−jk|x−r|

|x−r| � ôóíêöèÿ Ãðèíà, k � âîëíîâîå ÷èñëî.

Äëÿ òîãî, ÷òîáû âîññòàíîâèòü ðàñïðåäåëåíèå àêóñòè÷åñêîãî ïàðàìåòðà â ñå÷åíèè
îáúåêòà, òî åñòü ïîëó÷èòü òîìîãðàììó, ââåäåì ïîäâèæíóþ ñèñòåìó êîîðäèíàò ñ îñÿìè Îξ
è Îζ.

Âçàèìîñâÿçü ìåæäó ïîäâèæíîé è íåïîäâèæíûìè ñèñòåìàìè êîîðäèíàò:

ζ = xcosθ + ysinθ, ξ = −xsinθ + ycosθ, (39)

x = ζcosθ − ξsinθ, y = ζsinθ + ξcosθ.
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Òîãäà âûðàæåíèå äëÿ ïðîåêöèè àìïëèòóäû ðåãèñòðèðóåìîãî àêóñòè÷åñêîãî
äàâëåíèÿ p(ξ, ζ) áóäåò:

p (ξ,θ) =

∫ ∞

−∞
g (x,r)

{
ω

[
t− r

(
1

c (r)
− ε(r)p

c3 (r) ρ0

)]}
dζ (40)

×òîáû ñâÿçàòü èçìåðåííûå ïðîåêöèè ñ íåëèíåéíûì ïàðàìåòðîì âîñïîëüçóåìñÿ
ïîëîæåíèÿìè òåîðåìû î öåíòðàëüíîì ñå÷åíèè. Äëÿ ýòîãî ïðèìåì ÷òî:

p′ (ω,θ) = (2π)−1/2

∫ ∞

−∞
p (ξ,θ) exp (−iξω)dξ =

(2π)−1/2

∫ ∞

0

rdr

∫ 2π

0

p (r,φ) exp(−irρ cos (θ − φ))dφ (41)

Çäåñü óæå çàâèñèìîñòü íåëèíåéíîãî ïàðàìåòðà ε è ñêîðîñòè çâóêà c áóäåò
ïðåäñòàâëåíà óæå â ïîëÿðíûõ êîîðäèíàòàõ è îáðàç Ôóðüå äëÿ ïðîåêöèè p′ (ρ, θ) áóäåò
óæå â êîîðäèíàòàõ, íåîáõîäèìûõ äëÿ ïîñòðîåíèÿ ïîñëîéíîãî èçîáðàæåíèÿ.

Äëÿ ïðîâåäåíèÿ ýêñïåðèìåíòàëüíûõ èçìåðåíèé àêóñòè÷åñêîãî íåëèíåéíîãî
ïàðàìåòðà áûëà ðàçðàáîòàíà ñòðóêòóðíàÿ ñõåìà óñòàíîâêè, ïðåäñòàâëåííàÿ íà ðèñóíêå 2.

Ðèñ. 2. Ñòðóêòóðíàÿ ñõåìà ýêñïåðèìåíòàëüíîé óñòàíîâêè

Ðàáîòà äàííîé ïîäñèñòåìû ïîñòðîåíà íà ñëåäóþùåì àëãîðèòìå äåéñòâèé.
Ñèãíàë ñ ãåíåðàòîðà ïîñòóïàåò íà ôîðìèðîâàòåëü èìïóëüñîâ, ñôîðìèðîâàííûé èìïóëüñ
ïîñòóïàåò íà èçëó÷àòåëü, ãåíåðèðóþùèé ñèãíàë ÷àñòîòîé 2 ÌÃö. Ñôîðìèðîâàííûé
àêóñòè÷åñêèé ñèãíàë ïîïàäàåò íà èññëåäóåìûé îáúåêò, ÿâëÿþùèéñÿ ìîäåëüþ
áèîëîãè÷åñêîé ñðåäû. Ïîñëå âçàèìîäåéñòâèÿ çîíäèðóþùåãî èçëó÷åíèÿ ñ áèîëîãè÷åñêèì
îáúåêòîì ïîëó÷åííûé ñèãíàë ïîñòóïàåò íà ïðèåìíèê, à äàëåå íà óñèëèòåëü, âûïîëíåííûé
ïî äâóõòàêòíîé ñõåìå, ôèëüòðóåòñÿ è ïîñòóïàåò â ïåðñîíàëüíûé êîìïüþòåð (ÏÊ) [16].

Äàííàÿ óñòàíîâêà ïîçâîëèò ðåøèòü ñëåäóþùèå çàäà÷è ýêñïåðèìåíòàëüíîãî
èññëåäîâàíèÿ, íåîáõîäèìûå äëÿ ïðîâåðêè òåîðåòè÷åñêèõ ðåçóëüòàòîâ:

• èññëåäîâàíèå ïðîöåññîâ âîçíèêíîâåíèÿ è ðàñïðîñòðàíåíèÿ âòîðîé ãàðìîíèêè
àêóñòè÷åñêîãî ñèãíàëà;

• ïðîâåäåíèå àíàëèçà àìïëèòóäíûõ ðàñïðåäåëåíèé äàâëåíèÿ âòîðîé ãàðìîíèêè
ñèãíàëà;

• ïîëó÷åíèå çíà÷åíèé àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà â èññëåäóåìîì
îáúåêòå.
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Çàêëþ÷åíèå

Ðàññìîòðåííûå ìîäåëè âîññòàíîâëåíèÿ àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà
ïîçâîëÿþò ïîñòðîèòü èçîáðàæåíèå âíóòðåííèõ ñòðóêòóð ðàçëè÷íûõ îáúåêòîâ
èññëåäîâàíèé, â òîì ÷èñëå è áèîëîãè÷åñêèõ. Òåì íå ìåíåå îáîçíà÷åííûå íåäîñòàòêè
ïîêàçàííûõ ìîäåëåé îñòàâëÿþò àêòóàëüíûì âîïðîñ ñîâåðøåíñòâîâàíèÿ ñïîñîáîâ
âîññòàíîâëåíèÿ ðàñïðåäåëåíèÿ àêóñòè÷åñêîãî íåëèíåéíîãî ïàðàìåòðà.

Â ïðåäëîæåííîé ìîäåëè ó÷òåíû íå òîëüêî îñîáåííîñòè ïðîöåññîâ âçàèìîäåéñòâèÿ
áèîëîãè÷åñêîé ñðåäû ñ óëüòðàçâóêîâûìè âîëíàìè, íî è ïðåäëîæåí ñïîñîá äëÿ ïîñòðîåíèÿ
ïîñëîéíîãî èçîáðàæåíèÿ èññëåäóåìûõ îáúåêòîâ.
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