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VAYUYIIEHUE TMJIPOAKYCTHUYECKOH CBSA3U B JEJIOBOM
OBCTAHOBKE ITYTEM ITPEOBPA3OBAHUSI PEAKTUBHOU
JHEPI'MN B AKTUBHYIO HA I'MBKUX I'PAHUIIAX

D¢ dexTrBHAs IOBOAHAS CBS3b B APKTHKE KPUTHUECKH Ba)kKHa B yCJIOBHSAX JIeOBOH 00CTaHOBKH. B 1aHHOIt cTaTthe
paccMarpuBaeTCsl HOBBIH MOAXOM K HOBBIIIEHHIO 3P ()EKTUBHOCTH Nepeiaun THAPOaKyCTHYeCKOr0 CUIHaNa B MPH-
CYTCTBUH JIEASHOTO MoKpoBa. [Ipearaercs UCHoNb30BaTh M3rMOHBIE KONEOAaHUs JIbAa JUIs peoOpa3oBaHus peak-
TUBHOW SHEPrHH, CO34aBaeMOM HM3KOYACTOTHBIMU M3ITy4yaTelsIMHM, B aKTHBHYIO, CIOCOOHYIO PacHpOCTPAaHATHCS
B manbHeM Tone. [locTpoeHa TeopeTHdeckas MOJENb aKyCTHYECKOTO B3aMMOJIEHCTBHS C(HepHIecKOro U3ITydaTelis
C JIeNSTHBIM TIOKPOBOM, TIPOBEJICHBI PACcUETHl PE30HAHCHBIX YCIOBHH BO30YXIECHUS M3THOHBIX BOIH, IOATBEPIKIAIO-
e PoCT IepeaaBaeMoil MOITHOCTH B 3—4 pa3a. OTMedaeTcsi HOBU3HA METO/1a, OCHOBAaHHOTO Ha (Pa30BOM coTiaco-
BaHUM M3TUOHBIX U MPOJOJIBHBIX BOJH. MeTOl IPUMEHHM B CHCTEMaX IMOJJICIHON CBS3M, HABUTAIIMA U MOHUTOPHH-

ra B palloHax ApKTHKH.

Kniouesvie crosa: rujpoakycTuka, 1ejoBas 00CTaHOBKA, M3TMOHBIC BOJIHBI, PEaKTUBHAS SHEPrHs, chepuueckuii

nsjrydareiib, nogjieAHas CBA3b

BBEJJEHUE

OcBoeHre ApKTUKH U oOecriedeHne 0e301macHOCTH
cynoxojactBa B CeBepHoM JlegoBuTom okeane TpeOy-
10T 3(G(HEKTUBHBIX pemeHHH B OOJIACTH TIOABOTHOU
cBs3U. JlendHOM MOKpOB, MPEMSITCTBYIOWIMM pacmpo-
CTPaHEHUIO TPAIULMOHHBIX CHUI'HAJOB, TAKXKE MOXKET
BBICTYyIIaTb KakK AKTUBHBIN Y4aCTHUK me€pcaadr SHEP-
run. B pamkax Hacrosimel paOOThI paccMaTpUBAETCs
BO3MOXXHOCTh HCIIOJIb30BaHUA (bI/I3I/I‘-I€CKI/IX CBOMCTB
MOPCKOT'O JibJia JjId NOBBIIICHUA JAJIBHOCTU U TOYHO-
CTH Iepelavyy THAPOAKYCTUYECKUX CUTHAJIOB.

TEOPETUYECKUE OCHOBBI

B Hacrosieir paboTe UCTIONB3YIOTCS CIIEAYIOIIUE
0003HaYEHUSI.

p — aKycThdeckoe aapienue, [1a;

¥ — pPAacCTOsIHHE OT LIEHTpa M3JIy4arTens 10 TOYKH
HaOIIOZCHHS, M;

t — Bpems, c;

A — aMIUIMTYAHBIH KO3(QUIMEHT aKyCTUIECKOTO
JaBIICHHUS;

W — KPYToBasl 4acToTa KOoJIIeOaHui, pajy/c;

f— uacrora curHana, ['i;

k — BOTHOBOE YHCIIO MPOOJIEHON aKyCTHYECKON
BOJIHBI B BOJIE, M '}

k, — BOITHOBOE YHCIIO M3THOHON BOJIHBI BO JIBAY,
M
a — paanyc chepruvecKoro U3mydaTess, M;
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h — rinyOWHa paCHOJOXEHHSI H3ITydaTes MO
HIDKHEN NTOBEPXHOCTBIO JIbJIA, M;

H — TonmmuHa 1eJIHOro MOKPOBa, M;

W — BepTUKaNbHBINA MPOTUO JIEASHOW TMJIACTHHEI,

M;

W — ammutyaa nporuda Jibaa, M;

D — nunusApuyeckasi KeCTKOCTh JISISTHOM Tuia-
ctuabl, H-M;

E — monyne KOnra npaa, [a;

v — koo unment Ilyaccona npna;

O — IIOTHOCTD BOBI, KI/M>;

0, — TIOTHOCTB JIbJIa, KI/M>;

Cw — CKOPOCTB 3ByKa B BOJIE, M/C;

¢, — (a3oBasi CKOPOCTh N3rUOHON BOJHBI BO JIBIY,
m/c;

Z — aKyCTUYECKUU UMIIEJAHC CUCTEMBI;

R AKTUBHAS COCTAaBJISIONIAs aKyCTHYECKOTO
HMIIEJIaHCa;

X — peakTHBHAas COCTaBIIAIOIIAS aKyCTHYECKOTO
HMIIEJIaHCa;

P — mepenaBaemas aKkycTH4ecKas MOIIHOCTD WITH
€€ pacyeTHas OlleHKa;

v — KoJiebarenbHas CKOPOCTh YaCTHIL CPEIbl, M/C;

CHUMBOII ] — MHHUMas eINHUIIA.

PaccmatpuBaercs cdepuueckuii u3dMydarenb pa-
JUYCOM @, HaXOJAIIMICS HA TIYyOUHE A TOJO JIbJOM
TonmuHoi H. JlaBneHue B ONMIKHEM IIOJIe 3aJa€TCS
BEIp@KEHHEM
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Puc. 1. CtpykTypHas cxema B3aUMOJEHUCTBUS H3Jyda-
TeJs1, BOJHOU U JIEJSHOM cpent

NarnbHble konebaxna
A

Bopa

Ha rpanuue Boza — e[ HCIONIB3YETCS MOJETb YII-
PyToi TOHKOM IIJIACTUHBI

w(x,t)= Welkor=)

I'pannyHOE ycroBHe Ha HOBEPXHOCTH JIbJA:
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— JKECTKOCTbH JibJa.

Ha puc.1 mnpexacraBieHa CcTpyKTypHas cxema
B3aMMOJICUCTBUS W3JIy4yaTess, BOAHOM M JIEASHOU
cpen.

PeakTuBHasi »HEprus CBs3aHA ¢ MHUMOM YacTbiO
uMIieianca unydarens. [lpu pesoHaHnce mpoucxoaut
TIEPEX0]I FHEPTHUHU B aKTUBHYIO (hopMy, KOTZIa

Z=R+iX,

Taba. VcxonHble napamMeTpsl CPeAbl U U3ITydaTes

_|#
2R
dazoBoe cormacoBaHue TOCTUTAETCS MIPH PABEHCT-

Be (a30BBIX CKOPOCTEH HM3rHMOHOW BOJHBI BO JIbIY
Y IIPOJIOJIBHOM B BOZE

1
Do? )
c,=¢c, = R

UNCJIEHHOE MOJAEJIMPOBAHUE N ObCYXJIEHUE

P=%Re[p-v*]

B Tabnwume (Tabin.) mpeacTaBiIeHb! TapaMeTphl pac-
qerTa.
BosHOBOE umco U3rHOHOM BOTHBI

1

2\a

kb:(piha) J .
D

Ha puc. 2 npeacrasieH rpaduk 3aBUCUMOCTH Iie-
peIaHHOW B Jie[l MOIMHOCTH OT YacTOTHl CHTHAajia
Y TOJIIMHBI JIbJIA.

Pe3ynbTaTel YMCIEHHOTO MOJEIUPOBAHHUS M aHa-
JUTUYECKUX PACUYCTOB IO3BOJSIIOT CHAENATh BBIBOJ
0 BBICOKOW YYBCTBUTEJIBHOCTH ITapaMETPOB Ieperadn
aKyCTHYECKON 3HEPTUH B JIeJ] K COOTHOLICHHIO MEXKTY
TOJIIMHON JIETHOTO TIOKPOBA, YacTOTOH BO30YKae-
HUS ¥ MEXaHWYeCKUMH XapaKTEPHCTHKAMH CpEJIbl.
CyiecTBeHHBIM (DaKTOPOM, OMPEIACSHISIONUM 3P heK-
THUBHOCTb TI€PEIadyd CHT'HANA, SBISETCS TOCTIKEHHE
ycioBusi (ha30BOTO COTJIACOBAHUS MEXAY MPOAOIb-
HBIMH BOJIHAMH B BOJIE M M3TMOHBIMU BOJIHAMU B Jie-
nsHO# TactuHe. Kak mokazaHo BBIINIE, 3TO YCIOBHE
OTIpeNeNseTCS WCKIIOYUTENbHO (PU3MYECKMMHU Tapa-
METpaMH CPebl U MOKET OBITh pea30BaHoO B AHaIa-
30He HU3KHUX 4yacToT (okono 100-150 I'm) mpu xapax-
TEpHBIX ISl apKTHYECKUX YCIOBHH TONIIMHAX JIBIA
(1.0-2.5 m).

ITapameTtp 3HaueHue
ITmoTHOCTH BOAEI 1025 kr/m?
IImotHOCTE NBOA 917 kr/m?

Tommuua gp1a 1.5Mm
Monyns FOHTa np1a 9 x 10°Ia
YacToTa curnana 100 I'u

Pannyc nznyuatens 0.5m
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Puc. 2. Fpa(bmc 3aBUCHUMOCTHU nepeﬂaHHoﬁ B JICA MOOIHOCTH OT 4AaCTOThI CUT'HAJIa U TOJIIIHUHBI JIbJa

W3 momy4ueHHBIX MaHHBIX (pHC. 2) BUAHO, YTO TPH
BBINIOJIHEHUU YCIIOBUM pe30oHaHca HAOIIOJaeTcs pes-
KO€ YBEJIMYEHHUE JI0JIM aKyCTHYECKOH 3HEpruH, nepe-
XOJAIIEeH OT U3TydaTess B JeASHON MOKpPOB. DTO CBsI-
3aHO C YMEHBIIEHHMEM MHHMMOW YacTH aKyCTHYECKOTO
UMIIEJaHCa CUCTEMBI, YTO, B CBOIO OYepellb, 00YCIIOB-
JUBAaE€T POCT AaKTUBHOH KOMIIOHEHTHI H3Iy4aeMoi
MOIITHOCTH. B sHepreTnueckoM cMmbICIie Jie] HAYMHAET
paboTaTh Kak COIJIaCOBaHHAs H3IJIydarolas MOBEpX-
HOCTB, »(¢EeKTHBHO mpeoOpasyromas KoleOaHus
B JIaJIbHEIIONIEBOE H3IIydEeHHUE, PACHpPOCTPaHSIOIIEecs
3a TmpeenaMu 30HBI OmkHero mossd. Takoi agdext
paHee HE YUMUThIBajIcA B OOJBIIMHCTBE MOJAENIEH, pac-
CMATPHUBAIOIIMX JIeJ HCKIIOYUTENFHO KakK H30JHU-
PYIOLIYIO HJIH OTPAXKAIOIIYIO IPAHULLY.

WntepecHo orMeTtuth, uTo Hambonee 3¢ddexTus-
HBIH pEeXHUM Iepenaud HaOI0AaeTcsi HE Ha MaKCH-
MaJIBHBIX YacTOTaX, a WUMEHHO B 30HE COBMAJCHUS
(a30BBIX CKOpPOCTEH. DTO OTKPHIBAET BO3MOXKHOCTH
JUIS UCTIOJIb30BaHUSI MCTOYHHKOB MEHBIIEH MOIIHO-
CTH, paboTalONIMX HA ONTUMH3HPOBAHHBIX YACTOTaX,
YTO KPUTHUYECKU BAXXHO B YCJIOBHUSIX OTPAaHUYEHHBIX
SHEPTEeTHUECKMX PECYPCOB MOABOIHBIX AaNapaToB
U CTAaHIIMHA MOHUTOPUHIA B APKTHKE.

Kpome Toro, pe3ynbrarthl pabOTHI MMO3BOJISIOT yT-
BEp)KAaTh, YTO IPH MNPOEKTUPOBAHWUU MOMJIEIHBIX
THJIPOaKyCTHYECKHX CHCTEM HEOOXOIMMO HE TOJBKO
YUUTBIBATh TE€OMETPHIO W pa3MelIeHUE H3TydaTels,
HO W MOoAOWpaTh MapaMeTpsl Cpeibl (TONIIMHY JhJa,

XapaKTEPUCTUKH BOJBI) C YI€TOM WX BIUSHHS Ha d(-
(eKTHBHBII SHepreTHYeckuil oOMeH. B psne cinydaes
BO3MOJKHO II€JICHANIPABIEHHOE HCIIOJIB30BAaHHUE JIbJA
HE KaK TMpEeIMsATCTBUS, a KaK aKTHBHOTO JIJIEMEHTa,
YCHUJIMBAIOILIETO CUTHAJI. OJTO PAagUKaIbHO H3MEHSET
KOHIIETIIINIO THIPOAKyCTHYECKOH CBSI3M B IOJISIPHBIX
peruoHax.

ITokazaHo, 4TO JIe MOKET BBICTYIATh KaK aKTHB-
HBIH TIpeoOpa3oBaTeNlb PEaKTUBHOW SHEPIMU HU3KO-
JaCTOTHOTO HCTOYHHMKA B TIIOJIE3HOE AaKyCTHYECKOe
nznydenue. [IpenyioxkeHnass MojJesb MOXKeT OBITh HC-
MOJIB30BaHA B MEPCIEKTUBHBIX CHCTEMaX CBS3H U MO-
HUTOPHHTA, pa0OTAIOMINX B ADKTHYECKHX BOJIAX.

3AKJIFOYEHUE

B pamkax HacrofmIero uccieaoBaHus PAaCCMOTPEH
(hM3UKO-MaTeMaTHIEeCKHI MEXaHW3M TOBBIIIEHHS (-
(DEKTUBHOCTH THAPOAKYCTHYECKOH CBSI3U B yCIOBHUSIX
JIeI0BOM OOCTAHOBKHM 3a CUYET PE30HAHCHOI'O B3aUMO-
JIEHCTBUSI HU3KOYACTOTHOTO CHEPUIECKOTO M3ITydaTe-
JI51 ¢ U3TUOHBIMK MOJIaMH MOPCKOTo Jbja. IIpenioxe-
Ha MOJIeJIb, B KOTOPOIl JIel paccMaTpuBaeTcs HE Kak
[IaCCHBHAs TPaHULA, a Kak rulKas ynpyras CTPyKTY-
pa, crocoOHasi BBICTYNAaTh B POJM BTOPUYHOTO H3ITY-
qaTesl NpU COOJIOJCHUU OIpPEAETIEeHHbIX PE30HaHC-
HBIX YCIIOBHH.

[TokazaHno, 4To MpH coBHageHUH (Ha30BBIX CKOPO-
CTe MpPOAOJBHBIX BOJIH B BOAE W HM3TMOHBIX BOJH
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BO JIbJY MPOUCXOIUT IPPEKTUBHOE NpeoOpa3oBaHue
PEaKTHBHOW JSHEPIUM B AKTHBHYIO, YTO MPHUBOIUT
K YBEJIMYECHHUIO JAIBHOCTH PAaCIpOCTPaHEHHs CUTHaja
B 3—4 pasa 1o CpaBHEHUIO C TPAJAULMOHHBIMH CXEMa-
Mmu. Taxoit 3¢dektT MokeT OBITh pean30BaH B Auarna-
30HE HU3KHX YacTOT, XapakTepPHBIX Ul TTyOOKOBO-
HBIX CUCTEM MOHMTOPHHIA, Y IIPU TOJIIMHE JIbJA I10-
panka 1.5-2.0 M, 4TO Jenaer ero MpakTHYeCKH 3Ha-
YUMBIM JJI51 yCIIOBUN APKTHKH.

PesynbraTthl mMccienoBaHUsT MMEIOT Kak Teope-
THUYECKYI0, TaK W MPHUKIAAHYIO0 3HAaUMMOCTh. C OAHOM
CTOPOHBI, OHU PAaCIIMPSIOT NPEACTaBICHUsI O MeXa-
HU3MaxX aKyCTHYeCKOTO B3aUMOJCHCTBHS B CIIOKHBIX
cpenax ¢ ruOkumu rparunamMu. C Apyroil — OTKPHI-
BAIOT TEPCIEKTUBY CO3/aHMsI HOBBIX KIIACCOB MOJ-
JIeIHBIX THIPOAKyCTHUECKHX CHCTEM, OPUEHTHPOBAH-
HBIX HA UCHOJIb30BAHHE PE30HAHCHBIX A(P(PEKTOB IS
MOBBIIICHHUS 3HEPTOdQPEKTUBHOCTH U YCTOMUMBOCTH
CBSI3U.

Takum 00pazom, Jiea, TPaAUIIMOHHO CYHTABIINACS
OapbepoM ISl PacIpOCTPaHEHHsI aKyCTUUECKUX CHT-
HAJIOB, MOXET OBITh IEPEeOCMBICICH Kak (yHK-
LOHAJIbHBIN KOMIIOHEHT THAPOAKYCTUYECKUX CHCTEM
HOBOTO TMOKoNeHUus. IlepcrieKTHBHBIMU Harmpasiie-
HUSIMH JaJbHEHIINX HCCIIENOBAHUM SIBIISIOTCS KCIIe-
pUMEHTalbHass BepU(UKALUs MOJETH B HATYPHBIX
YCIOBUSX, ajanTalys METOAMKH K TepeMEHHON
CTPYKType JIpAa, a TaKke pa3paboTka Hu3IydaTeneu
CO BCTPOCHHOW (pyHKIIMEH CaMOHACTPOWKH Ha ONTH-
MaJIbHYIO 4aCTOTY B 3aBUCUMOCTH OT CPEbI.

CIIMCOK NCTOYHUKOB

1. Liu Y.-D., Lu D.-Q., Zou M,-S. Effects of oceanic ice cov-
er and density stratification on the propagation of hy-
droacoustic waves // Journal of Hydrodynamics. 2022.
Vol. 34. P. 1151-1155. DOI: 10.1007/s42241-022-0081-9

2. Pitt J.P.A, Bennetts L.G. On transitions in water wave
propagation through consolidated to broken sea ice cov-
ers // arXiv. 2023. arXiv:2311.13886. DOI:
10.48550/arXiv.2311.13886

3. Weng J., Qi Y., Yang Y., et al. Research and experimental
verification on low-frequency long-range sound propaga-
tion characteristics under ice-covered and range-
dependent marine environment in the Arctic // arXiv.
2023. arXiv:2311.07175. DOI: 10.48550/arXiv.2311.07175

4. Xie J., Zeng X., Liang C., Ni S., Chu R., Bao F. et al. Ice
plate deformation and cracking revealed by an in situ-
distributed acoustic sensing array // The Cryosphere.
2024. Vol. 18. P. 837-847. URL:

HAVYYHOE ITPUBOPOCTPOEHUE, 2026, Tom 36, Ne 3

https://www.researchgate.net/publication/378376044 Ice
plate_deformation_and_cracking revealed by an in_situ
-distributed _acoustic_sensing_array
5. Lee HJ., Bar-Cohen Y., Badescu M., Sherrit S., Hock-
man B., Bryant S. et al. Through-Ice Acoustic Communi-
cation for Ocean Worlds Exploration // Sensors. 2024.
Vol. 24, no. 9. 1d. 2776. URL:
https://www.mdpi.com/1424-8220/24/9/2776
6. Romeyn R., Hanssen A., Ruud B.O., Johansen T.A. Sea ice
thickness from air-coupled flexural waves // The Cryos-
phere. 2021. Vol. 15. P. 2939-2955. URL:
https://www.researchgate.net/publication/352814291 Sea
_ice_thickness_from_air-coupled_flexural waves
7. LiS., Yuan S., Liu S., Wen J., Huang Q., Zhang Z. Charac-
teristics of Low-Frequency Acoustic Wave Propagation in
Ice-Covered Shallow Water Environment // Applied
Sciences. 2021. Vol. 11, no. 17. Id. 7815.
DOI: 10.3390/app11177815
8. Hope G., Sagen H., Storheim E., Hobeek H., Freitag L.
Measured and modeled acoustic propagation underneath
the rough Arctic sea-ice // Journal of the Acoustical Socie-
ty of America. 2017. Vol. 142, no. 3. P. 1619-1633. DOI:
10.1121/1.5003786
9. Johnson M.A., Marchenko A.V., Dammann D.O., Maho-
ney A.R. Observing Wind-Forced Flexural-Gravity Waves
in the Beaufort Sea and Their Relationship to Sea Ice Me-
chanics // Journal of Marine Science and Engineering.
2021. Vol. 9, no. 5. Id. 471. DOI: 10.3390/jmse9050471
10. Freitag L., Koski P., Morozov A., Singh S., Partan J.
Acoustic communications and navigation under Arctic ice
// 2012 OCEANS. Hampton Roads, VA: IEEE, 2012.
P. 1-8. DOI: 10.1109/0CEANS.2012.6405005
11. Murdza A., Schulson E.M., Renshaw C.E. Behavior Under
Cyclic Loading of Freshwater Ice and Sea Ice With
Thermal Microcracks // Geophysical Research Letters.
2023. Vol. 50, iss. 11. DOI: 10.1029/2023GL102889

Jansnesocmounslit hedepanbhblii ynugepcumem,
2. Bnaousocmoxk

Konrakter: Jemvsinos Tumogpeii I'ennaouesuu,
tdemyanov@mail.ru

Marepuan noctynui B pepakuuto 03.07.2026



NAUCHNOE PRIBOROSTROENIE, 2026, Vol. 36, No. 3, pp. 62—-66 ISSN 0868-5886

IMPROVING HYDROACOUSTIC COMMUNICATION IN ICE
CONDITIONS BY CONVERTING REACTIVE ENERGY
INTO ACTIVE ENERGY AT FLEXIBLE BOUNDARIES

T. G. Demyanov, V. 1. Korochentsev

Far Eastern Federal University, Viladivostok, Russia

Effective underwater communication in the Arctic is critically important under ice-covered conditions. This
article considers a new approach to improving the efficiency of hydroacoustic signal transmission in the pres-
ence of an ice cover. The proposed method involves using flexural vibrations of ice to convert reactive energy
generated by low-frequency acoustic radiators into active energy capable of propagating into the far field.
A theoretical model of the acoustic interaction between a spherical radiator and an ice cover is developed. Cal-
culations of the resonant conditions for the excitation of flexural waves are carried out, confirming a three to
fourfold increase in transmitted power. The novelty of the method is emphasized, as it is based on phase match-
ing between flexural and longitudinal waves. The method is applicable to under-ice communication, navigation,
and monitoring systems in Arctic regions.

Keywords: hydroacoustics, ice conditions, flexural waves, reactive energy, spherical radiator, under-ice communication
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INTRODUCTION

Arctic development and navigation safety in the
Arctic Ocean require effective underwater communi-
cations solutions. Ice cover, which impedes the prop-
agation of traditional signals, can also actively partici-
pate in energy transmission. This paper examines the
possibility of using the physical properties of sea ice
to increase the range and accuracy of hydroacoustic
signal transmission.

THEORETICAL FRAMEWORK

The following notations are used in this paper.

p — acoustic pressure, Pa;

r — distance from the emitter center to the obser-
vation point, m;

t — time, s;

A — amplitude coefficient of acoustic pressure;

w — circular oscillation frequency, rad/s;

f— signal frequency, Hz;

k — wavenumber of a longitudinal acoustic wave
in water, m !;

k, — wave number of the flexural wave in ice,
ml;

a — radius of the spherical emitter, m;

h — depth of the emitter below the lower ice sur-
face, m;

H — ice cover thickness, m;

W — vertical deflection of the ice plate, m;

W — ice deflection amplitude, m;

D — cylindrical stiffness of the ice plate, N-m;

E — Young's modulus of ice, Pa;

v — Poisson's ratio of ice;

pw — water density, kg/m?;

p0; — ice density, kg/m?;

cw — speed of sound in water, m/s;

¢, — phase velocity of the flexural wave in ice,
m/s;

Z — acoustic impedance of the system;

R — active component of the acoustic impedance;

X —reactive component of the acoustic imped-
ance;

P —transmitted acoustic power or its estimated
value;

v —vibrational velocity of the medium particles,
m/s;

j — imaginary unit.

We consider a spherical radiator of radius «, lo-
cated at a depth / beneath ice of thickness H. The
near-field pressure is given by the expression

p(r.t)= éej(“”k’) )

At the water — ice boundary, an elastic thin plate
model is used

w(x,t)= wellor)

The boundary condition on the ice surface is:

o*w

=—DV'w+ph—r,
p P25

z=0
Eh’
12(1-v?)
Figure 1 shows a structural diagram of the interac-
tion between the radiator, water and ice media.

where D = is the ice rigidity.

Fig. 1. Structural diagram of the interaction between
the emitter, water and ice media

The reactive energy is related to the imaginary part
of the radiator's impedance. At resonance, energy is
converted to active form when

Z=R+]iX,

I
2R
Phase matching is achieved when the phase veloci-

ties of the flexural wave in ice and the longitudinal
wave in water are equal

1
Dw? )
c,=c, = R

NUMERICAL MODELING
AND DISCUSSION

P=%Re[p-v*]

The calculation parameters are presented in the
Table.

Tab. Initial parameters of the environment and the
emitter

Flexural wave wavenumber is

1

2\a

ka(piha) J .
D

Figure 2 shows a graph of the power transmitted
into the ice as a function of signal frequency and ice
thickness.




Fig. 2. Graph of the dependence of the power trans-
mitted into the ice on the signal frequency and ice
thickness

The results of numerical modeling and analytical
calculations suggest the high sensitivity of the acous-
tic energy transmission parameters into ice to the rela-
tionship between the ice cover thickness, excitation
frequency, and the mechanical characteristics of the
medium. A significant factor determining the efficien-
cy of signal transmission is achieving phase matching
between the longitudinal waves in water and the flex-
ural waves in the ice plate. As shown above, this con-
dition is determined exclusively by the physical para-
meters of the environment and can be realized in the
low-frequency range (about 100—-150 Hz) at ice thick-
nesses typical for Arctic conditions (1.0-2.5 m).

The obtained data (Fig. 2) show that when reson-
ance conditions are met, a sharp increase in the pro-
portion of acoustic energy transferred from the emitter
to the ice cover is observed. This is due to a decrease
in the imaginary part of the system's acoustic imped-
ance, which, in turn, causes an increase in the active
component of the radiated power. In terms of energy,
the ice begins to act as a matched radiating surface,
effectively converting oscillations into far-field radia-
tion propagating beyond the near-field zone. This ef-
fect has previously been ignored in most models,
which consider ice solely as an insulating or reflecting
boundary.

It is interesting to note that the most efficient
transmission mode is observed not at the highest fre-
quencies, but rather in the zone of phase velocity
coincidence. This opens the possibility of using lower-
power sources operating at optimized frequencies,
which is critical given the limited energy resources of
underwater vehicles and monitoring stations in the
Arctic.

Furthermore, the results of this study suggest that
when designing under-ice hydroacoustic systems, it is
necessary to consider not only the geometry and
placement of the transmitter but also the environmen-
tal parameters (ice thickness, water characteristics)
based on their impact on efficient energy exchange. In

some cases, it is possible to purposefully use ice not
as an obstacle, but as an active element amplifying the
signal. This radically changes the concept of hydro-
acoustic communication in polar regions.

It has been shown that ice can act as an active con-
verter of reactive energy from a low-frequency source
into useful acoustic radiation. The proposed model
can be used in promising communication and moni-
toring systems operating in Arctic waters.

CONCLUSION

This study examines a physical and mathematical
mechanism for increasing the efficiency of hydroac-
oustic communication in ice conditions through the
resonant interaction of a low-frequency spherical
emitter with the flexural modes of sea ice. A model is
proposed in which the ice is considered not a passive
boundary but a flexible elastic structure capable of
acting as a secondary emitter under certain resonant
conditions.

It has been shown that when the phase velocities of
longitudinal waves in water and flexural waves in ice
coincide, reactive energy is effectively converted into
active energy, leading to a 3—4 fold increase in signal
propagation range compared to traditional schemes.
This effect can be realized in the low-frequency range
typical of deep-sea monitoring systems and at ice
thicknesses of approximately 1.5-2.0 meters, making
it of practical significance for Arctic conditions.

The results of the study have both theoretical and
practical significance. On the one hand, they expand
our understanding of the mechanisms of acoustic inte-
raction in complex environments with flexible boun-
daries. On the other hand, they open the prospect of
creating new classes of under-ice hydroacoustic sys-
tems focused on using resonance effects to improve
energy efficiency and communication stability.

Thus, ice, traditionally considered a barrier to the
propagation of acoustic signals, can be reimagined as
a functional component of next-generation hydroac-
oustic systems. Promising areas for further research
include experimental verification of the model in nat-
ural conditions, adaptation of the methodology to the
variable structure of ice, and the development of emit-
ters with a built-in function for self-tuning to the op-
timal frequency depending on the environment.



