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AITAPATHE MOJEJIOBAHHS ITIOIIUPEHHSA
YJBTPA3BYKOBHUX XBWJIb Y TBEPAOMY TLJI

MODELING THE ULTRASOUND WAVE
PROPAGATION IN THE SOLID BODY BY THE HARDWARE

Po3ristHyTOo yaOCKOHaIEHUI XBUJIEBUM QJITOPUTM MOJEIIOBAHHS MOLIMPEHHS
yIBTPA3BYKy, SIKHH TMOJSATa€ y TPEACTaBICHHI CEpEe/OBHINA Yy BUTIISANI CHUCTEMHU
XBHJIEBUX (IIBTPIB Ta BIAPI3HAETHCS THM, IO 3aBJISKH peajizallii OararokaHaIbHUX
GiTBTPIB 3 TPOrPaMOBAHOIO 3aTPUMKOIO, 3MEHIIYETHCS IMOXMOKA MOJIETIOBAHHS
JUCTIEPCIMHOTO TOoMmUpeHHsT 3ByKy. Anroputm npu peamizamii y [IJIIC mgae 3mory
BUKOHYBATH MOJICTIIOBAHHS Y PEaIbHOMY Yaci.

Kurouosi ciosa: IJIIC, qucniepcist 3ByKy, XBUJIEBUI QLIBTD.

Puc.: 3.bi6m.: 8.

The improved ultrasound propagation wave modeling algorithm is proposed, which
consists in representing the medium in the form of a system of the wave digital filters. The
algorithm differs in that due to the implementation of the multichannel filters with the
programmable delays, the simulation error of the sound propagation dispersion is decreased.
The algorithm implementing in FPGA provides the modeling in real time.

Key words: FPGA, sound dispersion, wave digital filter.
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Beryn.AkycTHYHI TIpOIleCM B TBEpPAMX TiIaX 3a3BUYail MOJIETIOIOTHCS B
KOMIT'IOTEepax 3a JOMOMOTOI0 METOJY PI3HHUIIEBUX DPIBHSHB, SKUN BHMAara€ BEITUKUX
obuuncaroBabHUX pecypciB [1]. Jlms MiHIMIzaMii TUX pecypciB 4acTO BUKOPHUCTOBYIOTh
MeTol upoBUx XBUIIEeBO B, 200 MeTogDWG (digital waveguide), sxuii 3abe3neuye
BHCOKOIIBHUAKICHI oOuncieHHs [2]. barato ycmimHWX TPUKIAIIB BIPOBAHKEHHS
MeToryDWG nokazaHo B MOJIENIIOBaHHI Ta 3ByKOBOMY CHUHTE31 CTPYHHHX, JYXOBHUX Ta
BIpTyaJIbHUX MY3MYHUX IHCTPYMEHTIB, a TaKOXK B BOKojaepax [2, 3, 4]. Aje s MOJeb
HE BPaxOBY€E PO3CIFOBaHHS (JIUCTIEPCiI0) XBUIIb Y MOITUPEHH] 3BYKY.

VY naniit poboti npornonyerbes Moaudikaiis meronqy DWG, ska 3abesnedye
MOJICJIFOBAHHS 3BYKOBOI IUCIIEpCii B TBEPi CMYKIII.

OcHoBu moaei DWG.DWG — e nudgpoBa MoAeNIb pO3MOBCIOIKEHHS XBUJIb B
17IeanbHOMY XBHJICBOJII. BoHa 6a3yeThCcsi Ha MPUHIIMIIAX, OMUCAHUX y poOoTi [5], ane
aJanTOBaHUX JIO MOJCIIOBaHHS 3BYKOBUX XBWIb [2,4]. Ilpm 1mpomy y - TouIi
XBHJIEBOJlY PO3IIIAJAIOTECA NpsAMi f; = Rvi 3BOpOoTHI XBul b; = —Rvy, ne fita b; — ne
TUCK TPSIMUX 1 3BOPOTHUX (BIAI3EPKATICHUX) XBUJIb, BIAMOBIAHO R — XBUJIECBHM
IMIIEIaHC, V; V, — IIBUJIKOCTI YAaCTMHOK PEYOBHMHM. IS KOPCTKOrO LMIIHIAPA 3
IUIONICIO IEPETUHY A 1eH iMrenanc A0piBHIOE R = pc,A4, e p — TyCTHHA MaTepaty, C,—
MIBUAKICTh TO3JI0BXHUX XBHWJIb. PeallbHe 3HAUCHHsS TUCKY JIOPIBHIOE CyMl THCKIB
psMOT Ta 3BOPOTHOT XBWIbU = f; + b;.
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VY uudporiit mogeni DWG curHaim KBaHTYIOTBCS 3 YaCTOTOK JUCKPETH3AIlii
F, sxa, moHaiimMeHIe, B JBa pa3u MEPEBUIIYE MAKCUMaIbHY YacTOTy XBUJIb, SIKi
TOCTIKYIOThCs. Tomi i-i CeTMEHT XBWJICBOJYy JOBXKWUHOIO L BHIJISAA€ SK ABI JiHIT
3aTpuMKku Ha n = L/(c,F) TaKTiB CUTHATY AUCKPETHU3AIli.

Kinbka oMHOPIMHUX XBUIJIEBOJIB 3'€JHAHYIOTHCS MK COOOIO B OJHIHM TodUIIl 3a
JIOTIOMOTOI0  By3Ja aJamnTepa, SKUH TakoX Ha3WBAIOTh BY3JIOM PO3CIIOBaHHS.
OyHKITIOHYBaHHS ajanTepa MOBUHHE miaisratu 3akoHy Kipxroda. [[ns Bumaaky
3'€JIHaHHS JIBOX XBHJICBO/IIB 1€ O3HAYa€ BUKOHAHHS PIBHSHB:

ver=rva + (1 =7) vp; (1)
= +r)va— rp;
nr= (R, — R)/(R;, + R)) — xoedilieHT Bi3epKaTtOBaHHs. Tak caMo, KOJU T IKITIO-
YeHO TPH XBHJIEBOJM, TO Y BY3JIi ajiarTepa po3paxoByIOThCS HACTYIHI (GOPMYIIH:
vp1 = (2g1— D) va+ 2gvp+ 285 vp3;

Ve =2g1vat (28— Dvp+2g vp; (2)
Vi3 =2g1vat 2% vpt+ (2g—1) vs;
Ie Vp, Vp, Vs — XBUIL, 110 BXOIATH y BY30I, Vpi, Vi, Vb3, — XBHIIL, 110 BUXOAATH 3
By37a, g1, &, & — NHUTOMI IMIEIaHCHU XBWJIEBOJIB, Taki mo g + g»+ g3 =1, Ta

gi :Ri/(Rl +R2 +R3), 1= 1, 2, 3.

Yaockonanena moaeab DWG. 3riqHo 3 TeOpi€r0 MOMIMPEHHS aKyCTUYHHX
XBWJIb Yy TBEPAUX TilaX, sIKI MalOTh OOMEXEHI pO3MipH, HANpUKIAA, y CTPIIKHIAX,
pO3IIIAal0Th OCHOBHI — IOB3I0BKHI XBHII1 3 ()a30BOIO IIBUJKICTIO ¢, Ta BTOPHUHHI —
HOIEPEYHI XBUII 31 MIBUAKICTIO ¢y, IPUYOMY C;<C, [6]. [Ipu B3aemonii H¥X XBUIIb BOHU
MOKYTh TIEPETBOPIOBATHCH OJHA B iHIIY. Lle MOXHa mpomoentoBaT NMpu 3’ €AHAHHI
XBUJICBO/IIB 3 TAKUMH XBWJISIMH Y BY3J11 aJianitepa.

KpiMm TOro, moB3IOBXKHI XBHJII MAarOTh JTUCIEPCII0, TOOTO, iX IIBUIKICTH
C,3aNIeKUTh BiA JOBXKUHM XBWIl A. Hanpuknaza, MBHUAKICTH TMOB3IOBKHHMX XBHIIb Y
IATIHAPI OLIHIOETHCS GopMyIioro [6]:

¢, = c(1 =Vp*a’l A7) = A, (3)
ne v — koedinient Ilyaccona, mo mopiBHioe 0.29 s crami, a — paaiyc HUTIHIpA.
Tomy monens DWG noBuHHA OyTH CKOpPEKTOBaHA BIAMOBIIHO /10 i€l GopMyIIu.

MopaudikoBany wmoxaens DWG  geskoro cTpwkHS ab0 IWIIHApPA MOXKHA
NPEJICTAaBUTU CTPYKTYPOIO, siKa Moka3aHa Ha puc.l. Lls Monens ckiiagaeTbes 3 J1iBOTO
(LA) Ta mpaBoro (RA) amantepiB, XBuiIeBoy P m0310BXKHIX XBWIIb Ta XBHIIEBOIY S
MOTIEPEYHUX XBWJIb. ¥ KOKHOMY 3 TPHOXIIOPTOBUX aJIaliTePiB OOUYHCIIOITHCS BUPa3u
(2). Ixmi moptH, sKi 03HAYAIOTH TOPII CTPMXKHSA, MIiAKIIOYEHI 10 Mepexk, sAKi
peanizyloTh BII3EpKAIICHHS XBWJIb 3 KOS(DIIIEHTOM MPUIYIICHHS §; Ta Sp 3TAHO 3
piBastHHSIMH (1). Curnan 30y DKeHHS v, TIOJIA€ThCS Y MOJIEIb Yepe3 CyMaTop.

Vin LA<_ Waveguide P[4 RA
—S7 H Bl = ZﬂA) | H —SRr
. Waveguide S il
—» Cs

Puc. 1. Ctpyktypa MOAEII CTPUIKHS
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XBujeBii S BHUKOHYe 3aTpUMKy Ha 3alaHy KUIbKICTh TaKTiB YacTOTH
JTMCKpETH3allii Ta meBHe ociabiIeHHsT XBIJIEBOTO CUTHAITY. XBWiIeBia P ckimagaerbes 3
KUTPKOX KaHaJIB, KOKEH 3 SIKHX Ma€ OKpeMi Jiama3oH 4acTOT MPOIyCKaHHS, 3aTPUMKY
1 3racaHHsl B 3aJIGKHOCTI B1JI BIIMOBIAHOT JIOBKWHM XBHUTI A 3TigHO 3 (3).

Otxe, monudikoBana moaens DWG 3x1aTHa npuiiMaT 10 yBaru JAUCIEPCHICTh
MOMIMPEHHS 3BYKY Y TBEPAOMY T, TOOTO, 3aJI€KHICTh (ha30BOT MIBUIKOCTI 3BYKY Bi
HOTO JIOBXKWHU XBWJII 200 YaCTOTH.

ExcnepumenTanbni pe3yiabtatu. byna pospobieHa mnporpamMHa MOJEINb
CTPWXKHSI 31 CTPYKTYypolOo sK Ha puc. 1. B HIli 70 BOoCcbMHM KaHaiB XBWJIEBOIY P
peai3yroThCs HA OCHOBI CMyTroBHX (iIbTpiB Ha 6a3i (a30BOT0 XBHIEBOTO (iILTPA,
akuii ommcano y [7]. KokeH kaHam XBWUJIEBOJY Ma€ IUHAMIYHO HACTPOIOBAHUUN
CMYTOBUH QIIBTp, SKUN peali3oBaHO Tak, K moka3aHo B [8]. CymapHa aMILTiTyIHO-
YacTOTHA XapaKTepUCTHUKAa XBWIEBOAY S TMoka3aHa Ha puc.2. Tyt wacrora f
BUMIPIOETBCA B 4YacTKaxX 4YacTOTH nuckperusamii Fs. Ha puc.2 Takox mokazaHi
YaCTOTHI XapaKTePUCTUKU JIBOX CYCIJHIX KaHAJIIB XBUJIEBOJIY.

Mopnens  30ymKyBaiach  BY3bKMM  yIBTPa3BYKOBHUM  IMITYJIBCOM,  a
IHTEHCHBHHUICTh 3BYKY V BHMIpIOBAJIach Ha BHUXOJ By3ia cymaropa (muB. pwuc.l).
YacoBa pmiarpama, sika TpEJACTaBIisi€ XBWIbOBUW CHUTHAN, ToOka3zaHa Ha puc.3. La
Jiarpama ToKasye, 0 XBHWJII JIMCHO 3a3aHAIOTh JUCIIEPCIi IMiJT Yac PO3MOBCIOKEHHSI
4yepe3 MOJIeNIb CTPHOKHSL.
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Puc. 3. YacoBa miarpama MmommpeHHs yabTPa3ByKOBOTO IMITYJIbCY Y CTPHIKHI

Mopenb cTprkHs onucana MmoBoro VHDL, 1 ToMy BoHa Moske OyTH pealli3oBaHa K
y cumyaatopi VHDL, tak 1 B IIJIIC. Mogens, onucana CTWiIeM ISl CHHTE3y 1 MPHU
koH(pirypyBanui y IIJIIC XilinxSpartan-6, mictute 2680 noriuaux enemeHTiB, 60
omokiB mHOxkeHHs DSP48, Ta 16 OmokiB mam’sti BlockRAM. Tlpu mpomy
3abe3meuyeThcsl 4acToTy auckpermsaiiii curHany F,< 100 MI'm. Taka dactora
3a0e3reuye MOJCIIOBAHHS B PEXKHUMI peaIbHOTro yacy.
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BucnoBku. 3anpornonoBano moaudikoBanuii meton DWG mis mojentoBaHHS
TBEPJIOTO Tija, SKUH BPaxOBY€ NUCHEPCHICTh MOMIMPEHHS XBWIb. MeTo ] 3aCHOBaHHMA
Ha Mozeni 1UGPOBOr0 XBHWIEBOJY, 3aTPUMKA SIKOTO 3aJICKHUTh BiJ] JOBKWHU XBUJI.
[Tpuknax moxeni ctprxkas, onucaHoi Ha VHDL, noka3ye eekTUBHICTS 11i€T MOIETI.
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HARDWARE MODELING
OF ULTRASONIC WAVES EXPANSION IN SOLIDS

Relevance of research topic. Numerical modeling of the physical phenomenon
of the wave propagation is the basis of many studies and implementations at the fields
of acoustics, ultrasound technology, and radio electronics. The hardware
implementation of such a simulation allows us to significantly accelerate and improve
the efficiency of devices that use the wave processes. The use of the field
programmable logic arrays (FPGAs) to simulate the wave processes allows us to
increase speed, reduce power consumption and increase the reliability of tools that use
such simulation.

The problem. The known methods and tools do not provide the real-time
ultrasound wave expansion modeling.

Analysis of recent research and publications. Over the past few years, there
are more articles devoted to hardware sound propagation techniques, which tend to use
systems based on graphic accelerators that perform parallel floating point calculations.
Their drawbacks are high cost, high power consumption, and low reliability.

Selection of unexplored parts of the main problem. This article is devoted to
the study and analysis of the approach based on the digital waveguides implemented in
FPGA.

Objectives. The task is to create a method for designing the high-performance
processors for modeling the acoustic phenomena in the application specific processor,
configured in FPGA.

Presentation of the main material. The advanced ultrasound propagation
wave modeling algorithm, which consists in representing the medium in the form of a
system of wave filters, is proposed. It differs in that the error of modeling of dispersion
of the sound propagation is decreased due to the implementation of multichannel
filters with the programmable delay.

Conclusions. The modified method of digital waveguides for solid state
modeling, which takes into account the dispersion of wave propagation, is proposed.
An example of a solid bar model described on VHDL shows the performance of it.

Key words: FPGA, sound dispersion, wave filter.



