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1. Benenue
HUcnonb3oBanue 3ddexra HEMMHEHHOTO PacpOCTPaHEHHs BOJIHbBI B METO/IC BU3yaln3allui TKAHEBOMH
TFapMOHUKU II03BOJIIET CYLIECTBEHHO YMEHBIINTh UCKAXECHHUE JUarpaMMbl HAIIPABJIEHHOCTHU IIEPEJAIOLIEH anepTypsl
Ha BTOPOil rapMOHKKE M3-32 Pa3JIMYHBIX apTe(aKTOB U TEM CAMbIM YJIYUIINTh KOHTPACTHOCTH N300paKeHHSI.
OpHaKo NMpH 3TOM YPOBEHb CUI'HaJIa BTOPOM TApMOHUKHU CHHUYKAETCSI 110 CPABHEHUIO C YPOBHEM CHUTHAJIa IIepBOH
TapMOHHUKH, a2 HEOOXOIUMOCTh (PHIIBTpAIIMY CUTHAJIA IEPBOH raApMOHHUKH MIPUBOIUT K 3HAYUTCITHHOMY YBEITHUCHHIO
JUIMTEJIBHOCTH UMITYJIbCHOTO CUTHAA.

C menpio yBeIMUeHHs YPOBHS CUTHAIA BTOPOU TAPMOHHKH U 3HAUYUTEIFHOTO TIOAAaBIICHHUS CUTHAIIA TICPBOMA
TApMOHUKH TIPU MaJIOH JTMTETHHOCTH MMITYJIbCA B HACTOSIIEH paboTe MPOBEACHO aHAIUTHIECKOE U YUCICHHOE
HCCIIeIOBAaHNE HETMHEHHOTO PAcIIpOCTPAaHEHHUS MMITYJIECHOTO aKyCTHYIECKOTO CUTHANA C TMHEHHO-9aCTOTHON
moymsiuet (JIYM). Ha ocHoBe nccnegoBanus mpeuioskeH aJroOpuT™ JeKOJHUPOBAHUS CUTHAJIA (CHKATHS
umnyibca). B pabote ucnoneiyercs TpexMepHoe mpeodpasoBanue Oypre I MPUOIMKEHHOTO PEIICHUS
HEJIMHEWHOT0 YPAaBHEHUS aKyCTUKH C I10CJIE0BATEIbHON TPOLEYPOH BBIPAKEHUS CUTHAJIOB [IEPBOW U BTOPOM
rapMmoHuK. [IpencrasiieHue pemieHus B IpoCTPaHCTBEHHO-BPEMEHHON 00JIaCTH €CTECTBEHHO OIpEJIeNisieT allrOPUTM
cxaTus umityibcea npu JIYM-monynsun, oHo y100HO Juist BIOOpa (GritbTpa BRICOKMX YacTOT M O3BOJISIET
MoJIy4yaTb aHAJIMTUYCCKHUEC OLICHKN OCHOBHBIX XapaKTCPUCTUK CUTHAJIa BTOpOﬁ TapMOHHMKH.

Pa6ota Beimonnena no npoekty PODU Ne 05-01-00325.
2. ®opMybl UIs BEIYUCIIEHHSI BTOPOU FrapMOHUKY ¢ yueToM JIYM-Monynsiuu

Vpasuenue s Oypbe-nipeobpazoBanus gasiedus P ( X, V,2Z, 0)) C YYETOM HEJIMHEUHOCTH Cpeabl U
JIICIIEPCHOTO 3aTyXaHHs B OMOJIOTMUECKHUX TKAHSX MPEICTaBUM B BUIE:
o> A B A A
V3 + 2 (14 200) [P+ =07 (POP(x,1,2,0)) =0, )
¢ PoC ®
rne (O — yriioBas 4acrora, X,Y,Z — JAeKapTOBbI KOOPJUHATBI, O — KOI(QQUIMEHT 3aTyXaHus, [3 —
HapamMeTp HEIMHEHHOCTH, P, — CPEAHSs INIOTHOCTE CPefibl, C — CPEJHsAS CKOPOCTh 3ByKa. JTO YPaBHEHHUE
HOJIyYaeTesl U3 UCXOHOTO HEIMHEHHOr0 YpaBHEHHUsI PACIPOCTPAHEHHUS IaBJeHus 38yKa P ( X, Y, Z,t) [1].

Hauanensie ycnosus it (1) ¢ yaerom JTUM-Mony isiuny HMEIOT BUI:

P(x,Y,0,0)=A(x,y,0)F (o)P,, Q)

rae A — KOMIUIEKCHAsI aMIUIHTY/1a allOAU3aLIH allepTypPbl, y4uThIBarouias GoKycupoBky, P, — amruuryna

HAaYaJIbHOIO JaBieHus, F (0)) — ®ypoe-nipeodpazoBanue Gyakun JIYM-mMonymanuu:

F((D):KC exp(—p(oo—oao)z), H=Hy+ig,, 3)
1 yT? 1
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3mech T — ANMUTENBHOCTH UMITY/IBCA BO3OYKACHUS, (9, — CPEOHSS 4ACTOTA.

M5!I IpUMEHUM IPOCTPAHCTBEHHO-CIIEKTPATIBHBIN METO] KaK JUIsl aHAIUTHYECKOT0, TaK U TSI YUCICHHOTO
pemenui (1), uConb3ys UTepalMOHHBINA MPOIIEcC, MPH KOTOPOM CHavajia BEIUYMCIIAETCS 10JIe IIePBOH TrapMOHUKH,
3aTeM I0JIe BTOPOH TapMOHUKH C ITOJICTAHOBKOW B rocienuuii wieH (1) GpyHKIuu nepBoii rapMOHHKH.

®ypse-npeoOpazoBanue P moist mepBoii rapMoHuKH 0 X U Y ompeelsiercs cleayomen popmyoi [2]:

B(2,.9,.2.0)=PRF(0)P, (2,.Q,.2,0). @

rae |51,| (QX,Qy,Z,co) = A (QX,Qy,Z,(D)eXp iz

Al (Qx,Qy,co) — npeobpasoBanue Oypbe A(O) no Xuy,

Q,,€), — NpOCTPaHCTBEHHbIE YACTOTI.
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IIpoctparcTBeHHOE peobpasoBanue Pypbe Mot BTOpoil rapMoHuku P, ompezensiercst kak perueHne

YpaBHEHHS
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Oyuxums f, (0) npeoOpa3yeTcs K BUIY:

f,(o)=K, o exp[—%u(m— 2w, )2j><
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BenuuMHa (6) 6IM3Ka K er0 MCTHHHOMN BEIMYMHE MIPH MOACTAaHOBKe P, | (0, z,0/ 2) U NI09TOMY 4aCTOTHAst

max ’

y

xapakrepuctika f, 10 BpeMeHHOI 4acToTe  OnpenesseTcs NePBbIM SKCIOHEHIHATBHBIM MHOKUTENEM B (6).
. Ao . 2
Eciu npuHSTH aIrOPUTM CKATHsI CUTHAIIA, cocTosiuil B ymHoxennu P, + P, Ha exp(lu2 (0) - coo) ) , TO

JUIMTEIIBHOCTD CHKAaTOT0 UMITYJIbCA BTOPOI FADMOHUKH OIpeieNnseTcs KoapULNeHTOM /L, / 2 uB 2 pa3

MEHBIIIE JUTUTEILHOCTH CXKATOrO UMITYJIbCA [IEPBOU TapMOHHKH.
Pemenue (5) nns Bexomsimeis Bonusl (Z > 0) umeer su:

P (QX,Q z co)z exp(iz((p+iam))fexp(—iz'(cp+iocco)) f.dz', (7)

y’ 2

o(e)

2 /2 2 2 .
riae (p(O) = \/ (0] / ¢ —Q; —QF . 13 (7) cnenyer, 4To 3aTyXaHHe BOJHBI TAKOE XKe, KaK TPH JIMHEHHOM

pacmpocTpaHeHHH, YTO yKa3aHo B [3].
3. IIpubnmkeHHOE aHATMTHYECKOE PELIeHHE ISl [10JIsl BTOPOi TApMOHUKH B Clly4yae rayCCOBOM arou3anuu
ITomaraem B (7), 4T0

1 c & . .
(p(O) :%_E(Qi +Q§);, A(O) =K/ K, exp(—((x1 + ICI)Qi)exp(—(oc2 + |§2)Q§),
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(hOKyCHBIE pacCTOSHHS.

Kak 65110 YIOMSHYTO BbIIIE, MOXKHO B (6) mozicTaButh B, (0, Z,w/ 2) U IOy 4nTh U3 (7) CIIEMYIOILYI0
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Oyukupst f, Moxer ObITh IPUOIMKEHHO ONpeaeneHa GopMyIoi:

®, Z 4F’c
fs (‘)=W(|2,Z)Zlnl—,rﬂe | :ﬁ — pasmepsl 30HbI Kayctuke, i =1 npu F, =F u a, =a,. [Ipu
1 1,2

a>a,u f,>1f,, z=F 3nauenue Yy ymeHslaeTcs 10 BeIMUMHBI IOPsIKA 1/ 2,ecmm F, ~F / 2,a,~q / 2.
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U3 (8) cnemyer, uTo monepeyHoe paspelieHne B GoKyce, OnpeaesieMoe BETHUHHON 2 Q, , , Vst BTOPOi

TapMOHMKH YMEHBILAETCS B \/5 pasa o CpaBHEHHMIO C pa3peIeHneM ISl IEPBOH TaPMOHHKH.

4. Pe3ynbTaTsl KOMITBIOTEPHOTO MOJESITUPOBAHNS U AHATUTHIECKOTO HCCIICIOBAHMS
[Tpu KOMIBIOTEPHOM MOJICITMPOBAHUK BECh JIUAIA30H AAJTbHOCTEH pa30MBAJICs HA HHTEPBAJIbI MAJIOTO pa3Mepa
AZ , BEIUHCIIEHHE TABIEHHS TPOM3BOIMIOCH TIOCIIEA0BATEIBHO 110 HHTepBaiaM, HaunHas ¢ Z = 0. Ha kaxaom

UHTEpBaJe BhYUCsiocs P (0, Z+ AZ) =P (0, Z+ AZ) +P, (0, Z+ AZ) 1o Beipaxkerusim (4), (6) u (7) uz P (0, Z) ,
[IOCYMTAHHOTO Ha MPE/IbIAYyIIeM HHTEpBae. BEIUMCIEHHE CBEPTOK BBIMOIHSIIOCH C HCIIOIb30BAHUEM OBICTPOTO

npeoGpasosanus ypoe. st OAaBICHUs CUTHANIA IEPBO rapMoHuky pemtenne P, + P, ymHOXan0ch Ha

WZ,A ((,0) , a U1 C)KaTusd UMITYJIbCa BTOPOU FAPMOHUKU — Ha WZ,QD (0)) , TJC

1
W, , =exp —E((D—ZOJO)Z TR ©)
1 2
W, =exp IE((D—Z(DO) i,

OcHoBHBle ~mapameTpel mpu  MoxemupoBanmm: PB=6, P, =0,5MIla, 23 =1cm, 2a,=2 cm,
F =4810cm, F,=8cm, o,=2n-1,7 MI'uy, xoddduument 3aryxanus 0,5 1b/cm'MIn. JnurensHOCTH
HUMITYJIbCa BO30YKICHUS mr:m-(1,0;1,4) MKC, TJe T — JJIMTEIBHOCTH CKaToro mMmiryiabca, M =10; 20

(M~p, /1, , 1K, =1°), War HTepauoHHoro npotecca o Z — Az =0,2 cm.
Ha puc. 1 u 2 npexncrasiens! pe3yibrarsl Mogeauposanus mist T=1,0 mxc, M=10, F, =10 cm. Ha puc. 1a

JaH rpaduk 3aBUCHMOCTH aMILUIUTY Il CIIEKTPa U3Ty4YeHHOTO CUTHAaJa
Puc. 2. Jlnarpammsl HartpaBineHHOCTH 110 X (a) 1 Y (0) u hopMa crurHasa 1o JajabHOCTH (B) IPH OTPayKEHUH

ot Toueynoro orpaxkareist Ha Z =10 cm. Cepast nmunus — 1-s1 rapMOHUKa, YepHAsI TUHHUS — 2-51 TADMOHHKE

If’(x, y,z,oa) OT YacTOTHI B TOYKE C KOOpPAWHATAMH (X, y,z)=(0,0,10 CM). Ha puc. 16 mambl rpaduku

aMIUTUTYOB! 1-if 1 2-1 TApMOHUK B 3aBUCHMOCTH OT JaJTbHOCTH Ha (X, y) = (0,0) . Ha puc. 2 nokazansl 1uarpaMMsbl
HalpaBJIeHHOCTH MO0 X M Y ® (opMa CUTHAJAa HO AAIBHOCTH HPH OTPAXKEHHH OT TOYEHYHOTO OTpaxkaTens Ha

Z=10 cm s nepBoil U BTopoii rapMOHHK. YacToTHas (QUIBTpALMs M CXKATHE UMITYJIbCA HA BTOPOM TapMOHHKE
MIPOU3BOIMIIACEH B COOTBETCTBUH ¢ (9), U IEpBO — aHAIOTHYHO, YMHOKEHHEM Ha K03 HUIIEHT

W, (o))zexp(—(u1 —iuz)(co—coo)z).

Brrancnenus ¢ ucrnonp3oBaHueM (GopMyIsl (§)
OKa3aJlich ONM3KM K Pe3yJbTaTaM MOJEIHPOBAHHUS.

MogzenupoBaHue — moaTBepawio  Teoperuueckuit  a) 0 0) 0

BHIBOZ O TOM, YTO JMarpaMma HanpaBICHHOCTH Ha /\ -

BTOpOW TrapMoHuKe cyxaercs B 1,4 pasa mno .00 2 -
CPaBHEHHMIO C AMarpaMMOil Ha IEepBOM TapMOHHKE. =20 /

Pasmep Touku mo nanpHOCcTH Takke B 1,4 pasa

MEHbIIEe. YpOBEeHb OOKOBBIX JICIIECTKOB IIOCIIE -40 ! /

cXKaTWs UMITyJbca He npesblmaer —55 n1b. bokosbie <0

JeTIeCTKH ~ OOYCIIOBJIEHBI ~ TJIaBHBIM  00pazoM 0 1 2 3 4 0 2 4 6 8 10
HaJIOXKEHHEM Ha CHTHal OCHOBHOH TapMOHHMKH /o, z (cm)
CHTHAJIOB COCE/IHNX TapMOHHK. Puc. 1. a) 3asucumocth ammumMtyasl A cmekrpa
3akiroueHne

U3IyYEeHHOro curHaga or vacrotel Ha Z=10 cm. 6)
3aBUCHMOCTb aMILTUTY 1! 1-i1 (cepast nuHusA) u 2-i (4€pHas
JIMHHS) TAPMOHHKK OT JaTbHOCTH

[lomyuyennsie B  paboTe  aHaIUTHYECKHE
3aBUCHMOCTH IO3BOJIMUIN OLICHUTH XapaKTEPHCTHKH



CHTHajJa BTOPOM TapMOHHKH, BO3HHKAIOUIETO MNPU HEJIMHEHHOM pPaCHpPOCTPAHEHHH YIbTPA3BYKOBBIX BOJH B

OMOIOTHYECKUX TKAHAX, IPUIEM B KadeCTBE 30HAMPYIOLIETO MMITyibca BeIOpaH JIYM-MoxymMpoBaHHBIN CHTHAI.

Pa3paboTaHHbIii YHMCIEHHBIH AJITOPUTM MO3BOJIIET MOJEIMPOBATh CUTHAJ IEPBOM M BTOPOH TI'apMOHMK MpPHU

pacrpoCTpaHEHHMH KaK KOPOTKOTO 30HAUPYIOIIEr0 UMIyJbca, Tak W JiuHHOro JIYM-moaynupoBaHHOTO

AKyCTHYCCKOI'0O CUrHaja. Pe3yﬂbTaTbl AHAJIMTUYCCKUX OILICHOK W YHUCJICHHOTO MOACIMPOBAHUA II0OKa3an

BO3MOXKHOCTh TOJIyYeHHsI Y3KOH C(HOKYCHPOBAHHOH IHarpaMMbl HampaBiieHHOCTH (B 1,4 pa3a yxe IuarpaMbl

CHTHaJa Ha NEepBOM rapMOHHKH) IPH 00ECIEYEHUH HU3KOTO YPOBHS OOKOBBIX JierecTKoB (Hmke —55 nb). Cxarne

UMITyJIbCa II03BOJISICT IIOBBICHTH OTHOIIEHHME CcHrHai-ym B 10-20 pa3 B 3aBUCHMOCTH OT BBIOPaHHOTO

Ko3(dunrenTa cxarus.

Hannblii  Meron wucnosnb3oBaHusd JIYM-Mony/lIHpOBaHHBIX CHUTHAJIOB PEKOMEHAYETCS HCHOJIb30BaTh B
a0JIOMMHAIIBHBIX HCCIENOBaHHUSAX. Ero HCHOJIb30BaHUE IMO3BOJIHUT YBEIMYUTh TIyOMHY oOmacTu o0030pa mpHu
COXPaHEHHHU BBICOKOTO MPOCTPAHCTBEHHOT'O PA3PEIICHUSL.
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Algorithm for chirp-modulated ultrasound signal processing in case of nonlinear propagation of
acoustical waves in biological tissues

Benenson Z., Elizarov A.
Dorodnicyn Computing Centre of the Russian Academy of Sciences

The paper contains analytical and numerical investigation of nonlinear propagation of a chirp-modulated signal
in biological tissues. We obtained a solution of the wave equation for 3-D Fourier transform of the second harmonic
signal. The solution was estimated for the case of Gaussian apodization of the signal emitted by a transducer. This
allowed deriving approximate formula that describes the second harmonic component of the signal both in 3-D
space domain and in 3-D Fourier transform domain. The transmitted pulse was considered to be a chirp-modulated
signal. The formula obtained permits estimating the signal magnitude, the beam width, the active area of the second
harmonic formation, the first and the second harmonics magnitude ratio.

We developed a numerical simulation algorithm for nonlinear signal propagation. The algorithm is based on
sequential application of the obtained nonlinear wave equation solution to the signal propagation in depth.
Computations are conducted for a given small step by depth. For each next position the signal is calculated as a sum
of the first and the second harmonic components, the first component being computed as the linear wave equation
solution and the second one as the nonlinear equation solution with the substitution of the solution from the previous
position into the right side of the equation.

On the basis of the conducted analysis we proposed and simulated an algorithm for decoding of the chirp-
modulated signal (pulse compression) for both the first and the second harmonics.

Simulation was performed for parameters typical to abdominal examinations. Carrier frequency was 1.7 MHz,
active transducer aperture size was 1x2cm, chirp-modulated signal duration was from 10-1.0 to 20-1.4
microseconds, compression coefficient was from 10 to 20. Simulation results practically corresponded to analytical
estimations. Simulation confirmed theoretical conclusion of the possibility to obtain narrow focused directional
diagram (1.4 times narrower than that at the first harmonic) while providing low side lobe level (below —55 dB).
Pulse compression allows increasing the signal-to-noise ratio 10 to 20 times depending on the chosen compression
coefficient.

This work was supported by grant 05-01-00325 from RFBR (Russia).
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