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Abstract

The generating ultraharmonic frequency component from ultrasound contrast
agents have the potential for use in improving contrast resolution of ultrasound
imaging in medical diagnosis, and for overcome the limitations of second-harmonic
imaging. The creation of ultrasound imaging from different frequency of contrast
agents signals can be used nonlinear single-input single-output (SISO) Volterra model
in separating frequency. One important problem of this model is limitation to model
ultraharmonic component. The overcome of this problem has been a presentation
method used multiple-input single-output (MISO) Volterra model. This method can
use model only but it cannot separate frequencies. This research presents a method
to model ultraharmonic component by the excitation of half-frequency of input
signal in SISO Volterra model. Results of application of this method can model
ultraharmonic  component. From discussion of system identification frequency
response by the method for applying ultraharmonic separation, it appears that can
be separated ultraharmonic from fundamental and second-harmonic frequencies.

However, for subharmonic cannot be completely overcome by the identification.
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INMsATIdEIENaTs  wudesdusEnaumIuisansensuedinilaiuinauls
dwiumsuiulpsanuaudauesn maansgnlviel CTR guflssmnnsiudaamzuiion
flansudlifudalutsnaiefe wasmaiianisusnasiussnsunuddmivairanmda
arenstssinsesiamesfimuamsanvrlii CTR ge udedlsiniu Ygymvasdh
Tamesiflituaglaeluvieuvunilsduymmilueiny (Single-input single output:
sis0) fhufitadfinde liaunsaatauuussdusynausansensuaiinld fefulusadeld
awhmsnussssiulifinsiasuuusiduseneudanmeniueiinlagnisliuuudtass
aqnm‘hamamﬁamﬁ%aﬂé’ﬂmﬂﬁw%’umsnsaqmmﬁé’amsﬂm%uaﬁn dwmduidunman

wilimadendmiun1sURAMATHIBINMEAN IR

1.3 ngUszasn

13.1 iefnwisn1seenuuvaiauuuiiasiesrusenauamnuisansie1suatinain

s L%

pauasTauTasERiiuaNurLdndwsUsansITnfmekuuitaeeunTHlame







o i s L1 I.A. a < ' a o ¢
1.3.2 iiemaAnendnuniuarasitdounanauauai il 1y Alllesiveunay
aasnsIRnnaveLuUIIaeseynsuliamest dmduvszyndldidudinsadlunisuen

aqﬁ‘disnaummé’amwm%maﬁnLﬁaﬂ%’wqqqmmwmmmwmﬂﬁamwné

1.4 YAUWAVDINISIAY

1.4.1 91@89uuv (Simulation) ﬁﬁLquwqﬁnﬁmnmﬂﬁauﬁLLUULLniwaqm‘iLﬁumm
audailognzdudioidndusansisnadfisaunises Church iordifinesduszney
Anuidansenduein

1.4.2 ﬁm&’ﬁ%‘et%wﬁmuué'tymmasﬁauné’waqaaﬁﬂ‘asnaumwﬁ
SanmensueiindsnuuiasseynsuhamesifiessyAnendnualvesszuy

1.4.3 Yszfiuanendnvaifildiuresnvudrasawvveynsuliamesiludidesiney
LazAIenTIAnetonsIvdeunanaUAuaaTan A dmdunisiluysegnilduen
sefUszneumisansienfuelindmiumsaiunmdansiend

mMsUsEInaNanmuavnlasn1salusensy MATLAB

1.5 JUADULAZISNISIRY

1,51 wummﬁmrﬁiuLLasmuﬁﬁ'ﬂﬁLﬁm'ﬁaaﬁ"urqmé'ﬂwmxmwﬁé’ami'laﬁnaﬁﬂ
waziaianUsTnady Y uAInead M UNMEan e IR

1.5.2 ﬁnmnwmum'ﬁé'am’mucﬁuasf«qmé’nvmzmsﬁ']Lﬁﬁmmﬁmmﬁﬁamiﬂm%
:Jaﬁﬂﬂaaé’fgmﬂzuasﬁauﬂé’umnamﬁumﬂmu%ﬂ

1.5.3 $rapauumIridsnnuidanseniuiinnnaunisuuusiassnisiadeuiivuy
uATsesATLANANALTR

1.5.4 sanuUUIsMsastuvsdUssnauauisan e usinandygassiieu
nduMnEsRtARLdasasuuuaeynslames

1.5.5 Ussiiunavneanieondnualludmaneuausadsniui

1.5.6 nageunawazUiuUswmAlvdanaiiu

1.5.7 ajunauaziyuseny

1.6 Uselewinaindnazlasu






1.6.1 \BeQAamNI I
1.6.1.1 Lﬁaﬁwlﬂﬂisqﬂm"l‘ﬁ‘luﬂ'%’wqwm,ﬂ'lwmaamwé’amwnﬁfhmﬁu
Uszansnmlunisnsiviiadelsala
1.6.2 \1909AANN
1.6.2.1 WiBnsadauuuiiastesduseneuanuiidansesuednlasnsly
wuudnaeseunsulame
1.6.2.2 1§38msszyAnendnualifievszifiunansuausadeamidmsy

v o o L3 =
Uszgndldiluinsnsadhameslumsuenainundansiesvedn







UNN 2
A15IALASLULASDIND

TuunilagnaniimsiamdsuasediedmiumsesnuuuiiioseyAtendnuaives
padUsEneumasanensueindmiuldidusnsaswrnuiiioadunmdansigid Tagun
& o | e d & gy o ° ) v 4 o colo v & @
fisnamduasesdieflddmiunsdiassssuudyguasieundudansieaniiusiunu
duanaiuatuaduagiouannsdansiena ssuukuuTaseynsuliames wazn1saiig

o C‘ o = o o
C-T)LL‘U‘LI’ENﬁﬂisﬂ'e)Uﬂ']’mﬂﬂﬁﬂ'i'iﬁ'l'%ﬂJauﬂﬂU wuuTiaedlawmes

2.1 szuvdygadzfioundudansng1in

sl )

ANAINNSSansenATAnEnyuz i ud LY TUANFAIRINNNTOaRIIEIRANIY

q

Y
@

5En1suuuiudeuld iy dufevzdnisldarsiiualinuaudadiniunisdansiv1an
aal = I s L4 A a/
(Ultrasound contrast agents: UCAs) IngaSnsdatniunieglusnanme dyguazvsunauda
. & aaa i o W @ a o et
aswailiaanuuiserseninedudansienalunsgnunuasiiuaunude §iae

avvousonudsnadnunglifudadu fygraavieusdudansgnanigudnuusl
Dudadui wwusznouludoesiussneunnuiinngg nanfe wWemdsmaurhnisdans
gmdfenuidsiiauiyag f, WSSnuideimssansend sxdulndyyaasiioy
nfuflesusznauesnuiiyag f,, Avwddussuein (Subharmonic) i fy/2, Puiida
as1gnsuaiin (Ultraharmonic) 71 3f,/2 wasmuiensueiindiaes (Second-harmonic) il 2f,
TurAseinmsiindygnasiouniudanssminldlditmshaswuudyguasyiou
AAuSaRsTI9IIA n"rsr‘i'uﬁﬂ‘uaaé’ﬁgtyﬂmazﬁauﬂ%‘ué’amiw'nﬁﬁummnamﬁummﬂwﬁ’m 77
uwuildReaun1suuuTaeses Church funuilainisnduinunuasiisteanidevasy
nuigadldhannsalinaninugndosdiarudiiusifuldluiimmadeiuiusanmmaans

934 FhunuLUUIassaun1s Church annsaleuldnsaunisy (2-1) [11, 12, 13)

" 3 n2 | _ &3,(_ _ — E
pL[RRg(R)]—pQ [RJ R AGETIES

_op LR R o AR K (2-1)
. R TR







s

o R Aesaiimsindouiivesarsitiatlag R uay R’ Aoeyiussuduiiviluarastasind
Wieutunan mwddy, R, Aedmiineusudundeuiivesans, p, AeAIAINMUILLY
vounaiieglagsouans, y, Aemmnuvilavasenm, d; Aerarumundenviesiuans,
G, Aarlugdausadeudonvioviuans, s femanamiafenvieuans, K Aerins
YIUFIENT, Po ABANAIINAUTDIVBUNAILABTOUATT UAT P (t) = Pacos(at) Aomusuiily

o = @ & aa
LD Py ﬂ@ﬂ']']ﬂﬂﬂ%qqﬂ way @ ABAINHALYILA

v P

A minmeuaunis (2-1) Acwalaidudsrinsuniaiiognnssquiienaudans,

#7176 anunsouvasndudunusudes Py Aeauns (2-2) [14]
Pyes(O)=p,r™ (RR"+2R(R')’) (2-2)

l‘-': 1 1 L i i A. s o o S e
e r ﬁaizEIBVI‘NiSVH15@1ﬂdﬂ§uuﬁ52‘[’1‘5LW1]F1’J’13JﬂM°ﬁﬂ FEUULUUINIABDINTITNLUAT Y YT

a ar § e o
AxVIouAAUSaNI1YIN AUAASlUFUR 2-1

SN

Excited input signal

Transducer —-

Ut 2-1 szuudyaasioundudansiemiflasnislduuudiaesaunis Church
2.2 sEUULUUIIAeslame

aumseynsubiawmeswuuniladunvmiaewiwniuaunmuadineansiaunse
M dwmsuidumunuresszuuldifudadu ssvvaunsidanussnindyuiusunnuay

WWINY annsalfeusiaanns (2-3) [15]
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.

wt)=h, + ]c'h,(r, )x(t—1,)dr, +j ] k(1,7 )x(t — 1 )u(t —1,)dr dr, +...

-0 —r

+I Ij B (T, Ty 00 T )X(t — 7)X(t = 7, ). x(t — 7, )T d7, .. dT, (2-3)

—a) —a0 -0

& a

ey Aedygmunanavaussenviny, xit) Aodygndunn k (7, 7,,...7,) A

wamavauaaﬁuﬁ’aémaﬁxuuLwiazé’uﬁ’uwuﬁfmﬁﬁ k

23 STUUNISHSI9RILUUIAUSZNEUA2IUADANTITITUDNNALLUUTIADY

Thawas

Lﬁmmﬂme‘hamiaamasqﬁi%’ﬁ’uagiimaﬂ"ﬂﬂ w'%m'%animuwﬁq%uwwwﬁa
L@11un (Single-input-single-output: SISO) ¥ lddmivaiefuvuivasiusznauainudd
Dupuiensuetinfiiiuduwuuwig Jude £, 26, 3, ... wiliannsaldldtunisadieh
WUUBIAUSENBUAILA fo/2 Way 3fy/2 tuReesrUsznouauatusnusiinuardansiens
weiln fginaualag O.M. Boaghe and S. Billings [10] FBnssasauuussdUsznour Wi
fo/2 Iﬂamﬂ,‘ifmﬂﬁﬂuawﬁuwwﬁumﬁww (Multiple-input-single-output: MISO) F933
Fanan anseaesTLuURIesUsEnaUANE fi/2 way 32 1 wigidlsiiou Tudves
mi‘U'ﬁsqnm"l%'u,uuq‘hamaqﬂiul'samaiﬂﬁm%’Uniaqaaﬁﬁ.{isﬂaummﬁ'ﬁma"rﬂ:.imm-m
Tlal 3%maaﬁlﬁgnﬁﬁuﬂiﬁﬁué’mvnunmazﬁauﬂﬁué’am'awnﬁl,ﬁaﬁqaﬁnammmmsnﬁm%‘u
$ra0euUURUBIAUTENaUALA f/2 waz 3f/2 lae C. Samakee W@y P.
Phukpattaranont [7, 16] nalddlsfuanuansaveamaila MISO flanansaaiie
LLU‘Uﬂmé’nwmwmméﬂsznaummﬁ fo/2 uag 3fy/2 Tdase wasgreinulunivesnts
Usvgndlddmiumansesmwiliiamnsoiiesldrniensnualdmsuisils wananilsan
seeideluonansd (6] Alianunsalddmiunisnsesesdusznouna fy2 Ty

[ as '

asaninluszuu MISO tduasviimsuusdygaduniludygyiugosgmunuyenisiin

s

drvesdyguienviny Fanisulsdyyradunniludyginlninateqdyg i vinlll

wangqanudinduludyyranarldlddudygranden (Single  tone)  Tedawalvinng

AEVAUDIUBIATUNARBUALBIANATBIUUUT A 2aWaT UNARDUALBIANEANE

o

" 1 v v
fuwwiiu Ssldawnsatanldnseslsianizanuimeilaoeniy Awulunuided o

v oo =

Ynausnslfinaliafizoninnisnszsfudyaradeniinuidunmaimivesanuiiyagiu

q

(Half-frequency input) dmSuadissnuuvasausenauanud 3f/2 uafildannisdnassuuy
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AN NHAITEITEUUTILONUINIAT AN OV IA AN B NANDUAUDIAINUNFINSU

U q

Uszgnaldlunisnsssesdusznaumuddansnensuein szuunisdnasiuazaiiaiuuy

¢ o o s a w o o a
ENﬂ'l.]‘53ﬂﬂ‘Uf’nqﬁJﬂﬂﬂﬂiqﬂ']iual‘!ﬂﬂﬂﬂLLUU'ﬂ']aBﬁi']aLVlﬂi'] ﬂ\‘]LLaﬂﬂluEﬂﬂ 2-2

AR IusUNIUY
X0 STUVAYQAEIOUAAY
£y > v 1 a + P t
nsgduiinIud dansmaliiduidiadu uca ()
dassuuulag
x[n] FEUVATIFILUUTIEDY )
v o 4 1 » y[n]
NTEAUNALA fof 2 BUNTULIEALNDIN

o o v o - v o o v °
E‘Lh'] 2-2 53UUﬂqu’]ﬁaunULLa355"«5]'3LLUUaﬂﬂ@uﬂauaamiq?jq?ﬂﬁﬂﬂq{[fﬂLL‘UU"U’Iaaq

Taves
2.4 69U

Tuunildiauenisiawiouaiesdionne dmsumsaiuimunuuiiesyyrieandnual

‘U@\‘l'i]ﬁﬁﬂ‘i%ﬂﬂ‘Uﬂ'ﬂllaé/aG!i"lS'li‘ll’élﬁﬂiﬂﬂﬂ’]‘ﬂ‘ffLLUUﬁ?’]ﬂ@ﬂI’)ﬁLﬂ@iﬂﬂ‘izﬂ@‘Uéf’JU ITUU

Y o a

fuannuazvisuriudansenalunisaisdyyrnasyisunauainnisdansisninnuatu

<

as

duassisumaudansirnanuinnunujisenssniniadudansendlunsgnuiuans

nALANTR Faazavviousenuimeandnuurliilududy Tunuidedliismsdassuuy
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FugaasTiaundusansngnid lnemunuaunisuuudiasives Church szuuLuUSIaes
synsubiawes Wuaunsmsademaniiannsalddmiudusumeesssuuliduds
u Dudnwilflumsyszanadyyradmiuufulnaunmesin msansiens luduiiey
Duduvemsmanendnvaivesssuvdmiulifousnasdiussnoumuiisansensuedn
laglduuviasdhames Ltaxqmﬁmﬁaizuurwﬂia"i'wﬁaLLuuaaﬁUsznaumii;Jﬁé’ammaﬁ
vefindeuvushasseynsulaamen duiandunsmuiaesssuuiindriudoud fov
drurassruudngaasieuniusansneniduazszuukuuiasdiamen FramJutunou
Fvesmsaruutlumssyaiendnuaivesszuuidenis ddlagisnmsunfivesuuusians
hamesldannsofiasldarsiuvuvesesduszneudanseniueinld uiluaudded

viaay o o ' v da & = =
ansaldlalagldisnisneniimanseauanuddumaimilivesnnuiyagu






351159189 aYES19A MUY

Tuunilagiauesuazidenresisnisirasswwuunsiiedygnasisunduann
MIFans19199 waznisasemuuuneadamanssouuuiastianes) Fuduniesden
I¥dwiussyrendnuniveasilseneuauidansnensueiin Fudummivisaulaluns

¢ ° ) Y] ¢ o o o o o @
LUNBIAUTENDUBBNINENSUAT N MEANTIEANEUSUUTIANANTATBINIW FMTUVIY

i o 13 s v a [ 9 14 = a
aesszuulnguesnisinassuuunaraisiuuy lnesuelundnnsluuailuuni 2 iy
Tyl mwm‘luuwuﬁwﬂanmiﬂaavl,aaﬂmm'mms wazAmnsfinesinagfiagldlusaisng

?JBQ'VN?E?NT“‘UU
3.1 N1591ABIMUUA Y UEZBUAAUDANI1Y1

nsadedyanasiioundudaniensdmiulfilumunudyyiuainnisdans
gmsuuuldasiiiumuaudn 1l$iEnssesmuumnaumshuugaEnvazInea
yosEsiiumuAnTa Wufe aunsi (2-1) gnwaiulag Church [11] FaseaziBeaiinanly
unit 2 Aadnuurildanaunisi 2-1) wuaaasfeisgennmdudud (Fourth-order
Rung-Kutta) uulusunsy MATLAB HaMDUAUBINTUNIeBIANSATvesanTiuALALT R
\dlagnnssdufeadudansiend B, ()= P, cos27fy) Fefuaunis (2-1) szgnuuad
nduluiumnusudesdygnaeieunduniusansiems lngauns (2-2) [14]

msnseduadusansafludmesenidligneauleysesdanudidad £, = 5 MHz
Welviiunsiiinesdusenauanuisansiensueiniiautn isnldanududss py = 1
MPa 977U 16 qﬂﬂﬁu STrWIsENINRIAInAULAZENS r = 6 cm HARDUAUBIYBIRNISU-A
fyrudansendluguaiuiadleyessdindi@euiignuagian (Gaussian-modulated

sinusoidal pulse) AagALNsNTULUALUURIV (Fractional bandwidth) 60% 8m3INTE

100 MHz SoulviSuduii R= R, wag R’=0 71t = 0 dmiuAnsiwesilfduluay

s

edsnnseauddsluenans (12, 17) aewanslunisiei 3-1 a”mmmazﬁauné’uﬁl ASUY

gninlusuiudygramdideulnides (Gaussian white noise) ) Tagdiseaudynume

o

dfyeuneuIunIu 50 dB
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M54 3-1 Awsdimesaigosastiuanuauda [11, 17]

W15 fimes ALY
v o a v
SATUAUYDIENT Ro=1 um
. = 3
ATUVAUILUUYBIUN P, = 1000 kg.m
Pl P, =1.01X10” Pa
NIVEFVDINY K =1.09
Anuviiauenn 4, =0.001 Pars
ANUUTLAYBIAaDNANT 4 =1.49 Pars
ANUMUIYRIUGENENS d; =1nm
Tugdausadeuraaudenans G, = 10 MPa

3.2 NFATNAMUUY Ty uaiusanswantasuuuinaedlames
4

ms’i%’uwﬁhamaumiaqnsﬂaamamwwﬁaﬁuwwﬁaLmﬁwwiﬂaﬁ"'a"lﬁﬂ%u,wﬁ
Berlaggodn SISO tuliansaldadrduvudmiuvsesdussnauauisansieniueiinld
\flosanseuy SISO ﬁwamauauaam{mmzaqﬁﬂwnaum%maﬁnﬁtﬂumaqmmmﬁLﬁuﬁu
wiaiide f, 26, 3o - ai’wmuMwﬁ’ﬁuae_jﬁ‘ué‘uﬁuﬁ‘lﬁ ﬁaﬁuﬁa’iﬁ'ﬁuwmmmﬁﬁaaﬁ
f/2 nsgdusyuunuuiasaliame Fuunanavaussataninmetinaneuausms
Avnuanavanenfuy fo/2, Sor "Hol2, 5 %’amuﬁﬂmauauaqaaﬁﬂiznaumwuﬁﬁm
Aaanslel

Imaﬁ"ﬂﬂﬂﬂﬂ%t.wuﬁ'maaamﬁaqniu‘hamaswﬁ'ﬂuamms (2-3) aznanlguuunen
dhu madenldsusulaasiueg Yuauitieanis dnduaiteitesiasiuuesiuszney
auasansIensueinuedyn uans1wIn Lsﬂtﬁan'i,%aunﬁaunsnhamaswé’uﬁuﬁmu
(Third-order Volterra series) deazvlilénanovauatasiusznauaudsansiensueiin

o a o - v
aumsaqniuhamaiﬂaumwmummmwaulﬂﬂa [18]

N-1 N-1
y(n) = h+2h,(k)x(n k)+ 30 bk ky)x(n =k x(n—k,)
N-1 N-1 N-I o
& (ko ks k) x(n =k )x(n—k;y )x(n — k) (3-1)

=0k, =0 k;=0
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Wi x(n) uwaz  y(n) Aedyy uUBUNNKATLOWINY ANEGU Ay, B (K,), By (K, k,)
waz i (k. k,, k) AoAduuszdnivesiinsesluuea, dudunis, Suduass uazdusuay
MUAIRU Lag N ABTIUIUAIILENIVDIRINTDY

HanoUABIAWALEMIMYBITTULLUUSIaesluauns (3-1) aunsamlaann
M-1 )
W)= 2 ylmpe (3-2)
n=0

P - =] Vil o < & =
we y(f) ﬂawamsuﬂaqﬂnaﬂmamm (Discrete Fourier transform) ¥89 y(n), M A®

ANINEMIVBIEYRIBUN way k Wuidiiadieus 0, 1, ..., M-1
3.3 N1992YANDNANYAIYVDITZUY

1 4’ = = d U- adc 1 s o
TuduilazeSureseasiduaisniuisnisseyaiendnualvesuuuitaedhiames

v v a o a ] v da CI a
sudva Tnensldimaiiafisendt msnsehuautdunvaImilavasanuiyagiu Msm
Anendnwalluaunisfi 3-1)  aunsadeuegluglanmsiivadadadu (Linear  algebra

equation) ey
y=Xh (3-3)
o y ununnwesieninnees y(n) awsadsuaunsidy

[ (0) ]
»(1)
y=|y(2) (3-4)

500

X unulnsngsunves x(n — k) awnsadeuaunmaiy
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1 x(0) x(-1) - x(n-M+1)
1 x(1)  x0) - X(n-M+2)

X=(1 =x2) =x() o X' (n-M+3) (3-5)
1 x(n) x(n-1) x(n-M+1L) |

WAz h UNURNIRETANUTEAVSINTOS A (K .ky,..., k) Beanansailiouldiiy

hy
h(0)
h= k(1) (3-6)

(M ~1,.s M=) |

=

8 M UNUANENITBIANNTIT, L UAUAMUEMEIRUEYQYIMUBUN UaY | UUAITYDY

dusulang vosuuudrassliamest delunisadnadwuudmivesausenauadiud
Fansnesusiinazidenidiludusvany
AMIMIANLBNANEAITBITLUY INENNIST (3-3) anunsasdieuludlaidu

h=X'y (3-7)

de X' unuBunesamning (nverse matrix) 1 X azegluguuuuvesismsusnaen

§7U (Singular value decomposition: SVD) A
X=USV)=> ocuyv/ (3-8)
i=1
fratiy gunmsmaenansaivesszuuluaunis (3-7) anunsadieuldidu

\ r 1
h=USV)'y=>v, G—ufy (3-9)
i=1 i
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o s Asueindlukundunuoayundniiiandnifudriengiuauin r=M xN
S = diag(6,,0,,0,..,0,) 86,2 0,20, ...2 0,20, U uay  V Aawunindgiuns
(Unitary matrix) 2w M x N lagaun@nues U=u,u,,u,,..., u,, WA M xM uay
a11TNY0 V=v,,V,,V,, 0y V, WA N XN
sruumsszyAendnuaiRrGuannsaidyyinasiouannsdansense
mMsshasswuuaunis Church antuthdgaadilfinassuvulasuuusiasdaames
Susvanu Taelidyauasioundudansnend B, (n) unudygisieinm y(x) veq
wuustaesiawe uasdayaadunn x(n) andanguanandu £, Wy £,/2 lnesunsu

v o
UBIsTULAMAndlugUN 3-1

HeyINTUNIY

at 8/ o
FEUUAYMEENDUAAUY

x(n)y—To ) Py ()

Fansgnnliidudadu

U

asAUsENoUBUAUAUE

“hy

[3 o ﬂi
29AUTENDUUAUNEY
x(n )—’ﬂ) /2 - y(n)
29AUSENOUBUAUEDS

h,

29AUsENIUAUA VAL

JUN 3-1 msszyriendnuaivesdygnasiouniusanynameuuuiassoynsulg

W38 UAVANY
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3.4 d9U

& =, a & aa o v @ A a by
Tuuniilumseduetupsuisnmsdiasswuuuasmsaisuvuiiduseazuaa
AMumadauazAmdnesnly dyginasiouadudansigninlaainnissiassuuy
a |y a v 5 P~ v oA ad o ¢
woAnssumsundeiliifudaduresasiiuanuaudadlognnssfuieadudansiead
AunuresasiiuauAntavslduuudiastaunts Church  dmsunisasiesauuy
o ) ¢ v = Yo o a o a i
dyarundudansendfmeeynsuliames faumsilitusglneilundeisendiuuy
5 wa i s L= o Y L3 a o 5 a s 4:?
SISO HuRmuanUdliansadunsensvaussiinuisansesuedn dumiulunuisotae
ldwadamsnsgduanudduymaimilswesanudyagiuvesdygaduwnvosuuusiasg
] a s ._v] v AHJI v e
wuiasthamedusivay awnaaainmseenwuumneistdmalinuaudivesssuy
SISO finuansoneuausmiyagunsdewin Fezviliounsulamedusuanud

Y « oo ¢ a qw
ANUAWTOFTNAIUUDIAUTENDUAIUDDARNT ﬂ??uaun\lﬁ






UNN 4
NaN1521804

Tuun® 3 A ldnaniseaziBenveisnisinasawuueeddygyuasviou
NAUINNITTANIIWNIALALNTTASNAIMUUIBIDIRUSENUSans 8nsuaTinAewuUINaaslaa
W91 dmduibovnluunignaniwadninssiasdildsunaisnsrailanaraluluund 3

Tngradnsnnisdiasu dseazdeadiioluil
4.1 NMsaRuuuLaraseRIuUUdYIMEsouARudans191n

lumsdansenawuuldansiiuanuauds nsasdyauasisundusansigna
o a e a a i a @ A
lasnslduuudtasmadinmansnesuiengAnssunsinlsvesasiiuaiuaudadiogn
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srannsaadsiuuuiariinulunsihludssendlddmiunsesnnudld nsadnedauuy
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(3-7) ﬂ'wLaﬂé‘nwniﬁlﬁ%’wxQnﬁ*ﬂﬂf-ﬁ’"rmm‘viwamauauawaﬁsuduaumi (3-1) TAseass
| @ P ") ' o v o )
msmmLanaﬂmummumiﬂismmmt.mﬁ'qwma‘lmmmmaswmmeaaaaﬁﬂisnau
ddw o @ v v Y ¢ & | ar
ANuAfidesnsdmsumsUszgndldasianmdansnenaniy TAssEsanIsyAenaneallag
o a o = ) ar a @ P v o
nsldmatianisnszauaieaudvesdgyyiudunm wansnauanslugun 4-1 detdy
= .J Ve s s} v v s v d‘
nanevausudwailasuiwanslugui 42 lasidunuiwnumedygiudenaunau
Fans1gdsuatuINNITAUINAIYENNS Church  wagiduy seunudygyIuiinuuan

o L ot A s v dl' [ a

aumsuuusasdliamesisusvaiy lugu 4-3 AR AV DUAAUDANTIF IR LULTS

o ° Vi e [
AuddsEnsaAnllagauns (3-2) anglasimuldindygaszneulume

Volterra Model

sUft 4-1 TassahavesmsmAnendnuaiszuuuuuitaedhiamendusiuanlagnis

TdwmadanisnszauasrnuidygIuduny






21
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4.2 MIVAFIUANAINURDHEQIITUNILYBITEUUKULTIAD41IAINE T

douandiifuiwssaninmusuuusiasthamesilumsairsiauuy Tududes
ﬁ'lmiwmaaummmv]waaLLUUwaaadﬁaanLLuuuﬂuﬂiﬂjﬁgnﬁmmmwmu lngfvunlv
AnseuTasdynuRedygusUNIU (Signal-to-noise ratio: SNR) dandu 50, 40, 30, 20,
10 waz 5 dB vderlnozunsuveinisitassdenanileududauandusui 2-2 usAnszeiy
é’fgfymiumuﬂw%’mﬂﬁaulﬂmmsﬁuﬁaﬁﬂﬁ'nm mﬁﬂﬂisﬁw%mwmaaLLUUﬁﬁaaaﬁuﬁa
"n“ﬂm'lmi'}ﬂ':mqnéfm‘uaaizUU’LumsUizmmf-i'mam'ivhmaﬁisﬁuﬁ’mmmﬂumuﬁsﬁaﬁu
T,ﬁamﬁﬂmmgnéfawmmiﬁwmawa%’iﬂumawaaﬂ'ﬂmmﬁﬂwamﬁﬂé’aaauaﬁauaéua

1ad (Normalized mean square error: NMSE) @sanunsafiuanileiann

NMSE = EOET0 A ' (a-1)
"-yUCA (n)”2 E

W8 Yy () WAZ Yy (1) ﬁaﬁ’zyagma'lﬁwwaaﬂﬁluaw’faué’amswmaﬁmﬂmﬂﬁumm
audnanmseaaluaunisi (2-2) wasdygaewiwnanuuudiaedaamenduiuay
nmsAwaailuaunsit (3-1) amuddu
msadrehuuuisuiasdhamesdusivanldaruendinses N = 40 Uil
(4-0) WARNAIBUTBUTEMINERNAAN Yy, (1) WA Vyens (1) 71 SNR = 50 dB 1ot
EUMUMNY Y0, (1) wazIdUUTEUNY yya,,e,m(ﬁ) mudiy Tuguil (4-0)a uanwansuauss
Wanan uwazlugy (4-4)b waRINARBUALBNITIAID %LﬁumﬁﬂssmmﬁwaqLLUU‘ﬁTﬂam
Tamesianuuiug i fuand NMSE wihiy -18.91 dB JUAl (4-5) uamaramsyitung
\dloseéiu SNR = 40 dB namsUszanmuAaguuiiasidinadinmiuuiugt A1 NMSE
winiu -18.35 dB qﬁvm.ﬁnﬁamﬁmﬁauﬁuﬁ SNR = 50 dB JU#l (4-6) uamanansvinneidie

s2dU SNR = 30 dB funauAn NMSE Wiy -15.66 dB Ul (4-7) wamsmanisviuneiile

AU SNR
SgAU SNR = 10 dB A1u7uAT NMSE yinAu -6.34 dB way gﬂﬁ (4-9) uanINanNIsYITUNeLile

20 dB fwasiAn NMSE winiu -11.15 dB 3U#l (4-8) uanamsyihuneiile

526U SNR = 5 dB AuaquAn NMSE iy -6.3¢ dB Taflmnugeaailieiiiguiuyngazeu
SNR fitiuun Tugu (4-9)a misUszunuraefinnuuiugiflugae 0<r<1 us 3U (4-9)
nsviungraresuuiaadludiaiud aunsaviungldgndes asuldiuuudians

ansaduasdUszneumuidesldvaduaiuelinuardqpsiensueidn Fuansliiiiud
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auannsanmusedyinsunmulfiiusgsd daziludefvewvudiasdiamesi
wilonisanseanadanlduuudaduy MsiSeuiisunanisvituiean NMSE seninedayeynn

v o 1 ¢ v ar 3 P a ' o L
azmauaamw’nmmuawLLasLmeaaﬂ'Jama'S'lw'isﬂU SNR LL@ANANAY ﬁ‘a:ﬂlﬂﬂﬂmi’i\‘] 4-1

#1579 4-1 A1 NMSE 2983 suszanaurilaswuuiiaadliamasduauans fi5eau SNR

wANEN9NY [17]

SNR (dB) NMSE (dB)
50 -1891
40 -18.35
30 -15.66
20 -11.15
10 x -6.34
5 430







24

500

Amplitude (Pa)
=)
o
i
s
el
=

-500 '
0 0.3 Al 1.5 2
Time (s) -6
x 10
(b)

Amplitude (dB)

0 o - 10
Frequency (Hz) 6
x 10

U 4-6 nanpuauBIINLUUTIaBTisERu SNR = 50 dB () Tawuan (b) lawueud






25

500

Amplitude
o

-500

1 1.5 = 2

Time (s) 6
x 10
(b)

Amplitude (dB)

Freduency (Hz) 6
x 10

U 4-5 nampuausmINLUUTIaeaiisyAu SNR = 40 dB (a) Tauiian (b) Tawuarud






26

(a)

500

Amplitude
O .'1. .‘

-500 s
0 0.5 el 1.5 2
- Time (s) -6
‘ x 10
(b)
=
2
O
s
2
£
0 5 10
Frequency (Hz) 6

x 10

dl o A . dl
U 4-6 HameUALBIINWULIIABINTEAU SNR = 30 dB (a) lawuwian (b) TamuAwd






(a)
500
A A
Q S e bR
: 8 i
2 oM
| i
: 1
-500 - | -
-0 0.5 1 1.5 2
Time (s) -6
' x 10
(b)

Amplitude (dB)

Frequency (Hz) 6
'._ x 10

Ul 4-7 nampuauBIIALUUSTaBaTisEAU SNR = 20 dB (a) Tnwuan (b) tawueaud

27






28

@

v
15

:
Y
5

:
i
i
0

500

opmdury

Time (s)

x 10

(b)

(gp) epmyrjdury

10

5
Frequency (Hz)

x 10

i
=l

4-8 HARBUAUBIIINUUUIIADINT

JUN

0

U SNR = 10 dB (a) Iasuunan (b) Iawwuainy

a
LY







(a)

5007

Amplitude (Pa)
o
o

-500

(b)
m
=
((B]
<
=
=
E '40 | : .
"
0¥ 5 10
Frequency (Hz) 6

x 10
gﬂff’i 4-9 Naﬁauauaqmmmuﬁwamﬁsxﬁu SNR = 5 dB (a) Iawutan (b) TluAuE

Red






30

4.3 Naﬁauauaufﬁammﬁﬂaﬁﬁqtané’nmﬁ

nszurumMImALendnuaianunsamldlaeizusunmsTasuUWg AN IUAS
unidlagauns (2-1) dwdumsidnesdussnausansiensueiin namnduthdaygyind
Leisunmeandnuaiuadsyuy msmmwné’m;mirﬂudaumn'ummaa%’wﬁ’mumﬁaﬁham
woRnssuvesdgtariounausaningad fuuuildirenuusiasdliamessudivay
Fauandluauns (3-1) etumeunisaiisiuuuardesinmsmaendnualvessruuneu
swarBenvesnsmAnendnuaifeiildasusluiate 33 ludufisesthatendnualin
Idsegluguveslamunanienesililasunnufiiofnsanyssansamauanansely
m‘sﬁﬂmﬂsxqﬂﬂﬁlﬁaﬂiaaﬂdﬂuﬁaaﬁﬂ'ssnauﬁamswﬁuaﬁnﬁm%’uﬂ%’uﬂqaqmmwmm
Awdans1wIn nadnsannsUsEuAtendnyaivesvuiaeshamenUsznaume
wondnuallumenvesdudunds (Firstorder), Susfudes (Second-order) wazduduay

- - A 1 s L3 v >
(Third-order) nMsuinanavauadlifidenunuasAananyal ¥lainaunIs

. . M2 B 5 =( 'g—’[fq ++ '2—ﬂk,. ) ]
Hj(jp"':j.i)'=2"' h,(kl,kz,...,k,)xe Py & (4—2)
k=0 k;=0 5

s as

o h(k.kys... k) AeAnendnwalluiiaivesdunuiee lae i unuididudulaves

WUUTI@RDI M WNUTIUIUAINENIAINTDI wae p=0,1,...N -1

gﬂﬁ 4-10 uanwanavdusdmiHvesAnendnuaimensusunile unuse H,
nglasduhmsaeuaussgaad 22" MHz sgslsiinuddinisnevausadniiosunenaud
Wi 7 1 MHz 3U7 4-11 uanswansuausadsmuivasiiendnuaiinendudiuans uusie
H, mn’gﬂ%Lﬁulé"jwmLané’nmﬁmmmmauauaammﬁadwﬁ’mLﬁm'sa'u*] (5, 5 wuay
(-5, -5) MHz Fawansliidiuin H, mmsn‘lum%ﬂ%’wﬁaLLUU%@mmﬁ'Qagm fo V03RRI
avviounduSansI9NAT 5 MHz ¢ %’iammE’iﬁﬁaﬂfmﬁﬁasﬁaummm‘ﬁm?jaL‘tiul.ﬁmﬁ’u fu
Aevanunsahuusvendldlunisnsesaruidld SUTl 4-12 wamenanevausadimuives
Aendnuaivendudiua uwiuie H, ngunansuaussaufidniuiinaud 7.5 MHz
(mudsansensuaiin) uanmniﬁmwaua@alujmﬂﬁ’nﬁmmﬁiau‘] 2.5 MHz (A 1uidd
snsusiin) MnuamauaussAImETlETuandiiiui H, frnuansafdululdlunsiily
Uszgndlddmiunsnsasauidansiensueinin egrlsinudinsnovauesium

Entesvesauddusnsuain anadinnudululsiesiiosrusznauiudadnuiee [19)]
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4.4 g3U

Tuuniiuannansiasuuaa LU UTesiyaNasTeuRd USan 1918 f
swazdeailanantliluund 3 wanmsmssiaesuuiuudyguasisundudansiend
Mnasiiunmaudalasnslduvusiassauns (2-1)  wadnsiduluaumgud duded
KanoUALBIBIRUsENaUANATLATUUSENUME mwdduaueiin 25 MHz, mmdya
§1U 5 MHz, mnuiidansiendueiin 7.5 MHz uagarmdensusiiniiass 10 MHz \ieldnau
nsgduiieawd 5 MHz antuddygradliluimsassiauuudeuudasdiames

v

é’uﬁuaﬂulmamﬂ%mﬂﬁﬂminszqum'm?iﬂ%"wﬁwaaﬁ’mcgwm%uww nafldszuvilanansa
abrenuuidiulumuiidesnisidiufiessuuuuuassansaduauiiaudduensuein
2.5 MHz, Arwiiiyagnu 5 MHz uageufisansieniuetin 7.5 MHz dudussduszneuanud
ﬁLi']ausLTl ﬂ']'ﬁﬁﬂ']'ﬁmrlwﬁWaUauE]Qﬂ'J']ﬂJﬁ‘UBQﬂ"]L@,ﬂﬁﬂ@fﬂ‘ﬂBQ?%UUﬂ’JWNﬁé}aW'ﬁ']ﬁ'ﬁnﬂﬁﬂﬂ3
novausIAINdlaeAendnwalineususvaty H, sgrslsfniunisRiansunanie

namavaussANiueInsdl H, onaldifisanednaunsaldlunisnsaslianzainud






dans1aniueiln (issniinisneuauesrnudduquiualiyinduidiuime f1e19
SududediiamziiiuAnlufieidunsmeloufiuiuiofiansunansuauaudnuii

FALAUTY






N15ILATIZNanaUaYaIANAvasATudeTeuluwuusaaslavasdms

#51907uUBeAUsENaUTaNI1813 LB TN

Tuundl 4 Ak wlauaninantsTassnuudy gy inaseudansiginass
peAUsEnavdansiensuednuasadrefmnuulaenislduuusiassliamest lunisva
nanavausudeanuivesAnendnvalflasuluuuusasdiamesiitefiasauadnenn
dwiumaihluusegndlddmsunisnsesesdusznauainuiidansiensueiin wuinnns
wnsulunanevaussdnnuvesanendnuaidalinamiswanisdnduls Tnsanigluen
lendnwaiduduanuiilddmiunisnsetasduszneudansensuein Tuuniisesiiansan
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ﬂaaizuu'lué’uﬁ’uﬁguqﬁuﬁgyfgmﬁuwﬂ Fefunrsfiansaunanevauendeniuivess
wendnuafluunil 4 Akusnagilimswldiusasmendy Sudunil aes wavany)
awannsafingliaruiladuly edlsinunanissiasdduunil ¢ fsusnty nng
fisnsannanavausuieauivesdnendnwaiddhitiismedonisiansandimiunis
Uszgndldifludansesusnasdussnaudansensuein luuniisesfarsaiu@uly

NaRBUAUDATIAINDTITNINTUNISENelauYRLUIUIIaRdlNavIasdufuaTY wuusaadia
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g v & < < ¢ °
wosldtu WWulumuaunisi (3-1) veeunil 3 HARBUALBITINYBLDINNYBIUUUTIABS

Tawmesdusivaiy awnsadeulansannisain

y[n]= y[n]+ y,[n]+ ys[n] (5-1)

die y,[n] unuranouaussILveILUUTaRduRuTinds, ,[n] WNUNARBUAUBITINYDY
WUTaeesuUNARY Uar y,[n] UNuNARDUAUBITINYEIUUTABSUNUTIETN S nHaNTS
Fravauuiikunty wuiwaneuauaseussneusanseniueiintueznevavedustuy
wuudasdhamenisusua ﬁaﬁum’sﬁmmﬂseqnﬁﬁm%’umsﬂﬁaqmmﬁﬁﬁnﬂuﬁm
fsanludiuvesitaidunisdigleusdusuiiany vdealaezunsuresnsuenasdussnou

Y] s a v [ ) | v W oa v =]
sansgriuetindenisldilaidumsmeloududiuiiany uansiagud 5-1

v e

P (3 o 4 = o & 1 L =
JUM 5-1 MSUBNa9AUTENOUANLANYNIMASIBUARUDENTIYIARIBALENAN YIS U UT

audmsuesnUsenausansiansuatin

aunnsanuduiussenindunnuazanendnvaldiinsesduduiian awisadeulidag

gunIg

N-1 N-1 N-I

yiln]= Z Z Z Ik ks ]x[n— & e[n — &, Jx[n— & ] (5-2)

k=0 k;=0 ;=0

NamoUaUBudInmdvedauns (5-2) mlsannsuuasyisesves y [xn] anansaloulens

aune

F(f)= 3, e (53
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e M Asduruanuenivesdrduduwm way p

p=0,1,.,M-1

5.2 HAN15918890aZ I ATISViNG'

JUM 5-2 uansawnmsuvesdyannaziieuniudansiendanatsiiuninunudn 3

P2 = o v g | P v v
uanwaielUIouiisulvitiuneunisuendiunnud Tnenisldaunis (5-3) dumuiuny
@ i v L) a (-1 a 8 o (% L% Y|
awnaduiildandununginssuliifududuasifvanuaudn wasduussunuanndud
v o v W ) o = =
lanasvesuudasdiamesusuay AMANYEINIAIUAYSENBUME AINAYAgIUT

fo=5MHz, mw?i%’um%naﬁnﬁﬁ/z = 2.5 MHz, muddansiensuedndl 3f/2 = 7.5 MH>

< ¢ a i
uasAUnasuBUNNEed 2f = 10 MHz.
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Tunuddeiinaulanisfinudnyaivesesduszneudansiensdmiuuiulss
AMNTHYBINNEDAN IR m*sﬁqejmé’hwniﬁqndnﬁmm'mmlﬁiﬂwaums (5-2) Wa9INAN3
NSl wasiuveaneUayoudsmwddsauns (5-3)  exldnadnucives
awnmsudafivendyanuasisuniudansenneonin ﬁ’mam’iug‘ﬂﬁ 5-3 mngﬂﬁ%
wiulfegdniauinnansuaussnesuuuTaessusuiiaw (y,[x]) Sanuannsalunis
ﬁﬁmmﬁﬂsgnaﬁmmﬁa&agmﬁammﬁﬁazﬁaumnu%nmL‘t"':z’m.?jaiﬂaiau Fadoldindudia
uwinglsfinudaiiasdussnouduasueiinsuegse Fsluniveinisuiuusmaninees
mwé’amiwnﬂuﬁ%aﬁf‘jﬁﬂﬁﬁLﬂu%’aﬁ’[um'iLﬁmhmmﬂu‘ﬁ'maamw (A1 CTR) waipgalsi
Aal MsnsenanzeiUsEnausanensuelinsniudoniudunauizdmiunisida

paRUsEnautuansuatinaanly

f0/2 ' : i

Gain

Frequency (Hz) 6

"'g u-":.'

U 58 nanavausIAuINindunIsanelauluszuukuuasdiamasusUay
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5.3 d§U
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6.1 unagy
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nuideiidunisduavewmaianisaiednuudviusenasdusenouaiiui
L (3 = -:; @t s [ 3 o o ar
ganTgsuplnieUsuUruALdareIn MEans1ee AudNvaENALRve iy
3/ = v ¢ o a s 1 4:, o s q' o 4!‘ ¥ dll
dgveunaugansvIniLiaenfdnaudansenaludmaivanuaudadegludede
) v v v [y 8 a W v s P
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Abstract—In general, a single-input-single-output (SISO)
Volterra series cannot be used for modeling component of
ultraharmonic frequency from ultrasound echo signal. In this
paper we present a new method for modeling the ultraharmonic
component based on a SISO Volterra filter with exciting input

ignal at half-fundamental frequency. Results from the approach
f the SISO Volterra show capability for successful modeling of
he ultraharmonic. We have investigated the accuracy of
redicting the ultrasound echo signal under different noise levels.
n addition, the SISO Volterra can be still modeled subharmonic
requency component. This is significant solution for separating
he ultraharmonic only or adding both the sub- and
ltraharmonic for contrast imaging by the system identification
f the SISO Volterra filter.

Keywords—Ultraharmonic component; Ultrasound contrast
gent; Ultrasound imaging; SISO Volterra filter

1. INTRODUCTION

Due to ultrasound echo signal from blood region is less
han tissue region, therefore in order to increase the scattering
ignals from the blood is by introducing ultrasound contrast
gents (UCA) for use in medical ultrasound [1]-[2]. The echo
ignal from UCA in ultrasound can generate many
equencies, such as subharmonic, ultraharmonic and second-
armonic components. By improving the quality of ultrasound
imaging in medical applications, it can be useful from these
frequency components with signal processing techniques [3].

Ultrasound images from second-harmonic are used as
rimary standard in the past several years. Afterward,
subharmonic images are presented as a good in increasing
contrast-to-tissue ratio (CTR) compared with images using
second-harmonic and fundamental components [4]. Recently,
ultraharmonic component has been investigated the potential
use for ultrasound imaging by research groups [5]-[6]. There
are advantage issues of the ultraharmonic over the
subharmonic as reported in [5], such as greater Doppler and
image resolution. However, improving the CTR is not only
used frequency components (subharmonic or ultraharmonic),
but also should be as used with effective tools.

Previous technique in [7] to separate harmonic
components for formulating ultrasound imaging, the single-
input-single-output (SISO) Volterra filter has been used for
second-harmonic images. Ultrasound images obtained from

978-1-4673-8139-0/16/$31.00 ©2016 IEEE

the Volterra filter is high CTR compared with other
techniques, such as pulse inversion (PI) and bandpass filter
(BPF). With the good performance of the Volterra, we have
interest for applying with ultraharmonic component.
Nevertheless, as well known, the modeling capacity of SISO
Volterra for the case of sub-frequency components
(subharmonic and ultraharmonic) that it cannot be modeled.

To overcome this problem, the method of multiple-input-
single-output (MISO) Volterra series was introduced [8]. This
method was demonstrated with the echo signal of UCA as
reported in [9]. However, it can be used only modeling, but it
cannot be separated the sub-frequency by Volterra
identifications [10]. From the problem, in this paper we
present a new method based on the SISO Volterra filter is
obtained identifications by exciting the input signal at half-
fundamental frequency. The frequency response from a term
of SISO Volterra filter model can be applied in separating the
sub-frequency components for formulating and improving the
CTR of ultrasound imaging.

II. THEORY

A. Ultrasound Echo Signal System

The ultrasound echo signal (UES) is resulting from the
interaction ultrasound wave and UCA. Its nonlinear behavior
can be represented by mathematical model. In this paper, a
model for producing the ultrasound echo signal is the Church
equation [11]. The Church model is able to predict echo signal
from oscillations of a single UCA. For this model, in [12], it
has been demonstrated by experimental compared with
calculating the model, which show unidirectional results. In
this paper, we use the Church model for simulating of
nonlinear oscillations of single encapsulated bubble for the
UES generation. The UES from single UCA in the acoustic
pressure form can expressed as [13]

Py (1) =%(RZR'+2R(R')1) (1)

where P,.,(f) is the UES, p, is density of water, r is a
distance between the transmitter and the center of the UCA, R
is the instantaneous radius of UCA, and R’, R” are the first and
second derivatives of instantaneous radius, respectively. The
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Fig. 1. The generation of a UES from simulation modeling UCA.

UES is obtained by a addition of Gaussian white noise.

In transmission and reception signals of the transducer
resulting from the interaction of the ultrasound wave with an
UCA, the UES is introduced to convolution with impulse
response of ultrasound transducer. A diagram showing the
generation of the UES is shown in Fig. 1.

. SISO Volterra FilterModel System

Nonlinear ultrasound echo signal can be modeled by
athematical model of Volterra series. The equation of
olterra model is infinite sum of p-dimensional convolution
f the input and Volterra kernel of p-th order. This paper will
se the truncated third-order Volterra filter (TVF) in the
odeling of ultrasound echo signal. The TVF can be written
s: [14]

y(n)=hn+2h(k1)x(n—k])

N-1 N-1

+2 2 Bk kg )x(n—k x(n—k,)

=0k, =0
N-1 N-1 N-I

+3. 0 2 Ik kg )x(n—kx(n—k Jx(n— k) (2)

k=0ky =0k, =0

where x(n)and y(#) are input and output signals, respectively.

2h(k), y(k,k,)and by (K, k, k) are  the bias, linear,
uadratic and cubic Volterra filter coefficients. These
oefficients are unknown, and N is the filter length size. The
utput frequency response of the time domain system in (2)
an be expressed by

M-l
Y(f)= Y. y(n)e /2mnM 3)
n=0

here ¥(f) is Fourier transform of y(n), M is the length of
put sequence and k=0, 1, ..., M-1.

. Ultraharmonic Modeling with SISO Volterra Filter Model

As know that modeling in general with SISO Volterra
ries cannot be modeled to sub-frequency components.
though, O.M. Boaghe and S. Billings [8] present the method
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Fig. 2. Modeling of a ultrasound echo signal using a TVF model

for overcoming this problem by using MISO Volterra model,
however its frequency responses in kernels are multi-
frequency. This is weakness to apply filtering. In this section,
we present a method of modeling of UES behavior by the
SISO TVF model. The method is by exciting a single tone
input at half-fundamental frequency. The block diagram of
generating (upper) and modeling (lower) the UES are shown
in Fig. 2.

I1I. MATERIALS AND METHODS

This section we present details of simulating and modeling
the UES. The details are numerical conditions based systems
theory described in Section II.

A. Simulation

In simulating the USE generation, The Church we used to
estimate UCA motion as described in Section II-A, For the
physical parameters values of a UCA, we use the values as
follows in (12). The excitation input to UCA is sinusoidal
wave of frequency f = 5 MHz, 1 MPa pressure, and 16 cycles.
The distance from the scattered pressure to the center of UCA
is 6 cm. The impulse response of the transducer in the
transmission and reception is Gaussian-modulated sinusoidal
pulse with fraction bandwidth 60% of center frequency 5
MHz. The frequency sampling is 100 MHz.

B. Modeling

To solve the Volterra filter coefficients in (2), it can be
written in matrix form:

y=x"(nh @)
where the vector y, X, and h are the TVF model output signal,
the excitation input signal, and the filter coefficients,
respectively, which vector y is defined as:
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. 4. Models result of the UES (solid) and the TVF (dotted) at the SNR of
B. The filter length is N = 40. (a) Time domain. (b) Frequency domain.

FABLE L. COMPARISON OF THE NMSE VALUES AT VARIOUS NOISE
LEVELS BY THE TVF MODEL
: NMSE (dB)
SIYR.(48) by the TVF
50 -18.91
40 -18.35
30 -15.66
20 . -1L1.15
10 -6.34
5 -4.34

Table 1 shows comparison of the NMSE values of the
F modeled with the UES original at different noise levels.
see that the difference between_the NMSE and the noise
cls, which effect in the predlctmg'of the TVF. For the noise
ol standard, it is in agreement with the SNR of 50 dB. In
present study, we show affecting noise values are 50, 40,
20, 10, and 5 dB with the SISO TVF system. The
limum and maximum of noise levels are ranged between -
91 to -4.38 dB.

4

V. CONCLUSION,

[n this paper, we have presented the SISO TVF to model
uency components from ultrasound echo signal.

The
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method in the modeling is using input signal excitation at half-
frequency fundamental. The primary goal of this study is
focus on modeling the ultraharmonic component. The
experimental” results showed that the SISO TVF can be
modeled the ultraharmonic. Nevertheless, .it can still be

. modeled of the subharmonic component. .

4
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In the present paper, The results of the SISO TVF model
could be applied to separate the ultraharmonic component
only for contrast imaging. Additionally, it has been extended
to sub- and ultraharmonic components to improve the CTR as
an alternative imaging. Th:s issue will be investigated and
reported in the future.
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= [(0), y(1), ¥(2), ..., ¥(M -1)]', (5)
nd the vector x is defined as:
x(n) =[1, x(n),x(n—1),x(n—2),...,x(n— N +1),
x*(n), x(mx(n=1),...,x*(n-N-1),
x*(n), x(m)x(n=1),...x*(n-N=1]", (6)
nd the filter coefficients vector as:
h =[h,, A (0),4(0),4(2),.... 5 (N =1),
7,(0,0), A, (0,1),.... A (N -1, N -1),
Ay (0, 0,0),4,(0,0,1),... A, (N -LN-1,N - 1)]T 7

here N is the total number of filter coefficients length. For

e input signal used in modeling, the exciting frequency will
applied is single tone at /2 (2.5 MHz). And then, the filter
efficients can be given by .

h=X'y (8)
here the matrix X is defined as:
= [x(o)i x(l): X(Z), seey X(M = 1)]:’.' (9)

= notation X' form is generalized inverse.

Measurement Step

In order to demonstrate the accuracy of the TVF in (2), we
d different levels of Gaussian white noise to the UES. The
mal to noise ratio (SNR) of adding noise is 50, 40, 30, 20,
, and 5 dB. The effects on accuracy are a measure of the
/F model strength relative to background noise. The USE in
imating consists of 379 data points. We measure the
curacy estimations of the TVF in terms of normalized mean
hare error (NMSE) of total, which are;given by

(10)

"

— [uym(n) yes ]

"yUES (”)"

ere yrpp(n) and yy ¢ (n) are third-order Volterra output in
and ultrasound echo signal output in (1), respectively.

IV. RESULTS AND DISCUSSION

Fig. 3 shows comparing results of two methods (a UES
TVF) obtained from simulating and modeling at the SNR
b0 dB in (1) and (2), respectively. The filter length N = 40
been used for the TVF coefficient to calculate in (7). The
S and the TVF, respectively, using the solid and the dotted
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Fig. 3. Models result of the UES (solid) and the TVF (dotted) at the SNR of
50 dB. The filter length is N = 40. (a) Time domain. (b) Frequency domain.

lines, are depicted in Fig. 3. In the Fig. 3(a) It shows echoes
result from scattered acoustic pressure in time domain. Fig.
3(b) shows the echoes result in frequency domain. The
subharmomc {#5/2), the fundamental (f;) and the ultraharmonic
(3//2) components are clearly observed at 2.5 MHz, 5 MHz
and 7.5 MHz, respectively. It can seen that the TVF has been

accurately predicted the fundamental frequency component

band. There are also the low sub-frequency band components
of the subharmonic and ultraharmonic. This is advantage in
using the TVF for fixed frequency separation. In this
experiment, the NMSE value was -18.91 dB. %,

Fig. 4 shows the predicted result of the TVF when the
signal quality is low at the SNR of 5 dB. The filter length is
similar to the TVF model at 50 dB SNR. Fig. 4(a) shows in
time domain of a UES and TVF. The approach of the TVF in
the Fig. 4(a) can predict accurately, especially where wide the
ranges of time are 0<¢<1us. Fig. 4(b) shows the results of

the UES and The TVF in frequency domain. Predicting the
behavior of the UES with the TVF is a good estimation. It can
be embedded in sub-frequency components, such as
subharmonic and ultraharmonic. This approach is in order to
show that the TVF has been capable of robust resistance to
white Gaussian noise, which is advantages over the
conventional techniques. For in this experlment the NMSE
value was -4.38 dB.
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Abstract

This paper presents a method for the identification of ultraharmonic component with Volterra kemels from a simulated
ultrasound echo signal. Due to the fact that using a Volterra series cannot rcspond to the ultraharmonic component, the purpose
of the paper is to develop the identification method for the ultraharmonic using the excitation technique of half-frequency of
the input signal. In addition, the model can still be held at subharmonic component. Finally the identifications of Volterra
system were studied in frequency domain. Application of this method is to separate only the ultraharmonic component or ultra-

subharmonic components for improving contrast-to-tissue ratio (CTR) of ultrasound imaging.

<

Keywords: Volterra filter, Nonlinear ultrasound signal, Ultraharmonic imaging

1. Introduction

Studies in the issue of ultrasound contrast agents (UCAs)
have reported of several investigators on the clinical
applications as described in [1-2]. Ultrasound echoes from
UCAs include multiple frequency components at
fundamental (fo), subharmonic (f/2), second harmonic (2/0),

and ultraharmonic (3/0/2) [3]. Advancements in ultrasound -

imaging based on contrast agents have been increased in the
specificity and sensitivity of diagnostic. Improving image
quality in ultrasound is using harmonic components to create
an image. However, image contrast enhancement must have
good performance of the tools used for separating the
harmonic, which is measured by contrast-to-tissue ratio
(CTR) [4].

Second harmonic imaging (HI) has been used for many
years. However from generating the second harmonic in
tissue surrounding, it suffers reduced CTR. Subharmonic
imaging (SHI) has been investigated for use owing to the
lack of generation in tissue. SHI should have a better CTR
due to its higher exciting frequency [5]. Recently, these have
been interest in the potential of using ultraharmonic for
imaging. In [6-7], they have been reported, including the
generating frequency of contrast, use, advantages ard a
transducer design for ultraharmonic imaging (UHI). UHI
possesses over HI and SHI, such as greater Doppler and
image resolution! However, it has been hampered by lower
signal-to-noise ratio issues.

To create harmonic images using signal processing tools,
from the literature review, they consist of three slrategics:
bandpass filter (BPF), pulse inversion (PI) and Volterra filter
(VF). In [8], it has been demonstrated by HI that the VF is
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better than PI and BPF in terms of CTR. In this paper, we are
interested in the capability of the VF for use with
ultraharmonic. However for in this case, the VF cannot be
modeled. In our previous study of modeled by [9-10],
multiple input signal output (MISO) Volterra series was
introduced to overcome this problem. This method is success
that can be predicted, but cannot be used for filtering
frequency components.

Nevertheless identification techniques based on single
input signal- output (SISO) VF need to identify for the
solution from this problem. In order to improve the CTR
using the ultraharmonic and VF, the purpose of this paper is
to develop an- ‘étimation method of the VF identification
using the excitation technique of half-frequency of the input
signal. The Volterra system resulted in [10] was extended in
this study. The results obtained the identification VF in terms

" of first-, second-, and third-order are analyzed in frequency

domain on the issue of separating the ultraharmonic.
2. Materials and methods ' .
2.1 Ultrasound echo signal

In this section, the ultrasound echo signal (UES) from
nonlinear bubble oscillations is described. UCAs consist of
small gas bubbles that are injected into the blood flow to
enhance the ultrasound signals from vessels. There are
several models on presenting bubble behavior [11]. However
for generating of ultraharmonic, the UES can be generated
by Church model [12]. Previous paper has reported on the
UES simulated from the Church equation, as detailed in [10].
In this paper, we have used by the Church equation. A UES
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of nonlinear bubble system obtained from simulation as

displayed in Figure 1.
Bubble MWWVVWVVW
—_ @ —> Simulated ultrasound echo

Excited input signal
]

r
Transduce Distance

Figure 1 A nonlinear ultrasound echo system using Church
model

2.2 SISO volterra system
A single input-single output (SISO) Volterra series is
representation for a nonlinear system. The equation of

rclationship hetween input and output a discrete-time SISO
Volterra series can be written In the form [13]

FO=h+ j h(r)x(t~5)dz, + [ [ By(re)x( =1 )ut - 7)drdr, +..

5
+] I
B

b |
ﬁ‘—-‘a

h (1, Ty T)X(E =7 )X(E = 7,). x(t =1, )d T, dT,.dT,

M

where x(f) represents the dynamic of input signal and (/)
represents the system response or output signal. The sum of
the convolution integrals contains a kernel or identificatign,
hy (71, T2, .., T), Which represents the impulse response of
(e kih-order systems.

A general class by SISO system, the frequency responses
arc giving higher multiple harmonic (2fo, 3/0, ..., etc.), when
the input excitation is single tone frequency (/o). However,
assumption-based modeling in the case of ultraharmonic, the
SISO system is by applying the excitation of half-frequency
of the input signal (f6/2). Thus, the system responses are
adaptation at sub-frequency (fo/2, 3/0/2, ..., etc). In order to
obtain the ultraharmonic at 3/o/2, using equation (1) for this
work is the truncated third-order Volterra filter (TVF). The
relation of the input x(n)-output ¥(n) of system when the
Volterra identifications have a finite memory length N
which is represented by

y(n)= ho+Zhl(k)x(n k)+ZZlhz(k ky)x(n—k)x(n—k,)

k=0 k=0
Nel N=l M-I

+ fa(k.,fcz._k,)x(m,w—fa)x(n'—k,)

k=0 ky =0 ky =

:-

&

@)

where hg, hy(k,), hy (ke kz)and hs(ky, Kz, k3) are the bias,
linear, quadratic and cubic discrete Volterra identifications,
respectively. The frequency domain response of the TVF

system can be calculated by discrete Fourier transform .

(DFT) of equation (2).

Y(m)=H, +H,(m)X(m)+H,(m,, m,)X(m,)X(m,)
+H, (my, my, m;)X(m, YX(m,)X(m,)

©)
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where X(m) and Y () represent the number of N point DFTs
of x(n) and y(n), respectively; likewise Ho, Hi(m), Hz(m) and
Ha(m) represent ho, hy(ky), ha(kikz) and h3(ky, ko, k)
respectively. Here, those of Hi(m), Ha(m) and Hs(m) are
called Volterra frequency responses (VFR) of linear,
quadratic and cubic terms, respectively.

2.3 Identification algorithm . s

In this section, we describe a method on TVF
identification of the sub-frequency by exciting of"half-
frequency of the input signal. The diagram of system
identification is as shown in Figure 2. In order to estimate
identification of the TVF model, the equation (2) can be
written in the form of linear algebra equation. Let y(n) denote
output vector y, x(n-ki) denote input matrix X, and let Ai(k,
k2, ..., k) denote h, therefore the lincar algebra equation is
writtcn as )

y=Xh C)
where
[(0)
y
y=|»2)
L ¥(n)
1 x© =x(-1 X (n—M+1)
1 x() x0) - x(n-M+2)
X=[l x2 x X M3
1 x(n) x(n=1) x'(n—M+L)
hy
h(0)
h .=' hl(l)
B (M ~1,....M~1)

and L is input sequence length, M is memory length, and i is !
ith-order Volterra identifications which the order is 3.

Reformulating equation (4) into finding Volterra
identification to solve that the equation (4) can be expressed
as

h=X'"y ©)
where Xt is generalized inverse which is defined by

performing of the singular value decomposition (SVD)
method. Expanding equation (5) gives

X' =WsvT)= Eo;u,vf. . ©)

i=l

Then, the identification gives

Ch=@USV)'y=Yv, 0
(o}

i=l i
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where Sisa M x N diagonal matrix with singular values
sorted in descending order oy = 03 = 03 ... > o220 (r=
min{M, N}). UMxM) and V(NxN) are unitary matrices,
which U= (uy,..,uy) and V= (vi, ., Vy)  are
orthonormal columns. h

The VFR of identifications Ak, ks, ..., k) can be
obtained by the DFT, which can be written as

& g s )
Hi(fon )= D) Bk ke k) xe M
k=0 kg
(3)
where p=0, 1,..., N-1.
Noise
) h Nonlinear ultrasound
0 echo signal system 3! Yues (1)
Zero-order
component
ho
First-order
»  component
. h
2 e
x5 Jrvr(n)

“Second-order
+ component |~
ha

Third-order
»  component
hy

Figure 2 Identification of the UES using the TVF model
3. Results

For in this study, the excitation input signal of the UES
simulation is sinusoidal wave at a frequency (%) of 5 MHz
with 1 MPa sound pressure, containing 16 cycles. The UES
is added with Gaussian white noise, which signal-to-noise
ratio (SNR) of the use is 50 dB. The reception response of
transducer is Gaussian - modulated sinusoidal pulse with
fraction bandwidth 60% of center frequency 5 MHz. The
frequency sampling is 100 MHz. Figure 3 shows the system
response of simulating and modeling of the UES and the
TVF, respectively. The church model is excited with So=5
MHz obtaining that the UES consists of fundamental (=5
MHz), subharmonic (f3/2 = 2.5 MHz), ultraharmonic (3fei2=_
7.5 MHz) and second-harmonic (2o = 10 MHz) components.

For the modeling of the UES with the TVF model, using
the excitation technique of half-frequency of the input signal
can successfully to model sub-frequency. The filter length N
is 22. As shown in Figure 3, the predicted result of the TVF
in frequency domain is fundamental (o = 5 MHz),"
subharmonic (6/2 = 2.5 MHz), ultraharmonic (3f2 =175.
MHz). This is advantage of this technique, in which the
generality of Volterra model cannot able to model.

The estimation of filter identification can be calculated by
equation (7). Utilization of identification is investigating the
frequency response property for filtering frequency. The
DFTs of linear, quadratic and cubic terms can be calculated
by the equation (8). The frequency response characteristics
of these identifications are plotted in Figures 4-6. For
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investigating in the performance for frequency ﬁlrer@ng will
be a discussion in section 4.

Frequency () x10

Figure 3 Results in frequency domain of simulating the UES
(solid) and modeling the TVF (dotted). The SNR is 50 dB.
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Figure 4 The VR of linear filter identifications
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Figure 5 The VFR of quadratic filter identifications
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4. Discussion

Figure 4 shows the frequency response of linear filter H.
It can be seen that the peck gain is about 22 MHz. However,
it has brandish in some frequency. This result is from
frequency translation of the input signal. Only consider of
the frequency response Hi may be sufficient to produce, for
this it should be demonstrated in the linear output of
frequency response function (FRF). The FRF is relation of
cross-identification and input transforms, which is
investigation in response to input signals.

Figure 5 shows the response output of quadratic filter
Ha. From Figure 5, it can be seen that gain is clearly strong
on frequency of passband centered around (5, 5) and (-5, -5)
MHz. This is capable of modeling in capture of the
fundamental frequency (tissue echo) band. This Hz ensure a
complete for removing the fundamental frequency from
tissue echo, which helps improving the CTR.

The third-order model is in the associated frequency
response for ultraharmonic, and results in Figure 6. The gain
of cubic filter Hs response is the apparent frequency at
around 7.5 MHz (ultraharmonic), and it is little frequency
response at around 2.5 MHz (subharmonic). With these
frequency responses, the capability of cubic filter can be used
for separating the sub- and ultraharmonic components.
However, advantage of summing both frequencies is higher
CTR value. Therefore, the use of only ultraharmonic for
imaging must add filter to remove subharmonic.

5. Conclusions

This paper presents the method based on SISO Volterra
model of identification nonlinear USE for separating
ultraharmonic frequency component. To identify the
component of ultraharmonic, we use the method based on
third-order Volterra model with the excitation of half-
frequency of the input signal. The method has been
successfully modeled for the identification of ultraharmonic
component. In this work we have been investigated the
frequency response of the th-order Volterra identifications
for ultraharmonic filtering applications. The results of
investigation that cubic term can give the response frequency
to ultraharmonic component. This method is significant
improvement over conventional linear filtering such as
bandpass filter. The practical application of the method can
improve CTR. However, in order to demonstrate its
performance, we will more progress consider on cross-
kernels with input signal, which this issue will be discussed
in the future.
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