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ABSTRACT

This thesis presents a parametric identification method of an ultrasonic propagation model
incorporating diffraction effect to evaluate of the mechanical properties of a relatively thin
hydrogel. The system consists of a numerical model constructed by transfer functions in
frequency domain. For more precision, the transfer function of diffraction correction is employed
in the model. Additionally, a Nonlinear Least Square (NLS) algorithm with forward model is
utilized to minimize the difference between results from the computational model and
experimental data. The acoustical parameters associated with the model are effectively modified
to achieve the minimum error. As a result, the parameters of PVA hydrogels namely thickness,
density, dispersion velocity and an ultrasonic attenuation coefficient are effectively determined.
In order to validate the model, the conventional density measurements of hydrogels were also

performed.
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Velocity | “Characteristic Impedance p,c  Attenuation at 1 MHz

() (10°Ns/m’) (dB/cm)

1530 1-62 0.2

1550 1-6 0.4

1560 1-65 0.7

Taaiayg 1450 1-38 0.8

EIRN 1560 1-60 0.8

FU
Adnile | 1545-1630 1.65-1.74

n3zgn 2700-4100 3.2-7.4

1lon 650-1160 0.26-0.46

FY
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a [} Y a : o Y Ja J o
o liazainlumsaans uazdsznda msizanunsaldmudauyes (Transducer) 62

= 9 o ] A g Yo A A A v 9 L 1
LﬂU’Jﬂlumﬂ‘Nm ﬂ'J'OU’N‘V]lﬂuvlﬂ‘]fﬂﬂﬂ Lﬂﬁﬂ\31|ﬂﬂaﬁﬁ']“]ﬂ?ﬂi“IiQWU’lU’]ﬁﬂ’Nq

TruasanIu (Transmission Mode) Tnuamziou (Reflection Mode)

514 3.1 Tnuanisiandudanirvnd

I [

#y @ ) o < 4 A o ) 9
NUITUVDIDANIIVIIANET tyﬂizmuﬂuaﬂa ﬂ153ﬂﬂ')1uﬂu1‘llﬂ\3'W\QI@\U?T'IH'Wﬂ'ﬁ'lulﬂi)'lﬂ
< A a A o 9 LA 7, A @
ANULIINAU LAZTZYENNNAAUDANTIB1IAUAADUNHIUAITUNS
S (3.2)

[~
Tay 50 320EM9(m), y A0 ANNSI (m/s), 2 AB1IA1 (s)

Amplitude (V)

- ‘v [ ]

v

Time (ps)

3N 3.2 spegrinszniaduannsenuagnduaiou
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30 3.3 msdaluTnuaazdewieninnumuivesing

v ' ' '
anfuansalszgnamsdaluTnuaazdouienammuivesing 18dsg1ii 3.3 Taudagi
0 Y ' oy & P { o ¢ & o
dmsfagruslinhiaiiudenarlunsdeiunausaninnd dadeasulaaums (6.2)

TniTaeldauSufos ludagundnudsaumsi (3.3)
txC,
1/= (3.3)
2

' < o
Tao L Ao Anmmunvosmalang (mm), €, o 21115 uAealuiag (mmius) uas ¢ Ao

] 1 & o a My Y o £ a
TTOLHNITENINGNAAU (us) Aeaadlugiln 3.2 afudaadianiaainse 1duonuszysn
3 3 J @ va <
N19NA (Mechanical Property) 1dnalnsead1s osfsznouvesdnyuzautidvesvesuds [s,
& a I a’: Y = a A A A & A
32, 34] HAZYDANAI WMTUNT L INGHUBIHINqUGMeHAndna Ao ouNrIY
MnannTodiaguziansaouulasninilitode i $r90m1uesnaniniuIng (Transit
o 4 ) & o é L
Time), AU (Frequency), 115032499 (Scattering) AYNITAANDY (Attenuation) ¥IA11)5
[ 1 v o Jdo { @ wva a d <
Asnanianuduiusiunsulfeumlasdnyuz auian1afland wu auude (Strength),
A ] % % 1 - dy = @ 4
ANUYANGY (Elasticity), AU (Density), ANuiluiiio@odiu (Homogeneity) taz
v
anw hiifluileoariy (nhomogeneity)
[ Jd
3.1.1 ﬂ'lmsanmuem%'wnﬂ (Ultrasonic Attenuation)
A A o 9 < A A o [ & = & Y g
enaudan IwIAMABURMINAINAINdINUVeInauz gade TUFwaas1¥iiun
M5AANIVOIVUIA (Amplitude) 1DZAMMTY (Intensity)  TuTnguodinarsfiunnd1adiu
A' v 9 9 U Y 9 o o T W A
(1110991NANNFUFO UV IATIES19) AMsaanausandimasziin lumiswiiosnin au
v '
nuwdy anuude wazTaseadimeluana samismnmsaaneuszuysiuaseiunad
dandwanldfeauns (3.4)

a(f)=p1 (34)
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@ Y

U [ 4 {
Taw a(f) Ao Mmisaanouvesdyaudani 1198 (dB/em), f Ao ANNA (MHz), B fio
o = QJ ) 1 1 3 '@ 4 1
ﬁ“ﬂﬁzﬁﬂﬁﬂ‘]iﬁﬂﬂﬂu (dB/cmMHz) ﬁ1u15ﬂﬂﬁ‘U']U"l?%l'ﬂﬂ1ﬂTﬁaﬂﬂﬂuﬂUQQﬂUﬂ?1uaﬂa1?ﬁﬂ
{ 4 @ Ja 1 a Y 1
HINANUAYRINANSANT1T1IAGIGIAINITAANBUATININ UBADINTNYIY dB/ecmMHz
annsoudou Ty neper 18 1aeldaumsi (3.5)4]
B[dB/cmMHz| = 8.68x S3[neper / cmMHz] (3.5)
1 [ [ 9 o VAo w 1 & 9 [
ﬂ1ﬂ15aﬂmﬂuﬁﬂﬁy’lmﬂaﬂi'l“lf’]'JﬂlﬂUﬂ’]ﬂﬁ’]ﬂfyﬂ'lﬂuqa']ll']ﬁﬂcl“]fsz‘i.jﬂmﬁﬂymzﬂl@ﬂ
[ 9 @ [ wva A Ao ' 1 @ 9 L= 9y
'JﬂQvlﬂ IﬂU{I%ﬂUVI'Naﬂ'ﬂmzﬂlﬁJﬂﬂl@\?ﬂauﬂ“ﬂﬁﬂf]ﬂ’]ﬂ‘l?ﬁﬂﬂﬂuﬂﬁﬂﬁ’]“]f’]')ﬂﬂﬂ NITAENDOU
1 1 = o é =) L Y
ATAINIU NITNTSLDY ﬂ’lﬁﬂﬂﬂ'ﬁu LLAgNMINnNU WQﬁ\NTSﬂBﬁUTUVlﬁﬂQﬁ
4 a/
3.1.1.1 dulseanimsaziiou (Reflection Coefficient) tazaulszansnig
[ i 4 . A o 9 Jd a Yy 1 Y
AN (Transmission Coefficient) ﬂjaaﬂauaamswnﬂmmmeﬁnw"lﬂmammmmumu

a o Y @ @ < a
ﬂ’NlﬁUQ (Acoustic Impedance) Iﬂﬂw'ﬁ'lillﬂﬂ'iﬁﬂglll]5Num5\3ﬂﬂﬂ'ﬂnli'JlﬂfN LHaznIy

NUWUUAITUNTA (3.6)
Z=pc (3.6)
1A8 Z (Acoustic Impedance) iB A1ANUAUNIUITDS (Ns/m’), P (Density) fin AWAUILY

v
< @ @ o T o a
(kg/ms) Iae ¢ ﬁ@ﬂ?TMLS?LﬁUQiNﬂ?ﬂﬁN (m/s) muumiﬁzﬁau HAZMIITNMIUaINITODT LY

18 Tagaunsn (3.7) uaz (3.8)[60] Auddn

(Z,=Z)
R(= L2 S
(Z2 +Z|)2 (37)
47,7
T=—sl_ 3.8
(Z. +Zl)2 e

A o a Y A @ a Q( 1 ] é 1 :,’ dy 1 1
IF’\U R 7D ﬁuﬂszﬁmmiazmu uag 7o dulszansmsaeriu %QﬂTVIQﬁﬂqulﬂJilﬁu'JU
v o d 1 @ a [
uazANUANIUSYeIMANUAIUMIFsIvesiag 2 ¥ila (2, Z) funisaziou wazms
asiunaaslddagii 3.4

Ja 4
NIUAAUYDT

]

sl

U7 3.4 Awdiniutszndng maagiou mydering tazAnnudumudes
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a . 2 J [ d‘
3.1.1.2 N19NTL4 (Scattering) MUIBDINTOIUNWAINTUVBIAAUANNTENY
Yo o { o a a Q J [ 1
Tfudnanfihldifansnszfudahldinslanddesndsnuundiveeninlunaien
) a a Y v @ AHa =] A o A A
nan1e MsnsziRziia ldanudnasiilivnadnidaifisusuanueaiunnnszny ¥ie
1 9 d‘ = 9 Y d' T A .Y & = [
p1na1 ldhndudesszaztouninveuwavesiagi limdeusudafanndnumzues
. = g [~ ]
1139213149 (Grain Structure), AAmadule, Savazilugngy, aAnumuuniuveseyma uaz
P T S a A 4 Ao v s
duveudue Fedinadeuenilige, fianis uazanud vesndudaniiengd Fensnszne
aunsaduna ldannisiasuulasenundsveeutlfgaveudvanztoundy nienn

! T o/

dyanaideriu dnyagmsnszituaaslugili 3.5

(M vouwaInglndifesiy () veuwaieglving

AMNYIINAY desnanuenau

31U 3.5 AnvazmInszidg

4
=< 1

v 14
= v L= o/ A LY o LY
ﬂ']iﬂizﬁ]ﬁuulﬂﬂﬁublﬁ} 3 ANHAUSHIVHOYNUYUIAVDIVIVIVAVDIINEGND

Y
4 [ o o @ T
ANHEIAAUVDITYYATANT1H1INNANATENY (Incident Wave) 54 14uA
1. wauiwareeingiuinauinndInne1InAUANNTSNUNIN WEIUE
b Y
Azfoundunua
(Y a Y [ :ﬂ' [
2. vaumwavesinglviialndifesduniueInfuannseny wiauee
nszRandunAnMa welidau laimiu deagif 3.5 ()
3. YBUAYDIINTUNIATEENIIANEINAUANATENUNIN WAITHTL
N3RINAVNNANAMMaE T UMY (Reyleigh Scattering) AagUfi 3.5 (v)

[ LR Y § o o
3.1.1.3 M3gANAY (Absorption) 1lumsdaiundsnuvesnausaniianidlu

]
o I}

a &£ & A Y & v w @ o
@ﬂzﬂl!‘ﬂUﬂuqqﬂﬂﬁﬂﬂﬂﬂlﬂaﬂu‘wW’luiuEﬂ‘l]f]\?ﬂ?']ﬂi@ﬂ%\?ﬂﬂ?]“ﬁlﬁ‘lﬂﬁTﬂﬂﬁi\?ﬂ‘ﬂﬂ'ﬂ“ﬂ

9
'

gw [~ [ A6 9 aa @ o Y A w Y '
u@ﬂ%'IﬂuUQLﬂuﬁﬁﬂﬂ'ﬁﬂﬁl‘]ﬂuﬂ'lﬁ'Ju%ﬂUIﬁﬂ'ﬂ’]\‘]ﬂ’lilLWVIUIﬂUl%ﬂﬁﬂ@ﬁﬁi’l“ﬁ’]?ﬂ
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@ a J 4 § o J
3.1.14 MIYNH (Refraction) a3 UIloARUEaRT 191U URDAINEEUNA
a A a ' @ a A&~ < A~ o 1 Y @ ~
ANIBIAUNNAINING 2 FUA FINANWTIVOIRAUABITUAINA1AY (¢, ¢,) a3 3.6
Taoyuvesmsvinmidiulmunguosaiuad (Snell’s Law) faauns (3.9)
sinf, ¢, n,

: =2 (3.9)
sin, ¢, n

o < o { <
Tav 6, Ao yuannszny, 6, fie yurinm, ¢, Ao anudadoaludinaad 1, ¢, fio Aruda

a Y P A o . o ~ A o
lﬂﬂ\ii“ﬂ'«]ﬂﬁ%ﬁﬂ 2, n, A9 AMNITNINU (Refractive Index) Gluﬂ')ﬂa']\j'ﬂ 1y n, A9 AINITUNIN

Tudinanen 2

y @ § o s A a ' @ { 1 @ a
1N 3.6 mavinmvesnausanimndiiodumeiuinaiuanaaiu 2 ¥iia

3.1.2 M3ALAUUVBIAAY (Diffraction)

'
a s 1

4 & & A . - - 4 4 4
denduwnasunnganulataziaunseen lwudafavnedmunnsznudenauing
N hignsandoudiiiu 1y 18z azfoundy drufimdeuiiruses1y 18z urosnsndsde
v 0 v 1 v
vy Taogusvesaausziiamsiasuudasy dag1ii 3.7 Semlsngmisalid “ns
9y ' v Y v 0 '
AUAVY” ANYULVDINAUNDENVWITUTINTIAMN1INAY ANYE LazaNUEuTIeY 1A
{ 4 o @ 4 @ o n’:
msnlasunasvesvuia viemle (Phase) vosnau luvuesfortunausanisistiuas
1 o a d' 4 ad 1A 4' -:' 9 A Y 4'!
WHuunasduianaudseinnmila lumsgaunate Niimsndounduduaswazieldnau

@ 9 a’o’: a o qy Ay [
aamwnﬂuusz1ngmimmsmmmuumﬂaumm‘vuﬂu
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4 &
AAULAYADU
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INAVIN
| e | | VR |

Yy Yy v Y \/ Y V V

3UN 3.7 aduindounnsznudsiaung

o Y a [ 4
1]51ﬂ§]ﬂ15mﬂ1ilaﬂﬁlﬂu’CT'Iiﬂiﬂﬂ‘ﬁ‘U'lUllﬁgl‘Gﬂllﬂ'ﬁﬂfﬂiﬂl@\iSﬂﬂlﬂuﬁ-mliﬁlua
. . 4 ' Y A ° Y A
(Huygens-Fresnel Principle) Tﬂuaaamumﬂummﬂw‘lmUuwmﬂau%zmnmmﬂu
1 o a y 1 A @ { u’/’
unassuiavesnaugnlmiduilunsenay (Spherical Wave) #1317 3.8 aniiumsauald
A a & 4 1o v A 4 4 o &
AUBINHIANIN ﬁummﬂiﬂqwagmﬂmnwumauaaﬂ"hJ%zﬁ‘JuNas'smmﬂauimmzmmu
A ﬂ 3 1 A 3y e o A da o Y '
PAUUUNITTINNIVUIA uamﬂmmtmazﬂau DULHAINUUAAAU (NI TUTAUFDT) AN oY
1 [y = Y1 v A A 2 w 3 o w dl =
ﬂNﬂumﬂwai)zﬂe"lﬂamumauﬂmmmquuuaﬂymztfluﬂauszum (Plane Wave) L5800
Y yl 4 ' o L4 ' 4
msxﬁmmuuuuﬁm “LL'U‘UV\ITI‘NTEMG? (Fraunhofer)” W?ﬂ‘lf’)ﬂﬂ'liﬁﬂﬂ (Far Field) Lmﬁ’mﬁu
o’: & = d" :v Y o d d .
umi‘luﬂau‘vmﬂammﬂmsmmmmmumw “quusaua” NI0¥ UL Nan (Near Field)
[ 4 n’: A [ Yy 9 y 1 o a A ; A a t:
ﬂauummaammqimm‘lﬂmmmmmﬂﬂaummmwﬂuq VWINANITLAY UV ULV i

) ' v
smua lunmenduiumnidendageenvsninivasiuiianaussiams@enuunuusiu e
4
o3

AP,

@ L

Spherical Wave Paraboloidal Wave Plane Wave

310 3.8 dnwazvosniumuszozna lunuany 2
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£ 4 b 3
sunyvesmadeuvuiuasoefie 18 aeldaunsatu (Wave Equation) Tne

adwudes venduuiman Ifhamsoyszina 188 waumsaumsfi (3.10)61]
Vu(r,t) LV u(r,)=0 (3.10)
ottt '
u(r,t) =u(r,t)exp(jor) (3.11)
Ta ¢ fia AnuS 2 lumsindouNveniy, u(: ) AomUuIAvesa U INAAUTR WYL F & 17a ¢
laq uag u() AeuoulfyaFadion (Complex Amplitude) NTTVBINAUSZUTL (Plane Wave)
aunsauans lansaun1si (3.12)[61]

u(r)= Aexp(jk-r) (3.12)

Tae 4 AeanaiFedou (Complex Constant) UALA k A9 munaY (Wave Number) YoIAAUN

o W A é s T 4
MAINITAUTAAUIINUANNITN (3.13)
k=—=— (3.13)

WM () MNANAIS (3.11) UazA1nIn ¢ MFNNMS (3.13) unuluaunms 3.10) 1daums

Tnaifie

Vu(r,t) - § [— u(r)w* exp(ja)t)]= 0 (3.14)
VZu(r,t) + k[u(r)exp(jo 1)]=0 (3.15)
Vau(r,t) + ku(r,t)]= 0 (3.16)

3/
v W A =

d = 1 é { i 1 A é
Lﬁ’ﬂw*ﬂ'ﬁm'] ¥ lanamile waginnud o Mlaamile AU IVITAUVYU

AUMSHNUTUI u(r,0) Tuaums (3.16) T uaunisd (3.17)[61]

V2 + &2 u() =0 (3.17)
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Fonaums (3.17) 11 “aumsienlead (Helmholtz Equation)” (ilo & A tnundu lunsdives

AAUNTINAY (Spherical Wave) uoilagaufadon 4 vzanasnusail - dsauns (3.18) [61]

u(r)= éexp(jk -F) (3.18)
v
1 1
r=0*+y" +2%)? = z(1+6%)? (3.19)
MneYNTUNIRDY
2 4
r=z l+g——g +... (3.20)
2 8
v 4 04
LIIEJLVIEIMGNLLSFI'-S— ﬁﬁmaamﬂmemauﬂmmmamtsﬂmuu 3~ 0 vzldn
2
F= z[l +%J (3.21)

9
NANNIT (3.19) #0189 2 Nedosdeld

2

Z2A+0H)=x"+y" +z (3.22)
22+ 2720 =x" + Yt + 2° (3.23)

2 2
g L2 (3.24)

zZ
Wi (3.24) unuauns (3.21) laaunisn 3.25)
2 2
*+y

rezll+—— (3.25)

W17 lugums 3.25) Lmum“luﬁumﬁe 18) 1dmstlseanaiveamlsaiua (Fresnel Approximation)

ﬂ\?ﬁuﬂﬁ‘ﬂ (3.26)[61]

2 2
u(r,t) ~ ﬁexp( Jkz) exp[— jk[x ry ﬂ (3.26)
z 2z

& oA A 2 ' Vo
miﬂnmmmmtﬂaﬁmau‘wmnumsﬂxmweaﬂaumﬂﬁuu( z Q! 111@ u) oy

2 2 . - - -
lexp{_jk[ﬁy_zﬂﬂzgﬂasm“lﬂ uasdnyazvesniuaziliensinadunsenauiuaiy
z 2z

T2UIY u(r) ~ dexp(jkz) AagUn 3.8 madszinamvusmuanuislinnugades e
. 4 a4 o dy v 0* . 2 1
kz0% /8 << 7 (Fuilusaaums (3.26)w"lﬂazmamm?muumsﬂizmmuumﬂsmua U



38

a 4 a7 a =
aus (3.26) aziANUTIANADIIBINDY exp[(_jkze_]] ~1) n3eaumsilou 1dong iy
8

A ) 1 o @
nila duhauns (3.25) uaz (3.26) unuaife (x2 +y2)2 << 42’2 dmivgacy) nelu

4
{ a

@ A A o ~ ' 22 3 A P
WNAIAY a NUYAFUINANUNY z WD (@) << 42°A W50 vy << luazyunnga
¥4

o 0, =a/z v lRaumsn (3.27)

N,6:

—£m <1 (3.27)
uag N, Aomuisaiua (Fresnel Number) I1daauns (3.28)[61]

a2
Np<<— (3.28)

zZA
[N 4 d o { y
M3 9vesszusilos-1hifan (Near-Far Field) Idvhnisdnmiiszoz N, =1 iile

A Y ¢ e @ 5 A 2

worsemsdednuuuuuvsuTamles nsevhsilas  sedhmsdnyafiszos N, <1(d4
da d 1 [ Q. a da dat 1 1 @

nIMdAUYes0YMINIAYIIN LagTalvosi I mudauvesianiosndiszozveaiag

2 a Y da o 1 al o P ~ 1w ~
NAIMUINITTUAAAUYDITNING) ﬂ’NﬂWﬂVl‘lf’N‘U’OW‘I'ISﬂaﬂ‘l’liJﬂ’)'liJliTﬂUiiJ1ﬂﬂ’J'lﬂQ§1JV] 3.9

0
20

-40

-60

-80

Square Magnitude (dB)

-100 : ]

120 ba ; ]
026 050 - 075 — 100 125 150

Near field zone Far field zone
Fresnel number

i o $ A A ¢ ¢
U1 3.9 dnvazveswnauinldvunlasmussoziiiosNad-vhsfaa [51]

& I a Y @ S a ] &

msavnuuuuudsulamles inssiuduvesndsnuiiuinamsidaaeavosnau
@ J 4 =~ =] y '
8an$19194 (Ultrasound  Beam) #avziimsiuusenianieoiiiuyy 01de b fio iduri

4 da d v = A o y 7w o

gudnanvemsudanyes (3l o) uaz A Aeanuenndudaniivadeaunmsi (3.29) yu
~ 4 ' o Jd o {
Niwweonileayszuzvhisiannszli 3.10

sin@ =1.22i (3.29)
D
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Transducer

i Ip

A

Near field zone Far field zone

a i o v Y o g ¢
-31]‘" 3.10 ulﬁmﬂu@aﬂm@ﬁﬂ’lﬂaﬁﬁ‘]m’nﬂ'ﬂig 3ﬂ'15!.ﬁU'JLUNLL‘UU‘NT]NI@UN@?

< Y ow ‘a JN vy [ a o 9 ]
%zmuLlﬂ’naﬂummm‘nﬂuﬁmmm”lmwmﬂuwﬂ, AUD LUAZVUIA (LTUNIU
' 1 a S o 0‘3 a” Y v s < o o d
ﬁuﬂﬂﬁ'lﬁ) ﬁﬂ’ﬁﬂi’)ﬂ'lilﬂﬂﬂﬁuﬂﬁﬁ%}'l%'nﬂﬂﬂﬁu GI’J’E)EJ'N@]\M']TN‘?I 3.3 Uﬂﬂﬁ\iﬂ’)'}ﬁ’fmwu‘ﬁ
[y { I 4 {
‘U@Qiﬁﬁ, ﬂ'J’]Mﬁ‘U'E)\Wli'mﬁﬂ’JMﬂ‘i, wﬂzmaw\limua (Fresnel Zone Depth) uazaguﬁmuaaﬂ
Jd . & = g1 Rt 1 a ¢
91nW311 T8Was (Fraunhofer Divergence Angle) 4913180199 (Manilinadan1s sz
o @ £y J da I o Y e’:’ g v o [ Y Jaa
’L’fﬂJuﬂJ'lm?Jﬂﬁi'Mﬂ'Jﬂ mmﬁﬂamaimmmamaﬂuuuﬂﬁswﬁngmgmeamwnmmmman
A w LY 1 3 da da a o o, J .
AAUANNU Lm&"’llu‘lﬂtﬁuw']uﬂuEJﬂﬁ']\Wli'lu%’fﬂ'JL“lﬁJiilNﬁi%ﬂ%mﬂi-w']iﬂﬁﬂ (Near-Far Field)
y o q,l’ = I's L) I 1
‘*l.l’fNﬂ'liLﬁEJ’JL‘Uu ﬂ\iuu‘luﬂ'l'i’nﬂi'lzﬂﬂ’ﬁlﬁd’f)ﬂﬂi'luﬁﬂ'u‘ﬂfﬂiﬁLWN1$ﬁM 5'33J5\1$3El$1’1'1\1
' [ v a b da Jd a @ dy 2 2 u’;’ 1
IEUIMNIAQAUAINUIVDINTIUTA AL DT (NNﬂﬂUﬂ']‘iLﬂEl'JL‘Uu‘U’ENﬂﬁH) IAVINYUITTHIN
a Y o ' [y da ¢ o 9 ~ o v o d
WINUIVDIAIDYNAUNITUTAUL DT (NNﬁﬂ‘Uﬂ'Iiﬁ%‘ﬂ@H) UaLRN1914N 3.4 Lﬂummau‘wuﬁ

= d 1 A A A
VBIWITTUFBIAE)NDAIIUDAIN
= @ o a ¢ A oo~ ?a ¢ A
ATNN 3.3 ANUTUNUTUDINIT IR DT ANPNDIANYDINT IUAAUKDTAIN [14]

Transducer Radius Constant at 0.5 em

: "F_‘req'uency (MHz) 1 Wavelength (cm) Fresnel Zone Dépth (cm) | Fraunhofer Div. Angle (degree)

0.5 0.3000 0.83 21.5

1.0 0.1500 1.67 10.5

20 0.0750 3.33 5.2

4.0 0.0325 7.80 23

8.0 0.0163 15.33 1.1
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- v w o 1 A d‘ A
19190 3.4 ANVANWUTVDINIT NN DTANNPNDANIUDNAIN [14]

Frequency Constant at 2 MHz

i

Radiﬁs (cm) -| Fresnel Zone‘Depth (cm) | Fraunhofer Div. Angle (degree)

0.25 0.83 21.5

0.50 1.67

1.00 3.33

2.00 7.80

[ Y o J
3.2 msuansnuanyaclaaldnanudani1v13d (Ultrasonic Characterization)
guanyazvesingmusoudasidnnauanigdimeildnd nieautidnina
}4
(Mechanical Property) ¥4 ¥ngiu fidsz Tomilumsiildszyrdavesing1d audfnienad

E4
MAWAUTU ANUHUIUY ANV WTUNIZ AWIANVToU UanMTTellanamiznediu

Q(

LY £ I o o I T oo a S A v o a
BAAITFNIANTIAY (FU ﬂ'lfﬁJ‘lJﬁzﬁVl‘ﬁﬂ']iﬁﬂ‘ﬂﬂu HRagNNULTAUFYY Iﬂﬂm‘W'lzﬂ'lﬁlllli&’ﬁV]ﬁ

[~] " A o o =3 Y = ﬂy A o 3 =
NITaANDU L‘ﬂum‘mm’Jmmﬂi‘g‘lumﬁ&'u%uﬂﬂlmmqm@mewﬂmuﬁm‘l’ﬂumﬂ\m 3.2

50 — ,-Lung

E 10 / Skulf-bone
3] -
g S Musd!
2 - Y- y Kidney
E 2t — ANy Soft tissues
o | - s ——Liver
ic I S L L s - e A et
m, 05
O g
O - ";t:.
5 0.2 Hemaglobin
-
§ 0.1 =
l% =
= |

0.02 —

0.01 Lo s lrongl Ll | L1 Lorad L bl L1l

10k 20k 50k 100k 500k 1M 2M 10M 50M 500M

FREQUENCY (Hz)

i 1w a & [y 1 1 J
s 311 mﬁuﬂizfﬁn'ﬁmiaﬂwauﬂlmmmzmqﬂ]“luimﬂwmgyﬂ [14]
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a 's o dy A o a A~ [ a
“lumim'Jmmiw‘ﬁvmmiu.wmm1muawam;‘ﬂm 3.11 nua1dudszdndinisg
‘; 1 ¥ o3| a i # ] ¢§ 1 4 d 3 0o W a a ]
aaneugs niedinannasgududfived1fedrmitsiniledoiusidsialsng Tass
1) a @ Y ' [~ T = i
mJﬂizﬁmmiaﬂwaummmyagwmaam%’wnﬂmmﬂumwmﬁuwmﬁ’l%’ﬂszﬂaums
aa o 1w o q’ = a o =, a o
MadeTsala mamardudszdninisaaneuiivareds lasluausse 181455 105 1
o’ R . . an v a o R
N308AYN (Fourier Centroid Shift) 1az35aiadAUU TSULUA (Multi-Narrow Band)
d.
3.2.1 ﬂ?!ﬂsdwumeﬂﬂ%w (Fourier Centroid Shift)
A A o ) 4 LY FY 9 [y a o & .
wanaueaAT ATz NONMINVeUMUNIVBIIngIAnIuARUANNTZNY (Incident
o W a | ¥ Qs { [
Wave) uazveudundsvesinqiaillunfuasfon (Reflected  Wave) a3t 3.12 i1
oy Q( -7 Q Qs [+] Qs ¥ Q’Il 4 o
ﬁmlizﬁmmiaﬂ‘nau“l‘u'mq%zm“lﬁmﬂﬂm'5umawmﬂﬁumﬁmxﬂﬁauuﬂaﬂﬂ Tae %
a o ‘a A [ A 9 = 4 R @ o @
vjiwsLmuwiaamwwaﬂmiﬂahﬂ3mag{uaﬂmq (Centroid Frequency) 91na1nnsuiigs

4 ' 1 o @ Q!
‘Uﬂ\iﬂﬁuﬂﬂﬂﬁz‘ﬂﬂ uazﬂﬁuﬁzﬁeu (Reflected Wave) 11']ﬂ'lu’ml‘ﬂ'lﬂ'1ﬁllﬂ'i%’d‘l’lﬁﬂ']'iﬂﬂ‘ﬂ@u

1 T T T
g & 4 9/
® 5L AAUANATENU AAUTENDU _
§ "y 9§
3
< O ..vnunu m\fw\v VAMﬁ Af\(\w‘
o
(]
N
©
g -0.5¢ .
5]
=

_1 L 1 1
0 5 10 15 20
Time (us)

310 3.12 afuannsgnunazaduastoululamuinn) (Time Domain)

o A [ [ 4 [ 4 o o
msfmasudurndyanudaniinad s S 3.12 azfeuniniag uasgni

Tidudatay (Digitized) MINMIYNTLOLYIUDAI019 (Sampling Interval) Ar = 1/F, lu
1UIU N A29819 Lﬁ’ﬂ F. = ﬂ’ﬂllﬁffll (Sampling Frequency), T = mu‘umﬁ'ﬂgﬂgm (Signal
Duration) mm?yu“lﬁ'ﬁqﬁ'ﬂffuﬁﬁ'wmmﬁ‘auﬁﬁ’wﬁmqﬁuuﬁmmm s Waseunquinendy
AnnTENLLATARUT RoY c'f?ammstizmmﬁwﬁuﬂizﬁmﬁdﬂﬁawaumﬂmmﬁquﬁﬂma
mldvnaumsii 6.30)32] TaensdnnsezassinluTamuanyd (Frequency Domain) 91
Tunnddduil o uag Mdufl 1 anudquinatevesnduannssnuunsaiuae founanslass
311 3.13 mem Tmudaunsanssimuaunsi G30321 Sufunssuandylany

d’ 1 = o’
ANMUITUIAYINUY
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f.z)= ml(r’% (3.30)

]
[

¢ ¢ o w o go
10y £(z) flo ANUDFUINAIL (MHZ), m, o Tuiuus (Moment) §18U7 0, m, An Tuudd1dy

#1 1 woz o dumisuudaygn s eansosminld lneeunsh (3.31) [32]
mj(Ti)= Ifj'S(Tiaf)'df (3.31)
Tag ffie ANWA (MHz), S(z, f) Ao aalanTuf1de (Power Spectrum) vosdayanas o fuimls

A a A o o J
NN UL j AD mﬂ‘uma\ﬂmuum

1 .

—Incident wave
084 J4 __—R—N-NY | N~ Pr Reflected wave -
£ 0.70r .
2
8 0.56 .
) : .
o 0.42- fcﬂlmﬂﬁuﬁzﬁ’e_)u fc YBIAAUANNTENL -
e 0.28f l
0.14} -
0 el
4 4.5 5 5.5 6

Frequency (MHz)

1 ] 1] °‘ 1 3 ]
1 3.13 anwdguinasvssniiuannsznuuazaduasiou
3 ] ° a o Y] A v o o
TuasuaeN1INIT AT Halansy ievianulsdsuvesmlnasunide Iae
=) k1 913 :ﬂ' =) nﬂ' 9 1 v P o 1
Y15 ahen 1Y IANIAAUANNIENY N3onduasNauedalnag1anieuIA 1IN e luga

¥ 4 1
7749 (Bandwidth) vesalnasuiideiy deaunsh (3.32)[32]

o(z,)= my(z,) —[::g’nz (3.32)

1 do w 1 o 1 o
Ty o Ao manuudsdsiu (MHZ), m Ao TUUAGIAUA199, 7 Ap AundsuudgIu s@)

Ha ] [
NN ps
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} 4
[ Y

3

@ o EY d

] g = Q( I
Hudulseinimsaanouvesdygnadandianamusam ldnnanuuansia
{ o 1 o ] o oA J

YOIANNAFUENAN df, ANUUANANvBIAMHveslsTuIuTaS 47, Aanuutlslsu
] [ 9 o o [ A v a a

HaEAUTIVeanT1eIA luTagauaasluaunisf (3.33)032] laeardulsedns

msaanounvtldnvuleiiy dB/emMuz

_—868 df,
co’(r) dr

(3.33)

B

Tay g Ao sdnlse@nimsaanou dBlemMHz, ¢ Ao auEasandiandluiiods (oms),

8.68 Ao mAsh lumslaouniieein neper (i1 dB, df. fie mmmmshaﬂjmmmﬁqugﬂma

(MHz), d7 1o AULANA19YBIA1 (us), & AD A NuysUsIu (MHZ)
anlnafuideannsam dnndygiadandiandluTamunawesdayais sg i

o = 1 l‘é Q ed i
dimauasyiies eg lu Tamuanuddannsadunn s I8aaunsi (3.34)
S(w) = [D s(t) e’ dt (3.34)

Tavita lagmudiaunsii - 3.34) fidaudsznouvssmauasySiodluglinnudden

a a do a 9 3 Aad a8y -] 9 v aw J
g lumsuaTIER I nuEdeuenslifimfideaeild sw agluniaves Iwans

Wufe
S(w)=|S(w)|e " (3.35)
Lﬁlﬂ
[S(@)|=[ R*(@)+P(@)]" (3.36)

1ay [S(@)| Ao uowildgamilnady (Amplitude Spectrum), R Aos1uINesY, I Hemsuanin

uoe wamilnaiy (Phase Spectrum) a1ungan Idan

#(w) = tan™ {%} (3.37)
oo d(w Ao waawnady, Rfedmiiduindwes S(w, Iounzmiuanwies S(w)
TumowvesmsendidsassvesmsutlasiSiosie sulnnsufas (Power Spectrum) Aearanis
i (3.38)

P(w)=|S(a)|’ (3.38)
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3.2.2 F5laAuulsuUUA (Multi-Narrow Band)

@ Y

aa dyﬁ 2 aa 4 o a o s
IDNITUL uﬂﬂ’Jﬁﬂﬁ'ﬁUQ1uﬂ15'H”Iﬂ']ﬂiJl]iS’s’ﬁ"lﬁﬂ']iﬁﬂﬂ@uﬂﬂﬂﬂiﬁﬂpmﬂaﬂi'ﬁlﬂﬁﬂ
Y o ' o A @ @ d @ 1 Y
rwanmsanuansamamanasui ldnndyausandianig Teodlumsmaadiudy
' A @ A Y [ ~ A a U o A 9 a
ITHINAAUANNTEND ﬂnﬂauﬁwaumgﬂw 3.12 LN@W%'ISQ!TJ'IfﬂﬂﬂﬁilJﬂlENﬂﬁu’d&’ﬂf’)ulf’lﬂ

4 4 1 o = Q’ d’ 1 3 @ 4
nnAduAnnIENUanasmdusz@nsmsaaneuiiogluingaegUii 3.14

B LT R A S TR e,

0 s P A s X

]

U7 3.14 AnuduRuT YA S¢) ez E¢)
annsaedueldnsaunisi (3.39)[4]

S(f)= E(f)-e*# (3.39)

Tag 5¢) Ao aulnasuvosnaufignaanoulll, E( Ao aulnasuvoswnaufiannseny, z fe
A A o 9 ol ~ A @ A 1w a J

szegninaudanieaindeun lyusonnunuivesing (em), B Ao mduilszanims

aANOU (Attenuation Coefficient) neper/cmMHz iHh1iefonsnia1 A iehaunisi (3.39)

v

v
lusmaure Taons1d log isaesdmive saums 1aa sl

1010gS(f)=IOlogE(f)—ZOZ,Bf-loge

1010gS(f)=lOlogE(f)—ZOZ,Bf-ﬁ

1
10log S(f)-10log E(f)= 202/ —
101og (7 )-1010g £( 1)

In10

-20Z

(3.40)

NNAUMITN (3.4) A aff) 1HANIN QAU 8 n3emnsnasuieldn a) foauns

Y Aa 1Y a - @ Y n’/’ o 4
duasandl £ Wudunlsdase uaz B Aeanuduvesaunisiduasaiu iunuennuindes
° ' 4 o d' -é ] 1 L% U [
A a ldnnaunisi 3.40) dseglugilar Tvimianudu (Slope) Te9z 1881 A

71l 3.15
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a(f) (neper/cm)
4

> f(MHZ)

gﬂﬁ 3.15 ANUTUYDIAINTAANDY (Attenuation Slope)

LY a 4 =4 o 9 o @ = v o o o
Adulsz@nsmsaanau uazanuisivesdan g lufagiianuduiusiui
a v o o o ' =Y @ A a
ansnefeAlennuduiusasives-1nsiln (Kramers-Krénig Relationship) fefivzasug
lusiadedaly
e/ o d J
3.2.3 mmﬁuwuﬁmsmesimﬁn (Kramers-Kronig Relationship)
a J o Y Y J d . 3 2 ’a
/e aduveadnni 19199 (Ultrasonic  Dispersion) [38, 62-65] Avilsingnisaifi
< A o 9 o' [ A = A o =2 9k av
AU UBIAAUBDA T I daglinuddeu lawanud Imsaw 13 unaieauise [e6-
1 a ¢ o :: a { 1 1 a ¢ = 1
68] mimaamasasuiuinaredtnniinan idedundanlesady (anwsa) uazen
@ a & ar Y o’n’;’ = v o do Y1 v £
duilszdnimaaanouvesdanirynaiuianuduiusiulaomnidiladmisezamise
1 1 T a J  w o LY a =
o0 14 nasfeminimaanlesasufauniamardudse@ninisaanenld uazluma
YY) Y1 w a 3 =) ¢ 9 1 o a & o4
naufumIngmdudszdnimsnaneufsmisanimaan)esadu ldigudu nguiniled
1 =& a A dyd v o o 4 4 a Yy aw o 9
nanIdnNuReailesiine aAnuduRusmswes-Tasin ldlauzisuimsfryunzag’d

Tuenansd19d9n [69-74] Fauanslumisiesh 3.5

{ v @ d a
ﬂ'ﬁ']\‘lﬁ 3.5 ﬂ'J']llﬁﬂJWHﬁﬂ'lglﬂJ?Ji-Iﬂiuﬂ [69, 70]

P’o-w‘er‘ Law | . Direction. | - Kramers-Kronig Relitionship,

y=n o) = odw) 1 1 2 o
- E— R——q, In|—
o o) @ o) V.4 @,

rl<y<ntl | of@) = o) L, tan(zy)(wy—l_wy—l)
2

d@)  clw,) ’

=) o w &Yy 1q 1o < A o S = 1w a
Tay y Ao avenmden lilsdwaudu, » Ao wudwiwdu, o Ao ardulszdnsnisaaney
1T a o i { : Y 1 o a
(neper/mMHz), c(e) fio AAmlosatu m/s) Mudsunlasauanud adresumduilszdns

MIaANoUAIzIN 3.16
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Velocity (m/s)
2 820 T T { T ! ! }

- 2800
2780

2760

2740

2720

2700

: i . .
2688.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Frequency (MHz)

{ @ ' A d o Y < g 4 { { @ 4
3UN 3.16 rednmanulesaduluagiiiunnus i fouaenuivessan g

¥ w 1 = [
AMNAUAUTIENIN g oz e, FnsneTine lansaus (3.41) [70]

oA w)=fota, (341)

]
1 A

¥
S . _ v W 2
AfIN580IA8 o (Attenuation Coefficient) fariueuizan 14 lnelR =1 Feamnse

angUnnuduiusasiues-Tnsinlddeauns (3.42) [70]

1 ] 2 )
= = oIn|—
cw) c@) 7« , (3.42)

F4
Y

' a3 o Y} ¥ o J ¢ A DYy aY o 1
g lsfmumsnee ldanuduiuiarfwes-Tasinidiuidedmunsy 4 Yszms
Y
Aail [3]

J Y,

- Mdudseanimsanneudes lunlfsuuased et undudionnydiasuuilag
1w a 4 Vo H 2 14
- Mdulszaninisaaneudesiuegiunnud (Frequency Dependent) uagunIndy
A 4 2
WenNudgeIy
< v -3 ) a - v 1 o a &
- ANUTWNVIVUAVANND IHReNUAFulTeaninisaaney

t W a & =1 v w dao
T ﬂ'lﬂ'll‘l]igﬁﬂ'ﬁﬂ'ﬁﬁﬂﬂ@u L!,ﬂzﬂ'J']Mli']@?l’f)\iﬁﬁqu'ﬁﬂu
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[ [ } 4

3.3 uum’hnmammmaamwnﬁ (Ultrasonic Simulation)

o o

9 3 0

o 'Y 9/ A ¢ A o g/
dyanudaniwadsosiaes ldnnaumsadamansiiorss Towi lumsldan

1 [T~ [ ;
susosie T8y 2 uuw feil

o Y J

[ L% ¥ = rfi’ ﬂ'
3.3.1 mmmammytymaamwnﬂﬁ‘luﬂﬂmimmmwumﬂau

4 o

0 {1 [~ o o Y 1a Y
wuutmesidengaluuuuiiassdygiudandienan lufansdeuun

& 9 o g Y a Sy 1 Y 9
UDIAGU ‘Uﬂﬂ“Uf’)QLLU‘U%TﬁfJ\iuﬂ'E]rl‘]fﬁllﬂ']iﬂmﬂﬁ'lﬁﬂi‘ﬂlluﬂ']ﬂﬁﬁ'm ﬂJ']fHﬁSVI@Ui]’Iﬂ

&9)-8

1’}

UY1 NITAUIUT

=Y

AT (Scatterer) N5090UVBIIAY (Object Boundary) fifeansiians
4 7o ¢

1nMIa3s e TuTamunm FeoglugdveeiladFumdiou (Gaussian Function) way

d o J ' 3 o { @ Qs { o a iy 1

Handumen og1lsAnudyanai ldondoudsstudyaiunialdis w19l uauily

[] 8/ v
AoamImsmuIniiaz@eauniin ausaad1uuusass unnauNsi (3.43)[4]
2 2 2 3
e(t) = expl-2w O (t-to) ]sm(27Z’F(')t) (3.43)

4 1 o @
1a8 e An AAUANNTZNY, o’ Ao ALY TUS2U (Varance) R4 lun1sad1eilsddu
d o { a i
MAson A9gUn 3.17, ¢ Ao ansudu (), ¢ Ao e (), F,Ao  A21N0nA19U89
da J J o L4 { 4 o 1
NUAANeT (MHz) 19 lumsasreflenduane 11nguf 3.17 fe U4 3.19 duna'ld

@ A

o , & 14 2 o 7o ¢ )
Aurienaneuesia 3 jlegnmantufedszana 4 us Fuilu ldawilsddumdiouiues

o
(0]
T
1

o
(]
T
1

Normalized Amplitude (V)
o
~

o
N
T
I

0 1 2 3 4 5 6 7 8
Time (us)

7 3.17 HeddwmdiFou
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31N 3.18 Hsndumeninadann £,

T
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o
J
)

HienauARBUNINIUAIN A() aziound (Reflection) I8iTlu s() Fagii 3.20
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v o 1 a
ANUTUNUTIZHIN e) () uay s¢) Tulawunammsadowduaunis

v
=

a d a Y @
ﬂﬂlﬁﬁ']ﬁﬂiﬂﬁuw‘lﬂﬂ\iu

s(t) = e(t)* h(z) (3.44)

Tay s) Ao AduTziou (MHz), * fie M3nouTag¥u (Convolution), k(1) fiv N13AUAUBY

vosduiad luTamunaunzannsaodie e iudn 1ddseaumsi (3.45)4]
3.45
s(t)=e(t)*h(t)—_-Zx(t)*hj(M,t)'hd(M,t) )

M

Tay 4 (M,0 AomsaeuduesludINTzive nievouvesTag ol Awmua M, &, (M.0) fems
@ a 1 =] a : o
ABLTUDITINTZAUVDIAINTZINY D813 I5AmumInRnsanlu Tawuaaud Tasiinisulag

Wiwiaunsi (3.45) Widluaumsi (3.46)4]

SSED =Y XD M H,OLL) (346
M

Taw M Aedumisvesdanses nSevevunsing, Hy Usznoudas 1, (. Huas 1 (M, f)
A do 1 . ° [ Aa o a & -a'g Y =
aeilandunig Tou (Transfer Function) dmiudagiifiduszansmsaanouivusgiuniud

Wudlsdanfuemsaldaums (3.39) e ue | ddaumsi (3.47)4]
HX(Mf)=e2F (3.47)

Tao 2z Tuszozma lduazndu AdmsTalulnuaaztoussuis¥luide 3.1)
1 T T T T

0.5+ ]

Normalized Amplitude (V)
o

1 1 1

10 15 20 25
Time (us.)

o
[, 1=

o [ 9 o ~
3.21 Fyaneand 19199 1 Tawunud

=h.

31
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o [ [Y) U dd’a 5 ﬂ'
3.3.2 yuudaesdyanadanivIAinamM e AUHeInaY
o [ ‘ 9 oo a 9 = v o Ao a 9 Y
dggudanigIatimesn ndnestudyananinafeansoaiialddae
a ¢4 g A - v o A g
aumsnsasiamaaiinuInMadeavuveniu liinsandle vuviassiiduinasg
o . [~ o ® ]
Ao lusunsutlany (Field 1) [16, 171 IuTdsunsniaunmeld MATLAB® dwnsasiaes
I v g yw 1 a ) {
niudauyes ldnareuuy sd1slsfatu Tusunsuiide lidalomaldysunliouTaseads
[ v Y ]
meluiiunueanundidesmsdiu feumsduiadiunsifenunaussnau (Diffraction
1 ] o T o o o { (] [V
Effect) i 101971114 0d19lsAnuiiuvusinesdndnyasidandu uazsaisolsy
1 o N 9 9 P o dyo A 9 °
AMNI5100e5 lan1uAeen1s FauudiassiihaumsnduanlFlunisiiuia Mnauns

iewleadannsodonldogludngluuudsanmsi (3.48)
VD) +E $(M)=0 (3.48)

1] J P 1
1A ¢ (M) A9 Velocity Potential, £ 19 aunay, M fis AWML 338¥N1aMIARNTANZUN 3.22
2 g ?a P S0 Ay Y A A 4 9o
atluglunumsnmsudauses iu Inuadaiy Taenssaudeiionansiuiiniigaves
’a o 1 A I v A Y 4 g té’ P Y o da 9y
NIUdayasael o Wusall uazaesdnduniuuiuinidavsans iudauyesaiu
Asuerienu luuuauny Z

7'0 ¥

¥ S/

o o/

! 2= .~
gﬂﬁ 3.22 Tﬂ5\1’&1’%’1»1‘110\11’]5']11!?{@]leﬂiﬁﬁﬁﬂllﬂxﬂﬂ 1

HASWTURIANMIA (3.48) NamsaeTune ¢ (1) 18Faaun1sf (3.49) waz

LA S

Lﬁ'ﬁ]ﬁ‘ﬂ'lim'lﬁﬂ')iﬂﬂﬂﬂﬂ'lﬂ'liﬁ'lu’muﬁilﬁ‘\‘lﬁuﬂﬁﬁ (3.50)

4 ¢ 2”‘exp(—ik(rz +r02 —2rr, cosl90 +z )1/2)
¢(M) - J. 2 2 2,12 rOdrOdeO (3.49)
27 5 Y (r +r —2rm, cos6’0+z ) :
ik ‘ s exp(---ik(r2 +1;)2 — 27, cos 90 +z )1/2)
D=| — |explikz) X — — v, drdr, dO,
ma oo (r +r —2rr cos6 +2z°)

(3.50)
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el doasannis (3.50) ansaangyddaunsii 3.51) oasBunedlumamian 1)

aalr

ik ik,
DR D = IJ. J.exp —— (@ +r —2m cosf)) v, drdr, d6,
00

(3.51)

L 2
zTa z 2z

0

v
A o

Wennsanaums 3.51) sznuhiianududeulumsduauaziinnuwnnwanginis
o ' d o o o o'
Analidieas Teold waerailaddu (Bessel Function) Tumsdmuiudonsdssgnd 14

3 1
NQUY84NBUINA (Lommel Diffraction Correction) fa1iuaun1sfi (3.51) ansadouiiy

= v

o dayY o /a ddad A 9 g
;ﬂuuu"ﬂﬂmmmimu'Jmﬂuﬁuamﬂuﬂmwwmmﬁmwawuwumﬂummﬂmqﬂammz

Y

drauaziTudesiviiudeaunsi 3.52) [36]

27 27 27
D(S)=1=expli—)| J,| ~—= |+iJ, | —

S S S (3.52)

27z o A o w A - o w 9
Tag §= s, fe twasaleiFu (Bessel Function) §18Uf 0 iz 1 addy shaums
a

b4
(3.52) lililszgndld T unuusianddded

3321 wundiaesh lufiamsasReuvesndudanslugdi 323 fle

v

o ror o & g a da 4 v M A o
ll‘]J‘]J%']ﬁ@QtluTTTllﬂfNW']N%']Lﬂuﬁﬂ\illﬂﬁ'luﬁﬂmmﬂi 2 ARDAITILAYAITY Tﬂﬁluﬁi’gﬂg’lm

suna luTamuanuddeuldtunsudaivesdduiiu X adusantiasndmuma luidy

v W @ 9 o

[ v
320EN N 4 udagidsegiianumin 2, ldsdasudyanasananinlulawuanud Hw)

LT o

Signal

Pulse 1gna

Generator Sync'

A
2y
B
Emitter Receiver
X(w)  ((0)]
<+ d |

31 3.23 uuuraeluTnuaden
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[y Jd o { a d a
sruvvesaniiviadaanclugilii 3.23 awnsaldaummuadamanieduie
o o 4 o/ = o @ 4 1Y
anuduRusIznIedyyrnduye Xo) fudygaeine 1o lulawuanud1dds

HUNI59 (3.53) [36]

v, (o) : 2y !
P =Ty, ()T, (@)exp| —iw co(a))+cs(a)) Dy (Sp)Up(0)U p (@)
(3.53)
iife
Sp = 2ﬂ'[(d—zl)zc0+z,cL:| G5)

wa

QJ

a o o w 1w a
1Tno X(@), Y(@) e miullasyFiosues X0, Y6 sy, T,,(@), T,,(o) Ao mdudssans
b4 4 T
MIAWIUTEN N0 1azdng i, Ulw), Ulw) Ao Msasuaussnnudvesiiduas

v

o w d o ¥ 4
WAy, D(w) fe Aendumsienvuvssnauainaunis (3.52) lunsaiveslnua
1 a d [ 1A Y 1t
azfow, c(a) fin adanlesadu illumidosnmam, s, Ao dautls s lunsdives Tnuadar

4 27z S g o
oS — Ao 5zeeM1a T (Water path = d-z,), ¢, Aoaruiirweudosludng
a

AsagUil 3.23 %ztﬁuimﬁué’am%ﬁmaﬁgﬂdamﬂéhﬁavhmfmmszﬂu‘?ﬁqgﬁﬂ
Fulseninisdanin T,(&) (Rusanaunis (3.8) Usznew) uazsﬁumwﬁ1u%’mqﬁu€1
T,®) éumﬁﬁ'ﬁu aunsadasaeldvnAnud L mades (Acoustic Impedance,
2, 7,) Sait i@ T UIEuda luaunisdi (3.6) Favi T, (@) wag T, (o) lumeuvesaaosadu

gansamuln 1 Ineldaun1sa 3.55)[36]

4Py 25 (@)

r (o)=T (@)= (3.55)

[pSCS (w)+ .7, ]2

) g A o /9 o
lTay p, Ao anunwuYeNh (kg/m’), ¢, Aia ANMSIVBIBART 11 Tuih (mss), p, AD
T @ 1 a ¢ @ 4 ar
ANUNUUMUYBIIAY (kg/m), c (@) Ao MAdesady, ¢, Ain AnuFvoudosluiag (uws)
v o 3 a LYY @ J R
a619 lsnam luanuiusTwdinisTadygradaniradddesiinisasRou (Multiple

s g ° I~ a 4 o 3
Reflection) (AR UAetaye Fallanusuiudssfiarsanisaztouvesniudae ey
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me‘imeﬂuTwmfhN'mmJ1J"ln'ﬁﬂmsﬁz‘v’fautmmﬂQﬂﬂ%’uﬂ;ﬂﬁ’ﬁmmgﬂé’mﬁaﬁu
aaaasluidodaly

3322 unudnesfidansdzfenvesnay (Multiple Reflection) Iutiade
3321 funnudrassedredrwiilifanisazReouvesndudanfanad luiadoiisy
nuuaesnindamaniifamsastouvesaiulu Inuadeiu uag Tnuaasfou

- Tnuadary amsouaalfifuldfeg il 3,24 aunsfi (3.56)3.59) [36]
afusAnuduiufsznidygudunn Xo) uardyanaenine Ko defamsaziou

;

§ o ¢ o { o o Y a ar
vasnaudani1wd dulsideniundinadeiesdulss@ninsazion R, fudls

J =] i 1w
aneeuaneldmnlugii 3.24 reuiy

Y, (@) 4 .
m- H (w)= Z DT (Sk )R;; 2TLWTWL exp(—i¢k Wy (a))UR (@) (3.56)
X (@) -
k=1
C —pP.C ()
Rep(a)=—228 5% (3.57)
P (@+c p '
L 27r|:co (d—h)+ CL(2k _l)h:|
5, = 2 (3.58)
wa
) w
$ =—(d—m+—Qk~1 (3.59)
Co cs .
ujil p=1
< d >
h

Time




54

A
v

R R A

o p=3

B i Gl

v ¥ v
311 3.24 maaziouvesndudaug p=1 89 p=3 TuTnuadeiu

i o o o T
- Tnuaazfiou iWefinisan Xo) uae Yo lumevvesilensugieToy

ansadou ladngluuudsaunsi (3.61)

Y (@)
H (w)= WCZ,) (3.60)
Lf}ﬂ
H (w)=H(P,0) U(w) (3.61)

A o o 1 z A 3 a .
Tnt H(w) fio WenduaieTouvesszuusianue, HP,o) A8 HUUS1009M13UNATA (Parametric

A 7 o o g 4 . e . <
Model), U(®) 1D fNFUMANYMZYDINTINAAUTDS (Characteristic Function) a3/n157 (3.56),
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(3.58) unz (3.59) IdgnusunGouluilueumsi .62)-G.64)36] Taw s, Hun1sunus k=1

Tuaumsh (3.63) uazludhuesdeaiu ¢ Wumsunua k=1 luaunsf (3.64) Tuios

2 2
H(P,@)=[D(S, )Ry exp(—ig 1+ 2. D(S IRy, T, exp(—ig )]

k=2

271'(0020 +cL (2k—2)h)
Sk = "
wa
a)o w

¢k =—Q2z)+—2k—2)h

) Ey.

il p=2

v

A

i p=3

%ﬁ%l
A
x

(3.62)

(3.63)

(3.64)

Time

+

1 j 1 v
35U 3.25 mymsteuvosndudaus p=2 fa p=3 luTnuameon

Time
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3323 M3USuifioussuusIa (Calibration Procedure) M3fingn Hya)
nnaumsh G.61) Idiudeamauaives Uo) T3ms Tnedonlumsmariiae msdsufiou
J2UUNI53A (Calibration Procedure) NI YALFENITAOLAUBIUDINTIUTAATDT IUUAALH I
Unngeglumenves Ule) uaz Ule) (@miuTvuadarim) uag U(e) @msu Inuadeieu)
dufianuiuilueiess MsvArEAINaIEIni1 1A lnenszuiumsdsudisuneunsia
934

H
as =

L] o T ' da J @ 1w {
- Tnuaderi i ingiiegsznhansudaauweseen udrTadifagiiii 3.26

o Ia

o o J @ 1 o o [
Tav Ufe) Aoflsndugudnyazvemsudauwesvesdadauaz Ule) foflsddunuinyas

q

da o o v @ o a d o3| o
YOINTMUTAAFDIAITY ANVFURUTvoIUNauazie aaziiu lUmuaun1sf (3.65)

Y, ()
H, (o) = X—(a)) (3.65)

%) 9 2

Tay H, (o) #e fsddudeTouluTanuand, Y, (») Ao dygnudani1isnandisyly

[

4 @ @ d o 1 {
Tawunnud uag X, (o) flo fyanudaniimavesdadeluTanunnud uazaunsadou

Tnal@iluaumsdi (3.66)136]

Signal

Pulse

Syne.

Generator

Emitter Receiver

v

31l 3.26 mydaensusuifiouluTnuadeim

()

m

cal — H,
() c

cal

d
. (@) =exp(—io—)D_,, (S, g (@)U p (@)

(3.66)
m 0

- Tnuaazfou willu M ludnvaz@orsuudldurug198e (Reference Plate)

A =

o Y 4 da o a T ]
oazReundudandmanau lUinsudauses lnsdsafudumuaziouvzsinnn lany

1
=Y =)

silalan lAudfidonldfe ogiiion duntsvesmsnuiudredaldnedumiafortudy
<

o’ @ 9 o

{ [~ [ { o 2 ) o
Ingawaaslimudegii 327 uaz H, (o) dludggpaildnnmsiadeainsnetueld

q

Y Jda d o @ o’: v
Tav H, (P.o) wennniimsldnsudfuveiaaufiorduin Ulw) uas U w) annsnaagy1d

cal

maaies Ulw) Seaumsfi (3.67)
H'"ml (0)=H,;(P,0) U(o) (3.67)
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Signal

Pulse

Sync.

-
d 7| Generator

[
>

A

Referen_ce Plate

- -

Emitter/ Receiver

A

U 3.27 msdsufionlu Tnuaazen

v
v

anfuansadion H, (o) Inildidumumsi 3.68)

Y 4P

=H, (@)T D (S )R(w)exp(—igh YU ()

m

(@) (3.68)

M cal

Tav H, (o) AominaiunldnnmsiadmSumsdsudionlumuaasiouuag B _P.o)

Tugduvuaesmnsuuasngmisnesing ldnaaumsn (3.69) [36]
HcaI(P’w) 13 mel (Sl) R(C{)) exp(_i¢l) (369)
MNTUMS (3.67) V(o) dunsnasiune ldmueaunisf (3.70)

— Hmcal (w)

Ulw) = —Zeal =~
(@) H_(P.) (3.70)

unuaums (3.70) luaums (3.61) aariu AP, o) aunsodouln ldiduaumsi (3.71) vz

w1891 Ulo) meleglugdmsysuioudidy H, () uag H, (P.w)

H(P,w) H, ()

H_ (P, =
(P,w) H_(P.o) (3.71)
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ad <
3.4 IBMIUTAADNANHAVUWITUNASH (Parametric Identification Method)
o 4 a a i a o o
msugauensnvaiuvumTmasndumailafildlunsnimsiimesveuuiians
a J . 4 4 & ° o 3 v o
NNANAREAT (Mathematical Model) Nad190U Fauuusaoanasamansiudosdunug
o 1 A g oAdAny " A ' Yt o A 1 o I3
fumnnnIInaasIrsen laanmsia nseswnann laontioniadnimennisneasauiy
9 o ] ° LY Y w 1 A < Qy
thrunendrdsua lunuusiassldlndifvedua1nnnsneass WeaSadunszuIuns oz

9 a o o a Jd q’: a 3/ o s
"lﬂW'li’lﬂJm?J‘Sﬂ'lEﬂuql@ﬂllﬂﬂ%']ﬁ'f]ﬂﬂ'l\?ﬂmﬁﬂ'lﬁﬁ5uu1ﬂﬂﬁ1u15ﬂ'ﬂ‘ﬁﬂ1ﬁl‘1ﬂﬂﬂiﬂﬂ 3.28

U

o a J LY
HULTROINNANAMIARAS —»@4—— MInaaeymsia

A

maNuAanaIn

A

Y F=Y 4
Jsumniwes

! [ @ 4 a
gilﬁ 3.28 1aNMIUTAUDNANH UUUUNWITUNATO

a a ‘u d a ) o o 1 1 <
Tavdsnaud N Smsuaagendnsaituunisuuns ez lesuiledsudais Tou ad19'lsa

F4
149 a 1

ad [ N 1q 1asa < T 1 9q 9 Y
ﬁ’lll’J‘ﬁﬂ'liuﬁﬂﬂl@ﬂﬁﬂym\lﬂiﬂfﬁ‘ﬁ‘ﬂIliJ?J"U’ONﬂWﬂ']ﬂLZ‘]EJ !m‘lluﬂgﬂl]’)']@ﬁl‘vﬁ’lﬂliﬂﬂﬁﬁ

o a @l o a9 9 ~ o
LL‘U‘U‘ﬂ'lﬂ@\i‘ﬂ'lﬂﬂﬂlﬂi’ﬂﬁﬁlS‘VIL‘H1l1$ﬁ3Jﬂ‘1Jiz‘U‘U‘VW]@Qﬂ“I‘i%ﬂﬂH’OULWUﬂﬂ !Lﬁ$ﬂ1iﬂ5‘1J

T =y Iy & Ada Yo N o @ 9 a @ P
MwnilinesIsmanilanilenldiine fasaeniosiiga (Least Square) Aserumsi 3.72
N
E=) [y -gx) (3.72)
i=1
3 [ ]
Tng E Aosianudanaiasianym, y, AoAininmsnanswiemiia ldas Ui 3.29, gi) Ao

Y A

S A 9 43 A ° = 4 o A 9
'W\?ﬂ‘]fuﬂﬁi'l\islluﬂif’)uil'ﬂ"i]']ﬁ't’]\iVl‘Nﬂmﬂﬁ']ﬁﬂ'ii]1ﬂﬂ5$'l]'3uﬂ']5ﬂ']ﬂ\1ﬁﬂﬂu@ﬂ‘ﬂq@u‘wal‘ﬁ

a kY Y o ~
afuedeyaninmsneasdasladegili 3.30

1 1 1 L] 1 ] T
5 4

© o

! @
OO
ol oo J
o
3l o] .
[0}
> (0]
2+ (o} -
1L o -
(o}
o]

of >

1 1 1 1 1 1 1

0 2 4 6 8 10 12

X

31 3.29y, A ld9nmInanes
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{ J o { o o 4 =
UM 330 Hlendu g M lRvInnszuumsAdsassosfigauuuBadu

AN g(x) = mx + ¢ LB m = -0.45838 LA ¢ = 0.566409 (1IN 5N 3.30) A wsalFmsdSue

[

o d = 1 < [ @ ot {
MdsaosrdosfigauuuiFadu (Linear Least Square) 061 lsfimumendanisysua g0 7il4
[~ i Y [ 3 0 o
willuaumaduaseilianuasandessudeyaios daiumaiinisdsulgeauns g
L

1 & o @ ] a A (Y {
Tnidunuuidsaesdesigauyy il adu (Nonlinear Least Square) fanaasluaunisi

(3.73)

— g(x)

1 L 1 L 1 L 1 L 1 L 1 L 1
0 2 4 6 8 10 12

H Jd v { o w { 1 & a
U1 3.31 Heidu g NnnnszuIumshderesiesiigauu liduFaudu

nadwsnnmsUSumnilinesuans1dfagui 3.32 Tao o) Induansiaumsi 3.73)
-x

gx)=4,+ Alez (3.73)

| A Aa v e 1 a 4
(o 4, = 6.80045, 4, = -1.7134, 4, = -8.2683 AamnsnimilunadninnmsUsuamisimes
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o Y J a o o @ @
lunsdidszgnaldmsuanuendnysiuuumsuuaindunuuiiaesdyaudania-
7 A a ¢ a ¢ ] 4 o ¢ v a
FIANOHIMTADTMINANT (AU ANUITIveIRAUSadIId mdulszanng
aanew) aunsai Idlasldaunisii 371 TavaunsoeFuelddsguf 332 snding1aun
y_ 9 ° da o vy o dq o ' a
eauuuUassnAamduvelu nuaazsteuiidulsidayratsme ey o(w), nw
HUWBIIAY UAzANUMUIY Wommanasuues H(w) nnaunsd 3.71 isuimen
o a o T w 1 v Ao Y 2 o Y
uuusaesnundiamanise inhdvammdnasuiialdsinnsmanes (& (@) Tesuiudes
W3 msUTuuds Hio) Wiimlndifesiy 7o) Tnedauasaunsii (3.72) Imilieglugy

104 Hy(w) lavTimasaesiosigauuy liidudadu 18iduaunsi 3.74)

)

v (|HP,w) H, () ’
< =T w"le(a’)l (3.74)

: H,(P.o) |

|
E H (P,w) H (@)
: H(P, w) - @:
NLS s
1 N >N Error
minimization |[%
of error

31 3.32 msuaauendnualiuumsuuaInnasandostuaumsi (3.71)

1A 9y o = v 2 o a Ja 3y

HP,0) Wumi ldnnmsdunalunsd Inaasdeudaiiuuuuiiassmadamaniiiadg
J { e { ) 1 1 o { Y o
Vuiilidulsnvswenaviegdreludaumsi 6.62) uenninil #_@,o) Wuuuusaems
adlamanin 1 lunsdsuiivudwans S luaunisi G.69) B P.o) Taoil H, (o) 1iu

v ] [ v v
A ldannisnanesluvazlfuifiondsnesuielugi 3.26 dufuniniimildainnns
o T W 1 g o @ 1w 1 =
Auas ldhiduasinmsnaaes AiasdSuaidaunsly H(P,w) W0y H (P,®) WUNNILY
19 T a ~ [3 y £ A o [ ' q’: 0 b %
MUBINNMANVAANA (Error) Nimua 13 denszurumsiiinmsdsuaniveniidlae
T¥aumsh (3.75)

[New Parameter] = [Old Parameter] + [Adaption Gain] [Measured Signal][Error] (3.75)
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S a A 1 1A [
108 New Parameter ﬁm’mmmﬁus5i;vnsmmasﬁﬁ’mnﬁﬂﬂwuﬁgnﬂiuﬂqa, Old Parameter

o a 0 1 [ o
ABIINABI NUTTYNITTABSA AT, Adaption Gain 9831115050159, Measured Signal i
U d'w 9 =1 1 a
Aniald, Error AomAuAanain
§ A { o ' @ 4 a 1 ' ™)
Wemnsanaumsii 3.75) nszuaumsUsumdesorfonnmesmsiimesaun 1y
' 4 y 1 ° :1’ oA
nuwanuhdeansunnmesineunisdmamluasausn nieasudy (nital  Value)
1 g a 3 Y1 v A 3 A ! !
g1 lsAnulugui 3.2 sefuldihmndnglivinadnas niereasdranat : seneans
dyanuanaziesasdie uazminiagiinnuuiannougiana ¢ Liiniesinlunis
' [ { o @ Jo ! g y £
Anuuanaaaadlugln 334 o) Wudygradandienidiavaziiiione dudy
[ ] ] ' v ' v

Toyanaluamdien (75] Tuvaeiigli 334 @) dudygradiSavas liiidede faiuauns
1 (3.3) W lannsalFlumsduan'ld

A 9 [ 1 F=Y [ F [

weuddgmidanan ldiauwenenlumsmanumnvesing lasldaulnasuves
[ @ 9 J 1 aa dyd 1o ‘]c.l] 9 1 < A o Y J
YYIUOANI 1190 YAAUY9I5MsiAe isuiudsanaumaauiiivesnausaniiang
ludagreumsdnnamsizaunsom Idwdousu 1foNnsangalil 3.33 anudigagegaves

[

[ @ § o d ' a 1 @
aulnay (7) Aomstmsndeanuvenaudanfieniasen AR LA A A Y0 Thg &S

L}

auNT (3.76)[75]

27rfi ﬁ =2nrw (3.76)
c.

1

{ A () @ o [
Tav £, Ao Anudngagagavesanasy, z Ao ANUNUINBITAY (m), 1 fiD U UIRNAN

a ) A < Y Y J
ﬂ'liﬂi'iﬁ@‘l]ilﬂ\ul@ilﬂﬁ@jﬂﬁlﬂﬂﬂiﬂ, ¢, D AULIIVBIBDAI 1A (m/s)

g i

Transducer

% 1 %zns
E) C)
D

Water L

—S>le——n—»

3
-~

-

i ° < a o
10 333 msdunamanumn tazanuisnaueulayauazmlaanna sy
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z V
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g 20
e N
- AN
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-20-(b) with tissue

i 1
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Time (ns)
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311 3.34 dygradandmndnnmsiadodenianuann [75]

4 <1 Py o’ o v °y @ Y 1
uamﬁammwwmaaﬂ%ﬁm'm“lumqmﬂmﬂummmﬁuwuﬁ'ﬁzmmf,. a6,
ausolssuia lafeaunisi (3.77) [75]

27zfi XE ~ 9i +2n7x 3.77)
Co

Yy 9

v v v
1ng 6, A0 syl (Phase Angle) eandnsfiv £, ¢, Aonnus udesluth eiaunsii 6.77)

1 Y
ausafinanugadesvesmidszmannumnifnaiulaeldmanfouesmng sves
AND £ Aaaunsh (3.78)[76]

N
. =Zl+22+z3+"'+ZN=l_ Z

6; +2
i

lav z,, Ao ANwHNIRDY (m), N Ao S1uauves s mmhaunsf 3.77) av §rwaunish
(3.76) aw1som 6, 1RAsarumsh (3.79) [76]

1

1 1
8, = 27rfl.2zi [— - —J (3.79)
Cy ¢

Tagannsodaaunis (3.79) naiien ¢, ldfeaunsf (3.80) [76]
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C =| —— L (3.80)
! CO 47#;21

Tuhuesdvaduduaunsi (3.78) aunisd (3.80) A1NINANA1INYNABIINMTIRAY
anusilunne £ 18daaumsd G.81)76]

(3.81)

N -1
. =cl+02+c3+"'+cN=l_ z 1 6;
N N i=1\% 4”fizi

Tuunde luifumsndnfsmnimeugiind113uwund 3 W15
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] 14 ]
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myauyunesdyyiadaniienia lu Tnuaidldaumsi ¢.56) Tae ¥(@)
= v o a a4 g o a ¢ o
AenaawsvowyuitassieglulamuanudddesinisudasfSusuuunnii (aversed

. Y 1 & [] [-% 3 1 o

Fourier Transform) 1110g 1131 1) vegluTamunar dafusoumsafrawusianssdes
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anfmualao p luaumsdi 3.56) stuies dlensiu s, uda 1 I unus luaumsd (6.52)
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lunsaindesmsaduniuaziou 1 adu desdmuald p=2 luaunisi

4 a a

(3.56) Aauaaaluglii 4.4 dlofnsanmsfanduaztouluTnuadewindagUil 324 (=)
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MATLAB®

function aa=vpw(w0,freq,alpha,cw0)
%alpha is neper/cmMHz

icw0=1/cw0;

unitchange=100/1¢6; % m/MHz, 1dB = 8.68neper
bb=-((2/pi)*(alpha)*unitchange.*log(freq/w0))+icwO;
aa=1./bb;

function dd=difcorr(ss)
temp=(2*pi)./ss;
jj0=besselj(0,temp);
jil=i*besselj(1,temp);
dd=1-((exp(-i.*temp)).*(jj0+jj1));

function diffv=fkk_gelmodel(t,datameasu)
w0=t(1); %Frequency (Hz)
alpha=t(2); %Absorbtion dB/m
vpw0=t(3); %Velocity at w0 (m/s)
h=t(4); %Sample thickness (m)
a=t(5); %radius (m)

%z0=t(6); %Water distance (m) use only in Transmission Mode

rhom=t(6); %Density of Sample (kg/m"3)

cl=(7); %Longitudinal velocity of Sample (m/s)
c0=t(8); %Longitudinal velocity of water (m/s)

samp=0.00002¢-5; %For PVA gel with focus

num=30000;

f=(1/(samp*1))*((0:num-1)/num);%MHz

x = samp*(0:num-1)/2e-6;

f(1,1)=1;

angf=2*pi*f;

rhow=1000; rhoglass=2243; cglass=5090;

alphaunit=alpha/8.68; %unit of alpha is neper

vp=vpw(w0,f,alphaunit,vpw0);

mm=4*(c0*rhow)*(thom*vp);

nn=((c0*rhow)+(rhom*vp)).A2;
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tcoeff=mm./nn; %Transmission Coefficient

00=(c0*rhow)-(rhom*vp);
pp=(cO*rhow)+(thom*vp);
rcoeff=o00./pp; %Reflection Coefficient
ool=(rhom*vp)-(rhoglass*cglass);
ppl=(thom*vp)+(rhoglass*cglass);
rcoeffglass=o01./ppl;

%z0 is water distance
z0=0.025;

Yommmmmmmmmmmmeen Multi Reflection at Sample

p=2; scalingfactor=130e-9;%150e-9; %365¢-9;%230e-9;%260¢e-9;

for k=2:p

phiktemp(k)=((1/c0)*(2*z0))+((1/c])*(2*k-2)*h)}+scalingfactor; %EQ20
s(k,:)=(2*pi./(angf. *a"2)). *(2*c0*z0+cl*(2*k-2)*h);

D(k,:)=difcorr(s(k,:));
phiktemp2(k)=phiktemp(k);

ftf1(k,:)=rcoeffglass.(2*k-3). *tcoeff. *D(k, ). *exp(-i*ang f*(phiktemp2(k)));

end

fff1=sum(fff1,1);

%-----EQ21----=---- Diffraction in water

wphiktemp(k)=((1/c0)*(2*z0));
ws(k,:)=(2*pi*c0*z0)./(angf.*a2);
wD(k,:)=difcorr(ws(k,:));
wphiktemp2(k)=wphiktemp(k);

fif1w(k,:)=wD(k,:). *rcoeff.A(2*k-3).*exp(-*ang *(wphiktemp2(k)))

0/,

/0

fif1=fff1+{ff1w; %Total

Yfgmmmmmmmmmmmom e Experiment
PVA28ml_15M; %GEL data
p=p'; p=p./max(abs(p));
dataexp=p;
dataf=fft(dataexp,num);

magdataf=dataf;
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PVA28ml_setup; %Water only
P=p'; p=p./max(abs(p));
dataexpw=p;
datafw=fft(dataexpw,num);
magdatafi=datafw;

Yo----=mmmm e End Experiment
Hf1n=fff1./sqrt(fff1 *fff1"); %Htheory(normalize)
fiflwn=ffflw./sqrt(fff1w*ffflw');%Hwater calibration with theory
magdatafwn=magdatafw./sqrt(magdatafw*magdatafw'); %Hwater cal with meas.
hpw=fff1n.*magdatafwn./ffflwn;
magdataf=magdataf./sqrt(magdataf*magdataf'); %xposition at 61 to 174,3-7MHz

diffv=abs(abs(hpw(1,xstart:xstop))-abs(magdataf(1 ,xstart:xstop)));

Main Function
clear all; close all; clc;
%28ml 15min

%w0 al(db/cm) cI Thick a rhoM vpw0 CO
xl= [ 9.5¢6 0.0502 2500 0.0000900 0.0070 500 1190 1450):
xini=[ 9.7e6 0.1520 2210 0.0001359 0.0075 1200 1900 1460];
xh=[10.0e6 4.4200 4800 0.0002000 0.0080 2000 2100 1490];

PVA28ml_15M;

samp=0.00002¢-5; %For PVA gel with focus
%num=10000;

num=30000;
f=(1/(samp*1))*((0:num-1)/num);%MHz

t = samp*(0:num-1)/2e-6;

f(1,1)=1;

p=p'; p=p./max(abs(p));

datameas=ffi(p,num);

options=optimset("LargeScale','on', Display','iter',...
'LevenbergMarquardt','on',' MaxFunEvals',9000,'MaxIter',30,'TolFun', 1 e-19);
[a,res] = Isqnonlin(@fkknew_gelmodel,xini,xl,xh,options,datameas)

hpw_ final=fconst_gelmodelnew(a,datameas,num);

xstart=3; xstop=100; %for gel with num=30000
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dataf=fft(p,num);

magdataf=dataf’
hpw_final_nor=abs(hpw_final)./max(abs(hpw_final));
hpw_final_db=20*log10(abs(hpw_final nor));
magdataf_nor=abs(magdataf)./max(abs(magdataf));

magdataf nor_db=20*log10(abs(magdataf_nor));
magdataf=magdataf./sqrt(magdataf*magdataf');
differr_final=ferror(abs(hpw_final(1,xstart:xstop)),abs(magdataf(1,xstart:xstop)));
figure(1);plot(f(1,xstart:xstop),differr_final,'k");

figure(3); hold on;
plot(f(1,xstart:xstop),abs(magdataf(1,xstart:xstop)), ro-";
plot(f{1,xstart:xstop),abs(hpw_final(1,xstart:xstop)),'k-+-");
w0_final=a(1),

att_final=a(2);

vpwO0_final=a(7);
vp_{final=vpw(w0_{final,f,att_final,vpw0_final);

figure(4); plot(f(1,5:xstop)/1e6,vp_final(1,5:xstop),k'); xlabel('Freq. (MHz)");
att_dB_cm=att_final;

h=f(1,3)-f(1,2);

aa=1./(vp_final. *f);

dydx=diff{aa)/(h*1e-3);
atten=-(pi/2)*((2*pi*f(1,xstart:xstop)).2).*dydx(1,xstart:xstop);
%figure(5); plot(f(1,xstart:xstop),atten);
ftype=fittype('m*x+c¢','coeff, (m','c"));
150=f(1,xstart:xstop)/1¢6;

b150=atten;

function hpw=fconst_gelmodelnew(t,datameasu,num)
wO0=t(1); %Frequency (Hz)
alpha=t(2); %Absorbtion 1/m (neper)
vpw0=t(3); %Velocity at w0 (m/s)
h=t(4); %Sample thickness (m)
a=t(5); %radius (m)
%z0=t(6); %Water distance (m) use only in Transmission Mode
rhom=t(6); %Density of Sample (kg/m"*3)
cl=t(7); %lLongitudinal velocity of Sample (m/s)
c0=t(8); %Longitudinal velocity of water (m/s)



samp=0.00002¢-5; %For PVA gel with focus
num=30000;
f=(1/(samp*1))*((0:num-1)/num);%MHz

x = samp*(0:num-1)/2¢-6;

f(1,1)=1;

datalOmhz; p=p'; p=p./max(p); d=p; %d(1,2000:num)=0; %For Ultrasound data
angf=2*pi*f;

rhow=1000; rhoglass=2243; cglass=5090;
alphaunit=alpha/8.68; %unit of alpha is neper na ja
vp=vpw(w0,f,alphaunit,vpw0);
mm=4*(c0*rhow)*(rhom*vp);
no=((c0*rhow)+(rthom*vp)).~2;

tcoeff=mm./nn;

00=(c0*rhow)-(rthom*vp);

pp=(c0*rhow)+(rthom*vp);

reoeff=00./pp;

20=0.025;

oo1=(rthom*vp)-(rhoglass*cglass);
ppl=(rhom*vp)+(rhoglass*cglass);

rcoeffglass=oo1./ppl;

inputf=fft(d,num); %figure; plot(f(1,1:1000),abs(inputf(1,1:1000)));

Yor-mmmmmmmmmmmm- Multi Reflection at Sample
p=2; scalingfactor=130e-9; %365¢-9; %150e-9
for k=2:p
phiktemp(k)=((1/c0)*(2*z0))+((1/cl)*(2*k-2)*h)+scalingfactor, %EQ20
s(k,)=(2*pi./(angf.*a"2)).*(2*c0*z0+cl*(2*k-2)*h); %EQ20
D(k,:)=difcorr(s(k,:));
phiktemp2(k)=phiktemp(k);
fif1(k,:)=rcoeffglass.A(2*¥k-3).*tcoeff. ¥D(k,:). *exp(-i*ang *(phiktemp2(k)));
end

fff1=sum(fif1,1);

%----—-EQ21--------- Diffraction in water:

wphiktemp(k)=((1/c0)*(2*z0)),
ws(k,:)=(2*pi*c0*z0)./(angf . *a"2);
wD(k,:)=difcorr(ws(k,:));
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wphiktemp2(k)=wphiktemp(k);
fffl w(k,:)=wD(k,:).*rcoeff."(2*k-3).*exp(-i*angf"‘(wphiktempZ(k)));

0,
0

fff1=fff1-+fff1w; %Total
fff=inputf *fff1;
nonfit=fff;

xstart=3; xstop=100; %for gel with num=20000

Yo-mmmmmmmmm e Experiment
PVA28m|_15M; %Plexiglass distance=25cm and 2 cm in thickness
p=p'; p=p./max(abs(p));

dataexp=p;

dataf=fft(dataexp,num);

magdataf=dataf;

PVA28ml_setup; %Water only distance=25cm

p=p'; p=p./max(abs(p));

dataexpw=p;

datafw=fft(dataexpw,num);

magdatafw=datafw;

Yom=mmmmmmmmmmmmmaeen End Experiment
nonfit=nonfit./sqrt(nonfit*nonfit);
fff1n=ftf1./sqri(fff1*fff1"); %Htheory(normalize)

fiflwn=fff1w./sqrt(fffl w*ffflw");%Hwater calibration with theory

magdatafwn=magdatafw./sqrt(magdatafw*magdatafw'); %Hwater cal with meas.

hpw=fffln.*magdatafwn./fff1wn;

magdataf=magdataf./sqrt(magdataf*magdataf’); %xposition at 61 to 174,3-7MHz

hpw=abs(hpw);
figure; hold on;
plot(f(1,xstart:xstop)/1e6,abs(magdataf(1,xstart:xstop)), ro-");

plot(f(1,xstart:xstop)/1e6,hpw(1,xstart:xstop),’k+-"); hold off;

test Isgnonlin

clear all; close all; clc;
%work
x=[-2*pi:0.5:2*pil;
¢=sin(0.5.*x);
plot(x,c,'o-");

options=optimset('LargeScale’,'on’, Display','iter’,...
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'LevenbergMarquardt','on','Maxlter',15, TolFun',1e-29);

[a] = Isqnonlin(@myfunction5,xini,xl,xh,options,c)

function F = myfuncl(a,c)
aa=(a-9)./2+5;

F=aa-c;

function F=myfunction2(t.c)
x=t(1);

y=t(2);
F=(x-10e-3)./2+(y-30e-3)./2+3;

function F=myfunction3(t,c)
m=t(1);

k=t(2);

x=[0:1:10];

aa=(m.*x)+k;

F=aa-c;

function F=myfunction4(t.c)
e=t(3);

d=t(2);

h=t(1);

x=[-7:1:7];
aa=(4*e*d)*((x-h).~2)+50;

F=aa-c;

function F=myfunction5(t,c)
m=t(1);
x=[-2*pi:0.5:2%pi];
aa=sin(m.*x);
=aa-c;
Data Display
clear all; clc;
dataplexi25cm;
samp=2e-9; f=(1/samp)*((0:99999)/100000);%MHz
t=samp*(0:9999)/1e-6;

p=p'; p=p./max(p);
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figure; plot(t,p,'’k"); xlabel('Time (us)");
dataf=fft(p,100000);

magdataf=abs(dataf);

figure; plot(f(1,10:1500),magdataf(1,10:1500));

phasediffer

clear all; close all; clc;

num=10000;

samp=2e-9;
f=(1/samp)*((0:num-1)/num);%MHz

x = samp*(0:num-1)/1e-6;

f(1,1)=1;

dataSmhz; p=p'; p=p./max(p); d=p;d(1,2000:num)=0; %For Ultrasound data
h=0.00125; %sample thickness in meter 0.02
a=0.015/2; %Transducer radius

angf=2*pi*{;

rhom=1244.1;rhow=1000;
rhoratio=rhom/rhow;

¢0=1500; cl=13500 ;%cl=2567.1;

cratio=cl/c0;

20=0.0945;

k=1;

phiktemp(k)=((1/c0)*(2*z0));
[phiktemp2(k)]=cutfloat(phiktemp(k));
fff1(k,:)=exp(-i*angf*(phiktemp2(k)));

k=2;

phiktemp(k)=((1/c0)*(2*20))+((1/c)*(2*k-2)*h);
s(1,:)=(2*pi./(angf.*a*2)).*(2*c0*z0+cl*(2*k-2)*h);
D(1,:)=difcorr(s(1,));

D2(1,:)=difcorr(s(1,:));

[phiktemp2(k)l=cutfloat(phiktemp(k));
fff1(k,:)=D2.*D.*exp(-i*angf*(phiktemp2(k)));
fff1=sum(fff1,1);

inputf=fft(d); %figure; plot(f(1,1:1000),abs(inputf{1,1:1000)));



fff=inputf.*fff1;
¢0=1.5; n=1,
pos1=85; pos2=125;
xstart=10; xstop=200; %For diaplay
[d,c,phff3}=fthicksp(f,fff,pos1,pos2);
fffa=abs(ffD);
fffabs=fffa./max(fffa);
figure; plot(f{1,xstart:xstop),(180/pi)*phff3(1,xstart:xstop));
figure; plot(f{1,xstart:xstop),ftfabs(1,xstart:xstop));
xstart=85; xstop=125; %For peak detection
=L
for ii=xstart:xstop
if (fffabs(1,1i)>fffabs(1,ii-1)) & (fffabs(1,ii)>fffabs(1,ii+1))
peak(1,jj)=ii;
iFEitL
end
end
figure; hold on;
plot([xstart:xstop],fffabs(1 xstart:xstop));grid on;
stemp=size(peak);
stemp=stemp(1,2);
plot(peak(1,1:stemp),fffabs(1,peak(1,:)),'0k";
for ii=1:(stemp-1)
[d,c]=fthicksp(f,fff,peak(ii),peak(ii+1));
cpeak(l,ii)=c;
dpeak(1,i)=d,
end
dave_mm=sum(dpeak,2)/(stemp-1)
cave_mpers=sum(cpeak,2)/(stemp-1)
ffftime=real ifft(ffD));
figure;plot(x,ffftime,'k");xlabel('Transmit(us)");

function [d,c.phdatal=fthicksp(fre ffff.pos11,pos22

f=fre; fff=ffff; posl=pos11; pos2=pos22;

¢0=1.5; n=1; %c0 is longi of water. n is the number of peak.
fdiff=(f{1,pos2)-f(1,pos1))/1e6;
phff2=(180/pi)*atan(imag(ftf)./real(fff));
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for ii=1:10000
if phff2(1,ii)<0
phff3(1,ii)=phff2(1,ii)+360;
else
phff3(1,ii)=phff2(1,ii);
end;
end
phff3=phff3/(180/pi);
phdata=phff3;
phdiff=abs(phff3(1,pos1)-phff3(1,pos2));
d=(c0/(4*pi*fdiff))*(phdiff+2*n*pi);
ctemp=1/1500;
ptemp=phdiff/(4*pi*(fdiff*1e6)*(d*1e-3));

c=1/(ctemp-ptemp);

MNB
clear all; k=1; %tstop=40;
m=zeros(1,25);m(1,1:25)=60; m(1,1)=6.666; m(1,2)=13.333; %Solid Sim
tstop=size(m); tstop=tstop(1,2),
n=0; samp=>5e¢-3;
t=[n:samp:tstop-samp]; %emicro sec
ee=size(t);ee=ce(1,2);
n=0; fstep=10/ee; fstop=10; %MHz
= (1/samp)*((0:9999)/10000);
for j=1:tstop
t=m(j);
fori=1:ee
%e(i)=exp(-2*pir2*0.709 " 2*(t(i)-tt)2)*sin(2*pi*5*t(1));
e(i)=exp(-2*pin2*0.3/2*(t(1)-tt)"2)*sin(2*pi* 1 *1(i));
end;
ef(k,:)=fft(e,10000);
%H2a(M,f)
7z=(1.5*%tt)/20; b=5%(1/8.68);
h2a=exp(-2*z.*b.*f);
sfik,)=ef(k,:).*h2a;
k=k+1;

end;
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hold on;
asf=abs(sf),
asf=asf."2;
x1=1; x2=100;
plot(f(1,x1:x2),asf(1,x1:x2),'’k"); plot(f(1,x1:x2),asf(2,x1:x2),'b";
hold off;
B=(10*log10(asf(2,x1:x2)./asf{1,x1:x2))).*(-log(10)./(40%0.5));
x1=1; x2=100; figure;
plot(f{1,x1:x2),B(1,x1:x2),'d";
f150=1(1,x1:x2);
b150=B(1,x1:x2);
sfave=sum(sf1);
isfave=real(ifft(sfave));
figure; plot(t(1,1:4000),isfave(1,1:4000)./max(abs(isfave)),'k");
ftype=fittype('m*x+c','coeff, (‘'m','c"));
ge=fit(f150',b150',ftype);clc;

gg.m.*8.68

function [fe,v2]=fmoment(x
mO=sum(y);
ml=sum(x.*y);
m2=sum((x.72).*y);
fc=m1/mo0;

v2=(m2/m0)-(m1/m0)"2;

utsimsignal

clear all; close all; k=1; clc;%tstop=40;

%m=randint(1,40, [0,20]); %Tissue Sim
m=zeros(1,25);m(1,1:25)=60; m(1,1)=4; m(1,2)=17; %Solid Sim 4,17
tstop=size(m); tstop=tstop(1,2);

n=0; samp=>5e-3;

t=[n:samp:tstop-samp];

ee=size(t);ee=ee(1,2);

= (1/samp)*((0:9999)/10000);

for j=1:tstop

%e(t) and E(f)

tt=m(j);



for i=1:ee
Y%e(i)=exp(-2*pi*2*0.709/2*(t(i)-tt) 2)*sin(2*pi*5*t(1));
e(i)=sin(2*pi*5*t(i));
end;
eflk,:)=fft(e,10000);
%H2a(M,f)
b=1.0*(1/8.68);
z=(1.5%1t)/20;
h2a=exp(-2*z.*b.*{),
sfik,:)=eflk,:).*h2a;
k=k+1;
end;
sfsum=sum(sf,1); %sum(sf,1) is sum in column, sum(sf,2) is sum in row
isfsum=real(ifft(sfsum));
figure; plot(t(1,1:5000),isfsum(1,1:5000)./max(abs(isfsum)),'k');

p=isfsum’;

p=D';

width=1200; %700
h=rectwin(width);

h=h";

dataZ 1=h.*p(1,200:1399);
dataZ2=h.*p(1,2600:3799);

fdataZ 1=abs(fft(dataZ1,10000));
fdataZ2=abs(fft(dataz2,10000));
psfl=fdataZ1./2;
psf2=fdataZ2.72;

[fel,vv1]=fmoment(f(1,1:100),psf1(1,1:100));
[fc2,vv2]=fmoment(f{1,1:100),psf2(1,1:100));
beta3=(fc2-fc1)*8.68/(-4*(0.9)*vv1)
beta2=(-8.68*(fc2-fc1)/(12e-6*vv1*150000))/2
endp=300;
figure; hold on; plot(f(1,1:endp),psf1(1,1:endp),'k");
plot(f(1,1:endp),psf2(1,1:endp)); hold off;
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attenbrassSM
clear all; close all; k=1; clc;%tstop=40;
=zeros(1,25);m(1,1:25)=60; m(1,1)=6.666; m(1,2)=16; %Solid Sim
tstop=size(m); tstop=tstop(1,2);
n=0; samp=>5e-3;
t=[n:samp:tstop-samp];
ee=size(t);ee=ee(1,2);
= (1/samp)*((0:9999)/10000);
for j=1:tstop
%e(t) and E()
tt=m(j);
for i=1:ee
e(i)=exp(-2*pi*2*0.20°2*(t(i)-tt)*2)*sin(2*pi*S*1(i));
end;
eflk,:)=ffi(e,10000);
%H2a(M,1)
b=0.9*(1/8.68);
z=(4.6*11)/20; %brass alpha is 11.51 Np/m or 0.499 db/cm
h2a=exp(-2*z.*b.*f);
sfik,:)=ef(k,:).*h2a;
k=k+1;
end;
sfsum=sum(sf,1); %sum(sf,1) is sum in column, sum(sf,2) is sum in row
isfsum=real(ifft(sfsum));
figure; plot(t(1,1:4000),isfsum(1,1:4000)./max(abs(isfsum)),'’k');
p=isfsum’;
p=p}
width=1100; %700
h=rectwin(width);
h=h";
dataZ1=h.*p(1,800:1899);

dataZ2=h.*p(1,2700:3799);
fdataZ 1=abs(fft(dataZ 1,10000));
fdataZ2=abs(fft(dataZ2,10000));
psfl=fdataZ1.72;
psf2=fdataZ2.72;



y1=200; y2=300;
[fc1,vv1]=fimoment(f(1,y1:y2),psf1(1,y1:y2));
[fc2,vv2]=fmoment(f(1,y1:y2),psf2(1,y1:y2));
beta3=(fc2-fc1)*8.68/(-4*(2.14)*vv1)
beta2=(-8.68*(fc2-fc1)/(9.34e-6*vv1*460000))/2
endp=300;

figure; hold on; plot(f(1,y1:y2),psf1(1,y1:y2),kx-");
plot(f(1,y1:y2),psf2(1,y1:y2),'’k"); hold off:
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This paper presents a numerical model for the evaluation of mechanical properties of a relatively thin
hydrogel. The model utilizes a system identification method to evaluate the acoustical parameters from
ultrasonic measurement data. The model involves the calculation of the forward model based on an ultra-
sonic wave propagation incorporating diffraction effect. Ultrasonic measurements of a hydrogel are also

performed in a reflection mode. A Nonlinear Least Square (NLS) algorithm is employed to minimize dif-

‘eywords:
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Jispersion

Jitrasonic characterization

ference between the results from the model and the experimental data. The acoustical parameters asso-
ciated with the model are effectively modified to achieve the minimum error. As a result, the parameters
of PVA hydrogels namely thickness, density, an ultrasonic attenuation coefficient and dispersion velocity
are effectively determined. In order to validate the model, the conventional density measurements of

hydrogels were also performed.

© 2010 Elsevier B.V. All rights reserved.

|. Introduction

Hydrogels are a network of polymer chains that are water-
nsoluble. Over the decades, hydrogels have been invented for
wmerous pharmaceutical and biomedical applications. This is
lue to the fact that their characteristics are close to human tissue
ind non-toxicity. Hydrogels usually exhibit a good biocompatibil-
ty in contact with blood, body fluids and tissues. The applications
f a wound dressing material for accelerating the healing process
1ave been demonstrated [1,2]. The moist healing environment is
seneficial for wound healing, and moist wounds heal 40% faster
han wounds exposed to the atmosphere. Hydrogels have been also
1sed as drug release devices [3-5]. A swelling characteristic of
1ydrogels is one of the key features for their effectiveness for the
ibove applications. The swelling behaviour of hydrogels is closely
elated to their structures and the degree of swelling also influ-
:nces the mechanical properties of hydrogels. Therefore, it is
:ssentially important to examine the relationships between the
legree of swelling and mechanical properties of hydrogels.

Ultrasonic methods have been used for the mechanical charac-
erization of hydrogels by several researchers [6-9]. The physics of
‘he sorption process of PVA hydrogels was extensively discussed in
‘he paper reported by Luprano et al. A method proposed for deter-
nining glass-rubber phase transformation in PVA hydrogels using

* Corresponding author.
E-mail address: kksiride@kmitl.ac.th (S. Boonsang).

)041-624X/$ - see front matter © 2010 Elsevier B.V. All rights reserved.
10i:10.1016/j.ultras.2010.03.005

Scanning Laser Acoustic Microscopy (SLAM). The measurements of
ultrasonic velocities and ultrasonic attenuations were also used to
calculate acoustical parameters of PVA hydrogels. They also re-
ported the characterization of superabsorbent cellulose-based
hydrogels by the means of the ultrasonic measurement [7]. The
methods mentioned above are suitable for ultrasonic waveforms
that contain well-defined peaks corresponded to the ultrasonic
waves reflected from each boundary. Therefore, in order to sim-
plify the analysis of ultrasonic signals, the measurements have to
be made with the fixed sample thickness so that the separation
of the ultrasonic echoes can be achieved.

However, the ultrasonic waveforms can be difficult to analyse
when the sample thickness is less than the ultrasonic wavelength
or a non-separable pulse regime [10]. For the simplified approach,
the analysis of amplitude spectrum to identify the resonance peak
was used to determine a sample thickness using f, = nc/2h, where
f» is the resonance peaks and n = 1,2,3,..., 00 [11]. Vikram et al.
developed the method that utilizes the every point in the transfer
function to deduce the acoustical parameters of a thin, linear visco-
elastic plate [10]. They also presented the inverse algorithm to
evaluate the acoustical parameters by comparing the measured
transfer function and theoretically predicted transfer function
[12]. However, the diffraction and misalignment effects were not
taken into account in their model. Lavrentyev and Rokhlin [8]
developed an ultrasonic method for the calculations of the proper-
ties of polymer-coated materials widely used in manufacturing
industries. The properties (i.e. elastic moduli, density attenuation
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and thickness) of polypropylene that used as a coating material of a
thin film were determined by ultrasonic transmission and reflec-
tion coefficients. More recently, Hagglund et al. presented the
method based on the transfer functions of the ultrasonic wave
propagation [13,14] They proposed the model called a soft model-
ing approach in which the finite impulse response (FIR) filters was
used to describe the attenuation, dispersion, diffraction, and mis-
alignment effects.

In this work, we present a numerical model based on a system
identification procedure for the evaluation of acoustical properties
of a relatively thin swollen hydrogel. This is the first time that the
model-fitting based approach is applied to the analysis of ultrasonic
signals from a thin swollen hydrogel (the thickness of a sample is a
time-varying function). The model is formulated using transfer
functions of the ultrasonic wave propagation through the experi-
mental system. We use a transfer function of the diffraction effect
for a circular piston source and a receiver approximated by the Lom-
mel diffraction correction. We also present the new method to
determine the initial guesses for the model fitting procedure by
using the analysis of both amplitude and phase spectrum of pulse-
echo signals. To minimize the error, a Nonlinear Least Square
(NLS) algorithm is employed to minimize the difference between
the results from the model and experimental data. During a minimi-
zation procedure, acoustical parameters associated with the model
are effectively modified to achieve the minimum error. As a result,
the parameters of PVA hydrogels namely thickness, density, an
ultrasonic attenuation coefficient and dispersion velocity are effec-
tively determined. To validate the model, the calculated hydrogel
density is compared with the conventional density measurements.

2. Theory

2.1. An ultrasonic propagation model

The schematic diagram of an ultrasonic measurement setup is
illustrated in Fig. 1. The separation distance from a transducer to

Digital Oscilloscope

IEEEA488

a sample is d. z; is the sample thickness. A pulse generator gener-
ates excited pulses as an input signal, x(t), to an ultrasonic trans-
ducer. Ultrasonic waves propagate toward a sample through a
water path. At a normal incidence, ultrasonic waves experience
the multiple reflections within a sample. A part of ultrasonic waves
reflect back to the ultrasonic transducer as a received signal, y(t).
Those signals are digitized and Fourier transformed to acquire both
X(w) and Y(w). The ultrasonic propagation model describes a rela-
tionship between input X(w) and output Y(w) in a frequency do-
main. The model combines the transfer functions of a reflection
coefficient, a time-shift function, a diffraction correction function
and a transducer characteristic function. The model can be ex-
pressed as [15]:

Y(w) = Rus(w) exp (—iw (ZC—ZOO))D(S)U((U)X(U)), (1)

where U(w) is the transmitting and receiving characteristic function
of the ultrasonic transducer, w is angular frequency, zo is the prop-
agation path, co is a phase velocity of water, Rys(w) is a reflection
coefficient for the plane longitudinal wave given by:

PsCs(@) — Copy
R R e 2
s PsCs(W) + Copy’ @

where a subscript WS refers to water and a sample. po and ps are
density of water and of a sample respectively. c(w) is the velocity
dispersion of ultrasonic waves in a sample. D(S) is a function ac-
counted for the diffraction effects, which cause the additional
changes in the phase and amplitude spectra of ultrasonic signals.
In this work, the diffraction effect is calculated using the Lommel
diffraction formulation [16]. For the special case of a pulse-echo
measurement, the closed form of the diffraction function D(S) can
be calculated as [16]:

D(S)=1—-exp (IZT") [jo (3;) +1; <2T”) i], 3)

where Jo and J; are the zero and first order of Bessel functions
respectively, S = 2nz/(ka?).

Computer

Sync. Signal —J’f‘)( Bl
N
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Scanning System

z;#100pm

Glass Substrate

Water

Fig. 1. The schematic diagram illustrating the experimental arrangement.
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The model described in Eq. (1) is accounted only for the first
iecho signal. The multiple reflections are modelled as the summa-
kion of each reflected signals. The transfer function in this case
can be described as:

Y(w) = | D(S1)Rws(w) exp(—i¢, )

P
+, D(SRE () Tws(w) exp(—igy) | U(w)X (@), @
=2
where D(S;) and D(S) are diffraction correction functions, p is the
aumber of reflected signals, cs is the ultrasonic velocity in a sample.
$x and Sy are governed by:

b= 2z0) + ¢ (2K - 2)z, | ©)
i5, = 2HCo20 + Cs(2k — 2)21) , (6)

wa?

where a is a transducer radius. Rsg(w) is a reflection coefficient of a
vample and a substrate. Typ(w) is a transmission coefficient be-
;ween water and a sample. The function Reg(w) and Typ(w) can
we calculated by:

CaPp ~ PsCs(®)

Rsp(w) = D5CS(@) + Copy” )
H‘WP(CD) — 4p0C0pSC5(w) (8)

[psCs(w) + Copol®’

~here pg and c; are density of a sample and the ultrasonic velocity
«n a sample, respectively. Eq. (4) can be rewritten in a linear input-
Jutput relationship in a frequency domain as:

Ys(w)
() = =, 9
where H;(w) is a spectrum transfer function of the simulated model.
Xs(w) is a spectrum of an excited pulse and Y(w) is a spectrum of a
ceceived signal in the case of a measurement with sample. Using
Eqs. (4) and (9), the transfer function H;(w) can be rewritten as:

Hs(w) = H(P, w)U(w), (10)

where U(w) is a characteristic function of an ultrasonic transducer
used in an experiment and the transfer function H(P, w) is ex-
pressed as:

H(P, ) = D(51)Rws(w) exp(~ig,)

+3 DR 2(0)Tus() exp(—idy). an
k=2

2.2, Cdlibration procedure

For the evaluation of the model described by Eq. (10), a trans-
ducer characteristic denoted as U(w) is essential. One possible
method to determine U{w) is to perform a calibration procedure.
For the case of reflection mode measurements, a calibration proce-
dure is executed by using a reference plate (i.e. a glass substrate) as
shown in Fig. 2. For the calibration procedure, Eq. (1) can be rewrit-
ten as

Ying (@) = Dingy (S1)R() €Xp( i1 )U ()X, (), (12)

where Yn,_ (@) is measured signals without a sample in a calibra-
tion procedure. The function ¢; and S can be calculated by Eqs.
\5) and (6) respectively. D, (S1) is computed by Eq. (3). Eq. (12)
can be rewritten in linear input-output relationship in a frequency
domain as:

Y"'ml (0))

Hmm;(w) N Xm l(w) '

(13)

where Hy,, (w) is a calibrated transfer function of measured ultra-
sonic signals. Xn,(w) is a spectrum of an excited pulse and
Yin, (@) is a spectrum of a received signal in the case of the calibra-
tion procedure. Using Eqs. (12) and (13), the transfer function
Hp,, (w) can be calculated by:

Hngy (@) = Hea(P, )V (), (14)

where Hq(P, w) can be defined as:

HCG'(Py w) = Dmm, (SI)R(U)) exP(_i¢1)1 (15)

Using Eq. (14), U{®) can be determined by:

Hp ()
U(w) = —2 2 16
(w) Hot(P, ) (16)
Substitute Eq. (16) into Eq. (10), the transfer function of the
simulated model can be rewritten as:

H(P,w)Hn,_, (W)

H(P,0) == P )

(17

3. The initial-value estimation

In order to evaluate the numerical fitting described in the next
section, initial guesses of characteristic values (namely a sample
thickness (z;), an ultrasonic velocity (c), the ultrasonic attenuation
(o) and a sample density (ps)) are essentially required. The values
of ultrasonic attenuation (o) of the PVA hydrogel from literature [6]
and water density are used. For a sample thickness and an ultra-
sonic velocity in a sample, the initial guesses are approximated
based on the analysis of the amplitude and phase spectrum of a
pulse-echo signal as described below.

Considering a frequency f; at a peak amplitude in a frequency
spectrum, it corresponds to the constructive interference of two
reflections from a top and bottom surfaces of a hydrogel sample
(Fig. 3) [17]. The reflected waves arrive at a transducer surface with
a phase angle of 6; The phase difference between the two reflec-
tions at pealk amplitude is 2nx. This is equal to the total phase
change after the round trip propagation within a sample, which is:

2z

27f; 4

=2nm. (18)

Assume that the ultrasonic velocity in a sample is more than
that in water, the relationship between a sample thickness and a
phase angle 6; can be approximated as [17]:

27f; % ? = 6; + 2nm, (19)
1]

where f; is a frequency at peak amplitude in a frequency spectrum z;
is the thickness of a sample at peak amplitude, ¢, is ultrasonic
velocity in water, n is a non-negative integer. To improve the accu-
racy of the approximation, the averaged value of each z; calculated
from each peak frequency f; in amplitude spectrum is used to deter-
mine an initial sample thickness z;,iiq. Then, an initial sample thick-
ness can be rewritten as:

U+ +2z+ .42y 1 ol +2nm)
Zinitial = N =N Z ~ dm,

i=1

(20)

where N is the number of frequency f; that can be identified in
amplitude spectrum.
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Fig. 2. A calibration process for reflection mode.

Fig. 3. An ultrasonic model for the initial thickness and the initial velocity
estimation.

Subtract Eq. (19) with Eq. (18), a phase angle (6;) can be de-
scribed in term of the velocity difference as [17]:

1 1
0.‘ = 27[_[1‘22,‘ <a = ?) .

(21)

Rearrange Eq. (21), an approximated ultrasonic velocity in a
sample (¢;) can be determined by:

ao (1o
"o Anfz

Again, to improve the accuracy of the approximation, the aver-

aged value of each ¢; calculated from each peak frequency f; in the

amplitude spectrum to find the averaged ultrasonic velocity in a
hydrogel as:

o _ata+cit..toy 1 =~ (1 0\
Cinitial = N _N.Z<Cg 47[fizi) '

i=1

(22)

(23)

where Ciniriar is the averaged ultrasonic velocity in a hydrogel.

4. A numerical procedure

The flowchart of a numerical procedure is shown in Fig. 4. The
ultrasonic signal of PVA hydrogel is measured by the experimental
setup as shown in Fig. 1. The transfer function H,,(w) is computed
by the ratio of the measured pulse-echo Y,,(w) and the excitation
Xm(w) spectra,

The vector P consists of a sample thickness (z;), an ultrasonic
velocity in a sample (¢;), an ultrasonic attenuation (o) and a sample
density (ps). The approximation of the initial guess for the vector P
is described in the previous section. In order to determine the vec-
tor P uniquely, the number of data points in the spectral lines is at
least equal to the double of the number of parameters to be esti-
mated [18]. In this work, the 10,000 data points in the spectral
lines of Hy(P, ) and H,,(w) are used while there are four parame-
ters in the vector P to be fitted.

The calibration process is performed to measure the ultrasonic
signal without PVA hydrogel. The excitation (xy,(t)) and echo
(Vm,,, (t)) signals are recorded from the ultrasonic measurement
with a glass substrate. The calculation of the transfer function
Hp,,(w) is achieved by the Fourier transform of x(t) and
Ym,, (t) as described in Eq. (13) and shown in Fig. 2. The data set
of Hn,, (w) is employed to construct the simulated model.

The transfer function of the simulated model Hy(P, ) described
in Eq. (17) can be constructed by H(P, w), Hea(P, @) and Hp, (w).
The transfer function H(P, w) constructed by Eq. (11) is a function
consisted of the predefined parameters {Zinitial Cinitians O, Ps) in the
vector P associated with the experimental system. The transfer
function He, (P, w) with diffraction effect is performed by using
Eq. (15).

To achieve the minimum error, the simulated model was itera-
tively computed by a Nonlinear Least Square (NLS) fitting algo-
rithm (a Isqnonlin function in MATLAB®7). The adjustment
procedure is iteratively repeated until the minimum error is
achieved. The NLS procedure automatically chooses values of the
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Fig. 4. The NLS minimization algorithm in the forward model.

new vector P that made the transfer function Hy(P, @) closet to the
transfer function Hp,(w) by minimizing the function:

N
E= {IHs(P,a)[ ~ [Hn(w)[}*, (24)

=

where N is a number of points in a —3 dB bandwidth of ultrasonic
signals. The best fitting of vector P is returned when the NLS proce-
dure is completed.

The calculation of the velocity dispersion, cs(w), from the ultra-
sonic attenuation is based on a differential form of the Kramers-
Kronig relation [19]. This approach is valid under the assumption
that the attenuation and the phase velocity are slowly varying
functions of a frequency. The differential form of the Kramers-Kro-
nig relation can be written as:

o= G2

where cf{w) is the velocity dispersion used in Egs. (2), (7), and (8),
cs{wp) is the dispersion coefficient, « is the ultrasonic attenuation
coefficient (dBm~'MHz 1), wy is the reference frequency.

5. Experimental results and discussion

The experimental arrangement is shown in Fig. 1. A PVA hydro-
gel was prepared by crosslinking PVA with glutaraldehyde in the
presence of an acid catalyst. The PVA hydrogel sample was im-
mersed in a water tank with the water temperature of 24 °C, The
measurement set up was in a pulse-echo mode. A circular ultra-
sonic transducer (the centre frequency of 10 MHz and 1.5 cm in

diameter from Panametrics) was positioned at just below the
water surface. The alignments of the transducer and the glass sub-
strate were adjusted by a 3D scanning system. A pulse/receiver
(model 502PR Panametrics) was used to excite the transducer
and amplify received echo signals. The echo signals were then dig-
itized by a digital oscilloscope (Tektronix TDS3012). The digitized
signals were transferred to a personal computer by a GPIB interface
(IEEE488). A sampling frequency of 500 MSample/s with a record
of 10,000 points per a waveform was employed. In order to im-
prove the SNR, the averaging of 512 signals was performed prior
to transferring measured data to PC.

For the calibration procedure, a glass substrate was utilized as a
reference plate. Ultrasonic signals measured without a sample in a
time domain were normalized. A typical waveform is shown in
Fig. 5 and its spectrum is shown in Fig. 6. The evaluation of the
function Hp,(w) in Eq. (13) was performed. Hp,,(w) was em-
ployed to construct the simulated model.

An ultrasonic signal in a time domain recorded at once a hydro-
gel sample immersed in water (time =5 min) is shown in Fig. 7.
The labels denoted as {1} and {2} correspond to an incident ultra-
sonic wave reflected from front and back surfaces of the hydrogel
layer. The ultrasonic signal was transformed to the measured spec-
trum (H,(w)) as shown in Fig. 8. The constant values for the den-
sity of water of 1000 kg/m? and the uitrasonic velocity of water of
1483 m/s [20] were used to construct the transfer function
Hy(P, ). The density and ultrasonic velocity of glass substrate are
2243 kg/m>® and 5090 m/s respectively [21]. The distance from
the transducer to the PVA hydrogel (z) is 2.5 cm.

Each peak in amplitude spectrum of H,,(w) is resulted from the
interference of ultrasonic waves propagating within the hydrogel.
The maxima and minima refer to the constructive and destructive
interferences respectively. These results are similar to those shown
in the literatures [17]. The peak frequencies (fi—f4) and the corre-
sponding phases (6,-04) were used to estimate the initial thickness
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Fig. 5. The calibrated signal in a time domain from the ultrasonic transducer to a

glass substrate without a sample.
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Fig. 7. The captured signal at time = 5 min.

and the initial ultrasonic velocity by the calculation of Egs. (20) and
(23) respectively. The details of the initial values of vector P are de-
scribed in the previous section. Then, the transfer function H{P, w)
was readily formulated from the transfer functions H(P, w),
Hp,,, () and He{P, @) in a frequency domain by Eq. (17). The esti-
mated values (thickness, ultrasonic velocity, density and an atten-
uation coefficient) were used as the initial parameters for the NLS
calculation.

The numerical procedure described in Section 4 was performed
in a personal computer (2.2 GHz Pentium®4 processor, 1GB of
RAM). Fig. 9 shows the measured spectrum (Hp(w): dash line)

Frequency (MHz)

Fig. 8. The amplitude and phase spectrum of the captured signal at time =5 min.

and the simulated model (Hy(P, w); thick line) before the numerical
fitting. To achieve the minimum error, the simulated mode] was
iteratively computed by NLS fitting algorithm. The resulted param-
eters after the NLS calculation were «, z;, gs, and c{{w). After the
minimization process, the simulated model was closed to mea-
sured spectrum the as shown in Fig. 10. The sum of square error
before the fitting process is 0.511. After the minimization, the error
is reduced to 0.027.

The pulse-echo signals, x,,(t) and yn,,(t) were recorded at every
15 min until 215 min while the hydrogel sample was immersed
in water. The hydrogel was at the fully hydrated state after
215 min. The total of measurement data were 15 sets. All sets of
data were repeatedly calculated in the numerical procedure de-
scribed above. In Fig. 11, the ultrasonic velocity at the centre fre-
quency (10 MHz), cs(w) and the sample thickness (z;) were
plotted versus time, The ultrasonic velocity significantly decreases
from the maximum, 2400 m/s, at time=5min to 1600 m/s at
time = 215 min. when the PVA hydrogel fully hydrated. These val-
ues are in good agreement with the experimental and theoretical
data reported in the literature [9]. In contrast, the thickness of

T T T T T
** W+ The measured spectrum (M, (o))
1o} !

= The simulated model (H (P, })
08

06
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Normalized Spectrum (a.u.)
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Fig. 9. The spectrum of experiment and model before fitting at time = 15 min.



‘88 M. Lohakan et al./ Ultrasonics 50 (2010) 782789

T T T T
- ®-- The measured spectrum (H_(e))

1.0 The simulated model (H,(,a3) > b

Normalized Spectrum (a.u.)

1 N 1 " 1 1 1

2 4 6 8 10 12 14

Frequency (MHz)

fig. 10. The spectrum of experiment and model after fitting by NLS at time=
5 min.

he PVA hydrogel gradually increases from 105 pm to 150 pm.
“hese results indicate the typical swelling behaviour of a PVA
wydrogel.

The calculated density is also exhibited in Fig. 12 by open circu-
ar points. The density of the swollen hydrogel declines from 1240
01100 kg/m®. In order to validate the model, the density measure-
nents of PVA hydroge! were performed using the pycnometer. The
:omparison of estimated densities using both methods is shown
n Fig. 12. The results from the pycnometer displayed as solid
‘ectangular points decay with time similar to the results from
he ultrasonic method. The results from both methods show a good
igreement, which confirms the validity of our model.

Another important parameter namely the ultrasonic attenua-
ion coefficient of the PVA hydrogel was also resulted from the
wmerical procedure. The attenuation coefficient of the PVA hydro-
sel decreases from 24 dB/mMHz to almost zero as shown in Fig. 13.
This is similar to the results shown in the literature [7]. As reported
n Ref. [6], the attenuation after an initial increase (about 0-5 min),
‘eaches a plateau and then drops to its lowest value when the
1ydrogel is water saturated. However, in our case, a sample was
tept in the water for a few minutes before making the measure-
nents. The initial setting up period (after a sample was placed
>n the glass substrate) is essentially required for our current sys-
:em. During such a period, it is plausible that some information
nay not be recorded. Therefore, the phenomenon that the attenu-
ition initially increases was not observed in our paper. The atten-
1ation coefficient and the ultrasonic velocity can also be used to
:alculate the storage and loss modulus of a hydrogel (L'and L"),
~vhich can be computed by Lionetto et al. [7]:
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Fig. 11. Velocity and thickness versus time from 5 min to 210 min.
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Fig. 12. The comparison of density between the purposed method and pycnometer.
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Fig. 13. The attenuation coefficient after fitting from 5 min to 210 min,
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Fig. 14. L'and L” of the PVA hydrogel.
L'=cp, (27)
20p¢3
=2 (28)

where w is equal to 27f, ¢ is the ultrasonic velocity and « is the
attenuation coefficient. The storage and loss modulus of a hydrogel
(I’ and L") are shown in Fig. 14. The final values of the swollen
hydrogel are consistent with the value of the water bulk modulus,
which is 2.2 x 10° Pa at 20°C [7].
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6. Conclusion

In this paper, a numerical model for the evaluation of mechan-
ical properties of a relatively thin hydrogel is presented. The model
involves the calculation of the forward model based on an ultra-
sonic wave propagation incorporating diffraction effect. The model
is constructed by a function consisted of the predefined parameters
associated with the experimental system. Ultrasonic measure-
ments of a hydrogel are also performed in a reflection mode. The
centre frequency of an ultrasonic transducer at 10 MHz and a
reflection mode measurement are considered in this work. To ac-
quire the best-fit parameters, NLS algorithm is applied to minimize
the error between the model and the experiment. During a minimi-
zation procedure, the parameters are effectively modified to
achieve the minimum error. After the minimization process, the
parameters of PVA hydrogels namely thickness, density, an ultra-
sonic attenuation coefficient and dispersion velocity are effectively
determined. The measurement data were recorded at every 15 min
after the hydrogel immersed in the water tank. Velocity, density
and attenuation coefficients decrease after the hydrogel hydrated.
These results indicate the typical swelling behaviour of the PVA
hydrogel. To validate, the results are compared with the density
measurement performed by pycnometer. The results show good
agreement between the model and the experiment.
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Abstract- Ultrasonic attenuation coefficient is one of important
parameters in ultrasonic measurement. Normally, ultrasonic
attenuation coefficient is unique in each object. In this paper,
ultrasonic attenuation coefficient estimation using Fourier
Centroid Shift (FCS) algorithm is purposed. FSC algorithm is a
power spectral computation in frequency domain. The system is
setup that consists of metal bar, which immerse in water tank and
S MHz unfocused piston transducer. Before real measurement,
the ultrasonic signal is simulated by a set of equations at
transducer frequency 5 MHz to test the algorithm. The error of
ultrasonic attenuation coefficient from simulated signal is small.
Next, the ultrasonic signal is measured in experimentation to
validation. Then, the ultrasonic attenuation coefficient is
computed same as simulated procedure. Finally, the ultrasonic
attenuation coefficient is compared between simulation and
experimentation. However, the results of experimentation show a
slight error, which is different from simulated signal. The other
application of FCS will be applied to inhomogeneous sample such
as bone or tissue in future work.

I.  INTRODUCTION

The measurement of ultrasonic attenuation coefficient has
been widely interest in the field of ultrasonic characterization.
Many frequency domain system identification techniques are
employed for modeling. The Angular Spectrum Approach
method [1] was applied to determine ultrasonic attenuation in
solid that was immersed in water. The diffraction correction
method also used to reduce diffraction effect of ultrasound. In
addition, the Autoregressive spectral analysis [2] employed
Yule-Walker technique to find power spectral densities of
randomly ultrasonic signal to approximate ultrasonic
attenuation in highly attenuation medium. However, only data
simulation was tested without an experimentation to validate
the model. To characterization, attenuation evaluation for in
vivo human dermis [3] was conducted at 20 MHz. This work
presented a practical systematic approach to bandwidth
selection and spectral variance calculation from backscatter RF
signal. In synthetic inhomogeneous tissue, Multinarrow Band
method [4] was utilized to interpret the absolute backscatter
coefficient.

In this paper, Fourier Centroid Shift method (FCS) is applied
to estimate ultrasonic attenuation coefficients. The simulated
ultrasonic  signal is constructed and validated by
experimentation.

II. ULTRASONIC SIGNAL
A, Fundamental Theory

For many years, ultrasonic waves have been utilized in a
variety of engineering and biomedical applications. Ultrasonic
measurement can be divided into two modes. The transmission
mode consists of transmitter and receiver separated into two
transducers. In contrast, the reflection mode measurement
transmitter and receiver compound with together in one
transducer as shown in Figure 1. The advantages of reflection
mode are easy alignment and cheap. The one of important
parameters of ultrasound is longitudinal velocity as illustrated
in Table 1. The longitudinal velocity of ultrasound is unique in
each material. The distance which ultrasound travels in the
object can be expressed as

s=cxt ¢y

where s is distance, ¢ is longitudinal velocity and ¢ is time. In
reflection mode, the total distance traveled by ultrasonic wave
is double, s=2Z. The ultrasonic signal simulation with
attenuation effect is described in next section.

é Transmitter

<4—Object—»

? Receiver

Transmission Mode

Transmitter/
Receiver

z
A

Reflection Mode

Figure 1. Ultrasonic measurement mode
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TABLEI
LONGITUDINAL VELOCITY OF MATERIAL

Material Longitudinal Velocity (c)
(mm /ps)
Aluminum 6.350
Brass 4430
Copper 4.700
Plexiglas 2.680
Stainless 5.610
Steel 5.940
Water 1.494

B.  Ultrasonic Signal Simulation

Ultrasonic signal can be modeled by gaussian function in
Figure 2 and sine wave in Figure 3. e(f) may be expressed in
(2). F, is transducer center frequency. ¢ is time. ¢ is variance
of gaussian function. #, is position of scatters in time domain.
Figure 4 shows e(?) at t, =2 ps. h(t) is an impulse response of a
scatter function used to convolute with e(?) as described in (3).

@)
©)

e(r) = expl-27°0” (¢-1,) Isin(2 7 Fyf)

s(t) = e(t)*h(z)

05¢
ol L
2 4 t(us)
Figure 2. Gaussian function at ¢°=0.709
1
0.5
0 1 2 3 4 t(us)

Figure 3. Sine wave at 5 MHz

1 2 3

For a medium of scatters, the echo signal s() can be modeled 4 t(ps)
in frequency domain as follows: Figure 4. e(?) function
S(0) = )+ h)= D) e@* K (M0%h, (M0 @) 1 e
]
M 4
where h(t) is impulse response of scatters that relate to (5) and g
(6) in frequency domain. 1is the two ways impulse response of
attenuation of a scatter in ’bosition M and H:(M,f )is frequency ;
domain of s> 2Z is the total distance traveled by the ultrasound
wave. hy(M,P) is a set of impulses in time domain that relate to
position M in frequency domain as shown in (8). B is -1 . s . . . s .
attenuation coefficient, which is estimated from FCS. 2 4 6 8 10 12 14 t (ws)
Figure 5. Ultrasonic simulation signal
S(I=E(f)H(f) (5)
TABLE 11
S(f) = Z E(f) . H: (M, f) . Hd (M,f) ©6) ATTENUATION OF TISSUE AT 1 MHZ [5]
M
2 —2ZBf Characteristic Attenuation
H (M,f)=e Q) Tissue Impedance p0c at 1 MHz
(106Ns/m3) (dB/cm)
H,(M,f)=06(Z) 8) Blood 1-62 0.2
Spleen 1-6 0.4
hy is the scattering impulse function simulated by Dirac Liver 1:65 07
function. The position Z of a scatter is determined with Fat. 138 08
. . . e Brain 1-60 0.8
function of object modeled. In this paper, two positions of Mosdia 165174 1553
Dirac function are utilized according to experimental system. Bone 3574 11
Lung 0.26-0.46 40
h,(f,Z2)=05(Z) ) (Water) 1.49 0.002
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III. FOURIER CENTROID SHIFT METHOD

FCS is one of strategies in Fourier statistics method that
depends on the spectral moment estimation. The spectral
centroid f.(7) at spectral amplitude | S(/)| as expressed in (10).

_ m(T;)
o Ji=rr———
f mo(T,')

(10)

m; is moment of order j defined by (11). 7 is position of the
window on the echo line.

+o
m ()= Ifj-S(Ti,f)'df (11)

With the classical assumption of linear with frequency
attenuation, a(f) is attenuation expressed in dB/cm and £ is the
attenuation coefficient expressed in dB/cmMHz. The relation
between (f) and S can be described in (12).

aif) =pB-f (12)

An estimation of attenuation coefficient can be obtained by
(13). & is variance of spectrum that can be calculated by (14).
Additionally, the moment order 0 to 2 is used to obtain . C is

ultrasonic longitudinal velocity. Equation (15) expresses unit
conversion from Neper to dB.

—8.68  df.
=TI =K (13)
co'(t) ar
2
5 m,(T,) m (T))
o'(r,)="2"~+|=~ (14)
my(T,) my(T,)
S [dB/ecmMHz] = 8.68- f[Neper/cmMHz] (15)

IV. NUMERICAL SIMULATION

According to ultrasonic transducer, 5 MHz of center
frequency is selected to simulate ultrasonic signal with
attenuation coefficient of brass = 0.50dB/cmMHz [6] as shown
in Figure (6). The difference of time corresponds to Z=2.5 cm
at ¢=4.430 mm/ps as described in Table I.

| T

20 time (us)
Figure 6. Simulation of Ultrasonic signal at 5 MHz

—e— Incident wave /\\

Reflected wave \
™\

\

Figure 7. Spectrum of incident wave and reflected wave

| -

From Figure 7, the attenuation coefficient is solved to verify
the FCS that described in previous section. The result of £ in
simulation is 0.50 dB/cmMHz same as [6]. Additionally, other
P value at | MHz and 5 MHz are tested as shown in Table IV.

TABLE IV
ATTENUATION COEFFICIENTS COMPUTED BY SIMULATED SIGNAL

Jij Fourier Centroid Shift Method

(dB/emMHz) 1 MHz 5 MHz
0.1 0.1124 0.1001
0.3 0.3032 0.2998

i \ 000 0.5004 0.4997
0.7 0.7000 0.6995
1.0 1.0000 0.9993
1.5 1.5000 1.4989
2.0 2.0000 1.9986
3.0 3.0000 2.9978

TABLE V

ERROR OF ATTENUATION COEFFICIENTS COMPUTED BY SIMULATED SIGNAL

Ji] Error (%)
(dB/cmMHz) 1 MHz 5 MHz
0.1 12.4000 0.1000
0.3 1.0667 0.0667
0.5 0.0800 0.0600
S O 0.0000 0.0714
1.0 0.0000 0.0700
1.5 0.0000 0.0733
2.0 0.0000 0.0700
3.0 0.0000 0.0733
o NP

ﬂ theory

V. EXPERIMENTAL VALIDATION

TABLE 111
INSTRUMENT AND DEVICE USED IN EXPERIMENTATION

Model
Panametrics: ModelSOOPR
Tektronix: TDS3012
Panamatrics: Model V309

Instrument/Device
Pulse Generator
Digital Scope
Ultrasonic Transducer
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Brass

Figure 8. Ultrasonic simulation signal

The experimentation is built up as shown in Figure 8. The
metal, brass, is immersed in Plexiglas water tank. Furthermore,
the ultrasonic transducer is located at the top of water tank and
linked to digital oscilloscope. The instruments and devices as
shown in Table III are setup to obtain an ultrasonic signal.
Ultrasonic pulse generator and transducer are selected in same
manufacturer, Panamatrics. The reflection mode is selected to
measure the ultrasonic signal. The echo signal from transducer
is digitized with digital oscilloscope and sent as a digital data
set to personal computer by GPIB cable. The ultrasonic signal,
s(1), is digitized with a sampling interval At = 1/F, (F; is the
sampling frequency = 500 MHz), in 10,000 samples. Figure 9
displays a captured signal. The digitized data is computed to
obtain £ by FCS algorithm. The peaks of spectrum at 5 MHz
correspond to transducer center frequency used. The spectrum
of measured signal is displayed in Figure 10. So, /A of
measured signal is 0.4415 dB/cmMHz. The error calculated by
(15) of f between simulation and experimentation is
approximately 11%.

VI. CONCLUSION

A FCS method for estimation of ultrasonic attenuation
coefficients has been developed. The FCS algorithm is tested
by ultrasonic simulation signal. The method has been
established on the basis of spectrum in frequency domain that
is used to calculate the echoes from the front and back surfaces
of the immersed metal. To validate the model, the
experimentation has been setup. The S5MHz ultrasonic
transducer and brass are selected and immersed in Plexiglas
water tank. The data is acquired and computed by FCS
algorithm. The result show that 3 from simulated signal is 0.50
dB/cmMHz while f from experimentation is 0.4415
dB/cmMHz. The error is around 11% because this work omits
the ultrasonic diffraction phenomenon. However, the result in
simulation and experimentation is satisfied. To reduce an error,
the Lommel diffraction correction method [7] will be
compensated in future work.
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Abstract- Ultrasonic attenuation coefficient is an important
parameter that is used to characterize the property in material.
This paper purposes quantitative estimation of ultrasonic
attenuation coefficient for the log-spectral difference in frequency
domain. The estimation method based on the Multinarrow Band
approach is employed to calculate the echo signals from the
immersed solid. A sample is a brass bar that is submerged in
water and inspected by an unfocused circular piston, ultrasonic
transducer, in the ultrasonic reflection mode measurement. The
estimation technique is applied to a numerical simulation and
then validated by the experimentation. The results have shown
that the evaluation of ultrasonic attenuation coefficient is in
agreement with the experimental values. This work has
demonstrated that method is able to achieve a quantitative
estimation of ultrasonic attenuation coefficient.

I.  INTRODUCTION

The measurement of ultrasonic attenuation coefficient has
been widely interest in the field of ultrasonic characterization.
Many frequency domain system identification techniques are
employed for modeling. The Angular Spectrum Approach
method [1] was applied to determine ultrasonic attenuation in
solid that was immersed in water. The diffraction correction
method also used to reduce diffraction effect of ultrasound. In
addition, the Autoregressive spectral analysis [2] employed
Yule-Walker technique to find power spectral densities of
randomly ultrasonic signal to approximate ultrasonic
attenuation in highly attenuation medium. However, only data
simulation was tested without an experimentation to validate
the model. To characterization, attenuation evaluation for in
vivo human dermis [3] was conducted at 20 MHz, This work
presented a practical systematic approach to bandwidth
selection and spectral variance calculation from backscatter RF
signal. In synthetic inhomogeneous tissue, Multinarrow Band
method [4] was utilized to interpret the absolute backscatter
coefficient,

In this paper, Multinarrow Band (MNB) is applied to
estimate ultrasonic attenuation coefficients. The simulated
ultrasonic  signal is constructed and validated by
experimentation.

II. ULTRASONIC SIGNAL

A, Fundamental of Ultrasonic Theory
For many years, ultrasonic waves have been utilized in a
variety of engineering and biomedical applications. Ultrasonic
measurement can be divided into two modes. The transmission
mode consists of transmitter and receiver separated into two
transducers. In contrast, the reflection mode measurement
transmitter and receiver compound with together in one
transducer as shown in Figure 1. The advantages of reflection
mode are easy alignment and inexpensive. The one of
important parameters of ultrasound is longitudinal velocity as
illustrated in Table 1. The longitudinal velocity of ultrasound is
unique in each material. The distance which ultrasound travels
in the object can be expressed as '
s=cxt 1)
where s is distance, ¢ is longitudinal velocity and ¢ is time. In
reflection mode, the total distance traveled by ultrasonic wave
is double, s=2Z. The ultrasonic signal simulation with
attenuation effect is described in next section.

é Transmitter

<4—Object—» —;

Transmitter/
Receiver

Receiver

Transmission Mode Reflection Mode

Figure 1. Ultrasonic measurement mode
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TABLE]
LONGITUDINAL VELOCITY OF MATERIAL

Material Longitudinal Velocity (c) 0.5 [
(mm /ps) -
Aluminum 6.350 i
Brass 4.430 0 2 4 t(ps)
Copper 4.700 Figure 2. Gaussian function at 0°=0.709
Plexiglas 2.680 1
Stainless 5.610
Steel 5.940 [
Water 1.494 05 |
B. Ultrasonic Signal Simulation . . . )
Ultrasonic signal can be modeled by gaussian function in 0 1 2 3 4 t(ps)

Figure 2 and sine wave in Figure 3. e(f) may be expressed in
(2). Fy is transducer center frequency. ¢ is time. ¢ is variance
of gaussian function. ¢, is position of scatters in time domain.
Figure 4 shows e(?) at ¢, =2 ps. h(t) is an impulse response of a
scatter function used to convolute with e(#) as described in (3).

@
€)

e(t) = exp[—2ﬂ'20‘2(t-to)z]sin(27r1«;t)
s(t) = e(t)*h(t)

For a medium of scatters, the echo signal s(#) can be modeled
in frequency domain as follows:

S() = e *h(1)= ) etk (M,0)%h, (M,0) @)

where (1) is impulse responsbé of scatters that relate to (5) and
(6) in frequency domain. hzls the two ways 1mpulse response of
attenuation of a scatter in posxtlon M andH (M, f)is frequency
domain of h 2Z is the total distance traveled by the ultrasound
wave. hy(M, t) is a set of impulses in time domain that relate to
position M in frequency domain as shown in (8). B is

Figure 3. Sine wave at 5 MHz

Amplitude (V)
1

1

2

Figure 4. e(?) function

3l l 4 t(us)

-1

b

attenuation coefficient, which is estimated from FCS. 2 4 6 8 10 214 t (us)
Figure 5. Ultrasonic simulation signal
S(AY=E(f) H(Sf) &)
TABLEII
S(f)= Z E(f) H: (M,f)H,(M,f) (6 ATTENUATION OF TISSUE AT | MHZ [5]
M
2 —2Zpf Characteristic Attenuation
H (M, f)=e Q) Tissue Impedance poc at 1 MHz
(10°Ns/m>) (dB/cm)
H,(M,f)=6(2) ®) Blood 1-62 0.2
Spleen 1-6 0.4
hy is the scattering impulse function simulated by Dirac Liver 1-65 0.7
function. The position Z of a scatter is determined with Fat 1-38 0.8
function of object modeled. In this paper, two positions of Brain 1-60 08
Dirac function are utilized according to experimental system. Muscle 1.65-1.74 1.5-2.5
Bone 3.2-74 11
h,(f,2)=06(2) ) Lung 0.26-0.46 40
(Water) 1.49 0.002
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[II. MULTINARROW BAND TECHNIQUE

MNB is one of strategies in Fourier statistics method that
depends on the log-spectral estimation. The relation between
incident wave and reflected wave in frequency domain can be
described in (10).

S(f)=E(f)-e 22FS

(10)

E(f) is spectrum of incident wave from front surface and S(f)
is the spectrum of reflected wave from back surface that is
attenuated by factor ¢””? where 2Z is the propagation distance
in material. With the classical assumption of linear with
frequency attenuation, «(f) is attenuation expressed in dB/cm
and f is the attenuation coefficient expressed in dB/cmMHz,
The relation between «(f) and /3 can be expressed in (11).

al) =pB-f an

So, the ffin (10) is substituted by a(f) in (11) and get (12).

—2Za(f) (12)

S(f)=E(fYe
The process to estimate the attenuation coefficient can be
obtained by logarithm of (12) as shown in (13)-(16). Assuming,
the sample is homogeneous. The attenuation @(f) may be
estimated as a function of frequency from the slope of a linear
regression fit to the log decay of spectra. The slope of
ultrasonic attenuation coefficient, £, may be calculated via a
linear frequency dependence of attenuation curve, a(f), versus
frequency as shown in Figure 6. Equation (17) expresses unit
conversion from Neper to dB.

10logS(f)=1010g E(r)=20Zax(f) loge (13)
1010gS(f)=1010g E(s)— 20z (/)" (14)
In10
1
101ogS(f)—1010g E(f)==20Za(f)" (15)
In10
1010g S( £)-1010g E
cuf)=( 08 5(/)-1010g (f)JMIO (16)
-20Z
S [dB/cmMHz] = 8.68- S [Neper/cmMHz] (17)
a(f) (neper/cm)
ﬂk
< ......... Slope:
> f(MHz)

Figure 6. Slope of a(f)

IV. NUMERICAL SIMULATION

According to ultrasonic transducer, 5 MHz of center
frequency is selected to simulate ultrasonic signal with
attenuation coefficient of brass = 0.50dB/cmMHz [6] as shown
in Figure (7). The difference of time corresponds to Z=2.5 cm
at ¢c=4.430 mm/ps as described in Table I.

7

v

-1V . :
0 10 20 time (ps)
Figure 7. Simulation of Ultrasonic signal at 5 MHz

| ZZ T — B

—e— Incident wave /\\ |

Reflected wave 1
L \\\

| | |
QeS|

4 5 6 f(MHz)

Figure 8. Spectrum of incident wave and reflected wave

o(f) (dB/cm)

: y S
0.7+ /
06! /

, 2
0.5 g
,//
0.4 /

3 4 5 6 f(MHz)

Figure 9. Attenuation versus frequency of simulated signal

From Figure 8, the spectrum of both incident wave and
reflected wave is computed. The S in term of a(f) is estimated
by (16) and plotted in function of frequency as shown in Figure
9. The slope of Figure 9 is 0.0576 Neper/cmMHz. To convert
Neper unit to dB, equation (17) is applied by factor 8.68. Then,
the result of the ultrasonic attenuation coefficient of simulated
signal is 0.4999 dB/cmMHz. Additionally, other S values at 1
MHz and 5 MHz are tested and verified as shown in Table III.
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TABLE III \

ATTENUATION COEFFICIENTS COMPUTED BY SIMULATED SIGNAL : e

B MNB Error (%) Transducer
‘dB/cmMHz) 1 MHz 5 MHz 1 MHz 5 MHz X =

0.1 0.1020 0.1000 | 2.0000 | 0.0000 z I l
0.3 0.3001 0.3000 | 0.0333 | 0.0000 e
0.5 0.5021 0.5000 0.4200 0.0000 =
0.7 0.7021 0.7000 0.3000 0.0000 Water

1.0 1.0021 1.0000 0.2100 0.0000

1.5 1.5021 1.5001 0.1400 0.0067 Figure 10. Ultrasonic simulation signal
2.0 2.0021 2.0001 0.1050 0.0050
3.0 3.0022 3.0001 0.0733 0.0033 TABLE IV

V. EXPERIMENTAL VALIDATION

The experimentation is built up as shown in Figure 10. The
netal, brass, is immersed in Plexiglas water tank. Furthermore,
he ultrasonic transducer is located at the top of water tank and
inked to digital oscilloscope. The instruments and devices as
shown in Table IV are setup to obtain an ultrasonic signal.
Jltrasonic pulse generator and transducer are selected in same
nanufacturer, Panamatrics. The reflection mode is selected to
neasure the ultrasonic signal. The echo signal from transducer
s digitized with digital oscilloscope and sent as a digital data
set to personal computer by GPIB cable. The ultrasonic signal,
i(1), is digitized with a sampling interval Az = 1/F; (Fj is the
sampling frequency = 500 MHz), in 10,000 samples. Figure 11
lisplays a captured signal. The digitized data is computed to
btain S by MNB algorithm. So, S of measured signal is
).4485 dB/cmMHz. The error calculated by (18) of /3 between
simulation and experimentation is approximately 10.3%.

Jﬂlhzary a ﬁt:slimulhm

Error (%) =—% %7 99

ﬂlllﬂor)
VI. CONCLUSION

(18)

The primary goal of this paper is to establish the quantitative
sstimation for obtaining the ultrasonic attenuation coefficient
in solid immersed in water. The MNB technique is the log-
spectral estimation in frequency domain. The /3 is estimated by
1 linear frequency dependence of attenuation curve versus
frequency. The ultrasonic reflection mode is selected to
simulate and measure. The 5 MHz unfocused ultrasonic
ransducer and brass are selected and immersed in Plexiglas
water tank. The data is acquired and computed by MNB
ilgorithm. The result show that S from simulated signal is 0.50
1B/emMHz while f from experimentation is 0.4485
iB/cmMHz. The error is approximately 10.3% because this
work excludes the ultrasonic diffraction effect. However, the
result in simulation and experimentation is in agreement with
the experimental values To reduce the error, the Lommel
diffraction correction method [7] will be compensated in future
work.
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INSTRUMENT AND DEVICE USED IN EXPERIMENTATION

Instrument/Device

Model

Pulse Generator

Panametrics: ModelS00PR

Digital Scope

Tektronix: TDS3012

Ultrasonic Transducer

Panamatrics: Model V309
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Figure 11.Captrued signal from brass at transducer center frequency=SMHz
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