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ABSTRACT: This paper came up with the theoretical modelling of the metrology for the acoustic power using
ultrasonic radiation force and showed some theoretical results. In order to do this, a scattering model for a rigid
circular cone based upon the Kirchhoff approximation was made, which was followed by the calculation of acoustic
power, and then, was converted to the radiation force. From these works, it provided the accuracy and limitation
of the conventional method using a circular cone, and the expanded metrology modelling that can be applied to a
circular cone with arbitrary apex angle. Using these, this study provided the dependence of the metrology for the
acoustic power using ultrasonic radiation force on the frequency and the size of the target. As a result, the correction
was yielded in the value of the acoustic power calculated by the suggested International Electrotechnical
Commission (IEC) method, which needs to be added when the frequency and the size of the target was considered.
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IEC 61161 Clause 5.2.2 IEC 61161 Clause 5.2.3

(@) (b)

Fig. 1. (Color available online) Two conventional
methods for the measurement of ultrasonic power.
(a) perfectly absorbing target and (b) perfectly
reflecting target.
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Fig. 2. Geometry of a circular cone exposed on the
plane wave incidence along the z—direction.

o] 8517 Lt S WhAL A S o] §5He A2 AlAISE
AL 9)Tt. ofofl k2w Fig. 13} =2 7 2] S ol A
RHG FolET AL PHL WE F 2872
7FeHH Aol 7] S 5= A o] Wl 471 A ==
ol 9 FSEH) A9 W A WA B9
of tha) ZSut wgle} WAL Afolo] A 242t
ofel 4]} 7o 75} Gk
W, = cF,, (Perfectly absorbing target), (1)
cF,
W, = Seos® (Perfectly reflecting target), ()
cos

o714 2 0 5EA19] A S} Q) Afi o] 2
= =5 Yu)eith weba] 7120 AlE2 ebd vt
AMER O 2 Z2|7Yo] 45°Q1 YEF A S ARggiTh
(Fig. 20114 Q] Z+ ). 0] L cos?h=1/27} E|l B &
Aedor=dd S AE 40E 9A =
. olefat e AT Fol 23S AHsto] 7]
LA m OIS 1 52

ol = 01315P °Jﬂ

e i
<t
P
o
o m
=)
fu
B
nlo
ii
;

SITIE 52 WA ook HEch ek
Eos. (1) ~(°] o8] 5] 9l 9 F-3 Ao L}
2| 2}o] 45°9] A WALER oA = LS W,



eF Aol 715 A m Aol offjof 22 A
£ 7HAA "ok

m
W,

=10 70 mg/W. 3)
cg

2 N o 2k el ol
2ol 20,1 g 0] A wstol sk BAR]
o] 24 EIrhel Y& El 2gu}gH| o] kel
ok 1S W Eeha & 4 glck

oloh e AR A &0) 9112 F3l Sartel S
Zsl whlo] tfa) =A] ®E5+4 < IEC 61161
T Aol A 1 W7 o] 23k 9]o] ch ShA1 = 0.5 Mz
6] 25 MHZHA) 9] 2 Fak4: 912, 20 WA
o] £}l S A1 0.75 MHZ 8 S MHZ7HA] <]
2% F3t4 W91S BSHR QIrkP o] 317 uto]

Jl

oY 2ETHPARS ol 83 LTS
¥oll thah 7 Fok4o] W gl SRR E A 1
efoto] A ET1 20l BAI7kwlo] QLo EA o)
2711 4 ekl e ol A o
S 5. £ Wl B ()@ 4 A1

2 01 g 8 o)l A sl 23kl

ﬁf4fwwéﬁ¢ waks meEof X gt
B2 oL BE0] ol AR Eg. (1)1 Fuk
o Sk AL Eq. (2] 59 2= 67} 5
shol) ksl & ko 2R g o)} sk AL
o] A] A7} & 0] 2L 7|8k 2 o] ] A Q)
olop7|a) F31 Qlrk. webA Fuhio] o)Ess Al
ﬂ%%g%ﬁdﬂﬁﬂﬂéﬁﬂW—alﬂ%

> 1o r

AT S A -0 SIS
WALE O 2 BhAlstSi Tt
A& E A ) gk AFRFE 2 Section T 4]
Kirchhoff T2APH-& 7|9FO. & A| A 519t 2 A
F A o] 5T LA soft Y AletEA M =
T} 7Hs 3 Y Akt 2AP So] ol gty wl Qi) 11
Ut 2 =R AE S oA 2] Bl A

|11 5 o] 2

~

3} 9915 o] Bt 17 337

o
i
m
i)
ol
ol
Y
52
o3l
—_>‘4::4‘
ric
it

o
2~
=2
=)

)
o
ok
[
(L op
re
-
i
™
%
ol
ol
2

w2
| %
=

(o
oF [
53|
»
=2
=
oo o o rr
=
o

y o

f

%

(e

=

F

4 odo
filo e
>~

>

<l

o o
o o

Ay

<
BN g

I oo
i)

N

>,

ol

o
o

0
o
.

N
N
1)
2]
3

lo
X,

ot
ox.

WE

|\

o

)

2

il

)

2
o
o

e e

it

o
o
-
(o]
Ix
S
> e
1o
ot
J {
o,
it
o
rh
o
2
>
QL
2 2 4>
RU

rlr
ﬂHN'
it
©
il
o
©
X op
N
TR
> N

rhu W
%l'

)
1o
_1
1=
by
HE
e
Y
u
N
<
<t
1o
(N
1
H1
>

5}

ol
o -
2 i&
TG
2 Hf
= %~
r01' B @
2 o
EE =)
2 o
ki N
N
| H.llo
4 5 o
t oo
N (ot
¥ dlo
it o
4 E
= 1
B e 22 N
o

%ﬂwawla%vﬁqa
EEREY EESEL RN IS
oA A NSl WY 7he] Al @A Fuks 9
3t 4] o] WA 7te] w510 o3| A4bal Ak,

28
=

)
i
T oy
oo
o

a
TS

e f
I

+

a
e [

>
oo
ol
filo
ot
=)
_\,i
Hu
_\|L
o2
_@;
£
?
s &
=]
rd
)

Mo @ oo

ﬂﬂ~ﬂ

X0 ok 32

&

A7) A p= PARS O] A7)0, ki T, K 9F &,
= QI xprhof Abghutel sk we), 1, = A ) 54
ol A3E U71e)7H ] 2] elulsith. Kirchhoft
ZARl| 220 AARIALF o 71 e 7FI A 1L
Aol n - (k—k)/22 Aestglct

Fig. 20} Zo] z%-& Z4] 0 & 31 o & 7}
A oA YAt 5 WO R Ak
g, Atk Qlojo] Wek(Ze §) 0.2 AHs)
-8 T1efehh AE uEol A0 2412 Al
I3 5t QI Ajael Alekate] ml ul e =
s} o] Leh 4= gk

2]

ol
IF B e

I o

O

i

ox, EL
ST

O

'I"

=
=,
o=
|

U{o o

The Journal of the Acoustical Society of Korea Vol.43, No.3 (2024)



338 W, o) 5%, >

—

E:ké, k.= k(cosaz+sinaz), ®)

s

oA e

3240) el 49 vl
FArE Tejst ofehet 2ol A

(i ok
_S_,l

n=cosa (cospz+singy) —sinaz, 6)

o714 Z'% o= Fig. 29} Zro] YWo] mz|7ke o]
n)3he}, | AR drah ) A Hrelzk dgo] FAEH=
32 0| v 2 O] WA ds = rdrdg/sina 2t ZF

©. 1R Fq 4y A3 ofe Alx} o] A
1kr
Py = 4z7rr ﬂAre7E'drd¢, @)
o171 K] A%} Bi= 217} ol e} ek,
A= cota sinfcos¢+1—cospg, ®)

B=Fk{—sing cosé¢+ (1—cosp)cota}.

~
N>

o
S
B
o
o flo
ne
rlI.
iy
ro
o
ox
Ku)
2
u)
rot
>
fu o
PL

oX

H1
<IN O < )
e

KO-
ok

£
=2
B
<

el

“4ﬂ%zi%@ﬂ3i%@ﬂlﬂﬂﬁ%ﬂ
40 o] =
Fol| whe} Abto]

cosa sinf cos¢ = sina cosf. (10)
Eq. (10)& &3l o] % ARzt pof g 259 o
S GE [ ¢p ol B AMNA M ZHE ¢ pi= oF2ff A2t 2
o] T E}.

St=oFolRX] M43 M3 (2024)

(a) (b/);

(d)

Fig. 3. Integration ranges by scattering angles of (a)
B=60° (b) B=90° (c) B3=130° (d) B=150° when
a=n/4,

(11

cos¢pp =

-1N
9
rN
r*°
E
I
A
N
N
o
2
u)

Eq. (1o} 4 1.5%0]
aaﬁﬂgi%aﬂﬂua g ol ltans
< tano 2 2AC RN ofeel o] el 4

ek

0, (B=<a),
. cos—l(i—ig),(awqw), (12)
, (B=m—a).

St 7k A B3 7= p=n/2 Wi Qld], o] -
ofli= JAIZ a gholl gl ¢, ghol 3 n/27}
Ht}. 0|9} Fe 2ASENH Fig 304 YBE
o] B2 Z}o] a=r/4Q W] FAE = AR FHS
2R 4k} pofl thsff Al ZHERAI Tk Fig. 3(a) - 3(d)
= 2H7F B =60°, B=90°, B =130°, B =150°2] $-©]
M2 o8 mojzr). Alekzto] 7l njel 42
TAHE WA F71SAL B4 2w ool mE
AW o] 259 o] o] Hrk.

chet SRS 204 AL o
A7 2] SRS ARE 25 0.2 o} ALz} o] At
e},

k bp )
p, = B / %[(1—7:3(1)613‘1—1]@, (13)
0



A eI A o et St AR AL Skl S dof) HRt At 339

H3Z = ZV7} Fig. 4 W Fig. 59} 4t} Al
2o ARPIES o/22 Upke 231 910) gtol . Fig 4
oA o] Abgt HZo] &

A 7= p=2a0]A] Z

SAlo] 2ol A YA ray

of| T3l specular reflectiono] Y ojthi= Ztr 0|t} ka

ol STt o] oA o] WA= T L =t

A 71 Z2 H 8 Fok o] & Tl fr=d Al

210 Bl S WA o= el e 4= Qlr
3

Fig. 59114 20| AgHl Eo] £ ZHE 5= 200

ka=10
ka=20
ka=50
ka=100

40 60 80 100 120 140 160 180
03 (deg.)

Fig. 4. (Color available online) Normalized scattering
amplitude by scattering angle 5 for different values
of ka when a=r/4,

Fig. 5. (Color available online) Normalized scattering
amplitude by ka for different values of scattering
angle 3 when a=7/4,

A ka7t Z7HRE A F7RAIRE AR
(3=m)& AT TFE oA
v]efBA) = s E2 Hof
UL

izt o] ej3t i 74|

o4 9lek

I, 22T WAKEE 083
ZS0 DSERY

20k AR 2837} Aol ¢ Ak WA
0% Ur F 283 aktolela Han ofi
207} 4Eg 0149 8402 e golth. 28
S} HpAREE 2 8ho] A augre] 4] Selut ol
iz 7ol nje Wsfehzs Fig. 63} Zo] 329
o] QAL W AlghEl 28kt EA o) w4l
oz 2=} A2t 0,, 0,1 A9 A AL g3k
E &I} ALY B2 Eq (14)2} 2k o171 4] 9k
22t QAho} 28 4, ok Wil A 0] 842
oju] g,

P=P,+P =~ + . (14)
. C C

Scattered

Incident

\91<02

Fig. 6. Incident and scattered waves having ¢, and
0,, respectively, with respect to the normal vector of
the target.

The Journal of the Acoustical Society of Korea Vol.43, No.3 (2024)



340

Fig zg]. e ;;._;(4 U_T ip_g_} ol/q.q]/ﬂ u]/\gg,]
A ds = rdrd¢/sina o] )3} 25
oHe 285 BT 78 P00, =r/2-a)
08 AQeHs 2 ST UL P o] 2 2

P.sina©| B2 Eq. (14)25E] Eq. (15)

HP‘C)‘I:OE 4;& 0

I-J

~
—
w
~

=

283 7}9)2 ofnjs}n] B
om&y o] 57]9] &9ke 71X

ot G E o] gol w A o ThH vk ¢
W, =ma ><p,/(2pc) o= 2"}1\_]'%1‘:]'
o} 5h9I9F AT 22T} PAS
u}elefo] F7]of| ALt} 324 1
& oloprlef ot A =
o] o3| B A 1= % -Lu} HiALE] &
s3] 27100 sk o o]
2= 9t} AEsiA=
Abetuto] 2-gut w9 371
A LA 7 Soli= Ak

%

4

>

b flo

HU
g v o rE rﬂ

rf
(HORACY
R ()
gmirlruﬂij
H
il

o ok
po)
o
=1

BN B

rf
A R T N )

gl do oo

=

= r{r
N

FL
zi
1:4;1
n=
2 3
S
=
U
oz
9‘1"

o

a1

ol

o

o2 &
=

=

Jﬂ
rr
e
rr
K
<

e 12
P

>
&
e 1o

a2 o
)
)
fal
oy
©
©

rr

&

(3]

(16)4 g2AYE A -

1)

2c

P. r’sinBdBde,

rs's

Psing sin*(8—a)dg.

(16)

ojo] 4.2 Arzhutol EA 9| Ho] o] i 7 g, —
/2~ TAT BRIk A B 19 -
(16)0.25] A4
S AR £ 2olel A3 2ol RIS,

W
= Tl(sin%z +D), (17)

ng / osorm ()

o=aYy

P*sing sin?(8—«)dg. (18)

o9]X] H43@ M3 (2024)

9] Aol 4 AL WA
sist, Al

QU QurekE 913 37k
A9t R=r10]ch ¢4 F

1 A0 AR 2L o =7/2

olmg °l 42 B, (7ol 2151 Eq (1)45016}

o =21

1o

30

rr

o H -1
ot )
T

o)

Pl
e of
e ox

o

N
©
i
1o
Hi
=2

IV. Ol sl ZHmt

& Aol A AR AR SR ol A= H
oAl 9] = 2 THIEE gy
9.8 Ms'S 7}@—5—} o} 123 oEdt QAL 2ou}
TQIgko 2 W, =1 W= F:qlch Fig. 72 Eq. (17)% 0]
o] Al &3 o F x| ol fsl Ao 2 g
A AENE RoAEh Fappo digt s
H7] 918l 242} ka = 1,2, 5, 102] Z-5-ofl t3ff A=
T3t T3k SAlo] 2o A AABHAL = Eq.
9] AE FA o= FABIAT FAZko] My
off whet Fig. 631} Eq. (14)9]14] 7]=3h5c0] YAHol
gl o2 A 5= uiae] 2 Wel A "ot 222t

o] Z7lgtol whal FAkE A AA] Z7IsHA| Hl=

Z:\_
==

Elx
1,48

1P

[e) E'_
L Ea

155
7_11—

140

ka=1 @

N
(=]

Q
S

80 [

60 [

Converted mass (mg)

40

20

40 50 60 70

« (deg.)

26 36 80
Fig. 7. (Color available online) Converted mass as a
function of apex angle of the circular cone. Ray
theory calculation was superposed as dashed curve,



A eI A o et St AR AL S35

110

Converted mass (mg)

40 H
30

20

ka

Fig. 8. (Color available online) Converted mass as
a function of ka, Ray theory calculation was super—
posed as dashed lines,

] ol 4jo] o] W o SA02 Yol
LAYt 5] Makrt A X 7] wiZo o)

Fig. 704 22|12} o = 40° FLof| A= A4 At
7¢ kool @ HIZFSEAL A = AARE gho] A=
. Fig. 494 w3E0] A1gHIEo] A1tz 4 =200
Al 2| RS 7HA ]%%ﬁ | 20llA] &5t =
Al o] HkApZtoltt. o] Zbm=of| A 8] Eq. (16)= A+
7+ 133 F 7} oiEF (r—a)sin2a sin®a o] H]
glot= Ae & 4= Sk o] F= o = 40° Fof A
10182 ka7} -2 712 A 9J5tal= o] Z1Eof| A
Az A = 7HAA H= oﬂ—’i.i;f—? ULk

Z12] 3L Fig. 7oA kagko] 57k
ol E A3l Eq. )2 74]4‘}754011 77 A H,
kagko] o 2 7 -9-olli= Bq. (2)2] Aoeb= A
8] Zpo) 7t U= Ae & o Q= 53] 71E AR

A&l K ol AR-aHE BA| 7k a =450 7|0 2

61161614 7] A3}
]

Thal) 2.1 30 % o Ake] 2fo] 2 1 ozt wheha] [EC
%Hg JEq-(Z% A 71&d

S ol 1] 918 247 o -3, 45, 6091 2

welo] Tt AT 341

—a=30
——a=45"
1.5 (12600 9

0.5

Correction (dB)

-0.5

40 60 80 100
ka

o
NN
o

Fig. 9. (Color available online) Power correction
between the acoustic power calculations done by
Eq. (17) and Eq. (2) as a function of ka for a given
apex angle of «

off tisfl Altks ashlet. ok S0l 2ol A A
Al8HTL 9k Fg. (2] kg A0 2 EAISHY
Fig 704 H50] ZA|zbo] Z7Fghr8 & 4w
AP A7) w5 Fig. 8ol 4= A 2] 2}
AN AL M 2 o St AR ol EAR
o 53] a =45°Q1 ZJ-p-oll= 1 W S3Futlof] Hish
T 70mee] Aego 2 hato] Eliv B (9] 23t
7h Fhrol RS Y gh AP B
ol Al A Aok Ak Frubarol| whet H ot o
B 2 HojReh kagto] 71845 B A
S Alit B3t= Eq. Q) 7P7H A Fuba=of] wigh
ol HA ZopRAlL o 4= Qi)

Fig. 9= & =0 A AlAI8h= Eq. (17l 23t &
k9] A TR} 24|74 9 TEC 611610]4] A
A1z Bq. ()] o)t e AlAbA zhore] 1 A
= AR Aol of 714 KBAggho 3t Eq. (17)
2 o] g3k -2 el ol M Eq. O ol $2 &%
vHI S W ofe ofufeiet. whepA] IECO A A A|
Bhe 7] W9 0.2 AAKEE 919 ghel] Futput 2
A7)0 Ht oJE=F 2shH s kaol M Fig. 9
oA Atk BAghe s "ok vl W2 ka
A& BAGro] 1 BT & AX & AL glout
kaFto] Z7F842 Eq. (179 Eq. (2)9] 23} 2fo] =
FABA Holx| B2, Foj 7 H7]0] PRI o] A

&2

= 4 7122 gt] Hald Byl 4
o5& ok 4 glek

The Journal of the Acoustical Society of Korea Vol.43, No.3 (2024)



342 R

ka=1
ka=5
ka=10
ka=50
ka=100

Correction (dB)

10 2‘0 3‘0 4‘0 5‘0 (;O 7‘0 80
« (deg.)

Fig. 10. (Color available online) Power correction

between the acoustic power calculations done by

Eqg. (17) and Eq. (2) as a function of « for a given

apex angle of ka,

Fig. 99] Al4F ATk 3e] AR S4WS B9
7

o A BB LA A 97 o Aekel A
715306 Somz A2 s grel 2414 9]

N
gi
)
-0,
(e
13
R

>,
i
tlo
e
4>
0
T

Fig. 102 Fig. 99} gho] 71 Tk HA g A
WA 0] Wx|7F o 0] W9 10°5E] 80°0) 4 A4k
3 Artolck. Fupseo] that AGFE 1] 913 ka =1,
5,10, 50, 1002} 7g-7-ol| tif s} Al th-& 43313t Fig.
9ol A o) A AL sflE wf Aut = A<
Shat A2 B zbo] Futprct S o) 2 9P
= 713& & ok e A BAghe] A7) HiEf
30°0f| A 40° -7kl A 2|k 7HAIH Hdgke
=72t = ka7 Z27FE 400 2] o] A WA EH=
g, o] Fig. 7ol A] H520] o = 40° F-ZLof| A AlLE 2
A7} kaoﬂ g wigtshal diAl = gt gk 7=
A o 2 AZhe Figs. 9 ~100) 4 Agahe
BT ?E;‘ B EE ulshe A2 o™, A

SRS UeIelR] M43 3L (2024)

o

Aol A A Bl Hhol A Tl EA) o
shaol w4 7] 9 FAHS 1 o) WAl
% 5L oful ey, nhebA & R4 AlAlsh

I g

e rlo
I N

=

V.2 E
B i Bol A A ABEA | tht At de
PO R 7)E0] & AREE o] §3 S5t )
ZAmde] g Fuk 9 £ 57]0f that 9
=2 AAISHT B 74 Qo] tha) 2 =Bl A
AN L 0] §3to] 4 )R 7} gl A
AN AASH Wl F7bElolok 8 mAghe
ARFSHEE. £ AT A AN o] AR 2
SEREBREEEE PEEEERE£E
BAOL B8 B4 ek £ Rt A4 4
A TPRE 02 LAY A8 082228
Apule] guke] o) JIhe A o] BHEP 5
PO EERIL LI

ZAe =

= AR H e 20243 = =8
AR 12] =] SRRV E A= O AU



References

1. ISO/IEC Guide 98-1:2024(en) Guide to the Expression
of Uncertainty in Measurement - Part 1: Introduction,
IEC: 2024.

2. IEC61161: Ultrasonics —Power Measurement —Radia-
tion Force Balances and Performance Requirements,
IEC: 2013.

3. Dictionary of Acoustical Terminology (Kyohaksa, Seoul,
2003), pp. 391.

4. D. Kuryliak, Z. Nazarchuk, and V. C. Lysechko,
“Acoustic plane wave scattering from a soft finite
truncated cone in axial irradiation,” Acta Acust.
United AC. 105, 475-483 (2019).

5. M. A. Lyalinov, “Acoustic scattering of a plane wave
by a circular penetrable cone,” Wave Motion, 48,
62-82 (2011).

6. K. Baik and P. L. Marston, “Kirchhoff approximation
for a cylinder breaking through a plane surface and the
measured scattering,” IEEE J. Ocean. Eng. 33, 386-
396 (2008).

7. K.Kim, S.-J. Park, K. Lee, and D.-S. Cho, “Submarine
bistatic target strength analysis based on bistatic-to-
monostatic conversion” (in Korean), J. Acoust. Soc.
Kr. 43, 138-144 (2024).

| xx} or=

» 8 Z4 0l (Kyungmin Baik)

1996\ 22 : mECH 2|5t
20001 224 : i =22
2008\ 52 : WSU =2 |5tut HiA}
200814 72 : ISVR Research Fellow
2010 72 : WHOI Postdoc. Scholar
201214 52 ~ 3ixf : SR EEDISIATY

ZHQIATLR

» 0] & = (Jooho Lee)

201728 MO SHUYA|ARIS St S

20193 28 : M| X[ YSEeHE
LA|AENZSE AMAL

2024'A 28 : MO X |l Y& Bfet off
LA|AENTG S} HEAL

2024\ 28 ~ Six: St=EHEF OIS
HIAtZ TR

A Aol Te 25} AR AN Skl 5 mlo] T AT 343

» I 2| X| (Elmina B. C. Fritzie)

20204 82! : Gadjah Mada University =2
ot stA

20214 38 ~ 54X} : UST o|st=2|stut A
HEAL b

202113 3 ~ 3ixl : StEEFOISIATH
sk

» U 2 Elf (Yong Tae Kim)
1986\F 2& : St=22|c =25t} stA}

w 198817 2& : S| S2|5tat MA}
19973 8¢ : St=22|c| S2|5tat At

N 199714 921 ~2001H 119 : St =115t
4522 Post-Doc.

20011 122 ~ SR : SIREEDIEIRIT
2 Bojeinel

20064 3E ~ Sixl : nfsty =TSt
CHStw w4

202214 12 ~ S1XH : APMP TCAUV 2| &t

The Journal of the Acoustical Society of Korea Vol.43, No.3 (2024)





