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ABSTRACT

A method using beamforming algorithm has been

developed to measure oblique incidence reflection

coefficients of sound absorption materials, MUSIC(multiple signal classification) method detects the

angles of incidence and reflection. By separating the incident and reflected waves using beamforming

method, the reflection coefficient is calculated. Spatial smoothing technique is also used to reduce the

coherence between the incident and reflected waves.

to verify the accuracy of proposed method.
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Numerical and experiment results are performed

MUSIC W& AZ2A AHE- (cross-spectrum) 9]
T8 &2 234 (eigenvalue decomposition)S ©]&
3te] A3 Awsle kolR AEAF o A(noise
subspace) & TAIste 259 WS YA W
ojt}y, I MUSICHHE dadAle sle Aol
Ae A% AT Adks RAth dvsi uldas
Al AzeAEr ABA AHERY o 7AWHE
o] M2 EgFololx AT EH xo]Z(noise) Aol
o] A yAol %115471 Folt}, ojgh 7+ olf o
o AL Eole WHE At A7ME ¥
2 E"‘ﬁ(spaﬁal smoothing) & Ar&3le] Az
29 A2~ A¥EY gES AREsth 919
7t Ao S RodEs T Wy U
188 WAl S F84E otk

o ri M

NXO - 03'. 0\'

O

2.1 32+ "Ha#(spatial smoothing)2 AtEst

MUSIC(multiple signal classification) 2

YALste}l whalulrl ER sl T2k Al ofdle] wle]
AzEo WS ATE= 2 (1)} 2}



S 0§ A WAL 5

AR E A W

[e]

7|4 r& wlela

(Fourier transform) & & ztelth i,f’
o} ukalule] Whak WE o7 S, JAMERe} wRA}
gto] Alzolth n;E WA wlo]ZEL] Lo]2E Y
ebdvt #EE Fig 13 2ok gAtarse) skabg Apol
o] A#AA wfFof vle|AREY JEA AHEY0]
Fe FEHA AFAE XA @A Holh webA
I #gshe kolR *1 Z7Hnoise subspace) &

o] Wojxiet, o 1% IS CRAR
AL AL 23k} 017]/\1‘—‘- Z7F

Siy

=N
=

Lo rlo .4

(backward)
& ¢ Sty 9]
(forward-backward spatial smoothing

2 e g3t 2t
-M
IS T
=0 (2)

2(N - M+1)[kZ *

A7) NE& F ofgo] vlelARES gl M
ME ofgo] npo]aRES Agrelry I
o thasg Helrh

o
™
El

_ N
S=
k
o
L
o
.

/. microphone

Test material

Fig. 1 Geometry of a linear array and related
notation

o

27 B3 (spatial smoothing) & AHE:-8led AHS
Aol AE YA WAl ARAE F9 oS
IAA EEYE AMEE

M
Srr =Z7\.kvk Vk
k=1 (3)
A7) A s} Vi B 37k gl o8 Wy 3=

2 2HEY 89 WK 75X (eigen value) S T
H9 € (eigen vector)olth, o71A ML FHEAR
AHEE A Hojd| o] (subarray) VFO|AZRES sl Foltt,
Z79 dAE 3 v 2 4 goh?

© 0
7\51"5‘%‘

H

vjl P, =0, v} P, =0 for 3<k<M

f)M]T, l/\)rz[f)l

P, = QAlutel whibshel wakwEE
ojFolzl FHolrt ¢ HZAE ol&std A=WH
(trial vector)7} §AMERLY wRAbmhe] 4159} H
(parallel) 3" MUSIC 37} A7t =:le AES
o] &&te] Uitz wHiALZES the] MUSIC #9&
AvgoA ¢ + Ao

(4)
Pu ]T (5)

4714 P ¢ P

o714 bE AEHE (trial vector) o]t

2.2 O{YEIE 2l (adaptive nulling) 2HH

Ay vy & o7 E oHEE 23 (adaptive
nulling) WHS AMH-gh ofHEE 9y WEE o
S A7 2AE BE A7 W 2F ¥WE(beam
steering vector) & Ao}

maximize |a,--p,-|‘ maximize la,-p,] (7

subject to [2:]=1 Ja,]=1 (8)

a,-p,=0 a, -p;=0 (9
o71A a;9F a, 2 QlAlule}l ukAlme] RIxE HE
o3 P; 9t P2 YALEES} whAlmol}t AW A
SASANSSEE=28/A 138 A 62, 20031/439



=
T

%

A

h

HN

dake Asstel WAL Frhst 3T A
I 2007 et HEE se A
o] ABoe] WAL Bzero) 7t HES
C 99 A 2AE BENTE Y
At g B 2

YAbmte) NEF P 4B W Z
7 A et 2 BHE AR
4 (98 BEA77 e ¥ 23

Aste} A e FhAck Btk 1 27

e o, og flo rle
e ii oY £

2 ord

il

e

e 2

gaM NWA slelAzEel dabshs WAkl

g WEE g3 2o

Py = exp— jk(cosO x, +sinb, y, ) (10)
714 ke 3E(wave number)o]l 6,2 HRA}
ztolt},

A9 WEIEE o)l HBE T

P, =[f’1 f’N]T (11)
9 PAL 7Gx E2]¥ (eigenvalue decomposition)
4 og3 2 "o

P, =Q,AQ, (12)
a7l Qe NxNe PPTe mguee gz
o]Zojzl s Folty uhaldlel AW 2AS TH
A7)71 Yl W 2E29EHE g3 2oy st

N
a = o, e
‘ ;; K (13)

o714 €= kR G
2 ge HAgmolr}
AN A (8)& TEAT] HEME
N N
p, =D 0.8 p =) ,p; =0p°
k=2 k=2
N
2|akek|2 =1
k=2

A7 aE & 2 o]Fo

140/82 42853t =28/A 133 A 635, 20034

WEO]T & e obE T3

(15)

WElo|Y PE P E

oFold Mol 4 (1§ B
= thesh gotop @k

a7 HelME e

a=[p; ~ v

(16)
iR E o 2 4 (8)& THEs] HAshA e
3 e
2 Pe /zpkek )
&3 ol dojyl WA HEE wolagzE X

of MAs the 2o AbtE T 7k Ao,

q; =3; '[131 i)r][si Si]‘T= C;S;

(18
o) Bag A% 6 =3 Pog,
NALTHE el WHE dAbshel 2 wHoR
7¢ & Utk

R=s,1s; (19)

714 Si, Sy = WAEAY WS olgste] 73 A
gho} Whalatolc),
2.3 O|E2XQl AAAL H
i 1oAM mjd 28 YAkEle AS 7 ouEd &
A doE A (characteristic impedance) 7} 2y, Z29]
T sESIL kok O]E}_L A At g mE g
AAG= gt 2o

Z,cos0 ~Z,[1-(k /k,)*sin’ 6]
Z,cos8+ Z,[1—(k [ k,)*sin* 6]

R(8)=
© (20)

HAE B39 A dugad Bag ggas A
e Yo gos o) 7R & Ant”?
' . ' 1/2
7 =1 2,2,(Z2,-Z)~7,Z(Z, = Z)
¢ (Z,-2,)-(Z, - Z) (21)

k:——l—»ln Zb+Zc Zs —Zc
2jd | z,-2, Z, +Z,



3714 Z
)% Z,Z, & HNZ T2 w3
el zeln), 383 48 HAE EF

N
RE Vhel da QERs Frelrel FH94
zgaam 2 s F oelaz

doh WA S A F elZEE A3 2
o] F749) u}omi%—g— Agsd, 49 A=
Fig. 29 2t

MEL Fig 33 o] Z¢de A2 24 A&
S}AAE}-.

32 ZFX v
AE 28 Bel WA FE 24
mlolzLeE s WYY PHE
AA%GE MEd ANE Fig ash 2ok AaIA%
2ol % vlolA2ER WY wEel At Ae U

Ase e 2+ At B AFE 20080l &
[} _% %_

n:E
2
ﬁ’,ﬂ:
2
T
32
o

iz o

e 204870 010},

Two-microphone
Impedance tube
B&K type 4206

A/D Converter
SCADAS Il

]

Fig. 2 Experiment setup{(for normal incidence)

(b) sample 2

(a) sample 1
Fig. 3 The pictures of sample

e Beamiforming method
=== Two-microphone method

05 -

-0.5 !

Reflection Coefficient (real part)

400 600 800 1000 1200 1400 1600
Frequency

e Beamforming method
~=— Two-microphone method

05 - -

400 600 800 1000 1200 1400 1600
Frequency

(a) sample 1

Reflection Coefficient (imaginary part)

—— Beamforrming method
=== Two-microphone method

05 -

05 - -

Reflection Coefficient (real part)
5

1 T e

400 600 800 1000 1200 1400 1600

Frequency
,g e e e e e e *
o i B arnforming method «
~s== Two-microphone method

&

@© 1
£ o5 .
o .
@

£ i
= 4
€ .
o o -
3]

=

o)

Q

[&]

c -

i=]

=1

Q

]

o=

©

o e s e .

400 600 800 1000 1200 1400 1600
Frequency

(b) sample 2
Fig. 4 Comparisons of reflection coetfficient using
beamforming and two-microphone method

LSS =28/ 137 A 63, 2003d/441



4.1 Mg

438 BA=

Fig.5 Experimental setup(for oblique incidenc)

MUSIC POWER

Fig.

4. ZAAAL HEALA 5

I
0x

X

Reflection Coefficient (real part)

Workstation
CADA-X

A/D Converter
SCADAS (Il

25 -

0 LA,,L——A—‘_*QA_—&A—L,A -

[+] 40 80 120 160
Direction of incidence and reflection

(a) MUSIC without spatial smoothing
incidence 40 °, angle of reflection 140 °)

1 ——— e e e e e e e e,

Theoretical resuits
==— Simulation results

od
©»

P R

0 20 40 60 80
Angle of incidence

Fig. 58 2t 4cm 2449) 4719 A

Y mlo]R2E ol o]E AMEEITh A2 (source) 2

= TS 29A AL 221
7 %MEM] Fol BHRE ARE 4 s
o 222 AEH volAZE olglols) AdE dem
ol

s

AES

o] &35t Azt

wEe] MUSIC
ltiple signal classification) & }%3}9&‘:} 7+
el AHE-E ME ofgo)9 AFE INE AlLs
Ack A8 A YAlate} ‘?_“}J}«l 45 QA=
Al Aol & J&g F7] gEo MUSIC
et YAtz wialS E2Asle] A

3¢ ¥ (spatial smoothing) <
g€ £9 ode) IA=A AHEY

g
[

o

ol

= 3 Hlrh HEy %
®H ?J‘ S~ (surface impedance) &

B9tk YYAEE Algal

210" !
+

MUSIC POWER

|

[ ST S | N SR

0 40 80 120 160
Direction of incidence and reflection

(b) MUSIC with spatial smoothing

6 Comparisons of numerical MUSIC results -with and without spatial smoothing (angle of

Theoretical refiection coefficient 1
== Simulation reflection coefficient 1

@
o

o

4
«

Reflection Coefficient (imaginary part)

b
i

20 40 80 80
Angle of incidence

o

Fig. 7 Comparisons of the theoretical and numerical results (frequency =1000 Hz, average

number=20, SNR=10dB)

2ZUSSea =2 /4 134 A 63, 20034



Mgy WS ol AN WS 27
—— M — _—

%17 SNR(signal to noise ratio)® 10dBY 73-%l
Uisle ToAde stk WA 37 (spatial
smoothing) & ©]&3ae MUSIC #Heg YAtzet
vhabmbe] weke ©X3t) Fig 62 37 BHEHEE

=

AL Ao A AR
4% Aselth 21YIM st
S s MUSIC Wdg o

=3

zto] 2 BAHE e T F ok A7A

3.510°

|
i
]
i
i
|
|
}

e WE Wae 2o
2o) TNHIWE S

goto] YA wAL

MUSIC

Fig. 8

Fig. 9

MUSIC POWER
MUSIC POWER

0 40 80
Direction of incidence and reflection

{a) MUSIC without spatial smoothing

Comparisons of experimental MUSIC results
incidence 40°, angle of reflection 140 °)

120 160

§ e m e mrmin mm o x e g w s T

Theoretical Reflection Coefficient
== Experimental Reflection Coefficient

0.5

Reflection Coefficient (real part)

20 40

Reflection Coefficient (imaginary part)

310°

ey

25 10°

B L R E

210°

1540° -

110°

A VT U SR

80

120 160
Direction of incidence and reflection

(b) MUSIC with spatial smoothing
with and without spatial smoothing(angle of

f

i U

[¢] 40

1 mrw mrmm T T s s T

~—— Theoretical Reflection Coefficient 4
=== Experimental Reflection Coefficient

0.5

-05 -

0 10 30 50 60 70 20 30 40 50 60 70
Angle of incidence Angle of incidence
(a) Reflection coefficient for sample 1
N e eae i mwmes ol R I A AR
— : 8 Theoretical Reflection Coefficient J
v Theoretical Reflection Coefficient —=— Expefimental Reflection Coefficient
g —=— Experimentat Reflection Coefficient = N
© ,
— c
® 05 = 05 ‘
g 27 *
= S .
[~ =
L b
£ 8 o -
) L !
Q = .
&} 2 .,
5 8., <
i} c 05 - 2
3 S e e e S T
= 5t .
L} 1]
[+4 =
7]
A e e e eaiaaais O 4 =vr e J
0 10 20 30 40 50 60 70 Q 10 20 30 40 50 60 70

Angle of incidence

Angle of incidence

(b) Reflection coefficient for sample 2
Comparisons of the theoretical and experimental results{frequency =1000 Hz, average

number =20)

sta|=28/4 139 A 63, 2003¢/443



99 a7+= =
Fx] ol A ?J*}—L}-QP HVUrQJ i
o W34 Aoz 249 uAAIS9} o237 3}t
S Hwg A= Fig 734 2ok Fig. 7904 2w}
o} o] & UdXEE AL B 5 )

43 Ael dut
ME 13 A E 20 st ZAARIA e AIE =
Adotel Holth R oA Ay NE AnAE
AHEEt]  EAsle Bt A9AE AL (far-
field)ol Fol HHz ZAL WZAIEE 39
Fig. 8& A¥AAMY F0HFEE AL wo)
AR AE W) HA(MUSIC) Atolty, 19
oMot o] T HEFUE AMEEA @Ak fE
At PAZEE BRIEA) 2ahe dld v 37 9
FHE AHAAE A A wage 2 ex
A& B 4 9tk g3 Fig. 9= ?J*V—}Oﬂ w}
AE 13 29 o]23Q WASg 48 E v
A 3 v o] 2 ¢ wia}
oAA A WAMAF7L & dAste A
=z |

olt

ol
-
rlr

22 3cm FAE A4 o
&3} '—Eﬂ“ doH2e} B b

5.8 =2
B omRAAE WEY PYS s waAs
34 AL YHEx Fu el Ne 1Y
A RAASE 23] /120 w3 vlEs o
WY AHNS FANAT md ANAAE AS
B2 BEUA MUSICHES AHgstel 2 0
Aze Bstel 49 2A WA

o] =< BK21# KISTEPY Aoz
EDISEY

4
o?:‘
i
)

%3z

(1) Burdic, W. S,
System Analysis. (Prentice-Hall,
NJ).

(2) Johnson, D. H. and Dudgeon. D. E.. 1993,
Array Signz_ﬂ Processing: Concepts and Techniques.
(Prentice-Hall, Englewood Cliffs, NJ).

(3) Joseph. C. Liberti, Jr. and Theodore S.
1999, Rappaport, Smart Antennas for Wireless

1984, Underwater Acoustic
Englewood Cliffs.

Communications, Chapter 9. (Prentice-Hall, Upper
Saddle River).

(4) Tamura, M., 1990, “Spatial Fourier Transform
Method of Measuring Reflection Coefficients at
Oblique Incidence. 1: Theory and Numerical
Examples,” J. Acoust. Soc. Am. 88. pp. 2259 ~2264.

(5) Allard, J. F., 1993, Propagation of Sound in
Porous Media(Elsevier Applied Science. New
York).

(6) Utsuno. H. Tanaka. T.. Fujkawa, T. and
Sybert, A. F.. 1989, “Transfer Function Method
for Measuring  Characteristic

Impedance and

Propagation Constant of Porous Material.” J. Acoust.
Soc. Am. 86, pp. 637~643,
(7) olH&, dolo zodut

EREEERINCEEIE T
SFNETES =, A 112, A6 3. pp. 200~207.

/A 134 A6 &, 2003



