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Measurement of reflection coefficient using beamforming method
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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.
The test materials were modeled as a locally reacting surface. Numerical and experiment results are performed to verify

the acuracy of proposed method.

1. M B
34 vFH (beamforming method)o]lsk Y3t
o) ATZ A7 T AXPE AT 7AA
712 4%9 3749 FHold (1 o] WA

e

FHAL A uMVM AAL dAlel s
AL QA diste A wE
MUSIC(Multiple Signal Classification) '8[3]
S AHgEte] AAlEte) wbAlube] wWreke 8¢l
AY A2 A 2AE Fo|EE ). MUSIC
:

2 3822 ~AHEH(crossspectrum) & I-H

|

| &2 W (eigenvector decomposition)& ©]%

Az e gAskE wgelt. a3y
MUSIC Wl AoaAdl e AsME AA
BT AskE Ao dusty wdddie As

)

ofAigt 2~ E - 7IAHEEol A
T} xo]Z(noise) Ahol9

AzE
Awgo] FAH7) WEolTh. ol L o f o)

ol dadE& Fole WS AMEET. Ar7IME
&7+ H@R(spatial smoothing)[3]& AF&3}o]
AARL &9 Az~ 2dEY g4 AL},
A F7HA A9 SR RALEE T W
A HEE o] 8% WAl S RS ¢
oh2t}

21 OYE|2 H3 (adaptive nulling) &Y

« AgUiEta ostel
E-mail : juhj78@snu.ac.kr
Tel : (02) 880-1692, Fax : (02) 888-5950

w Mgt JAZE R

Had 9 T od7IME ofHgBR dd¥
(adaptive mulling) W'H& AF83c). ojHeH 9+
W e O A7 21E WS AYle W 23
# B (beam steering vector)E -4 o},

maximize lai-p’.|,maximize |ar'Pr (D

subjectto [a,| =1, [a,|=1 (2)

ai'przo’ ai'pr:0 (3)

699 -



JHe Y AE U 2002EE JIHBE ASH HEAEIY (BIASTSIEE M)

@714 2,9 a, & AAbshe} wAbge] ZEWEol W

Zlakek|2 =1, (8)
3 op: % op, 2 YASHSE WhARSEE vVERITE AW k=2

A 212 dste BFeE ] WHL A3 s

S y (9)
3 FHA 274 1 3arv)y agdEs gES af'Pi=Zakek'P:=Zakg/f=a p°
she} AwA) ThE gakel wWEske) WA e ) -
Wlzero) 74 HES e Aolch A 22 W M 0 o, 2 clFA Wroln pE g
SA71E ) 2% AHE TRSAE FEL BER o ojzoja Wy, AL BEY] HaA

o

2.

SR QAT ATE T A9 W 2F
g 987 A8 e e B AAA
o oM @) BEA] QA ) 23y THITOE A(QF BEAI] AdME
Bl whalgel AmAde siAof gtk o 2L o
TEA7)7) YeiA vk 2AetE N oRA o)

rr

ot Te3 Zolok @t

ol
g
i)

=[g§ gfv]T (10)

=

a, =7 (11)
Zof QJAlEl= AlF = L3 ¢
ojAR A YAlste AFEE Totd gle,
k=2
Py =P, exp(-kcos8, xy —ksin®,yy) (4
ths3t Zo] dojxl WYY HEHZ vlo]ARE A
A7NM k& 54 (wave number)o]3l 9, 2 WHA} Zo) WA
Z}to|t}.
- D T
el vector 2 ojFol7l ARE FahY @i =n W Bl sl =c, (12)
Bl - bl (5) %9 Baa 35T ¢ =a,b ok

9 FyHELE aHFH FEH(  singular  value

decomposition) 3} The-# @A Hrh kA WAL Al oed 2

(13)
P, =Q,AQ; (6)

. . S HhE
4714 Q& NxN¢ f’rf’rT o meuEe A 2.2 MUSIC(Multiple Signal Classification) ZH&

olgol1 HAolrh. walme] Amats UL
2477 A W 2FUEE Bew 2oa s

.

mlolZ 2 Eo] M Mz LT B

n
l‘=[i)i lsr]iis'}+ : (14)
N s,
n
8= 2 e ™ "
= 7] r& mlolARENM We MBS Fgo
W& (Fourier transform) & ¥ gtolth. ¥ 3

Aq71A e, v k WA IFHE o] o, 2 o}F] F
7+ (spatial smoothing)E Al-23le] AFTaAl o

tx ot B A0 .
! o e SiAbshe wabgbel Auae 29 T8 BH

o S I R B

A 3 A(2) & ©F A7 A=

- 700 -



2 EYHE ALEEH . 1 N-M N-M .
R=—7——— R; + JR*:J
M 2(N-M+1 [z Z.; j (19)
S, = Ay, v (15) (13)
i=] _
A7 N 2 F olglo] wlo]ARE] ol #
A714 2 3 FEol o8 WEE AR2 2 o Mqu o]go] nlo|AZE Aot alm
AEY PHolth. A7|A ¥ 2 FWFEH AHE § o o gzrggol),
H A Bojglo] (subarray) wlo]ARE ] Agolt),
29 gt B HEH ZEE € F 0 24 0|2l AAHAL A
t}. [3]
— — A 1A wjd 2 2 JAlEte B¢ F uldey
vil.P, =0 v'.P =0, for 3<i<M (16)
EA Ay X(characteristic  impedance)7}
P=[p - Pyl P=[p, - Byl an Zy,Zy o131 BEFFT ko ky ol2k s YA e

Aol YA o g3t Yabve} wAlwte] W
S MUSIC =H9 & Altgeozs & 5 o _ Z,cosO—Zg[1- (kg / k) ?sin? 0]/ (20)

R(®)=
1 Z, cosO+Z,[1—(k,y / k)% sin? 0]'2
Py = (18)
2
" HiE B9 499Ut 28 U9Us B
n=3
. HoZ bad Zo] 7ad & . [5]
o714 bE AEHE (trial vector) o|t}. /
) ' ' . 1/2
2 =i{zozo(z, -2)-2, ZI<ZO—ZO>} o)
23 37 @Y (spatial smoothing method) (21 =2)-(Zy = 2)
UALIESE WRARS} Alo]o] A W&ol wlo] k=t 1l ZotZ: 4 -2, (22)
2jd \zy-2, Z, +Z,

EE,] J2 2 :ﬂ] aJo] _|_7H,] ‘:1:,317(] 31
FAE 7HAA GA At wEkA o dgse 9714 Z),2, 2 ME & Backing Y9 Y201

ro]2 A B FIHnoise subspace) ZmAjo] Hoj Zy,Zy2 A E tHE Backing ZA9A Y W ¢
0> T L L Al

AY. o)} 2 ol 4% YAtshe} wAlste o
ool 2 el 2 bk WAt S0t GEl3 d = HAE 229 Sl

AE Fole Wo]l s}, or|ME T

THE AR 30 HEFEHLE N Y olglo)

slo] AR EL # e Arojgo] mlo|ARELR 3. THYA gl 5

Lol oAl F3 g AAAEHS o #35ho

3.1 AE &X

BHABAAE Folt HHo|t}. vlojlaAREL Fo

A @1 PFIAFE Solr] Y FABLSFoln BE 3 ol disl duE 2 FruAe 53
HEZRE (backward) 2 73 A22A 2dEdr & YA AT E SA s Bodth. B AgoMe

T =1 H
FolER HFE 4 A}, o]9} e HhH L oo T vlo] A2 E HH I (two—microphone method)[6]

3L
2 HE2 F73 A (forward-backward spatial I daiste] Bk, WP WHE A F wlo]
smoothing)o]etil g}, 2412 ohg 3 Zr), ARE PHIY o] FAY volARES AT}
Aot A3 ZFAE g8 2.
3

- 701 -



Two-microphone
Impedance tube
B&K type 4206

A/D Convertdr
SCADAS Il

Amplifier

Fig. 1 Experiment Setup (for normal incidence)

AN

£e o AR 2ol FtHU AP ANE
OET L3

=]
=
s

(a) (b) ©
Fig. 2 The pictures of sample
(a) sample 1, (b) sample 2 , (c) sample 3
32 53X vl
BE 3 o) g WAASE ZAse] mot)
P AFE 200 Wolw 3 ABe 05 Zoln]
NZF BEAFE 2048 ANolTh, WAAS 54 A
+ Fig. 4 9} Zt}.
4. BAILAL BEAMAI S
41 HA¥™ K
A FA e Fig3 o 2ot

A7 M=
A2(source) 2 ¥Y AFZE WdAs= 29HAE

gAY, 297 A0 Fo AR 7}

)?)]_

(spatial smoothing)& ©]&35}
ol #o]

2HEY

2

)
kle=y

ﬂi/\ A3

4 )9 wlo] AZE o]Fo)Z AHEEFATT.

702

MUSIC(Multiple Signal Classification)& AF&3}
Aok, T FaHol AHEE A B ool JF
= 3 ME AHEEY. Ad AR A9 v
Atghe] Ztm QAbE WRAMAlGE SA ¢ VY
ARg 4719 mfo] AR ESR ofdolE A5}
o] MUSIC & AH&3sle 54 3.

=

.

E

AID Converter
SCADAS i

Workslatlon
CADA-X

Fig. 3 Experimental setup (for oblique incidenc)

A71ME 4 7)) vlolARE ofHolE ALEEIHT
AA(source) B2 Y AT E B = A¥AHE
AHgERgith. 297 AR Fo| FERR I}
A UA=E A,

7 (spatial smoothing)& o) &3} A+
olglo] ARA AHEY UEY
MUSIC(Multiple Signal Classification)& A}-&38}
c}. P AHEE A B olgo]9 A
3 HE AREESlTE. AE FAAE JAtghe) v
Atske] ZAx Qate WAl SR & 4FE
X2 4 7] nlo]a R E 07 olo]E FA T}

of MUSIC S Al&3le =R 242 A},

e}
R

Rt

rir

=
=1

29

I

o}

4.2

e
og

HME 1 9 NES
244 2o
23 7AARstn ZolddE & Bkt

AL8-3}31 12 SNR(signal to noise ratio)

d meol AAe o B}

EH(locally reacting surface)o]

o
Lp

2
T

BAEE
=20

ol



Wolok, WA FIHHE A (spatial

£-3t] MUSIC i o & SlAtste} whatalo) whak
< gX3. Fig. 5 & TUHETE AHRsgE W
oF AREEtA] @gkE WE wug ditoln,
MUSIC W& ol&sto] dabztat wirlzE 53 %
YA Wi WAASE 54 st Fig 6 o

2o,

A) smoothing) &
o]

&
]
M
ol
tilo
X
rO
S
2
£
i
ﬂ
fan
>
St
iz
=
2
x
o

Al A B BEES WSIC WA AL
sto] YAbzb WALRE S o] A

3 oA% A2 Hu

) W.S. Burdic, Underwater acoustic system
analysis. (Prentice-Hall, Englewood Cliffs, NJ,
1984)

2 D.H. Johnson and D.E. Dudgeon, Array
signal processing: concepts and technigues.
(Prentice-Hall, Englewood Cliffs, NJ, 1993).

3) Joseph.C.LibertiJr., Theodore S.Rappaport,
Smart antennas for wireless communications
(Prentice-Hall, Upper Saddle River,1999)

@ Masayuki Tamura ,“Spatial Fourier transform
method of measuring reflection coefficients at
oblique incidence.I.Theory and  numerical
examples”J.Acoust.Soc.Am 88 2259-2264(1990)

(&) H.Utsuno, T.Tanaka, T.Fujikawa,and A.F.Sybert,
“Transfer function method for measuring
characteristic impedance and propagation constant
of porous material.” J.Acoust.Soc.Am.86,637-
643(1989) ’

(6) J.F.Allard, Propagation of sound in porous media
(Elsevier applied science,New York,1993)

703

o
w

Reflection Coefficient (real part)
&

od
o

&
&

Reflection Coefficient (imaginary part)

e
n

Reflection Coefficient (real part)
&

b
o

&
o

Reftection Coefficient (imaginary part)

Reflection Coefficient (real part)

—e— Beamforming method
-&— Two-microphone method

N\qﬁﬂ%g%? ]
"‘@g %E:g

g

1
1 1 1 o 1
400 800 800 1000 1200 1400 1600

Frequency

PR

Reflection Coefficient (imaginary part)

T T T T T T

6 Baamlurming method
-B— Two-microphane mathod

e,

. o
E\W ay MG“G‘
. . . \ : n
. 400 600 800 1000 1200 1400 1600
Frequency

(a) sample 1

Reflection Coefficient (real part)

T T T T L T

—6— Beamforming method
~— Two-microphone method

Peady ]

8]
]
. ; : . . L
400 600 800 1000 1200 1400 1600
Frequency

Reflection Coefficient (imaginary part)

Y T T T T T

—o— Beamfarrming method
-3— Two-microphone method

e

4

L ‘Sﬂ% -
400 600 800 1000 1200 1400 . 1600
Frequency
(b) sample 2



Reflection Coefficient (real part)

—_ 1 T T T T
Tk
g g Baamforming mathod
a2 -@— Two-microphone method
T
D o5 | B
= RS,
<] 8
o ‘G-sxg
(5] Aoy
E or .& 7
8 E‘&&@
O
S
== 0.5 - -
°
]
ol
x L[ . . . A .
400 600 800 1000 1200 1400 1600
Frequency

Reflection Coefficient (imaginary part)

1 T T T T

~—&-— Beamidnreng method
~B— Two-microphone method

Reflection Coefficient (imaginary part)

Reflection Coefficient (real part)

Reflection Coefficie

1 T

05

nt (real part) SNR=20dB

—o— Theorefical result
-@— Simulation Result

[ 20

40
Angle

Reflection Coeffcient (imaginary part) SNR=20dB

£
g_ 1 T T T T
- &= Theoretical result
as [PRag ey 5 T D
e i Sos ]
E
- . . . : . =
400 600 800 1000 1200 1400 1600 E
Frequency .g ok
= /
(c) sample 3 g P o
Fig. 4 Comparisons reflection coefficient (é.os i g ]
. . . - s
using beamforming and two-microphone method S g
®
o=
[T 1 L L 1
26 e 20 40 60 80
- ; Angle
\ /. J
24
a \\ / - v . . .
g= X / Fig. 6 Measuring the reflection coefficient of oblique
2, Y / incidence (Frequency=1500 Hz)
2 N\
B e T T P e
16
o 40 a0 120 160
Direction

(a) MUSIC without spatial smoothing

310"

2510"

~
3
s

.5 10"

3
3

MUSIC Power

510"

0
0 @ 80 120 160

Direction

(b) MUSIC with spatial smoothing
Fig. 5 Comparisons of MUSIC method with and

without spatial smoothing (angle of incidence
50°, angle of reflection 130°)

- 704 -



