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Theoretical Study and Numerical Analysis of 3D Sound Field Reproduction System
Using Directional Microphones and Boundary Surface Control

Toshiyuki Kimura !

Abstract — Three-dimensional sound field reproduction using directional microphones
and wave field synthesis can be used to synthesize wave fronts in a listening area using
directional microphones and loudspeakers placed at the boundary of the area; the position
of the loudspeakers is the same as that of microphones in this technique. Thus, it is
very difficult to construct an audio-visual virtual reality system using this technique
because the screen or display of the visual system cannot be placed at the position of
loudspeakers. In order to reproduce the 3D sound field of the listening area even when the
loudspeakers are not placed at the boundary of the area, this paper proposes a 3D sound
field reproduction system using directional microphones and boundary surface control. In
the proposed system, the 3D sound field in the listening area can be accurately reproduced
even when the loudspeakers are not placed at the boundary of the area by introducing
inverse filters based on acoustic transfer functions. Results of a computer simulation show
that the proposed system can reproduce the 3D sound field in the listening area more
accurately than the conventional system.

Keywords 3D sound field reproduction, wave field synthesis, directional microphone,
boundary surface control, computer simulation
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tion system using directional micro-
phones and wave field synthesis.
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Fig.3 Coordinates in the mathematical
derivation of the proposed system’s
principle.
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loudspeaker array of the proposed sys-
tem used in the computer simulation.
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A EZ R DT, WIZ, W LTAES o(t) IS 7 «
VB G BIA R y(t)(l = 1..N) T k5

EbIhs.
M
_ Oy
w(t) = ; i (t T of )

sm{%fG—hffd)—@% (26)

BL, Eu(=|Hyu(w)]) X0y (= argHy; (w)) IXHEH L
77 4 v S Hy(w) OfEHE KR MR A 2 %9, 4
OFFHT R 2 L —2 3 U CIXEIRE S s(t) ([CIEsLE
ZHNTWD DT, HeHE&R MRA T w 1T S 72V E
B LTH-T0D. £7, st) IZERFERIEOE S
ThoH7w, BT 287 ¢ V2 XK FEAEE -0
ERRV. I, ARIOFHEHK I 21— 3T
3 (20) RCESWTH 7 o L2 EHBH LT D, &
%Iz, vy ICEUE L= N O ©—h 2 y(t) 2 HE
T5HZ LT, HAEHICBT AN O S r TO
B pp(r, ) IZLLTFO LS IZRDIND.

— / ppp—
(t—|r rl‘—jrl rO')—@lz} (27)

MY R 2 L— v g VW ST A= 2 bR
R 1LIRT. A4 7 8RO 16.67 cm TH Y,
JAB A 1000 Hz D35 OB R (= $525m-=34cm) O
12U FThs. T, WilikBECERT D70
DZEY 7Y o T EESRA T2 LTV S

~A 7 1R ORRINFHE D,y (volr;) IZELFORD K
5 IABHRIANE & LT, Z OFRMEHEI TR [4] 12
BWTHEA LY BRICERIND Z LRI THD
HIRMAHETH D,

08 Oirm (|0im| < 90°)
0 (|0im| > 90°)

Dm(l‘o|ri) = (28)

AL, cosbim(= w) IErg—1; & ny, 7T

T ro—ri||nim|
FHEORETHY, ny, FLLTORIZL > TRELZ
i % HOFRIME~ A 7 a R DFEPER Y RV THS.

) T
(-1 0 o)
) T
Ny = <O (_1)1—144 O)
T
<O 0 (_1)i—288)

(i = 1~144)
(i = 145~288)
(i = 289~576)
(29)

F1 B Iz L— g VDAV T A—
& Jis
Table 1 Parametric conditions used in the
computer simulation.

Amplitude (A) 1
63, 125, 250,
Frequency () 500, 1000 Hz
Distance (d) 2, 10, 50 m
(1,0,0)"
Direction vector (u) (%, %a 0"
2
Sound velocity (c) 340 m/s

Microphone number (M) 576

Microphone interval (Ary,) 0.1667 m
Microphone directivity
Shotgun
(D (ro|rs))
Microphone array size 9%2%1 m

(rmz, rmy, 'me)
Loudspeaker number (N) 2304
Loudspeaker interval (Ars) 0.1667 m
Loudspeaker array size
(Tsw, Tsy, T's2)

4x4x2 m

£72, ro, v, vy, v X3 WOCEEELETUTOLS
WRRE L=,

ro = du (30)

T
r=(re my 7y)  (rellnl<2lnl<1) 61

2y (1)
i Tmy ATy —Timy
Ary, R(3, Arm) + Sfm_Tmy
Arp,Q(%, Amr) Arm—tms
(i =1~144)
Ar'mR(i721447 g?;l) + w
IS

r, =
! ATmQ(i_144 Tma ) + Armz—rmz

2 ) Ar,
(i = 145~288)

ATy =Tz
2

Aty R(1=28, Tma ) 4

i— ATy —Tim
Arp Q1558 ju) 4 =g

Tms (_1)i-288
2

(i = 289~576)




BARN—FvILYT YT«

(I = 577~1152)
ATSR(I71152 Tsx ) 4 Ars2—r51

2 ) Arg
Ars—rs
Ar QI zex) 4 Aret

%(_1)l 1152

(I = 1153~2304)
(33)

BL, Q(u,v), R(u,
0 ERT.

—J7, R AT HE LT (5) RicEKESW e =W
BHHAET AT &[4 # W 2 FEOSGMEZHEL
7. 1&BIEr I M EofEmE~A 7 akr LAY —
HEBETDLVATLATHD. ZOVAT LA TIEINE
LirdiEmtE~A 7 ok OBNIRES AT AOEE
LRCTHDD, FHERE EICAY—REE S TH
DT, THAATVARAZ V=V ZEET HERICK
BERAET S, 20T RT AT AREREENO S ¢
TOEE pa(r,t) FETFO L IcKbEN 5.

m(Tolr;) A
pcl Z
|r— r,||rl—r0\

mn{wa(p—“_r”tﬁ”_“”>} (34)

2&B L) I N HOIEHME~A 7 nRr EAE— D%
BUE T DU ATLATHD. ZOVATATIET 4 AT
VAR Y — TGN ISR E S 5 DT, T+
AL UARA Y V) — 2 OFE OB K TA U720,
VAT LAOZEMMGEEZR CIZT A58, LEERD
Rt~ A 7 vk o OBITEROREHEIIE LT
K725 (BRIOHEKY 2 2 L—y a3 U icBWTITiR
RUAT LD 4(E). 2OV AT MR DRGSR
DT TOFE peo(r,t) ITLLFO L S IcEDbLEIND.

r0|I"l
pea(r, 1) Z
¢ |r— rl||rl_r0|

Sm{%fG_thfird)} (35)

(rolr)) IFELFO X S ickb S, cosby, =

V) T u % v THIS RO LD

{EL/) Dm
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(ro— rz) Nim VC&)E)

[ro—r[[nim |

co8 O (|0im] < 90°)
D (rolr}) =
0 (|01m] > 90°)
T

(-1 0 0 )
(0 1)=576 0)
(

(—
T
0 0 ll 1152)

(36)

(I = 1~576)

(I = 577~1152)

(I = 1153~2304)
(37)

3.2 ERHERRUSBRE

—fFlE LT, t =0s, f=500HzI 2B} DHEHE
YO, AR LT EmEE ONFE DZESEK] 6~8 127K
T INHDOXTIIAE—A T LA THENT- 4 mx4
mx2 m DZEFD H> HO XY ¥ (2 = 0), XZ ¥
(y =0), YZ¥H (x = 0) OAHZHRL, RFRITA
V=07 LA THENTZZEM OFITERIE L 72 R G
(2mx2mx1m) DEREZXKLTWD. ¥ LR
L CWDIEIEEE po(r, 1), pei(r,t), pea(r,t), pp(r,t)
K OZEDET per(r,t) — po(r,t), pea(r,t) — po(r,t),
po(E, ) — po(r, t) DIESHEE L, Bifo \— & RO
WRLTWD. 65T, RPN T E 7o EE R
DFE5TFIN [per(r, 1) — po(r, )], [pea(r, ) — po(r,t)],
[pp(r,t) —po(r,t)| WSEAVNEE, TEHREEHENIZ ISV T
HAREIZEREINTWAZ EERLTWA. HL,
FEOMIERGEEIRN O 1 mx1 mx0.5 m OZER] (|r,| <
0.5, |ry| < 0.5, |r| < 0.25) 12BN THIE po(r, t),
pe1(r,t), pea(r,t), pp(r,t) ZIEBUL L72ZICH A
1T-o7e.

1FEBORERT AT A RHWTEEITIE, 25 ﬁﬁ
NHEYHL RS> TWHRNDT, {Eiﬁ IbFE VK
BRI TWREWEEZBND. :ﬂ&i%lE@?r%%%
VIal—ya rTEA =)L E £ TORE
BES LN Z ST 10 (EHR RIS O WO SR E A 37
ET D E/ALTO05 m), A=A MSEEIRNLEE T
DB BB R RIHT 28 hic 2, o
SOOI DO ARG E N 2EIIZHIL LT LE ST &
EzbNb. Fiz, 2BHOKER Y AT AERAWEY
BT, AE—I P OHRE E TORBENE 2D
(BEER AR O RO HERA B 2 3R E T 25 & & T 1 m),
A —H D B REELE F COF BRSNS R
T DN 72 7257, FIROEEEN 10 m <°
50 m ORFICIX 1 FHOURT AT ALY bESFER
NEL 72> TWA,. LL, HROBEHEN2m o L =
IR E A2 AR STV, TSRO IR
23 2 m OLGEIITFIROSHIEHER O FIFEL, B
vt 7 aR e BFFENSOFZIEL TN
ThdrEEZLND.
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Fig.6 Wavefronts of original sound field, syn-
thesized wavefronts and their differ-
ences in the computer simulation (¢t =
0s, f=>500 Hz, u=(1,0,0)7).
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> {po(r, 0)}?
> {pet,c2p(r,0) = po(r, 0)}

(38)

AL, r OFIFEIE 2 mx2 mx1 m OZEHA (Jry] <
1, jryl < 1, |r.] < 05) &L, ZTOHEPMHIZIHWT
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Fig.7 Wavefronts of original sound field, syn-
thesized wavefronts and their differ-
ences in the computer simulation (¢t =
0s, f=>500Hz, u= (=%, L 07).
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Fig.9 SNRs of conventional and proposed
systems in the computer simulation.
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