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Chapter 7. Equivalent circuit model
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7-1. BEHDOETILE
Modeled field

EOEDORIERERNDS, VA=V I BALVMIBII AT MR, TEHESTH()=1=
const.|, IEFENLOFEDILEBEZTERVZLO H ()], [EFENSOFE H()) D3 &
BOFES TRREINDILN o7 (Fig. 7-1), IHIZ, BSERVE 6 ETIE, EL<DOIFIv
7a) = AR LT H(f) BEDS 0.7m 12 B T33IF 0 ravy — A REORHEFLL
TERESNBIER Y, IXI 073/ —ADEBRDEER DI ERRERSN TS,

LA Iz, Fig. 7-1 " FH% Fig. 7-2 OFHIZEM{LT 5, Fig. 7-2 TiE, IF v Fary—
NOROVIZEFORBRFEBEHTIEFTR S 1 BHF-ITEMEN TS, LUTFIZ, Fig 72 %
BT DEREFIET D, |

H(f)  ZEZFESHIHoDEEE,
ZITRE R ERE TEE(LL TV A7, H(f)=1=const.
H(f) XS A~ AR TBRER S | 1ODOEE,
Xy ary AV REILLDRFEEZRE TS,
H{f) KRIZHT2EER S 2 oD FE,
RIZEDR A EERR T2,
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Fig. 7-1 The modeled field where the mixing console exists. The field is ex-
pressed by the three contributions, Hy( 1), H,(f) and Hy(f).
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Fig. 7-2 The simplified field without a mixing consol. S’1
is inserted instead of a mixing console. H,(f) and
H,( f) include the acoustical characteristics of a
mixing console. The transfer function of the field

is expressed by the equivalent circuit shown in
Fig. 7-3.

6 EORIEFERIZEY, H () BN H(N) IZENEFNANANRRTANEZ R Pa—RRAT )L F L
LTOREEER TAZENHERINTVWD, £IT, Fig. 72 (RLZESH% Fig. 7-3 (TR TEM[E
BCTHRETH, ZIT, Fig 73 ITRLEEMEIRE, BEEERIZE TS Fig 7-2 OmZERK
ERLTND,

H(f)

Source =1 -Di - LP
s H,(f) =1 :Direct sound .
—0

H,(f) : Reflection from the console’s surface

S : \/-r/_rl - exp{—jk(r]—r)} H Hyer ( f)

D e T T T S A e

: attenuation delay LPF

s2b— Jrfr, Hexp{jk(r,-r)}H Hezr (/)

Fig. 7-3 The diagram of the equivalent éircuit for the sound field shown in Fig. 7-2.




EMERTIE, VASVTRAVNMIBITBEEEEE H() D, BEET H(S), S'1EIA=
TRA DGR H(f), S 2 EUR=TRAVIDIRERRE H( ) D 3 >DOFELTEZS

N5 (E(7.1)),
H(f)

Hy(f)
1

+ H(f)+ H(f)
+ H(f) + H,(f)

(7.1)

S 1 RS 2BYR= L T RAVIETOBREBE H (N ROH(NIX, TyTHx—4, T4V,
TANED 3 EEOERTHEMEIND, TyTRA—FRPTAVAXEFRLEFROBBEEIZLY
HEzbh, 7402, ST RS 2 hoDEEREICH L TENENANA/RARTAVE Hype(f) K
V=R T (VE Hp(f) ELTEZLNS(F(7.2), K(7.3)),

H, (f) = M‘e—jk(r,-r) “H ypp (f)

H, (f) = m_e-jk[rg—r) “Hpe (f)

where,

r =3.0[m] ; distance from L.
r, =3.3[m] ", distance from L.
r, =4.2[m] ; distance from L.

k = w/c[rad/sec’] ; wave number

(7.2)

(7.3)

P. to S.
P.to S'1
P.to S2

2RTEBICBITAEIRIL, BREEEES o/ LLZEE, —#%IC 0 K55 2 F D Hankel BIK
TRE&SND, £, BREREICIDIEEMEITICHEN TS 0 K55 2 FED Hankel B2 EH IR E
L TAVTYVS, Hankel BIKHL (k) i, ke SHHREVES, HERERICIAIAE L
BB O HFBOFEIZLDRIERROB TELTES,

Fig. 7-4 1%, S’1 BT S’2 12331} % Hankel B R R LR BB R BFICLORBFR LKL
ZbDOTHD, ZIT, r=30miIEEFR, r =33mIEFTES’ ], n=42mTEEFFES’ 225
YRA=U TRAVIETOERZFNETNERELTVD, Fig 7412558, S 1IN TEFREDOE
BEZEAKRE\ S’ 2 128V T Hankel BB RBLIERBEBRRADES RIVIEBTSNTNDA,
WL FDEII/PNENLDTHBZENS DD, Fig. 7-5 KW Fig. 7-6 1%, 8’1 RS’ 212k
% Hankel B3R B LB BIBRBUCLIBIBR IHDOZEEZRL TV D, ZHOLDFRERIZEDE,
10Hz P _EO#EBRIZ B O TRIEDO 1T 0.2dB LLF, (IHEDZEX 1.6° LTFTHY, ZZ
TWBEBREIIBNTL, TR FTRERBE THIIENZDD,

LLEXY, HEOFUEMHICEREL, ZMEXRET L CIREREBEEIEHEEICIVITLIREL

T3 (Fig. 7-3, 2(7.2), R(7.3)),

TRESN
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Fig. 7-4 Comparison of the amplitude characteristics be-
tween the Hankel function and the exponential
phase shift with the attenuation inversely propor-
tional to the square root of the distance. The solid
line; difference at S’2. The dashed line; difference
at §’1. The black line; exponential expression. The
gray line; Hankel function.
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Fig. 7-5 Difference of the amplitude charac- Fig. 7-6 Difference of the phase character-
teristic between the Hankel function istic between the Hankel function
and the exponential expression. The and the exponential expression. The
solid line; difference at S’2. The solid line; difference at S’2. The

dashed line; difference at S’1. dashed line; difference at S’ 1.
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H() IZBITBNAARTANE RO H()H)IZBTER—RZAT7 0L 41%, 1 BRELRRDILR

B2ROTANEZTEREAT D, TNOOTNFE, HIBFEL [ ROHREROHE 0 #AWVTL
Totiicksnsd(H(7.4), R(7.5),

1
Hpppp = 2 (7.4)
D G 30l

! | (7.5)
(f14) +ig(f15)

where, [ f; frequency [Hz]

J, ; resonance frequency [Hz]

HLPF(f)= -

Q ; quality factorr
[, 2IROB—RARUNASNRTANEIBTD f R QEBRRDAV T IF AL, *x
RYBFUAC, BHRRBLLZ, BEROAT—FVAM,, TR/ SVFVAC, ERERAR,
FRAVWTERETEER(7.6) RUR (7.7 &85, Fi2, FNODNTA—FZERNTE—/RRT A /VF
RUNARZT NS OEBEEERSHE Fig. 7-7, Fig. 7-8 £723, EMEIRET LV TIRELE
B—/RRTANE R PNAIRRTAVEIT, ':@J:btt%‘fi%:ﬁ FTARETANETEHD,

f, = L —1—; resonance frequency [Hz] (7.6)
2r\LC 2n\M,C,

0 = % = 715\/% —.-Ri ’% ; quality factor (7.7)
A 4

where, [ 7 - inductance (H] , M, ; acoustic inertance  [kg/m*]
C ; capacitance [F] , C, ; acoustic capacitance [m’/N]
R ; resistance [Q], R, ; acoustic resistance [Ns/m’]

Af ; 3dB modal bandwidth [Hz]

HHPF(f)
R C

Ry (Co L
().(C)(M")
———

HLPF (f)

(1150 (ﬁ C
GRET

2nd order HPF ~ 2nd order LPF
Fig. 7-7 The circuit diagram of the Fig. 7-8 The circuit diagram of the
2nd order high pass filter 2nd order low pass filter
used for the equivalent used for the equivalent
circuit shown in Fig. 7-3. _ circuit shown in Fig. 7-3.

DLEED, SMEREFTNTIE, B2 L KRR Q% Hyp(f) B H(f)IZHEZBZEIZLY,
#(7.1) ~R (75 EZRVTIRZ VI RAVMIBIT D BB B 2L — MBI ENTEB,
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71-2., R 0 DHEE

Estimation of the f, and the Q values

SMERETFICRATS L, RUQ 1L, UFOFIBICL0RAITIEICHE T2,
D #EERLRGQEEL, H(H)RUH) ZERTS,
2) BEHUE H() RO H() OB ERERECLOREER R8T,
3) HAHEETT LR RS MERTIC L SR RICT 40 MBEIT, £ RTUNQ
DIEZHES B,

ZIT, TauT 4T DE—7y et DR ERL, UTORGETORT#ERERAT5,
ITvTALY— L Type A
Type A IZE DM AERIL, ZLDIF L Favy—ABRICHLTES THAD
LD 6 BEIZLORFESHL TV,
e V=N B )4 7L
IFXK VT —VOEBICEALTZ, EOEEBO/NINIENE 6 BIZLDHE
BENTHY, BEEBEFLLEO/ELZH TEFEEN TS,

U EDIEREIZEY, NARRTANEI R PO —RRT7AVZIZHWS f R0 2%, UUTOE%:
wRLE, '
INAIRRT ANE (o, Q) =(30Hz,0.1) (7.8)
/SR T AL (fo, @) =(500Hz,0.5) (7.9)

LROEEZRETDERICAVE =7y ME L EME BRI LD ERE RS Fig. 719, Fig. 7-10
\Z7~9, Fig. 7-913 H,(f), Fig. 7-10 iX H(f) D#EREZELTND, MP, ERI EMERET
MZEDVIab—MER, BERVPEERITERERL TS, H, 38LLT, IFvorar
N DBR R E AT A COMIERRI R B b TRERTRT,

H( ) WCELTE, BEHEERICHTA2EMERETNDOT7 40T AT BEWEE TER
TETWD, —F, H(NH)IKBALTE, SRRV THERIFERESMERET L TOL~L
ENRELTND, BRETHEDR NI — MITI201iE, SEHEEIRETAD H()ZE
ICEEMR RN EEE TDLERH D LB DNDD, AFROIREIRIT 100Hz iTD ORI TH
B, NANRTANEDT 40T 4T IZELTE, By bd7BREOULID DA —F D21
BB EICERAEZEV TV,
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Equivalent circuit vs BEM : H,(f)

10 T T r T 171
Hi(f)
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Fig. 7-9 The result of the curve fitting for H,( f). The re-
sponse via the equivalent circuit is fitted to the one
via the BEM using ( £, O) = (30Hz, 0.1). The black
solid line; via the equivalent circuit. The black
dashed line; via the BEM without an imaginary
mixing console. The gray solid line; via the BEM
with an imaginary mixing console. Responses were
calculated at 1/24 octave intervals via the BEM.
The 0dB indicates the direct sound Hy( f).

Equivalent circuit vs BEM : H(f)
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Fig. 7-10  The result of the curve fitting for H,( f). The
response via the equivalent circuit is fitted to the
one via the BEM using ( £, O) = (500Hz, 0.5).
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B, B SRTANERUNARRTANEEZNERN, R, CRUL, ChHbED 1 KDT 4L
FLLTRALIZSE, SMEESIC LR EAT & R AT IR+ 5 Thotz, -0
SEE, IFRLLT I AREETIERAMMT A0, | BB ERRRIC L BRES
LETHY, EOLRERE [ RO QEMATDEBROAT —50 A M,, FEF v/ H R
Co FEBIEH R, 2V HEER CRE CEBARMNAE ZEEZEREL TS, BL, 25
BEEBRONSTGA—FLE BT BT A—F LD IS ERITHHITIE, SBIZEDEHE
LB ALRFNLETHY, §H%OBEELTRRLTIEIET2,

H(7.8) RUH(7.9) DERIZENVBONDNARRTAANE RO —RRT 4 LE DR S Fig,
7-11 X T¥Fig. 7-12 {Z7R¥, Fig. 7-11 3R B4, Fig. T-12 T ERL TS, ®d, E
'ﬁﬁ‘iu—ﬂz7%/b§7, TEBRDSINAIRAT IV E, — BRI — /SR T YN B EINAI7RRT AL ED
ERFEEERL TS,

Fig. 7-11, Fig. 7-12 773 KDIZ, NANRT4FEO— 1T L FE, 11 DDI/aX
A= RTANFELTOREEZRL TS, T72DL, BEIOHMHINZFENIF v Fary—
I KDL B A I A Bl 4, )2-—/7'J"/f/]\LEIJEEL‘Cb\Z)&b\otﬁ#%?ﬁ)—fﬁbfbé
ZOER, 1 kU S’ 2 DERBEEIZR UL~V R UMY 7 MBI AASZRT AL E R R — /27 ¢
WATBREN, IuRF—RTANZIBALEENLRD, BAEIORAF—RT4NZLLTODI
FULT ALY = NORDBEOD, ERLLTHRA S EORBRI A= Y RAVNIRLTE

ZTWAEFRIRTES,
FlziE, TR, ZTEFE, IF 73/ LORAPLETHKRE EICABLTOAES, TR
S,S’1, S 2 I3E TR BIZEEBEINAT-D, 71:';«2“-—/\74/1/57& AL, ZOEE,

XL T ALY — ML AT BIEEEE T LRLL DL D, ﬁéo'C ZEATIEEETED 2%
(+6dB) DRFHESBRIS DI LT, FEBEESORE LICEFREZERALEIVEETHES
LLTORBRIZ AT 5, |
LLEED, IR rary—ig, %bﬁ’,—0:%L'C7uxj-—/i‘7,(/lz§7é4]f;}7;§6%b\%LT}SD,
R EREETOMERE, FEOVA=VIRAVNOMBEURICIDFDORBMIZELMBEL, #
DFERBIR=TRAMNIB T DR LOEEBLL THEATOBLERTES,
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Frequency response : LPF, HPF

10 padil 1 I 1 fir:id i i1 1T
= 2nd order LPF (f0=500Hz, Q=0.5)
== = == 2nd order HPF (f0=30Hz, Q=0.1)
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0 - ~ ot Pl d
g ST
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«
/
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2010 100 1k 10k
frequency [HZ]
Fig. 7-11  The estimated amplitude characteristics of the
low pass filter (solid line), the high pass filter
(dashed line) and their summation (dash-dotted
line). The summed response seems to be a cross
over filter.
Frequency response : LPF, HPF
+180 I T T T T TTY
== 2nd order LPF (f0=500Hz, Q=0.5)
= == == 2nd order HPF (f0=30Hz, Q=0.1) ]
_ — - — - LPF+HPF
+90 f ) o +1
Ty ~ ~ .
g “ ™ ™ -
g O i oo as ———
@ ey HEY »
=
o
N
N
-90 N
N
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\\..
-180
10 100 1k 10k
frequency [Hz]
Fig. 7-12  The estimated phase characteristics of the low

pass filter (solid line), the high pass filter (dashed
line) and their summation (dash-dotted line). The
summed response seems to be a cross over filter.
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Simulated results

XL T A NOEBIIE T AINETOMRT, EMERET VORIMEERIETSZ
ETEDZEMZRERTHIENTED, UT, SMEIRET MCIDFHEOEBEEICBEL TR
AEETTD,

HEL L RO Q (R(7.8), R (7.9) 2HMEEETT IV (R (7.1)~K(7.5) ITRAL, UX
=T RAVNIBT B ERE R B T3, .

Fig. 7-13 12, SMERET VLA BERRLERERZRE LA BMEHEHRLOLLEER
T, B, BEERISMERET VICIDHERE, BERBIFV L Tay—LOEGEE
RUEHEORMABEREICIOIEERTER, REERNRIF VL 7avy—LVOEBREMELE
& ORIERATERERLTVD,

Fig. 7-1312&5&, 1kHz L EDOBIRIZB N TUAERELTHDHO0, EEEKET L
PEBARAT S R R B CE TV BIEN DB, KU AT FED A HLL TS 100Hz 7
F4v7 (Fig. 7-13, A)R° S00Hz D¥°—2 -5 4>/ (Fig. 7-13, B)%, EMOEHEOREMIZEEL
T+ RBESBLNTEY, EMERETAOZLUENHERTES,

Equivalent circuit vs BEM : Hy(f)+H:(f)+H2(f)

10 T T TTTIT
| N } il
i i
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\\\ i HHE HELEL
& \ EEL \ .
a - ,\I !
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° P A 1
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= A £
g i
L \ / 1 i
2-10 1% . f
~ i
Ho(+Hi(fH) T |
151 Equivalent circuit i :
= = = = BEM; no img. console i '
—— BEM; with img. console l i
-20
10 100 1k 10k

frequency [Hz]

Fig. 7-13  The simulated result of the final response, Hy( /')
+ H,(f) + Hy(f), via the equivalent circuit model
shown as the equation 7.10. The black solid line;
via the equivalent circuit. The black dashed line;
via the BEM without an imaginary mixing con-
sole. The gray solid line; via the BEM with an
imaginary mixing console. Responses were cal-
culated at 1/24 octave intervals via the BEM. The
0dB indicates the direct sound Hy(f).




LT, &F50MBEOHITLO/FELERL, 100Hz DT (v 7 tEFEOEBICEALTE
AT, |

Fig. 7-14 CEEREILOES H(f)+H(f), Fig. 7-15 ICHEEFLEPLORHFAFTIZLLTE
H(+H(f), Fig. 7-16 \IZEHFEZFLUNDOEFS H() + H(f) 77, Db, BEZENSHEEREE
FACEBHER R, BREENIF I /Y — L OGP ERLEESOERERIEICIAHK
ERRATRER, REERBEIRLL 20— L OEREMKLI-HE ORERTEREZEL TS,

1kHz UL EOEBIZB W TLUNUVERELNZLO0, WTFRORED, SMERET Tk
BT 2R E B TE TS, BICH(f) DEEEE L =L —MNERIZBWVLTIE, PR
DM, SEEB T L OF SIS TERTES, |

Fig. 7-14 ~ Fig. 7-16 {Z 7R L7= 3 RO MDD S S, 100Hz BT 4y T HELTNDLED
i%, Fig 7-15723 ThHBD, ZDIL b, 100Hz DT Ay TREHEELRPOORAFIZLLT#
H()+H()IZEVEREINBZER 0D, TOTF4v 7ML, ZLDOBEEOTNIZELSR, (F
EFDOFEOR TRIEEME H() + H(f) + H() IZXBEN T3 (Fig. 7-13, Fig. 7-15, K4 A),

— 7%, H()BEENIHMEICIE, £ TS500Hz L DT «» 7 B8 B &1 5 (Fig. 7-14,
Fig. 7-16, B), &biZ, ZOF v, BEEME H(N)+H () + Hy() IZBWTE, KERFMHE
DOEABELC TS (Fig. 7-13, B), /> 7T, S00Hz iTADRAFEHFBIZB O TIE, H(f), H((),
Hy(f) D3 BREOFSIZIHEHLRHETHIEL THa B bbb,

Equivalent circuit vs BEM : Hq(f)+H(f)
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A Equivalent circuit, ! |

& . - - - BEM; no img. console_ 12 i
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20 R F——
10 100 1k 10k

frequency [Hz]

Fig. 7-14  The simulated result of the contribution from a real source, Hy( f) + H,(f),
via the equivalent circuit model shown as the equation 7.10. The black solid
line; via the equivalent circuit. The black dashed line; via the BEM without
an imaginary mixing console. The gray solid line; via the BEM with an im--
aginary mixing console. Responses were calculated at 1/24 octave intervals
via the BEM. The 0dB indicates the direct sound H f).
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Equivalent circuit vs BEM : Hq(f)+H2(f)

Normalized SPL {dB}
n

[
ey
o

! Ha(f)+Ha(f)

vl Equivalent circuit

3

19 N1 Y A< - - - BEM; noimg. console
. BEM; with img. console
_20 HE 1 A
10 100 1k 10k
frequency [Hz]
Fig. 7-15  The simulated result of the interference between
the direct sound and the reflection from the floor,
Hy( f) + Hy( f), via the equivalent circuit model
shown as the equation 7.10.
Equivalent circuit vs BEM : Hq(f)+Ha(f)
10
5
é; L
5 0 T4\ 58, —
w W’-\ W"
E 5 ’:\;!‘ / \U M
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] Ve
=z A - M1 IR
i = T TR
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15 Equivalent circuit ™ _ B ] |
“[|- - - - BEM:; no img. console ! L
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_20 i T 1 1 iisil i ]
10 100 1k 10k
frequency [Hz]
Fig. 7-16  The simulated result of the response excluding

the direct sound, H,( /) + Hy(f), via the equiva-
lent circuit model shown as the equation 7.10.
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Fig. 7-17 1%, FMliEREET N DOR—SZATAVERNAINNRT AN Z 2B LT HE O ERE
BERLTVE, HF, BERST— AT AZRONANRTANEEETEERETL, &
R NANATANEDHERTEEE, B—RBERBO— SATANEOHEETIES, K
BERIPO—RRTANERUONASRATANEZEERUZIB A DV I2L —MERERL TS,

Fig. 7-1712&3L, NASRTANE R RE— 2RI VEZDRF A, 100Hz (23337 407 B
BEOEI L ERERTHLHIEN 503D, 100Hz OFT 17T BREEE Hy(f) EERPLORKEHF
H{NIZEWAELDIEIE, Fig. 7-15 DORERINTWEA, BEFHIZRITET 1o 7 OFEMIZIZ,
H(NHIZHERASN TWDEa— AT N Z T TR, B(S) IZBERAENTWAANA/SRT 0L F
HBEREBRHEZLTHDBEEZLND,

Frequency response via the equivalent circuit model
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with HPF & LPF ' |
A5H - - = a. with HPF i
— - — - with LPF g
no filters o
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Fig. 7-17  The simulated result via the equivalent circuit
model. The black solid line; with the low pass fil-
ter and the high pass filter. The black dashed line;
only with the high pass filter. The black dash-
dotted line; only with the low pass filter. The gray
solid line; without any filters.
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Summary, equivalent circuit model

EMEEET LD 2L —MEREBE R ERIEICI A EBIT R RO EIZEY,
BIRRETNOZYHENHERINT, FAIILY, EF M EOBICERALEIF v ary—
FETHIESORRIIN TR YMENEREINT, UTF, E=FEHIZ4LS 100Hz DF 4o

EIF VT — L OBMRIZEL THRENI-FEEZFLD D,

1)

3)

4)

5)

MEHEE H(N)) & TRPLOIERRE T H(f)) D2 >OFEDFEIZLD, 100Hz
WIEDT 47 DRERRESND,

100Hz IEFED T 4y 7 ORMEICBEL TiE, TEHET H()) & TROODEIREFE
H(N1 7233, Fv o ravy— L REICLDERRHEE H () b¥
525, T7bb, 100Hz GEFEDT 4o 7 DR BRI, TEET H(N),
X% rary— L REIZLDEBREF H (), TERPLOEIEFH T Hy(f))
D 3 SOFDOFHIZIVEHEEN TS,

IXLTALY =T, BBIIRL, IaAA— T4 NERIRIRBEVET D,
X TAY = NREAIVENDFEPOOAFEIZX LTI, IFvs
TV =R, NARRTANEEIRIRDE R T B,

SrL T~ ARE LD ENF SO AHEIHLTE, S
A=, B RRTANVERIRIRDE VR T B,

EERS LAV —AREIHTHEER S’ | LUK 2EER S’ 2 L0
BEZEDS, IF T ar ) —ADIaRF— TN EZE LTI ER 2525,

BEAFE QR —RT4NBZELTDIRT T ary ) — L OEAE VDS, 100Hz iT
FELDT 1y T OREERRL TNE,




