5 x4 x
XXXXE'EXH

BT 5 B R ¥

Journal of Electronics & Information Technology

TSN EFIERAVEEE RS RER A

#EFY A R
DwmI A% &F  210094)

Y

OB R AMES M SE B OB NN TR A KR SRS SEUE S AL AR O, A
PR RO R N 37 55 T N DT 0P LA A A e P RN Je 2 R ARG AL, 45 X 22 e IR A7) 2 e — 4 33
FERARANBUR AR 2 2 REVETE R, S HH — b3 T 1] B EL 5T i 5 B0 2 I S L R 70, 3 T TR B — T 4
MR P P A AR A FE BT IO T RS 2 2 AR $(ATC-FADI) . %77 35K = A 22 58 A 2 P [ R
B 58 H SR IROT § MR AR STk K AT B 20 ) EAT 22 I 1 3 L A DR DR B P A 170 T3, RS M 98
[Fa 29 70 4 v 2 1) A2 O T P L JO 1 % 2 B — A A ) ) 2 3T 2 2 B S e R 3 3 o0 88 o i 55 )
TAEAC I BEAT B R BOR EL AN, B AR AS S AT IS 1) AR 2 A A I A SRR AL, 2%

Vol. xNo. x

Jun. xxxx

FETCLYV AP T 500 B bR 9 L, TSR ATC-FADI P15 45 5 B8 7E 40 1 52 1) T4 S e T 55 4 7 R i 114

[, JS AT RESE B AR B
SRS R .

IR AR B AOGETHRFAE,  ATOHES]  24 H ) S B FH 37 55 AN I 2 78 i 90 S B

REIA): PRSI BIERT PN S EE R AR B IE]; EERREL

FESES: TNI1L
DOI: 10.11999/JEIT260237

1 358§

B 2 A A AR RN AT HARE S
HIRE R, B HE 5 sl WA Be s LUK AR TE) ™
i By 2 RO SRR oA 75 5e s, RO TR AR
MEMMESES RGNS EE T ELS, o,
FeT A LR BN AW 2 FEVEVEAS 7 VR 2 b R e A
WEMEBEH AR W, ZRHR ZWRE. F
FRET7 v 3 B W IA R B R R RE ) 2 IR R
SRR, JUHEN A MR 2 HIRZ A
R LR 5, B ARSI A FEVE I R B A
PEAS, 1 AR PR 3 AT RS B AR A A % vk
FERET RSN A mERARERE R
BTG, FRE = FR B L H B A
X J B X 458 A AR o

&4 A1k, AFFRIER a5 D E60F,
Her R ZHIRE, JCHREZRFEW LA E s
B, HArESERHE S 28 R Em R, BRI
PRIE S EEPERE . TTRR AR I A5 g RS S R T B
B T4 S 2= BT R AR B E e e B S Y
TRALBE G BRROT, (H 2 AR (5 5 (W A ) 55
FEAE S (W1 N 25 Bl e ) 75 ) ] R AT b 40 vy
HEN, MR HEIE AR SRS (PR R 2 2R
B0, BT 2R B0 R R BN T 7 A ok
RO K BE A s v A M D X 3k, 3 4 & T AR WAL

WA H . 2026-03-05; £ilEl F3: 2026-05-15; PIZ&HIRR: 2026-06-03
HEEESE: WEFR  ezyxuQnjust.edu.cn

SCERFRIRED: A

XEHS: 1009-5896(2026)00-0001-11
CSTR: 32379.14.JEIT260237

FEReRIEZSOR LAV i SN SR E TR R P S YN
NFPAE RSy, WA E— RS Em D> H
BCAT AR BE AR 0N, T 22 o KR 71 s e Ak 2 RS
AR HERR . SEhR B, AR B3R RS E
B AN E R E (W AudioMoth. Song Meter%s
#251), I HIC PR YE 7 R AMEL~ 24 22 v Kl
16, WAMEA L AR E AR A 2 N H (AR sl
Wy mpoker I A5 ) BT ) 1) 22 ML 22 v XU 4 2 B (i
ChirpArray®. MAARUVIEE). [k, 7EAEZSHE%
I ATECR FH FE B 5 5 Ab B R R ST By i 2
TGRS, PR R R e a B

TERE R BB N 5, A Z R
S AR WS R I Beox R A7 AE VE 22 oK ) BEAIL
FhSEBEHL NG B AN, T %3 B0 o fa ot B 45
FALLONIPNS R/ WEEAYS SR EEER S 5= 1)
(AR T 48 H0 o AT I B WL & oy 32 KRR A AT
P — R S ER AN A M, RIS s
TSR 5k 22 R TR, HL I R B SCHE X AR T ) -
AR Al (A AR LU AR AN, AR SCRRZ
NGE TGS, DAX T 53 Hols ik R AH g
FE RS (AN £ AR ) o Dy S8 BE SRS 2 4R K000 i
I B N BT 77 IR R A SR I AR A AE R, AL RE R
[Fa) 38 iR N85 A8 77 1) X)) B R RO BT 36 B A
TG, TREE TG 5 38 X H & S e — 4
TR AL IR R K 2 S L —. R
MM, 2 I O N A e 2 1) — A AT & AN 1 5
(7, RIS AN RIS 1) S AN [R5 5 1 7 ) REAH 22


http://radars.ie.ac.cn/CN/10.11999/JEIT260237
https://cstr.cn/32379.14.JEIT260237
mailto:ezyxu@njust.edu.cn

2 G

o

=]

2 % FxE

IRR, FEEYFEAS 5 I A7 ) 5 P AL AR AR ik A
Nk 7S DA A R IBOR R B [FII, RIsk = H Ax
LI RFA, EAET I8 LILABIE I HARME 5 0
Y A R R B IR FE A, & BRI AR
I B AT AR e T IR K 5] S R A
THEZE S 25 OO g BRARME, M JCIE 35 s B
N DX 32 A 8 7 A B R I AR TR AE Ak T3 B
BT A RN A 2 FEIEVTAL 25 R L AR R
SR IR I 22 o

BERF bR A I A A B R AR ) S A S I A
SrAT R F A, AR ST IR SR DL PR P AR R SR
B, MHRERESITRNAE, ERA60Z RS %18
B, HEEZ MR E(Acoustic Diversity Index,
ADI) MR 225 4 P48 #L (Acoustic Complexity
Index, ACI)" R IGIEE & & HH IR BV
&)z REEES . HA, ADIM St ik
AR 2 2 FEPE$R 2 (Frequency-dependent
Acoustic Diversity Index, FADI) 2 A ji# ik 75 %45 s
R 7 DA 2 17 e e T 20 ) A AU 1) PR Py e i
Jite >R SR A T Fa Bt S ) B AR A, BeiE A AL
U] 2 ) — AR A AN 1) 5] o i v S 45 B ) s
TR A8 7515 = 5 B2 PR J6L I 38 s AR B SR A AR 75 45
TR ACLR H O A SOk R AR S 473 T8 1 e
7. Bk, ARSCEFFADIUE N BArfaH05 . H
=, MAEYEE SRR, @ KT
[ A e 2 TRV Hh s S 4 R 2 S0 28 280 S 17
Y B A IVEMEIE, SRS P RS R o A) R BB

(K122 AT REIE B A RIR Z AR T 7 [ 0 — 4Rl &
FRAEREYFER, AR SEIUER B E [ TP

AT E S, B R 2R T0 2 R T U & B H AR B
IR peAh, LGRS AE S e, AR T
A LAHZz 2R 1 JUkHz, RS Bt i 73 35
TR B 75 2 I T I B/ T T AT S 05 R AR o) B 2
B, ANy 4 e G AE SR N 16 kHz, N
HPKZFREL.06 cm, Witk RE 7 (a] #E 2R
AN 7 BRI IAE T, R BE 0 R G A] B
ROSLR) A S, SR FH M DR R 7o ) B f B o 47 041 5
Fey A7 BT 2 fifX — [

AU, AR ST 1) A2 25 75 2% ) x4 2 35
A A B DR E 1) B AT T PR R XU 7 K
BEXS 2R ) H B 5 B o IR E R E
FEACIG I —AN BT A b, 2 — I T gE |
JoT B Rl 1) 7 I O R PR TV, e T R — A
Xof M P SR SE M B AR TR BTV B IE NP
HA 5 % 2 FEVEFE 2 (Adaptive Interference
Cancellation—-Frequency-dependent Acoustic

Diversity Index, AIC-FADI). Zi8¥07%R M=
AN 2 T JRHA) 7 R 1 e T B A 5 L LR R UG B
YR ARS S ZR R, AN B2 I ISR A8
P AN 2 R 1) A IR B R A R,
B A 5 1) AR AT A AT 32 ACHOR E AN
B, EAEYEESET I M 4R b
(1) A AL 55095 A0 S5 R RRAE, AT 2R B AR S bR B
FHIREE rr AR B0 545 FE0 15 5o 7 R o3 0k A 2 7
M.

2 Wk RBiEN B LER

BEWTE 22 58 RS BETC R BN d . RFEFR A
oo ABCBLAER I 2 B4 51 BB M, A AP 7 45 5 AN
INMESTFRIE R TIRE S, EWFEES 2R
LRAEYFEESSTIE S ZREAMRK. 2HmA
W FEAE S BB TT RN O (m = 1,2, My, ), T
PAE 5 BBEETT RN, WIFES I B B 5 0]
RRN

x1 (n, M) =

- TV/TS)

(1)
KA, s, (n)(m = 1,2, M, ) Flv(n) 53 WERSH
FETCMic LIS m N AW S S AT HAE5,
oi ()RR (i = 1,2)NBEIOE 5 I AEAE G R L

PN == R IR

T,=1/f, N EXFERE M, 7,=—dcosb,/c fr, =
—d cos 0, /c53 RN BE TEMic2F W I B m AN W) 7
55 T PG 5 AR T B T Mic i1 3%k i 8] 22,
cHRAF®E. X(D)H, HM, =0, WRR{ER
ZIM BRSSP AT EEY FEE S, NEsT
PG 5 FEEM OGRS o X (1) R s B T ) 25 i
BRA AR ERR
@(n, M) = [zl (n,M), 2} (n,M)]'  (2)
A
Z; (na M) = [xz (T% Mn) y L4 (n -1, Mnfl) R
x;(n—06, Mp_s),-,
x; (n — 20, My, _95)]%,i=1,2 (3)
X
M = max{ My}~ _as (4)

S R SE IS K T8 it 78 H R A w2
I AR SCIE R E [ TS 5, 2SI B G R AL IR 52



Fx

V7 O X Y/E 2 SR Ve = B 0 [TV EREW R R v S 3

o7 —AiE . AR TISE TR KI8T
B 2] 22 I L A IR B R R B . B LB
e S HE T Micl RIS 5 HE I 6 AN RAE A
Ja, AEunE s EIRIERRMAG S, K (2)1FEN
JERAF I BNEE A G S, A BEN AR F
TR A H R H TR R

e(n—29) =x1(n—96, My_s5) — wOTptwa(n, M)

SR R IO

At wo BB TR HERERE, z.(n, M) =
Ax(n, M) HZ RGN REERE + 1M THR
z1(n — 8, My_s) I &, AJN(46+1) x (40 +2)
RS, FoRxN

Is 0O 0
A= 6
[0 0 I35+1] (6)

N ORAEF-HRRH B0 Rt (A 36t 4 15 5
B, A SCE 56 R FHAE P A5 5 A B AT R 24
H R (Voice Activity Detection, VAD)!!
SR ol AN AR BB~ 4R B0 o0 W I B O e AR g s
s By, B S R I e T AR G S s Bl R 30T
Wz 23 I H & N A BB AR PR R, FRREITZRG
B ) B & AR B H8 2000 B i B Bt 2k 4T
I AT PO A . BARRUE, SRR A
WRALE T PUAE 5 MEEA G & () X s b 4%, |
M =00 JESCEMERARHY RN B (n, M) =
[z1(n — 4, Mn,g),:caT(n,M)]T, NS

w=[1,—wl]" = [u1 (5),u1 (0), - uy (5 — 1),

- %opt

up (84 1), ug (26) ,uz (0), -+, uz (20)]  (7)

T = (5) 8 35 #5% fan H T AH B R R Ae(n — 6) =
ux, (n, M) . TEICEA b A0 51 fr B o 26 /)
b, D S Ak A R

Uopy = Arg minu® Re.u
{ L ®)
st.bru=1
A H Ree = E{z(n,0)xr (n,0)}, ZIK [ £b=]1,
0,--,0]To ZAA IR R AT 45 20 P 2UfE, BV AR
IS¢

B 1 XCRESI N HE M A s

R b 1
Uopt = We_elb = —R;alr (9)

Hr1, Ra = E{@a(n,0)a] (n,0)} IR H &R JER
i BEIE S S 1 H T ZHEE, r =E{21(n —6,0)
@, (n,0)} A& HIE RN T HIETESE 5 0 HAH R
B PNTIESE PO T Klinl S BTANAS K o8 0354
EHES -
Wept = [—u1 (0), -+, —u1 (6 — 1), —us (6 +1), -,
—up (26), —ug (0), -, —ug (20)]" = R'r
(10)
SEpRer, BRARUDTT ZERE Y Roo A1 E AR OS] & i
WA BRI ZR Bl i 145 2100,

Y
R.. = ;;wa(y, 0)z, (y,0)
LY (11)
F=3 D 21y = 0.0z (y.0)
y=1
X, Y R IIZREER B 2.

R A THIPEAR XU RE 51 25 ) 38 N A8 % 7 7
FEE A 5N R8T TP H M Re, ARG T
FEAAFRGEES AR TIE S, FLH T
BB ITIREAME TS, SN EEN AR IE—
A2 N P 8 o g 3 e 2 I VR B R, B ST R
ANAKTHE T TS SR 2 A = 2¢/ fs
TR BB WAL KA NS/ N 118 5 K
AR SEIG BTG TR & B e Rl R A

d = Amin/2 = ¢/ fs = T (12)

LE R, RGURMER f,=32 kHz, TIREFMIT
[ BEd=1.06 cm, R MHEFTHIAE T2 NEEFH
150°75 M NS R B — T4 Hrb, B—FTIE
S5 kHz. 8 kHz. 12 kHz =Fh B B 5 B
B, AR SR B 2 IR T, REE A RUBLI e fE
MU 5 2 T = . BB M s S A WIR a6
TGS, HBREEE R kHz-12 kHz, J&T 8
R 56 W IS S 5, R U S PR A 1
AT

WE2FTRN, TIRSFEICRIEE &Mt T, Bk
FI| 23 I 3T N A A 90 i A R 7 v A R A TR ) B
FIAG T PRI T8 1 =T 40 i s
MELEI2(a), KT8 2 AN B BUNER 4 7 1) 58 15 26
W55, HASHm N AE 150075 [\ _E 5 kHz. 8 kHz.
12 kHz AT R 24 (1) RO G, Ho 26 0 40 A
S5 AE5 W BB g AT B, R EZE LR
o} 22 P TSRS B . AR BRI A P o X
T1E1 kHz—12 kHz N BB E LSS 17 R Bt FHE



4 BoF 5 B B % W B xb
360 0 360 0
300 | -10 300 -10

-20
240 -20 240
< 1 | : < =0
F 180 f -30 F 180 f -40
i l : : I
120 -40 120 —50
-60
60 -50 60
-70
0 2 4 8 10 12 14 16 0 2 4 6 8 10 12 14 16

6
I (kilz)
(a) B3 SR T IS S

Si# (kHz)
(b) B IR BTG5

B 2 ToiR B R TTIAEE R, UG RE 52 I I AR I — P2 A3 S w8 (ke 171 150°)

T, E2(b) BRIt FRRIN —FEE BT
TSCHEIIE SR, YEIZ AL S0 N R
A B BOR o

3 EREEEEMSIZER S HH

KPR AN, AAREY S-S R
T RFAEAE A oI B 2 A T A RETC ] B AR R /N, 3X 3
TN T ) B ST B 2 M B G 8] AR RN R RS o U
bk, AW BAT I3 TR B UYE R AR gk, 3R XX
TCRES 25 I (38 B P8 R A R AE TS0 B[R]
LU AT 20 H AR 5 ORI 2R A7 AL H AR B 1]
o ASCOAEAR HE —Fd eR = 2 v KU R T R
TR AP BUR: PN METICER 3 T SR S RE A
M. METTEER ARG, A(12) % AR 2,
R R A Bl om N A IR iR B, S ELT ISR
S5 R4 B B 0 R A R TN £ PR BYI PR .
I, B fRE A 2 22 B T )

c
cosf, = cosb, + gc

fd’ﬂ‘ lcosfe| <1,q=0,41,+2, -

(13)

X, g = O N SEFIREIETT 6,5 g # 0NXT

RSB E M . X TREEERE, 4R

MEEd = pcT,, HpRBERT, K(13)7TEEH
qfs

cosf. = cos by, + I (14)

M, BEAE—HE R po, H

H1 < U2 %B/A\N?%*éﬁﬁﬁzh, XHL?W?/I\K

AR TCIEET 5, IR S F M TT A cos 6., i 2

cosf. ; = cosby + z:jz;,z =1,2 (15)

FH T X6 22 T R 471 F) 2 AR 52 i) 12 55 T 42 71

X RR, AT H 00 <6, < 180° HIEHE, fEUL

X ] P 4R 5% R R o DRI, S P A ) R R

TR Z4ERSFRE M ES, S TRk e

cosOy s f Rl fo S5AERT, FKcosh. 1 = cosb. o &TH

AL ZEG KPR N = g2/ pe B
SRS . HFged (pr, p2) =1, ZEEFMAL
HHANH G 50 5 pe MR B . B
E— Nk, [H15
q 42
mo p2
R4 A P — R e e, (16) Lt
IR, WH g = kopa, g2 = kopze &ifr|cos| < 1,
fE1E

Jo
I .
TES T fo < fo/2, BEH ko AT HUE OB £1
Bko = 0B, cosl, = cosby, IXXTNEHLE T
ElEH A T4k = £1KF, cosf. = cosb, + f./fo>
A fo = fo/20 FE XTI RE AL, 3B B BT B X B
R S F R AL EAAE fo = fo/21X — B HIHE E
HRASEE, EHAMIRYEMZHE M. FE
BI) /2 R A H A 4 7 VR S A JE YR I AR B AR AR 1 |
PR, R b 0 VR 2B 5 o L o B X S B A A T
SONSENEREEIE AN E RIS

AR5 DAFE JG [ B d = 2¢T, Fld = 3¢, 1 7 241 W
JCREFI RG], fEEI3TR ] T 5 R EE A T, Bt
R 20 23 N 2 7 P A DR AL FRAE 75 3k O i 5
THAES TR HEE S, F3ER, 4
T 1Sl N R W =5 G (P o =1 R R e o7
TSR LA ML R BTG, BT
B3 (b) ()R PB4 e e A IR 5 T 443
T, HESEREES T T ML kHz-12 kHZJE
Fl N IR AAEAE, FECTIIRS TR —Im i
FEAR =TGSR, AR — Pz
A BE A 2R AT R AR A ) S IR IE S TR FAINT .
I ONARE T A= AN SR aNasty/ PR EUSR R & L R )
FEAFTI, M A F e Bt 545 B B %A € In)
TP P ERARME . SbAbh, X Eb 3 9 A ] PR B 5

= ko (16)

‘ s

(=1 — cosy) < ko < 22 (1 — cos ) (17)

~



Fx

V7 O X Y/E 2 SR Ve = B 0 [TV EREW R R v S 5

BB A e LS., W AR Y, A TR A B S
PRI s F A B E A, B B B S B A
YR B T A EAN LA

4 BENTHILEAREF SN EREE

FEFE A BT S B 2 A ADITR 4% 1
H P I B AT BRI B0 LI K L
HERBE, NG S AT B 418
FERIFRECEUE, (HFAARYE 70 b7 i B S K I 43R
BOER—TTIRMIT, PECERR R 7 545 2 45
Hah R AW A SNR T B AR BUK P . FADIE %
ORI 2 N O 1E R % 2 (Constant False
Alarm Rate, CFAR)KlI AR Bt ADIR) — B A ko
TR B T792:, RSB AR A 5% 1 1 7 e M P o

360 0
300 | : -10
20 | 20
& ! ! ‘ .
= 150 | 30
I ' -40
120 t
-50
60
-60
0 2 4 6 8 10 12 14 16
PIES (kHz)
(a) d=2¢T,, HXEHLLETRE T
360 0
300 | : -10
20 | 20
F 180 f 30
N -40
120
-50
60 f
60

0 2 4 6 8 10 12 14 16
pE (kHz)
(c) d=3cT,, M THEETMES

S0 5 E AR G RS T TRR, AR s IR A
WIS SNRE [ R S B (2 PR A, ]I 7E SN RIEHA
AE 5 ADIRFEEUE — 2L, MM AR 325 O F ADIRF
T A SRR R I .

Rl , A STAR S 5 A 0t 22 v U 21 23 i) — 443
Wi AR AN BUR I FADI,  $& HH —Fh & (8] B B R 7
Bl R 1) 2 B 3 L P e T, R IR T A T — b
S NAIC-FADI 50715, B EER TP
WA 2 2 R R 2, AR R E4R. B
PSR, AR = AN 50 A S — AN R3S 5 e
M%), HAPFECIRFETC2, FEc2fFE o3 2 P
JCIAEE R 98 H B RO T B & Jext &1 BE o
HEAT 2SI EE RN AR BER, LA 23 B 2 o i

SRR E M T & AR JE R RS R T
360 \\ 0
300 f 10

20 f 20
> -30
= 180 x 40
R0 | ~50
60 ~60
A B
0 2 4 6 8 10 12 14 16
iR (kHz)
(b) d=2cT,, EXHRAGETIRGES
360 x 0
300 f \ -10
240 —20
C »——~—
= 180 | 30
] P— _
R o0 | 10
o0 | ~50

0 2 4 6 8 10 12 14 16
i (kHz)
(d) d=3cT,, HXWIRAGTHES

3 BEMIBRZEAE T, XUTTPEF A N B & L A A IR A — f 2 S50 R 0 7 (T Pk 1 150°)

& s 2§ 1§ R EOER AT | SRR H ECHAESE |
T B 2 S| STFT [ s It | |
o | Gi(kD) { |

=] 1 T G k,l H v S ]

= i Gk ! » i

] e rom—r—n |

St R i i |STFT /ﬁ?{[][@*ﬁ&ﬂﬂ‘ H [ mRESGHE ]

Tt | { ;

N A W, ! 1 !

ARI8 512 122 50 KR 51

P 4 B RE T PO R 22 2 R FR e B s =



6 B 7 5

& B

B

i Fx &

- e 2 [ TR ERE AN SRS
FAACHEAFIE, 455 FADIAAS H3E M ]R3 2111
PR BE S 5 (0 AR A AT, 383 & ]
B RO TN RLE LT R AR 7R A5 5 1 AE AR
RGP ATEERE, WA 28008/ TE 2 R 2 B I L 14K
JEP AL IS H AR H R

FARRUL, 456 Muias i HE N AL A HE,
X FEA AT T eq (n) Flleg (n) 70 0 1EAT R AN L
AF 4 (Short Time Fourier Transform, STFT), 13
B 0F N Th KA P (kD) FIP2(R, D), 1<k<K,
1 <1< L, HHAEFIo SRR 5 -5 R )l 7
T, KRN s s B, LR e B
(YRS RIS . AR S e A0 3 I 1) B i Ak 2
AT T B 1) ZAE A I AR GL(k, D) RIG2 (K, 1), B
Vs D F R AR 3 T PR PR I AR S A L, AR
TITRRIA0

, 1 Pi(k,1) > n,(k)

anz{)ﬁé )= mk) 1
Hrr, o, (k) AR A7 B4 5 S ESUS LY
BRAR [ SRS I T BR (2. st e 2 A A B A
GL(k, 1) FIG2 (K, 1) #EAT 6 AU HOK B ARl A Ab 2
V) FGHT I —AB A IS G (K, 1), D

G(k,1) = n}lﬁx(Gi(k, 1),G%(k,1))

(18)

(19)

RAEADIFIFADIVHE B, B4 Hrais o6 1 2
R N ZAN Y NB =1 kHz &S 484 145,
L0, RONFB DTN SR REIE£E, W,

(k| = 1)B<(k—1)Af<z2B},1<2<Z i

Ja, VEER AT T E LN S R S B
pe = fk,lszgz (20)
>N
j=1
7N EFI ’
L
N, ::j{:keﬂzj£:<;(k,n (21)
=1
wJa, B ER A R EREEUE
A
A== p.In(p.+¢) (22)
z=1

2, N L IE B AR O SROGT B Fr 17 Vo0 T B Jm 1
e/ ME
5 MREfhE
5.1 (TESLWEIES
AR AT FAE AT AR PR S, A

W I A3 A G R RN AR D R R R RS R, U
b FADI, AIC-FADI-s, AIC-FADI1, AIC-
FADI2FIAIC-FADI .8 ADI i3k H5 £ 5UE X A4
FESINR T B B BUSAE B, AT 360 B $2 500 1 1
Yo ge oA B A4S B IE A E SR . K, ALC-
FADI-s o & 8] BE 264 T & X6 FE A 25 B H O
N A6 U A B R S M R FADIEUE, AIC-
FADI1ATAIC-FADI2% 5 5T B4 B o1 f1 B
JC2AL T PR S S T ey (n), PALBEIC2AIFE T
ST PRI S T e (n) 1M EMFADIEUE . 15
TSR B AP s = Jn AR ) 2 M 22 v XU R B A
A, JAFER T = 2, po =3, XFTRIFESGIAIFE 4y A d,
2213 em53.19 cm. SZE T, HERAEM B
SONENGFE, SERY R PR EMNLE, JEAE OCRE
B RS JE mlT Ee FS , FrE EiE B R 2235932 kHz.
X T S EES AT AEE S, fE75Ee = 340 m/s
FAT, R BT EEESERE S
JABE TG 2 18] (P AE X R IR I R], AR J5 8 B3R 5 1% 75
T5AE S AE N BEAAH R 22 50 KR T U5 5

Bk, BB GENEE S AR
TMELE40 dB. A1) 5 MR B 2 150° )5 &0 2 & B
MR SE IR b, JERSIEIE i 5t 185 2 s
HEA B SLIG , ARSCIEEE T 30 AN A1) S0 5
B, JFIEa 6k 8 B Fr B Rt N A (8] 5 A 3T
BEHLEHE, LAzt g 5 B B 100F A R 4
o B —-MAE, BAL 13RO K
B, SRS LR3@EEs SR L, 58134
BA AR ESINR T H &4 H TR0 5.
SINR I HUA 6 [ -25 dB&40 dB, #i#5 dB. fT
AT BRI N60 s, SIS R B B
HA A FRSINR, AR R o 1) & 08 7 [ 45143 A7 76
T I o OGO (R R A A R FE A R (O
W BHARAE ), PRI b 47 T O A i T A AR A
SINRHUH A2 A 428 il P A7 32 92 50 0 i — AR AL R 3%
T B 540 50t S 45 2 SINR 20 1 .

E5ga 7 KA _EiR 1004145 B R EAA 21
Fubp ADT gt 48 28 (i B SINR AR AL ) it 2k, Bl
FEAN U N A —SINR KA T AR [F) — it 50 75 Jr
B HI100F A R A A TR RS RFIE. &b
J7 B IR €6 ELZRFR Y T % 4L 0 BB O T e HE S
H{E2.38. XTHLESH S FeH &l 7, EiR% T
Bk H 25 RAE M S SINR A4 (40 dB) N H3& 1L Jo
HARME, ZEAE0.03, KA HIREN HIE
I AR T VA SRR T RIS, iR T
5 8N 7 A5 5 R A AR AE, R AS 22 52 m I
RAUT R RS



Fx

V7 O X Y/E 2 SR Ve = B 0 [TV EREW R R v S 7

1.0

=20 10 0 10 20 30 40
SINR (dB)

~=FADI + AIC-FADI1
~+ AIC-FADLs -+ AIC-FADI2
AIC-FADL - M AR

5 TLA ADIZOH ORI ESINR AR AL K475 LA R LA

HKk, X250 5 IE RN A48 A B 5 H 15
SIFE MM ADIS R E (ATC-FADI-s, AIC-
FADI1, AIC-FADI2FAIC-FADI), 7E{%Z-15 dB
FISINRYG P, FEECEUE M2k sk /N, Fafitk
W% = TFADIFREUCEUE, SRR S E H &R A
M BEYE T ik B R A U T R f . 3
W ATC-FADI R (10~ f vy B el JE M B
ROV, I I B2 L5 A o A A 3L SR W B E B2
PR E 5E 18] TR () R, G JE 20 R TP e
R E B RS, Fi, ASCH e
ST P I 8 A 75 S e L B R e 0 A H bR
GREIRERE T, ReAE SEPR G I8 1 BURSINR &4
T (20 dB#£20 dB)3K15 i 25 7 M FEAEAE BN 1) 45
BArEaE R, dhah, REMREIIRIER, HURR
GUOtIR S, TERA B B R LT B (B G LRI
FEIC2, BEIu2fIfE e3) Rt b, ko1 503
2 T (1) 18] BE F SR 1 B AT 25 IS N AR
P31 B S 5 1 AR A AR AT 02 S HUR
HAMMA, AeEdt— DI T S IR S M RO A H
WESIRERES), AT RERE/NITERE R,
5.2 STMSCISIES oA

SEP S F 202441 H16 H 14-10:46:33 %
10:47:337EVLF5 4 1 st A il B MR X P FRE, 1%
X S FEAEE TR R H SRR 2, RRANEYZ
FEVE A AR BRI 5. R B TR S M o R BE 4%
PRI RS SE, ARSEIGAFE G T AL =
JCAESI ST LR VERE B, RAESLYG 25 B AT R W K 6 B
TN B BB AT O 22T A G S 5 AR AR R SR
BHIEE, RIS A @A N UA324H-42 %
BT KRS, KPER RS B0 N 32 kHz A
24 bit, FAYUCKFER K N60 s. 1% 8 S22 B i
BEERX ARG, (ESCKRER B, & H
B0 PR ARG R, [RIB 7R BE A B3 1 168.2° 07 1Al 46
SAFAE T A [ 72 (R B LR T4

—
I

HIUEE S ES) RAERG
i e

6 S TR0 R AR B A = B

K744 1 2% [ e Micl 52 RA5 5 I S %
B S I ], 1% B S 2 (1 SINR A -12.21 dB.
BI7(b) 4Ly ERRid T 5250 F T U252 B H iE
JSE A 918 I AR AN R R T T S g 75 O B, B B
A E A TS FEAEAR OB 5, b i
A3 A5 36 B KRB0 kHZz-9.5 kHz, 5 Wil X485 A 15
NSRS A RS . S TR T
W60 sSERAZ S, UM ADISCHEFE E (1) — 18 AL I 43
W

K8 (a) frs, FADIFIHIA &M 1R AT
POHI TS PR A e, TSI H K 2 5=
HSINRE F I SIS (55 . R, £ TEESE
R, T AR TN R K ) E E )
PR, TRa 5 B0 B 55 S N 7 BT AR B AT s R AR
TS (A8 (a)H110 s-30 s Be N3 kHz 6 kHz),
Ak sz e fa o T Al R .

X E8 (a) 5 EI8(b)~KEI8(d) AT EAE H, AL
BT 2= ) 38 M. A I8 5 VR B A R v 5 T+
WG5S, REOWEIESINR, 5 E2 55511
IS 75 {3 55 B AT 557t B A e %o 7 () A0S 1 3 2 TR
T 2080 B AR E ISR R . SR, %
T B2 270 2 ok P v v A0 2 R 2B 2 s th 2 S 35O
) 1 08 7 {5 5 AT S R AR T AG . lan, E8(b) R
10 s-30 s Bt N 7.5 kHz-8.5 kKHz () g (55, DL
J B8 (c)H110 s-60 si[AIBL A5 kHz—6 kHz [ 505
PSS . MACHRAIC-FADI %, 385t [al R
B B A ) A A AR AT O O B Mk
A BEH MR ICL R TP 51 -2 1) B A% ¥
T = B Y dul i I == (2 T/ 3 I NG e
Sy FEGFE, MK H ARG 5 AR S R ok
HAEE . R, AIC-FADIX T3 % {55l g
TE 1 BB 2R T30 20 530 560 sh A BL N0 kHz-
1 kHz[FHUE ) 3 e A IR, BRIrE —(a1k
IS B T S A D B XTI — 2R R
BT &, 5 R B EF A A 1 S 75 SR A
SEBRAAE, AR H T ELAT S s e 1 2 o



BT o5

0.02

0.01

-0.01

0,02 ———
0 10 20 30 40 50 60
E (s)

(a) WHHBETEH

I 1] (s)
(b) IS ]

B 7 2B RETEMic] I SERAR 5 I i ] 5 I 4 1

16

12

M (kHz)

. i . i

AL re

0 10 20 30 60
wmo
(a) FADI
16
12
N
=
< g
L
0 30 60

ETlEﬂ (s )
(¢) AIC-FADI2

8 PYFh ADTECskFE A 52

6 Z5ig

ASCHE T P I T ) R R A A
EE N PRI, FRIE R T — R 15 S s s
o [RBT 75 2 H R B & BT XV A s 2 2
PEFEE(AIC-FADI) . %7K H =422 0 WU 3
%AmﬁﬁﬁEEEMHﬁ¥% I FA B [0 BE FE 41
(1 23 () o PR RO AR 7 M Z PR SE R, SRR

ﬂ%%A¥%ﬁﬁEﬁ$%%ﬁm% SN =pEIVAE|
AUE I — A 2 18] ) A3 SR B T A S R R, X
EA A A T A A S AT IR R EOR T AN

ﬁﬁ%ﬁ?%%%?%ﬁﬁ%ﬁ&%ﬁﬁﬁﬁ
M“oﬁﬁﬁﬁﬂ HRERY], AT HoA
ADIHEFR B b, 7R SR 75 2 FR BN T3 =t v e
H5E [ 58 T P ] BE 0 A4 s a H AR A B IR
e /T, MM RETEBARSINR A& M~ 3K 15 5 #3500 T e

16
12 e
EN : Trest 4
~ 8 ' "
ﬁ' \puuu11|||||,u : Il .
5, . |3
ﬁiﬂﬂﬁiﬁﬁ M L
B 50 60
H'JLIETJ (s)
(b) ACI-FADI1
16
12
g,
E ~.medm. }
Ry ‘
mmm.

ETlEﬂ (s)
(d) AIC-FADI

SRS —AH A I AT ] L

HAEER S EAE R, RO RSB N
1.

(1]

(2]

3]

2% X u

SONG Ziqi, YANG Zhichao, XIONG Yao, et al. Assessing
the drivers of bird diversity in urban parks during winter:
Insights from acoustic indices[J]. Ecological Indicators,
2025, 178: 113854. doi: 10.1016/j.ecolind.2025.113854.

XU Zhiyong, CHEN Lei, PIJANOWSKI B C, et al. A
frequency-dependent acoustic diversity index: A revision to
a classic acoustic index for soundscape ecological research[J].
Ecological Indicators, 2023, 155: 110940. doi: 10.1016/j.
ecolind.2023.110940.

MAMMIDES C, PAN Wuyuan, HUANG Guohualing, et al.
The combined effectiveness of acoustic indices in measuring

bird species richness in biodiverse sites in Cyprus, China,


https://doi.org/10.1016/j.ecolind.2025.113854
https://doi.org/10.1016/j.ecolind.2023.110940
https://doi.org/10.1016/j.ecolind.2023.110940

Fx

A2 A P AR RO 9] R 5T B R T i 9

(4]

(6]

[7]

(8]

(9]

(10]

(11]

and Australia[J]. Ecological Indicators, 2025, 170: 113105.
doi: 10.1016/j.ecolind.2025.113105.

PAN Wuyuan, GOODALE E, JIANG Aiwu, et al. The
effect of latitude on the efficacy of acoustic indices to
predict biodiversity: A meta-analysis[J]. Ecological
Indicators, 2024, 159: 111747. doi: 10.1016/j.ecolind.2024.
111747.

FAIRBRASS A J, RENNERT P, WILLIAMS C, et al.
Biases of acoustic indices measuring biodiversity in urban
areas|J]. Ecological Indicators, 2017, 83: 169-177. doi: 10.
1016/j.ecolind.2017.07.064.

LAT Xiaotian, XU Zhiyong, CHEN Lei, et al. Noise impact
suppression for acoustic complexity index[C]. The 4th
International Conference on Electronic Information
Engineering and Computer, Shenzhen, China, 2024: 32-36.
doi: 10.1109/EIECT64462.2024.10867106.

MR, Wb B, JRhh, . MM 2 2 REEREUN T AR5
X3k I0IE FH BE 1 [T). A2 FETE, 2024, 32(10): 24286. doi:
10.17520/biods.2024286.

CHEN Lei, XU Zhiyong, SU Pukun, et al. Exploring the
application of frequency-dependent acoustic diversity index
in human-dominated areas[J]. Biodiversity Science, 2024,
32(10): 24286. doi: 10.17520/biods.2024286.

OKAMOTO R and OGUMA H. ChirpArray: A low-cost,
easy-to-construct microphone array for long-term
ecoacoustic monitoring[J]. Methods in Ecology and
Evolution, 2025, 16(2): 302-308. doi: 10.1111/2041-210X.
14474.

HEATH B E, SUZUKI R, LE PENRU N P, et al. Spatial
ecosystem monitoring with a multichannel acoustic
autonomous recording unit (MAARU)[J]. Methods in
Ecology and Evolution, 2024, 15(9): 1568-1579. doi: 10.
1111/2041-210X.14390.

VILLANUEVA-RIVERA L J, PIJANOWSKI B C,
DOUCETTE J, et al. A primer of acoustic analysis for
landscape ecologists[J]. Landscape Ecology, 2011, 26(9):
1233-1246. doi: 10.1007/s10980-011-9636-9.

PIERETTI N, FARINA A, and MORRI D. A new

[12]

[13]

[14]

[15]

[16]

methodology to infer the singing activity of an avian
community: The acoustic complexity index (ACI)[J].
Ecological Indicators, 2011, 11(3): 868-873. doi: 10.1016/j.
ecolind.2010.11.005.

DMOCHOWSKI J, BENESTY J, and AFFES S. On spatial
aliasing in microphone arrays[J]. IEEE Transactions on
Signal Processing, 2009, 57(4): 1383-1395. doi: 10.1109/
TSP.2008.2010596.

U2y, IR, 8797, . Moo 8 TR & ERE S EA S Hr
FFEAET[I]. BT 515 Bk, 2022, 44(8): 2852-2858. doi:
10.11999/JEIT210489.

HE Jin, TANG Mang, SHU Ting, et al. Linear coprime
sensor location arrays: Mutual coupling effect and angle
estimation[J]. Journal of Electronics & Information
Technology, 2022, 44(8): 2852-2858. doi: 10.11999/
JEIT210489.

DU Yuxi, CUI Weijia, BA Bin, et al. Adaptive
beamforming algorithm for subarrays based on coprime
array[C]. The 3rd International Conference on Electronics
and Information Technology, Chengdu, China, 2024:
872-876. doi: 10.1109/EIT63098.2024.10762283.

GRAF S, HERBIG T, BUCK M, et al. Features for voice
activity detection: A comparative analysis[J]. EURASIP
Journal on Advances in Signal Processing, 2015, 2015: 91.
doi: 10.1186/s13634-015-0277-z.

YANG Jian, TU Yuwei, LU Jian, et al. Robust adaptive
beamforming based on subspace decomposition, steering
vector estimation and correction[J]. IEEE Sensors Journal,
2022, 22(12): 12260-12268. doi: 10.1109/JSEN.2022.
3174848.

Mk . &, WLRRRA, BERITIRONRESE S AL

&

X

: B BIEER, WHROT ROV RAFERNARGEOR . FEAIE S
AR MRS o A S AR

JE: B3, BIEGR, BRATTINE RSG5 A HREE S

AP RS AR A GBS S

TUAEGAE B

A Noise Reduction Strategy via Coprime-Spacing Subarrays for

Biodiversity Acoustic Indices

CHEN Lei?
o

XU Zhiyong®

ZHAO Zhao®

School of Electronic and Optical Engineering, Nanjing University of Science and Technology,

Nanging 210094, China)

Abstract:
Objective

As a popular tool for rapid biodiversity assessment, acoustic indices have attracted increasing
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attention in the field of soundscape ecology in recent years. Nevertheless, most commonly used acoustic indices
are susceptible to background noise. Traditional single-channel noise reduction strategies, including spectral
subtraction, high-pass filtering, and threshold detection, have been widely adopted as preprocessing approaches
to optimize the calculation of acoustic indices. However, when dealing with anthropogenic interference that
overlaps with biotic signals in both time and frequency domains, the denoising capability of single-channel
methods degrades severely. Although spatio-temporal adaptive whitening filtering based on microphone arrays
provides a feasible approach for suppressing directional interference, it suffers from a non-uniform two-
dimensional spatio-temporal amplitude response and the self-cancellation of target signal in the unconstrained
interference cancellation. These disadvantages lead to distortion in the time-frequency distribution of target
signals, causing acoustic index calculations to deviate from the ground truth. Therefore, this study aims to
propose a noise reduction strategy via coprime-spacing subarrays for biodiversity acoustic indices. This method
effectively suppresses directional interference while maximally preserving the time-frequency distribution
structure of biotic signals.

Methods The noise reduction strategy based on microphone array spatio-temporal adaptive whitening filtering
is proposed, incorporating the Frequency-dependent Acoustic Diversity Index (FADI), which is insensitive to
fluctuations in the array's two-dimensional spatio-temporal amplitude response. A noise-robust acoustic index
method, termed Adaptive Interference Cancellation—Frequency-dependent Acoustic Diversity Index (AIC-
FADI), is subsequently developed. Specifically, a non-uniform linear array is first constructed using three
microphones to form two dual-element subarrays with coprime spacing. This design fully exploits the high
spatial resolution of wide-spacing arrays to narrow the null width in the direction of interference. Meanwhile, it
avoids the physical implementation difficulties and mutual coupling effects associated with small-spacing array
designs caused by the ultra-wideband characteristics of target signals. The spatio-temporal adaptive whitening
filtering is then performed on each coprime-spacing subarray separately, adaptively forming two-dimensional
nulls within the interference support region, thereby suppressing directional anthropogenic interference in
analytical data before index calculation. Next, a frequency-dependent threshold scheme is utilized to obtain the
binary spectrogram for each coprime-spacing subarray output, abating the influence from gain differences along
the frequency axis for a certain direction. Afterwards, by leveraging the high spatial resolution of wide-spacing
arrays and the interleaved characteristics of spatial aliasing null positions between the spatio-temporal
frequency responses of the two subarrays with coprime spacing, a pointwise maximum fusion is applied to the
above two binary spectrograms. This process reconstructs the binary time-frequency distribution structure of
target signals outside the interference support region, leading to a single binary spectrogram where biological
sound components are preserved to a great extent and anthropogenic interference is considerably suppressed.
Ultimately, from this single binary spectrogram, the proportions of non-zero time-frequency bins within each
frequency band are calculated and forwarded to the entropy function, resulting in the final AIC-FADI result.
Results and Discussions The simulation result indicates that the proposed AIC-FADI maintains numerical
robustness across an SINR range down to —15 dB (the yellow line in Fig. 5), substantially outperforming the
classical ADI version based on single-channel noise reduction algorithm (FADI) and other ADI versions based
on single-array interference suppression processing mentioned in this paper (AIC-FADI-s, AIC-FADI1, and
AIC-FADI2). The real-world experiment confirms that the proposed spatio-temporal adaptive whitening
filtering effectively suppresses wideband interference signals in complex scenarios, thereby improving the SINR
of the analyzed recording. This enables some weaker biotic signals to exceed their corresponding frequency-
dependent adaptive thresholds, greatly reducing missed detection of the target signal. In addition, by
performing pointwise maximum fusion of the binary spectrograms from the two coprime-spacing subarray
outputs, AIC-FADI further alleviates the extent of target signal missed detection (Fig. 8). Nevertheless, the
real-world experiments also reveal that the interference suppression performance of AIC-FADI degrades for
highly time-varying interference components.

Conclusions This paper addresses the challenge of calculating acoustic indices reliably in complex soundscapes
where directional anthropogenic interference overlaps with biotic signals in both time and frequency domains. A

noise reduction strategy using coprime-spacing subarrays is proposed, and a new noise-robust acoustic index
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(AIC-FADI) is then developed. The method is evaluated through simulations and real-world recordings, and the
results show that: (1) By applying spatio-temporal adaptive whitening filtering on each coprime-spacing
subarray followed by pointwise maximum fusion, the proposed method achieves both wideband interference
suppression capability and target information fidelity in complex soundscapes containing strong interference. (2)
As a result, the proposed AIC-FADI maintains numerical robustness down to —15 dB SINR, substantially
outperforming the classical FADI algorithm and other ADI versions based on single-array interference
suppression methods. (3) The proposed method provides a feasible technical solution for extending the practical
application scenarios and spatio-temporal coverage of biodiversity acoustic indices in human-dominated areas.
However, this study only considers directional interference that is relatively stable or slowly time-varying.
Hence, the interference suppression performance degrades for highly time-varying or uncorrelated noise
components. These challenges should be addressed in future work through more advanced signal processing
techniques to further improve the robustness of acoustic indices in highly complex acoustic environments.

Key words: Microphone array; Adaptive interference cancellation; Spatio-temporal adaptive filtering; Spatial

aliasing effect mitigation; Acoustic index
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