56 1 S F oo Vol. 52 No.6
2024 46 H ACTA ELECTRONICA SINICA Jun. 2024

(AR MR LU T JCZ i AL TR R 28 R A R i RS A 105 1%

L E HTRR RAM H F?

(1. FEBFEBENE S 5 IREh A R % (2T , b5t 1001905 2. AR ERR2EBE K 2%, AL 100049 )

B E: BANREERMF (Sampling Rate Offset, SRO)flHHHEATE MRS MR LU AR T HERE™ 8RR b T ifdix
AR, A SCHR: HH — D T UK A OC R B B AR 1 2 B X B AH DG (Frequency Sliding Double-Cross Correlation
Processing, FS-DXCP) 5.3 . 1% 5 2 it FAATSUIE 8l % 101 4G R JC 20 A5OW0 I AR 5 [B] 119 7 0 B AH G R B0 I , k1 )
FHAT (B3 e Fe B 3 17 b A AT 15 M8 LU Bk — YR R DG RS T I 2 ), i 48 3 R R DG R B R R A R 3R
5 SRO WAl TT . AL B2 50 26 B ZE AR W L S -5 dB I, T4 v 1 SRR S5 O P 35 A T 25 4.21 1 0 40 %
(part per million, ppm) , iX L IA 1 DXCP-PHAT 5575 A TR 22 BEAIK T 29 8.17 ppm. FTHEFEEA BT TIKA5 M b 5%
PET SR AT A TR L

eSS AL v T (R P e S T 2y e R U

EEWH: FEEKARPARESE (No.62171438) 55T H AR5 G- /IR BB B3 2 4 (No.1.223032) 5 [
SRR 2T ST BT [ RS HIE R R I H (No.QYTS202111)

hE SRS TNOI2 XEkFRIRED: A XEHRES: 0372-2112(2024)06-2131-10
F F % 3R URL:http://www.ejournal.org.cn DOI1:10.12263/DZXB.20230339

Sampling-Rate Offset Estimation for Wireless Acoustic Sensor
Networks in Low SNR Environments

SHI Qing'?, YANG Fei-ran"*", CHEN Xian-mei', YANG Jun'?
(1. Key Laboratory of Noise and Vibration Research , Institute of Acoustics , Chinese Academy of Sciences , Beijing 100190, China;
Y Y Yy ying
2. University of Chinese Academy of Sciences , Beijing 100049, China)

Abstract: The performance of existing sampling rate offset (SRO) estimation algorithms can be degraded significant-
ly in low signal-to-noise ratio (SNR) conditions. To address this problem, we propose the frequency-sliding double-cross
correlation processing (FS-DXCP) algorithm based on the subband secondary generalized cross-correlation function to esti-
mate SRO. The proposed algorithm adopts a frequency-domain sliding window to construct the subband SGCC function ma-
trix of the sensor signals. Then, by utilizing the singular value decomposition (SVD), we adaptively mitigate the influence
of low SNR frequency bins on estimating secondary generalized cross-correlation functions. Finally, a higher precision
SRO estimation is achieved by tracking the maximum point of the estimated SGCC function. Computer simulations show
that the root mean squared error of the proposed method for sampling rate offset is 4.21 ppm when the SNR is =5 dB, which
is about 8.17 ppm lower than that of the double-cross correlation processing with phase transform (DXCP-PHAT) algo-
rithm. The proposed algorithm effectively improves the estimation accuracy of the SRO in low SNR conditions.
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M TIMIT %5048 J22 Hh 4 B SR A R 0 16 kHz HLA B
1 min 935 & 155 . IWmW (55 45 20 dB 9 6L
Babble M7 DL K AS [R) B2 B 19 2 () AS AR G FA MR . X5
TN A AT A (B R AS R AR SRR A B, Hod SRO
& €+{0,20,40, 60,80, 100} ppm. %> A 34 WUH 19 15 5
FH 24 1 5 D [ ik o) 7 465 AR A, s ] Jok v o
SRR SEe I

FVEAESET SRO AL TR ¥ 4H 1 GCC-PHAT J5 ik i
TTHL W [R5 . 7F DXCP-PHAT .3 DL )% ir 4% FS-DXCP
Bkrh  STRT % K IE N 8 192, Mifs i BN 2 048, i
BYZE A g hann % . DWACD Bk AR Bk A G 5K
JE N 8 192, W H A K O 2 048, STFT i K 4 4 096,
Welch 75 MRS S 512, -1 S 8055 0 0.95. 7E DXCP-
PHAT 5 FS-DXCP J5 i th ¥ % # a,=0.5.a,=0.99
L,=19. TEfr#& FS-DXCP J5 i H , i i K 5 ¥ B=
NI4=2 048, fHAE B Z [M ([ B>k B,=B/2 =1 024. P£RE
i Fs @ﬁﬂ?ﬁﬁ4ﬁi+%(f’ercentage of Anomalous Esti-
mates ) Sl 1 7 MR 1R 24 ( Root-Mean-Square Er-
ror, RMSE) , H i Al 1-35% 22 K F 10 ppm B 45 R ic R 5+
WS RMSEHHE AR N

2

(30)

1<
RMSE= = > [(&()-(,)

I=L+1
Horb, L3R BB 8(0,) RN 5B 1, MUY A% 31 SRO 1 5
e(l,) 7R B SROH 5 L, Fem B A7 T i) . RMSE B #437
Sy ppm. [, & {17 [ 5 SRO BCHEAE B (145 5 5
HHE ) T 36 55 B (Cramér-Rao Lower Bound , CRLB) i#f
7T . CRLBHE SRR .
MRAEC(8) , ToL 7 545 5 M55 i 1) — Yk B35 %
JE PR BCLEAT A M 75 (A5 00 R N
V. (D= (kD+ V. (k1)

2

exp(j%kstLb)

2| S NSY, (k. 1)
|S, (k. D)S™, (k. 1)

+V. (kD)

= exp(j%ngvL[7

+V. . (k1)

(31)
FRATTE 15 MR 7 114 S35 5 R 8 A il 37 TR 40 A A 1
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B A g 0 A o, HC BB B AE T A B A
1/20%=SNR, Herf 62 g W (k, 1) SR EE KE B0 7 2% . V (k)
B 5238 5 R IR A Re (V (k)), Im (V (k))) ~ N(0, 0, 6%, 5>, 0)
B M IR A . R, FRATAS B M 75 AR 1 i LR 4y
?ﬁﬂi]m]

.. (0.6)=Qn0’) * exp [— > S (Rl ()

k=0
2

—cos (E keNSLb) +(Im (¥, . (k)

N

]|

(32)
%,Fisher{%%ﬁﬁﬁyﬂuu
&Inp, (P, . (k)
o) = npk(agzzlzz( )8)]
33
RN
o’ N? 1=1k=0
A 1152 SROAE TS CRLB A
var(g)= o = 6Na”
@2nN,L,) &S, (N-DQ2N-1L@2nN,L,)
Rl i A k
(34)

5.2 EIESROiz=ETEEETM

K0S 245 1 T = APk 59 RMSE i s 0] () 25 £k il
2R, DA KT R HAH SR VA I CRLUB B[R] (14 28 16 i
2 ARSI FRATIERERCE IR TR 5[] T4, =200 ms,
25 [A] AN AH 56 FH MR R 10 dB. FT R 78 45 31 & 100 W82
I BOF- 5 2] . i A R EERL, FS-DXCP 5 ¥
L DXCP-PHAT Jy i () W S50 B #H L . DWACD J7 i
HAR A P S, (R FE I SUE R S iR 22 UK .

10%F : 5

£ FS-DXCP
"Evi DXCP-PHAT!
2 DWACD [14]
10 K CRLB
0 10 20 30 40 0 60

I 1A /s

5 =R st fE LA

K 6~9 fE/n T = FPI7ELL 1) SRO AT M IR EAN R M5
st L AN [ 8 T EF R BSF I A0 A7 335 22 RS A
FEF R H A ST A CRLB Wl 72 AH Y i . & 6
AL 7 SR FH B 5 P 8 A 9 SR XU I . 5] 6 AT 8

FFR IR IS 8] 3% B N T, =200 ms, &7 F1EL 9 Fp IR u i) 1]
W N Ty, =600 ms. {51 L& K-10 dB.-5 dB.0 dB,
5dB.10 dB. F KRR K 200 ppm.

MK 6(a) F HFEARAE W LLAG &L, Bri FS-DXCP
F Al R A ARk FL AT BEAIR Y RMSE 5 Bifi 25 15 M LU A1
TR BA 1 B Al P R vk A R RE O R o R . T
TR O R FS-DXCP Al DXCP-PHAT 5 5 A4 Ak 11
KB4 T DWACD Bk . X DWACD B ik
B AF 5 Al T S5 S B A TR, sk
Xof W AR . M AE M /N T -5 dB I, BT AR R A
J1KS B2 B A0 T DXCP-PHAT & 36, 3 A 45 B 52
CRLB. MK 6(b) AT LI i, Fr$2 FS-DXCP 53k 78 55
it FE X A8 bR ) 26 B 2 f G 1 . R A M L AR &
0 dB, T & FS-DXCP 8.3 19 5 Al 1 LR SRR T 5%.
X HCIE 6 R 7, R ATTE - 4 TR B[R] B s, BT A
A T 25 0 S R (0T 4 A AZ BT ) 4 5 e
Fb HA G FPAE L BN . 7E SNR=-10 dB.~5 dB.0 dB i},
FS-DXCP 5. 1 5 & Al 11 #2848 42 {Ik T DXCP-PHAT
k.
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L
1o 75
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g @ [S-DXCP A p
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2
104 25

)
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(a) fliTFiR2E (b) Sl
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-10 -5 0 5 10

——F'S-DXCP
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100
4
E . 75"
£ 10 =
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——CRLB
107% 25
4
0 )

=10 -5 0 5 10
SNR/dB SNR/dB

(a) fhiitiee (b) S AR
17 SRS RN ] 600 ms AR il HERE

T B B 2% B R0 IR B b 5 LA SR AN AT 8
P9 o7 . ARXE T B R 5 T R AE U I

-10 -5 0 5 10
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SR YEREHERA T, {H T2 FS-DXCP 7 e 7E AR (S ME LL Al i fh ek
ISR BUAS T Bl i Pk A, 1 ELAS 45 58 o o & 3 B
Y CRLB. HILATE = F], = FhE %Y SRO 1K B2 ol

IR CRLB. i 80X — PG AY J5L A Al g 23X — A
TR R AL S SE ARG I ELR X (13) Al (14) X
£ 338 P 5 R RO GE T 1, S BIOX SR B8 VA TG 1k

WEAS R 2 A .

e u—F'S-DXCP
10° mf— DX CP-PhaT ]
10 e DWACD (1]
g 75]
2 10° K
& 10 N
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104 1 25
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SNR/dB SNR/dB
(a) flivFiR2E (b) e AT
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e —F'S-DXCP
102 J —— 1% CP-PhaT ]
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100
3
,E; 0 75
£10 s
o <
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-10 =5 0 5 10
SNR/dB SNR/dB

(a) f3TIRE (b) S Al
El9  XUGSYR . TR 600 ms AL AT Ak - 58

5.3 MZESROG=1EREIEMG
AT H A =l SRO Al T3 X B AE SRO 936 BR fiE
77 FRATTR I SCHR L 14 ] v 2 & 75 AL B AR Ak RN s 45
1 A A SRO B 45 . TR A B[] R 7y, =300 ms, 75 5 5
AR N 3.2 m. FATHIH Ornstein-Uhlenbeck i3 #2 45

PABFAE SRO , B— WA F% 1
ell1=e[l - 1]+ O(u,,— e[l — 1) +x,[1] (35)
Horr, 0828 x [[1~NO; a5y) Il J7 2
05,=0.05 ppm ) ZF Y IE 25534 5 1, A F LR B
SRO A . U SROMH 6[0]= 11, + A yyys Ay FITE N -10~
10 ppm. & 10 JE/R T =P 7E £k SRO Al 71 55 15 7 i AR
SRO 35 T B9 RMSE. 415 Mt b & @ i (20 dB) , —
SRO fili T35 M Re AH >, LA THR 22 Y976 1 ppm LA
. B 15 M LRI, T 4R FS-DXCP Bk PR REf T3

-10 -5 0 5 10

@ FS-DXCP
el D X CP-PhaT ]
s DWACD [14]

RMSE/ppm
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10°F J

0 5 10 15 20
SNR/dB

10 728 SRO 780 T 44 BT R AR R M A 112 22

5.4 HEEZEURITEREIT L

FEX — 5 IR T iR A S A
DXCP-PHAT 5.3 2L 2 DWACD 24 1k By kA S i 2
ZRE . ARG AR b, FRATT R IR S AR vk
BRI RS N 44 Bk s B iz
BN SEAE T 10 20 5 A 40 175 . A 4l a3k 2 s
2 N, 7R DWACD 75 % i i Welch J7 #1158 5.
IR FFT 8 K, A=(N—N,)/N,, N, N Welch J5 %
P4y .

R2 BEBRHITREKFERFEZRE

Bk Fe Tk VAL
DWACD" 34+ 1N, log, N, +(64+36))N,
FS-DXCP (2log, N+ 16 +2C)N +(2Clog,2B+2C*)B
DXCP-PHAT™ (14 +3 log, N)N

DWACD 5 (i JH T Weleh ¥4 07 355 2h
ik w B, F AT A T T R B 7 AT I Oy s
B I DWACD 3032 T 75 10 6 1 YRR LE T 4 FS-DXCP
35 1 DXCP-PHAT #B %2 /& . 1 AH Lk DXCP-PHAT %
2, T FS-DXCP BIL e THRAR 5 (Al R L3S B e
B HEAT N g DL R A S A S s 5. R IE T 4 FS-
DXCP 553 i BT 5 S {H 3f€ 325 I K Lk DXCP-PHAT 5. %

i1 7E CPU & R7-5800H 1 F- & | # /] Mat-
1ab2018b A T = Fh )y ks AT HS ] . DWACD 5.
% . DXCP-PHAT % % 5 fr #& FS-DXCP 8% #17 — K
16 AC T 5 08 7 ¥R 1] 43 51 2R 12.25 ms | 5.63 ms DA K&
8.38 ms. IXLE R Fia HE Z2 T AHAT .

6 it

AR SCHR T — i T TR A R L A% 1R R Y RS-
DXCP R KA T ICL A AL R 46 P (SRR AW AL . 1%
7 1% v (B ) 7 o TR A R A 5 2 [T —
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