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Abstract: A new method of TOA (time of arrival) estimation in frequency domain used for wireless sensor nodes’
acoustic ranging is proposed in this paper. It shows higher accurate results under lower signal-noise-ratio appli-
cations compare to the time-domain method such as amplitude detection. It is based on Goertzel algorithm for
short time frequency analyses. Fixed point algorithm is achieved by adjusting acoustic ranging signal’s frequency
and window length. The computation of the algorithm can be done during one sampling period of microcontroller.
A multi-magnitude threshold TOA estimate method is also studied for reducing the errors further. The algorithm

has been tested on a node with a dsPIC6014A microprocessor. Experimental results show that the performance is

Vol.32No.4
Apr. 2010

better than those in time-domain. The acoustic ranging error is less than 3% at the distance of 25 meters.

Key words: Wireless sensor network; Node localization; Goertzel algorithm; TOA; Acoustic ranging

1 35l

-] [R) 0 55 749 75 0 7 (A coustic ranging)SEHL
TEAL A AR R w03, A Sk e
LA I W 255755 el (LA TIRR 9 ) sE A2 N T o B
AR S Y U R e A T S T
RSS(Received Signal Strength)/AOA(Angle Of
Arrival) /DOA (Direction Of Arrival) %457 X AH L,
TEPESEILMRT A, ARG, DNEERE PR, R s2 3]
T T Z TR RVE o 75 L& R R A R R A
X S+ PR I R ORI L2 o SR T D P U A

2009-01-21 %, 2009-10-20 ([
[ 973 1117 H (2009CB320300) 7% B i i
BEEEE: #4F  lingjunm@263.net

N 40 kHz, ZAE= NG BN AT, 7 m Pk,
HAT KB ARE R, U EERE B — AV I 10 mY.
SCHR[A]A 4R T — PR PN al il (5 40 -5 A AL
TP A SEOUT B K 5, KR AR T
T 20%, SGRIBF RGN T STRTNHT
AT PDA SEHL T 540U 5 kG SE DB, (R K
RN, TCiAE LU R L 22 8 1A 40 o LS
AW R ZAEN AT TOA flivh, fRfEm8
BEMIRZER, W SCH XA, PR T AU A
BEAT BRI EEAS 5 TOA fHIAN TR . &R
L) Goertzel 5125 22 B /M T /5 1550 T A4k A
(K1 TOA {HAtVEo L5 ORI A P R g 2
FALE, AP T IURE e, ARAE M LE AR



994 BT 516G 8 %R

3245

B, A SRR B AR B ESRAR
2 FEiNEEESH TOA ESuE it

R R 2 S AR R R T 5, A
WE 1 Pros. WAl A TR B ORKIENH(Radio
Frequency-RF) [R5 5, AN 47 75 48 1% 75
RS, A BWEISHUE S5, JHRRER iR
W B P A, A Al B AR 0L P it o A
TREFRELERIAFM AT S8 TOA fH. HHUES
V1) A 78 T R e KT A, TR I T A kg 7 RO I
5 TRV FER A Z R, il TOA {5 A 4
PRI B T A B A

SRS
A
WA ——

15 R =TOA-Vsound

P 1 S A 7 B e B

WK TOA {H TR AR 58 i), RIE
Ik 43 T 7 WA 3 R AN R A - Rk )
TOA H, ZTEAEAMEME LI, RERE A, &
VR SEBR R o BT I RHE T (1) I A A 43 B
KL, WERAE 5 AESE N BE SRR I 45 1,
2 It (AU e 45 R B0 0 e e, R IAD).
DRI, 2 SRR F SN A AT e, R R 2
PRAT 5 R R T AU o AT, 2 e A R LA 20
T e W LI BLIN AR 73 A7 STFT(Short-Time
Fourier Transform). /MEHT & Goertzel HiE5E.
BRI T SRR, IS R B EDASEIE, AR
FIH Goertzel 525 WSN 5 skl FE AR 58l 1)
SN

Goertzel 5%kH Gerald Goertzel T 1958 442
%, 5 DFT, FFT ThReRl, M T8R0T, 1

200
100

0
—100
—200

ESE (mV)

0 1000 2000 3000 4000
KA
(a) NP TE SNR=5dB
3000

= 2000 ]
=
& 1000 ]
0 1000 2000 3000 4000
KA
(b) BRI 451

Pl 2 I A Py A 5 BT

K TG e v B A IR U R R4S E R B A
B ZEEEUR A DN, RSB W DTMF
(Dual-Tone Multi-Frequency). FSK %545 g A% (5
SRR TEAT L, 8T MCU & FPGA
S 910],

BRI P B R 2=h a(n), i =0k
y(n), FRRE G SHRAESEN f, RGN [,
Goertzel HIETAT LIRS N

y(n) = o(n) + 2cos(2 fi/f)y(n-1)-y(n-2)
ZSE ST RS S A, ST A T — NSl
T F— MR AT, AN TIR &
WA RALI I8 L R CRAE ) — AN Hd A1
PITEE —ANKJEN fft nb 15 D2 Hdh T —
UG ATHEL, RN 5E S SR gz U
PR AT AR R A

RO
cof=2-cos(2: 7 -f;/ )

Yihtk: s1=52=0

dt=ADC_BUF

HEAT A5
s0=cof- s1—s2+dt
s2=s1

s1=s50
cnt=cnt+1

& LB T

WSS V5
mag=s12+s22—sl-s2-cof
mag=ma, g"“"r’

TOA v SRR

K 3 Goertzel HiEHRFEK

SEBR Y FH H Al T TOA HI, %2 MCU W 547 fif
R, Goertzel ST —ANKAE JEIH P 58 1k
TS, RV R RA —e ER . T R S R
FESUR L K MCU B 152 AN S50 %,
PR S TR AT S R . SRR L T TOA
IR, RAEAIR R, TOA 4y # e, HEilH R
I LA TS 1), DRI, SRS T3 B4 2
RN R G55 % 18, AL f=8 kHz, XM ) TOA
SRR 0125 ms, B RERAE R AIAEE R I lEE
i Ad =0.34X0.125=0.04 m, AXHFFH WSN
TN LA, W AGTE 10 em 22, FILAT
DA A T S Ah e A R P 5 oK o T A R 5 SR A it
RNIRSPERAT I, 46 8 kHz KAERS, 7 DK



%43

i FEAE - WSN 1 U IEE TOA EHUEA, oI5 7% 995

7 100-300 A RAF fUZ M), T HHAKRE 5 vk S 1)
I, AR IT R SE Rl X B I 7 1 K%
150 ANKRFE s A EE T I RIEE H AL MCU
HORER AR, SO ICHEAT T ek e 75715 SO0 E Y,
F S — 5 YO P R BE A 5 A3 A AR A )
FEESEMAN K, W R LU I 8 e 0 B A 5 A Y
Y REL cof (HA N 27, MIFREIE AN,
TP TS . B f=8 kHz, fft nb=150,
f=1651 Hz i}, cof=~<0.5, N cof-s1es1>>1, K 4
et EIRZHAH C 15 F S SRR FL A R
(f5 ‘S RFLEI ) 60 ms, 7 f7sfh). ATRUEH, %8
VRAEARAR W T AT AAE AR HAS I 2 B

600

400

ol fe

200

0 2000 4000 6000
KA
(a) SNR=5dB

500 : , . , ‘
@ ]
300 ]
§ ]
100 1

0 2000 4000 6000
SRR A
(b) SNR=—5dB

4 A[FEEME L RS 45 R

3 ZH{E TOA HitE %

X TOA HRRs b, ALG7ikZ R i
RALIR B d /N SRV V45, (HSZ Y iR ATt
SRR, XTI TR, U
SE. MR, R K e h R S i, AR
R LE N S S S Bl 5), X TOA il
AL NS BRI WA M Tl = R = Ak R R
RS 5 R T In  Ad BE A B vy SR A RS 5 R
A SR 72 Blackman & H B EL (B AR N):

flz) =042 — O.5~cos2—7r+ 0.08 - cos47r—m
N N

IINE DR BB e 5 s, LA,
I B 10 R O WU PR A 5 AT A 3 AT DL 2 G
S, X R TOA fh TR A 1R KB .

TOA Al P J5 81 54 11 J5 15 2 R v A5
S ETRE S AN TS B E ) B AT A A .
4 S W LT — 2 IRPR (K 5), ANFE
fHFHH TOA AR, ME 5 nTLUEH,
W A FOE SRR, PR R IAE BT AR
BEPE X TRl — AN B (ELEA T RIWT, AR5 B AN B 2 () h

400
_LJI‘
K 200
%425
0 1000 2000 3000
FAE
(a) RNt
1000
5 500
&
0 1000 2000 3000
A=t
(b) MIE4SH

Pl 5 & RO T 45 SRR

FERAN V55 I EIAR Z: Npopx=0.5 « (TptTr)s
THEFWE 6 Frox, B LUE H BE SR, AT
B TOA flithi?% DT2<DT1, K& Tt
B

R ERZ MWK, A TP
TOA fhiPAE R, XIEAFFL T —Fh 2 B{EH TOA fhiit
Jivke il 7 B, B V1. V2 5& TOA HHIHIM
B LR, LA, SRR TOA S THE
TOAGE{ Toins T} BT IEAMEVHE AR
HEEAE T : TOA =05 ( Toint Tona) » 5 FEFNTT
STRE I, X T w3 ANBIE AT

3
TOA L = 23 (T (1) + Ty ()

Kl 8 SEAFMEELL A (. 2 E A E
B 22 T3 53743 1) TOA AR 2= A8t i,
MHTATLLE 1, Z2B{E 70 TOA iR zEEHE
N, TR 2 ORI, TOA IR ZEAE(RAS B LL
R ZE/NT 1 ms, FERRE RIS TR [ 25
2920 0.34 m, W] DL B AR5 A e A 755K
4 TIAWIERGER

SHESIE T 5 MCU SR H Microchip A ] 16
A7 5 HL-dsPIC6014A, ‘& W& T 1247 ADC 18 kB
1) RAM, 16 {712 EAER 1/0 &40, Sk C i
SYRERES > DSP Thig, AMEEIEE, B
IREREH R GG, AELE 3~5 V IHLEYeF T4F, 3.3V
I PR s AT 20 MIPS, &S H Tt sEisk
MR RS, CPU ST DSP 5%, #&mT W
s s ae A ae ). e BN 17 A7
17 P Feidss, —AN 40 A ALU, PAS 40 A A2
TNZSFN—A> 40 RLAUA AR TE R AL B3 A7 2% « 2 N8 BAT:
o] TAE B A7 a5 A, WTUAESRA NG 16
N/ 16 . DSP F54 v UGS 5 v A7 HoAth



996 BT 516G 8 %R

600 ,

500

400 DTI
n [
300 5
200 | 1 \

100

il Al

)
850 950 1050 1150
KA

6 AT TOA flitt

Ao EAE, R RS PERE. B 9 a2y
RLARGEE TR o E IR WS Sty BN A 5t
e AR S B RAASMEREZ) 60 dB
(TR B TBOCAR A — A0 i 1651 Hz (17l gE
Bedko MERAE S RA PWM 752074, Sl i g
B IR A G P 5 d . LT R ARGE T
X PRah A 5 BEAT SRR S 70 AT .

MIC ‘I w BPF
CC1100

%wa%
MCU

dsPIC6014A)

3.7V
i
P&l 9 7 rtgi 5 AL HE ]
5 BRI, MCU %8 32 ADC 3T 80k K4,

TERAE I (8] B IS T AT Goertzel 5005, SLER A 4L
BT NS 5 KR 8 kHz KA, SRFEIIER 125
ps, RFESERUG B EREAT 160 RAGIEMATHE, it
SEPRIlEE, AL G I Goertzel ik C F2J P mT DL

; - LR
25 — &G ER
E 20
=15
& 10
iz
5
0

0 5 10 15 20 25
SEBREAES (m)
(a) P

7 Z B TOA flivt

%324
2
1
£ 0
-1
%

o -3 = AR E
& - ZIEHAE
—4 - 5 YME
_r) L 1 1 1
—8 —4 0 4 8

SNR(dB)

8 ANIAFIER TOA 2

E MCU A KRR ] P 58 il (2 R4 . 10
MHz, 4 f580), VS5 85 R shas i e de 2
DI 31 22 58 A I A BRI B, S0 T 5 AT A
Redas il o

1E MR S5 IR, B KA
(s R 25 KA . KO A% H b,
T E SRR I AR RO R RS, PRl
A TR AN, AT LAY R 2 BN F 3 A 1R
B R. ASCRH V, = 331.4 + 0.6 T KXJ kb
M, o, T ORI, AT, KRR
FFH S AR CC1100 P B IR AL s SE IR AR

K110 2RI RERTF I =4 1~25 m il P 25
R 2 NS PP s 1 e g B 2
PR, 1271 5 A nl LASEEL 25 m f 3z 25 1T A1)
B N K e AT, PR R 25 25 m I I B KR 25 /N T
3%, P e e KiRZE /DT 1.3 mo
5 ZERIE

ASCIRIE W], AU A HEAT SE IR 3 A
SIARAR W LT (0799 5 A B A 5 A I P — Aol
RO7k. FIMZ LR S T TOA ST, %
FLA U AA A S 5 BT aER MCU 5
FPGA SZil, &M T B4 KoK b o2 fte Jk a9 2%
T RERL

G Z IR

B (m)

0 2 4 6 8 10 12
BiE (m)
(b) BBl R E AT

10 WE B2 52 7 46



%43

i FEAE - WSN 1 U IEE TOA EHUEA, oI5 7%

997

(1]

(2]

3]

(4]

[5]

(6]

[7]

2 % 3 Bk
Priyantha N B. The cricket indoor location system. [Ph.D.
dissertation], Massachusetts Institute of Technology, June
2005: 62-65.
De Marziani C and J Urefia, et al. Implementation of
acoustic sensor network for relative positioning system.
Proceedings of 2007 IEEE International Symposium on In-
dustrial Electronics (ISIE'07), Vigo, Spain, 4-7, June, 2007:
1559-1564.
Patwari N. Location estimation in sensor networks. [Ph.D.
dissertation], The University of Michigan, 2005: 19-22.
Zhang Jing-bin and Ting Yan, et al.. Thunder: A practical
acoustic localization scheme for outdoor wireless sensor
networks. Technical Report CS-2005-13, June, 2005: 3-5.
Chen Tian and Liu Wen-yu, et al. Localization and syn-
chronization for 3D underwater acoustic sensor networks.
Lecture Notes in Computer Science, 2007, 4611: 622-631.
WU, PMEFEAF. TOZeA RS MR K1Y e ik, A
i, 2008, 29(11): 62-66.
Zeng Fan-zi and Sun Zheng-zhang. Improved node localiza-

tion algorithm for Wireless sensor network. Journal on

Communications, 2008, 29(11): 62-66.

Peng Chun-yi and Shen Guo-bin, et al.. BeepBeep: a high

(8]

(9]

accuracy acoustic ranging system using COTS mobile devices.
SenSys '07: Proceedings of the 5th international conference on
embedded networked sensor systems. Sydney, Australia, 2007:
1-14.

Engelberg S. Digital Signal Processing: An Experimental
Approach. London, Springer. 2008: 203-206.

Lin Min-Chuan and Tsai Guo-Ruey, et al.. FPGA-based
spectrum analyzer with high area efficiency by goertzel al-
gorithm. Congress on image and signal processing 2008,

CISP’08, Sanya, China, May 27-30, 2008: 157-159.

[10] R Jurdak and C V Lopes, et al.. Software acoustic modems
for short range mote-based underwater sensor networks.
OCEANS 2006-Asia Pacific, Singapore. May 16-19, 2006:
1-7.

[11] Hass J. How fast does sound travel. www.indiana.edu
/~emusic/acoustics/speed.htm, 2004.

% 5, 1969 4, LA, BSOS IR b AL AR I 4

FUEAT A,
T B, 1985 4R, LR, SN Ih EE AR 45

1, 1958 AR, ARSI, BTSN AR IR
HOLHLHR RS



