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Abstract: In order to design a low-calculation and high-precision TOA (time of arrival) estimation algorithm for
UWB (ultra wideband) based wireless sensor network (WSN), a two-step TOA estimation method which jointly
employs energy-detection (ED) and match-filtering (MF) is proposed in this paper. Based on analyzing the
principles of the two-step method, it is pointed out that the success rate of DP (direct path) block detection in the
first step and the setting of MF-threshold-factor in the second step are the key issues that affect the performance of
the method. Algorithm selection of the first step and setting of the energy integration interval, which are the two
factors that affect the success rate of DP block detection, are discussed through simulations. The idea of DMR (DP
to minimum energy sample ratio) based MF-threshold-factor selection is proposed, and the mathematical model of
the relationship between DMRs and the optimal MF-threshold-factors are built. Results show that the proposed
two-step method greatly outperforms the one-step energy-detection based non-coherent method, while largely
decreases the computational complexity compared to the one-step match-filtering based coherent method, so that
the two-step method is more appropriate for application to sensor nodes which need to be designed with low
complexity and low power consumption.

Key words: wireless sensor network; UWB (ultra wideband); ranging; TOA (time of arrival) estimation;

energy-detection; match-filtering

: TOA(time of arrival)
UWB(ultra wideband) , TOA

, 1 DP(direct path) 2
DP , DP
DP DMR(DP to minimum energy sample ratio) ,
, TOA

» Supported by the Major Program of the National Natural Science Foundation of China under Grant No.60432040 (

)
Received 2006-12-29; Accepted 2007-02-14

© DEEREBAAAIFUN bt/ www. jos. org. cn



uwB TOA 1165

TOA ,

(wireless sensor network); UWB (ultra wideband); ;TOA(time of arrival) ; ;

: TP393 TA
(wireless sensor network, WSN) 2
WSN )
. , GPS(global position system)
£ GPS .UWB(ultra wideband)
, WSN o, UWB ,
uwB , ) )
,UWB WSN
L] [4] 1 1

( ) | =, :

: TOA/TDOA (time of arrival/time difference
of arrival) RSS(received signal strength) AOA(angle of
arrival).UWB , ns el
UWB , UWB

UwB TOA ,
(match filter, MF) TOA (-7
TOA (-1, TOA (direct path,
DP) . TOA
, : TOA
) , DP
TOA UWB ’
. : TOA
DP , DP
TOA TOA ,TOA
: TOA , 1
DP , , . TOA
[12,13] . ,
, 1 DP
, DP 2 ,
TOA .
TOA , TOA
, 1 TOA DP
, 2 DP DMR(DPto
minimum energy sample ratio) , TOA DMR

© PEBREBALTU bt/ www. jos. org. cn



1166 Journal of Software Vol.18, No.5, May 2007
, TOA IEEE 802.15.4a [ cMm1( ) CM2(
)
1
1.1
rt)= 2. d;py(t—jT, —¢;T) +n(t) (1)
j=—0
,j ,Tf ,Tc , Nc:Tf/Tc.n(t)
No/2 ¢* AWGN(additive white Gaussian noise). ,
.Cj , k
c® {01, N, -1 . de{+1} ,
Prmp(t) :
L
Prol) = [ 2Pt~ 7) )
s i=1
p(t) , : : To:ay
T ; DR 7 TronBp
Ns , dJ':le,
M8 2roa<Ts, , T>TeirtCmax Te Tar
+Cmax
1.2
1 DP .
, Th, , Np=l T/ T |.
) Y '
Ns
Yn = Yn,j (3)
j=1
n=1,2,...,N, Yh
i (J-DT¢ +nTy+ciTe 2
Yo _J.(j—l)Tf+(n—1)Tb+chc|r(t)l dt ()
2 TOA
TOA 1 DP ,
D2 DP : DP
1 , hpp DP App  DP )
Nop  App, TOA
;TOA = (ﬁDP _1)Tb + Ao (5)
2.1 1 :DP
1 , 1 , DP
. TOA (&) , Nop
(1) MES(maximum energy selection) . DP

© PEEREBEAD

http:/ www. jos. org. cn



uwB TOA 1167

Nop_mes = Mmax = arLgrr;axYn (6)
<n<Np

Fig.1 Thetwo-step TOA estimation method: Estimate npp in the first step;
estimate App in the second step

1 TOA i 1 nDPy 2 ADP
[13] . NL OS(non-line-of-sight) ,DP
2 TC(threshold-crossing) (fixed normalized threshold TC).
0 , 1 DP
fioe_c =min{n[Y, > 6} @)
[ 12] . 9 Hnorm il gnorm
6 —min{Y,

g —_ G-ty
T max{Y,} - min{Y,}

'gnorm ’

(SNR based normalized threshold TC) ,

Ghorm , .
3 MMR(maximum to minimum energy sample ratio) TC (MMR based
normalized threshold TC, MMR-TC). MMR Grorm-
MMR ) ,
MMR = 10|ogm[m,ax—mJ ©)
min{Y,}
h MMR :
enormiop[:A' eB~(MMR+C)+D (10)
,A=2.594,B=-0.2468; C D To( :ns):
C=R -T2 +R (11)
D=Q T2 +Q, (12)
,P1=—7.041,P,=—0.7454,P;=3.787;Q,=—0.03946,Q,=0.6383,Q5;=0.07006.
(4) MES-SB(MES supported with search-back step) . ,
0 DP

(stnS, st:|— st/ Tb—| ) ,

© PEBSFERSAIIFT hipd/ www. jos. org. cn



1168 Journal of Software
o mes-ss = MIN{N|Y, > 6} + (N, — Wy, —1)
Yn :{Ynmax—wsb ’Ynmax ’st+1’""Ynmax}
’ st ’
) Wgp ) MES-SB
DP , , 1
DP , . ) )
,DP , T, DP
2.2 2 DP
1 DP F A
DP )
DP :
ri(t) r(t) j :
N (O=Prp(t=1 Te=¢ T)+n(t) te [ T+ Te Tetgi Te)
I'j(t) DP
erJ-(t):rj(t),te[(j—l)Tf+Cch+(nDp—1)Tb,jTf+CjTC+nDpr]
rop j(t) )
1 Ng M M
Mop-ag (1) = N_z Iop_; () = zai plt—4)+ Ny, () =app p(t—App) + z apt-4)+ Ny, ®
s j=1 i=1 i=2
M DP ah i

0'2/ Ns- r DPiavg(t) ,
e(t):r DPﬁavg(t)® p(t)

ny () AWGNN() N ,

¢
&=y-max{ |e(t)[}
4 (MF threshold factor). £ DP
DP
Ao =min{t || e(t) |> £}
Aop 7 Y : .7
! ’ V4 )
; 2.1 MMR-TC MMR
DP DMR 7. DP
, DMR , )
DMR ,
yopl:f[DM R]
DMR:lOIoglO[ ,Y”DP J
min{Y,}

© PEEREBEAD

Tp

DP

Vol.18, No.5, May 2007

(13)

(14)

(15

(16)

17

(18)

(19)

(20)

0.1~0.9

DP

Yopt

(21)

(22)

http:/ www. jos. org. cn



uwB TOA 1169
3
IEEE 802.15.4a ., UWB
2 , IEEE 802.15.4a ,
- bpP DP :
MMR-TC , T, DP ; , 2
Yopt DMR ,
31 1 DP
2  Ty=4ns , CM1 CM2 4 DP . , CM1
,MES-SB TC Ghorm=0.4,MES-SB Wg,=30ns;CM2
Ghorm=0.5,Wg,=40ns. [8] .MMR-TC
(10) 2 : , DP ;
,MMR-TC DP . , 21
, TOA MMR-TC , CM1 , 21dB
, DP 70%; CM2 , 24dB , DP
70%
—+—MES ——MES
MES-SB MES-SB
—O— Fixed normalized threshold TC —O— Fixed normalized threshold TC
10 —4— MMR based normalized threshold TC — A MMR based normalized threshold TC
s 0.9
0.9 —F——19 Tk
05 E@ / 0.8 EM =
: 0.7
g o7 T T g 06
0.6 v / — ?/_,/_V/V\v—v
4 / 2 os 7
g 05 8
3 0.4 b 0.4
03 0.3
0.2 0.2 y
0. ! 0.1 —
0  — ﬁ’\//’(*/ 0 %’77%;/_‘77”/7/(%/
12 14 16 18 20 22 24 26 28 30 12 14 16 18 20 22 24 26 28 30
En/No (dB) En/No (dB)
(@) CM 1 channel model (b) CM2 channel model
(a cM1 (b) CM2
Fig.2 Success rate of DP block detection for some different non-coherent TOA estimation algorithms
2 TOA DP
3.2 T, DP
3 , Ty ,CM1 CM2 MMR-TC DP
( ,Eo/No={20,22,24,26,28,30} dB). , Ty , DP
) T , TOA 1 Npp
, Ty , 2 DP
To 3, Ty 10ns.

© PEEREBEAD

http:/ www. jos. org. cn



1170

Journal of Software Vol.18, No.5, May 2007
1.0 1.0
L [cwg —
0.9 4A+—+1—— 0.9 ]
/’/\j;//‘ o _— %
g 08—+ — g 08 —
NE=. : —
g 07 § 0.7 —
A /X/
0.6 0.6 Increasing |
Increasing En/No
05 _ E/No 05 /«/VJ}/
5 10 15 20 5 10 15 20
Tp (ns) Tp (ns)
(@) CM1 channel model (b) CM2 channel model
(a8 CM1 (b) CM2
Fig.3 Dependence of the success rate of DP block detection on T,
3 T, DP
10* —_— 10° ——F——
QCMlﬁ Increasing DMR 7 E'CMZﬁ Increasing DMR
value~{3,4,5,6,7,8,9} value~{3,4,5,6,7,8} |
| ) L
% \\ A — \ —
- 20| N=—FT—]
2 i 2 10°
o - e §
s v = i
10t \§
= N
| 10—
10°° ;
0 02 04 06 08 1 0 02 04 06 08 1
MF threshold factor MF threshold factor
(@) CM1 channel model (b) CM2 channel model
(@ CM1 (b) CM2
Fig4d MAE of TOA estimation with respect to MF threshold factor y for different DMRs
4 DMR ,TOA MAE 1%
33 2 Y%t DMR
1 Ty 10ns , 4 CM1 CM2 , DMR
, 2 ¥ TOA MAE(mean absolute error)
, DMR ,MAE 1 000 . Ep/Ng
{12,14,16,18,20,22,24,26,28,30} dB , , 1000x10=10* .
, 4 DMR . DMR , TOA MAE
1% DMR
DMR , 5 DMR 7.
5 , Vot DMR , CM1 CM2
: DMR Yopt , DMR Y opt
Vo = k- DMR® 4k (23)

,k1=0.9202,k,=—1.291,k;=0.07669. 5

© PEBREBALTU bt/ www. jos. org. cn



uwB

TOA 1171

1.0%
5 0.9 o CM2 ]
g 08 v CM1 —
5 Curvefit
2 o7
@ 0.6
<
L 05—
= hie
z 04
% 0.3 g :
St
© 02 ———
0.1 a v
1 2 3 4 5 6 7 8 9
DMR
Fig.5 Dependence of the optimal MF threshold factor y,,: on DMR
5 7o DMR
4
3 3 TOA
T, 1ns, 2.7GHz, 40GHz. T;  200ns, Cmax=50,
CM1 CM2 , 99% 150ns , Tt
CM1 CM2 1000 , TOA
(0,Ty), Ng 1.
6 CM1 CM2 TOA TOA
:1) MMR-TC TOA , “MMR-TC";2) , 1
MMR-TC DP , 2 DP ,
0.5 , “MMR-TC and Fixed MF";3)
, 1 MMR-TC bp , 2 (23) DMR ,
“MMR-TC and DMR based MF”".
6 ;
TOA ,
& \ —o— CM1, MMR-TC
£ 10t ; CM1, MMR-TC and fixed MF
w = CM1, MMR-TC and DMR hased MF
MMR-TC < A —— —&— CM2,MMR-TC
: \T CM2, MMR-TC and fixed MF
’ \%\ CM2, MMR-TC and DMR based MF
' 10° s
TOA 12 14 16 18 20 22 24 26 18 30
Ex/No (dB)
ToA Fig.6 Performance comparison for some different TOA estimation methods
6 TOA
, 2 DMR
, DMR ,DMR DP
, [5] ) , TOA

© DEEREBAAAIFUN bt/ www. jos. org. cn



1172 Journal of Software Vol.18, No.5, May 2007

5
, uwB
TOA . TOA ,
, ,TOA ;
TOA , DP , TOA
TOA , 1 DP 2
TOA DP ,
MMR-TC 1 DP ; T, DP 3
Ty , , 2 DP =T
; 2 DMR ' , 1
; DMR ,
TOA ,
TOA
References:

[1] Akyildiz IF, Su WL, Sankarasubramaniam Y, Cayirci E. A survey on sensor networks. IEEE Communications Magazine, 2002,
40(8):102-114.

[2] Beutel J. Geolocation in a PicoRadio environments [MS. Thesis]. Berkeley: UC Berkeley, 1999.

[3] Oppermann I, Stoica L, Rabbachin A, Shelby Z, Haapola J. UWB wireless sensor networks: UWEN—A practical example. IEEE
Communications Magazine, 2004,42(12):27-32.

[4] HeT, Huang CD, Blum BM, Stankovic JA, Abdelzaher T. Range-Free localization schemes for large scale sensor networks. In:
Johnson DB, Joseph AD, Vaidya NH, eds. Proc. of the 9th Annual Int'l Conf. on Mobile Computing and Networking (MobiCom
2003). San Diego, 2003. 81-95. http://www.cs.virginia.edu/~th7c/paper/APIT_CS-2003-06.pdf

[5] Lee JY, Scholtz RA. Ranging in a dense multipath environment using an UWB radio link. |[EEE Journa on Selected Areas in
Communications, 2002,20(9):1677-1683.

[6] Chung WC, Ha DS. An accurate ultra wideband (UWB) ranging for precision asset location. In: Proc. of the IEEE Conf. on Ultra
Wideband Systems and Technologies. 2003. 389-393. http://ieeexplore.ieee.org/X plore/dynhome.jsp

[71 Low ZN, Cheong JH, Law CL, Ng WT, Lee YJ. Pulse detection algorithm for line-of-sight (LOS) UWB ranging applications.
Antennas and Wireless Propagation Letters, 2005,4:63-67.

[8] Guvenc I, Sahinoglu Z. Threshold-Based TOA estimation for impulse radio UWB systems. In: Proc. of the IEEE Int'l Conf. on
Ultra-Wideband (ICU 2005). Zirich, 2005. 420-425. http://www.merl.com/reports/docs/TR2005-026.pdf

[9] Guvenc I, Sahinoglu Z. Threshold selection for UWB TOA estimation based on kurtosis analysis. IEEE Communications Letters,
2005,9(12):1025-1027.

[10] Guvenc I, Sahinoglu Z. Multiscale energy products for TOA estimation in IR-UWB systems. In: Proc. of the IEEE Global
Telecommunications Conf. (GLOBECOM 2005). St. Louis, 2005. 209-213. http://www.merl.com/reports/docs/TR2005-042.pdf

[11] Stoical, Rabbachin A, Oppermann I. A low-complexity noncoherent IR-UWB transceiver architecture with TOA estimation. |EEE
Trans. on Microwave Theory and Techniques, 2006,54(4):1637-1646.

[12] Cheong P, Rabbachin A, Montillet JP, Yu K, Oppermann I. Synchronization, TOA and position estimation for low-complexity
LDR UWB devices. In: Proc. of the IEEE Int'l Conf. on Ultra-Wideband (ICU 2005). Zirich, 2005. 480-484.
http://ieeexplore.ieee.org/X plore/dynhome.jsp

[13] Gezici S, Sahinoglu Z, Molisch AF, Kobayashi H, Poor HV. A two-step time of arrival estimation algorithm for impulse radio ultra
wideband systems. In: Proc. of the 13th European Signal Processing Conf. (EUSIPCO 2005). Antalya, 2005. http://www.merl.com/
reports/docs/TR2005-028.pdf

[14] Molisch AF, Balakrishnan K, Cassioli D, Chong CC, Emami S, Fort A, Karedal J, Kunisch J, Schantz H, Schuster U, Siwiak K.
|EEE 802.15.4a channel model—Final report. 2004. http://www.ieee802.0rg/15/pub/TG4a.html

[15] Tian Z, Giannakis GB. A GLRT approach to data-aided timing acquisition in UWB radios-part |: Algorithms. |[EEE Trans. on
Wireless Communications, 2005,4(6):2956-2967.

(1934 ), . ,
, UWB,
cal ,

(1980 ), , ,
™ e
BT

- N

© rhiEBRER

AT hupy/ www. jos. org. cn




	测距信号模型
	接收信号数学模型
	能量采样序列

	两步TOA估计方法的原理
	第1步:DP所在的能量块的定位
	第2步:确定DP在所检测到的能量块中的精确位置

	各步骤中关键问题的讨论
	第1步中各算法的DP块检测成功率的比较
	能量积分周期Tb对DP块检测成功率的影响
	第2步中最佳匹配滤波门限因子\(opt与DMR的关系

	性能仿真结果
	结  论

