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2 FHIHRH THB IR, SRR RVERIER, R ES. &5, L DWI1000 S0 5 uai R al, BT
FENL RGFE AL RN 5, HAER BTG MM E 70347 TSR AR .. FSelin. DS EtE.
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W5 R R R & IR R, RSO B IR SS 7 K N
FEUEAOW . R BTAAE A T 55 U e A AR R P )
TEZW 1) % 4IRS, GPS (global positioning system), BDS

(beidou navigation satellite system) 254k S LR R4

A SEI WA BT B AR S . (3 P P ) 5T
RN, R R ECHEIAEL, YR TRALSE R
T L, W EINE ARG LR E L7 A B LR
FE FARMEW R 7oK BT, BEE 2L KA M 26 (wireless
sensor network, WSN) SERLF AP URW ) & &, £l
BARGAWHEIL, Bk %5 (impulse radio-ultra wide
band, IR-UWB) BRI HAGRNZEE ), B L5
R, BONOThRET SRz M E AR,

IR-UWB $ AR I & 3% ns 88 ns % LLF [ 4 ik
MekAE R EE, W URTS GHz i dE s vE, HARM
I [A] 73 82, WI3RAS om BERE FE . IR-UWB JEEH;
REEQFEBEIWE S HE (received signal strength
information, RSSD MIFRHI AR, 21k (angle of arrival,
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AOA) MIFEHIA, VAR ®ATIE] (time of flight, TOF)
MEEHIAR . RSSI MEEHIAR AR, BeFefib H o TsL
W, HREZARES, EH2EE. 2RER%. ER
PR RATECm, BT DU EE R BER BER EROR, A
WA HORPE B RN AOA I FE A & e ffi 52
ZIRAE . ORGSR, DL ARALER AL RR Y 52 m,
DR G e 221 TOF B 5 A SR g A M B
HAEREER, HHEEE, MEs, FISCyHETE
P SE AL FE R R R o e FR R T S TR AR T A 1 )k B
[ (time of arrival, TOA) A Fk A 219 (time
difference of arrival, TDOA ) 5% 32 ¢ 1 € AL B vk
IR-UWB R B 5 AR, W45 75 fiAi B
FiE, WA LR R ER, KIS S TR GRS
EARTEFEH. HArEEPAMFIA IR -UWB AT
FENEM LIS L. Salman!'” ZF] ] IR-UWB
FeAR® T —F 4~ CoLoRbot IFEIHLE N, I TN
ARENIREEI 8 L o 1% R G FREBE A& HR R IR-UWB
EMFARFA R, TR I 5 i 4 = AR T
PR N R E AL. DY AR &R 48 LR W 55 B R A
IR-UWB HARFIL S} SRS &K T E WA LSS E
RS, AT R T IARES . E R
IR-UWB AT & 785 8 A B % AT IR R 1
FUERLIN R G4, BEAR IR- UWB HiR B4 8 H T4
ORI, AR QAT 52 R N E AL RGBT LA E AR
B, B S B M AT TH R 2 HT JC 28 e AL R B A s
A 20241
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ARSI TSR H AT E P AhTC LA B I 2% E AL R Je
L WU EE B A AL R R EAT X LU S, A0 AT 17 R e A3
SRR FON AT IS AR AR, HES TR RIA A, T
YA R AN A E AL AR R ZE SRR, AL TR T
RUHXFENMEE (symmetric double sided-two way ranging,
SDS-TWR) 77 RHEATIEE, TOA FEREATEALN =N E
RLRG . FFRI AL A %, FER B0 R SEBR
iy AT BRI 7 T SR IE o

1 TOF MEEAEZRIRERDT

1.1 TOF MEEF %

TOF il i /7723 & Mccrady 25T 2000 4E42 H 9P, &2
WIR R T HEF Y BEE R4 . J5K Andre 55
fE 1EEE 802. 11b f7C2k Jads W Hh A FH Ay —Fh i b4
RO, A (N = A A

TOF MBEF ARG A 3 MT7iE, o hl & B F2NlFE (one
way ranging, OWR), XUFEIE (two way ranging, TWR),
F1 SDS -TWR. HH OWR A2 EARAIEFE 3 5 7 shik 2 [6]
BB [F) 22, DR SO R A P B SR v A L PR A AR v 1 5
HEENHT TDOA EALFEANEH] S TOA E L HZ%,
Fr DAAE SEAME LR TS
1.1.1 TWR M 3E /& 22

TWR I EE 28 i s A IR AR R b 2 M e
Vi) R B b A [ 20 T 3 s P BE R 22, PAT AR 1 B o

MS I > T
A
| A
Ny 1
n_T Tt |

i N

1 i

B | -

| ]‘Z ]

. MS A F)u; BS Ak TOAMERE, s T AREshuh AR TR
B9 AR RBE SN2, s T, AR ABENEREG S FIRIE R
WSS HIN I, s; T ME 5 AFEIERIR Bk 2 (B 1 AT, so N
Note: MS is mobile station; BS is base station; T is the measured time, s; T is
the time difference from mobile station sending request signals to receiving
feedback signals, s; T, is the time difference from base station receiving request
signals to sending feedback signals, s; T',r is time of flight from the BS to MS, s.
The same below.

1 TWR RERAZ
Fig.1 Process of two way ranging

T R85 S MS (mobile station) 3% —AME K
155, HERIEE N5 BRI B

FEu 55 BS (base station) W EERAE 5 2 5 B &R
E—AMRAE S, [FNEEIERAE A58 E 3
H & ek 88t L IR ERIE RS S —
AMFF Tk T BBl SRR B R BHE S IR —
MRFGI bR, P E R R IEE T B R
BAR SRR ZE, 0o Ty (s), FESETT ST H M E:
WEIME S B RERRESHINEZE T, (s), BEMEMH
RIUAME SAEW B Z B AR RS TE], BRDL 2 skl LIS H
TRV ] o REAF 2 (1)) (8] e LAE 5 B 2] 2 AT
Z A B

Tor=(T1=T,)/2 QD)
K Tor TG 5 MG BN F B0k 2 [0 1 RATHS H], s
T, sl K IEE RS 5 B BUR IS 5 I [E]
5, sy Ty RonFEuh NSO SRAG 5 B k0% R AE 5 IS
%, so
W Z HMEEE D N
D=c- Ty 2)
b e oMkidE, B 3x10° mys.
1.1.2  TWR MBEiR £ 547
TE R G — A S B ER A — AN PR FR I 1)
PRA— DA ERLS, T ARSI DL R 52 AR R 55 (1)
S, AR ) AR AR RO FR AR R 22 A — 2 B 22
FRZ NSRS o AR )T fz (AL A Moz PE, By DA
MIgAT RIS, SAREBAFKNS . &%)
St R 5 A AL N e A (it T 32 1R 1% 22 0 il 2 ews (%),
s (%), 5 R8BI B g 2 fm SRl & 2 (1)4E 2
T, :T1(1+eMs);T2(l+eBs) 3)
T ens 2l 1T A DRI I B0 BT i BT IR 22, % ewss
RS BT A5 R B B A BT I R R 2, Yo
(D X5 3D AT, RS S E
WEAEZ A wZE,  BIE B BT 5] il 2R 22
Error =T ; — T,y =
T-T, Ti(+eys)-Th(l+eps)
2 2

1
ETZ(eBS_eMS) (4)

o Toor NS 5 ARG 7% ki 2 [ 1) CATH A, s
WF AR (O TUFERNERES 2 MEAEEN
KFR, H—= T, H 2 (egs—eus)s ATLLZARR/INMR
22 0 75 L MY FH 3l 1 PR I R[] AT ESF 8 5l P 52 e
R A SO R FH () SDS-TWR B M L L 2 J5 T
U AT, CASRIE m e AR B .
1.2 SDS-TWR 26 [ 2
SDS-TWR A&7t TWR 24l 4T 7 — IR = A1 1)
TWR, #ATHAEME 2 Frs. 5 TWR FHERL, &)
Ul MS A1 255475 5 BS KIETERE S, JF5HFEN G4
I EPE RSt FREE T SR RE RAE T M FR S 3
HBT e b, R R R — N RS S, S kIR
(b At Bgs, REUAL TR (A], REhub RN A E S
ZJREERBE AN T ES, BRBL T ESZ)E
HEAT AR RV, A5t AH B I BRI 1), R AE N — IR
B huhiE RAE T IR s e, T R shuh 5
A T PR
HRHE LA o Hr et 159 H
Tor=(Ti =T+ T3—Ty)/2 (5)
AP Ty RN G N RIE R AGHE 5 BRI T 5 5 T
B2, s; Ty NRINIER S MR R BHEE 5 2R %E
L TESHINREIE, s.
W Z HMEEE D N
D=CTr (6)




HF 1 VNS ARG KT T = B AL R AW 5 KR 2 A 25

MS | Ti | h LT Y
\ 1 N
i i i

—>i"|<T—"" T_m,] ! < Tus :l‘ BS;(x3, y3)

i i e

BS v ! 'y
< & > T i

T Ty AR RIR R BHE S BN B A TE SRR ZE, s Ty G
MEMR S 5HE 5 BIRIEA TE SR 2, s.

Note: T; is the time difference from basic station sending feedback signals to
receiving final signals, s; T, is the time difference from mobile station receiving
feedback signals to sending final signals, s.

B 2 SDS-TWR MBEi#A2
Fig.2 Process of SDS-TWR ranging
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W 1) 545 5 gk i ) 22 22 AL b A5 5 e Ui 1) 545 5
RIEIS A 2 ZEEAUAE S, B) T,-T) 95T To-Tse

M T kT AT, Fredsttbs (4) f1sl (8), wf
DIA3F] SDS-TWR  FH T I A5 BT 51 () ) & 15 22 B/
T TWR - TB 85w BT 51 2 il & 2. Bl SDS-
TWR K FH 9 0 5 AN e 8% 9 B ) A (] 20 2 Rl 0 B
SO, ARGV BRI AN I 1R 22 3 R B S,
BE— B T A R
2 TOA ELLE X
2.1 TOA EfEZ[RIE

TOA SEMHFE/DFE 3 ANy, WJUAE X EE
SR bR — b B e o B, R DL A [
DAINAR (1988 Bk 5 B35 2 [R] R BE 25 R A3k 5], an el 3
Fiom s FORE I IR 5 PRI 22 st B0 A A8 Bl il PR Ao B 1

TR 3 AN, — AR ahl . i sl MS
BINLE N (X, y), kA7 E 55008, BSi(Xis Vi)» BSa(Xe,
¥2), BS3(Xs» Y3), mm; FIA SDS-TWR 77kl & 21
Bl 53 2 (AP EE R 2 AE ety oty cty, mm; R
t (i=1,2,3) X RAE 5 BIAR [A], W] LIS 3|

(X=%)* +(y-y)* = (ct))?
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Note: BS;, BS, and BS; are base stations.
B3 TOA Az fiik/RE
Fig.3 Principle of time of arrival location algorithm
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2.2 TOA EMIEEZIRENT
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MULE 2 ATRUE H, EfriRZ T 2 A=
Ho— R Eu U A, RN RDN . W&
(B PR R /DN H 68 3 VRS v 2 TR Y B0 s, AR D
TOA FE N FEIR MITRZE 5 T (K LA 70 A1 3 T

AR O EUBLD P S S B B I, T AT 43 A 4%
Mg o3 A BN SE AL iR ZE D, IE 4 .

BN
Cellula outlines

B4 HFHEESH A

Fig.4 Honey comb figure of base station

3 MEEEMIRIE

3.1 RGEHRITSIREEER

ARIKH T decaWave A A A= 1] DW1000 45
SR TEN RGN ERIE T, %85 774 1EEES02.15.4-
2011 EEBEHARAE, AIEEIEWIOIERT S Bl o bR
Ty BB Wk BRI E 5y, 0T LSE TE e A d ik 72
W BT 2. LN ETAE R 63.897 6 GHz KFFRTHF, H
A B ] 2 2, seEl SDS-TWR i 7 0424t T
HIHE. DW1000 HHiE & 4 28 i = ik 6.8 Mbps, SCFF 6
AMEIE, SIRJEH 3.5~6.5 GHz, KETTIEAH, JGHEAN
—8~~15 dbm, KH 2 Fhrif| 77 2 kb7 E S| (pulse
position modulation, PPM) Fl — @t #| B ## = (binary
phase shift keying, BPSKD.

TESCAEAF ) Al AR T IR-UWB MR E 7 5
g, TG, Huhmid sk s 5%
i, ARHE SDS-TWR BVEMNE P s # 3hub I FE B, IFAE
5 AR I FE R BE B B AR RS B, PC LI
P Bl R BE B B < IS R TOA e 5k, KifiE
Bk EE R . T/EREEME S Fr.

- ELTSEbAN

B 5 IR-UWB ZfiA % T REH
Fig.5 Working principle of the IR-UWB locating system

FESEIERE b BT 7 5 SN EERES, Fa e Ak
56 UL R sha @ AR g, IR R RO ER =
WERES, B FEAR/NZIH 60 mx46 m, L5 24 HEER 4L, &
JE A JR DA R B 25 5 sh A 2 AR B8 s HEAR W 6 TR .

A

yl O BSGky)
N\ gram shetr o MSG) \_ gt it
L R O A

C >
BS,(x1, 1) BS(x2, 2)

B 6 iXEHAEALRIE T EHEA B B
Fig.6 Schematic diagram of experimental site and node
arrangement about positioning experiment

3.2 HWARSERDN
3.2.1 #HAMERE

RO E 2 AN, —MERHES, 5 —ME
N¥EhEE, A RIEEAT 10, 15, 20, 30, 40, 50 m HIEE
EE S . IR B YR AR 5 min, 3000 475
i A, BCESME 5 ST PR AT HLo, SR &A=
PE S 1 2 R DL R 3 T MR AR 22, JE K [RIRE A5 T R
TWR W E 7R 4 21 1 i A vt IE2H, L3R 1 BT

% 1 SDS-TWR EA#0 TWR B AR MEEIR AT
MEESKBRER L
Table 1 Comparison between the measured value and the actual
value of fixed-point distance test of SDS-TWR and TWR

. SDS-TWR 5% TWR 5%

*E’i‘ SDS ~TWR algorithm TWR algorithm

Acal W oo BUPRGRE WA B
distance M'easured Difference Root mean- Measured Difference Root mean-

value/mm distance P square value ) square
'mm
value/mm error/mm /mm error/mm

10000 1002098 20.98 19.69  10071.61 71.61 28.49

15000 15028.10 28.10 17.53
20000 20026.87 26.87 37.05

15080.67 80.67 33.86
20095.69 95.69 44.05
30000 30027.44 27.44 20.63  30085.56 85.56 46.04
40 000 40049.39  49.39 40.34

50000 50047.77 47.77 22.34

40110.38 110.38 60.34
50110.77 110.77 59.85

MF 10T LA HR ] SDS-TWR Sk i 52 b2 25 5 0
R B TR () I 22 i KA 50 mm, T7HRIRZE K
AT 41 mmo. MR TWR S92 SEFREE 2 -5 0 & PR 2
Z (B w2 B B 1 110 mm, 337 ARR 2 i Kt T
60 mmo

Kl 7 g5t 7 AR SRR R iRz BT R AL, 15
R FE A [ P R B 0 B s 1 R 22 N T B T A
HAEMMER . BRI R R, RIS 5 5hriE &
Z B 22 R s R 22 /N T AR TR AL AR AE () A
Fo ME ERTLUE HR A SDS -TWR SE R A [Fl & #F
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PIVINCEE: ARG O KRR v = N E AL RGBT SRR KR ZE T 27

) 100mm %% RS HIKT 95.4%, 1K TWR 5
VRIS [ B BS 1 100mm 15t 2 B AR B AR B 70%.

1.0 1.0
£0.38 £2os8
2 |
§06 wews 50
~ 04 Distance measured/m & 0.4
B ——10 30 M
Eo2 ——15——40 ERO02[ 2%

I ——20 50 ()""'{:' ot
020 40 60 80 100 20 40 60 80 100120 140
2% Error/mm =2 Error/mm
a. SDS-TWRE b. TWRA:

a. SDS-TWR algorithm b. TWR algorithm

7 REMZIES IR E R RS A T4
Fig.7 Cumulative distribution function error of different
measurement distance

ZE LA PUA H SDS-TWR Hyk B A 8 e e RS B

AT TR HEE AL
3.2.2 #HARALEKE

RGBT 3 N AERNEY, — M SENE
Bk, WA 2.2 T, AE 3 ANFEE ISR K 2
S = MIHAT AR ZE RN, TR HEAAWE 6 iR,
Heuh o Mg BS,, BS,, BS;, Bahubitfit MS, #E4T [
SE AL ZR T 8 2RSS, SRl e B Bl K EE S AL B (. ),
mm. R FIFE R E T TWR B IS I 5E NS R4,
REEE 3R 2 Fios.

MFE 2 AT LAE HY, K SDS-TWR B354 Jy il 4432
R A T A B AR 22535 4F 50 mm G2 N, 977
MRIRZE AL 65 mm. MK TWR SFEAE il e %
FIR 56 A7 B 25 K F 90 mm, #7125 K F 115 mm.
Forb e A B O 22 0 T E AR SR S SE PR AL
B P R B w2202,

%2 SDS-TWR E:A# TWR BARIERSEMIR I E R
Table 2 Experimental data of static positioning of SDS-TWR and TWR

- D SDS -TWR %% SDS ~TWR algorithm TWR %% TWR algorithm
Base station Nt WA Rz R WA BEME R
coordinates/mm . Measured Positional Root mean- Measured Positional Root mean-square

coordinates/mm coordinates/mm deviation/mm  square error/mm coordinates/mm deviation/mm error/mm
(5800, 9 950) (5799.00, 9 940.90 9.15 18.15 (5839.54,9910.42) 55.95 49.37

BS, (0,0 (22250,9950) (22257.00, 9 959.00) 11.40 16.06 (22295.00, 9 902.50) 65.43 56.41

BS, (50000, 0) (22250, 5100 (22296.00, 5 110.40) 47.07 2491 (22295.02, 5 182.60) 94.07 95.85

BS; (25000,43 300) (14 026, 11 000> (14 003.50, 11 089.90) 24.66 3435 (14 058.00, 11 073.00) 79.70 85.72
(14 026, 5 700> (14 012.90, 5 675.60) 27.87 63.80 (14 001.90, 5 630.52) 73.54 115.82

Ht AT W, HE4E SDS-TWR E:AE AIEE 15, TOA
SV R 5 AT SR TG 2 1) R A R G LA v R A R
B, BT AR A ) e A S
3.2.3 HhARALRE

AR I B A e ARG FE 45 R, B R T SDS-
TWR SEVE NI 5%, TOA B A%, AR
6 Fr B s sl FI A sl sl HE AT 77 AR b, #EAT & e Ak
U6, LGRS S K IRIE, 9 BATERR, Rt
EHIREATE, REMPIVEE . 4 REE s f L brAT
EPLBAT LR, 4R 8 FTR.
4><10"

- REEBIWEEE Collected data
22 5 — 1TE#IE Working path

2.0 r“: L -
1.8 \ 2

1.6 3
1.4+ ¢\

1.2 ?Efﬁ 5
1.0 9/

038
0.6
04fl],
o2l J{LAJL {LA)

00.2 0406081.01.2141.61.82.0
x10*

xBl) x-axis/mm

7

il y-axis/mm

e i(i=1,2,3,4,5,6,7,8, 9) &L ERT
Note: i (i=1,2,3,4,5,6,7,8,9) are paths of moving station.
B8 2uzh A nikbsE R

Fig.8 System experimental result of dynamic positioning

H4 R 25 A AR 55 47 7 30 i 28 2 TR) 1 B s SR
Bz, WO — KT EREN e mE, 455
* 3 PR

& 3 mIAn, SRR EIE S SEhRAT E R W2 Y
7E 85 mm JEHZ . UFH T 1% R G5B B E N 8h e hr
R, BEIATIShAS EMREEE R,

#3 HEHESITENTZEIREN

Table 3  Error comparison between experimental

data and walking path
4% Path P50 A 22 Average HIJ7 iR 2 Root
measurement deviation/mm mean-square error/mm
1 68.23 30.65
2 65.06 28.81
3 82.66 41.11
4 69.02 51.26
5 77.69 83.50
6 58.25 58.80
7 78.30 71.39
8 57.23 21.11
9 64.14 39.28
4 % ®

IZARSCRF T SDS-TWR I EE /57 F1 TOA 5E frsik .
PG SER B, 5k 2 0] 2 A5 A 1) K% SRR,
Pk b T AT BT SR WU PR R 2, BRI 4 R R
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FHARZR 1t e /N 33 ok W R 22 sR B e/, AT SR i
Bl A bR o ZTVEARE T 8 7 PR HERE

2) FF SIS A DW 1000 1 R k8 76 5 5 R (1K) A
PRIEREB R E AL RS, R T CIME T ITHE
DEERES . B e ARG LA R sh & e AR5

3) R R RNIER T CENIIE N Z R A3k
RE NG . BSTEEREMT 50 mm, FESE
FIFEEMRT 50 mm, ZEEHMFEEMRT 85 mm. FJLLA
KF A AGV /NER E 3 TR AL e 17 it
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Design, experiment and error analysis of impulse radio-ultra wide band
indoor positioning system used in agricultural warehousing

Sun Xiaowen, Zhang Xiaochao™, Zhao Bo, Wang Lili, Wei Liguo, Jia Quan
(National Key Laboratory of Soil-Plant-Machine System, Chinese Academy of Agricultural Mechanization Science, Beijing 100083, China)

Abstract: For the problem of low positioning accuracy about agricultural goods and AGV (automated guided vehicle) in the
warehousing environment, a system model applicable to agricultural warehouse is developed, which uses IR-UWB (impulse
radio - ultra wide band) technology. This system adopts SDS-TWR (symmetric double sided - two-way ranging) scheme to set
up positioning system model, and uses TOA (time of arrival) location algorithm to locate the mobile station. First of all, this
system measures the distance between base station and mobile station, and then gets the optimal solution of error function
using nonlinear least squares method. The optimal solution is the coordinate of the mobile station. This system also takes into
account the factors of carrier frequency deviation, researches the source of error and tries to find out the method to reduce it.
The analysis shows the main source of positioning error in 2 aspects, namely the method of distance measurement, and the
method of calculating the position of the target nodes by the distance value. And we put forward the corresponding
countermeasures for these 2 aspects, such as the selection of ranging algorithm, and the arrangement of the base stations.
IR-UWB has many advantages such as strong anti-interference ability, high range accuracy, low power consumption, fast
transmission speed and good security. Because of the convenience to layout network nodes and no strict requirements in the
field environment, it is suitable for the field of agricultural warehousing. Finally, we design the positioning system of mobile
and base station nodes based on DW1000 RF (radio frequency) chip, and respectively carry out static ranging experiments,
static positioning experiments and dynamic positioning experiments. To increase contrast, this article also adds comparative
trial, which uses TWR ranging algorithm. The static ranging experiments of this system adopt 6 distances of 10, 15, 20, 30, 40
and 50 m, and collects around 3 000 sets of data respectively. The experiments show that the error of the mean value between
the actual distance and the ranging distance is less than 50 mm, and the root mean-square error is less than 41 mm using
SDS-TWR ranging algorithm. However, the former is more than 110 mm and the latter is more than 60 mm using TWR
ranging algorithm in the same experiment condition. In the static positioning experiments we conduct some experiments to
measure coordinates of some spots under the fixed coordinate system. The result shows the positioning error is less than 50
mm and the root mean-square error is less than 69 mm with SDS-TWR ranging algorithm. And the positioning error is more
than 90 mm and the root mean-square error is more than 115 mm with TWR ranging algorithm in the same experiment
condition. In the dynamic positioning experiments, according to the actual situation of agricultural material warehouse, we
move the mobile station along 5 produce aisles and 9 routes, and obtain the distance between the gathered data and the actual
path. The experiments show that the positioning accuracy is 85 mm, which can meet requirement of 150 mm positioning
accuracy. Comprehensive experiments show the system set up by this paper can satisfy the requirements of practical
application in indoor agricultural material storage.

Keywords: position control; warehouse; error analysis; impulse radio-ultra wide band (IR-UWB); wireless positioning; time
of arrival (TOA)



