T UWB PDOA HIREERAE T B3
PREEMIM R L it

RRAEF!, I
(1. TTRASLPERIE T-HRE M 510375; 2. I RKFETENERE TRET M 510631) )

OB AREERNMEE, A2, 1L, ERZE T NLOS 1&4k, MImIHMESt e 7
PG T R . ARSCERAT RS T — AT UWB PDOA (1 H ZNRFETIYI ARGt R G0 HE ¥ i AW
B P S 7 2L SRR BRI UWB {5 5 A N B, W) 424538 STM32. 42085 AU R 28 UWB JE i [5:51,
KA RZL PDOA J5 5 SE8L 360° L H X M LN, 454 TOF JRRSEk TS 2s 5 W) 4 Z Al A 7
PSR, SRR I TC 208 5 BEHOR P 15 A0k S WD 7R i 1) FE LA R 4, sSKBUAY A& e
ZNERRE . A SCHRAE 7 2 28 PR BT A4S mORBEUTH T8 5 SR A0 BLIA AR R T I R AR 2 08

CEKF) &5 s LI A0 (103 SR LU B FE 3 NE I BRI T LA o SRS A5 SRR, 7 S 2R (Y o B S
B YR SR, RGUEMRZE/NT 30em, MEMEIRZE/NT 5°, BREENIE AT 250ms, Jo2ki
fEREEAIIE 100m, HLMSEHT AT DA R L TAE 8 /NI DA b o 1% 5 50 BAT BUm 10 € oA B DAL (1 B BE
P, 43 B RENIBL A% O SE DR Bt T — Rl AT IR T & .

KEIF: Wi (UWB): MMLZESILM (PDOA): HBNRMEWYI%E; ¥ /8 R/R2IERE (EKF)

Design of Automatic Following Shopping Cart System Based on
UWB PDOA in Complex Supermarket Environment

XIONG Guanyu!, WANG Teng?

(1. Guangdong Experimental high school, Ap Program, Guangzhou, Guangdong, 510375,China; 2. Computer School, South China
Normal University, Guangzhou, Guangdong, 510631,China)

Abstract: The dense population and the large amount of shelves in supermarket environments cause
significant multipath interference and non-line-of-sight (NLOS) propagation, which highly decrease the accuracy of
traditional positioning methods. This paper mainly discusses the new designs and implements of an automatic
following shopping cart system based on Ultra-Wideband (UWB) Phase Difference of Arrival (PDOA) technology.
The system contains two parts: the remote control terminal and the shopping cart terminal. The remote control
combines a UWB signal transmitting module, at the same time, the shopping cart is facilitated with an STM32 main
control chip and also a four-antenna UWB base station array. The four-antenna PDOA scheme allows 360° angle
measurement without any blind spots. With the help of the Time of Flight (TOF) ranging algorithm; the direction,
distance between the remote control, and the shopping cart are calculated. Control commands are send to the motor
drive system through a wireless communication link, automatic following of the user by the shopping cart. To be
well situated at the complex supermarket environment, this paper offers a direct-path discrimination method based
on channel impulse response quality assessment, adopts an Extended Kalman Filter (EKF) strategy for smoothing
angle measurements, and introduces an adaptive ranging frequency adjustment mechanism. In typical scenarios such
as supermarket shelf aisles and checkout areas, experimental results show that the system reaches a positioning error
of less than 30 cm, an angle measurement error that less than 5°, a following response time which less than 250ms,
a wireless communication distance of up to 100 meters, and a battery life over 8 hours of continuous operation. This
following cart system has a high accuracy and stability, which allows to reduce current problems within the
supermarket environmenThe system shows high positioning accuracy and following stability, providing a feasible
technical solution for smart shopping devices.

Keywords: Ultra-Wideband (UWB); Phase Difference of Arrival (PDOA); automatic following shopping cart;
Extended Kalman Filter (EKF)
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UWB #4K Fl Decawave (Il Qorvo) 2 ] DW1000 5/« DW1000 /& —2KfF 4 IEEE 802.15.4-2011
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By DW1000 fr) 565 5 H o # FH PEL BT U FC 9 26 4% B AR R K 26 . DW1000 A U5 510 1/Q fif
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SR AR RSP CHRVER D HREE 2006 2 g 00 .

2.2.4 PUEE DW1000 RIS RESRERR
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s) J7 REN & E kG PDOA AL E R .
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(2) TELMINIAME: IR ZY o F iR A AME BAp, = 2nfor; (fARFMHOHIZ) , 75 PDOA fi
JEE 1 BB o DU R A7 00 B2 7 30 ik 2 0 R P M2
REGHE )5 F ORI E IS AR5 AT IR, A 2 D000 S0 #h 3 RBOR TS R R I R G0k
{2 o
(=) [FIHE RS E
REJABNT, PAT U SYNC [FZERHE, VUH DW1000 o054 i) R GER Bt Heas i 5207, FFah RSt
o RSB TR, BT &R AE PLL MR Eh A 45 /N2 57, TSI REEAE ISR . AR
Grilid & 60 F HF il SYNC (55 BT R HE, HERFKIIE T PR RSEE .
2.3 EfEHER
REVER S 2 2 TR TR AR T B S I OB (S BE R . UWB 55 BB BUE, (HoA T
AFHENIS P, AR RFALH 2.4 GHz TBARYURBEHL—nRF24L01+. B BA LR R
TAESRZR: 2.4 GHz ISM #iBt, 125 MiE Al ik
FEMITRER: f 2 Mbps
REHE: WifE, B A 0dBm
BURCREE: -94 dBm (2 Mbps #iT)
BAEEER: 20 B F AL 100 K (R AME R
hEE: RAEHRL 1.3 mA, FIRERZ 123 mA, B 0.9 pA
NRF24LO1+] SPI 2 1f MCU #13%, SR ShockBurst #5X, H s HRT S5, CRC AR AIE
e, A6 LR PMSOT R o SBASPIIUEE F F F E T2, TOPZE R ENL, AR 10HZ Fos JEE i 2 588 A 0%
REWMC b, FRBIRAS . NS |, JEAR RSO S AR P R E s A B ERBEI R, 1)
VIR AR A 4 (AR BEUIH ) o N 7 ORUE RS 8 2 B8 Il AE Ao TStk ARSI 5 =X,
M58 22 YR 3% RGO A V)45 3 R — AN 4% F A
2.4 BHYRENRSG
V25 TSR P T 6 22 IR B NP 3 e e O G54 - DXl FULE AT 28 R G B 48 1) ELVRUUR I FE AL (AR
EHE 12V, TEEIHE 300 rpm, WE 1:30) . BEHLIRE)HEEE KA TB6612FNG 8 7, 1%:0 7 SCREAUEIE
H A, A EEESH L R 1.2A, BE 3.2A, WELREPAERRT . MCU %ith i PWM 55 (H
TR HD MBI R{ES (INI/IN2) % TB6612FNG, #5447 HiA~ ML
Gl S S HE N MCU [ B AR 3Rm I8, T Sk B2 PR PR J ) A0 AR R 0. 4wl 3R 4R 80 400
2k, VS AR R — KA 400%x30=12000, AT HRAE A R 10 3 R I R A R
2.5 HBREIERR
RGURH 12V 0] 78 A BB L/ A SRR (%55 6000 mAh, AT E>8 /MR o i F MCU. UWB
e, TLIBEMIL. BHIREN S HEAR TAERE, BT 2 9 s s .
12V #i\. @i DC-DC FEE& ) (LM2596) ¥#ihy 5V, fihgh ipLIRzhiZ 440 1 5V S
ARG ZE LR R 28 (LDO, 41 AMS1117-3.3) #4004 3.3 V, f£45 STM32. DW1000. nRF24L01+
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N T IEBGE LA B, FERE RS ahAS R R, R 300 e AR 2 (A o B A B [
WA (BMERE T L MEHE, REEELEIE UWB IR BRI 1Hz, FEE nRF24LO1+BENRFAL
WRAS: 2 sd BBl MR R A AR i, s B SR 1 4Hz TSR, SRR, EBASSARRT, B
PRIIFE AT LLREAR K2 60%.

3 RS EMEZRET
3.1 PDOA E{L[RTE

PDOA (Phase Difference of Arrival) 7ER:uE 2N RERES] (IR A M B, MR & , 55 NG
SN o ITT NG

SERIARE A FI B AR ZEN As =dsina

SRR ZE A = 2mAs/A = 2rnd sina /A, Fod A AEBEBK

MRS fa: a =sin"1((A¢ - 1)/ (2nd))

SRR RGN, MNLZEAG NS FEITE (-m, m]2 18], tba 38 FE (900, 90°). v T i 360°, FHEK
FZ AN KL H A AT RS

MFEER 4> %M TOF (Time of Flight) 75, DW1000 323X IEE (TWR) BREFEIIFE (B 75 B
BRIEAE) o T AR R0 B4R S bR A AN N ) 25 kil 2 (8] )BT B AN TR 22, SR DR RR G X A R (SDS-TWR)
SRV BRI B RS FAL BB AEIR 50 . SDS-TWR [ EEATFE: bR R AT IETE R, Hedh Bl S0 R, bR/ FEIR
RILIAARSC, FEE = A5 5 I RS AT ], MR BB ER = - tyrop-

3.2 XRE 360°MENE X

PURLRIETTTERES] (RS 1. 24 3. 4, HIEHHES], REEBAN @) REM8 Sl A I M RS .
AR JFHE: RPN EZ I REXT (12 F 1-4) S BII0E x JR0 y Fho7 A ALz, e 56 0
RIS (EVIMZERI I, B UOE B AT 17— K (RIS EE2) , RFEEIRLA 0.

WREE 1 KRR 2 MHNLZEAD,,, KEk | AIRZ 4 WAL ZAd,, W : Ady, = 2nd/2) cosb
A1y = (2nd/A) sin 6. FHrh 0 NME5T7 MITEKFIEIN SR 1-2 ELRIEL IS B B E AR e =
atan2(A¢yq, A1) N T HERAALZEM E ) 2r BEMITE, FERK d<i2, R+ d=37.5mm, LT,

SR, SEBRIE R BT EEE . 2ATH, ERETEM 0 RERK. Bk, RAZREEEME: 255
T 120 230 3-4. 4-1 DOXFHISRRZR AR 22, DA 1-3. 2-4 Bitxt k2 (IRIEV2d) IOARGIZ, FIA
/NN A BT RE 0 1, RmEE .

3.3 BRERHFETHEEMRL

A R R EE T UWB 58 07 1 3 ZE kR 45«

ERBIL. GBI WA RICRERIE A RZI U, G ERUE S haa BB R 2 %
SEEEARIO BN, I SR AL 0 5 W AR

JEARIE (NLOS) 454 . 24 N 51808 B2 4 58 A8y 1 B BB B I, B2l 5 3 20k B T RS s et
XA ) TOF WEE(E 2K, LS BT,

B SRBMZER . B N\ GUE B A I 5 RN R B S SR BE )y, AT 51 AR A B

B BAE=ANA R, ASCRA T BL R SRAL S
3.3.1 EFEERRE RN EEREHIB

DW 1000 5 H 7] LA H B 5 (58 ik i B2 (CIR), A2 2520 T 2 180 ZE 0 A o BLIA B A% — KT
BT CIR S — AN TAG I TR AIEAE . ASCH CIR FOVEIEIEE . b FHA ] W 55 i ThT VAR 2 LR PP
HRTEUE S BB AR AT S I L. R — N I B iz K T3 AN, A S AR



Ey RZ, MR MNEEREEUMEEAZEARR, EEE - MEEAREORK, 48T B/
2 425 NLOS. XS H] PDOA frARAL I &8 K TH 5 A BE R 28l 2 tH IR K iR 22
N B FIH LOS/NLOS JRAS, ARSCHREEL CIR (1§ L (Peak-to-Average Power Ratio, PAPR) y = A, /4
(AU NE— W EIREE, Ay CIR SFIMEE AR A 8 7 s 1R BIRFAE ) ok BRELE I 7E H b
AP BRI S LOS A7 B (JFREIEIE) 1 NLOS L& (FRALEAEIX) % RAE 500 Wi CIR idls, PAor i
ARA BAFHEATIRE . GebniE, ARGRAMHAPAENA: >4 H trus<I5 ns BHEHR LOS, 75 NHE
4 NLOS.
KRGS CIR TS br s A B M BT AT 2 CIR SR, BIHE N NLOS I, R4t
() EKF (f300 000 75 56 75 2 Ry M 0.15 rad2H8 Ky 0.60 rad?, JHEI 4% 5 2 MR SEAf; 4R B 42 0 CIR
KR, REGERRBES, R E00E, 85 iRIRE.
332 ETYVRERBIEE (EKF) MAE&METNELS R
DA UWB W25 5500 3 A8 o (¥ A5 4, A SORI A S e R /K 2 I 2% (Extended Kalman Filter,
EKF) , XiE a8 75 A A AT Sl v+ sl
R R X, = k] R,
Or = Op_1 + wp_1 - At + wy QD)
Wi = Wie—1 + Wy 2
HrhAt = 0.25s GO 4 Hz WIFEARA)  wp, we, Wi FEMEr, IRATIE @l oA o S Fe e s g 22
HFEQ = diag(Qp, Qw)-
AT
X =F - Xp_q + Wy (3

;4

PDOA [ E MM E AL ZEAD, SME 0 Z AN L ARLMER R IR IERZ R (1-2. 1-4)
TR 22 A RSO ) -

F=[ 4

_ [P12k] _
Z(;b:k = |:¢14’k = h(gk) + U(;b,k (5)
Hrr,
24 (os0
h(®) = |2, 6)
—sinf
A
E EKF HEZL NSRRI s B AL, tH A FE  (Jacobi HFE) -
on - ¥Sin(9k|k—1)
Hk = % - = 2md ~ (8)
Ocjic-1 TCOS(9k|k_1)

TR BE TN Ff P 1 SR, S DR AR A AN A A B R AT U O LR A B, A R R e SN
B RGE kIR .
T CHF IR
Kipe—1 = FXi—1j—1 (9)
Pyje—1 = FP_ 11 FT +Q (10
EH (MEEH) -
Ky = Pr—1Hig (HiPrpe—1 Hi, + R) ™ an



Rtk = X1 + Ki[2g e = h(Bpi-1)] (12)
P = (I — K Hi ) Prje—1 (13)

IEP A SRR E W 2:
R 2 IBKRBFBRIRE

ZH e | BUE (LOS) B (NLOS) | bR itk
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