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Research on key technologies of vehicle positioning in special tunnel
environment
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Abstract: Accurate positioning performance is an important requirement for safe driving of automobiles. While existing
global navigation satellite system (GNSS) performs well in open-air scenarios, achieving high-precision positioning in
GNSS resistant environments such as tunnels remains a challenge. Especially in the all-metal environment of the steel
shell immersed tube tunnel, the satellite signal is extremely unstable, or even completely unable to receive. To address this
challenge, a co-localization architecture for enabling roadside unit (CAE-RSU) in tunnels was proposed, which aimed to
solve the problem of impenetrability of satellite signals. Seamless, continuous and highly accurate positioning services
were enabled. Specifically, the RSUs set up in the tunnel were used to establish the vehicle-to-everything (V2X) position-
ing system, and the traceless Kalman filter algorithm was used to further improve the reliability and accuracy of position-
ing. Simulation results show that the proposed positioning algorithm can achieve superior localization performance even
under high-speed motion and high-noise environments.
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(ADAS, advanced driving assistance system) 1% fg
T ARG (TS, intelligent transportation system) !,
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HWET K.

BEE HAEBKIE, FREMRFECTEN
AT R . HAT, BRSNS € A R G e
AT GNSS. 21T, 7EGNSSHEIE 5, BT
55K, ROEWBEZ FRK. BEiE 2 GNSSHE IR
IR AR . T GNSS 7 P 38 A 38 5 K [A]
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Refg A AT TR SHUE 5 1B f G .

12 EDEFESEM
1.2.1 LED ZAfz7 %

K6 M (LED, light emitting diode) E A
PIEST SV NP R 2 e UL S W S A L ESIUN
AR GV B R P DA A 23 2 A, mT DA [ B S B0 R
5B EDIRE. LT HARZE N E AR, LED @7
THERA R L ] S S A . SCHR[13]
AT T AT A A SR SO B N E A T
Feth 7 — B TR WOG(E SR IR, s
FARLF- I8 A o 1 T 00 D% ) 4 SUE s A BVEAE
B R A A e AR ZE AR K ) . 7£3a H LED
BEAT A E AL A B, SCHR[14]% T LED AN [R5
FESL [ LED v BAE B 5B ILEL SR, M
M HE S AR T UEs 0 = 44 b, B80UFE T LED &
RLERAERETE A TN 2 B s i T A7
1.2.2 RFID ZAx 7% %

To 28 S AR ) (RFID, radio frequency identifi-
cation) JE 7 i & —FpAE Al 0 B BN EOR,

FER R TC LR AU 5 SR SEEL AR 1R AT 5
i, REID HARZE TP LA, HIRFID 35
AR A RFID b2 o H e A J5 B 78 78 A X 33N 0 &
LT MNEEH, fE S BT RREINE S s
BRI ERKIEE T, EERMEEREREINES
EREN, HEVBATAEMRE, K EAHbx
AL EAE B I BEAREG ZRTE A, F
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ZigBee €N JTE L — MU BLARELAS . IKTh#E
()35 80 B G PR AE AR, AR BR AN A% A5 R
HMWIEIERE ST ZF AR &7 S B P E [ 43
WS 5 R v B SEBR e, B E AR R KN B
R B IMREZE XL G T ZigBee [
TROUERL T2 H T — P K-3ME 3R K (K-means
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N GRS . HERR A E AL
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AR, Wi-FiSoRIUE 7GR R e, HES
v0, [ 58 8 K 55 % N AN AN A 37 5, AH BT RFID #
ZigBee WX g A1 515, REME A T A& e o H
ZARBE IR BN, WA AR, B R
SEANLHRE R, BEMS I L PR IE NN L5 R ) 8 A 7R
Ko BT Wi-FistilENEN, —BRIEHZERES
3 FZF8 78 (RSSI, received signal strength indicator)
VERAE S R IEAE, 20 il e 5 R R P 2 2
Hor A7 B 48 SUSR & — P A 1) T 260 B 1Y) RSST
SENL SV . Wang E R FE R H R EESEH T —
MR SCE ML Bk . BE AN F R IE RS, W
TR RN A R T 5. AT AE 58
AR S, R K-4F1E (KNN, K-nearest
neighbors) HEFIBH CHMERIE (FCM, fuzzy C-
means clustering) H2 1AM, AR T A
[F] Fi% 1 37 552 N Wi-Fi 8 A Sk i HERf .

1.2.5 UWBEA L F %k
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RSU [#7 # 15 B RSU, LA K 55 i /> RSU 7E I [1] £ 2R 4
FIRIK H BT A WD 2=E P,

(b) P EBL

A37.C-V2X
EQGLET5os

Kbl
b

E54Ely

LIpS

sl

MBS
KIE

i
i

W6

(c) CAE-RSUE i i
K1 CAE-RSUHEZEZEHY



e 156« o W

¥k

$9%

MAC,,1,RSU,, P, ,
Qi,j: eee
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Horr, AT REAR AR S j 2 AE I 8] £ 17 565 0 A
RSU KA BN E R4 . AL, I8 255 1) MAC
Hhk 5 AR, W LSRG BT A RSU ZE A& 3 TN
NEER 22 R AL S 24
22 HEEM

WP e AL Se B AL i R ARt TH (MLE,
maximum likelihood estimation) fEALFEEE T V2X 15
52 E A e R A R SR A i R AR A
. EER Sl S E AR R, SR A S
RARFER A L AF AR, Res B IE T
HIF N B AL R R I HE R S, 1050 A
W B 5 i RSU KIERIE S DI A P, MRS
X B AR AR AT DL A
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d

Pi,j =P, + 1071g
0

Hr, PERARSHEE 4 ARBERESThE, 0,
Sy BZE R AR R S i N RSUFIASKE, 16, - ¢)|Fr
FAMEEE I RSUZMMKIRIES, m, RR218
BN BRSPS RN, p R HFETR AL
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BT A% 48 MLE A v 7] DUHE 5 ZE 3 A b 1 3 T 3R
B3

(D

+m,; 2

2

(3
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PIEEREARKGE XL R A = 0,0] 1450 AT
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2.3 B HRIE
TE % [T 518 1 5 8 5T 1 ZE B X {5 5 A% 1R A

B, EHEZE. ESHBMPAICEELLE 52
2B BETE N RE ) SR BERRSYIEIATHT . 2N S
ZFR R A, AN BB R IR S R R
AL . BN RSU TG 25 78 Ay J8k X A AR 4,
ERL S ) FH X 2% R ) RSU P [R)E 45 o L AH A8 # R 5F
&S DL B 2 AR TE S A

% RSU Fr &b A7 BN 1T R @)y d, RN
I(I= 1, L)y MY 5% iG=1,--,N) M RSU
Z IR MR GBS, P, 3R 88 I T BRI B I 26
iNRSU RIEMESIE., MH—AZARSUN
ENERIUE 5 R R IER GRSy, FHE
A BAS Bk A s HAt RSU, W] DAAS 2]
_ Pi,/ - Po
101gd,,
Hob, d, 3oRd, ERRDUR . HE R
T BRI 2 B R RN X AR PR RE R I AR AN, AT

Py - Py

LLZWSH d, g, MTTE R, = d,10 ™ .
GO B LA R P E R A=
hi= 20 6)

Al LU I 2 AN RSU 5 RN 1 i 2 [ (1) R 55
KT IE AN RSU G B AR TR AE I B 45 5, Hofe %%
() B8 AT 40 FE 48 BORVE T 2 /> RSU I & 45 3L i) ~F- 35
B, SE—BWHk TR ZE. L, XMEERE
ZHUEIE J7 VA LA A [ 7 B 7] DA A 53 sl ont
S AL AL RS FE R 52 ] o
24 FiBiEHK

SV U IR T2 A R FH R AE B R A A JE 8
KRB EW (UKF, unscented kalman filter) #1fil]
KT EAEE, W10 TR. BE LT
BB AR, AR AT B R I I Bl 3
1T, %W AR ARDIR S 7 [A]
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l9=[x v,y vy}T 7

Horb, xAEEME AR, y RN AR, v Fv, 5
AARTRA ) RN B . e S A I AR,
Af () NARESFEREIERE, W ZEFPPIRESE B 5 iR
wr

);i,l (izl,"',N;lzl,"',L) (5)

O(t+At)=Af(t)+ (1) (8)
FAN, T R S AR LR S A e L
IR RPIRSH AR AR LR TR, & B AN
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O(t+ Mt)=f ( (1), t)+M(t) (9) BRSNS L S0 R TR E N S, RSUHEE A BR

J930 mo JbAh, FEVEALEALIERERS, #EAT T 100K

(1) = ( ), )+R(t (10) i F7iz17, HAEH e AR 2 (ALE, average lo-

Hr, MARGWEHE
o RIS o

K TCHE R IR 2 JE I TR R AR & At R G A7
FERPIRS AR S T PEEATER TR, BE—D%
BUAIL e AL R P a3 . Bk PE, UKF <
AN B 5 FOUINRT BE S B AN B B, AE TR B, AE K
2L + 14> Sigma s &, RITAAES %A He 5 (2R
I3, kRIRRAERZ, L2WRESREN4EE, 12
AL 24, chol B 7R 34T Cholesky 73 fift fi
BB =R, P Rk - LN ZPRAS A THE
()i 7 22 5E R

Z AWM ZH,  h WD R

60,%1:01“1 (1D
Ei1 =0, +VL+-chol((L+2)P,_ 1) (12)

)
& =0, L+ ichol((L+2)P, ) (13)
?EAWﬁAimﬁﬁﬁﬁﬁuMﬁﬁﬁtA
Sigma s HEAT IR A5 RS AR B F00 o 7E SE T Y
B, HAR/REM S K, R 3RS A vHE I 5 AW
DU FTEI G B T7 ZEHE R P SRS 5 RSl T
A e RS TR A
0,=0 + K (z,—zy_,) (14
T ST JE RS A T P s 2 FE e a0 (15)
THE

P.=P,  -KP_, K (15
UKF J5 ) A W 588 BRI A JEL DA K R 4 i)
AL AR LA AL FF 48 ﬁ%ﬁt?&ﬁiﬁ, ESHi Az

FEYIE ENL AL L, 19 20BN RS 1 4250
(DAREZE

3 RSO

ASCA% F MATLAB R2021a 3T EUET E . A
TR R B A 22 R 0 RN AR PR [ K A
FE, RSUSEAEERMM, I HEAMEFEE S
. B FTA RSU B A HH R 228 & B/ ), 9
2 3ok A B T R R E E . OBU iy 2 A Hb T
L b1 m, KT RSUREE SE. BIRARSU AT LLAL
IE%/I\EWE‘J%‘NE, BA TR, ALRAFEE
—AHHFEER., BESHEHEE NI m, i
% N 25 km/h (%Hﬁ;i;@fh DX Ath T B AE
W125~100 km/h), Al4EICEIFIRSUSE N3, AT

Y77 M % Z (RMSE, root mean
square error) “FIJ4E%} % % (MAE, mean absolute
error) FISF4a%) H 43 iRk Z (MAPE, mean abso-
lute percentage error) EAPEALTET

N T IE B A SC RT3 CAE-RSU S35 [ £ B
55 H At 2 PP 25 e A BRI T AT LR, RIS N
BVE VRIS 20 o % 108 Page Z5PIHE H 1)K
Y EERIRZIEW S (EKF, extended Kalman filter)
SRR T i/ 3L (LS, least squares) R HESE
i, JERCT LES-KF 5k, R B 7E [ g ok
FEEE T V2X A5 5 B 7R 40 € A ol 1) 1 — 2e Pk
WiEE " B AR RO S A RS ) . SR, R EE
WA BB s R R R, AR R 2K
%% (KF, Kalman filter) 1 EKF Hi& & £ P4 1)
M 228 37 5 P ) — L8 o) R AR 2R VR, 7R B R 2t
)RR AR . B9 2 O Wang S5 2 ) — RO I
T HIE 558 (RSS, received signal strength)
(I R A R, AR R AR X iR ZE Ak R 2
}EEI (SDP, semi-definite program) #H %54 ) 7712,
S ) e AL 7 A EE SDP A 1 2% B B B A MR
it

TG, XEVERE ALK AT o, EE
i3 EE 0 25 km/h, 73 {3 ] ALE. RMSE. MAE,
MAPE 1 € ks FE VAL TR, AN [F) B9 e o 32 B2
R ZNE LN 2 Fros, AS[RIVRVE 8 A 3 B e L
WE 1. HE2FLUEY, EHEEZFET, k28
SEAPEREIL T8 1, ARSI H ) CAE-RSU 5
EVERRAL T AP A A v . Hop BRI
TE AR ZE mIA 3.5 m, VK 2 [P35 E ALk 22 1A B

cation error) -

8 0.8%
B RMSE
¢ == MAE_||07%
B MAPE
6 0.6% 34
oK
E5 0.5% 2
H %
o 4 0.4% @
B
=3 0.3% §
2 0.2% B~
1 0.1%
0

k1 Hik2 A
B2 ANFSE A EAR 2 L



* 158 - Wom M R 9%
*=1 TRIEEREMEEMRELLR
ot L5 ALE/m RMSE/m MAE /m MAPE
ikl 3.518 413 854 6.975 731 374 4.149 711 329 0.714 194 202%
Hik2 3.287 230 633 4,782 795 380 3.896 667 837 0.417 460 257%
PSSP 1.509 611 197 2.356 671 753 1.947 810 778 0.379 800 037%

T32m, MMARZHEIENFYEAMIRZNAE 1.5 m,
FEOT T 5000 2 e LR FEFR T T 50%. AT LA SCH L
REWE Il B s E iR, I EMREE . HAh, M
MAPE &, #3%1 K MAPE &1k 0.7%, AT
VR 2 USRI BAm K, 8 A AE 5 SEBRE i 22 58
K, HERPERAR. Rk, 53T LS K aEAHE,
FT SDP e hr bk (5352 fICAE-RSU) TE/D
SERLRZE T TR BT, REARPERE )7 T SDP LAY 1)
SE LB e RS FE . T AS ST R SR I MAPE
SEE2 AR T 10%, A ELFrE b,

LR R, VRAS ZE 5 B e ALV RE IR S
AN 3 R e AL P34 Z W B 3 Bt o 43 il 5t
25 km/h. 50 km/h. 75 kmv/h. 100 km/h 4 Fift A [ 3
FEREAP IR AT 5L, AR AR &M
AR, WG, EW . Ml ARG RER
B, SHFRTA 5, AR EE SRS
BN RN, H R ZE IR R AN . B
B TH R N, R, R Ak A
FR3E MR 22 o AN ST LY 1) 5 AV 15% 22 o 4 8PS 184
3G N, AH 5 oA 9 R S0 AR b AR RF s, T
155 2 AT AR /N R A5 22 R 18 ) R 25 1 K R
X2t T SDP HESEAE A 250 v I M 75 R FE A2 4 51 i
PGS ol E RS . RAE W, 75X
kb, RSO EIEAN AR IE 2 m 4 R
SE R RESAA T F A P AP AR, RI HH ek 1
e, BARIIEMRZE,

R X7
— e AR

FENT- 2415 25 /m
T T NS

N

5 50 75 100
HREE/(km-h™)

B3 AN I A ) iR 22

B, XA ST FIETEA RIS T (1 2 AL
REEAT VPAl o A T WFFEAR SO HR BV AE AN [R] 1 2% FA
e N BE AL YERE, A4 1 PR A [F] 28 A ) TE R A
Bi: (D A CGEREF 82, (2) FFIERE
RV T2 5) o [ I 25 59 36k 18 7 M 25 km/h
F1100 km/h, DME T2 M AR . ANFEEE T H
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