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BRIk 3 iy AT WG AL (1510 B T5 S AL AT 19 AT 0L O i 437 7 22 1151 £ 418 5 8 i ] WOGAZ R R AY , I 4%
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= (i —2) + (30— 9) + (2o — =)’ 2)
(] s 0 0, PD 38 7] LED S5 (4 5 1] ] i d FoR N
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B AL S (PSO) B S B & AT o B A n MR, AR MR B 5 by s fe AR &
P, () PRI 4 Ry foe AR 00 B g, (¢ ) B0 Lol R o
v,(t+ l)zuvvp(z)+clrl(pp(t)*xp(zf)>+czr2<gp(lf>*1p(l)> (15)
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. fomax _k *f(x(lf)) i

[-max_k — [_min_k
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TR ) R S 8 GURE PR R RSS 22 5, (IO L LS B B B2 07 X, 3R0R

Di= /E(RSSI.JRSSM_/)_ (20)
FR A 2 7 B L v A R, R B T A SRR B R . AR WT LA AR 7 A
1
W, = D’ (21)

FHorp, WA SE I S AL, DA 50 1 15 )WL 5 a0 R B
e FH IR B L A A R A T A R A B HLARTT R T VR R AR R KA ST A5 A AU A A A A
) AR
S wer
-z
A, P, 0 s WAL T & PO AR SO AR A S S ALE, WS D AR .
2l RGAE R B 2 D485 LR RGBS T AR AR IE R 48 BUF R -

4 AIRREMPHAEMGMITEETESSH

41 RSFESHIEN

Ry VP i 2 £ B2 A A% Ak 1 5 VR LR (6] 7S R BT YR RE L AR S g AT B0 B AL @A i I MATLAB %K
4 52 0 B, FE T LOS {7 T8 A5 RN B30k 1 0 LS 80N 32 1 s

W5 15 BE H=0 1 3 W50 187 25 29 4380 0 TE 7 71K 0.75em (9 100 X 100 A4~ [ 4 , [ B i ] - 1358 22 ok B0k
PEAN AN ] W P PR T A B8 i B 1 ok 8 38 61 18 25, RO T

N
EerrU":%ZN/(I/\'i‘i/\’)_+<y/"75}/")2
k=1

RPN W EIE AL (w0 3) T (o 90 N o 50) R HE kA% 450 09 2052 A FIASE TR0 50000 A48 4

P (22)

query
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HWEEMTES WEHALEDEEn, #ES
BF—8 (x> ys 2}

le
Iy

THRAEHEE . W ERESHIMER EEP,

|

BAPDERNE AT S LR THZRERHER
RSS..

!

EASQPEEFRAHFAREDE, FEAME
Ra FHARMRE

. fi s % S TFHERRnNLEDE iz
EENAPSOH R S B R B AN
EEUH, RESEARECE B m”%%mﬁﬁiﬁ*”

F 3

RETRTERaIE  FEREFRIELRITE
(a®s B

Y

BRERINT A, ERABERASEREE
PRAAEEY, SEInT-LEDRIFRNE S HE

!

ARSI 5 T LR 2 B P L ATA TR R A

}

ERAWRknnH S S HEAERERREAA

MHEm

H2 fEMEIT-AZGEREA S0 E 20 AR RS

42 AEERLEEFGHETEEEXERMEE L

AT S F AE VAL NA-PSO UL R R MK R, THEBCE I (5 b ik & Z=0) F48 RILIWE S
B RSS o 22 B (L ons Yoo ) I VERE L 5118 2% FITAOBL T BE 5 9 (Particle Swarm Optimization) | 57 45 5
(Greedy Algorithm) FE LR 8.3 (Simulated Annealing) #1758 2 PEBEXT HE .

D7 B, B 5E IR 1 BE RS (a, B), Ho b 7 i) /3 a=45°, 4} M 8=10°, 76 R [d] SNR(10, 20, 30, 40 dB)
FAETT AR 2 (5) (7)) 3F 5 A U OV T 1 4% RS S B RSS H (L& AWGN M ) o & R AL 5312 LU
AL RSS B VR i A, 7652 OF T 58 R 9 48 R AR AR 7 RSS dRe K. b AL (9 48 3% 2 78 W LA 5 2 (] i
FEH B R B (s Yoo ) ME T 3823 30 (14) 5 1 G 7 1A Qo 3 A @ 451 T 5 55 SQP i 42 1
i 1

TEVL T B4 PE R & S R A Q& 3 /R, ST 8E B VA 40d B 1 45 /N 75 4 L R 1T LAAR B 1) 4% B i
B A b 7, (EL S 2 7 — LG K, AR BN o0 A1 A2 M 7R R A D B L S BB AR B T B N R SR O i L JE ik
fifp T s MR P L 4 R T AT i A SR, LR PR A 5 e 4 R Ry S A 1 OB ] B RS ADLIR R AE
10dB 175 M L 2% 4 T AL B 77 ) 348 5 00 it A2 5 e KOG B (B0 8 L O HLBCHDLIR ok 58 a8 2 i 5 3% AR BOR T 500
WL THAME S, 2 ERrR, PSO M NA-PSO B 76 & 5 Me L 450 F I8 REE A RIFR M.

4 J7RAE 10, 20,30,40dB 15 M FU 1 B0 T 4 F 5 8 R 15 B A9 RSS,,. AL R WG B 38 22 T 48, GA B %
A bR A% 25 B SNR Y L TH A W7 08 /0, 15 25 8 1 10dB 159 191.1em T B 2] 40dB 4 4.28cm , A4 4 152 22 B K
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W5 T LED A B2 A% 158 8 AR A S0% 2 (9 T ' s 06 7 v

F1 ENTRREMRZHESH

Parameter Value
Bl RSP (LXWXH)/(mXmXm) 4
LED A2 45 (x Xy X z)/m 3X3X3
LED T %/W (0.75,0.75,3),(0.75,2.25,3) ,(2.25,0.75,3) ,(2.25,2.25, 3)
LED#ff/ () 20
LED -4 /(°) 90
SQP 241 [ {4 60
I 25 J& 48 1X10-—6
PSO H{A 30
WIHERE w,,, 0.5
AR w,, 0.9
OUNLEN 0.4
HSHE ¢ 1.5
e 3 i i 1.5
TR () 0.2
R R AL 100
R R 0.95
I KRB 1X10-—3
B R (L XWX H)/(mXmXm) 100

22
2

18
16
14
1.2

50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
X X
(a) (b)
22 22
—8—GAPan
~—&—SAPath
g —O—NAPSO Pain 2
" —8—PSO Path
N | O maxpositon
1.8 18
R,
1.6 16
14 14
12 12
50 100 150 200 250 300 350 400 50 100 150 200 250 300 350 400
X X
(c) (d)

H3 TREESLTAEEEEERE.(a)10dB;(b)20dB;(¢)30dB; (d)40dB

136.32cm, SA 3575 T 19 A bR iR 22 {8 i 10dB 19 87.5cm T F& F 40dB 19 6.73cm, A 47 1% 2% ¥ {8 K 40.66cm
PSO By F (9 AL bris 22 i1 10dB (4 47. 1em T REE] 40dB 4 2cm , A6 F7 1% 22 Y1 4 18.86cm , NA-PSO & 3: R
9 Ak B 1% 22 {8 B 10dB 9 4.41cm F [ 3] 40dB 4 1.41cm, A2 F5 % 22 {85 5 3.01cm, A1 Fb F GA & 3= 2 F+

0712004-9



T oF

97.8% , Mk F SA B LR T+ 92.6 %, M L F PSO B 3L 3+ 84.04 %, BE W% T 4F A SZ BLAE AS [R] Mg 75 IR B T

RSSHIHX %1}11 E"J }E % o
2
—8— SA Error
18r == GA Error
PSO Error
16| ~—E— NAPSO Error

=5
[N

Coordinate Error/m
(=]
B

o
o

1
=

10 15 20 25 30 35 40
SNR/dB

M4 ALE Ry SRR KESE2
F2BR T ARIME R 375 F &8 2 0 7 MR 2, GA B T Y5 A R s, ot 3 48 5 1)
11 4 Bt W 7 8 3l T AS W AR Ak TR R g MR S 0 T A5 B A AR BR(E B A I B RSS AR B, IE A BR R A5 2 Y
RSS,,.. M1 RSS, H 1R Z R K, i B L FrE O, TTiEE T SQP B 3L, SA B 3L A1 PSO B kA5 2R 7 [n] £
2 i SNR 3 Rk 5, SA 3 M8 1R 2% 36.1°, PSO 3 M 1 2% 13.4° , NA-PSO 3 f B iRk 2% 4 4%t 1
A A 1 22 ek /N B B, B AT 20 S PR AN TR M S R BE R O 1) AR R Ak
£2 AEAEBRETEESFEHARRIRE

SNR/dB 40 30 20 10
GA error/* 6.91 10.01 89.22 89.84
SA error/® 12.32 33.71 21.42 36.91
PSO error/* 4.82 13.61 20.11 15.32
NA—PSO error/* 0.12 5.91 6.12 3.63

MHLER b A SCHT Ak PR A B R RSS 8 5 () 8 J T i Y ) 52 W8 75 90 80 52 0 14 A 2 D8 A 1), G 1 A R
BT ] BEAAE 2 R B (EL . 5T 4K A MR R AL MO SR, TR MR S Bl T A 5 i B B TR R
(B BEABLIR BRI BAT — JE A Bk Y J5) 0 fee 10 E ), (EL38 28 i P MO BE AL D2 20 AR O, SR AT B oK 5 1%
G2 PSO B AT VR U3 [R) 45 = 00 38, {EL 180 158 1 A o e LA SHe oot iy A0 4 SRy R R AR W R ik o e o ML Z R AR 3
NA-PSO it i 51 A AR Lt [ B ALEE 5 3 2527 T AU f0RE 748 20 300 4 B0 1) 42 JRy IR R g
T J 3913 25 38 5 JRy WS SRURE 7, AT B RN 5 MR Al T AR R RS SR A 2o AR Kt R GG T R A B 9k 0 R
JE A
43 AEEMELE T SQPMRESMITIELER

U 4.2775 Frik Ir L4320 07 16 58 D6 B (H @ » N SQIP B8 185 A2 80 A A0 328 fife B b 0 25 113 5 o) 1 R 30T e Y
R AR, LUT 20 Bt SQP 505 fil 4 1 22 fifk 0 5 45 SR VR BE LA, 7E 075, 10dB, 20d B, 30d B, 40dB 5 1 LE T #
B AR A ARA A (1) T LU B LED A BE A 1125 1] 8 22 38 38 TH 3006 100 58 8R 22 | 1100 — M | T LA BK
TREL SQP 535 (0 A BEAGTHRIOCR , Q181 5 B, T8 5 QAR AR g Al 3125 1o o 55 50 52 925 o o 22 ) ) G P 2R 22
DRy G A AR S R R e 7 1) AR A RS - ABURE A i RS I [ BRI £ S AR AT IR 22, O O 3k 1) iR
2 AT RAE . JCMR A B0, e b o R 58 4 DE INC ELSR MRS B2 TG R, DU A 3 52 22 B I T 05 L AR 52
iy ELob, T RO R AR R IO A% 8 R 22 S0 T SR 22 T3 AT REAF TR M/ B Bk A iR 22, TR L A B 3% il
SAR N HNE S H I . F M HAE 30dB,40dB T #1935 1] R 22 {6/ T 0.05 HF # 45 BN H, B 12 &
PN AT UL R S A LED #EAT £ B 00 AR AR GE |, H 2 2 M 7S g — 2B 39 RS, SQP 312 th T % A ] Lot 1
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WA AF IR T LED f B i B A5 28 A n s S0 B 1 AT DO RE 7 v

0153 A AN TR 5 80 SQP 3492 SRR R B, 15 210 110 33 22 il 46 Bt 25 15 I BL A Dl /)N 5 1o 33 25 S DRI 04 K LD
SRR AR K, 45 AT E 15 M b 20dB B A B e % 72 1) 1 158 22 2B 0 0.0832, 5 M Eb 10d B B £ B2 i £% 125 )
R ZEWE N 0.1055,

—8—SNR =10

018% |—e—sNR=20
| SNR =30
0181\ | —e—snR =40

—&—No noise

Angular offset vector error

Angle/®
HS fithBAXSELRBALNERNERZ

44 AEEBRILETRERBXEMREEZN

SR LED £ B2 £% % AT 00O € A0 K BE (9 52 e, BEAT 05 B S2 06, il TR A5 i AP fE L & 2 LED 7E % N
B BIAA 20 A, A5 S 2 P i) DGR BE A 43 0 51 A 10dB, 20d B, 30dB , 40d B {7 M HL (4 B 7, 43 Fr A [ 15 W Lb
I8 X 2 (VA BE S, W 6 T, FE R RARURE T LED 19 22 407 15 25 359 {8 il 25 100 A 88 110 184 K 4k 4
Bl i 2l B2 y = 1.8350 — 0.4733, XM Z T R*N 0.9939 R FLA VR B 1L 4, 35 15 ] 122 £
THOw 25 B 3G 0 1 RE K 2339 1.835em WY 8 L1 25 . 4% F kK 10dB, 20dB, 30dB, 40dB 175 B b F 22 17 15 22 X
B 3 AT R AA L 3 3 REAT LA WS [ 5 5 BE BR85S A A 15 22 1 I Sh AR B R R . 7 LS A G
M P 5% T 14 S 6 2R 25 I AR R R 15 3 MR T 32 R R LR LA T s — 2 B IO 1T A% B Ak R
(7 BT LR 22 5 0 SQP 5 NA-PSO B Ak it A2 o 18 2 1k 3 8152 22 5 = J2 1) B ABL £ B934 A 78 30 1L 52
B 23 (6] ' 2 A s 5 | P ASE AT DL 25 o DRI, TG IR 7 AN B R 35 8 A 158 2 T A% 2%

Positioning error/cm

Angle /°

W6 FREERLTAERYTEMRZEDH

F 3R T N [AAE M L R BTN A0 152 25 LGl 4k RAE, A3 P BicdE mT LU ) B A i AR S Y g R,
REAN WUl /) | 4 005 7 3 A W A, 40 D W 7 A 5 ) A0 785 R 38 A 1 O 22 5 8 o 1R 22 2 TR Y O R 7R 1 2 2%
BN A A LA O AR (] Ak AR X T JC IR S ARl £ 1% e S R R A AN T
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X3 ARAEBERIETEMRELSHLZLR2
SNR/dB Jo e 40 30 20 10
R’ 0.9939 0.9525 0.6222 0.6033 0.5877

5 AIREEMERENTES S

51 AEFMRAEMEEITLE

N 56 GIE A S R AT AOHE | Sk BUAL B8 WKINN 2 ZI0KE JE 48 80 WKNNYY RBF #f 28 [ 4 il KNN
YERXF 7k . o f% 58 WKINN AT KNN SR H 3 AR A 1 722 256 B0 4 48 S0 5 AikE B WKININ 76 525 46 o B
I BB AR B s RBE J5v5 R FH AR R RSS #5417 W B I 2k o Horh 280 7 1/ B0 UK (E , KB Y e e
VEPE 5 8 SO % R AT 3 AT W R KT BBE B R O S DA G, R AN AE X T A b i 18 Y [
FEAMAE . A ST R R HR SR AR B B, S % SR IR Z e S MR A T IS Y R KA A B TR
TREAA I 4B A RSS I 2l ok i 0 AR D2 25 48 i e O 45 SR AR e M . 3 3R 48U, A U A LK =301E Ny
A MRRBRIEMASH.

x4 ERARBKETHEMRE
K 5 10 20 30
P22/ cm 0.13 0.09 0.05 0.03

Fp U A SO A SR R B SRR iR - 4 AT R L . B E R BEDT LR R Sl AMHIE LED £
JE i B b, E B2 WSO TR 43 30X 3 DX U 9 A X3 s B0 H R AR S ORI (E . 1R 7 R LU AR SO Uk R
271k LAE S N IR BE A5 M L6 R 10-50dB T /9 A 0L 8 A7 850258, DB Hh mT DL AR i nT O 1 7 152 2% 2 Bl 4 A
Mg L Y 185 R /0, HLIEZR 7 I LAE A IO A W8 b 25 R B IR 2 R AR SO WL BE ik 1 iR 22 341
9 20.6076cm, 4% 37 i 25 BI{E 8.8049¢m , 5 1 K BEH& TH 57.3 %6, XF L 45 R 0 W 7E WKINN 458 80 % 1) L fify |
1A LED 1 BE {5 B 0T LU RO FE ] W6 %2 A7 RS B, LED A9 #A 13 D B8 A 182 R L3R 1 i i — A Gl R R

FRL Ty 1k 238 o e B 2 By B 0 AR B A EEAE O RSS A JE 48 8U% M AR B AR 5 7
], 05 e AR 505 ) A 25 K R (30°,5°),(20°,57), (107, 2°) W A 48 S0 5085 | i 178 48 S0P v 14
IR BEAR S B RE T, Ry B kAR SO RS L K 7E O E A R LED £f Bl A A e (07, 20°) , T 1]
YL (10°,70°) o 162 N EREE 5 M L 43 901 9 10-50dB B, A S 2 45 4R 7 15 2 1 2 07 15 22 R AL £, T 1)
£ Ak 1R 22 X6 A 2R3 S An 1 79 BT R AR A S /N AP A 2 R B A AT SR AR SO I, T LA
2R 7 1k 2 ) R R 25 FBUARE A, O 1) A A T 25 AN W /D E LR S0 A B I RHE N 153015 i =
714070, 111 A% 3CFiF $& 5 35 AAY 75 ZE R 4 63 4~ B 4R I B A BCHE FH T IR RS A B2 A, R R IBAR 1 %o 52 56 Bk i %)
Wl . MNPERE BF A SCHTEE 7 B AE (5 MR 1l 50d B, 40dB, 30dB T By & A 4% B, #f B Al RS B 24 5 T34k )y
2, 55 B AE 40 F1 50dB 15 M L R AR S I A R 25 BB AL R 1.34em, £ BE Al 1T IR 25 B E AR 0.335°F1
0.394°  AHHR TR 7 1k 2 6Ky (107, 2°) 48 B e 2 B0 S i), o S0RS BE 4R T T 81.4 %0, A BEAG THAS BE 42 7+
1 86.1% F190.7% . TEAFME L 10,20dB Z& 4 T HL L T vk 2 T 8080 5 15 R S B0E B4R T e X 7 1o
me A% /0N ZEAUR A 5 07 ) 120 R (207, 57) 8 SCPE B R 204020 B, FEER J7 1% 2 8 R B, AR BE A TTORS B2
5 ARSIy AR ; Bl i SO SRR 5 07 A DK — 2 i /NI B (107, 2°) , X b AR SO 1 8 R BE
P 1.7 1em , £ BEKE B2 £2 T+ 0.357F1 3.67, {HJ& & A >R SR B4 1 i AL 5 0 ] fg A0l (207, 5°) BF Y 3.5 4%
SR FH B B R R T AR, GEUR R R AT AT MR R, 3R 4 KR ROR T AR ik 2 R [P K e A
JIT 5 B B AR SOy i I RSS (8 85008 12 1 X% E .

BEXF LR vk 3 A TEA AR M L 25 0 T = e RS BE R AT X b, /110 JB /R T X L &5 51, & e Xt R
[7i) 504l DR /N X 57 K R ) S 0, i A 2 AT T D R SR B 0] 43 H 50 < 50 4 T 28 100 X 100 45 40 P il pf £

4 BEAFR2MALFEFRELNHERE L
Method Step (30,5) Step (20,5) Step (10,2) The method of this article
Data volume 153015 204020 714070 63
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WA AF IR T LED f B i B A5 28 A n s S0 B 1 AT DO RE 7 v

. : :
—8— Methods of this article
—*—Bassline Method 1
30, ~—— Baseline Method 2 (Angular step (30°, §°) )
y. —dr— Baseline Method 2 (Angular step (20°, 5°) )
[+ —"T'A,f Baseline Method 2 (Angular step (10°, 2°) )
25 1)
E
=
520}
i}
4 -
£
£ 15+
k<]
£ h
a
10f
A
-
st
& L J ]
10 15 20 25 30 35 40 45 50

SNR (dB)

B 7 F R 5% b AT AL A

—B— Methods of this article

9 ~{— Baseline Method 2 (Angular step (30°, 5°) )
—#— Baseline Method 2 (Angular step (20°, 5°) )

8 -ﬁ"ﬁa Baseline Method 2 (Angular step (10°, 2°) )

Tilt Angle error (%)

SNR (dB)

W8 AFREREAHTHAAGITEREEET E20 1k

= Methods of this article

~— Baseline Method 2 (Angular step (30°, 5°) )
—A— paseline Method 2 (Angular step (20°, 5°) )
—«-‘-\}—- Baseline Method 2 (Angular step (10°, 2°) )

8

'S
o

& &
o

Azimuth error (°)
n n w
(=] (5] (=]

-
o
N

-
=

SNR (dB)

WY FREREAGET I AGITEEREEET E254

W 2% H5 4 i 42 7, WKNN,KNN, RBF = (00  BE #0 159 81— #2515 15 b 10dB % 50dB JIr A 5 i
J5 WG B AN WG TH 8 ARA SO VA AE 415 W L 25 T 33 F 3 BE T T AR U5 vk 3, 7F 10dB {5 b T i3 22
K BEFETE A H T 20dB {5 M b T iR 2536 K 560m , % B RBE Bl 28 [ 45 78 4 AR 15 M bb T 5 07 R B2 2 T B,
B 112 T 7E {5 M bk 20dB % N385 T RBE U2 I 26 5 A8 05 i 19 CDF 1% 25 2B ki 5k, 18 pomT LA
HH RBF #2245 11 23132 22 1 H A2 808 0.12m, 90 % 4357 B0H 0.49m , A SCO7 i 10 W A7 B0k 0. 1m, AH &2 42 Tt
16.7% ,90% S i 80k 0.29m , MAS$2 T+ 40.8 %0 , B AR 1R 22 B+ T RBF #l & M 4% .
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- £1- -KNNSO ==& RBF50

< ©- ‘WKNNS0 =~ RBF100

~-£--KNN100 = Methods of this article
WKNN100

Positioning Error (cm)

: T 7 T
10 20 30 40 50
SNR (dB)

W10 F %7k 3,45 K00 ik 2 AL e 3 He

1 | |

09 %4

08+
gort
Z
2 06
g o
a
S o5t
k-]
3
04
3
o

03

02

—— Methods of this article A 90%(Methods of this article): 0.20m
L —— RBF B median(RBF): 0.12m
@ median(Methods of this article): 0.10m & 90%(RBF): 0.49m
T T T T T I

0 0.1 02 03 04 05 06 07 0.8
Positioning error (m)

B 11 RBF # 4 W % 5§ A& U7 %% 2 2R 0 4 8 2 A

B xet & N AT L A P B LED £ O B T 5 B0 RS BT R IR R, AR SO s i ik R B B O L
OAE T BT (0048 Sr AL B SR W A T34y 1 1.3 A MK R % 18 A B i % 110 T AE e R R g A 4 B0
HVERE I PR32 BR T A AR IR 25 | DL B 2R 0 vk 2 B 08 PRS0 60 £ B Qi A% 455 0 g 4 20% L HLRR v 1Y
B R AR AR AR SOy Bl i A T LED 97 1) o RS} £ 8, I 48 e AL 2 £ 348 I I A B AL 8 B0 . i
J5 ¥k JC T HEAT R RASE BS 2 A J BEHE SR A A R 1T Ak 3 B R AL /D i S Y RSS{E R 2 AR LED JL
o] 28005 RIS, SRR R B2 T 2 11 5, 0 38 IR T S AR R R o o 455 SQP SR I Z I IR Ak fiE 0 Ak 2R
BRI R AR M, DL & NA-PSO /Y F 3 o HIL il 38 5 4 Jey 48 2 5 0l sl # b |, i 5 75 76 10 dB - 50 dB 1Y
B A M LY PRI P 349 B DR v R B A R A T 5 AR B, A AR T M R T R e ] DL AR SO AR
T+ WKNN PE BE (9 AR A J5 S 7E T 2028 WKNN B3 A B 1078 30 5k 5 B 08 1F 48 155 48 S0 1) 47 20 B S 1
RSS 78 [H] i 2Pk .

52 BEZFEENARAVNERERBEMITLL

Sk o BT B8 TS [R) 490 463 71 5 Al B 5 500 1 4% 8 0 7 3k I e 1 DA B sl 1 0 R 5% ), 4 Sl BB )
U A B W A% (45°,10°) , (45°,5°),(60°,5%), (60°,10°) , %t F LA I 4 F £ B2 D B 900 4 (8, 45 1 DA I 4% 628 O i
(IEAb FE 28 7 3 2 e U K (107, 2°) KB BB =) AR SC O 125 40 3 78 £ W L 10d B, 20d B R #E 47 5 Uk 2 37
MBI, 52 E iR 2E MR 1K 12,13, A SCEEL(45°,10°) . (45°,5°) . (60°,5°) . (60°,10°) DU £H %) 1A £A I 1 7
PE R 05 B S 8 . AR EAR IR AN <5 ) £ 45° 5 60°43 5140 13 28 N ¥ T P AN ) i % 7 1), AT T 26 4iE A [
L4 J7 1) T B AE X BR824 AR S WA 575 107 TR /N SR S B TE |, DA R W A 2 i 25 %
JER o A K e ERE B RE . A SCER (27 1A T 5 Hr Rl LUE Y S0 LED S Tl 258 78 J5E a8, 15 00 1 %o R 437
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WA AF IR T LED f B i B A5 28 A n s S0 B 1 AT DO RE 7 v

(—30, 30) mm F1(—30,—30) mm b EAE I AAH[E , 2 i X WHMﬁﬁ$ Z AR A, B e AT A4S B, AR
WIS PR & LED 1E 58 B 25 5 B0 A B B o 7205 BLR il R S5 &, ol [l i 55
I A% w$nﬁﬁfm%*%%l%Mﬁﬁﬁﬁﬁﬁ%@%ﬁﬂ%*%?ﬂﬁ% TEUHN R, z4 5
BOFAEE X R TR Y ST G e T RGP i r I AR R S8 5 &t 58

k.

R A5 v T J2 7 A9 P9 25 1T LAAS B 7E 20dB {75 M L R BT T A SC 7 52 v 15 25 389 7.94em , FEZR vk 20K
BHE B ) E 07 1% 22 ¥ 4.49em , FEL 5 1k 38 015 25 BIMH 15.3em , 7 45 W) 4R A FEAm A% T 2 o 12 25 T8 Wi 2
LRI 3> ARSI R > I I vk 2 (R BE e 2O Y, (8 FAS 5] 9400 4 £ B3 R B S 2 R0 A8 A SO TR AR
oAt L2 T W AE e RS BE E A 08 25 HE TR, B WIS ST O TR HT) s 1 ) B A A% 7 28 KO ), ELA B kM L B
A5 M BB N 10dB AR 3C 7 ik e A iR 22 3948 T2 11.3em , JE 48 5 2 2R $d 28 BT % 6.38em, 4
BT 9 o 05k 14 5 6 1% 25 25 (8 1 3.45em b TF 2 4.93em , FELR 7 1% 2R B B ) 10 58 07 e 5 5 LA B A6 el T
FE N 0 8 AR E T R B 2 B B R AR 1 KB it Dy LA R 8 AR ST VR R A 1R 25 02 fR T AE AR EE O RS A T e
A B TR 22 51 DL RR BT AFE J5 Sl ak— 25 00 Ak, LA AS W7 0si /I 015 22, [) Bsf 2R 9 48 808 1) 3t ST K H T
B A B, TO T B 2R SR A0 R 1 48 K i ) B R v A 1]

—@— Baseline Method 1
~#— Baseline Method 2

Baseline Method 3
—d— Baseline Method 4
—f— The method of this article

Positioning emor/cm

0 L L
(10,45) (5,45) (5.60) (10,80)
Initial Angle offset (tilt Angle/°, azimuth Angle/®)

12 fZ% b 20dB 4 T 4 7 i & iR 2 3 b

70 T T
r —@— Baseline Method 1

¥ Baseline Method 2

Baseline Method 3
—dh— Baseline Method 4

e —k— The method of this arlicle

@
S
T

B
3

Positioning emoricm

@
=

- L8]

Y T
[

|

|

i

|

|

|

|
\
\

\

\

\
(
‘I 1 1

>

0 .
(10,45) (5,45) (5.60) (10,60)
Initial Angle offset (tilt Angle/, azimuth Angle/®)

B 13 5% th 10dB & # T 4 77 i & ik 2 X |
6 it
B — b PR DL A AR AR A T Dk o 107 R AT SQEP B3 SR g /N ' 5 1% 22 A5 B 7 1) A7 FBT
R o, B, A AR D B AR R B 75 35 A AT AL D' S A3 9 20 SR 2 A0 TR 5 L 2% 30 I 4 A8 280 4 N Y

0712004-15



¥ %

RSS{H 4345 B AT xR, SQP B A7 AE 2 7], 51 A NA-PSO 555K Ak % N - T RS, A8 B 0 7 77 170 £
(L, 5 B LR fife 43 v 0 08 13 5 DI A% 5 %7 A J3E i A% A T HELAC A B IE AT vp A g S0 128 O 45 5 I AR K 30 48 59 9% S 1
BHEEAL . 7E10-50dB {5 M LA T, AR S5 6 58 0 18 22 BB A% 58 WKINN AL KNIN B4 57.3 26, 1 i £
16 TE AR TR 9 2 A T A B A S R B2 UM T 5 B (RSS) 52 5 15 4R BE 48 S0 WKNN A LY, R S0 i
B B BOR S A S B (5 £ W HE 40-50dB T 52 B E 0 KT B 1 81.4. 00, AR} A 5 07 1) A R 22 o IR
86.1% H190.7% , 7517 M Fb 10-20dB & M 75 P4 35 2 {3 15 2 AR B8 Ak 1458 22 4 5 fulf 1] B0 i 200 b 2 48 B0
JE LR 22 HH XY, 5 RBE #2486 26 AH bEE 037 1% 22 BB B AR, AR SO B2 7E 20dB 5 e L R CDF 4 22 RARTE L
A RBE 4271 16.7% , 75 90 %0 73 (i AHALHR TF 40.8 %6 0 25 BRIk, Br e 35 N AT DO # 52 D B8 A 3107 2% RE A A%
Wl RE R 2E TR 2 RO R AR DL T B B R
S % 3k
[1] Maheepala M, Kouzani A Z, Joordens M A. Light-based indoor positioning systems: A review[J]. IEEE Sensors Journal,
2020, 20(8): 3971-3995.
[2] ZhuZ, Yang Y, Chen M, et al. A survey on indoor visible light positioning systems: fundamentals[J]. Applications, and
Challenges, 2024.
[3] Zhuang Y, Hua L., Qi L, et al. A survey of positioning systems using visible LED lights[J]. IEEE Communications Sur-
veys & Tutorials, 2018, 20(3): 1963-1988.
(4] WFFRF, M 28, R T, A R TR 5 T LA I Y g G L AT L 6 ik [T ). P O, 2018,45(03) : 263-270.
[5] JinL, Jiang Q, Yu S, et al. Lightweight RSS-Based Visible Light Positioning Considering Dust Accumulation[J]. Journal
of Lightwave Technology, 2025.
[6] Guoging H, Ya L, Bo B, etal. Accuracy Evaluation of Indoor AoA Visible Light Positioning With MLP Regression Model
[J]. IEEE Photonics Technology Letters, 2025.
[7] Du P, Zhang S, Chen C, et al. Demonstration of a low-complexity indoor visible light positioning system using an en-
hanced TDOA scheme[ J]. IEEE Photonics Journal, 2018, 10(4): 1-10.
[8] Sun X, Zou Y, Duan J, et al. The positioning accuracy analysis of AOA-based indoor visible light communication system
[C]//2015 International Conference on Optoelectronics and Microelectronics (ICOM). IEEE, 2015: 186-190.
[9] Huang H Q, Yang A Y, Feng L. H, et al. Artificial neuralnetwork-based visible light positioning algorithm with a diffuse
optical channel[ J]. Chinese Optics Letters, 2017, 15(5): 20-24.
[10] Mao X, Jing L, Tong Z, et al. Indoor visible light positioning system driven by deep neural network based on Kalman fil-
tering and clustering optimization[J]. Optics Communications, 2025: 132090.
[0 B8, bk, K i . BE T bl 22 100 2% 9 T O 38 N Sz A (7 [T ). b 0k, 2021, 48(07) : 145-154.
[12]  BXAEwE, TR LI, AR . HE T4 SCAy % N AT D6 o J s [T ]. P 301, 2018, 45(08) : 202-208.
[13] &, ER, Tefifh T Circle MBI ISSA-ELM # 28 [ % 25 py a1 W56 5 £ 57 2 (0], 0% % % 4,
2023, 43(2) :33-42.
[14] ZUe, 3k54, BB, 5 BT Elman MMM T WG E N @ BRI [T]. b4, 2022, 42(5) :24-31.
[15] ARMSTRONG J, SEKERCIOGLU Y A, NEILD A. Visible light positioning: A roadmap for international standardiza-
tion[J]. IEEE Communications Magazine, 2013, 51(12): 68-73
[16] Wang L, Guo C, Luo P, et al. Indoor visible light localization algorithm based on received signal strength ratio with multi-
directional LED array [C]//2017 IEEE International Conference on Communications Workshops (ICC Workshops).
IEEE, 2017: 138-143.
(17 A, XVGH, B2, & 5 T A& R4 0 2 9 m LED ] WG %E A [J]. 622441, 2024, 44(22) : 2206004~
2206004-11.
(18] JAMNMA  WRIGRR  F 2 i 1) n] WG JCER e (o7 Y 4 S BB HE [T ). i 12742, 2024, 52(06) : 1925-1937.
[19] Chen, Yang, Ming Gao, and Xiao Song. "Method to design the common aperture multi-band optical system based on the
PSO algorithm." Optics express 29.12 (2021) : 18325-18335.
[20]  fRttal, RAf , EARTDT & TR 7 T 00 A0 I 4 B A4 7T U6 i 2383 [T]. vp 30 , 2021, 48(03) : 81-90.
[21] Guo X, Shao S, Ansari N, et al. Indoor localization using visible light via fusion of multiple classifiers[J]. IEEE photonics
journal, 2017, 9(6): 1-16.
[22] X4, 200, B R, F  JCRAF 5 30 AL 1Y A7 5 () AR AE S g e [T, b B AL 2 AR R4, 2022, 52(11) 1 1992-
2010.
[23] SungJY, Yeh C H, Chow C W, et al. Orthogonal frequency—division multiplexing access (OFDMA ) based wireless visi-
ble light communication (VL.C) system[J]. Optics Communications, 2015, 355: 261-268.
[24]  oRJRA, IKRHOTE 205, 45 B T2 MR AL i = N AT OGS A ik L] 6% %4k, 2024 ,44(13) : 78-87.
[25] BREM, Tl LY, % T KPCA-K-means+ + fl GA-LMS 8 8 ) i ik RBF 4 28 9 £ 58 9 o] OG & f2[1]. 6%

0712004-16



WA AF IR T LED f B i B A5 28 A n s S0 B 1 AT DO RE 7 v

24%,2021,41(19) :72-81.

W, fLBE, PR, 55 BT 2 BRSO AL E A E M REBOT S L] RN TR ST, 2013, 34(5):

1896-1901.

RFZ I B, 4 R, 45T 0 A5 I T A SO A RO R F SR DT ] B AR T 0k R A A iR, 2020, 37(03)

207-212.

Visible Light Positioning Method Using the Angular Offset model of
LED for Fingerprint Database Generation
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Abstract: Objective Indoor visible light positioning (VLLP) faces significant accuracy degradation due to
unintentional LED angular offsets (e.g., during installation or manufacturing). Traditional solutions, such
as fine—grained fingerprint databases or neural networks, require extensive offline data collection of angle
information, leading to high deployment costs and limited scalability. This study aims to propose a robust,
data—efficient method to estimate and compensate for LED angle offsets without offline angle
measurements, thereby enhancing VLP accuracy under diverse noise conditions. Methods The proposed
framework, SQP-NAPSO, integrates, Angle Offset Estimation: SQP (Sequential Quadratic
Programming) solves a constrained nonlinear optimization problem derived from the Lambertian model to
estimate initial azimuth and tilt angles. NA-PSO (Nonlinear Adaptive Particle Swarm Optimization)
resolves SQP’ s multi-solution ambiguity by fixing the azimuth direction using the indoor point of
maximum RSS. NA-PSO enhances convergence and global search via nonlinear adaptive inertia weights
and dynamic learning factors. Positioning: The estimated angles refine the Lambertian model to generate
an online fingerprint database without offline angle collection. WKNN (Weighted k-Nearest Neighbors)
leverages the refined model for robust localization. Experiments validated the method under 10 - 50 dB
SNR, comparing it against baseline approaches: traditional WKNN/KNN, fine-grained WKNN (with
offline angle data) , and RBF neural networks. Results and Discussions Angle Estimation: NA-PSO
outperformed PSO, Greedy Algorithm, and Simulated Annealing in azimuth search accuracy (mean error:
4.4° vs. 13.4° - 36.1°). SQP-NAPSO reduced tilt/azimuth estimation errors by 86.1% and 90.7% versus
fine-grained WKNN at 40 - 50 dB SNR. Positioning Accuracy: Mean localization error decreased by
57.3% compared to traditional WKNN/KNN. At 40 - 50 dB SNR, accuracy improved by 81.4% over
fine—grained WKNN (requiring 714k offline data points vs. 63 RSS samples for SQP-NAPSO). In high
noise (10 - 20 dB) , accuracy matched fine-grained WKNN while reducing data dependency.
Outperformed RBF neural networks: at 20 dB SNR, median CDF error improved by 16.7% and 90th-
percentile error by 40.8% . Robustness: Maintained stability across initial angle offsets (e.g., [45", 10°],
[60°, 5°]) and SNR levels. Angle correction suppressed RSS distortion from attitude perturbations,
enhancing spatial continuity in fingerprint maps. Conclusions The SQP-NAPSO method effectively
addresses LED angular offsets in VLP systems by: Eliminating costly offline angle data collection,
Leveraging model-based optimization for accurate angle estimation under noise (10 - 50 dB SNR) ,
Achieving =>57% positioning error reduction versus classical methods and >81% versus data-intensive
fingerprinting. This approach balances high accuracy, computational efficiency, and deployment
practicality, making it suitable for real-world indoor positioning applications. Future work may optimize
real-time implementation and multi-LED scenarios.

Key words: Visible light positioning; Angle offset; Lambert model; Signal-to—noise ratio; SQP
algorithm ; NA-PSO algorithm
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