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ABSTRACT

In this paper, we propose a method to improve the positioning accuracy of TOA based indoor positioning system in NLOS

environments. TOA based indoor positioning systems have been studied mostly considering LOS environments. However,

it is almost impossible to maintain the LOS environments due to obstacles such as people, furniture, walls, and so on. The

proposed method in this study compensates the range error caused by the NLOS environments. We confirmed that positioning

accuracy of a proposed method is improved than conventional algorithms through simulation and field test.

Keywords: TOA, indoor positioning, non-linear least squares method

1. INTRODUCTION
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£ 7IRE0 2 P AMu|AT} THEsHA A HEtt X5
tEshE 912] Q1A 71&o] ARl QAR AR Qi)
ofQlo A= AHFE o Erajj%l Global Positioning System
(GPS)E &-golo] Tt A4 9] /A& vind 4 &5
Uth. GPS 44171+ At E&loll Ale T $149] A5 E o
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AFgALe] 122 Akte}] 18 B4 Wt ARk 912 914 7]
%2 & time of arrival (TOA), time difference of arrival (TDOA),
angle of arrival (AOA), received signal strength (RSS) S| it
(Zhang et al. 2010).

TOAE $41719 417] Atol9] Hut B AI7HE %Zéﬂojl
A& A4kste B oltt. TOAR A& S45h= Wi
One-Way Ranging (OWR)Z} Two-Way Ranging (TWR)O] %1‘1}.
OWR 412 $41719k $417] 7+ 3 ¥le] BHlo ALE 54
shz w0 2 £417)9k 4417] 7+ A7t 717} Warolch. 514
T TWRE $417]19k $:417] 7H % 1l ojake] 418 EajA] 7
2| & A= v o g £417)9F 42417] Alolo] clock offset,
clock drift 9] 2318 AR EalA AAT 4 glom, ol2 §
s $4417] 2ol A2t $717h E17) Qobs BUS ARE &
Ak 4= ¢t} (Falsi et al. 2006, GU et al. 2009).

TDOAE th4=9] FAl7]olA 41712 S 459 Xt
S A7 2pol & o]galiA 41719 %’—17\1E AHhkoh= B olct.
Aat 5 AIZE 2Pl & o] &84 $4171€F 42417 =
E517] whioll g A2 ‘5717} OIEOWOF et A &
Ao] FH5SIARE, AU A2 5717} o] Zofzirhd ghele] $441
o2 Azkek Ar] 20| Fesiths Aol gick (Shin & Sung
2002, Yoon et al. 2012).

N ﬂ?
o=

AOAE 416} 44171 2 205 44 A4S 38slel
7he At Wole. At $41 2= FaksA| Al
SlaIAE e QHEIL 0] £71210] ShEglolsh Hasha, 441
ZEg o] g5lel 241719 $1312 AXKsE] Te] NLOS 8
oAt THE 20l GO Q8] e FEHES Mt (Liv et

al. 2007, Zhang et al. 2010).
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2he ok A2 Sol 8449 29 e He
(Zhang et al. 2010, Fuchs et al. 2011).

B =RollAe theket Aut 71k 912] 14
AOA, RSS 7|4ke] Ag] 27 Hixgol HIsiA ¢
A £ 5ol st $41718F $417] Tho]
L Q5HA] o= TWR HHA1 9] TOA 7|5+ A 914
a4 =5}7]2 et TOA 7]8E A 9]2] Q14] 71&9
77} line-of-sight (LOS) &7oflA &-gsh= A& 71dst
Felof gheh. 2t AAR Aol A AR} o] Fohe 2
A= W7 L2 AE, 7HE 3 5 FolE= QIsiA] LOS
A& fAse Aol A9 E7Fssith 41719t 424171 71
Aoh= goliEe FA A5 Y Zhafle 415 A& WA
o, TOA 7|5 1] Q14] 7]gollA] A FH ] 2} A4 QQlo]
Eo] %] &L F5E& Akt HE] UiF H o5 i
ol &R 1% NLOS Q&2 AollZ9] F7, wid 4 Tt 2k
ol Waba M2 o E AS afiel A AE WAYAIZIH, o]
A58 54 2E MR Ak 44 ¢7] il He
ARBHE Fo17] oAPGA sk 2elo] Hrt o] & FEs1] 213
B o 2 vy AR S 85 N S gagEel o
4 A on] tFA 0 F Steepest Gradient Descent (SD),
Gauss-Newton Method (GN), Levenberg-Marquardt Method
(LM) Z-0] @)t} (Yan et al. 2008, Shen et al. 2019).
= RollAl b AFE HIATE NS £9] SaeZe) 91X

A= e |

@ ru

(%

N

o - o
>

fom £

o

D o

_ﬁ
o

i
30 O

0|

3
ot
o
s

d
r

2
2

] Jo] Ak

5
o2 N>

D
o ol
o ofx

fll.
[
N

o

> >

> B

[> oft
~N

ro,
J
ol

§2
rlo
2

kd
M o X

o

ol ol

ol
-—

P

AT Qe WY 4+ gl WS ARl Sk Ak
QI ZL o] YAk Bl Abololl S Ael AR Fof
A NLOS $740.2 QI8 @217+ 2 Wbk 72 4R 4145}
of BAFSH= uhtlolch, NLOS 742 s1efe A Baold Ao}
AR VL TEsIe] A DOl AR ATkE Bl 1
el w913 PEHEo] AN HAE 9le-S Hlsidc

B emo T4e bt gk 2ol TOA 7]uke] %9]
HPHE NLOS B70ld] 2342 Folv] 913t 71& dmelEe A
wela, FgelAdE NLOS $ell i A Aste $alsir] slet
Ael gue] o3} 1Ak 7ol sl AT 4ol 1%
£} AQKE Al FE FE Lo Algeolde o) ulis}

RaL, SeM= Al Y Hollze] EAlshs Ald Al

s g8
e B YnAEY A Y A

2. TOA BASED LOCALIZATION
TECHNIQUES

TOA 7]4F $12] Q14] A A1 Fig, 1o] Holt= A APde]
o3 9l 91X10]l 37 14kl Y7 (anchonE W3k 91412
O e Hl10] AN B T4 SJnjdt Bael 91X
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Fig. 1. TOA based positioning system.

£ AlsE] fsliAle 7 el 7ol gt
[3, 7} |1 Alole] Arle 4 AS
S S4slA ALt 4

TOA 715t 1] 1A A|AEIolA] B 19] 92| & FLohe 24
2 37 F GAR o] FoZink A HA) GAl= PF et e L 7holl
A ASE 41510, o] 415.9] Ant =9 AI7HS Al4HA
Y72k e 1 Alol 2] AT ;5 FHsH= AL R olet Y&
o 2 21 (ranging) ol2} Tk & ¥A] TAl= 21
A2 258 712 Rl Aol 2L g WA 7] A
olga}o] el 1718 Atkehs ACR ol2e T L A
Al (positioning, localization)o]2} gt}

(e}

U 3o n
rO i

2.1 Ranging

Eq. D& #HY Axlg EEP 2F Ao

Haf chALt el 1 Abol o] Mot EFAIZHE UrERATE &, 1A <f
ot i1 2t Aut & A7k o} Hlo] £ & & FolA] A
7o} e L Abol o] AT 4 & 1 4 Ut

d=cxt, i=12..,N 6))
AA 7oA HAY AXE F3HslA] BA et BT Ato] 9
E 2351 B, e 1 A2 9] clock offset, clock bias 2 &
a0 2 gk XA} FollE 54 NLOS &7 02 91k A %]
s Al j7 et B L Abolo] A A 4 Bt o] & k& 2=
d; & A7} 4= Eq. ()¢} Zo] 29 71535}t

dAi =di+ni+bi (2)
17114 n= i) 371} B 7F AlshE Hate] 00]

al
o] ¢7¢] Additive White Gaussian Noise (AWGN)& L}eb
= §7]9} eL Ao o] NLOS @17..2 Q1) whAiahe 23]



ehdfict} (Guvenc & Chong 2009).

2.2 Positioning

J7et el 1 Atole] Al Eq. )3} o] B & 4 ot
(Cheung et al. 2004, Guvenc & Chong 2009). Eq. (3) A& x, y
= B AL «, yi= A BA KX E UERAH, A<t el 1
Atole] Adl= d 2 ot

di=J(x—x)*+ - y)? .

Eq. (3) QP82 ABIIA Eq. ()9} o] 441 Heh 8 4 Ik,

di? = 2% +y% = 2xx; = 29y, + 12 +yi
1
x4 yy = 050 +y) = S (2 4y - di%),

A6 =-P (5)
where,
x y1 —05
A= Y2 705 i=1,2,..N
xv yy —05
0= ¥ sI"P=[ki-d® . ky-di’]"  (®)

Eq. (6)°1A si= X+’ 0 & k= x4y 2 ZJ7IE Eq. (9= Eq.
(N2 g 7}sstn, 5 Akste] Bl A X=[x yI's &
4 9e

=1(ATA) 'ATp 9

SEA|RE, 9]} Zro] Bj19] A& oA =W 912 A& Ert
gt sixick. o]t o] f-= Eq. (6)] | AAE #ll x, y7F 52} @
T=]o] o]x}A] FEi = ZE T, Eq. (2)&F o] ko227t e
A2 dig ol gl HaAEY shE Fsl T gro] YA5HA] &7
wjoleh, Tt Slo} 2L MR o] Fol Lt v ol
ol 2318 Fo] Urke vlAla 212AE el 2714
“1-16‘}7] QstulHo g /\]-& 4= 9]t} (Cheung et al. 2004). &

A4EE o] &allA] A HEE

HZ] o
2]
1= H] Lﬁé 2|24l thsh it

Jl)lf re Ao

o

3. NON-LINEAR LEAST SQUARE METHOD

Eq. 8) & HAY HAAFHE Fogt A2 r= A
(Residual) & 2u|gict, 72} ri= el 29} Al 7] Alo]o] AlA]
A2l d.<} TOAZ £l 243 A2 4,9 zto] |d; — d; IE 9
ek &, By HaAgHe e A g I 1d; - d; PE

L

Jaewook Lim et al, TOA Based Indoor Positioning Algorithm 123

£4 3 (loss function)E HoJ5la, 023k &4 42 F|Rk
ZH e = e 1.9] 9]x] §& F5h= up o)
LN N
g — argmin 72 = argmmz Id; — d, |2 ®)
X i=1 X i=1

TOA 7|9k 93] Q14] AJ AR th4=o] 7] o} el 1 7ho] Q]

FolAl 25 AR E ol &slo] Bl 19 94| XE 5] W
A3 wtetole E(X)& Eq. (9)2) 2ol

299 7Fsaiet. TOA 71t §12] 14 AJl2Re] w)41g

S e = (dg - dy) (d - d)E
Teh= B ol

N E Hd oX

B

9] 7 917 XS T e &4 P4 2 vt
ole E(R)E 002 YHEL R& 3 Zoln, o4 e £4 g4
E(R)S TrlEslel 73 4 Itk Eq, (92} 2L thils el
4-0] o] E-L Eq. (10)2] Jacobian B J2 Wadsie] A & 4
=

ER®) E®) T
VERR) = 5 E
_ 6rTr ar_TrT
T lex, o%x,
or rory”
= [Zr 2r af(y
ar ar 1T
=2 %, E r
[on®  on® ]T R
I 9%y 9%, | 1 X) o
=2f : Fol=2r®r®  (10)
IarN()?) BrN()?)l TN(’X)
l 9%, ax, J

&4 94 2 sfetele B(Q)E 85k BAlE el

£ dFgsel HAHoR o1 i WHo R 24 a2 Polok

;.
Q10o) 27] gk Kol ARl 4 34 rrE 24E
S RO R b WHESIA R 2 AAIEHE e X

2 TOA 714 W19 H4AFHOE ol10] 917 X
q. ()3} o] elat 4 ek

Kir1 = i = VER) =K = 2§ Kp)r(Xy) (11)

Th4 3710k Bl Abelo] ZHH TOA Zhe 2 F4l §41 %
2o] mahA] Az the E*&%?;
x] (weighted) S 2835}y H]AY

Atk Eq. 12)& 7HA l‘ﬂJ—OJ HIAY 2 4A5H
Zé—JOJ Aog We 7A€ izt & oJn|gict (Guven
Chong 2009).
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—
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Xir1 = X = VERy) =Xy — 2Jf R Wr(Xy) (12)

Eq. (D2 7H 71249 WY Hadlayies

Ls

2 AFE Fol Bk O FolM=d

ol o] of
oFei4l SD, GN,
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Fig. 2. Comparison of optimization paths of LM damping factor y, (@) p=1, (b) u=0.5, () p=0.1.

LM " o] tisliA] gotbR iz} st
3.1 Steepest Gradient Descent (SD)

42 HlEste] 719717k ol Wgo R
O[5 uf A wj4HE ol EslHA XA HE 7
Hpfolch. Eq. (3)& SDE] $41& Lrehm Ak step size

oo 2

Xk+1 = Xk - ZAk]rTO\(k)r(’Xk)

SDOlIA 19] Zro] W 24 s w2 A 43
Arglo] wEbE ©5]8 4¥skA] Eslx 8
A gro] Y5 2Fom Azl g 314 ¢l 2
g 45 Qlet 237] wiie]] Shoflale HE5H A2]
d7gsor gk

uk

2~

LT EL Eq. (14)8} o] A9

)

ct.
Kir1 = Xi = 227 KWr(Xy)
3.2 Gauss-Newton Method (GN)

HlAY A4S e AAsle] MK o HY

2 ISt A1A 2H slE ek el Eq. (15)= OGN
(15)
37|14 JF].-& 22} O]Eo] Q35 Newton method 2] Hessian 3Y
HL WSt Ao 13} njEqto 2 & & 1T ¢ == 5
T4 FECIL7] 9] ¥ge)S ongt
FAlof HESHH A
o] ujE A3t

=
719] 91X gl olE3taL v
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2 S8 I717F ¥ e1e] XS AA olsshHA 24
sl = SHs7he WHolch OGNS A4 3Hg Fofl J7):2] o 3

Aaro] Do sl JT], = gubd o 2 7193 89 (invertible matrix)
o]7] w9 singular value decomposition (SVD)S E3[|A4] 2JA}
J3¥ (pseudo inverse matrix)& F3loF gt SERITH 73-9-0f
wEta] SVDE o] 83t oAl o 3E ALt A] At B siA]
A A Sfi7L s 2R HAE 4 ik

7F&] 7]9ke] GN &1 &2 Eq. (16)7} Zro] g o]t

Kir1 = X = (T KWL E) T idWrRy) — (16)

3.3 Levenberg-Marquardt Method (LM)

/
Cigho 24 dite] S e WaT g H o 24
Qi Hhgo R NAE HAAF N Yebdos

SHpolch LM & Eq. (7)1} 220] G efste.

ol &

K1 = K= 0T X)) + mediag OF X)) X)) XrK) - (17)
Damping factor ikl J77,¢] thzt HE-& &
Y& AR E o aHste $571 W&
Wl o 2 MarquardtZh #|9Fsk Zo|ct,
24 9] FEE Yo, o] A2 GN singular
SHAA w7t 2 Aol FES
T UEE TPk
LMo]|A] damping factor
o] &4 Ipl] 0Pt Fo
N} fARRHEP o 2 S &
= 57MA17 SDe} fARE O R SiE
damping factor ux Ztoll Wb Ge]&S HkE o2 53g
o Y14 37} e IS o, oA Hole A
A wegkol 2ko OGN} AR S2tskal B = e Zho] 7
A9 SD&}L fALHAl F2ehe A& AT 4= Ut
7FEA] 718ke] LM 4rare] &2 Eq. 189} o] A o] Ht.
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K = K = O ROWI Ke) + ediag (F KW X)) ™F R)Wr(Xy)  (18)

4. PROPOSED POSITIONING ALGORITHM

NLOS $Hof|x] £ Hutg Fall PAlEE Ase ¥, 7k
So] Ao B 0laA] Exf HiA}, 3]8-S AR HA 4157
Foll LOS 20llA 44151 A5 ol wla 2]l0] A7 WA

olgA A1H A5 7o} el Aol o] A 2] g Al 7
o] 37 F451H, &9 duEE ALt Al §X] FE =Tt
= @ﬂ_g 23} B =Fojla= NLOS h7ol| A 2| oi=

&z [-'O|l
La

$,
rz B
ol
-

o

d

51 ke
2 U8 SUTE AA 0N s 710l o AT
Akshe e Ee ket Zom e F LS Pt wlAd
4AFHE $YH 202 SD, GN, LM WP B52 283
A 48 TPl B = Rolas LM A 88 el thald

Proposed Algorithm
Input :
o d, :iviA Y7ot el Atole] H1A At
® A= [x, yi: iR 97 914

Output :
® X =[% §]: FHE LA

01 begin

02  InitLsParameter(); k =0; Ik R34

03 W= CalculateWeight(X, A); 11 Xy, 1040 T3} Tage] 24 21%]
04 X1 =LS(d, A, W); Iy : 320 A1F 3

06 do

07 |

08 for (i=0; i < Anchor Number; i++)
09 {

10 if ((d; - L2Norm(4; — X})) > 0)
11 {

12 d; = L2Norm(4; — X);

13 }

14 }

16 Xiyp, Taer= LS, A, W)

17 k=k+1;

18 } while (1 > Threshold || k < Max Iteration #n)
19 end

21 function CalculateWeight(Xy, A)

22 |

23 W = normalize(L2Norm(X- A));
24 return 1/ W;
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D 718 SHfoIe] (2045 04 81 threshold 58 413

@ Eq. 19)¢} QO A gl A e 2 aAFH i X,
oF A AL 912 Ale] F-EH A A (Euclidean
distance) L2-Norm ||Al- —Xk” E 5l A g7 <) e
1 Abolo] #9143 AntR 2% A2 d; o} v as}od

d; = ||4; = X [|,>0019 A 8 A} d,; 5 |4 - K,
2 74408 Sof vy A AFHES EW 32kt (AIQE
&r712]= - line: 8 ~ 17).
, d; =l =X, <0
d, = SR K (19)
' {llAz—Xkll2 d; —||A —Kell, >0

A el w

® F¥x}7} threshold FF B} 2ol ALt ¢
]_

5147} 4aelE H vk Aol £ 7k @A 7
A& kg 4t

sk Gl &3} 71E g Ee) T 2 Aole @
2.9 S35k Ao oItk NLOS 2742 LOS 317o]| ula] &
A7 & Saystod 73k TOA ol A|gdo] AA WAstnl, ol5 &
3 249 A2 d= AA A=) ol vlsl 2A FFHck Atst
£ 94w EL Eq. (19) 2 7F0] NLOS #5004 A4 4% 7
2 4,8 vAY Hadgyos 13t xslsh B Afole] &
2 A |4, - X, ||, 9k vmstel 248 A 47 2w
l4: = Rill,2 W78} whEH o 2 sasluiA 914 HYES
A

7] rm-& | 2191 42 Ao £ POI 550 2gel Tk ToA
£4¢ W 47t ik 297 nqwﬂ 2 el
= sl 1 Aoel 1
] 9]x] AT I} MAES Folsiitt. o] dAlo] HHEEI=
ol ANk 0 = o 7Pk Ao s Yriste] FIA & 4
Halo] 73k TOA S7ke] Fao] 948 Ao e 4 9
7] wholch thg & 74 A g0l Bl Atk gae
%__04 AHNL9° A 5—6‘]—31 1;].

coo&E "wo

4.1 Simulation 1

2 =EolA Ajteles dargjEe] 91X FEErt ==
olF-E A7 HallA AlgdoldE thaat ol A5l
438519 ch Table 13} ZHo] oA 4719} e 1 & v X]5}1L IEEE
802.154a 29 24 (Molisch et al. 2004) = 8 ad RS A
45}to] NLOS gef 23t A1 t3t 3H& TOA &3 AR &2
A5} LM 2a12] & 9] damping factor = 0.52 AR}

http://www.ipnt.or.kr



126  JPNT 10(2), 121-130 (2021)

Table 1. Configuration parameter (simulation-1).

Position Distance between anchor and tag
X[m] Y[m] Truedistance[m] Measured distance [m]
Al -20 20 31.64 31.64
A2 20 20 42.44 54.91
Anchor i3 5y 30 31.64 36.43
A4 20 -20 14.18 21.48

Table 2. Simulation result (simulation-1).

Position
Ximl vim M
True position (Tag) -10 -10 -
LM -19.97 -7.67 10.24
Proposed-LM -14.85 -9.38 4.89

250

200

150

im of Squares

[m]

H
~

50

—@— Proposed-LM
TurePosition
A Anchor 250

N
S
3

[m]

o
g
Residual Sum of Squares

100

[m]
(b)

Fig. 3. Comparison between LM and Proposed-LM, (a) LM, (b) Proposed-LM.

£

Table 2= 7|2 LM 12| &3} ARFSH= W o & 1313 L
ormelse) 43 AnES Lrepc A9 A7} Ackshs gae)
o] 9114 BHE 7} oF 2u) T 2431 AL BOIEF 2= 9

Fig. 32 7]& LM &g 43 2ot Zﬂ"P’B‘} ”345
9] 438 AIE v W5l7] Ys)A] Fxbe] AlF T contourE L
Bl Ao 2, AQtehs daEEe YA Je= 5ol T
£ o}f18 19 Eh Aol AT 8 A F O
A & Sl At el 7 110401 SAYUS R
s, o] & Sl AAH o2 Ak Al ol 71 LM &
25l HlsiA X‘OPZI A& A 4= ek ol A A
Sheh A EE Fol 2T a7} AA 130l T F7tol

)\
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20 Anchor ‘
* Waypoint|

-5 0 5 10 15 20 25
x[m]

Fig. 4. Simulation configuration such as anchor positions and waypoints.

Sshe 2L BAT 4 ek

4.2 Simulation 2

Ak B Fe] e BASI] S Theat 2ol A E
g0} & $efsisick. Fig. 49} Table 3 o] el YAZ o)
ShaL, TRk Bl 1Ko Thek 915 AEE AEE I 137

2] waypoint (WP)E 275t AlgdoldS 433t 2 A

S} e L Ato o] )1 A= Eq. ()9 2ol Al A= dell 3

o] 00]3L EAFo] 0.5 m ~ 2.5 mQl AWGN :0]Z nel NLOS
S0 A%k Al AT bE Z7kelA Aol e AWl

t}. Al Bd|o]Ado] L35l NLOS 372 [EEE 802.154a Ad &
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Table 3. Positons of anchors and waypoints.

Anchor X [m] Y [m] Waypoint X [m] Y [m] Waypoint X [m] Y [m]
Anchor 1 24.66 5.55 WP_01 17.25 4.51 WP_09 12.30 13.81
Anchor 2 23.91 12.52 WP_02 16.28 13.46 WP_10 8.63 13.42
Anchor 3 7.54 -3.40 WP_03 13.02 8.63 WP_11 5.05 13.06
Anchor 4 13.17 -3.08 WP_04 9.31 8.18 WP_12 2.39 2.96
Anchor 5 -6.15 9.93 WP_05 5.78 7.58 WP_13 1.43 11.87
Anchor 6 -5.79 2.85 WP_06 6.29 2.12
Anchor 7 11.59 19.97 WP_07 9.94 249
Anchor 8 6.20 19.42 WP_08 13.55 2.87
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Fig.5. Simulation results with IEEE 802.15.4a channel models.
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Table4. Simulation results with IEEE 802.15.4a channel models.

MAE [m]
IEEE 802.15.4a
Channelmodel LM  Proposed-LM Proposed-WLM Proposed-WLM
(variance) (distance)

CM-2 2.73 1.31 1.40 0.83
CM-4 1.67 1.12 1.87 0.61
CM-6 1.85 0.86 0.87 0.61
CM-8 15.79 7.30 8.32 5.32
CM-9 1.42 0.55 0.53 0.41
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Fig. 6. Test environments.

5. TEST AND EVALUATION
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Fig. 8. Test facility and anchor installation.
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Table 5. Positioning errors for each of waypoints.

Waypoint [m] Waypoint [m]
1
P IM  Proposed-WLM P IM  Proposed-WLM
WP_01 1.76 0.67 WP_08 0.87 0.23
WP_02 4.57 0.49 WP_09 0.97 0.22
WP_03 0.53 0.52 WP_10 0.89 0.60
WP_04 0.15 0.13 WP_11 1.05 0.36
WP_05 0.15 0.15 WP_12 1.15 0.51
WP_06 0.96 0.31 WP_13 1.56 0.57
WP_07 1.10 0.23
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Fig. 10. Raw data from ranging.
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6. CONCLUTION
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