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Three-step localization algorithm in WSNs under two uncertain parameters
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Abstract: Node localization is a critical technique for acquiring location information and has emerged as a fundamental technology within
wireless sensor networks ( WSNs). Localization accuracy in wireless sensor networks ( WSNs) can deteriorate due to uncertainties in the
transmit power ( TP) and path loss exponent (PLE). To address this challenge, a coarse-to-fine third-order localization method ( CFTL)
is proposed. First, TP uncertainty is mitigated using differential forms. The problem is then reformulated into a natural constant-based
least squares estimation (NC-LSE) framework through first-order Taylor expansion and logarithmic transformations, with coarse-grained
positions obtained via a linear unbiased estimation method. Second, an optimization function with PLE as the variable is constructed,
and the puma optimization ( PO) algorithm is employed to estimate the PLE. Third, the optimized PLE is incorporated into the
differential-based generalized trust region subproblem ( DGTRS) framework, and the fine-grained position is calculated using the
bisection method. Additionally, the generalized inverse theorem for block matrices is applied to derive the Cramér-Rao lower bound
(CRLB) under dual-parameter uncertainty, assessing the algorithm’ s effectiveness. Simulation and practical results demonstrate that the
proposed method enhances localization accuracy by at least 10.96% and up to 32. 18% compared to existing methods across various
conditions.

Keywords :localization; WSNs; two uncertain parameters; GTRS; CRLB

Ysehe H 3 :2024-09-28 Received Date; 2024-09-28

« FEAIH . E K AR 4 (52201401, 52331012, 52071200, 52201403, 52102397) | FE % & A #F & 1181 (2021 YFC2801000) | i 17 75 2
AR/ HAM I AR (22XD1431000) Bl R 2 512 8530 H (23010502000) | FHEHT#HE £ RIS S FBTHEZ RS 267
(24CGAS2, 23CGA61) K i A8 38 ¥ il 4 [ 71 o S0 380 58 FFGAAE ( QZ2022-Y016) 1T H %2 B



- 20 - LSRR R e o

539 &

0 35l

il

TN A P 25 ( wireless sensor networks, WSNs) /&
B PRI R A B S T B Y o,
SEJE WSNs SRR, al Sy i ey #04 Ds h] mogiodis Ak 3
SIMT AR 5T B A O B o A B B T, WSNs
FEANL 3 T IUEE A TR R 37 5 AR L TR R 3
S, BT BE 9 3 S BE A AR U A E VA B, 2 HTER
SBRAR A T B L e T R b s v R
SR WIS B 1) MBS 2) B AR  Ai dE B
315 5 MR B ( received signal strength, RSS) | ] ik B
[A] (time of arrival, TOA) . | ik £ & (angle of arrival,
AOA) M F3AE} ] 2% (time difference of arrival, TDOA ) %5
HOAGHL M 5 35 E8E o — RV AE, IR G IRk
;R%[S] .

HILL T3 T TOA , AOA B TDOA %5 T+ Bt 1 & v 4
AR FET RSS BB TC T I [a] 25 K H A AR A1 3% 25 19 A
A RN AR AR FL AT SE R e 421 I e &
I ZBFE T b R Ao i 37 D e TT A% )
R BT S (ERURS A 3, AR B R R
7 0 AR, B2 A0 A e B v A A 1Y s A T R
Wang %" % & RSS B A iR 2%, 3 T3T 1, 1,
TEERE A )7 % . Du S5 R — PR S5 /NI
SEN TR LB RSS B I RE . Tk KR 4 G
RSS FUEIE K+, DL AL BBk i, -l & 2 SR 10 5 &
KB BORMA EAROI B, Mei %5 E1XF RSS A77EFF 5 BE I
AR S B 5 H D S R IR ) Ak Dy
INER /N S HELL, JF 42 1 — Fh I o g 2 2 00 S or
Ttk

L IRAH G I AE B A PR SR S LR R
AR TR 0% 45 B N e o 1 AV A . (| 2 ¥
K (transmit power, TP) 23R &AL FE R K 1 77 A A
BiEYE, FECLPR TP MBE TP A715 i 22 , k1M R T
SENAREEED M 5 —FhARHE R R WK A TR E
AR IRFE F (path loss exponent, PLE) , B2 FERE R
JE AR AR AR, FE T 520 RSS WRIMMELAF 7 f 22 , A Tii 384
T ENLR N TP R PLE (AN 52 M, A 3 T
RSS M58 (L H AA IR T e 2 P IR A PR AR —LeeE
SRl TR TP B PLE AN 1§ B0 4 H 1A RN B4 A k7
2. L, 78 TP RHAE Yo 1A, Zhang 551" 3 i 22 4%
AR BEIS 255 P A bR SR R S8R 0 vk Bt — R
AR R G R R, Yan Y RBES BT
IRA = a st 4 —Fhokr 19 A8 S0 HERRHEZE KAl
TP FHAR B, 1F PLE AN E B 507 10, Mei 25 5
2B MPE— B IF % PLE St bk 248 & il i

—Fh 2 B M Ak e A5 B G Al TE H AR AL & F1 PLE,
Sari %' K PLE WL BEHLAE i, Bl #5159 21038 T oK
ISR I I 36 R 3A X, UK A PLE 47 8 15 40 T 19 H 45
(A

B4 TP 1 PLE X284 ) I AN 1 I, E R 9 07 58
FEARRRIUAS RAFIE MR, A, Najarro 452 il & 22
Gy Al RS 2% 2] RN 3 N E A T i R
WA 3k . Zhang 4517 32 T — b 38 U510 6 4 5%
DB, P EVEAE TN B B, PR i s — Wk i) ] ¢ A DX
256 B PBURTT AN SR 1 VAR 5 S R A R Y
SENIY S . Zou SRR XS AN B 2 T 5 A
ST B Y 2 A T R A Ry — BT 45 4 Y 2 TE 8
FURIHESL R A A TSR B AR &, Kang 55 R+
IR S UEPAGH XS IR A AR BN B AR fL e,
BEJ5 , 25 G AT S8 A f LA RSS 7 BE— P8 e
SEZY A=

SR, BAT ST XU S (] B AN A o2 B 04 58 o 7 ik K &
BT AN AT ST . RS2, 2 B A B 0 S 5
PRI 22807 VR I A BE AN RBAS B OB, TR
AR SCHR S — oL 22 2L 1) = B %E 1 ( coarse-to-fine
three-step localization, CFTL) %, 1% 4 ¥ J0 7% 1 iE X}
IO PSS AU T A 5 1A 22 43 JEUAEL AN 56 WH B A 4K ( puma
optimization, PO) , JHBR A& 2k, T 8 7 —Fh = B A0 %€
PIAERL LRSS AN 2 I 1 78 RS BE

ARSI 225 AR THBR T TP AW /Y520, JF B
BLIEH PLE , #Y3E2E T F SR W 80 i/ STt (natural
constant-based least squares estimation, NC-LSE) HE2R 25
BT A TR AL, IR T, 255 5 I
SAVEFISR AN L, Bl & TT R RIS ;SRS Je . PLE
ETACTE 0 PLE, #5722 43 T SR M B 5 n)
( differential-based generalized trust reginal subproblem,
DGTRS) HESE | F| FH = 433 X 44t s B o7 & i AT A 1. T+
B, 25 A U e T i e B, W R T i Y TR
( Cramér-Rao lower bound, CRLB) & ZF AL, Ak 55 s
B 5 O B RN S I 25 SR R W, 42 13 (9 7 ¥ ( CFTL) fig
BETE S A E 5 T IRFF I e ALPERE . I HAEAR
[N, 5 R Bed th i 8 7 B AR L, 28 RS 275 2]
T —E MR T

1 18 AR

18 WSNs FIZE &4 N AN G 1A E AL H
PR i M S B N @, = a0, ] T 2R
BB R ML AR AL E R x = (a0, ] o RBEHETY
SRR AL FUAR Y 2 AT i 2 To2k i A5 5 AT 15 B AL,
VUG5 SRR FEBRTTT A RSS (H TR N



5 XS AN E B TCE A% A W 4 — B i L5k - 21 -
P - - 10al [x—al s () AR 1R B W — B e IR K (5) ik
v — o 0810 d Vi TTERMEALRIT

0

X P, FORE | AR SIEDRE B BERT BN TP d,
KBRS R | m; Py AR R o
FOR PLE, 2@ % N [2,6] ;5 || - || Fm s,
v SEYMENE T 2R o) MR AR

A P R RSS WL ] &, W XF T N A5 A
HoP =[PPy, Py 1" KR AR 4 A R
% ( probability density function, PDF) A] /R .
LS|

p(Plx,Py,a) =[]
-1, /2mo}

(P P, + 10al |x_ai|)2
. alo —_—
exp v 0 =30 do (2)

207
4 TP 1 PLE & 1A, Al 3@ id i K e (2) B9 PDF
FRECE AR SO B, SR, T i LTS
HRyAEAL TP R PLE 7778 R 1t X (4550 (2) 23
AR MR BRSPS, AR SORE R E
[ Ak %2 NC-LSE fli THHESE, I 43 3 L it A7 Ik A A
TF, DR S S A8 0 T B AT s B A B

2 CFTL &%

ASCEE Y CFTL A 7E TP Fl PLE ANBfE IGO0 T
BRIt R AR 3 A0 1) 45 22 0 B4, #E 57 NC-
LSE HESE | 38 1o 2Pk T i At 1 3K B H s 15 SRR BE 37
B 2) FT MR AT, 1A PO Bk, XF PLE BEfT 443
IVRAMALG B PLE, £ 57. DGTRS HEZE | I i — /3%
KA H AR AR
2.1 —MEREME AT

FIA GPS 24y H AR M EAR, SRR 1 AT ASAE N
S 1 N (1) BRI T 22 045 AT 45 3]

~ Il x
P, =- 10alog,,

v

_a,' || ~
Te—a i TV (3)
[x—a,l
ﬁrh: Ev"l :Plf _Prl(jzzan"N);;j,l :yj _’YIO
A2 (3) AT, 2200 RYARAE AT IH BR TP A ofE M, Rl
Ja# = (3) XMEGHEA TR, T4
1~ d 1~
—P In10 =- aln — + .
10" " d, 107
Rifid = x-al sd=lx-al| .
FIANARHEE e, WK (4) BEAT T LAFO5 B AE J5
A,

. d\* -2,
e s 7= (—j) e “ (5)

1n10 (4)

2F d\? 2o2ae
o e P ~ (j) ea(/\j AD (6)
1
> 2 1 2 2 2 1 2 2
ftrh: )\/- :@(lnlo) 0"/- ;)\l :@(lnlo) [
A '%;r'l’l“‘?“*"%> . N
Lop me T Y st (6) ALy

pj,ldf = djz (7)
SEXERE 0 =[x, X]T X = x| WE
[ AT it — 2 ek o NC-LSE HEZE .

arg;nin |30 -w|° (8)
K
2a, - 2p2,]al] 2a,, - 2p2,1“12 P2y — 1
X = 2a; - 2)03,.011 2a; - 2p3,|‘112 P3q ~ 1
2ay = 2py,ay 2ay, = 2pyian pyy — ]
(9)
la, I* —p,, la |”
2 2
a - a
W= I a, | /'03,1 la l (10)

layll* =py, la |*

AR (1) B9 2220k LS f 37 o, T3] B AR
A5 A A LB AR .

0=(3'3) 'I"w (11)

SRS 2 SHRAE RS B T TP S SE 520, A PLE
(AT E P 2 B3 (1) A AR e e 2, R,
B th R TCIR 7 EEE E  bh o ARG, 4
RS R AN (1) RS E 0 1 3 AT E, H & =

[0,201 " . B FZMS— RTF S X (0 -0) 16 %
PEIT x AT LML SRTF .

(0 -0) =E+T(& -x) (12)
X E=[0,,,, Ix° 7 -] T=[L,2(x) "] ;1R
ARG

16 1E J5 AR EE AL T HE 2, WA R

x, =% - (I'Y'30) "T'YSE (13)

2.2 ZFr PLE fhit
FRAE—BLRE BEAG T, 43 S AR 8 Dk EC LT I 25
B d = | %, -a | 1, = | %, -
a, | o WIER(7) iR, UL o MAEE B IL RSO
a’ =argmin2 (p/.’]df _djz)z (14)

2<R ¥ <6 j=2

PO FI5 02 Mirjalili SEHRAE S PN I8 T8 M Y 4547



<22 - LSRR R e o

539 &

S —Fp ot & R A T BB B e A
BT A & AR &, S B R AR oRG B o 4 —
P PO Bk BB T SE NI ARF A AT A 14 g sk 46 55
BT YE AR T — A A A AL, E AT 3 KRR B s 17 i)
PRI ) FIHF R (FFA5) AL BR , RE40) 38 PG L 1A %o A 3% 23
(B AN | A A W M DX R R () 1) R, B 56 4 WA ACTT
LRI T AL, B AR B8 55 18 H AT B R 5 T & 1 4
1 B SE NI AR IR 5 A AEAT R TR iR R
PO XF I it BN FEAS SCHEAT 38, T 4 i B vl 2 % 3
BR[27], iz PO Juli &GE %, LA (14) 2 Hirfi b
PR, TR AT E S5 o
2.3 =HHEREMCE M

HRAES 2 BTESHRERG G ° ARASR(3) 5, ATAS

~ d
P, == 10a “log,, —- 7 + ‘y/ . (15)
1
PR (15) #ATR T, I X 48 BT AT 78 1 98— B
JETT
—l In10 ~
10 102 d/_ =~ dl(l +4A*'ijl) (16)
: 10a "
Bt e Al — A I 2201 1S HEZE.
N PAZ"
argminZ(lO > d/.2 -d})’ (17)
x i=2
2 Q=[x", |x|*]"  SIAKMFRT .
H=[- l(w—l)xw,lw—lJ(w—l)xw (18)

A -1 AR P I TR -1 B
X (17) 4 — IR AT 7 J7 4841 s 4% 31 n] 15 2]
DGTRS HE4Y .

argénin | (H") T Q - (HH") | 2
. Q'DPQ+2B'Q=0 (19)
**79[10ﬂ£mﬁko%%ﬁﬁ%ﬁomﬁ%;
=[0,,5-0.5],
P P
2a} -2-10% a} 10* -1
3= : E (20)
2¢" -2-10% 4" 10% -1
ﬁrZ,l
la, | = lla,|I* - 10%
V= : (21)
val
la, I” = llayll” 10

AT = KD Y W = (HHD TP @ =
O"PQ +28B"Q ﬁc(19)iﬁk%lf\h$%ﬁﬂa%%m
T PR (22) A TR A

L) = ("2 -¥)"(3Q-W) +Ad (22)
P A ARSI H IR T,

X (22) PREAQ R AR i, SR A Je P A

AL(Q;A)

b0 - 2(3) "X Q - 2F°W° + 24 DQ + 21 B

(23)
#X(23) I 0, W AHR B F AR T-A DR
QM) =((3) "X +aD) ()W +AB)

(24)

KLH.Q( - ) FRXFT A MR,

T A KA LA AR R (24) RSN 0
J& R (25) X5 A FEAT KA -

A =fun(0,0) (25)
AP fun(0,0) FXRX © K0 BFAYREFEIAR, Hh
®=Q(1)"'DA(A) +2B"Q(A) .

HaE I (25) RGPk W H 7RSI, A
I, SCIX R T .

I= -%’m (26)

A (3 'S, D)
A A, (33 ,p) #RT () "S,p) Mk
SOESZARIE
ﬁﬁiﬁmm%@iﬂ Q () TEIX[A] 1™ 4% 3%

VPRI, Tl e 3 R TR SR A AR W H R AT
BEIEARA AT IFARGESC(27) RAFARL B B
.% =

’
()T +1" D) (&)W w2 B} |, (27)

SR &, AR f G - |, FE xR BT
T

3 WEARHHER CRLB

CRLB #{ A NP WA TR N A FEZ
— BRI NS {E B M A 24 TP Al PLE

AR, By s [JAM I B P =P, +7 5@, =a, +
T, Hoh oy BT, FORBAIE R 0, TR & A s

HIET T AR S P o R o, 43 265 R 0 TP I PLE
B, W X2 AR H RE ) CRLB RN

aﬁn(T;M)} - (28)

CRLB =Tr(FIM™") = Tr|: ;
aIMIM



955 4 XS AN RE TR AL RS W 2% = B e Bk .23 .
Ao Tr( - ) WIBREG F =[P, P,,a" ] M =[x,
RMSE, = (39)
PO,aTJT,;H‘:IZFIa/z [a/la"'ya/w}T,a = [ala"'yaNJT o

K (28) PR E(E B R (N + 3) e, Hrp
A2 L (3%3) FH AR, AT RR N
A B C
ULLCALLON PN (29)
IMIM
C'" E' F
A,
4 - (aln(P ix) ) o (aln(P ix) ) (30)
B:(aln(P x)) - ,(aln(P x)) (31)
C- (61n(P 59 ) o ](aln(P 59 ) (32)
D= (81n(P 3 X) ) - l((’)ln(l:’ ;X) ) ;e (33)
E= (81n(P i x) ) - ,(Gln(P ;x) ) (34)
(aln(P ix) ) o (61n(P ix) ) ‘ot (35)
Kf.o=[o],,00] 58 =[s,- 571"
*ES‘E%&%EF@VX@EEE W2 (29) BEAT 3 et
1B, Al dt— KRN .
A [B C] ™" N
()L
. . -Z'HA™ VA
c E' F
(36)
XH.G=A"+A"'KZ'HA"';K=[B,C];H = [B";
c'];
» [Ll +L'MN'OL™ —LIMN‘}
zZ = -1 -1 -1 (37)
-N'oL N

AHF.L=D-BA"'B;,M=E -B'A"'C;0=E" -
C'A'B;N=F-C'A"'C-0L'M,
EXU=C-BL'MHV=C"-0L"'B" R#1E
A B e 25X, T A
FIM' =A"' +A""(BL"'B" + UN'V)A™"  (38)

4 (FEZK

o o AR SR Y CFTL 7 ok 9 5 2P, 55 0 7
MATLAB R2022b V-5 2E 47, i IX I 20 mx20 m, 4%
BT R FAR Y AR R SR RIS S i A rand B
Bote s B AL AE B DA 5 R 22 (root mean
square error, RMSE ) /R PFH i (o7 45 B2 Y BE1E -

KA MC AZFFRIE LI B RE, & E R 1.000; me N
YRTUEL; x EARLRE L E A THE, B x =x, .

Dy B S E A SRS P, =— 55 dBm.a = 3.5,
SEGMRFE y, , DA DUAR BRI S 0 R Al S B
RSS {H, FfiJeHR 3538 BLE] A RSS {8, 247 = B A7,

SR PLE fELEANH & 2, (E AR 4 SCRk[ 30 ] mT 0, JLHR A ¥
FLEE N [2,6] o FIL, FERR SRR IS SR P A 4E 4
B30 R, 38 30 3207 2CFE — B it 58 B B oK A5 REURL BE il
T IR T A Z B S0 B AR SOk [ 27 ] AT,
SCE R AE B PLE Al F A E S B E R . PF, =
0.5.PF,=0.5 PF,=0.3 k=2 L=0.67 M=30 Maxlter=
100, BLAR, XFF B S A % (1) CRLB (1) e 75 1% & 40
TR g =1 dB s? =3,

4.1 PLE fiitiRE

M T CFTL B AR LA 1B Beits ZEARAE 2 B BeAl
T PLE, BRIEER 2 B B Al 11352 25 A0 5% ) 25 5303 1)
NAERE . MHRFE CFTL 55 2 BBt PO XFF PLE A9ff TR
% 4 N=8,0. =3 dB , Ll RMSE NiFfi$6h5: RMSE, =

> " (&-a)/me FHob & Rt PLE, [t
3 BRE LG AR 5t 08 T RR R S A 7 v A4 R
SEALE % (black-winged kite algorithm, BKA) ™' /N
WA 3E 4 ( crayfish optimization algorithm, COA) ™' #§
A ( goose optimization algorithm, GOOSE) (34] RO
Ak 5 5 (hippopotamus optimization algorithm, HO) ™! |
a4 AL 3% (whale optimization algorithm, WOA) Bl g
e 22 d AR )t 1) S0 22 3 R AR A5 (multi-trial vector-
based differential evolution algorithm, MTDE ) U577 FE KAk
THRZGRAE 1 iR,

40

35+

30F

K1 AEPEATTEXN T PLE BUAGTHR2E

Fig. 1 Estimate error of PLE by different optimization methods



- 24 - LSRR R e o

539 &

o I R/NBENS — i FEEE WP = AN AR, Y o A
INEE A5 545 R B BT B Qi 1) T 4%, 3L T RSS
B8 RS AT B R B, TS 2 [ B PLE Al L 555 1
BrBERAG TS A G, Rk, NI 1 a] T, Y o (/D
BF X A TR ZE IR, BB o (EIGR R Al TR 22
BETRGE T LTS, X PO ki,
e R 20752, AT PLE B9Ah R 24 e T HA
TR, BRIR 22 AR 1 iR, 1 o B/heE, H
PLE flfiiHR 2K, B o 3K, ZE7E RMSE, = 1 4b
Beoh, MNEERAIE PO Jy ik iaE T i s b ot F
PLE f94iit,

*1 BFRUFENETREE

Table 1 Estimate error of each optimization method

(=R7S a =25 a =35 a =45 a =155
BKA 2.054 3 1.3339 1.012 3 1.2150
COA 2.003 0 1.360 8 1.015 6 1.113 2
GOOSE 2.002 5 1.344 4 1.026 7 1.132 6
HO 2.262 6 1.809 3 1.509 2 2.266 4
MTDE 1.996 5 1.332'1 0.995 3 1.159 7
WOA 2.016 9 1.343 7 1.037 9 1.188 1
PO 1.984 5 1.301 7 0.989 8 1.1252

4.2 AEHFTREEFREMIRE

gk ARG SR 7 2 A R, TR T R AL
AT S WE o) =3 dB I LT
250 0 MG 2 AV 7 ¥ (accurate and simple source
localization, ASSL) DO LRI R E A T 1 (ratio and
search, RAS) "™ A & % % 1 J7 ¥ (active set method,
ASM) DL R A SCHR HE Ok CFTL 565 1 BrBe( CFTL-1)
HESAFEIR CRLB, FHICENLIRZWNE 2 PR,

(3 AN
Meel T*e- el
5 LI -+
£ N SRRl B
= . e e i L B
2] .. Rt N
e ‘~~-_(>.\ e
3 S~ Tre.ll N ~ -
Sl e-ASS... TTTTEEmes >
- -CFTL-1 ~~==o__
oL o=o--ASM Tl
-w--RAS  Tmeea
- -CFTL =
; L=--:CRLB .
6 7 8 9 10 11 12 13 14
N

B2 ARIBEEAE N AR e 1 22

Fig.2 Localization error of different algorithms in variable N

HI T4 B 193 22, T T E AL AR B IR A 2
TR, I, Y N B R £ SR 0 5 7 1R 2 8 T I
/N NI 2 W50, ASM  RAS Fil CFTL-1 7645 17 5 B0 8

A R R T AR N B, B AT RE ] 15
ZER AR, Horp RAS P 7E ol F R FHZR PRI R 1 )7
KAFENE I 09 PLE, A b Hoe R 25 78 N 38 KT He
ASM [CFTL-1 A5/, 1 ASM B TER L in T 24
IR A AR MRS A R HERR T 5 A, SOHE 60K B AR
T CFTL-1,

FHEEFHAD T VL T 5, A SCHE 19 07 R IR e 1
Bt CFTL-1 HURLEEAS AR 2 8K (Bt T4 T PO
TR AR T B B, HoE RS B2 A5 8 T 2 3 48 Tt t
n, 76 N =14 B, CFTL o 7 U i 19 RAS , (v 4
27} 10.96% ; /£ N = 6 W}, CFTL L & 7 8% 8 % I 1Y
ASM E N KEEAR T 26. 71% . B BIPLEMEAE R AR %
JFE PR%Y ( cumulative distribution function, CDF) 453 T #f
— LRI, LA N = 6 I, ARSI A& E 1) CDF
YHAEBLUNE 3 ok, 76 1 000 IR H 524K ig e,
CFTLAE || x —x || <7.63 m BYHM 5 HikE] 90% , 714
A4 &, ASSL 1% 2 4 11.01 m; ASM % 22
9. 18 m;RAS iR 4 10. 07 m, KL, AR SCHEH 9 = [ &
P REREAE S AR e G O, ELR T s B AR T, B
PR AU 1 2 N AR

09¢ o e
08¢ Bl
> B A
07¢E B'V _,ﬁga'@:
0.6 7l
3 ek -+ -ASSL
05 Ok - o -CFTL-1
= LR .l -<--ASM
g P gk - -RAS
04¢ i - -CFIL
val
B ow
03 iy
B ow
X4
02p @
2 2 . , . .
0 2 4 6 8 10
[2 - z||/m

K3 AFEFETEN = 6 1 CDF
Fig.3 CDF of different algorithms when N = 6

4.3 AREEHEFHEEMIRE

5 Ml 7 (1 086 I 2 %ok 5 3 B 7 A S ) 1
el , Ak — 2B ARG AR SCHE 7 IR FE IR BE M AR Ak 1 r
BOR L HEE N = 8, AHCERIRZEME 4 R, Yol =
1 dB I, AR SCH I FAFE R 3L T CRLB, {H %5 14
AR R RE RS TE B2 T, 5 CRLB. il 2k 18] B 7R 7
i, HiPE 4 AT, B CFTL 8958 (5 22 e {5 A5 24 4
KA AR AERAR . T A 7 7 e P A A 10 T 19
FIRZEHILLT CFTL #700 B3hn, 551 ASM, 2 o7 =
1 dB i, T B R 2 R A, s sk R B T
CFTL, {HLFf 25 M 75 188 K e ) R 0 B 30 e 2E T 4 KR
R R



KBS A E B T AL AR M 45 = i 3k - 25 -

%5 H
70 ¢
IR ki *
6.5}
6.0 e T N
-1 _.—"‘3-,—"‘ _D_________..:-‘E
L 7 JUS R PP
£ > TS PP
g 50F ‘,:/:o" _____ %"
Ao
4511 + ST peeemmmT 4
R L-b-s377ASSE
40L.57 "7 -o-CFTL-1
i e -<--ASM
35¢ e -<-RAS
JPtae -+ -CFTL e
308" .. --=-CRLB----~
25

Bl 4 ARFEBEEAE of AT A 25

Fig.4 Localization error of different algorithms in variable o’

SRS A SCHR Y CFTL 78 AR R e 75 3 52 F /Y
TE N ACRAR H A I A BT R T el FE o =1 dB
B, CFTL Lt 2 7 8% SR & 4F 19 ASM, =& v A & 2 7
17.94% ;7€ 0> =9 dB ,CFTL [t CFTL-1 Fll RAS, i K
FEAY SR T 21, 15% F1 22. 68% . WK 5 i, B4R
ENRCREE TR R, E 1000 REISHFRI%
SEEH CFTLAE | x —x || < 7.86 m AOMSML 5 ik 3
90% , i [F) % 45 7, ASSL 12 22 4 11. 26 m; ASM 12K
10. 46 m;RAS #2255 9.05 m. HH AT UL, A< SCHE 1Y
CFTL £ FR5E M 75 AR A% B0 T AT B ORI 1) 8 (v RIR

1.0 ¢

09 F B 3*}
08 F 9_.9-;:3-&:%;1@5“ :
07 F b P e T T g
0.6 L »7 o™ o
A
. 05 f R
o P EaA ¥
04t p ®p Ko d
Borg o
03 [ Borps
Born# - - ASSL
P, - - CFTL-1
H ‘:' ':' ”::' -<--ASM
02 & #op -a-RAS
P - - CFTL
[l d .
0 2 4 6 8 10
|& — z|/m

K5 AFSETE o7 = 9 dBHf# CDF
Fig.5 CDF of different algorithms when o7 = 9 dB

4.4 FBEERITEREFEHE

AR T ) ] 4 A A7 e L 7 R ) B AR bR 2
— o UL B RS R S B R TS S, o il B
VI8 0 8 O B[R] BRAS o AH OGS B TR RS an 81 6 B,
HAE 6(a) N or =3 dBEH FASFE B IEAER ARk
FIR TR A, B 6(b) S N = 8 15 B AN [l 333k 7 M s A
FRRBT TS . DAL 6 (a) TN, 4553010k 1 B ] 45 43 )23

A ASCHR S AOEE 1 [ BORDRL B2 Ak 117 % CFTL-1
TR 8 i (] 45 /0 P S AR AE 4. 28 x107° s, #H L F
ASSL ) 5.63x10° s, Hoit &R — w27+, thF
CFTL R A T =B BEMH B4 A5 15 2%, S A T4
AV A — B sR i s R 9 ASSL Fil CFTL-1 K45 %, K4 K
5.58x107 s, fHHZ R SR L Z B i3T5 3 RAS Y
3.5x107° s KAFE . FIFERSSISTER 6(b) h33] T ik
— I, A SCHR Y CFTL 78 A [ e 5 37 5 T - 44
R EIFES A 5. 73%107° s, 54T ASM I RAS, 4%
CFTL A3 FA I E P44 7 T CFTL-1 Al ASSL, {H & #9217
FEREAEIE 2 F1 4 B2 S 2 bl 28 i T3k T R0 1 2 o7
Peo P, 2R G RS BE THE T8 RIS 22 0] 9 2%
A SCEE Y CFTL J5 5 ATAE M FE TP Al PLE 3401 2
P BEDI TR

R IR 0 T T R IR P T FF 4

e m e - -

élo" R Ak PN
= e et E
10 F - - ASSL
-4 - ASSL --o-CFTL-1
104} --o--CFTL-1 ---ASM
-0--ASM 107} --RAS
- -RAS - - CFTL
oo~ CFTL
l o o == R S
_____ e e -
10725 1 1 L ] 10—‘)
6 8 10 12 14 2> 4 6 8
N o?/dB

Bl6 RIS AR 5 5 O T
Fig. 6 Time consumption of different
algorithms in variable scenarios

4.5 EREZWIKXE

FH G T30 1Y 55 P BRI, A RO ALAR = il T A TOR
T XN TCRAR S WAL HE 22 A AR 1
BN TCLE (5 5 1Y S RS 2800, e PLE AN 5
FERE SN 2 i D RIESR 7 WA S PR A R R A
AR, 7 LI < R RN LA = B A JR b AT 52
5, s E K 8.4 m, 98 6 m, T A 14 m, 5E
1.8 m, 25 [A| N ARA R Jm AN A B DL A 2, AR G5
DRI Q18] 7 Ffv 7 7 2 B0 5l AL (AR AR LR
m) 79k a, = [10.17;3.88] ,a, = [15.40;2. 11] ,a, =
[20.95;3.88] ,a, = [2.75;4.57],a, = [7.55;2.98],
a, =[10.19;2.11] ,a, = [20.95;2. 11] , [&IWH43507E 3
AL E AT S, HAR T ASUAL E (AR B m) 235K
x, = [6.45;2.20],x, = [9.15;3.00],x, = [12.65;
3.00] o XF IO AR AT 45 4 1T AT Y R AR T A
TEBLANTE 8 Fi/R



- 26 - LSRR R e o

39 &

S IANE R RIIEIR

Fig. 7 Practical environment

@45 @HE

7] 1B 1
E 600 cm

HiS o H¥3 ] o
HiR) © R et 180em g

K8 i
Fig. 8 Node placement

Sy G AR R AR 1 S (B S 43 AR IBORE ) H B
WAL E IR S s (19 10 5% 52 RSS B 173258, X

HIZE RN 9 s
HETRIUEMIRE  BRWTR2EMRE HAR T 3 iRz
40t + + i +
25¢ 40+
35rT
| 35¢
301! 20} .
300
& 2 5 15k £ 25
122} [22} + [22} 1
z 00 *H 2 2 200! +
1sr L ot It
i | H +
0 & ! + 10}
! E " 575 éﬁ o HI .
St - + = i+ T Hm
e A s
PRV S NS S NS
%&\)Y%%Ygé& %&VY?%Y’%&‘& %&Vy?%;é&

P9 RIS AE S 50 rh i i 1 22
Fig.9 Localization error of different algorithms

in the practical scenario

X HARTT A1, RAS B8 SRR 2% e iR 22 1Y
A2 A 27,10 m, 3 3 R R T H TR A9 07 B AR AR
TR S ITRE L B LT RO B, O SEE MBS
FA 24 HERAT BT 7 A T4 AL IR G R
P, BT, SR B R O R, B bR S e LR
DAL, 07 0 A R 25 B L IR AN R, H AR AL
FENLIR2E A0 T AR 4 2 3 3 Frsin, A&

BE, ARSCHE Y CRTL X 3 A H AR 5 0 E 745 BEAR LT
HoA g7 A P e HAR T 80 1 BAR 1A 2 L HAR
TR 3 BENLRZE B IR 6.39 4.29 F14.32 m,
AHLE T HAD 2000 &, 6 T HART 8 1 B AR 2=
B, CFTL A1 T CFTL-1(9. 38 m) A5 JEIRT T 31.87%;
T HbR T 8 2 e iR 2= 8L, CRFTL A7 T CFTL-
1(4.98 m) KEEEARTF T 13. 85% ;% T HAR T 5 3 2 L
12z W 7 %L, CFTL AH Lk T RAS(6.37 m) , K FE $2 F
T 32.18%,

5 & it

-

ASSCERXE TP I PLE [R] st AN 1 175 O B9 WSNs 5
PLHEATIRGE B T —Fh =R L, I 2 B
TSR T TP AN E P AR 7 ) U Ak NC-
LSE HEARHEATSR A 45 BB BE A B A5 2 . BEJS FIH PO
Ak PLE B M, 756 2 Y ER A3 BB AE PLE , JF LTIl
FROAZE 3 BrBt DGTRS MIRESL, 255 — 0o R A ARLE
B WA B PR G B S S AN E
f) CRLB, 3y SRR A A LR O EC RS2 25 2R 3R 0
ASCEEAEAR 5 T BA B0 E RS . AR Ky ik
— R AR 2SR T U AR T
ST, R AT s AN TR B A A e I
FA) 8 M S Ao ) A
S 3k
[ 1] OLIVEIRA L L D, EISENKRAEMER G H, CARARA E
A
sensor networks: Survey and recommendations[ J]. ACM
Transactions on Sensor Networks, 2023, 19(2) . 1-39.

[ 2] LALAMA Z, BOULFEKHAR S, SEMECHEDINE F.

Localization optimization in WSNs using meta-heuristics

et al. Mobile localization techniques for wireless

’

optimization algorithms; A survey[ J]. Wireless Personal
Communications, 2022, 122(2) . 1197-1220.

[ 3] MEI X, WU H, XIAN J. Matrix factorization based
target localization via range measurements with
uncertainty in transmit power [ J ]. IEEE Wireless
Communications Letters, 2020, 9(10) ; 1611-1615.

[ 4] MEI X, HAN D, SAEED N, et al. Localization in
underwater acoustic loT networks: Dealing with perturbed
anchors and stratification [ J]. IEEE Internet of Things
Journal, 2024, 11(10) . 17757-17769.

[ 5] PLACEDJ A, STRADER J, CARRILLO H, et al. A
survey on active simultaneous localization and mapping:
State of the art and new frontiers[ J]. IEEE Transactions
on Robotics, 2023, 39(3) . 1686-1705.

[ 6] MEIX, WU H, XIAN J, et al. RSS-based byzantine

algorithm  under  NLOS

fault-tolerant  localization



55 3

KBS A E B T AL AR M 45 = i 3k - 27 -

(7]

[8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

environment|[ J ]. IEEE Communications Letters, 2021,
25(2) ; 474-478.

RS, BIERR, P, BT RORI AL B
SHRTRBI = N E ARk 1], IR HOR, 2023,
46(18) : 85-91.

LITS, LI Y L, LU X ZH. RFID indoor positioning
algorithm based on improved grey wolf optimization
algorithm [ J ].
2023, 46(18) : 85-91.

FAFN, BRI, BIMY, S OB T O R R O AL Bk
M TCLR AL A W 2 58 AL WF 5T [T, Ah H 7 0 i
A, 2023, 42(6); 103-109.

LUX L, HU T R, JI S, et al. Research on wireless

Electronic Measurement Technology,

network location based on improved bat
optimization  algorithm [ J ].
Measurement Technology, 2023, 42(6) ; 103-109.

HLzBE, Z27 7. A5 IR SO AR AEXURS R T #9 28 N
SEMFLLT]. DGERGR I, 2023, 44(10) : 80-89.
ZHENG AN Q, QING N N. Indoor localization algorithm

with dual refinement of spatial fingerprint measurement

Sensor

Foreign  Electronic

features[ J ]. Chinese Journal of Scientific Instrument,
2023, 44(10) : 80-89.

WAk, b LSE. TR S AL DV-Hop 7E fi
Bk (1] B 500 = 4, 2023, 37(7):
33-41.

PAN ZH Y, BU F L. DV-Hop localization algorithm
optimized based on dung beetle optimizer[ J|. Journal of
2023,

Electronic Measurement and Instrumentation,

37(7) . 33-41.

WANG Q, DUAN Z, LI F. Semidefinite programming for
using biased RSS
measurements| J |. IEEE Communications Letters, 2022,
26(6) . 1278-1282.

DU J, YUAN C, YUE M, et al. A novel localization
algorithm based on RSSI and multilateration for indoor
environments| J ]. Electronics, 2022, 11(2) :289.
R, I, TR, A BT RILR JORTIE I Y
REOLALHY DV-Hop ERLFVE[T]. B IRE SR,
2024, 43(3) . 125-129.

ZHANG D L, SUN D, ZHANG L ZH, et al. DV-Hop

localization algorithm based on simulated annealing and

wireless cooperative localization

optimization of salp swarm [ J ]. Transducer and
Microsystem Technologies, 2024, 43(3) . 125-129.
ZAFARI F, GKELIAS A, LEUNG K K. A survey of
indoor localization systems and technologies [ J]. IEEE
Communications Surveys & Tutorials, 2019, 21 (3).
2568-2599.

JIN D, YIN F, FRITSCHE C, et al. Bayesian cooperative

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

(24]

[25]

[26]

(27]

localization using received signal strength with unknown path
loss exponent: Message passing approaches [ J ]. TEEE
Transactions on Signal Processing, 2020, 68. 1120-1135.
RAYAR V, NAIK U, MANAGE P S. A RSS-based path
loss model approaches multi-dimensional scaling to localize
2D sensor nodes in WSN [ J]. Peer-to-Peer Networking
and Applications, 2023, 16(4) : 1609-1623.

YADAV P, SHARMA S C. A systematic review of
localization in WSN; Machine learning and optimization-
based [T].
Communication Systems, 2023, 36(4) . 5397.

ZHANG Y, WU H, MEI X, et al. Unknown transmit
power RSSD based localization in a gaussian mixture
channel[ J]. IEEE Sensors Journal, 2022, 22 (9):
9114-9123.

YAN Q, LUO Z, WANG H M. Joint noise model
learning and source localization with unknown transmit

2023,

approaches International ~ Journal  of

power [ J ]. TEEE Communications Letters,
27(5) : 1317-1321.

MEI X, CHEN Y, XU X, et al. RSS localization using
multistep linearization in the presence of unknown path
loss exponent[ J ]. TEEE Sensors Letters, 2022, 6(38) :
1-4.

SARI R, ZAYYANI H. RSS localization using unknown
model [ J]. IEEE
Communications Letters, 2018, 22(9) . 1830-1833.
NAJARRO L A C, SONG I, TOMIC S, et al.

localization with unknown transmit power and path-loss

statistical path loss exponent

Fast

exponent in WSNs based on RSS measurements [ ] ].
IEEE  Communications 2020, 24(12):
2756-2760.

ZHANG L, YANG B, YOU X. Received signal strength

indicator-based recursive set-membership localization with

Letters,

unknown transmit power and path loss exponent [ J].
IEEE Sensors Journal, 2021, 21(22) : 26175-26185.
70U Y, LIU H. RSS-based target localization with unknown
model parameters and sensor position errors [ J]. IEEE
Transactions on Vehicular Technology, 2021, 70(7):
6969-6982.

KANG S, KIM T, CHUNG W. Target localization with
unknown transmit power and path-loss exponent using a
Kalman filter in WSNs[ J]. Sensors, 2020, 20(22) :
6582.

MOLLER T, MACHIRAJU R, MUELLER K, et al.
Evaluation and design of filters using a Taylor series
expansion[ J |. IEEE Transactions on Visualization and
Computer Graphics, 1997, 3(2): 184-199.
ABDOLLAHZADEH B KHODADADI N

’ ’



e O R % 30 %
BARSHANDEH S, et al. Puma optimizer (PO); A [39] LINL, SO HC, CHAN Y T. Accurate and simple
novel metaheuristic optimization algorithm and its source localization using differential received signal
application in machine learning[ J]. Cluster Computing, strength[ J ]. Digital Signal Processing, 2013, 23(3) .
2024,27(4) :5235-5283. 736-743.

[28] MORE J J. Generalizations of the trust region problem[]J]. [40] XUY, ZHOU J, ZHANG P. RSS-based source localization
Optimization Methods & Software, 1993, 2(3-4) . 21. when path-loss model parameters are unknown[J]. IEEE

[29] SENGHPTA S K. Fundamentals of statistical signal Communications Letters, 2014, 18(6) : 1055-1058.
processing; Estimation theory[ J]. Technometrics, 1993, [41] MIAO K, WANG R, SUN J, et al. Application of remote
37(4) :465-466. network technology in engine room communication of the

[30] HUY, LEUS G. Self-estimation of path-loss exponent in ship [J].2022,DOI:10. 1007/978-981-16-8558-3_19.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[J]. IEEE
Transactions on Vehicular Technology, 2015, 64 (11):
5091-5102.

PRASAD K N R S V, BHARGAVA V K. RSS
localization under gaussian distributed path loss exponent
model [ J ].
2021, 10(1) . 111-115.

WANG J, WANG W CH, HU X X, et al. Black-winged kite

algorithm: A nature-inspired meta-heuristic for solving

wireless networks and applications

IEEE Wireless Communications Letters,

benchmark ~functions and engineering problems [ J ].
Artificial Intelligence Review, 2024, 57(4) . 98.

JIA H, RAO H, WEN C, et al. Crayfish optimization
algorithm [ J ]. Artificial Intelligence Review, 2023,
56(2): 1919-1979.

HAMAD R K, RASHID T A. GOOSE algorithm; A
powerful optimization tool for real-world engineering
challenges and beyond [ J ]. Evolving Systems, 2024,
15(4) :1249-1274.

AMIRI M H, MEHRABI HASHJIN N, MONTAZERI M,
et al. Hippopotamus optimization algorithm: A novel
nature-inspired optimization algorithm [ J ]. Scientific
Reports, 2024, 14(1) . 5032.

MIRJALILI S, LEWIS A. The whale optimization
algorithm[ J]. Advances in Engineering Software, 2016,
95 51-67.

NADIMI-SHAHRAKI M H, TAGHIAN S, MIRJALILI
S, et al. MTDE; An effective multi-trial vector-based
differential evolution algorithm and its applications for
engineering design problems [ J ]. Applied Soft
Computing, 2020, 97. 106761.

WOJCICKI P, ZIENTARSKI T, CHARYTANOWICZ M,
et al. Estimation of the path-loss exponent by bayesian

filtering method[ J]. Sensors, 2021, 21(6) ;:1934.

[42]

PANWAR K, FATIMA G, BABU P. Optimal sensor
placement for hybrid source localization using fused TOA-
RSS-AOA measurements [ J].
Aerospace and Electronic Systems, 2022, 59 (2):.
1643-1657.

EEE N

IEEE Transactions on

M LRIR , 2016 4F T L i O 4R 15
L, 2021 AF T 1O ARG
e, B L A B B, A A
S, FEEWETETT ) S T AL A W 45/ 0K
AL 45 E AR
E-mail ; xjmei@ shmtu. edu. cn
Mei Xiaojun received his B. Sc. degree from Shanghai
Maritime University in 2016 and Ph. D. degree from Shanghai
Maritime University in 2021, respectively. Now he is an associate
professor and M. Sc. supervisor in Shanghai Maritime University.
His main research interests include localization technology in
wireless networks and underwater wireless

sensor Sensor

networks.

REFCHGMEE) 1997 FFEERK
FARAF 2L, 2004 4E TR IR
ARAFE A 2# 07, 2008 AF T 5 H K2 AR A5
e, By iR R R A
i, 2 EEWFFE 7 1) S S8 £ B AR Bl
PIR AR TELR AL R M2
E-mail; hfwu@ shmtu. edu. cn

Wu Huafeng ( Corresponding author) received his B. Sc.
degree from Jimei University in 1997, M. Sc. degree from Dalian
Maritime University in 2004, and Ph. D. degree from Fudan
University in 2008, respectively. Now he is a professor and
Ph. D. supervisor in Shanghai Maritime University. His main
research interests include traffic information engineering and

control, Internet of things, and wireless sensor networks.



