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TN AL (unmanned aerial vehicle, UAV) [FETCAML, /& —F i KAT RAEHH, 0 ih &
O RATES, 76 21 ok Z N FTEE H e . HARIBER . HEBsEg 1. B AN
RSN NEDE O I SN IR SR ANt b=t A b2 oy p e e S N P O e LT s B o8 > S DA
4t (GPS) BA &R TAEFR e A FHEE /), HAR& TR 58550, AR, CECATEANL
HIEMEMFNRS P B 5 BEM & —NMEAXFIRR, MEEAES] T — MR,
RS- GRG0 5 FR e A7 BR 2 28 D0 B L.

TETANLE AR AL R G, FE T30 R AW 2 e A7 7 V2 0 4 S |2 A (R — o 2.
JTETR B G AT, G FE AR AR 2 LR, SR IX AT I e A7 7 iR I A S A S FL G % Eﬁi@-%%ﬁ%%/\
MLE GALE, (EFEFALS RS ZRHO7H & O Bk IolE B AR ML H AR SZ 27 B N 4h 225 1) =

SRR JE/NH, XUHE, RSCA. BT 2 R ANYMERZ B b ol EE. P EREE: EERE, 2019, 49: 570-584, doi: 10.1360/
N112018-00341
Qu X-M, Liu T, Tan W-R. Multi-source passive localization via multiple unmanned aerial vehicles (in Chinese). Sci
Sin Inform, 2019, 49: 570-584, doi: 10.1360/N112018-00341

© 2019 (PERZE) it www.scichina.com infocn.scichina.com



HEB FEREE B 49E 5

M. PR ToVR € AL, 2 FE T & A BT G2 B bR R SHE 5, il 3R45 B R BA R E] 2 1 3054 £
£ 81, Doppler 28103 19 2545 B 2 H ARSR SR ) =457 & .

X T ERAS B bR, 5 DL JE R S AL 2 8 W & B bR A S 5 BT & 1 BIK R 22 (time
difference of arrival, TDOA) 10~12] SRFHTE A7, T TDOA FITEIER H b g Ar 2 AT 2K E Py 4 Mt

BE B AL A B, PT O I B 3 2 I ) 22 U R K A R A T H ARG EL M. AR TE SERR LA, TDOA
MAEAE & A BEALE 75 X RS T 3T TDOA WM B A5 i S 7320 KB N HR R
¥ 17 14151 Py d /s —afeds 118, 18~201 - Fhoehy | T AR OAUOR YL (4 H A e oz v R — AN AR R A, 3
A 5tiEE SDR (semidefinite relaxation) FASH 77 VEUTRSKAR. Phfw /N 3R T7 ik i A2 920
Bt/ —3fey: 181 %05 vidad 5l N B AR S R 2k TDOA & 7 PR 6 AL A Dh et 07 7%, B %%
2N A B AR BN H AR AL B TR R AR 2t Ok R, L InAL A /> T3 (weighted least squares, WLS) 75 %
753 B An AL EANGHBh AR BRI AG F, SRR H AR B S B AR A AR 2otk ok RBEATER 2 5
B IE. ZIRINBUER /N — 3 (constrained weighted least squares, CWLS) % U7:18] B Hirfi B 5
BN AR B AL 98 R AE VAR 2R 51 N2 WLS B -, BEAT Rkt B Ar s AL R L. 2R,
CWLS H ¥ A7 (I BA AR 5 A — A AN 8 45 30 TR — ORI il R, 352 — SR L fb [
BT, Qu A5 19200 gz AR AR AL il EAE ST TDOA (5 H bR g O FARTE R P, 48 H A mT
AT SRR B0 P S SR v RICOR A S 1) R ) 4 ) e A e

SR, AEIAR H 25 A IR EE T, B H AR JCURE A B TR M 2 S2 PRk 2. B L4l S 4%
AREUKIE, 2 AARICURE AL I 22 51 P 4h 23 (2 00 1251 9 i 22 A bR Jo Ve fir
HH R B DG TR R, Xiu 45 P40 it — T XU ) L Al 4 22 H AR B RISV, 2018 4, Sundar 4 [29)
Pt — PP T I A ZEIR [A] % [X 35 (inverse delay interval region, IDIR) f) 572X 2 HFxft) TDOA MLl
BEATHCHE G, FERL I ECE C BRI SRR ARG T, SCHR (22, 23] 4 99 28 Bl /s — 3R 759270 7 4 3
EF TDOA F13EF TDOA/FDOA BtA HIZ B AR AL i i,

BEXTEET 2 T AU & PME )2 H AR oI GL IR, A SCAE TDOA M 56 BB Sk Y
TEOLR, B AR JE AN & (47 B A5 S TDOA MINME 255t 2% B AR A7 B AT RS B il v ) s 2
Bk EwAeEE s N2 AR B AR PE TDOA W& T R NN R /2, R a s & 4B &
50N ) H AR B AR 2 5¢ R A VAR ARSI AR 2 HArE A2 WLS fufbia v, 15201
CWLS % HirEMBUARALR S 24 A E & UK — ORI ) e, B B 2% B C A IE
se B NP-hard B 2% BE MR AL ) & 261 SCHR (19, 20] AR EACE &/ — N ZIkA S
LA IR )

AL 7T CWLS 2 H bR A 1] 8 B8 B S5, I H AR BB — it R 8, A g
FEZA IRAESERAR T, FIbfe h — o PUS AL, 12595 WLS 2 How € A i s Uit
IEAAHME. AERPIEAUT, R¥E B DR — IRANE S5 A AU R AELI SR, A ITRE 5 i)
Myt 2 P A5 AU AT AR — R T . 23 AU ) R BT AT e, e bR SR A, AT L A ey i
IAREEE. B 3 TR W, 2 BEEan SRS, T SRS SR IR 1) R ) 4 = B A0 . #E Monmte Carlo #UH
BRI, AR 10 DIEA LAY IR ik 99.9%. BUERILLSEIG 45 KRB, AR
CWLS JEBUERF LA RS T AR U2 H AR TDOA Joii s 7 il /1, FE A& A0 & e A3 5 A
LI P KB IR O, B AR E AL I T IR ZE AT R LI Cramér-Rao lower bound (CRLB) T4t

ARIJGEFRHLI T 5 2 TR T2 I ANIMER 2 B bR € AL R G ) @A T 34
% 3 IR CWLS 2 HARE M RLENEE; 5 4 Tz 5E Stk #E 47 B8 70 #r; 28 5 it
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Monte Carlo HUEAILIRAEA ST S 1A RO i 45430, FEXTARR B0 78 07 1733647 R 2.

2 ZEGEMARSZEL S0
2.1 AREgER

JET TDOA MIMIIE FARSE R RGEET n AT ANLALA, T AL S B 2R 80 = 20,40, 0]
(= 1o..on), 30h, RS <0 JORGEE AT, WG ERE LN GPS BRI TRIE ABLIO L
SALEEE 0 = (Y., 80 EERRL AT, RAEFEIE AN E AIER s = [sh,85,..., 8], 3L
s = [z, yi, 24) . TEANULE IR Ny

si =8 + As;, (1)

H i As, R FHEIESDAIWIMRZ, WIHIRZFE As = [As], Ash, ..., As) ] K7 ZHE 0
LA Q. JCHR [20] FHHEH, 25T TDOA =4 HArE i Z 2D 5 MM &, RIEAS A
LR n > 5.

& n DT AN TG TAHUME, 3 IR H AR A5 B1E 5 BT & i S IA I 8]
ZER m A A wj = [2uj, Yuj, 2a] (G =1,...,m) BATELL. I EA BHARE TDOA MMIHTEAH
AR I T[] B8 T 421, BRI, Frox B 25 AMUAE BIR S E — 2.

AR, BB 1 AN TEANUE S, HARTEANUE A 1058 5 A H AR (55 2
EH o DTN S RIIE E v R (8] % (TDOA) 4 19, HERA Ny

r ’I“O

0
)% i1 . .
t(j?,ﬂ:%_%7 (]:1,...777172:2,...,71)7 (2)

Horp, ¢ AESER TP RERRER. 9, A% j DHEARBIE « DAY S E, B
rh=lu; =8, G=1,...,m, i=1,...,n) (3)
TEAHNLIRAFH) TDOA XL ¢;50 I H A I, B
tj,il = t?,il + Atj’il. (4)
AEATE AN & #2360 2 AME SR, PRI B Arim SHE 5 B H, Hig
R AL TCIEAE B (AR M M B8 &) HEAT 8E 5k, BT AN 3236 T SREUST A7 (1) TDOA M
UI_\I” tj’il (] = 1, ey L= 27 N ,n). 'La Atj == [Atjygh . .7Atj’n1]l ?\j'?ﬁ ] /]\E*H?E(J TDOA Xﬂi}r\luu}%ﬁﬁ
&, Bk Aty IRNFRBME RS, 7 25N Q,. BT TDOA MlEE At; 5 AN E
W2 As a2k HAE I 77 2, AR5 = 3 2 TBAH BT A S SR 7S AT AR o AL 320k 3Kk
B TDOA MIMER tjn (G =1,...,m, i =2,...,n) AEANRIT G B HHIMVEFE s, il
Tt 2 RAESIEH A E w = [u], ..., ul,).

2.2 [O]ERfEIA

FET G AT, B TDOA MM A A RIXEEE % (range difference of arrival, RDOA)
R Kt Al
7541 :T?,il —|—A7"j)i1, (j: 1,....m, i:2,...,n), (5)
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Horr, Tji1 = ctji, Arji = cAtj,
0

7,11

K (6) AR AR T X T wy B 19, B,

= Ct?,il = 7"?1‘ - 7"?1- (6)

02 02 02 _ 0 0y/ 0 ,0
Tj,i]._ RZ + Rl = —2(82 — Sl) 'U/] — 27"]*,7;17']-1, (7)

Hrft R = /29 4+ 497 + 207 (i = 1,...,n). HHESCHR [10] H9HES, RDOA MMBIA (5) TR RNT
T P 2 1 1 T =X

hj = Gju; + ¢, (8)
o,
7’]2-721 — R2 + R? (s2 —s1) Tj:
h, - z Ca=—2 |,
rinl — R?2 + R? (8n — 1) Tjm

a; = [uj,rpl’, o= lluy—sill R = Vai® +y® + 20

BWGREFTR ¢ YT RDOA W IR Ar; = [Arjon, ..., Arj ) TN EIRE B As 1)
VT, 1R B € FTEER A

€j ~ BjArj + DjAS, (9)
>N I:P7
0y 0 - 0
0 7“03 .. 0
B; =2 J , (10)
0o 0 - r?n
fr;{mg;j’sl — (uj —s1) (u; — 82) o’ o’
0 ! / / / /
- '3lgu-51_(uj_sl) 0 (Uj—SS) 0 u; — 8
D, =2x| 777 =1 1
j : : : : ) gu;,sl ||’Ll,] . 81” ( )
1) n1u,s — (wg—81) 0O 0 (u —sn)

ERERRRE SN R rjp, FREIEHAR w; FIARZENE RDOA WY (5) B AR T a;
RIAERIETY (8), SR a; P& ICRAFAEAR LR R

rin = |luy = sl. (12)

BEZNEEIIEEAR w; (5=1,...,m) SRAEEMMBER (8) HER—ikE, [AXTESNE
w=[a,...,a,] WIZMHE AR
h =Gu + €, (13)

573



JE/NREE: BT 2 TE ABLOMERIZ H AR TEIRE A 5%

Ht b =[n}, ... k), G =Y AHER G = diag(Gh, ..., Gn). HEREN R e TITLE
NSk
e ~ BAr 4+ DAs, (14)

Hrp,
B = diag(By,...,By,), Ar=[Ar],...,Ar]

m

HTIRZR R e TTIEEUA Gauss B Ar F1 As RS, RILWERRAARE a M) RZ
FIBRA LR KR, WAL (13) T a FIBCRBMRMG TR T Z Wb, 9F B Sl
IAE VA, AT, a PRIREAS o BAEIRLNERR (12), KPS IR 3R H AR E LT
12 22230 TN U RS BOR 2T HARGL . ASCRAZARLNE R RAE AR LR, HHESIAE] a
IR/ — e Kfli v IRl R, 43 210K T D0 AL i

', D=[D,,...,D.]. (15)

min (b — G@)W(h—Ga) st. (@;—5)Cli; —5) =0 (j=1,..,m), (16)

o,
C:dlag([L 17 17 _1])7 81 = [xlv Y1, 21, 0]/7 W:E[EE/]il' (17)

R XA AE AR R 2 B8] A AR 26 % 5% ZR 1 9 20 SR R I i /s — 3F 52 62 05 ¥ RN 240 RO AR e /s — 3fe
(CWLS) HbrEfirik. fodET 2 RANER TDOA 2 H brJoiisE {7 8 1 < s A8 T AL 1]
AL (16) SRR, JEERIEE IS IR ZE R & e 19 R, BUERE W Al bly:

W(u) = (*BQ,B’ + DQ,D')™*, (18)

Hrb Qy = diag(Q1,. .., Qn), #EFF B (10) M1 D (11) ¥ 5RFM AR E v HR. NETJREHES,
¥ W (u) R W A B HEAREZ R CWLS £ BARTGEE LR R (16), FFERRIEAUL
T EHTBUERE W

3 CWLS ZBfrEMIINERE X

ETZHENANIMER CWLS £ HErE M8 (16), HEARALR A m A IR E 2L R —
JOREINA R, % ) SR —A NP-hard BJ3EMARAL AR 26, 7E CWLS H HAr @ AL g, BT
HAUE A — DA LR, SOk [20] UEB T 78 H b R BRI 249 JRHR 0 V0 B B[R B ) A 4k 1) 17
LR AEAERR . SR, B AR S 2 IR E SRRSO T AN AL, B AR S Y —
FhIEALEAS CWLS £ H by i 5.

TG, B CWLS 2 HAREAL M@ (16) 54 4 o BA 55 Ik S5 22 I ORI il g

min 4'Wu —2h'a st. @/'Cju=0 (j=1,...,m), (19)

>N I:Pa
u; =u; — 81, u=[u),...,u,), W=GWG, (20)
h=G'W(h—-Gs3,), 5 =[3,...,8], (21)
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C; € R¥™ 4™ (j =1, ... m) &— DA, 5 45 -3 F 45 — 1 NHAILEN 1, 3B 45 MR
N -1, R AL EREN 0.

EREALFE (19) H W Il A SR B E o HX, MiZEKRN W(u) fl h(u).
A EAIRIC N W b, BRI R OEAR 2 BT

SRR B, AR (19) AR B Hessian FEFE W& —AN21E @46 RE, 238 F 1) Hessian
HiE ©; ¥R RE, Fik, A (19) 1) BARREUZ MR8, H BB SE T 50 m AR
EHERAR. BEMNAEE o G MM o, WFERAA B (19) F 0 kA e S RQ R 1)
— AR a BONE PETHE 4, A2 B LUk T g U — AN 2 S5 R TR, i AS B — AN
Bl CWLS £ H b5 e Ar il

min wWa—2h'u st.d/Cia=0 (j=1,...,m). (22)

[ (22) S A 2 IR S SRA R I Bie /> 3 AL, B 1 BAT Ok, BT AT
EIE1L IEML CWLS 2 HARERLH (22) HImALME N

a* = (PWP)'h, (23)

Horr, £7%5 < 17 R DI,
P=1-A(AA) A, (24)
A=[0'Cy;--- 4/ Cy) € R4, (25)

TERT LB R AL

EARCAL I (22) HIBARAE a* H& CWLS £ Hbs@EMn il (19) MBI, (22 S rEYIE T
o WA b, I Al A AR B (AL AU R 2R M 2 SRR 1 E b e L (R 2. DRI, A S R AEAR 2
I BME w Bl EAIE —ANETRIRIAG A T, BT N — B REAR, ERS. A CWLS £ HARE L
]/ (19) 28 m A XA E S RLR R IUEE N CWLS £ B brE Ak AREEIPIaGE, ’Y

@’ = argmin @/'Wu — 2h'a. (26)
I IR AYIABER: WO = I, 133] CWLS £ HbrE Mk AL PIE:
@ = (G'G)"'G'(h — G3)). 27)

BT ZHANIER CWLS 2 HARTEIUE AT RS ARSEE IS 1 Fros.

FESNE 1 IEE 5 B AEE 10 B, SRAIEAL CWLS £ H b b i i wh—t 5 E—Fik
AREGERUE aF—1 BFARFEIERER L1 H) CWLS 2 HbRE A7 in UL g, X2 B Dyl K&
Monte Carlo $UEAILLSLI0 AT, WR ELHR AL AR 1 S Uil b~ REEEAT EHR 3 BOAUS
IR Z AE M TEI R (BT 5 T AN SR AR SCER H R AXE B Sems, e RIGRE S = 5 NS
oL, FEREMFE L Hr AN IS SE RS .

MEE 1 HEEAOPIRATE A T AR M), 22 SRR A TR PRW R PR [ 0hid,
BT PF e R B9 1 FITHREE LR RN O(m®). TCHR [22] HHEIPIZE WLS THET R T 2K
fift dm x dm FEPEISAERE, A SR CWLS IEREVENIF RS R SRS T CH KPS WLS
T
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Algorithm 1 Recursive CWLS multi-source localization algorithm

Input: s, 7,1 (j=1,..., m, i=1,..., n), Qs, Qt;
Algorithm process:
1: Initialize: k =0, @* = (G'G)~'G'(h — G&1);
2: Update: update W* = W (") and h* = h(@*) following (20) and (21), and then update P* = P(aF) following (24)
and (25);
: Calculate: @k = (P*WFP*)ThF,
k=k+1;
Update: @* = (a*~1 +ar—1)/2;
while ”ﬁku‘ﬁiﬁfl” <4 do
Update: Wk = W (a*), hF = h(aF), P* = P(a*);
Calculate: @* = (P*WFPF)thF,
k=k+1;
10:  Update: @* = (a*~1 +ak~—1)/2;
11: end while
Output: o*, k.

© P N> T W

4 MRESHR

K 1 4 HSRARIE T 2 6 AKUUMER 2 FERTEVRE L R — MR, — MR 1 4R 1 ]
TR B RS AU R R (19) 4 RRARIR. RIS HT CWLS £ bR E RLiE A F 32 v ol
SCPE. T (19) £ NP-hard (35 AR AL I8, 4815 F7 R, W9TEH 4R LR ARAG 78 4 0 25
S, T 0 A AR A SR DR 1 — /T o e

EH2 WRAE G e R AN €R (= 1,...,m)  FEK TR

(va + ixjcj) @=h, (28)

j=1
W+ 3\ -0, (29)
j=1

RO, Horp W= W (@) Rl h = k(@) HR4ER (20) B (21) SR, A5 4 4 RS (19) (04 RBARAR.

Wk B LB 3% B.

PR UE B A0 SRR 1 S I (19) UM T SISk, A FLA PR — e A iR R R (19) 1
2R AR

3 id {aF k=0,1,...} NH CWLS £ Hir @B AREE 1 BRI EE 2. B
%P AR, BIAEAE R PR :

= lim ak, (31)

WA ZIR @ — il 2 SR 1R (19) 4RI R 78 7 A (28)~(30).

IER ILBR =% C.

LR AR, B2 3 AR IUESE 1 15 2RI U P SRR B T RO, SRTT, A SCTEIRAE
WIS 1 BRAACUR P S RIS S . 3 A RO i SR RE PR IE LSO SRUME, At 24 T4 8 17— >R NP-hard
7] R A BOR AR R, AR5 RO R ANATRERY. Monte Carlo HUEREILIRLS 45 RALR A, 1 STAF7EH

576



HEB FEREE B 49E 5

®1 HR-PELANPESMLE (B4 m)

Table 1 True positions of UAVs in scenario 1 (m)

UAV number i r? yZ.D z?
1 300 100 150
2 400 150 100
3 300 500 200
4 350 200 100
5 —100 —100 —100
6 200 —300 —200

21 AT S AR O, (HIHBER AR AR, DIEA SR 1 CWLS 2 H brsg A s A5 ik
AILE RS0 1 B0 T AR f SR .

5 BUERMSIIE

FTHET Monte Carlo HUEARILSZIGRIGUEA I H ) CWLS £ H br e ALiE AR HE LRI RE, I
52/ MM WLS 52 220 fl CRLB N AE L.

5.1 f&EHIsLIG—

FE—AIER ABRE) M2 BReEiianst, @M R/ TFHIEAMIEE n =6, SN E I
£ 1. BN B IR ZE V7 2256058 Q, = o2 1. B AR 1ZB I 5t a B FE SR H bR 75 2
Br, FE S B 50N wy = [100,80,250]" m Al wy = [314, 483, 209]) m. 7% HFx TDOA LM 7 (1) bl 5
ZENQ; =0T (j=1,2), e T e RO-Dx0=D HIMFAITTRA 1, HARITHEN 0.5. HbRE LIRS
IR H AR B AT )7 1% % (mean squared error, MSE) A&, B MSE; = Y25, @l — ujHQ/L
Hodr al RoRH 1 ORI § A HARALE R, L = 5000 /& Monte Carlo ${A LM EL. LA
Seg e EREE 1 KRS E s BEN 6 = 0.00001.

TS TDOA WL 7K S5 22 H A e A0k FE s [ e TE AW B iR 2K 0 = 1/v3 m,
4 TDOA WM KF o; = 0.5p/c s, BB p FIHUERIATT TDOA ML F5R55. K 1 f&
N TIZEGT p A 0.5 BEINE] 5 B & H b A 37wz, Hhwl WLS iR SR [22] HIE
v, CWLS 775K AR SCHE H B AE AR ELE 1. 78 L = 5000 X Monte Carlo SEI6GH, A SCHE H %
REE 1 A4E 10 B LLNISUIRERIE R 99.9%, “FHIERREUA 2.893 k. W 1 4R AT LAE H,
24 TDOA MIMEFE KA (p < 2) I, CWLS FIF 2 WLS 73044 H AR E AL MSE ZRHEIAF|
FHRLE] CRLB. {HAE, B4 TDOA MLl 75 /KF p (380, A SCHEH I CWLS JiEx A H AR b
MSE #1015 /N T P28 WLS J7¥ER N ) MSE, BAR#EEEAHR CRLB K5t

SR 2 BRI ML B R ZE K0 2 H AR EALFS B2 . [f] 8 TDOA MK o = 1/c s,
BTN BIRZEKF 05 = 0.5p/v3 m. B 2 JE/R TZIEOT p M 0.5 3INE] 5 B % HAxE i
JiwZE. {£ L = 5000 {X Monte Carlo SZ5aH, ASCHEHMIEAEE 1 7E 10 2 LRSI R IE 3
100%, “FIJERIREACH 2.696 K. B 2 MR EE 1 0L, BT AN E R ZKFEAR (p < 2) B,
CWLS ML WLS J7i5 A4 B AR 2 210 MSE #R8GEIEBIAH N 1) CRLB. {HEEHE p FI 0, ASCH
HI CWLS i A BAREAL MSE 81 /N F#25 WLS 753506 B MSE, HAREZIT AH B 1)
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200 T T T T T T T T

¢  Source 1 with two-step WLS method o °
180 @  Source 1 with CWLS method =}
X Source 2 with two-step WLS method
160 O Source 2 with CWLS method E
= CRLB of source 1
140 | = = = CRLB of source 2 b

120

100

80

Mean squared error

60

40

20

05 1.0 1.5 20 25 30 35 40 45 5.0

B 1 (MEWREE) IR—FEE o, BN o; FEMBELLER

Figure 1 (Color online) Comparison of the localization accuracy in scenario 1 when fixing os and varying o;

200 : : - - - - - T T

1201 ¢ Source 1 with two-step WLS method i
o Source 1 with CWLS method

160 L X  Source 2 with two-step WLS method |
O Source 2 with CWLS method o

ol — CRLB of source 1 =]

= = = CRLB of source 2

—_

33

[«
T

Mean squared error
_
)
IS)
T

80+

60

40 -

N % o- - O

20 F e-- o= g

% - -8 -
oL : : : : : : : : :

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

2 (MERFE) AR—HEE 0 T o FEMBERILER

Figure 2 (Color online) Comparison of the localization accuracy in scenario 1 when fixing o; and varying o

CRLB. & 1 1 2 (45 RUHIASCHR ) CWLS 5E LS AELREA A H i@ R I 7 7 N 2k
ANHUBMER 22 H AR AL R L

5.2 f&EIISLIG T

FIE—NREN Z B g g s, BIEAVRAL B — 21 EFE (uniform circular array,
UCA) KIJUT &M 181 STk [20] 434 17925 WLS J7iA7E UCA S5 B bR o0 K U =5 25U A
FET TR — Behi A SR MR IS A . R IRNE T Monte Carlo HE R0, 9256 K % %A SCHE LK) CWLS
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F49 % H 5 W

*2 BRIPEXANPESMULE (B4 m)

Table 2 The true positions of UAVs in scenario 2 (m)

UAV number 1 29

0

7 yzo Zi
1 510 —480 30
2 510 520 30
3 —490 —480 30
4 —490 520 30
5 10 20 30 4+ 500v/2
70 . . . . . 50 . . .
o o x  Two—step WLS method
60 o 1 O CWLS method
o 6 40} - 2 -CRLB
50 L o o ¢
E a0l ° E 301 x x
m ¢ Two-step WLS method m X
% 39| @ CWLS method ZRPYS S * d
2 ——CRLB = o"
on &0 x_ .
é é 10 " 3 —6’ .
X pes
.-G~
0fp-o-0" "0
1 1 1 1 1 _10 1 1 1 1 1
-10 -5 0 5 10 15 20 -10 -5 0 5 10 15 20

10log (ca? (m?)) 10log (ca? (m?)

3 (MEMFE) HR_PERF v EMFERELR
Figure 3 (Color online) Comparison of the localization
accuracy of source 1 in scenario 2

4 (MERFE) HR P B v, EUBERNELE
Figure 4
accuracy of source 2 in scenario 2

(Color online) Comparison of the localization

IEBNEREIVETE UCA 59 HAR e RE. B3 R I ANEE n = 5, BATTII RS E
2. PIANE SR B ARIELSZAL B 20508 wy = [10,20,30)" m Al wy = [100,200,0]" m, FHH 58 1 4> Hix
BT &AM T A AL B T AN BARZER TDOA WL 75 () i 5 RS S8 — 2848, [ 2 T2 AL
PEIRZKF 0y = 1/v3 m, BILAEL TDOA W ME RS /KPR kAT (B SE 5.

Kl 3 &7~ T TDOA MIMEEKF 202 A —10 dBHEEINE] 20 dBI CWLS FIFE WLS J5VExT 5
1 AMESHE B FREER B M. £ L = 5000 ¥k Monte Carlo SZE& 1, A SCHE HL A% 1 78 10 LA
PSS IR IA 2] 99.9%, “FIEARIRECH 7.534 k. W 3 ATLLE P WLS 75X HAR w, AL
ff) MSE ™ fji 2 CRLB, MACHH K CWLS M ER L MSE — B CRLB, JLH &7
TDOA M 75 KPR IS LR, IRARAEIE EI CRLB ME S . I 4 JBoR T4 2 ANMESHE H ks
gt B, 56 3 L, Wb WLS 751k MSE 75 KE -5 I N E i CRLB, 1Ml CWLS & ik
R — B A SCILEET CRLB HENIASEE. & 3 Fl 4 (45 SRt WA SCIR ) CWLS 5E Rk AR e
WATECT, WERA B EAS I E 2 T8 ANLYME B 2 B Ar g A7 1] .

6 R
AR T —Fh T2 R AMNPMER CWLS IERUERZ H b i e i 81k, 28R IRER

579



JE/NREE: BT 2 TE ABLOMERIZ H AR TEIRE A 5%

HoRE AN E A A ARG RN ek 4 KL A, 15 B HIE L CWLS 2 H b g o 1) U A b s e e, 4]
UETT R ROR M. B TR, 2SR SR R — 5 R T el AU A SR R AR, AT PRAIE T SR A
RN

AR TAER M E T W F RS TDOA, FDOA A1 DOA 45 £ iUl (5 B K 2 H AR Joii e i 5k,
Lhitt—2 4R %Hﬁmﬂ%*ﬁﬂﬂ%[ﬁT*%mlﬁ SALTE P U SR AE TE AR 52
HAR IR F I

SE

1 Zeng Y, Zhang R, Lim T J. Wireless communications with unmanned aerial vehicles: opportunities and challenges.
IEEE Commun Mag, 2016, 54: 36-42

2 Zhu S Q, Wang D W, Low C B. Cooperative control of multiple UAVs for moving source seeking. In: Proceedings of
IEEE International Conference on Unmanned Aircraft Systems, New York, 2013. 193-202

3 Kwon H, Pack D J. A robust mobile target localization method for cooperative unmanned aerial vehicles using sensor
fusion quality. J Intell Robot Syst, 2012, 65: 479-493

4 Khelifi F, Bradai A, Singh K, et al. Localization and energy-efficient data routing for unmanned aerial vehicles:
fuzzy-logic-based approach. IEEE Commun Mag, 2018, 56: 129-133

5 Zhang J J, Yuan H. Analysis of unmanned aerial vehicle navigation and height control system based on GPS. J Syst
Eng Electron, 2010, 21: 643-649

6 Seifeldin M, Saeed A, Kosba A E, et al. Nuzzer: a large-scale device-free passive localization system for wireless
environments. IEEE Trans Mobile Comput, 2013, 12: 1321-1334

7 Yang K H, Wang G, Luo Z Q. Efficient convex relaxation methods for robust target localization by a sensor network
using time differences of arrivals. IEEE Trans Signal Process, 2009, 57: 27752784

8 LuL, Wu H C, Chang S Y. New direction-of-arrival-based source localization algorithm for wideband signals. IEEE
Trans Wirel Commun, 2012, 11: 3850-3859

9 Yeredor A, Angel E. Joint TDOA and FDOA estimation: a conditional bound and its use for optimally weighted
localization. IEEE Trans Signal Process, 2011, 59: 1612-1623

10 Smith J, Abel J. Closed-form least-squares source location estimation from range-difference measurements. IEEE
Trans Acoust Speech Signal Process, 1987, 35: 1661-1669

11 Chan Y T, Ho K C. A simple and efficient estimator for hyperbolic location. IEEE Trans Signal Process, 1994, 42:
1905-1915

12 Stoica P, Li J. Lecture notes-source localization from range-difference measurements. IEEE Signal Process Mag, 2006,
23: 63-66

13 Ho K C, Lu X, Kovavisaruch L. Source localization using TDOA and FDOA measurements in the presence of receiver
location errors: analysis and solution. IEEE Trans Signal Process, 2007, 55: 684-696

14 Beck A, Stoica P, Li J. Exact and approximate solutions of source localization problems. IEEE Trans Signal Process,
2008, 56: 1770-1778

15 Lui K, Chan F, So H C. Semidefinite programming approach for range-difference based source localization. IEEE
Trans Signal Process, 2009, 57: 1630-1633

16 Picard J S, Weiss A J. Time difference localization in the presence of outliers. Signal Process, 2012, 92: 2432-2443

17 Yu H G, Huang G M, Gao J, et al. An efficient constrained weighted least squares algorithm for moving source location
using TDOA and FDOA measurements. IEEE Trans Wireless Commun, 2012, 11: 44-47

18 Lin L, So H C, Chan F K W, et al. A new constrained weighted least squares algorithm for TDOA-based localization.
Signal Process, 2013, 93: 2872-2878

19 Qu X M, Xie L H. Source localization by TDOA with random sensor position errors — part I: static sensors.

In: Proceedings of the 15th IEEE International Conference on Information Fusion, Singapore, 2012. 48-53

20 Qu X M, Xie L H. An efficient convex constrained weighted least squares source localization algorithm based on TDOA
measurements. Signal Process, 2016, 119: 142-152

21 Liu M, Quan T F, Yao T B, et al. Multi-sensor multi-target passive locating and tracking. Acta Electron Sin, 2006,

580



HEB FEREE B 49E 5

22

23

24

25

26

34: 991-997 [XIME, BUKE, Bk R, 55 ZAEER 2 B AR JCIEE M BREF AR 78, BT 243K, 2006, 34: 991-997]
Yang L, Ho K C. An approximately efficient TDOA localization algorithm in closed-form for locating multiple disjoint
sources with erroneous sensor positions. IEEE Trans Signal Process, 2009, 57: 45984615

Sun M, Ho K C. An asymptotically efficient estimator for TDOA and FDOA positioning of multiple disjoint sources
in the presence of sensor location uncertainties. IEEE Trans Signal Process, 2011, 59: 3434-3440

Xiu J J, Wang W S, Sun P. Multiple target passive location of TDOA based on bidirectional elect and nearest neighbor
method. J Astronautics, 2015, 36: 483-488 [f&HE4H, EEEF, SIS, XU FLi%E ST AR HE N T 12 B ¥5 TDOA LR &
fr. FRZEAR, 2015, 36: 483-488)]

Sundar H, Sreenivas T V, Seelamantula C S. TDOA-based multiple acoustic source localization without association
ambiguity. IEEE/ACM Trans Audio Speech Lang Process, 2018, 26: 1976-1990

Luo Z Q, Ma W K, So A M, et al. Semidefinite relaxation of quadratic optimization problems. IEEE Signal Process
Mag, 2010, 27: 20-34

Mk A I 1 BYIERA

BRACT R (22) HH m AN ERPE S L) RS AR R 2
Aw = 0. (A1)

IRIEFERE) SGEPRY) , 2L 772 (A1) HOIEME AT LIRS N

a=Al0o+ (T - AtA)e=(T- At A,

Hrb g e RA™ WUOMER R, B A 2 MTRRKER, 4

At =A'(AA)L,

Klk, ZeMET7 /R (A1) BT R8N

@ = P¢. (A2)
FisfE (A2) RNRALIRIER (22) B B AR REL, 1531
a'Wa — 2h'a = ¢ P'W P¢ — 2h/ P€,

Hrt P AR FRAERE. ARIEHERE O R AT, A

PWP(PWP)'Ph = Ph,

P,

@'Wa—2h'a = (6 - (PWP)'PR) PWP(¢ — (PWP) Ph) — B/ (PWP)th. (A3)

B, BMET IR BAREREESEN TR ¢ = (PWP)tPh. T P(PWP)t = (PWP)T H (PWP)t —/RFRIER, &

&= (PWP)h. (A4)

# (Ag) RN (A2) o, FIE (23) 2L (22) R,
Misk B EIE 2 AYIERR

MITHE (28) A (29) HIZEAFRT RN, 4 —E LA i

m

e’ 1 I e

min a'Wa 2hu+§1)\]uCJu (B1)
j=

L, M4, XPIR A (19) KAERATTHE a #H

Horp g 1 ANERROL R T o £E S (19) KAATR, s A%iﬁﬁiimﬂﬂ%ﬁ& (30) MI26AE. Ik, & — &R~
LI (19) B4 BB L.

1) Ben-Israel A, Greville T N E. Generalized Inverses: Theory and Applications. 2nd ed. Hoboken: Wiley, 2002.

581



JE/NREE: BT 2 TE ABLOMERIZ H AR TEIRE A 5%

Misk C I 3 HUIERA
HAEH W EF A {4k, k=0,1,...} WSE 4, WAL 1 W RIVEREFS {ab}, (WF}, (hF} A1 {PF} 21K
SEH). HI5E 1 RIEE 5 BANEE 10 B BTSRRI A

ak = 2ak — @k,

PRI, limp o0 &% = 21imp 00 6% — limy 00 wF 1 = 26 —a = @. BRI (10), (11), (15) M (18) w40, BUEME W RKT
HARA B w MELLRE, FWRFA {ak, k=0,1,...} BB o, AELEFHHBIELEFS] {W(a*), k=0,1,...}
Wl ss, I HWBR A wa). TR (200 M (21) 7% W Ak ¥RET W RES R, BT 1 EHES)
{Wk} F {R*} ISR, 1IEFARBR 5528 W (a) F1 R(a), B

W(a) = lim W* h(a) = lim h*. (C1)

k—oo k—o0

FEL, Bl (24) BHFS {Pr} WRKS, ICHWR N P(a).
AEEH 1, B 1 1 aF BTl CWLS £ H bR E A7 [ 8t

min @/ Wka —2hFYa st (a®)YCja=0 (j=1,...,m) (C2)

L. BT (c2) & — il lﬁtimﬁnﬁﬁ @b W TEH A %A Y Karush-Kuhn-Tucher (KKT) %442,
BIFEAE X €eR (j=1,...,m), ﬁ?%?ﬁﬁ‘ﬁﬁ Y

Whak f:xgc - (C3)

(ak) Cyak :0 G=1,...,m) (C4)

RO, ARAEBUEREMIRIER (10), (11), (15) A (20) AT %0, B0k 1 AERE WE AR UGEA P EGR IEE R, Btk b
(c3) A

ak = (Wk)=! (hk - iAfoCL’“). (C5)
j=1
# (c5) RN (Ce) Hh, H
a?f_zk = Za?Cé'&kX? G=1,...,m), (C6)
=1

J
Hob el = (ak)y C;(Wh) L R (31) A (C1), 1

a; 2 lim af =4/C;(W(@)™' (j=1,...,m), (c7)

Ik, JiFR4L (Ce) B (NF, ... Nk, RIS, i HRIRY (A1, ..., Am).
WAEXTTHE (C3) PILBUKIR, AT45

W(a)a+ Y A;Cji = h(a). (C8)
j=1
BEAh, Xf (Ca) ABURIR, BXF vi=1,...,m
Jim (@*y cyak =o' Ccja=o. (C9)

o HUR L (19) 4R ORI 75501 2 1 (28)~ (30), SERHALE W () + S5, A,C; = 0. BAEHE 1, S04 1 shiy
ak FEH L

(P*W*PFyak = h*, (C10)
Hrp Pk =1 — AFT AR AR = [(@F) Cr;. 5 (0F) Cr). SEARFEFE AR JRATHRRI, PRI
lim A*' = Aa)t, (C11)
k—oo

Hi A(a) = [0/Ch;. . .4/ Cr). TR (C10) BAEURIR, 715
(P(@)W (@) P(a)) 4 = h(a), (C12)

2) Boyd S, Vandenberghe L. Convex Optimization. Cambridge: Cambridge University Press, 2004.

582



HEB FEREE B 49E 5

Hrh Pa)=1- A(a)TA(a). Xk (C8) 1 (C12) R, m&A#E
W (@) + Y A;Cj = P(@)W (@) P(a) = 0. (C13)
j=1
B2, M3 (C8), (C9) F1 (C13) HTLAEH, (@, A1, ..., Am) WL (19) 4 REAMRHITE 0 1ESELE (28)~(30).
I, B 1 A3 B BIE AR B A PR — 2 R 0] (19) 4R i A

Multi-source passive localization via multiple unmanned aerial
vehicles
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Abstract Passive source localization via multiple unmanned aerial vehicles (UAVSs) is a key technology for the
practical application of military reconnaissance. Previous studies primarily focused on the localization of a single
source. This study explores the multi-source passive localization problem using time difference of arrival (TDOA)
measurements. We formulate the localization problem as a constrained weighted least squares problem. The
formulation is an indefinite quadratically constrained quadratic programming problem, which is non-convex and
NP-hard. To obtain approximate programming with linear constraints, an iterative constrained weighted least
squares (CWLS) algorithm is proposed to perform a linearization procedure on the quadratic equality constraints.
Theoretical analysis reveals that the proposed algorithm, if converges, can lead to a global optimal solution of
the formulated problem. The results of the Monte Carlo experiment indicate that the proposed algorithm quickly
converges in most situations and offers better localization accuracy compared with the previous two-step weighted
least squares method.

Keywords unmanned aerial vehicle, passive localization, multi-source, time difference of arrival, constrained
weighted least squares
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