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2 e AL S HRE AR S 7 A R OGS, A1 N A T A i i ) 1 7 [ P kgt S AP o [ o)
i& 2025) . 2016 4F 12, BEGEEEIR (=10 EEE BRI s, Hrh gt @ u <@ i &
R55F-67 R

AXFITJEL N, 0 08 A5 2 I R A5 M SRR F B W, A L A (S B (s . DA | 1%
AR, FROEAE AR (1) R M — AN 52 I 2% MK A RN 58 v 4k s ol 1) 2 )3t B Bl 45 7 =X,
MR AR B RE A B FERE )5 (2) PIERE L IX B | i S50 L I I B ek A i IX 38
(3) BEABARMISAT A, 152 B TR 0@ (S 1 F e s, A (1550 WAL B R R LR H AR S 358
SRR s T v B 2. R AR R S BRI R I e AR, PAK B HEIRSE. AR, BT
FEVLER BT AS T AL R I S 28V, A HORTTVE 1) 58 A0AS R AR AE BT 2 1A), 18 V) 75 EE0 70 5 e b
JEE FR) L8 4 SR U TV

I FH BRI 8 S AR ) 2 22 b A S8 VS AL, AR ) 7 SRR Ik 22 36 R 2 W 4, 0 F il
Ji1] (direction of arrival, DOA) flit1J7iE (B2 BS54 B IACF 2 & O, A [
&) RBANGHE T H A AANAEE, SRERH DOA &AL J7 M e R IR AL B A bR, LK, BN
b O R EER T DOA 5 B E M k. BARTIF, SCHR (8] $2 Hh2E T 45t ek i h —
Fe (structured total least squares, STLS) WIEN 7%, % 715¥ DOA @A A AL AL STLS Al A
B FEiE R AR EE AT R R, Fowe AR B AR IR IE b 2 P T AL (Cramér-Rao lower bound, CRLB).
SCHR (9] $ B R TS, o DOA JE AL U AL BR MR) SCRFAE 1) & 1) 28, 1277 %Akt
Y7 AEL CRLB, JFRE/D A THmE. SCHR [10] FEMBIEMRARAR R N &AL DOA MLIIEEAY B
P& AR T LU AURFAE 2 [ AR AE 2R 1) 8 AL 5 ¥, R TV RE SRR S U A B P SRR, 7 ARG FE e
F| CRLB. 3CHR [11,12] ¥ DOA & {7 i) Fa st oy A A o) @, Jfadind o sl SV AT SR, 3807k m]
AT AR I A, AT G Jey S R . SRR [13] B — b Rk AR EE ARG T 28, T U R
Jik g P S5 AR ) DOA SEALIR R, KR B v i B, HAhTH 77 R Z M4E CRLB. B6Ah, SCHR [14]
BEXS TEBAR RN 5 ) — T DOA {5 B 2 W5 i A E A1 777, Ifes AR S5 fi A R0T &,
7R P R AL R RAG U R B 2, T A SR e DR 2% T ) B AR S A

EAR IR DOA SENLTTVEREAE — & 25 1F T SRAFH mn B 0K B2, (EAN S F& A5 5 WLER AL #3175, AH
LRI ARSI 77 2 P B A A LI T A2, R Sl NN &, 55 5 OB R T7 sUAL R
T3 AL F7 UL DA 75 SR F e R R RAB IE 18] B a2 M AR 46k, AN R0 7557 A LN 77 R 1) O 2 1
k. SR, ST AR G, A B 2 R (ionosphere virtual height, IVH) 24 16 &
PREEAL 3R (A A WSS AR b, R AR T AR St AR 4, IG5 AN 51N H B A B8 st T2 76 B AD A 0 0 77
TR ZetEAL. [RIth, BARAERTR DOA & O T[RRI FH 7 A s A A 45 2, 3R DOA & R 735 3k
VAR, 75 4R OB 1 e A 7V

K% 7 DOA ZZIEfr4h, Zulidlif 2 (time difference of arrival, TDOA) A7 € i th @ — I H %
RTE 2k e AR, R AN AL 2 e R 2R, IFRI R IBR . BAH SRS T IE SR NG 5
[¥] TDOA 15 & 07~ SRS ilid TDOA 58 i 75 V2 e fem SR A B Ak bz, TDOA JE N7 J7 i — B2 E A 4b
ST B R, R AR E AT R A TV EM R, AT AR T s A U ik 2O
Z2#) (Taylor) HECEAT L UL LI F Bk /N 3 (constrained total least squares, CTLS) {177
15 B2 LR LTI /N 3 (constrained weighted least squares, CWLS) i1 777 23 25, 5 # 0%
YTV FEERTH W 4 (spherical-interpolation, ST) 777k 24 Ak /N —3¢ (total least squares, TLS) 1
THI73k 2L W25 IR /N 36 (two step weighted least squares, TSWLS) ftitF777% 1261, LK N 4
PR PE T 127 4%
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A BT B AL I SRR PR -5 DU 22 B ) R A 77

iR TDOA JEALTT G SR F I AR ), KEHREK TDOA N7 R R AL el 26
PEITRE. 4155 DU DT SALHE I, TDOA WA AL 40,35 i B =24, X 3 E TDOA WLl 77 72
HATSRARLEMERRE, ME LA R A, R B3R TDOA SEAL T VETCIRAE M B E e N . 4Rk, 46
I TDOA FEAL T AT R E N A8 JIEAIRE 7L, AR 1 —Semf k. BRI &, SCHR [28,29] 2Tk
P2 (quasi-parabolic, QP) HLESEREAISRAGE SAL IR S R, I thy bty g &5 25 AAMA 2 L il
MDA, B XSRS M SRR Bl T PR L ARBR R B SRR S AT SO0 QP AL =4k
SHEIB IR SR B B0 e R g G (B K B E SR, 7R S PR N A Ao DAHERRSRAS. SOk [31] £t
WHEEALEE Z 4 A\ Z % (multiple input multiple output, MIMO) ‘B A 3 375 5 A% 4 25 25 LA 7Y
Hh M HERZUEZESH A 7wk Bk ia 8 SCER [32,33] 2 —Fhe 2E{E SRR (FRik)
MBS J2 R A, AN TR L B 2 R S S A aT LA R TDOA SsEhL, BRR(E 5 B A R I us £
P13 ) P 2 R e AR A, 2 R i 1) BE /NI (GO 30~100 k), 12 AR 15 AT A ALK A2, A 25 00 Ik
(B PRSI, AR B AE LA 2, IS 52 S BIOE A iR 2238 K. STHR [34) T Il AR A 5 4t — Fob
FEF S E BT TDOA AL vk, HAE IR TDOA M 5 R xE LA 2 VEAL i HE i) — Fh A28
WITVE. ST AL R S I B AR S5 G, IS R B E R BCR, (A7 ERm 2R L. A, 3
R [35) BT HL B S R e AR M R TDOA B4 A 7V, 171575 A5 5 B35 & W00 saf 1 i 2y
J2 R i A SR AR SR AT, (0 B AL B R AE T IR B 0w, FRAE R Oul e A T H AL, T AR E AL
HHOULI 5 (8] FE AR OK (BIE A B LA ), 3X 0 R GuE ity 5 A0 S o1 5 RE 77 348 Hh B s A K

g5 BRIk, Fa DOA EALMFEN TDOA &ALt R B BACR R Wl Aok ], TR
ARNGIWER T SEPRENL RS, BT i ZE M ok 22 R LGB, JF xR 208 T8 A AR A — BUk EAT AL
15, PRI R A A AT R G 2% B B v o A WL ot 2 3 B R 2k, AR A2 % AR LI, (B
XFub R (][R0 {55 R, BLRAE 5 R 7 U AR s 2K, MR &R ¥ BF, M
P DOA FE i 22 B AR S 1 0 S 2 MR a9, Ja 0 TDOA JE AT LU Rl iz & s, HH %
FL S 2 R e S B UL I R 2 IS MR EOR, I HL R T RO AR 15 5 T8I W B, A4 THRS B Xk DAAS- 31 v 52
PRAE.

NG PR E AR B B, ARSI SRS DOA/TDOA B [A) 5 47 17 @, ) FH SCRik [32~35]
HH (1 FEL B 2 R A B 5 A R R B AT A, R P B 2 R R AT TR S B R 22 . AR ST Sk XS
TR BB R 5, 2 A 48 DOA (BL& A AN A) A1 TDOA WMIAEEL. SR J57E B 2 kR
IR ZEAFAE T HER S AL RS B2 CRLB, B JE £ XHEMEE DOA/TDOA MR ()58 L R, $2
H—FB P R E AL 9%, ZT A A B BB 1 ACRI A DOA MUIIE K, # et 51 A\ fBh
A BRI SR AR — 70 IR 7 PRI EE — 48 DOA I J7 RN ZMEAL, SR 5 5 T 0 26 P 00 I 77 R 1K)
R ZE R PR A O RS A R R A Y Rt — kS50 (AR ARa T oA e () £
W PR AT AERE QR 2 IEROLL L, USRI B 1 A5 THE G Rk g E Al
THE). BB 2 BB 1 1G4 RS TDOA WG B ARG S, R H E s THE EALEE TDOA Ml
J5 FEFEAR RN A I 5 2, SR S5 43 BT 12 Dl 2 PR L0 R b AR 25 R, PRI 2L T4 QR 4
FR I IE AT L HOM BN Tt i85, H T IR L gt B, dhabh, A ORI — i 22 901 5 i
SHOERIAE T R 2, FRE e AL PERERTIE LT CRLB. 7 B SE I8 50 UE B[R] 78 1508 7 VA 35

ASCH SR AR 55 2 X E AR R 5 () R AT 38 55 3 Y3 E AL AL CRLB;
55 4 FIEHIA S 22 O EE AL TR, RN R B VR REHEAT 2 BT B 5 T4 TR T ik
07 HSEIR A5 IR 26 6 TN 0T BETRRE. A sehpkl b an th — B850 R A U Sl 7.
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2 FEMNARE S B

2.1 EfpRiEk

155 DU LER AL 1R (1 77 N2 28 /2 SRt 28 M THDUE I . AR A SCHR [36] T 60, FERAS 5 B LB 2 SO &2
NI B AR T AR B AR 5 3B W S B e e A i i, M R 5B R 7B A K. KiE=
Y G 28 7 S HE AT 3O R A5 5 N F B R T F 2 R AR B AR T AR (SR ST S S AR
BRI A ZE (G 1 FToR), BRI A7 FE — A S5 R0 FEL RS 23 S SR P T (31391 g S5 T P 2t T v 52 B
HL B 2 R 1.

TR AE 5 SRR, JF HER IR W&, 1511155 DOA Ml TDOA Z¥Ck s 5 4b
7 EREOR, BRI, A RO I3t K 22 S & T B — i AR DOA ATV 58 A AR i) SR A ML)
S SRR ES, R # I AALE BRI AT SRAE 5 4E DOA 2%, AT B R RS S FEA.
TDOA A5 R AR EE SR AR I3 A 22 2 BRARL R 28, AR X 78 il 5 5 75 BN (8] SR ARG S FEA A Rk
RAFATHER) TDOA Afivt. WIMESRAN [F] M5 5 AL 2R 7 I 0 1 0 [ Ab B F 0o AL, [ It BE AT R T 3K
U 25,

WA N+ M AW E R ERBGZ R BE =, R ENEHN 01,0,,...,058,0n41,0n42,. ..,
Ongnr, FerPEE j ARSI L BEREEE 0N win M wjo (1< j < N+ M), AR, R0
W3 Oy, 0s,...,0n FJET DOA AT EALAN, 155 BIXWNES O, 776/ AN 735 6,1
02 (1 <n < N); MG Oni1,0n42,...,0n1m HIET TDOA @ik, HLh Ony N
% K55 2EMMEE On .y MBEMNSG On 1 ) TDOA LA 7 (2 < < M). MIELALEEAR
Fpst (B ELEIEAE), SRS 5 e AOWIEAR TE A e, ARG MR o i, T PR A T3
Wk [32~35]) A HE 2 R R BRI ST 4 DOA A TDOA WA AY,

2.2 T4 DOA WLMER

B 102 4k DOA WM AURE K, M 0, (1 < n < N) FIH 4E DOA it 7k fe F 3R
1FTTHLA 0,0 FNS 60, 5 liTHE.

Bl 1 BT LA T SO, B S AR NS 7 A A 0 D0t b 8 ST T PR 45 55 Wl 4 1 1 A6 D7 1) )
. T BSLTTALA 0,1 MRS, F5EPRAFFESHIEENN S O, AH BLA A8hR 22N BIARFR. M
ERSHEAI L O, fEHC [ AL FR R (earth-centered, earth-fixed, ECEF) "IN & [m] &5 1) Ay [B7)

x cos(wsa) cos(w1)
Te
u= |y| = |cos(ws)sin(wi) T= 2 (sm(a))? (1)
z (1 — e?) sin(wy)
Ty cos(wp,2) cos(wn,1)
re
Un = |y, | = |cos(wy 2)sin(wn,1) (1<n<N), (2)

V/1—e%(sin(wy 2))?

Zn (1—e?) sin(wp,2)
Hdr r, = 6378.137 ki R HIBRIRIE AL, e = 0.081819790992113 FrnHBREE — 0o 2. T 58 5
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Figure 1 (Color online) Sketch map of the two-dimensional DOA measurement model

FERLIS O, ASHEL A AAHR 22 T B B 1 B

xh —sin(wn,1) cos(wn,1) 0
up, =yl | =Sn(u—un)=|—cos(wn.1)sin(wn.2) —sin(wy,1)sin(wya) cos(wn o) [(w—u,) (1<n<N), (3)
2l cos(wn,1) €os(wp 2)  sin(wp,1)cos(wp,2) sin(wy,2)

Hrp S, FORTERFERE, S MG 2 AT 5%, IR W BUERE. Jr 6L 0,0 AT EARIR A

! st (u—u,
0,1 = arctan (%) = arctan <$1E)> (1<n<N), (4)

n Sn2u_un)

s

Horpr st M st 3 ARIRFERE S, PRI 1, 2 AT E (R ST = [s01 Sn2 Sns))-
SE ST 6, = (611 621 - Ona]T, SEBRAPOLAEAF B @y, S AU AE A 7T LA
FoRN
é\1 == 01 + €9, = f91 (’U,) + €0, (5)

Hr 01 = fo, (u) Lotz (4) #E MR w FARLIEREG MR e, FRTTRAMMIRE, A N x 1
dez| i, O IRMEIE m i (Gauss) 704
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K1 AR E SO, A5 5 =4 NI 5 1505 00l Y- I (R e A O T ESEANAR 6, HIFRIX
X, TEFZEE 1 =M AABC. =M, FIH IEZ € H 5

(a) (a)
To To + hy To To + hn
; DN 210 = ONE ) (I1<n<N), (6)
sin(7t/2 — 0,2 — Bn ) sin(7t/2 + On,2) cos(p,2 + Br ) cos(6y,2)
o, = 6371.393 km FoRIERFII AR b FoRE S RIAMNE, O, X REIHEEEES. R (6)
A DAHESS

o o h’gd) 'ELa) —To
0, 2 =arctan | cot(8®) — ! o) ese(B®) | =arctan (ro + 2(;OS(5 () ) ! (I1<n<N), (7)
hs (ro + hn”) sin(By")

TO n

Hrp
B = arcsin <||u unlla] (1< n<N). (8)

SE AR 0y = (1o 0o -+ Ono)T, SEBRP{LAEIS B HALMIME 6, FHE VLI A 7T L) 3%
NN
52 =05+ €o, = fo,(u, h(a)) + €0,, 9)
Hepr h@ = [ B o hIT 6, = fo, (u, h®) TR (7) A (8) HEMIFIE w A1 h® [IEL
PERRAL M8 e, RARMAMMIREZE, HoA N x 1 4850 mE, LR ESE &S 516,
Fx0 (5) A1 (9) AFH TSN =4E DOA WLIFAY:

0=0+ecp=folu,h™) + ey, (10)
Ho
0=1[0" 61", 0 =07 61", es = [}, eh], folu, k™) =[(fo, ()T (fo,(w,A®NTT,  (11)

K 0= fo(u,h®) FoRmE u M A FAELMERES FE ep Rm 4t DOA MIMRZE, N 2N x 1
QE?JW% IR AN ZE M8 b oA, JF BB 7 Z 56 29 = Elegey)].
AR ORI () XERSEA E M B w B SCATA, 1A 2 T k&

ub Agu = uldiag{1,1, (1 —e*) " Nu =12 (12)

Hr Ag = diag{1,1, (1—e?)"'}; diag{ -} FoRHILHPFREITCRMA I AHERE. 30 (12) &30 @ fr ) 3
ISR, HiZaAT A, M w 1 E HEACN 2, 2B AT R HEILN w = [z 4T,
M 3 AR HFE @ Kifw, JFEHE 2 = +/(1 —e2) (2 — |u|3). Wik, FE « v LA H R
i u SRRAE.

2.3 TDOA IN572

2 SEAH S AR BB R A, DL O yy B3, FU TDOA i)y ik LA3G 5 5 B0l
5 O RIEIEAM Oy 11 TDOAT,, HffiH.

TS TDOAT, KRR, B EHE 2 TH=AE AUVW. #%= A i phh K i
5 dy, RIS TS

=\ r2(sin(BE)2 + (1o — rycos(8Y) + hY)2 = Va1 — aacos(B)) (1 <m< M) (13)
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,,,,, U ___

7N
70N \
o N —_—
/ ] \ Equivalent reflection plane
/ \ \

/4 | \Y
|
T

Virtual height /¥

Observer O, - Shortwave
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2 (MEMFE) FESEBERREE

Figure 2 (Color online) Sketch map of signal propagation distance

|

Am1 = 212 + 2r0h£,2) + (hﬁf))Q, Am,2 = 216(To + hgfb)),
. 1
BY) = arcsin (2ro||u — uN+m||2) ,
Horh B FRAE S BENISE O oL BB R wn g ZAMINSG Oy, 76 ECEF A8K7 £
TR E A, HREAXFER (2). T2 TDOAT, WTLERHN
1 2
T = E(Qdm —2dy) = - (\/aml — Gm,2 cos(ﬁgfl)) — \/al,l —a1,2 cos(ﬁ%t))> 2<m< M), (15)

Horf ¢ =3 % 10° km/s FoR HUBLBAE 22 IO AR 3R
JE X TDOA [ 7= [rp 75 -+ 7ar]T, SEERH ARG RIFUWMAE 7, AR AT AR R
T=71+e-=fr(uhV)+e, (16)

Hepr h® = [0 B o T e = (R ) FoRER (14) 1 (15) BEERI R o A1 RO L
PERREL ME e, Fx TDOA MR ZE, HoN (M — 1) x 1 458, B HRNE S &S0 A6, H+
HWh 7 25N 2, = Ele el

2.4 MhEIEANNARE 5 o)/ ik
¥ (10) A1 (16) G IFFRTAF 40T B E) A S LA A

ﬁ:p+€p:fp(uah)+€pa (17)

(1<m< M), (14)
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y
|

{ﬁ= 67 7T, p=16" 71T, h=[(R)T (R)T]T, &, = [eF €T, "

Folu, k) = [(folu, RONT (fr(u, h))TT,

Hob £, (u,h) FRER u A B QAEEIEREG [ e, 27 DOA/TDOA MR, Hh (2N +
M —1) x 1 4, IRNESE LA, I H T 25N 2, = Ele,e)] = blkdiag{ 2y, 2.},
blkdiag{-} 7~ i 3 [ B £ 70 38 44 B HI BROTR 0T £ L

3 (17) PRI SRR E b AR, SRR T RIS, DS
JENG A SRS H0 o 186]) sefrrba] DU S 1) SUR B AR (BIT, backscatter inversion technique)
T EARMELAR (VST, vertical sounding technique) ZE3R1GH (Je46) MMIE B3~200, B4R, o3 2 i =
WA 5 ESHE BAAE IR 22, A E hE F RO BRI 23 5 R A

@ =h® e h® =h® !, (19)
K e Moy BWFORBBEERWNREE, ) A N x 1 50, ) N M x 1 45

I 5, MR KRR R RS EA TR B A, IR 2SR 2 = Bl (V)T
120 = Bl (). FHit, [ h BRI LR R N

ool
h=|_ |= + =h + e, (20)
h® h® ES)
HAIIRZE e, = ()T (e)T)T R (N + M) x 1 45, M EBIE S840 A5, B 256
WiA 2, = Elepel] = blkdiag{ 2", 2"},
SERR2 R R R U A (T LTS 5 SRR S Bt o e R e b e R .
RS T EHE 2, MYUIRXT AL BT DOA F1 TDOA WL E ¥ KA R eS|t 75 %
FEFE 02), HIHOIRNS M 50 2 3 1 e SR AL
N AR )RR AT E SRS AE Y DOA/TDOA MM 5 ML 2 B i S I & B 10
ZAFT, A kSR A (12) S 5 5 58 SR ) s e oL

3 BHMEHAENRNETTH

FEAR S R 1 #7115 B 222 ) 2 67 1) R, SR AN SBR[ B o A R, L5 1) 5 5 R A,
E X HEB R @ = W AT]T R YEI R o =[BT RT)T, B AT DU EUR e H R

n(L@le)) = C = (7~ folu h) 2, (5~ Flw b)) — S(h— W2 R~ h), (1)
S © FRE BRI @ FRIHE hR (21) TR o MBI (Fisher) % BAEHE

dIn(L(P|p)) dIn(L(3|¢))
Op opT

FISH(p) = E

(F/Lu ('u’a h)>T‘Q;1FP7u (ua h) : (pru(uv h))T‘Qp_lFP,h<uv h)
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Hrp
F,.(u,h)= Ofp(u, h) _ Fg,u(u,h(a))
pulU, ouT F7-7u(u,h(t)) s (23)
0 u,h
Fp7h(u7h) — 'fpa(}lT ) — blkdlag{Fg h(u h( )) (u h(t))}
F Fpufus B) = afe(g;?(a))’ Fp o (u,hV) = %%hm)a Fyp(u,h®) = 8f9(§:? ’;)‘TU, F, ,(u,h) =
8.f7'(u,h(t))
(htH)T -

BT A& w RS LA R (12), FIFISCHER [21) S50 LR 2R & o 1) CRLB kA

Aou

(FISH(p)) "
O(N+m)yx1

[(Aou)" Orx(n+nn) (FISH(g)) ™!

Aou
O+yx1

CRLB(y) = (FISH(¢)) ™"

(24)
[(Aow)™ Orx(v4an)] (FISH(p))

A€ SRR

WA LAG3] CRLB(p) B — ik

i -1
X(u (0] X))t o , >(u I0)
CRLB(p)= (u) 3x(N+M) (2 (u)) 2x (N+M) FISH(y) (u) 3% (N+M)
O(N+M)><2 IN+]\4 _O(N+M)><3 IN+]V[ O(N+]V[)><2 IN+M
)T o |
| BT Onvian| -
Owimyxs  Ingm |

S P SRR IR B AR w i) CRLB JERE, MR4E5K (24) A1 (25) AT LA 20T 1wy Rk 5

Z(u,h)Agu(Aou)T Z (u, h)
(Agw)TZ(u, h)Agu

CRLB(u)=Z(u,h) =2 (w)(Z ()" (Z(u,h)) " 2(u) " (Z(w)", (26)

Hrp
Z(u,h) = ((Fpu(u,h))" (2, + F, p(u, k) 24(F, n(u,h)") " F, ,(u, b))~ (27)
A4 Z(u,h) BREEERL KL THE « B9 CRLB P, BT (26) 5 1 M55 AL
552 Wi IE B, TG CRLB(u) < Z(u,h). Ft, 24 HBEK T H&E o flitt 7 1) CRLB,
HETHRTELFE .
EREs  HET BRI DA RIGET DOA EALH CRLB #iff CRLB® (u) AY3ET TDOA
SEAL CRLB #ifE CRLBW (w), 23 340 Fros:
Z@ (u, h®) Agu(Agu)" Z® (u, h®)
(Aguw)TZ @) (u, h(@) Agu
= 2(uw)((Z(w)"(Z® (u, h)) 7 2(u) "1 (2(w)T, (28)
Z(t)<’u,,h(t)>/10 (A()’LL)TZ(t)(u h(t))
(Agw)TZ®) (u, A)) Agu

CRLB® (u) = Z® (u, h®) —

CRLB®Y (u) = Z®W (u, hM)) —
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= X (u)(Z(u)"(ZY (u, )" 2 (u) " (Z(u))", (29)

Hor
Z® (u, h(™M) = ((Fp,u(u, )T (2 + Fp p(u, h™) 20 (Fp p(u, h@) )"y (w, h™) 71 (30)
ZO (u, V) = ((Fro(u, KON (2, + Fyp(u, RO Q2 (F, py (w, RN T) L F,, (w, RO)) L (31)

B (27), (30), (31) IR (Z(u, h)) ™! = (Z®) (u, h)) 71 +(Z) (w, hW) =L, TRA (Z(u, b)) =
(Z@ (u, h@)=L F (Z(u,h))™ = (ZO)(u, h®))71, FEE (26), (28), (29) FE 2 4~ CRLB &
AR 13 CRLB(u) < CRLB® (u) il CRLB(u) < CRLB"Y (). [Ht, #1[F] DOA/TDOA Fifi
A T4 e E LR R

4 NASNETENEE MG EREBIL MRS

4.1 HEIEALH AR RIER

i bi& =48 DOA A TDOA WA RS AT AN, PR f,(u, h) KT HE u KARLNERE R,
AR MEARAL 7 (B0 Taylor ZEUERE) Z LR S SORIE AR B 0 #1, F Hoak S 2R B
. R SRR AT, —4E DOA A1 TDOA WL 5 FE8 T HEAL B O 2 PRI 7 A 14142 {H 24
5T AR AL R I, T T b A R A DA O 2R, DRIk B AR e P o 2 1) R A T R 3R A R
T4t DOA #1 TDOA D&M IMTTHE. &4, Kk =4k DOA 155 A s, FHorb I A i o7
TR Pl 28 1 A A2 -5 LA 37 SR AR AL, (R4 A W0 7 2 R O 2R VAL e P2 5 R 3 e AN ], HL iR S
kX I R FIE AT, A SO tH—FloR A — o0 IR FEAR I D R AL 1. IR, 0% b B, DL
BEIRAS 4R TDOA AL MR J5 R, DR AAH U AR PR 37 S HAL SR AR AL B hn A2 2% X 2 i R AT SRR Y
BT R M 7 FE RT3 TDOA 52 67 J7 VR R IR, PR =2 I ZE AR SC I 58 A7 1] R, 3845 DOA Sl
Bl DL REIFI A, SCh i Se3E T 4k DOA O£ M0 7 R 3R A48 S A B — A rh el il A8 e H e
THRRE, RS FLAN TDOA M5 FE M FE I TDOA PR PEII 5 F2. IRk, 1IE2&/E DOA M
RPN T 770K TDOA ULl & 44 A\ B TPy Ze LI 77 #2108 AL HESR R, X Ui B 1 SO i e 6 7
VRZE 55 i [ AL B 1) SRR A R ) Ach R b

FT B Ml N, SCR R NERE AN BB, BN BRI O 2 I 7 R A i X
TRERARMRACHER, FHoR kSR G AR oA () A, it TR
FE QR s AR, FF 8w BN B A THA.

4.2 ME 1 MHEREBESSE
4.2.1 R4 DOA [HZMNNSIE
B SR A Py e I 5 FE. B (4) TS

sin(6,, s}; U — Uy) =5 .
tan(f,, 1) = sin(0n1) _ Tvl( ) MR o5(01)8T | (0 — ) = sin(01) 5T o(u — )
’ cos(0n.1) sn’Q(u —Uy) ’ ’ 7 ' (32)

%Z:I@ (8n,1€08(0n1) — Sn2 sin(@n’l))Tu = (8p,1€08(0n1) — Sn2 sin(&n,l))Tun (I1<n<N).
X (32) TLLERGE MR w FIRZRPEINTTHE, ¥ Hd N ARSI T3 a0 R R

A@l’u, = bgl, (33)
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N I:':'
(8171 COS(9171) — 8172 sin(@l,l))T (8171 COS(0171) — 8172 sin(&lﬁl))Tul
(82,1 cos(02,1) — 82,2 sin(92¢1))T (82,1 cos(02,1) — 82,2 sin(eg’l))TuQ
Ap, = , ; by, = . . (34)
(sn1cos(On1) — sny2sin(On1))T (sn1cos(On1) — sn2sin(On1))Tuy

PE SRR AN AL T A2, X B s SR AR — T IR R IR, RS NE B AR Rk IR
5. BAREA (7) A1 (8) AIHA
sin(0p2)  (ro +h'¥)cos(B) — 1,

tan(6,2) = =

(Br.2) cos(6,2) (ro + h%a))sin( ,(la))
A LR (ro + R sin(B)) sin(8,,.2) = (1o + h¥) cos(8) cos(Bp.2) — 7o c08(fn.2) (35)
RN (8)

2 (o + B[ — |2 Sin(0n2) + 202 c08(0n.2) = (o + hgla))\/zlrg — [lu — un |13 cos(6r,2)
PRI gl =l  mzlls = walla 000 =0 (1 <0 < ),
Hrp

Mt = —4r2((W)2 4 2rh ™) (cos(0n.2))2, Tno = 2r2(ro + W) sin(20,,2), ns = (1o + D)2 (36)

i (35) R Ja—MERERT |u— w2 M— 0K BT |l — w2 2 IEE, FH RN
AR, *hFEAPRLIT S A AR E SEBRY B 55 iz R A AE ME— A IEAR, JF HHRIA AN

\/Mhe = 40,1703 — 7o 2
=npa (1<n<N). (37)

277n,3

e —unll2 =
e (37) P J7 AT BAHERS
lll3 = 2upu + llunll3 =17 4 = 2upu — [ull3 = [unll3 774 (1<n<N). (38)

A ull3 1B W (38) TLLE BRI [ ) MIONAPEIITRR, H e N A7)
A F AR R At

u
Ay, 5 = by,, (39)
| llul3
/\qj ,
2uy |1 w3 = nta
2u; -1 l|wzll3 — 75 4
Ay, = : |y be, = ) . (40)
[ :
|
2u 1] sl — s

e JEBEA I (33) A1 (39) AIAR 40 R 4GS 4 DOA Dy ZRPE NI 7 F2:

A,0) | | = Ap(0)t. = by(0, R, (41)

[[ull3
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it Ag(0) = |- 0,205 | FERODRIEUMIENE: ba(0, ") = [12] B OHAAEUM I £, = [
FoRp B B UL, 4545 (12) W R ¢, HOOE R A, R

tl Ayt, =t blkdiag{Ao,0}t, = r2 D),
tiAsgt, + 5 t, =t diag{1,1,1,0}t, +[0 0 0 —1]t, =0 (1),

A A, = blkdiag{4y,0}, Ay = diag{1,1,1,0},v2=[0 0 0 —1]T.

A6 X (42) MHIWAFELRLRAGAFEEM. £ O NJEE fmERAL T HERR D X5
AR, 5 1D NJEE IR |u|? SE o IRARECR, LEME o FESEA, Bz
XA w KRB

oty \ ¥
PuT (242t + v2) = Osx1, (43)

b 2y = [ ] BT, T AR Ay S AR, BRLTE LT LS (42) 20 Y%
ST IR, AR ER A A, (EIHERTIO L OUSR BE T, A6 A R VAT Pl 3075 0, R B ek
A FLAT PR, R AR A A,

SERET PSR (41) REAEEME 0 = fo(u, hO)) BOETIR, B ZR
2 (41) PATLE SR ST R o A1 R® fE%

)2 = Ag(fo(u, R®))t, = by(fo(u, h®), ). (44)
ujjz

Ag(folu, B))) [ “

Kok (44) LSS0 I w A R RG] A

. ) . Oty
[Ag1(0)t, Ap2(0)t, --- Agon(0)t,]Fy.(u,h®)+ Ay(0 )87T = By (0, h™)Fy ,(u,h™)
. ot Ot
— CyoFpu(u,h®) = Ap(0 )a = Fyu(u,h®) = CyyAu(0 )auT’ (45)
[Ag1(8)t, Ag2(0)t, - Apan(0)t)Fyn(u,h®) = Byo(0, h)Fyp,(u, h®) + By, (6,h™)
= Cy o Fpn(u,h ™) + Cyj = Osnun = Fpp(u, h™) = ~Cy iCop, (46)

H

(a) (a) .
{Be,e<9,h<a>> _ bR o, ne) = Q00O o) = 2RO o,

00T A(h)T 7 9(0), (47)
Coo= Byo(0,h™) — [Ag1(0)t, Aga(0)t, --- Agan(0)t.], Con = Byn(6,h™).
2 (45) F1 (46) Zlim 147 4 DOA JELRMEMMIARL 5 H AW 2 LIRS 2 (] R & o AREOE &, B
SHFM B 1 58 L7 VAR S AR I 1 R 4 T 25 G
4.2.2 fEIEN RESKESE

FESEhRE R, FR 0 A1 A [ELSLEZARFAY, AAEHMIME 0 1 A RACE. T (41)
AT BLSE AR 3R 2 (]

€9 =bg(0,h ™) — Ay(O)t, = Aby — AAgt,, (48)
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Hrft Aby = bp(0, h®) — by(0, h™)), AAy = Ag(8) — Ag(0). FIF—BMiR 224347 1717 15

Aby =~ By (6, h™)eq + By (6, h™)el®, (49)
ANAgt, ~[Ag1(0)t, Ag2(0)t, - Agan(8)t.)es. (50)

¥ (49) A1 (50) RN (48) HAT 43

€0~ (Bo.o(6,h™)—[Ag1(0)t, Ag2(0)t, - Agon(0)t.])es+Bon(0, h™)el™ =Cyyeg+Cone'™. (51)
H (51) WIHN, IRZE MR & W IRMNESME = A, JF BT 25

COV (&) = El€s€]] = Co0Elese}1C 4 + ConEle) () TICF), = Co.020CF g+ Con 21 CF,. (52)

Bl (42), (48), (52) AT RAEESLANN 2 X — A5 QLY SR A0 £l T

,min {Jo(ta)} = min {(bs(6,R")) = A9(9)t.)"(COV (&))" (bu(8, A1) — Ag(B)t.)}
st T Ayt, =12, (53)

t Agt +")’2 O

Hh (COV(&))~! RIBUERE, Ho R THMHINIIR % e R ™ M. 2 (53) T HAREREL Jo(t,)
R ¢, 10RO, (RSO AR, 5 MR PR, A T 45 S S A S
o HLAE SR (23] TR0 5 B0 R, % RS AT R B, A AR AR A AT, N
TR LI, [ DA B b JORE R L0 (), NTEFE b+ 1 SRR £ (k+ 1), 7Lk
SR 7 A

Jmin {Jo(ta)} = min {(bs(6,R") = A0(8)t.)"(COV (&))" (bu(8, h™) — Ay (B)t.)}

2

PN ro
st. U™ (k+1)t, = [ ] :
0

et O (k1) = [Jfﬁ*‘“k””l | e 24 R (54) IR AFONLEIELIR, SAFFE BT, i

@& )T ag +~F

LR AT R RE QR 21 P U, BESRASSE IO BUE ARG A PEAN T SRR, AR RT I A it 1
L B (U@ +1)" 1 QR SHRF LIRS N

R™(k+1) R (k+1)

-+ a —— a a ——
O@OE+1)) =@V E+1) | »2 | = @ k+1) Q¥)(k+1)
4x2 4x4 055 4x2 4x2 Oz2
= Q) (k+ 1)R™ (k + 1), (55)

-~

Fobt QU (k1) FERIEACHIE; R (h+1) 3 L= . FHEULAINE (COV(€) /2 A0 (0)QU) (h+
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1) B QR AMRTT BAFR A

R™M(k+1)
(COV (&))" V2A6(0)Q1%(k +1) = Q% (k+1) | a2

~————
2N x2 2N x2N O@N-2)x2
R™M(k+1)
= Q¥ k+1) QWK+ 1)| | T 22
2N %2 aNx(2N-2) | | OeN—2)x2
= Q5 (k+ )RS (k +1), (56)
Horp QW (k+1) FRIERHERE; RV (k+1) Fom L= MMM, B4 €Y (+1) fE™ (k+1) 4
3 2
~ 7”2
(R (k+1)T5Y(k+1) = | °],
0 (57)

R (k+ D)8 (k+1) = (Q5 (k+1)T(COV (£6)) /2 (by(8, b)) — A9(0) QY (k+1)E™ (k+1)),
M= (54) MBI =fE T AR RN
£k +1) = QP (k+ DE® (k + 1) + QY (k + IS (k + 1). (58)
v 1 (PR AN ZS PRI B, H %A 1, IR 4 % 2 R 28 x 2 P ERERET QR MR,
JeRMEFA 2 x 2 mzﬁef»rﬂfﬂ%ﬂaﬂm%ﬁ (54) BOBARAR £ (k + 1), B (25 () 11 <he s o0

FIUCSUEIC A 8 (B £ = limpoqoo £62 (K)), TRMEX 1 BIEMLAERHN 6@ = [I; 05085, Hith
TR A g . Bk 1 A TR B 1 B 2P R,

Algorithm 1 Calculation procedure for phase 1

Step 1: Define a convergence threshold § > 0 and choose the initial value fi(f)(O);

Step 2: Calculate Ay, and by, from (34);

Step 3: Solve the roots {nn,4}1<n<n of (35) and compute Ag, and by, via (40);

Step 4: Calculate Ag(é) and by (’9‘7};@)) using (41);

Step 5: Set the iteration counter k := 0 and compute (COV (£p)) ! according to (47) and (52);

Step 6: Calculate U(®) (k + 1) and perform QR decomposition on (T® (k + 1))T to obtain Q(a) (k+1), ga%(k + 1) and
R (k + 1);

Step 7: Solve the first system of linear equations in (57) to get i}d)(k +1);

Step 8: Calculate matrix (COV (&y))~ 1/2A9( )Q (a)(k + 1) and perform QR decomposition on it to obtain Q;ai (k+1)
and Rga>(k +1);

Step 9: Solve the second system of linear equations in (57) to get féa)(k +1);

Step 10: Compute £ (k +1) = Q) (k + E(™ (k + 1) + QU (k + 1)E3™ (k +1). I |87 (k + 1) — £ (K)[l2 < 6, let
ﬂia) = aga)(k + 1) and go to step 12; otherwise go to step 11;

Step 11: Increment the iteration counter k := k4 1 and calculate (COV (£g))~! based on (47) and (52), and go to step 6;
Step 12: Let @ = [Is Osx 1]t:5&> be the final estimation result in phase 1 and terminate the calculation.

RS EIRRALTEEA TS B EIAAIA(E, X B ARG ROE. 9 1 FOURERE X (53)
w8 H b R K R AR IO UK /s SR A THELAE TR AR, 40 7R s

~ ~

£ (0) = (A9(8))1bo(8, h™) = ((A4(8))T A4(8)) " (A9(8))Tby (6, ™). (59)
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AT B AR R A 5 A A A5 8, HEFE T30 (53) RIS, 4k TP E B,
FF G52 A8 = K RO DN R ZE R0 ik, 3 2 AUk BRI A s LN T RE K (33) HR, K
AEIBCE 3 fe s SR THELAE M WTARME, W R Bros:

Sy | Ahbe | _ | (4540 AL b, 0
Al b |2 I AT A, V-1 AT b, |12
144, b, |12 (Ag, A9,) 5,00 113

B BRI MAEE, BAEF T 1 AL (ABERRIZAR), I HAZ B JEHE R
IR ZZFEM. 7 HSRI 45 KRR, WAMATAG A REs th— 2 2R et

SRR FIRMRALEETE AR YOS AR T E R AU E (COV (&)~ HEAT ST, 1X 45 FI T3 i Ho i
VRS BE, T 1 3R A 7 IR 22 A R RO BURERE. 53— 7T, BARINBUERE (COV (&)~ MIE
S A LLBRAS, (BB A M 2B 48] 26— MR 25 A0 WTAEZE R, AR R IR B0  2 JF R 2 S BRI i 1
AR R 2

A0 FEEH (53) WA LR B BIH (Lagrange) SeF20ET KM%, (HIEXE — 454
HOR RS B H e ik B TR RIZ S, RS ik AS R R ho ik Y H ofe 1 m) & 445 A7 ik
FHECRA% BA H e A R BARIAE LR 3 AN J7TH: (1) hoks B H e+ m &AW e 3, Bk %A
PIUREA T 3R I, 0 SCR RE RS A ¢, REATIEAR, S5 TIRFEACHIA A (WERE 8); (2) $A% B
H 3R ik e i b B H 31 ) b AT, HAEIRAE RE TP A LS HERE (COV (&) 1 JEAT SN BEHT,
RANHTFAE RN GRZ2 26 A T 3RAT R AF BT PR RE, 130 175 V5 BEB5 SEIR XTHERE (COV (&)~
TSR (WIERE 9); (3) SCHRRITNEAE R UGS AR LU U g A AEE R (il 1), HrJf:
AT EREISD K, WD T, Wi FEARE AR B RS, 07 eI af SRR, SCH s
TRAE R AR TT PR ASNEIN FL A B ey R 22 B

4.2.3 IBIPMHERESH

ANEHERATHE £ M a® G, NILTEE G RIS {85 (5)crcroo HINEK
Ve v BN 20 (k+ 1) &3 (54) B, M (54) it (53) T IR RLH R
LA LR RO RAL R, BARACSCHR IR FIAERE QR 20t =X (54) #EATHRALK AR, HikE 5
B LB (k) Y400 HIMCEMESAR2 MobA S A2, BRLESCiR [23] o USSR 43 48 16 T BB v T o
WA IZSCHR A 4 TGS TT AL A {85 (k) rcne oo YLER, IFAULSLE & £ W, %R
RR (53) MARRMMR. XTE—EREE LARE TR {8 (k) hicreroo I RIS, HIEARE
T (B8 (k) Mcne poo —EUCEL. FSZ L, BUA BIPLALTRIE W TC AT JE Mt A 10 A 2 ARG A —
SEWCSN, PRI AR G TR vk T <FIH 2 W0 AR A7 NP skl f 237 KT, 3 3 A S0 52 b g 7y v
B TSRS, TE AR 10 (R H I, 1207 1 T DAYE B A M ARG, A0S S SR
BE (COV (&))", 3 BT B DK N T, S a5 A T3 Rt . Mol i liesiciE i, 07 S0 45
FABKBLHEAT T BRE.

THEEFH {E5 (k) b ranc oo WEIITENL FHESATHE €07 A1 4@ geikstk, st e £
R (53) AR, Hi 20 R ZIEN ALY = 8 — t,, R —¥ris 2 0 516 7 4,
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3 AL R R R R
L in {(A9(0) Aty —(Copeo+-Cone;”)) " (COV (&) ™ (Ag(0) At~ (Chpeo+Cone;”)
st. (Aty)TArt, =0, (61)
(At,)T (245t + ) = 0.

Y T(w) = [ At, 240t +72 ], TR (61) MAREN
At = (I~ 85T (uw) (T (u)T BT (w)) " (T (u))T) B4(A9(8))T(COV (&))" (Cooe0+Coner”). (62)

Horf

= ((A(0))"(COV (&))" A(0)) . (63)
B (62) TN, 1522 ) B Atﬁ W R ZE 358 3T A0 A, PR i 20 R TR A i, L7 i
FESRRE R

MSE(t") = E[At{) (At()T] = @5 — ST (u)(T(u))” SoT(w)) " (T(w))"

u

= &,/ I [8,°T(u)] 8/, (64)
Horh T[] FR R R BRI L IE A B R, AR R R a® 5 ) R R AT A, R a@
W oAb Th, FeX R = M N
MSE(@®) = B[@® — u)(@® — u)T] = BlAu® (Au)T] = [I; 05 ]MSEE@) |
O1x3
= [I5 Os,1]®)*IT*[8)°T(u)] &,” L , (65)
Oi1x3

Hrf Au® = a® — o FoRrFE a® P THRZE. DR HTE R, A 4 DOA
MM ERIKAET, FE a® ZEE S G THE, BARTT 0T 6.

w2 BEAA 4 DOA WIE, NmHE a® bR e CUET AN ) CRLB (BPA
CRLB™ (u)).

IERR: X BAVFHEE MSE(u®) = CRLB®W (w). H4eK3t (45) 1 (46) AN (30) F 40

uT ouT
ot \ oty \ " ot \
T (COV(&)” 1A9(9)au1}> —((81;;) sﬁelau*;) (60

Horpgg 2, 3 NES AR (52) A (63). #4530 (66) AT (28) Al 15

-1
. ot
)T (Co6026CFg + Con 2 CF,) 1 Ag(6) )

ot )T _, ot

—1
CRLB®(u) = ¥(u) ((zm))T(auT 2 aﬁS(u)) (B(w)". (67)
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35— J7 I, AT ASSAIE

1/2 0ty
ouT

4x2

()] . (68)

range

@;/2T(u) Lrange | &,
——

4x2

SN R IE A 55 R R A o 1461 AT e

1/2 —1/2 Oty
I8}/ °T(w) = IT [% / afﬂ (w)]

T -1 T
ol (i) o) () i

Hrp T[] KRS 25 6] _ L IEAS B HRE. e (69) fRAR (65) Hmf e

T , -1 T| f
MSE(®) = Iy Osa] 0% 5(u) <<2<u>>T(§$) ¢@1§;;z<u>) (s (ue) |-
1x3
- S ((2(u>>T(§1ﬁ) %153%2(@) (5", (70)

Ho s 2 MESFIA%ERX (I Osx1] 2% = I,. MLt (67) 1 (70) A4 MSE(@®) = CRLB® (u).
HEEE.

il 2 REAME a® 77 DUE R TR 48 DOA WLIN & R ge it fe e A 45 2, hifE AL
P 5 AR 10 sl AT ARl — AN AN AT Bl 1 v ) i -

FER11 fiat (70) ATS0, MSE(G@®) A AR, | E.jjr—li w B AN 2, HATdHE
B1hENNE T alaw AR E B 1 B HEIE Y T, B RS A = 5@ —a,
ME Au® = B(w)Aw®, 3 A e " K77 RSN

~(a)

MSE(@ ) = E[AT® (AT™)T] = [I, 025 ]MSE(a®)
01><2
o[ Ot \" Oty -
[ (fm) & msw) ™)

%A1, MSE(R"Y) Rk e, Fol M A5 5 ST I 2. b, 4542 (70) 1 (71) iE
i3 MSE(@®) = ¥ (u)MSE(@ ) (2 (u))".
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4.3 ME 2 WItEREBES5E
4.3.1 553 TDOA {hZ& MY 552
ANFIHES I TDOA 28 T FE. 1ol a X (14) 1 (15) v[15

CTm/2 + a1 —ai2 COS(ﬁ;t)) \/am 1— am,2 COS( (t))

S R TR
ﬂﬁ)ﬂ?ﬂfzh Am,2 cos(ﬂg)) = a1,2 cos( ; )) — T/ a11 — a1,2 cos(B; (& )) +am1—ai1—c¢ Tm/4

AR ( ) (72)
/\ I 14
2 \J4r2 — = g [3 = 2roji
i
PILTZEBR 902 Ty — a2, ollul2 = 4522, + a2, o ([ pml|2 — 412) (2 <m < M),
Foop
P = a1,2 cos( §t)) — CTm\/al)l — a1,2 cos(fy (t )) +am1—a11 — A7 /4. (73)

53R (38) 2L, R (72) MR AR [ull} SRR, AT, THERER (12) AR
5[ | OO IR, JRERCEF AT o SIS w (AR B, VA CE LA AT TDOA
MR R, A DA 56 T O e ML 7 R ST X 4 AT 5 i, B IEA2 SR [34) + g
S TDOA F& i R PR R AR AN LB SR. FFsEh 2L, SO BT EATERT B 1 B4 R u
g — AR @) RS ASE, BT AR A @@ A8 o PRI w, BT
R (712) BUR— AR B & BN EHR, WAL (72) R [ ] By
FREAT AR
A5k (72) R M — 1 ATTREA AT AR AR

A, (h) { “ ] = A (O, = by (1, B0, ), (74)
[[ul3
Hrp
2a3 Uy 4o : —a3 4 dr2ps + a3 o([lunt2ll5 — 4r3)
AT(h(t)> 2a3 2'.U'N+3 3 a.§,2 . bo(T, h“%u) _ dr3ps + a§,2(|\-UN+3||§ —4r2) ’ (75)
i :
203, Ul ar1— 0% 41243, + a3y (e ar |3 — 4r2)

b AL (h) TR b, (1, A0, w) FRAMEMIMI R ¢, = [ 1| Fordr i g
o, SV IR (42) TP HIULE R R A

FEREL2 PRSI (14) REAIEE T = £ (u, hO) BOETR, KA
2 (74) AT R o A RO SR

A (h®) [ oo A (hNt, = b (fr(u, hV), R u). (76)
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F X (76) WAL Al w A RO SRS TG

ot,,
ouT

— C, . F,(u,h®) = A (h®)

A, (M) =% = B, (7, b w)F, ,(u,h")) + B, (1,h") u)

Oty
ouT

ot
t t u
[Ari (B, Aro(hO)t, - Arar(h)t] = By (7, B, w)F, p (u, hY) + Bop (1, Y, w)
— C, . F, (u, h(t)) +Crn=Onr—1yxm = Frp(u, h(t)) = —CT_;CT,;L, (78)
/\E'j
orT ’

Ob, (T, h®) )

b, (T,h®) )

B (T, h(t)vu) = A(hHT 7

BT,h(‘r,h(t),u) =

B-r’u(T, h(t)’ 'u,) = , CT . =B, T(,’_7 h(t),’u,),

ouT ’ ' (79)
C‘r,h = BT,h(T7 h(t)7 ’U,) - [AT,l(h(t))tu AT Z(h(t))tu e AT,M(h(t))tu]v
, 9A, (hW)
— (t) (t) _
Crou = Broa(r b)), Ay (W) = i (1L <m < M),

2 (77) A (78) ZUiE | TDOA RN VLI 5 H O LR LI 2 18] 5 O AEICR 2, X TR B 2
SENL T HE S A R PR AR 0T B OC E B

4.3.2 fHIHENREKESE

FESEhRE AR, I 7, O, LUK B ELSEAE SR R A, RS I 7 A1 A DL KA £
B a® KA. T (74) AT LA L F iR 2% A

& = b (7R, a™) — A, (RW)t, = Ab, — AAt,, (80)
Hrit Ab, = b (7,00, 4®) —b, (1, h® u), AA, = A (R®) = A_(R®). FIFH iRz 5715
Ab, = B, (1,h® w)e, + B, (1, hY w)el! + B, ,(1,hY u) Au®, (81)
AAt, ~ A (B, Ag(RO)t, - Arpr(RO)t,)el?. (82)
Kl (81) A1 (82) AR (80) HAlf

& ~ B -(t,hY e, + (Bru(r,h ", u) — [A,, (h(t))tu AW, o Ar oy (RO)E,])el
+ B‘r,u( h(t )Au = T, €T + CT hEh + Cq—quU(a). (83)

i1 (83) WA, IRE MR &, Wk M EE T A, IF HIL T Z5E5RE N

COV(¢,) = E[¢.£F] ~ C, +E[e,ef|CL, + C. ,E[e 0 (gt )T]Cﬁh+CT,uE[Au<a>(Au<a>)T]CT

T, U

=C..2,Cr +C. .02V Cr, +C, ,MSE@@®)CT,,. (84)

BEA BVEE 1 B EHE a® T UUE B U £, BRI, AREETERE 1 e TR, s T
HAE T SRR, NTEWE 2 BEEES R HE, B mE T BRNE, TRIA
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WA AR 22 )

= [o.m R0 a] (A (Ro) _

&= =(a)
u

I2><4

CT,TE':T + CT,hES) + C‘r,uAu(a)
Aﬁ(a)

Q

St AL (RO) = [ 0] FORY e Oy AR, B, (7, RO, @) = [0 =] JoRd ey
PEII 8 Tos = (B2 Oayal. HI3X (85) FTAL »ﬁmia G I Z S (R 0740, JF B
RS

~(a)
~ o COV (¢, C. .5 (u)MSE(@
cov(E)=mEEN=| SOV (wIMSBL 1, (36)
MSE@E)(3(w)TCT,  MSE@")
SAFFRER AR Au® = ) Ao,
B4 (42), (5), (86) TTLAER ST F 40— s e
tgg&f(»—tg$ﬁ<<7m%m%—ﬁx%> DT(COVE) (B, (7,5, )
- Ar(h(t))tu)} (87)

st. th At =12,
tT Aot +v3t, =0,

Hrf (COVI(E,)) ™ RMBUERE, FH FHIBIINRE e, eV, DURAEHHESE Au® 50, 53 (53)
KAl 2 (87) tAFTAE KSR [23) FF I B2 5 A VAT SRR, RN R R T kA e, (L
A NEEE R, B CLBEE k UOERER T k), WTERE b+ 1 UERLEE £k + 1),
AT LR AR R AR AL, ] R
min {J-(t,)} = min {(b.(7, R, a®) — A, (R®)t,)"(COV(E,) (b, (7, RV, a)
t, ER4X1 t, ER4X1
— A (h)t,)}

2

~ T
st. UO(k+1)t, = { } ,
0

b DO 4 1) = [ (S0 ] e R24 55 (54) K0, K (38) LU FISERE QR SIS

&S0 0T Az ++F

sl P A, BRI L G0 R
W3 B (U (k+1)" 1 QR 4HEn LLFR N

R (k+1) R (k+1)
_
OOk+1))" =@M *k+1) |~ 25 | = |@"*k+1) QK+ |~ oz
4x2 4x4 055 4x2 4x2 O3x2
= Q" (k+ )RV (k + 1), (89)
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Forbt QU (k + 1) FARIEAHFE RO (k + 1) FoR E=MAFE. FERERE (COV(E,) V24, (RW)
Q') (k + 1) H1 QR S #E T LAZR N

RV (k+1)
(COV(E)) 2A,(h)QM(k+1) = QV(k+1) | o

(M+41)x2 (M+1)x(M+1) | O(ar—1)x2
RV (k+1)
——
= gt)l(k+1) g,)z(lﬁ'l) 2%2
(M+1)x2  (M+1)x(M-1)| | Or—1)x2
= Q% (k+1)RY (k + 1), (90)

Hep QW (k + 1) TR IERCHRE; RV (k+1) £ L=k, 45 mE tV%+1) MV k+1) &

T A
rs
0] ’
(91)

R (k+ DED (5 +1) = (@) (k + 1)) (COV(E,)) /(b (7, B, &™)
— A (A)QM (k + DY (k + 1)),

(RY(k+ 1)) (k+1) =

M= (88) MIm ML fEE AT AR IR N
tOk+1) = QW (k+ 1)EM (k+1) + QYL (k + IS (k +1). (92)

el 3 MR [E AR 1. JEREXT 4 < 2 AT (M +1) x 2 (RNAEREREAT QR 20, FoREMAS 2 x 2 B
M PRI AT AR (88) MIBARAR £ (k + 1). ZHTH {E9 (k) hcnasoo HIMSUEIE A £
(B 289 = Ty oo 887 (R)), TRMBE 2 MERLEA 4O = [I; 05,08, F S0P msss
HYRE S5 . B0 2 B T B 2 M B R,

SERR13 BB 2 MLt TR Bk ARG, T LR (87) i H AR ER L, K AR IAUE
RN TG THE VR VIR, 1R R

£{7(0) = (A (")) Tb.(7, R, 5™) = (A, (AM))" A, (h")) " (A (R)) T, (7, Y a®).  (93)
7 BLSE 0 45 LR 0, R ) R S A BT B 4 JR MBI . Ah, SITER 1 ROR AL BEERAN, B ER 2
IR S AE R VAR L BE T IBUE R (COV (€)1 SIS 37, T84 8 a2 R L3522 2
TR M R

R4 BB 2 BB 1 PRSI B U T EE LS (EIA B, 1 A 4 DOA W
BV AT I, B A R, TP B 2 ZE{0 TDOA MU 4 F T s, HFEm B 1
FI T B Ge e, e 2 H RSP A TDOA 1 =%k DOA BRI 77l se Bl Bk, WA
BB — T, T ELE AT B AT SEBL, e IEATRRTE. BBt 2 20 U A Ab B AR SR i A AL B 4 5 A
J2TH. 5 1 AR AIER (85) th, HEBRAN B 1 ATHE o Mxsd gt s i,/
(7E T 3045 O I 25, 1030 0 o SRS B8, AT RIS R I O M P2 it LA™ 58 2 MR ATRLE
2 (80) H, FAIFIMEL 1 BREHHE @@ 95 b (7, b0, G™) T R & 15 2 1 & R0 &, ATl
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Algorithm 2 Calculation procedure for phase 2

Step 1: Define a convergence threshold § > 0 and choose the initial value a&t) (0);

Step 2: Compute A, (ﬁ<t)) and b, (T, ORTC )) using the intermediate estimate @(®) and (75);
5 and (85);
) and COV (&7) from (71) and (84), respectively;

Step 3: Compute A, (h (t)) and b, (7, R ,4(®)) using the intermediate estimate u
Step 4: Set the iteration counter k := 0 and calculate MSE(u a®
Step 5: Compute (COV(£,))~! via (86);

Step 6: Calculate ﬁ<t)(k + 1) and perform QR. decomposition on (T® (k + 1))T to get Qgt,)l(k: + 1), Qgg(k + 1) and
R (k + 1);

Step 7: Solve the first system of linear equations in (91) to get fl(t)(k +1);

Step 8: Calculate matrix (COV (£,))" /2 A, (/l;,(t))ng; (k+1) and perform QR decomposition on it to obtain Qét)l(k +1)
and R(Qt)(k +1);

Step 9: Solve the second system of linear equations in (91) to get 152 (k +1);

Step 10: Compute £, (k + 1) = Q") (k + D& (k + 1) + Q% (k + D& (k + 1). It £ (k + 1) — £V (k)2 < 6, let
tAISt) = f£t>(k + 1) and go to step 13; otherwise go to step 11;

Step 11: Increment the iteration counter k := k 4 1 and calculate MSE(u(a)

) and COV(&7) from (71) and (84),
respectively;

Step 12: Compute (COV (£,))~! via (86) and go to step 6;

Step 13: Let a®) = I3 O3><1]tA7§t) be the final estimation result in phase 2 and terminate the calculation.

PO ERAE WA RS [ & ¢, SHEAT SR, 25 3 R A THE, sANEER S (74) 1E AR ¢, FIOhZRPE
LIRS J5 2 0 TH R R A TE iR S, PR mI AR A B[R] R Y 55 ik

FERELS AIEYE 1A 2 BN SCHR I DOA/TDOA Wi A AT 7, 1R BN i A 4
AL THE @) REEFVRTE ECEF AR R T IRERLEE IR, & ZAF BB ALKR R T IE A4 R (BNA 4
JZ), WTUABELIEA FHSCHR [31] W EREAT AL, BRI A ) R L R AT R 7

4.3.3 IRRMRESIT

AN ST 20 A1 a® G, mtﬁﬁ%éa#m S5 {25 (k) }rchetoo ISR
H Tt (88) MM RATBIEFE 530 (54) AR, KWK A {57 (k) 1cncsoo T {85 (5) 1chcsoo B
AR (S BE, EBREAR SR (23] PSS e, BBRTT AN, 2478 {85 (k) bicnesoo WOSK, FE HUCE ]
R A T AR sy (87) M4 R a At

TFHAEFH] {8 (k) 11 chesoo HEBRIK) rﬁ«ﬁzﬁ&ﬂmﬂa tu %u Al PGSR, U i 20
R (87) AR, G 10 MR 2R AtY = 19 —t,, FIFSE 4.2.3 N rét
MR, T £ W R AT ,\iﬁﬁwﬁ%%ﬁﬁiﬁ

MSE(t(") = E[AtO(A)T) = &, — &, T(u)(T(w)" &, T(u)" (T(u))" &,

1/2 1/2 1/2

=, me, T(u)e, ", (94)
Hoofn
&, = (A, (hV)T(COV (&))" A, (hM))7. (95)
IR T CAEBIERE &, ATLIFORA
(A, (RO)NT(CO)7 A, (RY) — (A (KO)T(CO)Cru B (u)Taua)
&, = | ~T,u(Bw)"CL(CV) " A (h®) + Ty y(MSE@ ™) Taws |+ (96)

_T _
+ 1,y (B(u)TCF(CY) T Cry B (u) T axs
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Hr
C(t) = CT,T QTC‘I"I:T + Cth‘QELt)C;'I:h' (97)

RiEE a® 5 Y ZHSRTH, [ a0 SRR MG, 39778 ZERE N

—~ I
MSE(a®) = E[(@® — u)(@® — uw)"] = E[Au®(Au)T] = [I; O3 ]MSEEW) |
O1x3
~1/2 | ~1/2 ~1/2 | I3
= [I3 O3><1]Sp‘r 1 [QT T(u)]¢7 ’ (98)
O1x3

X Au® = g —u FoRAE o PfliThRzE. g P ER IR HTIE R Y], £ R DOA/TDOA
I 2T, i a® T Gt et v, FAA T 0L i

fpRid  RBAFLE T 4E DOA F1 TDOA WA UL &, ey & @) ¥tk 2 m] LLEVTAH R CRLB
(HPf CRLB(u)).

Al 4 R B AN A RL S D, AR B & a® T DUE Nk E 4% DOA/TDOA Ml &
I G - e 0 8 45 2R

ERRL6 AR JE T AR RS, BN TE AR B AR R R T AL TR AN, A WL vl A B A AT BT 2
AR AR BT 48]l TS e A 7 R WE Gort s e, BT DRI CRLB i RE
FEIE AT A U ¥ T8 2 S VIR T e EH P X3 V7, R B S VIR 12 DX N R B0 5 960 Ak 232 5 B 40
TCA po(w), S I35 57 B ) o B AT 8 i R PT LA 7 oAy 147 48]

{Ol,opta OZ,Opta ceey ON,optv 0N+1,0pt7 ON+2,opt7 LR ON+M,opt}

— argmax { /V det[(CRLB(u))l]pu(u)du} : (99)

F LA 52 (037 55, LI e AL X 0 ot P S W R A B vy, UL R AR I BN, T DAAE SIEBe iz P e
S RS DU R BOW M s, X R I (99) IS HCE I — M IR R &, B AT AR s AE 5
% WO SR e S AT S, iRz B R S EOK, WL E A AROR R R 4 2
Heasa), flan, fEFE DOA S 5E S Al A UMb i, 82 R AT B 8 A DX IAE 193 A 00 ool T 2 )ik
J7 1, AR TDOA A58 R AR FOULIN iy, S AT R WL b 2, AR RN (4 1E = A1 72
BE VY. BAR SR B AR Ja SRR 7T T 1F i

5 {hESH

A 387 B S IR B TR B e AL R, FEANMIAR T B RIS OL R, SRR SIS T
TR SR N 134.56°, 45N 36.67°, FL7E ECEF AFr R R E M RN v = [-3593.8 3649.5
3788.1)T km, A 7 MEEM SRR Z RIS S, Hrh 3 ASIEE R E DOA AV E AL A, 4 4
Mk s JE TDOA AV E AR, BTG 26 BE LA ST 5 3028 Ik 0 187 Py Fi, 25 2 R v 500 WL 1.
DOA, TDOA VL J o 8 )23 i iy WL i 22 35 IR A2 35048 iy 7 o0 A, IF B 7 Z BR300 2 = o2 Ts,
2, =0%(Iz + 13x3)/2, AJ 2y, = 0217, W 04, 0, VLI of, FRH N FIFRAEZ.
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*1 RENNSENEGESEEREESHIE

Table 1 Longitude, latitude and ionospheric virtual height of shortwave observer

Shortwave observer DOA-1 DOA-2 DOA-3 TDOA-1 TDOA-2 TDOA-3 TDOA-4
Longitude (°) 116.23 112.54 116.00 123.47 114.54 114.03 119.27
Latitude (°) 40.22 33.00 29.71 41.80 38.04 30.58 26.05

Ionospheric virtual height (km) 340 390 370 310 350 385 365
3680
(@) coordinate e s
—~ 3670 True coordinate in X~ plane is
§, 2660 (~3593.8,3649.5)
L
£ 3650
2
g 3640
N 3630 : obibilty i 0.5
3620 ‘ | Probability is 09 ‘ ‘
-3630 3620 —3610 —3600 -3590 -3580 —3570 -3560
X-coordinate (km)
3810 3810 : ; ‘
_ 3805} ) T cotsiny Zpen 1 _ 3805 (@) TS e
g 38001 (3649.5, 3788.1) § 3800}
Z 37195 S 3795}
£ 3790t £ 3790}
g a7sst 2 3785t
3 37801 / . 3 3780}
N N
37754 Probability is 0.9 1 37751 Probabilit is
/ robability is 0.9
3770} Probability is 0.7 3770F " Probabi s07
3765 Probability is 0.5 Probability is 0.5

. . . 3765 . .
3620 3630 3640 3650 3660 3670 3680 -3630 -3620 -3610 -3600 -3590 -3580 -3570 -3560

Y-coordinate (km) X-coordinate (km)

E 3 (MEREE) FAENEMERS EMMKEHRZ
Figure 3 (Color online) Positioning results and elliptic curves of the new method. Positioning results in (a) X-Y plane,
(b) Y-Z plane, and (c) X-Z plane

5.1 HIEHAERAN

k3

B 3 FARUEZE S NBEN 09 = 0.3°, 0, = (2/c¢) s, UL oy, = 3 km, 34T 5000 IR KD (Monte
Carlo) SE4%. K 3 45 tH 7 £ ECEF Abbr R THi T ERE M &5 R 5 Mifh R Hh 2k, HAh B 3(a)~(c) 7
e X-Y V. Y-Z i, UK X-Z i L E A4S

B3 WA LAFE A, 85 B A 25 RO T AR 5 08 R IR TR — B I HORHEZE 6 K
TARAR ], /NN 2R GE 2 /INTIARARR 8], AT S8 E 1 3% 5 ¥ A Rk

5.2 HNEHAERNE RS FIANL S R UM

B ARIERT T AR A RS, ¥ 3 PR AEZE BN 09 = 0.2°, 0, = (0.3/c) s, LA 0y, = 2 km.
R SR AL B ARAR, FEZLAE [134° 136°] x [34° 36°] XM FENLIEEL 10 MIB S, KB 4 4H T
FOTEAE B IR G R R B LI P AR R X Bl AR Al T HE R AR St 28, 1 4(a) A (b) 4 B2
BE1A 2 BRI £, TR A, I 4 AR R AR (53) A (87) i H FR
BRAL, TEAIRCR AR AL N A1 RS B RS . IRTRE, X BAG I X A br Ui sioth 28, 3
A AL BRI S B 5 . AN 4 v m] DU, 87 B B 1 4 R S A e i i S
FE, — iR 10 AN BRI AT SR
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Convergence curve of X—coordinate in phase 1

—3760 B —
~3780 S Y S S S S AU S SN SR S — S— — —
2 3 4 5 6 7 8 9 w 11 12 13 14 15 16 17 18 19 20
Iteration number
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B 4 (MERFE) #7AEN X BRI
Figure 4 (Color online) Iterative convergence curve of X-coordinate of the new method. Convergence curve for (a) phase
1 and (b) phase 2
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AACFALLIE . 7 EAE AR, PRI R IR ZE 2 HEAT 5000 IRERFR P SEI I GETHAE IR, AR
A A RMSE = \/ﬁ ST — |3, e A FORTES n KGR B SR A B K 5 28 A

+
4

MBS 57 FRRTELE (1) B AR E ML 7 IR IR Z REATIIE T AR L 1 CRLB, MIMSSIE 13877
RIENL G RAUE, RN IAIE 1SR ESVERE M B0 R (2) B OTVARIENL SE T R P X
VA B AR A — € iz AL
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Figure 5

(a) RMSE of the new method; (b) CRLB

(Color online) Boxplot of RMSE of the new method and the CRLB as a function of standard deviation og.

8.5 T T T T T T T T T T T T T T T T T T T
801 S
el R
2 R
@ 75 T A i
= T Q Q ;
~ . . i . : ; ' !
= 1 l 1 ' 1 1 l
o T | ' H ' 1
2 70H Q Q H : A A
N T H ! ' ' ' *
E i R S
=] T T T H ' H ' ' . -+
— . | . H H ! i T
6sf1 4 b L & L= .
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
01 02 03 04 05 06 07 08 09 10 LI 12 13 14 15 16 17 18 19 20 xlle
o,(s)
85 T T T T T T T T T T T T T T T T T T T
8.0 - o+ TA
i S A R R = 1
g7 e Q Q Q Q Q Q
2 T T T T T oo 44 .
m H H i ! H ' H ; ! '
é ' ' ' Q , - ; : : !
u7.0-QQQQQQQQQQQQ.::E:;LL_
L e A S .
6.0 L

o,(s)

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0.1 02 03 04 05 06 07 08 09 1.0 1.1 12 13 14 15 16 17

1 1
1.8 1.9 2.0 x1/c

6 (MERFE) A ENEMIARIRERE CRLB BMEIREE o HEHLHELE

Figure 6
(a) RMSE of the new method; (b) CRLB

(Color online) Boxplot of RMSE of the new method and the CRLB as a function of standard deviationo.
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Figure 7 (Color online) Boxplot of RMSE of the new method and the CRLB as a function of standard deviation oy,.
(a) RMSE of the new method; (b) CRLB
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Abstract The location of long-distance shortwave radiation sources is practically significant in national de-
fense security. Shortwave multistation-positioning systems mainly include direction-of-arrival (DOA) and time-
difference-of-arrival (TDOA) intersection locations. These two systems have their advantages and disadvantages
in terms of performance. To combine the advantages of these two positioning technologies, this study focuses
on the cooperative positioning problem based on DOA and TDOA measurements. First, the two-dimensional
DOA and TDOA observation models are established for the over-the-horizon propagation scenario. Subsequently,
the Cramér-Rao lower bound (CRLB) of positioning accuracy is derived in the presence of measurement errors
in virtual ionosphere height. Aiming at the strong nonlinear characteristics of the observation equations, a new
DOA/TDOA cooperative localization method is proposed. Finally, the asymptotic efficiency of the new estimator
is proved using the first-order error analysis theory. The new method comprises two stages. In the first stage,
the shortwave DOA observation equation is transformed into a pseudo-linear observation equation by introducing
an auxiliary variable, as well as solving a quadratic equation with one unknown. Next, an optimization model
with two quadratic equality constraints is constructed, and an iterative optimization algorithm based on matrix
QR decomposition is proposed to obtain an intermediate estimate of the emitter position. The second stage
transforms the shortwave TDOA observation equation into a pseudo-linear observation equation by combining
the intermediate estimates given in the first phase. Also, an iterative-constrained weighted-least-squares estimator
based on the matrix decomposition is proposed again to localize the emitter. Simulation results show that the
new cooperative localization method has good global convergence, the localization performance can reach the
CRLB, and the obtained cooperative gain is quite high.

Keywords wireless positioning, shortwave emitter, direction-of-arrival (DOA), time-difference-of-arrival
(TDOA), Cramér-Rao lower bound (CRLB), QR decomposition, theoretical performance analysis
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