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Abstract

Research and implementation of indoor positioning algorithm based on
DOA and TDOA
Graduate Student: Yan Wu Supervisor: Prof. Tinghui Li
Major: Electronics and Communications Engineering ~ Grade: 2018

Research Direction: Indoor Positioning

Abstract

In today's rapid development of smart city construction and Internet of Things technology,
indoor positioning technology plays an important role. The successfully networked Beidou
Navigation and Positioning System (BDS) and Global Positioning System (GPS) have been widely
used in military and civilian outdoor navigation fields. However, when the satellite navigation
signal enters the indoor scene, the signal will be affected by the space environment and cause
signal interference such as diffraction and reflection, resulting in the formation of multipath and
non-line-of-sight transmission phenomena, resulting in increased positioning errors and inaccurate
positioning or the result of inability to locate, so the signal is not completely suitable for the
positioning requirements of indoor scenes. In order to overcome this problem, it is necessary to
propose new indoor positioning technologies to supplement and develop. So in recent years, there
have been nearly a dozen positioning technologies based on Bluetooth, WiFi (wireless local area
network) or ZigBee, and these positioning technologies also have their own advantages and
disadvantages. The shortcomings are mainly manifested in: low positioning accuracy, short signal
propagation distance, weak transmission ability, high power consumption or poor stability, etc.
Based on the above background, this thesis conducts research on how to use the angle of arrival
(DOA) of the array antenna and the time difference of arrival (TDOA) of the ultra-wideband signal
to improve the accuracy of indoor positioning. The main research contents include:

1. Research on signal's direction of arrival estimation algorithm and signal arrival time
difference algorithm

(1) First of all, this paper tries to use a low-dimensional rotation invariant subspace estimation
algorithm to study the problem of insufficient accuracy of the existing signal arrival angle
estimation algorithm in the complex indoor environment. Since the abundant array antenna
resources bring high positioning accuracy and high computational complexity, the algorithm used
in this paper is: first superimpose and reduce the dimensions of the received signals in different
directions, and then solve the cross-covariance The matrix obtains the eigenvalues and the
corresponding eigenvectors, and finally the two-dimensional angle of arrival of each received
signal is obtained by constructing the direction of arrival matrix and the method of solving the
eigenvalues. The experimental results verify that the mean square error of the estimation accuracy
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of the algorithm is better than that of the conventional rotation invariant subspace algorithm, and
the utilization rate of the received information is improved.

(2) In order to further improve the reliability and accuracy of indoor positioning, indoor
positioning algorithms based on time difference of arrival (TDOA) are studied for indoor
positioning scenarios based on ultra-wideband (UWB) technology. The method first uses the Chan
algorithm to measure the received signal to solve the two-dimensional position of the target, and
the obtained position estimate is used as the initial value of Taylor to perform iterative operations.
Finally, the unscented Kalman algorithm (UKF) is used to correct the result to eliminate non-
visualization. The influence of distance transmission error and environmental noise on the
positioning algorithm. Experimental results show that the positioning accuracy of the combined
algorithm reaches 10-20 cm.

2. Design and implementation of indoor positioning system based on TDOA positioning
algorithm

On the basis of theoretical research, an indoor positioning system based on ultra-wideband
signals is designed. The system hardware includes base station nodes, clock synchronization nodes
and label nodes to be tested. The system host computer software includes background and front-
end interfaces. The hardware consists of STM32 main control chip, DWM1000 ultra-wideband
communication circuit, and power supply circuit. The back-end of the host computer completes
functions such as data analysis, positioning and calculation, and the front-end completes the base
station position display and the two-dimensional display of the target position. Set up a test
platform in an indoor environment, and the system test results show that the positioning accuracy

can reach about 20 cm.

Keywords: Indoor positioning; Array antenna; Direction of arrival estimation; Signal arrival time

difference; Ultra-bandwid
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CURIES k ANJEs BS, R B (x v, ) » R IR B o (x,p) » Fevh BS, HIEIIE i
RAEHRRN B, FE35 B, M EIE AR RN B, WA AL 55 T 5% 1 45 5 2R I R ik
AU

tan f, = 22— 2.1)
X, —X

tn g =22 2.2)
xl—x

WAt (2.1 Ml (2.2) , wtRefliih e & um AL &, Al ED R

xzyz—y1+xl tan 3 —x, tan f3, 2.3)
tan £ —tan f3,
)= v, tan B, — y, tan B, + tan S, tan f3, (x1 - xz) (2.4)

tan B, — tan S,

5 HAME LA EL, DOA & fr kil /b 75 LA & A JE bk g At vt thoe S & omfr &, i
DAFERE w0 b R . (HRAESERRIGOL T, AL IAEE B3 ) () it A5 5 3R
PEAE S AN L YT ) DOA BIRIRAF]. 7 4ME DOA G 8L, 75 B4 R 265 B3k M 1
MEE. FrCAREFR IR K R, A DOA & Bk Fi st 17 %44

(2) FETFIERE (Time Of Arrival, TOA) %y

TOA EN FIEM RN : MARZE R IE(E TIA B E AL LI I 7], IR EARSE KIE S5
FITBE T B RIS TR, AT DARAE S AR T & B 55, mltnl U L[ 9% R SRS FRZE 1
LPRALE . TOA &M EVERIE AT R, PR e fr Bl (R EFI 2 | 2], TOA &
A E g 2-2 B,

Zat N

K 2-2 TOA EfiitrE K



2 BN EMEA

FRAIIE  RIER IR £y, 155 SR HE S R (B L, T2 9 LT 245 2
F A ok T LA 380 i O 3 5 2 T O B B U = Bl 5 A2 W L
REEES, DELRIEEINER, BN, IR = A B A . 1
55k AN B, GLE (x ) - 5 B 2 P I R I RO €. 5 B £ 2 B ()

Je-x ) +(v-n) =e(t-4,)(i=123-) 2.5)

SEANEEUEER AT DL BIAR S S S, e AL A BT AL DA AR R, (HR
TESEBRIE LA, BT CAR A R/ 32K SR A A 1 e -

(3) FETFiAR A (Time Difference Of Arrival, TDOA) () 5E {7515

TOA SENL SRR RS BIEAN 2 A JE v 2 8] (A5 5 BIIR i [R] AT 159 2 BE 55, Pk AT
WAL B G T o T TDOA 5E A7 5501 2 MR b 25 21 A A0 J55 3l (14 3] 18 I i) 22 ik S5 A 25
HM. TDOA MT TOA AN HEHAT R IIBTEP R0 . Wi AT LA B 5 i 1) 8 A0k B
TDOA [ R4 & 2-3 FIFE 2-4 FioR:

?
: i
‘ X N ® r: B
Is la
!
A. i
D

K 2-3 TDOA & fir JEFE K]

1 /
) /
=t z
———— et — —
|

K 2-4 TDOA & for. XU i £ 55 7Y
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2 BN EMEA

Vel 2.4 TS A BIASKR A (x,, v, )+ BE0E B BIAARE I (x,,v,) o FRESHIASBRN () - BREE
1) 5 (el A (IR TR 22 59 6, bR B0 (et B I TRI2E 38 £, , 79 sl A B b OB 5,
r, NELYE B BIRRAEMEE S, 1y, JEEBSZE, 1 TDOA 77 et A:

I -7 =e(, - ,) (2.6)
"3 r‘ ‘\/ X =x) +(y - \/(xz —x)2 +(», —y)2‘ (2.7)
FH X 2 14518 T 45
ryy =2a=|c(t,—t,)| =r—r (2.8)
n=y(m-2) ~(n-y) 9
r=y(x,—x) =(n-») (2.10)

RS DL R AR, BPAT45 3] TDOA &AL 5% N IAF bR 24 B A4 bR AL T TOA
L, TDOA W45 5 SeIl, A FLSEPRIERE A s ol T H., AR 28R & 08 Ak 2 [A] 1)
FEAE R AL, A FLSCIREE rh AR A I SR A A0 0 2245 280N P ad B 1) 5 LR 25 1Y) i
ZEZIHN o

(4) F:T{55 3 (Received Signal Strength, RSS) & A7 5%

55 D) A S BRI T 2 DAL R B 7 AR 3 ik, T AR H S S AR a1 S s A

SR JE R B AT SRR, (B S EORE S EE SR

A
- Ly 2.11
P.=P*G*G () (2.11)
de A |RGG,
| P (2.12)

Hrp BRI, B OVKRIERINFR, GAKIEmRENIEm, GBI KLY
i, A AP, d KIES AR IR . RS IR R N T )2 ) RSST AR
N Shadowing, MR AL S i (5 -5 D A A% RR B B 22 8] 5% 20

P(d)=R(d)- 10771g( ) ¢ (2.13)

d, FoRBHIEBHI Im, P (d,) ForA d, BB 115 SRS 15 5 3R — Ko 3
B, o NECEIERE T, ¢ AN, IR R AR (R R A B R
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2 BN EMEA

B BT IEE )57, RSS @ AL HIRH M A T AR BE 52 B IR SUENE. fir
BRSO RE T TR A A, 5L %I ELEE MBI B4 N B AR BORIAE 2R i B
BAM B ELRENS S R EETWE, B EIRGUE, ELEMIBIERERL
55, SAERGUERTILE, 535N B T4

MEAESEE
L=l

[@jﬁﬁﬁﬁﬁﬁﬁ
I *5
B
R AL BFR IS5 TR #H
14 124
i
b

VURE 5%

!
iy

=
=
b
e

i e L
Kl 2-5 frEFRLUE A5k R

(5) &5 F = e LSRN B
R 22 RE EREMFFEMER AL X 7 SEIE SRR . EARRE L B A AR
BiNZREEZ 7T, EFHZET DOA Al TDOA (158 o FIEAE A S 5T N 2%

2.2 UME A SR

SE B U R

TOA rENREE, AT ERROUE S IS F RN R 2 18] 7™ A% B 8] [7] 2

TDOA AHESRGUE S, ATRERRENEN | f5 Bk Z MR A, e 20
SLuki (e 18] R 2 5

DOA rENREE, AT ERROUE 5 LB R LR A AR (8 %

RSSI 5y Sk, BT BRANER DR ZETI AR R

2.3 RE/NG

AREEFNE T BB RN E A E AR, FEA WiFi BoR. 5 BOR. #
TEBOREE, i T B TUENBSORIE 7 5t, ATBORARSE ;b H AR = A A S A it
BN IEAT 3R, X TR I me AL EAREUE B I Bl R0 e R B AT DR B Rl 0 H7 o
HLIXA U TTH BT FT, A SR = A 8 RLRE HORIE T S N 58 AL AEAE R 48 1T 4t
SR

11



3 5 55 RIEMAEDOA) T

FIE ES5HEAE (DOA) fHiHHERR

DUONFES R E R TR B I(E B BER, X3 e s B AT LKA B[Rl B s ok 17 4%
TR R . R B R I E A S S BA A T SRR AN R I DL
XA RIL S AG THERE AT oM, BETRA] 1 — PR YERE B A Al v k. S st
USRI RIFE SR EGEFEBEAT 0 Bt SLAC R, FEXS AR B2 5 MR UE S i T BN B gE, 22
Jr I SR AR T W 7 2 FE AT BRI R LA S L RS A D 6, im0 e R 3 3k Ty e R
PRI AELBEAT SR ARAS BB — RIS 5 1 4RI A

3.1 ETE 5 BIETT A TS B

(1) B2 FES] (Uniform Linear Array,ULA)

) 5 B AR A i 44 R SCRI R R e CLAR IR R (R R RS N — 2 B R, BB TT 2 TR () [RI B
Nd o AT AR RIE RIBE TG NS B R IC . 1> RS IE BRI K 1) S Ze MR 21 W] DA SE I —
AefE 5 A M E R T . —ZEXT LR HURAS S IR A A K A b — Al . 54
VERESI R I & 3-1 o

A FETAHES

B 3-1 S 51 ERERE FIAE SR A

BB ESHMENLGC=12--K, b RIESAEETTAZHETT, W Rt
ME KR A x,(n=1,2,---,N) JEFEZN:
_x,sinf _ d(n—1)sinf,

Tn 3.1)
& C

FITEL, B35 B R B AH I 5% B A1 T [l R B ] LR R -

8(,6;):{1 exp(—jzfdsinﬂi) exp(—%(N—l)sinﬂiﬂ (3.2)
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3 5 55 RIEMAEDOA) T

—%dsinﬁl —%dsin 5> —%d sin 3,
e e e e
A=\ . . : (3.3)
—%a’(n—l)sinﬁl —%d(ﬂ—l)sinﬁ2 —%d(ﬂ—l)sinﬁk
e e ... e

)BIEIFEIERES] (Uniform Rectangular Array, URA)

PSRBT S X Bl y BePAT BLIRIUOA d A2 XOY T A HI N=N <N, 5 TT 4 R
BT AA%5 R IR SRR T B NS H BT . 1RSSR B HEA B3 S F T e 51 n] DUSEEL — 465 5
FIK A EERAbTE . ZEXT B LR 1F S VRO A A K A B Al . 3 S0 TR RE A1 B AR G
K 3-2 i

TN EAES

K 3-2 BISIRETERE SIS S R Y

(LR — AR R B AR (%, 7,) (n=1,2,n, N = N,x N, ) - (6, B) 3 HFER 5 k
AMESHIKCT ARy AR SRS LTI, DA B e N S, 45 1 AT
55 W LR 4E 9

_X, sing, cos 5, +y, sin g, sin 3,

[ (3.4)
c

HAEINNFES, XAy SarmREs NN, =6,8) k=12, ,
0,=(8.,A)k=12i). X i EH) N, ABETTHITT R R R AR

4,=(0,8.5).0,(6,,8,),-0.(6. B)] (3.5)
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3 5 55 RIEMAEDOA) T

27 6y sin 27 4in g, sin B,
e 4 2
j2r

d(n—1)sin @, sin —jz—”d(n—l)sin 6, sin B,
e * e *

y Bl E N ASEE ST 7 TR FE R R R A0 T

(&

€

n] AR B SRR A (05 TR FERE NI R« Do) HT N ATHE R A9 — X i 2R R

3.2 EF DOA K

4,=[0,(6,.5).0,(6,.5,).

1 1

j2r . . j2r
—~—"—siné sin —
2 isin /i 2

€

dsin@, sin 3,

j2r
A

7J27”d(n71)sin61 sinf, - d(n-1)sin 6, sin 3,
c

_AxDl (Ay) ]
PRELES
_AxDN (Ay)_
T o R A

1

—joﬁdsin 6, sin f;
c

j2rz

. e 4

d(n-1)sin @, sin f;

0,6, )]

1

—]jﬂdsin@- sin 3,

(&

Jiﬁd(nfl)sinﬂ,-sinﬂ,-

- €

(3.6)

(3.7)

(3.8)

(3.9)

TR RSRFIL I PR, He— BRI U )7 ZHE R R LA ) R B IR I 2 A5
73 FE(MUSIC)FEI, 8 5 8 1 0 2 S s (T 550K 722 1) 23 D AR EL IR A R A A 22 1)

BB PR RES Ho — A 722 (8] 5K B 5 12 1),

55T AR AT A A RS

AR % A AR TR E A MRS R, WTTRIEI . 53
— AT S A NERE A T2 (ESPRITYR S, M SR BRI Di 2 P R8 e
A, 5% AR S M LI FOR L R P 3-3 9 MUSIC S0 S A

3.2.1 ZEFSHEEIEMUSIC)

X (1) = AS(t)+ N(¢)

XO =[50 50 %, 0]

14
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S(t) =[s5,(6) 5,(t) - s,)] (3.12)

N(t)=[nl(t) n(t) - anNy(t):|T (3.13)
Hr x (o) 2RSS &, S@) NG S RE, N (1) &E5%ARE. X (3.10)
AR B 7 256 FE R W R

R=E|[XeX"|= AR, A" + 0’1 (3.14)

XU T ZE R RE R HEAT RHAEE 20 il

R=UAU! +U AU (3.15)

B, KL A, @ =12 m) 3 B (AR P B 2L FARE 5 T2 8 Uy, ANRFAEE
Ao =mA1m+2, -, n) % L RFAE [ B 4 B 25 1A) 9 e 75 5~ 23 8] U, H ARAS 5122 () A
55 TAERER AR T EA R 2 AR 5/ REAN A Al . BOR SEPRTE DL A K
A7 72 (B AN IR, (HERMHREAARIMNET R QL FF L T% . Prodfi i s/t
HRBATE S 2T A AT, R

1
[aN(ak) ®aka)]H UNUJI\j [aN(ak) ®aM(ﬂk)]

Busic= (3.16)

Hrba AASHES S X HERMA, BRERAMNGESS Y KA. @il (3.16) it
ramEAN, RN MR SIS R AL, T R NS 5 M BE A Al

( N Vs
PNV IR EEIN | R T ZE AR BT RFAE
B 7 ZEH B " Ty
N\ Y, \_ |
v
( N Vs
KRG &1 =S (B fl g = | o T R B AT g
FAE (A d %
N\ Y, \_ |
v
( N
B NHHE SR A
I

. J/

K 3-3 MUSIC &R K

3.2.2 AT EIEE (ESPRIT)
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1 3.1 A RSB Bt 5 & ANRIHE BRRAMIES, ELS S0
HC LG )4 IS B KT RN iy S E81 ST TR B3 A7 T B A e B, AJELE
SFRROETETF A, TRES) X, BT X M7 By 1 ANEETSALR, TR X, L (d,0,0) HETT
FFUATE X BT EIUN, — 1 ANRETEALIR, T RER) x, BL(0,d,0) FE T FFAATE X B5 1 3y -1
ANBETEALR. 1 3.2.1 WIS BRIAR (3.10) TS TREAIIMBE LS B %k y:

X,0=[x0) %) - x, 0]
X0 =[x0 x©) ~ x 0] 617

X, (0 =[xy 00 %y @) %, (0]

D) D T B AN SR 1A Rk Ak gl A2 42 MAUA 5 8l £ B 05 22 0 P RO 5 7 S T Y e e A
ARk, BT RESIE AT e AR, 20 (3.17) ATBLRIRN:

X,(t)=Bs(t)+n(?)
X,(t)=BFs(t)+n,(?) (3.18)
X;()=BGs(t)+ny(2)

_CXP(_j¢1,1,1) eXp(—j(me) e eXp(_j¢71,1,k ) ]

exp(—jo,,,)  exp(—jp,,,) e exp(—joy, )
: 2,1,1 2:,1,2 : 2,1,k (319)

_eXp(_j¢NX—1,1,1) eXp(_j¢NX—1,1,2) exp(_jquX—l,l,k)_

Horb @ N5 (n,m) DFETTHIEE kA RIHE S AES B TTE 5 (n,m) A5 7T R34 8] A
fiz, RKikAN:

272d ((n—1)cos 6, sin B, +(m—1)sin 6, sin 3, )

Dok = 7 (K=12,---k) (3.20)

F M G Jyheief, B S A SUE 5 K ais M2
F — dlag {e—jZﬂdcosﬁlsinﬂ]/l e—j2zzdcos€25inﬁz//1 e—j2ﬂdcosﬁk sinﬁ’k/l} (321)
G — dlag {e—j2ﬂdcoso9]sinﬂ]//1 e—j2ﬂdcosﬁzsinﬁ2/ﬁ e—jZﬂdcosHksinﬁk/ﬁ} (322)

EE o A 3 R 50 385K A SR i
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R R RI'| [B
R=|R, R, R!' |=|BF |R(B (BF)" (BG)"] (3.23)
R, R, R, | |BG
01 0
g0 ..'"1 (3.24)
0 0
R =E|X,(0X/(1)]-0,1=BRB"
R, =E| X,()X/"(t)|-0,J = BFR B"
R, =E| X,()X/ ()| = BGR B"
R, =E[ X,()X;'(t) |- 01 = BFR F"B" (3.25)
R, = E[ X,() X' (1) | = BFRG"B"
R,=E| X,() X} (t)]-0,I=BGRG"B"
Ry =E[s()s" (1)]

X (325 AT RFAEAR 73, FAAEME— — MR IRAERE T S 0UE 5 72 (3.26)

BRI R AR, M AR Y, 5 F AR ERRHEE, v, 1 G B2&utk. 7550

(3.27) HRAFERE Y, FUAERE P, IRHEE, 2500 0] LA B e 6 468 F FUIRF R FE G 10%E
A, TR BUE S Z4e 25 . B 3-4 2 ESPRIT Hy kAR B .

El
E, =|E, (3.26)
E3
E,=BT
E,=BFT =ET'FT=EY¥, (3.27)

E,=BGT = ET"'GT = E,¥,
¥ =T'FT,¥,=T"'GT
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( ) ( )
BT HEIE R | ey 2 M AT R
HEX(0) 0 7 255 fE4
_ J _ | J
v
( ) (ks peemons)
Hs 2 1 =7 ) o, = Ekﬁzlj:ﬁ}l: U
PGS TR )b bl gt 045 4 o
Emasd] g
_ J _ | J
v
4 )\
A B B i
Fi i
g J

K& 3-4 ESPRIT %y 5 3 &

3.2.3 fRYE R e AR 12 [ Bk

EE A R = NI BT R T BA A A TH ARG EEA R RIS O, R T — B R4E
JE e AR 7 (G T . T IR A R Bl oK v g A L R [R]I thi oR 1
BomTH R AR, PV XX A R, SR 0 S S xR A R R 51 R 2R R R 2 AT 2
Bt SANEE, SIS RO L RS, A L B RIS 5 A S . FE
XA B2 S5 RIS 5 BEAT B ANAT R, 2 J 8 SRAR L 1 5 ZEHE R AR B AEAR DA KX
FRIRFAE [R5, 5 Jm A A IR U5 TR R B St A 5 AR SR AR R SR A — NI 5 (1 — 4 310k
£ o

AR 3.1 I SRR SRR, BllUfE 5 MACA R R R R s (3100, B Ny
KT N SISV TR SIEAT oy Behb ¥ . 5 3.2.2 TR AR 728 [A) B 1) 4y B 3 4 46
A, UL X 7 mapgeoatl, 5B aRIUE S Rk 208

XZN_V ) :|:x(Ny—l)Nx+2(t) 'x(Ny—l)Nx+3(t) " XN, NN, (t)] (3.28)
NEERERESIRIRES 1, HoAt 2R 5 2 A e AR R, Rk .
T
X0=[x0) %@ -x,,0)] (3.29)

JEFAERE F AN G 5 322 1 (3210 K (3.22) MENE ARG SRIEASE
Jie G NARNE R RAETR N -

X,y (1) = CG™'Fs(t)+n,y (1) (3.30)
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Lexp(=jp)  exp(—ig,) o exp(=jp ) ]
Co eXPF—jwz,l,l) eXP(—jcfz,l,z) exg(—j(pz,l,k) (3.31)
| eXP(=jPy, 101)  eXP(—J@y, 112)  XP(=jOy, ) |
N,-1
C =CG =C[ZO:G'] (3.32)

EXC FRNBINZIRI R AERE . XA S R AR IERE G BT iedeik k
R XT AR G o [RIEE AT LALE Y 7 X TR o B, 1931 513k 5K

‘Nx71 X
D =DF =D) F' (3.33)
i=0
R D A
—exp(_j¢1,l,l) exp(—Jj@,,,) o exp(—jo )
exp(—j@,,)  exp(—j@r,,) o exp(—Jj@ia4)
D: : 1,2,1 : 1,2,2 : 1,2,k (334)

_eXp(_j¢1,Ny—l,1) exp(_]'%,zvyfl,z) CXP(_]'@,NYA,/{)_

Ba il C X (331D 53 (3.32) ErDRAERFFEFIERON L RS, L RS
R) X k5 Ta) AN Y b7 1 R B e AR O N8 I SRR X ORI Y Al e ) LA SRR R,
— DRI BE DT R o SRR B XHEGE Ty A AR R BEAT R AEAE 20 8 S IR 4R BTA M BCXS
XAy, G0 X 5 TR Y 55 R T RES, RS R B T RN

R, =EX (DX, ()]
R, =CR.D" +E[Cs()n; ()]+E[n, (t)s" D"+ E[n, ()n (1] (3.35)

N

R,=E[s(t)s" (1) ]

AT AE K AN REHE SIS, WS 5 B (5 5 AR 6 b 2T B 9
R, =E[X, (X, ()]=CR.D" (3.36)
[FIEE, A543 B9 X BT DR Y 7 T ) TR, T ) 2 1 £ A T 2

R, =EX (DX, ()]=CR,G"D" =CG"R D" (3.37)

R
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Fe) 3 IR T3 TR HE R

#

RDOA_ Y an

K
_ I ——
_Ie)cly1 : :ui I/tl/z
i=1

Hr, i=1,2,3, K, WMV R095ERE R, | IRFIEAE AL L RFAE [ o 20
BT ORI R AR, W (3.37) BEATHRME(A S, T DA F

R,,=CG'C" (3.39)

BV (332) A1 (337) ATLLIHE SRR C o H—mItipi C F1G 1
5 A B R R = 4B . P 3-5 WfIR4EIE ESPRIT S ey FRAL.

1 (

\ SRIRX7IE ALY
~ BRI ;
T sl 1 7 51,21 L

T 72
|
v
s N e
SRIF LT 224 4 eyt A
A AR o i
k AU
g i Y, |
v
( )
7 ST A 55
B SRR 155 51
- J

K 3-5 {K4EF ESPRIT &3k 5 7 %]

3.4 fHESEHE

ARYHAT A RIS E, T EREOKEN Num =10° . WHEREEGRHEH, iR RS
P ESHEIN T . RREERT S A AEEE, ahim K& NS MRS, AHAREE
TC2 AV AT B A

a-2
2

BISIRERN I R &R e N 20x20 , KEMESEN 4 A, ANRTTRINAC20), 1525),
10°40°), (10°80°), 1FEMELLN 15dB.

B, ANEMEMELL TS 4k ESPRIT &k, “4EKE 4 MUSIC &5
I 4E FE Jie i A8 SRR e SR B s s R T AR R 26 R o, = AMEIEN e AL
FEEEI s B J5 0 A 01 AT NI BBl v AR . ASCRI KA. A A Al oF 7K
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s AT A Z B B2 U7 R % (MSE) Rl & L IR FE

3.5 SLIGEE AT

Kl 3-6 25t 7L 48 — 4k ESPRIT &.3%, 4IRS 2% MUSIC 5& A BIE A SR H (1)
FREE R L 2R . B 3-6 TN, ACSCRARIMKYER ESPRIT &k, (4 4k
ESPRIT 5032 DA K 4R 5 25 B MUSIC Sk e (64 15 B o5 15 14 LU 9 384 DK T sk« 76
(B LR A TE LR, S BT R A I SR R85 )5 iR 22 2 B A T4% 88 — 4k ESPRIT 51k
YR E R B MUSIC @A HEER . A (SR LR S, SCREFTR A M EEM A 45—
24t ESPRIT &N BIET SR B AT e AL RE o (R S0 AR I BEEAR L T 4R RS A
[ MUSIC H3ERE SR A Z AT B A 8. 25 E, AR R4 ESPRIT 8L
S8 NG FE B A e LB IR A IR FEAS AR K, B R AP IS e L& B, ik R A mT A
i T 5 2 (A e LR e 137 5

0.9

0.8 —A— {5 HEESPRITHEE |
—H— YEMUSTCE fir 5

—O— {4 ESPRIT 33

0.7

0.6

05

q
04 -

MSE

03

02

01

0

1 2 3 4 5 5 7 s 5
SNR(dB)
K 3-6 =P bE (S K L AR 1 i

SRJG, DTANEIREE P CEE M 464 4k ESPRIT &k, KK MUSIC &1L
FEAVIRYERE ESPRIT SyESd e ks IR . B 3-7 4 T =M EVEBE R M o s AF
TR 2RI . WIER I 3-7 AT %, =g A S0 1) 5 L 52 #0528 B e 25 1 488 K ik
/No ABSE, IKR4ERE ESPRIT B0ATEFME OB EUD MM EFIE G EEZ AR, Mo
BRI, Hog A ERe B TG k. FIy, ERE TR R R, 4R E
% MUSIC 52 MfE S — 48 ESPRIT Hi%k 2 IAHRI AL RE . X2 AR e R ROk,
fE G RIS BRI A 22 200 T B, MMR4ERE ESPRIT HAE BOR] FH 20 2 bt A5 [
JCE S KT G K

B AT BAT Ng shuds it i) . B 3-8 a7 AT Mg sl il oH 05 B 45 SR A
Kl 3-8 HELMREFAT ASERRIZsh T, = MIEHALE R e O Bt AT A B
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MBI 3-8 AHMERIN, SCFEFTR A MMRSERE ESPRIT S48 H AT AL B REFFA1T A
Wrizzhiil. LRI, AT H RN EEE M SEPRER 2R Z AR ZEAE 2 Ko

0.9
0.8
—A— {45~ YEESPRITHLI:
—H— YEMUSTCE vk
0.7 —O— R4 FESPRITHVE |
0.6 -
w 0.5
g
04
03
0.2 -
0.1
0 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80
N
K] 3-7 =FhEIEBE R AR I
T T T T T T T T T
12 - '
— BRI
10 - —A— T 1
gk il
4
6 i
PA A pasa AR

nt XV VA X

2+ .

MSE

o _
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B4 8 ATESREEIZE (TDOA) K E M EIET T

FEARTL 2.2 FIXHHET TDOA [¥5E LA MR BEAT T 1138, 2&F TDOA I A 5%k A
HRIFHENM IR 2 M HIE UWB ZAL RSt . (i TE AR RISLRIHE
TR FAIN TR, 20 A SRR AR, 1 AN FAE E N ST Ge
BUBAR A FTBAA RS UWB (IEIER AT AL At b, X T TDOA i€ fiL
BEBAT oM, B3k FE Chan A1 Taylor fE B FEN &, JfR & oIl R /R SUEBENE, HER
FERIL I A o R 22 AN IR B 0 7 0 s R SR KR, SR T ARG

4.1 UWB ZE A {518/

UWB E W EA I E 1k IEEE802.15.4.a {5 IER A, [ GERA R4 Dh#E K Ham £ HEE
BHIIA 100 2K, A DASELE K A e AR FE o R THIZA Y IEEES02.15.4.a 15 TE A AY [y o i
INAESRAE

M K(m)

h)=x>» > a,6(t-T,-7,) (4.1)

X FonEIEREER s, WK DN BRI m 55 m RN IR 2 2R
K(m) o, Fm R j kR8N o, » BmBENEEER R j 2kHARN
I E s s T, M 7, KRR . UWB 5 SR ESH0H S I A5 77 iR 1 R 0 T

[e|nof
Dwep = 2 (4.2)

j|h(r)|2dt

J = ne) o)
[ dr

RIS (4.3)
X (4.2) M3 (43) B 7 2120 BRI IERHAE, R 2R EEREEE RN E
. UWB (5 575 BT RIAE i iK1 Byl i A 22 LU AR A A e /s, i B EE T
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4.2 HT TDOA BN EIEA 7T

1 UWB EN RS T WAl EE (TWR) FIFET AR 8] 2 (TDOA) I 5E N 54T
RESRALEORETR IO E e, 5T TWR BIERM EREIR, TIFER, HBOE AR & X
AL R TAE 5, T DMERS S 2 423 AUHAR AN 5 2K BE 2@ K 3% = TDOA
R T TWR 83k, 2+ TDOA M EZ /D FHE =G, FIH BTN (Tag) 3=
ANFEsE (BS) Z A [R5 5 B3k e 18] 22 g 57— 2 X ph 28 5 R o S A SR 45 B AR I AR 284 5 () Ay
THE, HV5E Fang, IR/ 3. Chan FIZREHEIEZEN, T O PUANRIE M SV E RS
BEATTRTIR 6

4.2.1 Fang &%

Fang HALE N A AR KBRS, & R AeEAA R =AMkl (BS) HIMEEHEA], Al
S INEE LB IR AN BT Fang A @ RS FE IR o B0 WUt 26 77 RE AT Bt AL
H bR 17 S AL B S L

W ARSI AR R XD, (X, %) (X, Y, BAR SR NC x, ») , R
R (BS) HHERT R

R=\(X,~0)? =(¥,~p)? (4.4)

SR (4.4) WP HIEE, BK =X +Y FRALSERN:

R’ = K,-2xX,2yY,+x* + y° (4.5)
R‘,j =, ; =R _Rj (4.6)
Ri-Ri=AJ(X,-0)> =(¥,=3) -\ X,~0)> =( ¥,~)° (4.7)

L (4.6) PopiE. X 47 WL

R!=R} +R’ +2RR,, (4.8)

B ERARAR @) Hiki =1 715

R} = K,-2xX,~2yY,+x* + y°
Xi,lin_Xl’Yi,l:Yi_Yl (4.9)
Ri2,1 + 2Ri,1R1 =K, -2XXi,1_2in,1 - K,

N TIBERRE, K= r AR E N 0,0), (X, 0, 0, Y), ATLMSREIT el
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R} +2R, R =X, -2X,x w0
R32,1 +2R3,1R1 = Y;Z —-2Yy .
W E L1
XR, 1. XR R, R
y= 2 3,1x+_)§_ 2 3,1+R2,1 31 T @11
YR, 2° 2¥R, 2Y, 2
B (41D AR x, y Z2UEMHICH, ).
:l . X22R3,1 n R2,1R3,1 _ R32,1
27 2R, 2%, 2
’ (4.12)
k — X2R3,1
Y3R2,1
fifi R = Jx* —y* BHLRIE IR (41D RAR (4.9) A5
ax’ +bx+c=0 (4.13)
2
o=k -2
R21
2
bzzhﬁwé%—n (4.14)
R21
c=d*— X22 _R221
4R},

X (4.14) FATRABRIFEA X MR, HAHKH RS S DA m R R0, HaA
X (4.11) FrI53] H AR AR AL AR B
4.2.2 hiRlE /N —Fertk (WLS)

I H IR /S I REAS B, A 3 ) B AN S R B R ) RN 2 T R
T A E /N e A E U 1 B A R B UL R4S, 7E Chan Sy Rt 2 T ikl /N — 3k
AT B E R AR E AR ZE . IR /D TR B T .

R4 TDOA o7 & M & 5 FEf i B br 7 2

y=Ax (4.15)

WO NERFEH 5=y Ax, BRI A H IR /N 36 i) 5 SR s 15 5% 25 11 0

BUER/N £, B, Bf5HHE. Rl

X = argmin {(y —Ax) " H(y - Ax)} = argminf (x) (4.16)
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AR £ (x) BIRF N 0, W1

24T H(y - Ax) =0
_ 4.17)
x=(4"HA)" A"Hy

(417D B RPN SV RAFH H AR A AR HE
4.2.3 Chan &

Chan HE2 %) TDOA (#1522 S XU BT REREAT 2t AL, [RIA 3 N IR S I 5
2 TDOA EREHEMINRE, &5 SECEMMTHERATME, Chan FIE R IR EHUK,
RS H AR R BB R, ELIASRNE A5 45 G e AT T LAAS 2 I 2 .45 R - (B RN
AR B AGYIREAS I, A2 SEVEMR S A E AL R 5 SE PR a R 22 BOK, W] I8 I G 0 st A
ERFREN IR ZE, HMERN M 205 B e = Ekuk . BL=" 23970 5% Chan
BLAID BRIEAT A .

XA =AM RS AR, 19214 TDOA MIEE, W (x,y) N HART S HIALFR,
(X, Y),i=123 Rk ebr. B (4.9) w15

{Rzz,z +2R,R, =K, - 2XX2,1 - Zsz,] -K,

4.18
R32,1 +2R; R, =K, -2xX;,-2yY;, - K, ( :
R EXALTRIN x, y @R
x=a,+tbhR,
4.1
y=a,*tb,R, (19
_ (Kz - Kz )le - (KI - K3 ) Yz,z +R22’1Y3‘1 - R32,1Y2,1
! 2(X3,1Y2,1 - X2,1Yz,1)
5 5 (4.20)
_ (KJ - Kz )Y31 - (K1 - K3 )Yz1 + R2,1Y3,1 - R3,1Yz,1
2
2(X2,1Y3,1 - X2,1Yz,1)
b = R22,1Y3,1 - R32,1Y2,1
1
X 3,1Y2,1 -X 2,1Y3,1
4.21)

SRR

31721
2

X2,1Y3,1 - X2,1Ys,1

Pzl (4.9) A (4.19) [FrIRAKT R, 758, ¥ R, RN (4.18) ErT3 2] H b5
T RUIAERR
X R T =R S 52 EN, TERMEAA x, y RIS, TR
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TTREHANEIG N, 1EAZ T RR AR A IR /N 3R R S AR A A H AR 1T R A B A
Fro

R22,1 +2R, R, =K,-2xX,,-2yY,,- K,
R32,1 + 2R3,1R1 =K;- 2XX3,1 - ZyY3,1 -K,

(4.22)
Ri,21 t2R R, =K, -2xX,,-2yY,,- K,
Fuk e (4.22) i fE, HAEMERRN:
_X2,1 Y2,1 RZ,I_ Kz _Kl _R22,1
X
X3,1 Y3,1 R3,1 Kz. _Kl _R32,1
o y |= . (4.23)
: R1 :
_Xi,l Yi,l Ri,l i K,- _Kl _Ril
XZ,I Y2,1 RZ,I _Kz - Kl - R22,1 |
X
X3,1 Y3,1 R3,1 K3 - K1 - R32,1
G=| " T U |h= : Z=|y (4.24)
: : : R
Xi,l Yi,l Ri,l _Ki - K1 _Ri2,1 |
GZ-h=0
tH WLS 1 %1 Z M
Z=(G'Y'h'G¥'h (4.25)

X, Y=EWY)=cBOB, B=diag(R,R,,"-»R), O N TDOA HJl &% % Kt 7 ZH k. i
M B S BAR Y R B S AR 2 AEE S, B (4.4) Frandtikski, FrBAw Rafsl. &
BOR I AT EAS BIRR R A B A T R B AR S BS A BEROE, & W& T T E5H
Mo, 1838 Z MfhiiHE:

Z~([G0'G'Go’ (4.26)

2 B AR AR 1A BRI , S G B B SR AT R A, AT BRSNS
(BS) JEE, 192w {E, HRIHN (425 B3 Z H. #Hie bl (4.25) #T7200%
R AR, HRE 2 UEACR AR E MR E . Khr b, Z IR, SHRZENIAAIRE L,
T BRI B — AR THE RN R, MR ZE T RS, JEXHRZE T RE AT iU T SR A, 7T DAAS
bR B AT ARAR . thial (4.24) 15350
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GZ,-h=0 (4.27)
10 (Z,- X))’ ,
2 (Zl_Xl)
K, G =011 =|(Z,-X,) ,za:{ }
(Zz_X2)2
11 VA
152 Z, A S/ Z 3R Al tH oA
Z, s =(GV'G)Y'G'VH (4.28)

Hr, V=4B'cov(Z)B',B' = diag{Z2 -X,,Z, —YI,Z3} ,oov(Z)=(GV'G)", RbhBEET
H bR ) B SL A & ARPR S BT SRR VEE, A T 3T — 205, B A E S kPR
HZ W x, y kEax. {25 RGBT

Z, s =GV 'GO'GV 'O (G VIGQO'GV (4.29)

B AT RN
X X
=JZ, + 430
u 2 {Yl } -

HAEEEEED D TDOA M &R 25N B BVE R e AR BE R s, 75 U s A i
WA R, XFT Chan SR U0 EARIE NI 0, w] DL /N B AR 22, (HIL 22 (k2 A A
R, B AN 2 G, SR AR AR FE I e AR I R
4.2.4 Taylor %%

Taylor 5iJ2 —MnBUR/h —feflithif A5k, & B4 Einhi g, R)aild 2 o
A5 AR A THEE I 1 AR HOSHEIEIT . i3l (4.31) wl15:

R-R,=J(X,-x)7 (Y- y)? - J(X,-x)° (Y, - )’ (4.31)

Ko (431 FEBUE RIEHHIIE 1 (x,, y,) BATRIPEETT, KU Esbir o &5
2

Y=h-G& (4.32)
Hrp:
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Xi=Xg X=X Vi=Vy V2=

R, R, R, R,
X=X X=X Vi=YVo Vi=Dp

G=| R R, R, R,

X=X X=X Vi=Vo Vu=DXp

L RI Rn RI Rn a
R21 _(Rz _Rl)
h= R31 _(R3 _Rl)
R, —(R,—R)

HrP R (1=1,2,3---n) FonBkuh 5 B AR RO R IIERE, XFa( (4.32) SKINAUR ) —5f
A

|:Axi| T -1 T -1
5= =G'0"'G)G"O"'h (4.33)
Ay

0 X7/~ TDOA MEAE M Z5E 0, @it (4.33) 53N —REHERWI A :
xO' =X, + Ax, yo' =y, +Ay (4.34)

REZEARN D A, — el TRMER 10, HRIEIH %

A +A <& (4.35)

LR Rl o] LAAS 2R IUAR 28 B AR ARl T HE (x5 vy)
4.2.5 Chan-Taylor HE

FESEIIAEE T Taylor FIEREMIRER/N, HEFHEG VI BEITIENREHE, Xt
H AR G EVIE A B A R ER, FE BT aRIE AR a6 AL bR AN HERf 25 5 it iz
HEAK, HaSEEEARS. AT ERRE, e EEMTHEEIRE, DA
RE, Chan FEEIRMELI H AR mAIGa A B 7T LAFF& 2K . By DA SRl & mT DASEEIL B /ey
¥ B 11 B AR S AL B Ad110%, Chan-Taylor HyEiFE AN 4-1 Arw.

30



55 4 B BETE 5 2K (8] 22 (TDOA) ) 5E b 5T 7t

# 4-2 Chan-Taylor 5755 0%

IR
(1) Chan HyEfFH TDOA XU 77 #2152 H bR -1 55 (IR I6 A bR
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[ TDOA W E X R v AN ZdE, 1 ™Y Chan-Taylor A% H AR RAIAIIRALE
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EAGTE, 433 H AR R A E A AR

TR IRZUEW ST ERIREIERAF, 3R IR S IR G AR LA 1075 R 50w I
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UL, TR R GUIRESTT BRI 75 R 1 HE P ELAEREAS 2 S B, 10 eI R /R 28 AN 75 2%
T EEHE R S B ATIZ 5, PR T SRR B A AR
BB y = fix), RGUIRESHE NN R, RIUREAE x, FITFEAK

W
X =% (i=0
X:)?( (n+x) ),- =1,2n) (4.36)
X:f( n K P)_ (i=n+1---,2n)

PHENT , WrENP , R [ p2em (n+«) Py AR i 41
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o =y T D) (437)
1
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o ) ")

o R af™ 53 BRI R, FiR E B A k=l (n+A)—n, PSRRI R T i
FEAl, QR A BUEARHERBEGIE (n+ k) PO IEE M. p FIRFOR X MaHiEE, —
R A 20 TERBI AT, Wn+A=3. 185 Sigma s&ERE y FIIERAIZE,
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= _ (m)
Y _Za)i Vi
i=0

) (4.38)
=§@%wvmer
TESZBRRL I, BT IR TR 2, A IRl B . BB, SRCE
A RIS . A R I R T LIRS S RS o T LR M 3 A T8 IR, it e
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