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Abstract

Abstract

As the vigorous development of the market of the smart mobile devices, personal
services are gradually getting more and more attention. Because of this, Location based
services (LBSs) are becoming a vital part of the life. Location based services refer to
provide the services or the relevant information around the user. Hence, in order to find
the location of the user at the right time, positioning technologies play an important role
in this application. Undoubtedly, Global Positioning System (GPS) is the most popular
positioning technology in the outdoor environment. However, due to the signal of the
satellite is too weak in the indoor environment, the global positioning system can not
provide accurate location of the user. Therefore, the design of the indoor positioning
system (IPS) has become a hot research topic nowadays.

In this thesis, we provide the complete solution of the indoor positioning system. We
design a simple and low power consumption wearable signal transmitter to be the indoor
positioning target. And, we design and arrange several synchronized indoor positioning
software receivers in the indoor environment to receive the signal. Finally, through the
digital signal processing, we can find the location of the target. In addition, for the purpose
of validating the reliability and feasibility of our indoor positioning system, we use
software defined radio (SDR) to build an indoor positioning system platform and record
the signal practically. From the results of the field trial, our indoor positioning system is
compatible with three indoor environments with different size and can provide high
accuracy of positioning.

Key Words: Location Based Services, Indoor Positioning System, Sofeware Defined Radio
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- Sy
LSA Sy - -

\&wmmf LSy

Device
/
/
7 LSc

() /
Sensor, éf

Bl 2.7 RSS positioning
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PISE VY 4
1,8 S h ~p

LS, = R, - P, =10ylog,, (d; )+v,
P. [dB]: the power at Sensor i

P, : a constant depending on trasmitted power
y : path loss exponent
v, : measurement noise

v 2.2)

2.1.3 3% 4~ #7(Scene Analysis)

#F 4 17(Scene Analysis) T = Pl 4% T BB F =% - F At B i}
B B] e B4 pic(feature or fingerprint) » & ff ¥ g pFR] L oy T E R
LB TR TAR FIREAO RN DT LT PR ARE o8 &

£

% % * a0 ;% P §_RSS-based fingerprint sh_i= = ;X > 4r§) 2.8 ¥ U BT IR B
XA H o A APE A e B Sensor LT AT F S ATE BT

Bk a I rFLEEFRE R TR SRR R R L AP o

SensorA“é’) P Sensorpg
(t9) (i )
Sensorcﬂ Sensoryp

B 2.8 Fingerprint
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2.1.4 swiz 42 p];2 (Dead Reckoning)

#ix 4 ip)2 (Dead Reckoning - fj #i- DR) ¥~ | * Mz =P 3 2 # &
HETAREE > padndfjise m AFPRET @ F R DA RERLR
(Inertial Navigation System) » #73f g d& $ ok 5L 8 * soig - fore s &k kp| £ 4
Wb BAfrdd A X NRF GRS R G oE Bl et Bk s

@ & * Dead Reckoning @ == s\ et Bb 8 % = Mgk 7 5 X PRA AR o

215 =z imH i R

Bois kol S HLT AR PR e BT £ 21

Fe 2.1 w it #7[3]

(1) Accuracy can be improved by using
additional antenna. However, it will
Signal Low to )
Proximity Good Both No Low  increase the cost.
Type high
(2) Accuracy 1s on the order of the size
of the cells.
(1) Accuracy depends on the antenna’s
angular properties.
Direction AOA Medium Good LOS Yes High )
(2) Location of antenna must be
specified.
TOA., (1) Time synchronization needs.
Time TDOA., High Good LOS Yes High  (2)Location of antenna must be
RTOF specified.
(1) Need heavy calibration.
Fingerprint
. RSS High Good Both NO Medium (2) Location of antenna is not
ing
necessary.
Accelera Inaccuracy of the process is cumulative,
Dead . Low to L .
tion, Good NLOS Yes Low so the deviation in the position fix
Reckoning medium
Velocity grows with time.
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PISE VY 4
AT /T ~p

I
il
ik
=
(4*}

FREROFE AR DT ROAPT ERFF T AR RBRREY
29 p oM ket L Blem GPSE AP AT UER TEF Y 4 ¥ 2 o
H

R EREER T R e IR G EL L U R L e

)

B F 0 E 0 AZPERETORY P W T AF IR RABATRNE

£

B}

» | automation/ guiding, tracking,
control, etc. routing, etc.

Rural &
Remote

GSM, CDMA/3G
mobile cellular network

o 4 UWB,
3= e Ultrasound,
2 ; 2 Infrared
3 5=
O
Proximity,
AOA,
RSS,
T
4
S
=]
2
= m . Resolution
"\0.1 meter '\l meter \ 10 meter

B 2.9 maz i kT & B[4]
AEREFIRS FADERFTP T L NRE- A5 4o TRH 210 L ERERF

o ik sL(Wireless Indoor Positioning System) i 3t 5. 48 55 4~ % Az ‘b & 5L

(Infrared) ~ &7 2 %L (Radio Frequiency) 2 % 4z 4 4 (Ultrasound) = #g o

Indoor Positioning

System
1
Radio Frequency Based Ultrasound Based
Infrared Based System System System
[ .
WiFi RFID Bluetooth Zighee uwB FM Hybrid

B 2.10 F p ik sk 55 B3]
13
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2.2.1 »zi¢ 3 ¥ (Performance Metics)

/\ﬁw’fq}]ﬂ;%%{‘,‘r}\EmAP\ k]\h‘sé‘/u?\al,,j\mj&_/‘iwﬁ-q’. 1’3'—1"‘732;

Bk s ehdy o
2.2.1.1 # xR (Accuracy)

BB LT b L& ah- Bt dpdh > a B R ¥ LR Y IOy
AxE T o4 fr‘&ﬂiif;fiﬂ BRECESFRIF L 2R aouS e FiEy
(Euclidean distance) » R cha i A5 E & B Bk » A BrrR Y L A2 B
W gt (trade off) el % > B EAER T ¥ Z B IF A o
2.2.1.2 # ¥z & (Precision)

BEFR I hE_ AT IOWE > Aok AP BE - 3Rk Sk -
R EF A HRR T B EF ERFROBE OMHEAR TN - B R
T RRNERRERRDIE o RYARAY RRSH T A EAE S LR
I FEHLF-A 0k 4 #% 5 I Bie(Cumulative Probability Function » #§ £ CDF) » @ & %
s anded o VIR g DU B Rk Y R A R I bl D ik
90% sHEEHEEA -] >t 4.3m o

2.2.1.3 % % ¥ (Coverage)

BRESAR P EP R - ER Y g E 0 2 ERMGIER L
gt gerk o @ F AP T R F &4 & 5 %R E (local coverage) ~ T 4 B 1
% £ (scalable coverage) r+ % %48 % % (global coverage) - 5 3% % F 3 ¥ 4pchi - B 5
BaEAp et g memt o mi kA F RERR A T HEERE LA
1% R NARF AARES  RMREN LS e L AN ay

Eiv(bl4e s GPS)A A5 J3 R F - HEwHE o
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2.2.1.4 4f 32 & (Complexity)

g p ARG GE PR E R M RITA R TR

L IR R S I S

2.2.1.5 #25:12(Robustness)

UES Tr“fi%ﬁ‘b A Tae B i L § T anfEidied At A

WELR R BT A F] A Ba e i o A 0 BT DA S B AT B et Bk A
NEFSTEARS M A - B G E R kR £k s
PRFEOFTIREFT L o

2.2.1.6 ¥ # % 1+ (Scalability)

- BEFFIOTHBEMLT KT RN AT BARABTERR 'f*fsﬁ‘; i o

PR AP RL R ARE T T A P RES R T - R
fe A B R Ao A R GUBL S R BT ) e 5N R 4 kLT B E M - “f

TRV RIS R T f R e A R B s AT R

B eh- g0 g N o

2.2.1.7 = % (Cost)
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2.2.2 3¢k sz k Xi(Infrared Based System)

A ob &z iz ok Yu(Infrared radiation positioning system) 5 % 5L engm & T 2 % AL
Bg i pRE S RMGLNEY > REEH ENRE e ¥ D AR R E
Folr b RWE >, FF TR PH T o A F AP F ] Proximity
Dection(CoO) ¢ &_Angle of Arrival(A0A) k § iF iz #h S 2 i % 3L > Fgt > B 4o i #h
MPB R Beofcd s BN HR D R kN2 B o

EUH R AAPBEE AN R ES s R F AR KA 2R

HWE RO RARE W LRG> FILREF I X P REFN B RFF TR 20

Mt 2 EFORAL R LH
2.2.3 A3 eHip 2k ¥i(Radio Frequency Based System)

&4F (Radio Frequency) 3t uip 3t H i U 5Leage 3 = A i o Kf gLz th s d ot
SRR GUELAC S T ARG R AR Pl SRS B3 B R E
BB SHEAELY KA T EP L AR AERE- TR AREY F

NEELN RAECER T

Fz2 e bz

2.2.3.1 WiFi

B adrEalisd kR 3"3 2 WIFi ch# ip > Fpt > B3 WIF 23Rg 4 &
¥ 2 fedpE M FI* WIFI B ke ¥ 7 2 B/ i M dcil 2 & > 4 2
#OWIFI Z 8 ¥4t ko g p 2 k- gl e ad ¥peé WiFi g
ok Stenz =4 TOA ~ TDOA 14 2 RSS Fingerprinting e

fk

2.23.2 RFID

£ SEHE 743 (Radio Frequency Identification » i A RFID) 27 143 i & 51 T 3
PR TR R ARy R R AR AR R B R A
kBB e fAE A WP o F] P o KE AUSPIE PR R (RFID tag) ik B A ow i
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EP»
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2 A fr’ai]%‘ué‘é 5940 i (4o @ Proximity Detection ~ TOA ~ RSS) ¥ 2 i

BHRRE T PR~ T e
2.2.3.3 Bluetooth

¥ 7 (Bluetooth) #_s& s i * & 3 4 (Wireless Personal Area Networks > @ #i-

WPANS) - 38 H {2 > @ i ¥ £ 5 WIifi chisde 5% 1 2 § 2 & 7 e for

i 31T A& 2.4GHz 1 I1SM #7 £ (Industrial Scientific Medical Band) - 41 * &% i@

@a%ﬁ%%a%@ﬁa%ﬁ@iﬁ»@$i\%ﬁ$ﬁﬁuﬁf?%ﬁﬁ+@*

#HA o ptoh > F R ETIRH(Bluetooth tag) Rt & § & A nID 2 TR STFERTG b oh

FEE 40 BY AREFAR T ET R By 2 2 2 QAT g 42 f
=T

SRR 0 T 6 Rk S B U] BT AT R e

2234 ZigBee
% 3% (ZigBee) #_— & * »t i@ rr&mg@@,] AR b T LA L
—‘i\f'ﬁ_%&?\fﬂﬂ:\'ﬁ\\i%% _}kﬁ_)’lm,‘!:, _‘:r;_oﬁ'-,Z|gbee L—-¢F\Ig;\ m%’%—*:&

19203k % 30k 0 AE P Tl ks o i F £.# % Proximity Dectction ~ TOA &

RSS % = U e 7 % o o
2.2.35 UWB
A2 B4 (Ultra-wideband » f§ # UWB) & - 88 & ML T &2 3 ¢ | Qﬁe?lmsi g
FE

BT A ESAB A HE L (WPAN) » R B 3 foies
d >+ UWB 21 # #% fhean 5 ok @3> 7]t i % UWB ks § cha ik 57 11 1] 20

BT LRS-

NG 30 SRR o Ra oood 3t UNWB BT 2 Sl RN & 2 AR >
PUIRA GRS PN A BBETRBR R A o
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2236 FM

4 47 (Frequency Modulation » # £ FM) & — & 2 4% L chp oo 5 8 1t & 4 ox 3
LA % e m A E L F % . F 47 £ (Very High Frequency fi 4 VHF)
PR D EeE R A RT AR P ARRSY FM R k2R R

4

4 o
PN

2.2.3.7 Hybrid

M & 7 gk ¥u(Hybrid Positioning System) s % §_» % & fcfEF b TP
PrE R T A Ao d MHRBE AT ANEZ AT RBETRY A 2R T
ﬁ@%ﬁﬂéﬁ%ﬁ%%’iiﬁﬁﬁTfﬁ«ﬁfﬁ FEE P BER G

N E RS AT IE - RN IR B 2 Rk e gtk

-
R

4

AT MBS 2 2 T ko W R R R .
2.2.4 A4z 5 42 % ¥ (Ultrasound Based System)
Ag 5 ik (Ultrasound)4p sh 2 3 A2 48 < 47 5 3 FOF 4° B (1) 20kHZ)ehiz e

A0 E S TOA PR T T g 5 L 2P F N T ks e tppt 2t g
B e BiRag Rl PRI A TS B DA ’ﬁ R R L

RF kY N RETERE P ATPERTF LT PR SRUELE R AL
L R R P SRR A L e T AL R SR -
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225 TP OoET kAL R

R 223224 §51 4 R R P Rk A REFIEAST £ 2.2

222 3Nkt A 3]

(1) Short range detection.
Infrared lem-2m Proximity, TOA Good Indoor Low Medium
(2) No invasion of multipath.
(1) Infrastructure available
everywhere.
Proximity, TOA,
Building level (2) Initial deployment is
WiFi Im-5m TDOA, AOA, RSS, High Low
) o (outdoor/indoor) expensive.
Fingerprinting
(3) Multipath susceptible
slightly.
(1) Real time location system.
RFID Im-5m  Proximity, TOA,RSS Indoor Low Low (2) Response time is high.
(3) Manual programming.
TOA, RSS, (1) Data transfer speed is high.
Bluetooth Im-5m Indoor Low High
Fingerprinting (2) Limitation in mobility.
(1) Low data transmission
ZigBee Im-10m  RSS, Fingerprinting Indoor Low Low rate.
(2) Nodes are mostly asleep.
(1) Higher accuracy compared
RSSI, TOA, TDOA, )
UWB Tem-Im AOA Indoor Low High with other system uses RF
signal
(1) Less susceptible to objects.
FM 2m-4m  RSS, Fingerprinting Indoor Low Low (2) Signal is strong; due to this,
it covers large areas.
Ultrasound  lcm-Im TOA, TDOA, AOA Indoor Low Low (1) Sensitive to environmental.
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2.3

-S;g
-

A 4, e 5
RoERAAR

L2 RPN T ARER

Ay RFLEP AL S PR - AFF R RG - FE Mg

IR S o Tt o SRR B2 E T B 211

Sensor A Ué’)

(t9))
e— Wearable A Sensor C
('E Device
«@: - 4@;
Sensor B

Wearable Device :

Tx (simple, low power, easy design).
Sensors :

Rx, installed on the wall or ceiling.
Server :

Process the sensed information and do the

positioning.

B 2.11 % S iff’_,fi ﬁf‘"ﬁ?“fg}

W B L AN 2 B RN TR oS- d R B
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T+ SU A B RD A A4S

F=2F FpoEim i
PR S

i
v
ek

AR RN LAY W E N TR S At en g N g e
WEAH BARE P hE B RAEHE R EEL 0 7 B EE BRSSP
T %{% TR RH B R N BT A PR e poR ik Seih T 3 (Interference

Suppression) > & 5 B HE H P 5 £ 3 B~(Multiple Acess)# it 0 » @ B g p

(
E
o
N
X
v

%E"*Tié*ffﬁi RN SN I | 2 S

|
=
[
=)
Iy
=]

M AT RVER o Tl A PR
ARFZETFRPFHAFHIN RSN A3 F R @A BRI

S N s LT R

g
=
Vi
K2
5}“%5
‘_;li
3
)
E

WA it AT - HH S E D M I EhE N R B

&
e
A
bl
5

70 2 8T 3 1% % g 848 (Psudo Random Noise Code > #§ £~ PRN code)

IBBe ) LRIy R RN T e

AR BLEMG BN SRS BB > B 32 § T N TE s

8w R
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31 BAFERARHA

AG B G AT A B2 Pt PR R N Lk Beh
TR BATHAT RSP o BB Y B R BT AP hE N T f R T

£ (Interference Suppression)¥ % & 5 B~(Multiple Access) i 4 o

3.1 BARE AHMA L

JE A AT 3 B E -1 G o0 BE e 3 (spectrum) FHT T R AR R L Boeh- 8
WP o @ M PATHE B FRBLRF A R e o T R i
(Jamming)fefz ok & A FHELA B B 0o ipr LB AT T E AT Hin
ARFHRERRTFIZ- o

BAR AP R Yg pod R R o T oA 5 RBP4 (Time-hopping spread
spectrum > f§ £ THSS) ~ B4 & 47 (Frequency-hopping spread spectrum » i £i- FHSS) -
fr2 A & #% (Direct sequence spread spectrum » f§ i DSSS)= + #f o p* B 4 frptip

BAFEMT s B L R BT E MWD A 25 B g IR & BB S e g

EX
L b - BATRRL BEHRA LK BB L BE D d oy

Sz a2 UL H R * > 4o TH-CDMA 4o FH-CDMA 2.3 5 & 47 4

b

W] 22 e 2 e R A AR & R & L o

n
>
»
>

b(f)

Dss(f) ND

Power Spectral Density
Power Spectral Density

|‘_W_.| ] f | VVSS f

Before spreading After spreading

(a) (b)
B 3.1 & 5 EH

R
=
Feild
=



BN Rk S A R S

i
s

B 3.1 &® /BT LB D(F) 5 R 25l 5473 B A& (Power
Spetral Density > #§ - PSD) » HAg 5 2 W > @ Dy (f) & &2 B BAFZ {& et FHE
BAEHMERD RAPW L RADW, o T A PE TR HE e g N,
SR B H A SO R R AR R o a IRt ST B AT HROR n3U 5L
Ao RERAAFEFRREN FIPLEEFTF I L .

@

JEAE 5 Sdp e B AR B D() A g 5 F B C() A %
FEBPAR IR R L d F PR BE N > ol 32 577 o

)

Data BPSK data D(t)
—
waveform modulator

Spreading code  Carrier

C(t) fe
pey 1 [ L
coy UL LT I
pw@cw |1 [ LI
eret A VAVAVAVAVAVAVAVAVAVAVAVAVAVAVAVAY
Final Signal \/\,W/ "WV W WV W VW

F13.2 7 5B 4%

312 Bk B

d B A AR R AL AW BB X ‘%%%mﬂ@ﬁ’%ﬁﬁﬁﬁﬁ
Pt g enif ot 2 vh o B E R Gy OB EAE (Spreading Code) L st E 1 5 F
TPt o T A ) SR HED B RIT

3.1.21 #u+ 4w 4 (Interference Suppression)

Bk e e BRI T Y - B WA FF TR S J st

Poot- BAR T BAFHAP > R ALY i F] T PN R E R D &2 AR

T REfRDN TR E TR 4o 3.3(@) T o F BE TR IGHEREAE L SE BE
23
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i
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Yotk

P A8 =8 v 124 iE 2 2 4F (Despreading) #- & #g m%{%—i 18 AL g B
TR PR A iR A @ R 4o B 3.3(D) -

D(f)

Dgs(f) o
Jo

Power Spectral Density
Power Spectral Density

v
v

W, —— / —w—| f

Original received spreading signal After de-spreading

(@) (b)
Bl 3.3 BA 4 it i 4

3.1.2.2 % ¥ % B(Multiple Access)

BHPFHELF VT UERA RORY F o - BRI PR FTRRBES R
—'ngm ER S E Rtk B R Y EREMRDZDIEGEHITHL A
1 (Code-division Multiple Access > f§ #i- CDMA) o % E % fpt 2 B 5 T 2 B %
B TE R R AT U - BPOE S 2 B b 34 47

R
Data BPSK data | P1(t)
wavefi onn_. modulator

¢, (t)  Carrier f, m_.® ((

ats Dy(t Dy (t
Data BPSK data | P2(®) 2(8) | BPSK data |, Daa
waveform modulator modulator waveform

1

Carrier f; ~ Co(t)

: C,(t)  Carrier f.
: M

Data BPSK data | Dk(t)
waveform modulator

C.(t)  Carrier f;

B 3.4 2/ %1 %%T 3B
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3.2 i P\ i‘_ S ,g'bi'ﬂ:?)% j"]”&‘ 70 *?—

AT N R AE SRR GRS o F A 321 BRASEN T
o S T2 SUBLI R S e B R A N R kA N
4h 322 98- N8 H A4 Ba Mo his 323 & 8-4 583 N iz,

A IR E e 8 SN ) N Sl A R S

321 BN R MEAFRE

FI* B R BARRHT MY KT E N LELA R d = 304 A D EPIE VL
(Carrier)~ =_i= 7 L (Positioning data) » 14 % & * i% g # #§ (Pseudorandom noise codes»

4 # PRN codes)2_ & #7 7§ -

)

Positioning Data
D(t)=1

t

Spreading code Carrier

c(t) fe

B35 3P LA S %R

RPN T AELA A 2 AoB 35 o 0om jES KB R P RAT I g

gSKk)T &7 L (58 3.1):

S¥(t) = /R /2(D*(t) ® C¥(t)) cos(27 f.1)

(% 3.1)
+JR12(D" () ®C(t)sin(2r f.t)
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i

ﬁ@nﬂ’aa%%&aﬁﬁ$’W®éiﬁ%ﬁ’dméﬁiﬁ9%%
NG TPE > B9 R WAA LS 5 4005MHz - @ 5 7 "E ME N Rk
BB AT R R 0 AP A BPIUEL Y 2 i TR T DN(t) =1 - Fimenis g
WAL BRI Z228 48 0 5 323 RN BT P TATLEHE

TS

ARG AT LR N R SRR T A 3L B A LS
4.095MHz » 3 BLB~ 4% 5 5 25MHz » A48 5 3 2.5GHz « @ B AE A% A 2 4 5 &3

BB AR E S T R 532 §EmA L o

%31 p iR 4

CDMA code MLS (degree=12)
Code length 4.095

Chip rate 4.095 MHz

Code period 1ms

Sampling rate 25 MHz

Carrier frequency 2.5GHz

3.2.2 GUEHIEA A B2 Ha g

GRS I AH Y A F PN LA AR TR EARS  F B RPN T
EP AT P APH BRI lfﬁ“ﬂ FUEWB O RE R L F 1 ir
oo TP A GHRIRP RAEIAE A 4 2 N odp B A o

3221 BAEBBAS E

BN TMELATR B AR RS T R S B 5145 (Pseudorandom noise codes ¢

i 4 w%Qﬂﬁ—ﬁ’iﬂﬁéﬁé4%5%%@N@ﬁ%%%ﬁﬂﬁéia
%o AAMF S A095MHZ s B 5 L EF)ETR- % o F BEAEHA B 12 B
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BN Rk SR R S

i
s

Ty BrORMw a Nk A 2 8OO R S AR S B % £ & A 5](Maximum-
length sequence > f§# MLS) > FE <~ LR B 7|d n B G Bl > v g4 o
EREWAGIER G 21 0 ho@) 3.6 AT o

Sn Sn—l Sn—Z Sn—3 SO
» D » D > D > D ,
@ © @ @

CO=1 L 4 ¥ i

N D\ an

N " NP

3.6 sfhw 4 45 B

AP w Ay B A4 BL R S|k 2 0 n s aniidikcc,...,c AT x e IR
i g(D)=c,+c,D+c,D* +..4¢,D" ¢ jp A~ & § 7 ;¢ (primitive polynomial) - #7
WA F IS FASN L - T AR S ] BSR40 DL
P M R -1 WL - A RRRAN TG A R mak
5o fm BT L LM R G S L 0 o T 4 3270

Z’ifﬂl}\%:’(; 12?\?&?‘5@?;\1 ol TR AB T 2PN EMELL o

332 AR5 ES Glcd B 12

e N e B B e B T |
© O = = o ©
© = © © © ©
S © © = o ©
(=T =R -
© © = = o ©
= O = O = O
[ — T T S — T — |
| — T — T
O e e O =
S R O = O =
e e
R R R R R R
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CEE I TNy L T

3222 G pipMEI ML

BB RL L DFML AT B RAEE 2 B a3 4p B 1 (Cross-correlation)
P m EAEEAS A L Er G % hp 4p B (Autocorrelation) > 4] 3.7 o gb i
EAREPN TRy fpe O g R BEg > E9] 5 £ p iR

i Aok 3122 ) it o

4500 ! ! ! ‘ ‘ ‘ ‘ ‘ 4500y ‘ ‘ ‘ ! ! ! ! !
4000 fr--e--o B s CISRTR cmeemnhenen - 4000 fi-eeneendremneendeneeas ceeea
3500 £ e - B . B 3500 [ R e
2 : : : : : : : = : : : : : : : : :
F : o : : : : H H : : :
e A S R £ 3000 - ‘ s : R e
= (=]
L1310 S NN BN S 15T S U R
£ )
° =
=B S S e B 2000f-oe ‘ fureeans : cfeeea e
K] 2 3 : : 3 : : : : :
T Ly [ITTINN B VPSS 5 1500 f--ooo- ; bneeans ‘ R T LTRSS
2 9
L] @ 000 [ R
- w
z 2
B A O 00 : T : R : e 7
0 0
ool i i i i i i i ool i i i i i i i i
2000 1500 1000 -500 0 500 1000 1500 2000 2000 1500 1000 <500 0 500 1000 1500 2000
Code Delay(chip) Code Delay(chip)

(@ pipb1E (b) = ApRL
B 3.7 ZHEH A2 p AR 5 PR

ORISR T M B L B B BRI L PR S AT

B AR A AP ML BT ke T B 38 B 2 830 8
P LA PRI RN A AP R M S § A Ao e S

Autocorrelation Outputs

TAs A 05 0 05 1 15
Code Delay(chip)

B 3.8 ZAEimE 2 p ApR 1
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1ms
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v

PRN code PRN code PRN code PRN code

Iy

Time

B39 N LEFEHT LW
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F N Tk SO R R i

Frd Fp A AN
TR

=
s

AFBHARAHY R F PN T AR KPP RS LS8k
o B2 PN T S R B A2 BRESABEL ) R A N oo

TN TR A R & 35 T BB~ (Acquisition) ~ Z_i+ 3 5L Bi(Tracking)
22 g {3 B2 (Positioning Signal Processing) o ®_ix 2l 54880 & § % &k if plordr
o 3] TR HL e O 5 i # (Carrier Frequency Offset) £ 75 4p 2 #& (Code Phase
Delay) » 17 4% i T3 ELE BT R & cRF 3l o T 5L Beh P AR iRy
TR P U E S R L W RIRMH L B BB oA
B RIE R A A B BT Rl AR AR At R > R E R L
7| pF A £ (Time Difference Of Arrival » f§§ #£ TDOA) » £ * k iz & F p 238 &
W2 =% o

R od WP REFEERTATE L AT NI I E NIRRT E
SEREE PR FBAP R BNRE > B F T EAREL o Flt o F VR

(Bandwidth Limited) £ % § = s & (Multipath Effect) chg2 88> » &3 p 2 ix4a i

3?"? ﬁ; /LEﬁF‘:E 7&5 °

AR AL SR F N LRI FH 42 SRP P ALY
%’43$ﬁ$**iﬁ§%ﬁ$ﬁ%ﬁ&%ﬁﬁﬁ&’jﬁﬁﬁﬁjWﬁﬁﬁ%
B ATER fv,?" oS 4AFREP R EFTL }‘f’?fﬁ?f%/\\fé;iif__%i

2FEENEFESFTREE RAE
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41 EP RERBRCBER

Bl 41 222 R 2 3P0 L e  SE TR aRT (NI
USRP-2932) £ 3 N 23 gL » F (& B & » 2 3 5P~ (Acquisition) ~ &= 31 5L

H

ig B¥(Tracking)¥? z_i 31 55 d2 (Positioning Signal Processing) /4 = = ¥ |\ Z_{* ©

Antenna

. ——

; Integer and Find i
RF Front-end (NI USRP | I
ront-end ( ) t J | 7| Fractional CFO itk E ; TFET ™ Code Phase :
Pre- Digital Down : ‘ 5 |_ Compensation ]
T ADC [ = i 1
Amplifier Converter i ! Complex FFT |
1 i Conjugate ] PRN code
Frequency i i Acquisition
Synthesizer 1 l
_____________ T I e
- e ]
Reference Clock ]
(Octoclock-G) HEO | LI
""""""""""""""""""" 1
: Extended TDOA and Position Coherent |_; Fine Time Multipath
i Kalman Filter Estimation Integration i Calculation Mitigation IIEE
Positioning Signal Processing : Tracking

WAL F PR S %

42 BN BB EEE

3PN T MELEE~(Acquisition) i & F* KA FEEF R T2 PR TH AP W
TP E P LRl A U 5 i 42 (Carrier Frequency Offset» i AL CFO) 2 iz Hg
FEAR A5 0 P oA S T R R TR H G P LT T R B

PR e T R N REIUBLEREN A T 2 AL G VN S A B SRS T A
SR 2 2 T G GRE AL 4o 4.2 0T

42.1 & ¢1 4.2.2 &3 B U F A 8 A B U SRS 2 RS 2 0 A
WAL ARG G R AeE s B M R o % o R S A 0 4.2.3 &Rl
A5 AR AR P2 T AR AR g BARFE PR o TanA g R

RSB AR S T B B AR AR i R % o
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‘PRN Code Phase

v

- { 1 Frequency Bin

CFO

< 1 Time Bin (1 sample)

1ms

B 4.2 T ELPT X B
421 BB A T WA & i)

d3cd 2 E RN T B SIS SR ERE S T AR T, BT
WE B BCABLE G - B A o d W B PRMEF BB BE LT
S EE (82 MBI 1 2 3 3 (Fourier transform) =20 55 j5 F 3% 38 3 T 88 > 1

EREEEI g 2 iﬁmmﬁa’ﬁ@mmiﬂiﬁﬁ%{%ﬁiﬁﬁ

BEF/H I B2 ERBLEIRFZFNREF > 2 5 TERF 7 FHFHRZE
B 4.3 -
Incoming -
signal —— ()2 N-point |2 Output
FFT

Bl 4.3 T (747 % % 405 #5502

B BT 5 R e R A A0 2 E R R 0 e # 2 E R R
Brast A guenP i Bl R E Y 4 BT AR RRGEY o PIBR BRI PR

W M 5 10 25004 g f SRR, = 25MHZ R B~ dic N = 4x 25000
=100000 - A HE 5 iz 3t FE A& do(3Y 4.1)#77 » 125Hz TARE R o
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A

1 52 f

Af == =—- Hz
2% 2N ;o 4.1)
_ 25x10°
2x4x 25000

=125 Hz

Bl 44 58 %acE P L msi R IES A BRlE % &3 2 Bk

AR X A 5 4125Hz -

)

x 10 g
. T T T T ™ T T T T T d T T
i ' i ‘'m! ' i ' i ' i
' '
-------------------------------------------------------------
X: 4125 :
-4 150 '
I} L L (I 1 T —
¥: 3.846e+04 !
B L T e e A e S ahl EEEE T T T S P R S
' '
'
------------------------------------------------------------------------- —
'
'
..........................................................................
'
' '
@ I} L L (I 1 1 dooLo-a 1 [ L —
v | 1
- ' ' '
1 ' '
: I 1 r T I aTTTTTe 1 r bl T s 1 r
' ' '
B .
I R Rt Sttt etk Sty el Suleiet sl Rl Sty ahe| Sriiaie Selete Sl Sl sl Sl deteler —
' '
' '
= 7 L SO S AU JUURU TR MU SOV TRUUPr SRR SRR SR A RPN SUPUPUT AT PN TP S
' '
2] : i
L O Y N ) OO U U M S S S O S S S -
v i d
' ' '
' ' '
r--1 r T [l Tl Bl 1 r---a T [} r
' ' '
' ' '
------------------------------------------------------------------------- —
' ' '
' ' '
[E L L Lo __1__. 1 Lo 1 L__1 L
v ' '
' ' '
______________________________ [ T VU S SO PO AP S
i i
'
'
F==a-==t---F--q---r=-cj==-g---F=-q-=-t-==~-fq---r--q---7---F--q---r--o---
'
0 ! ! ! ! ! JLI ! ! !

Frequency (kHz)
Bl 44 75 cd g P LB BB S R R

422 » RIS B TR

§Ot R A S L R S 2 ERR LR AR i 2
FHEEERCHARREGE 2R 2irf 2  EoichBMkEsEpFRFL
FBL e T kT BT T S MR R B S A Al
B EWE G SR 2 B B 3.9 B TR T2 W 1 kP (% SEAS U EE
EFEBAPMEER (Y 42) AFB LR - IR MR AP B R

_,E# s (;\‘. 43) °
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Bl SRR A A 0 s, S GEHAA ] N 5 1ms 2 BofE medic

AF 5 RAEF o fs o T, LI o

L-1
Z: rnrn+N
n=0
O joratT i27af (n+N)T
_ j2mafnT J2raf(n+N)Tg y*
_ane (Sn+Ne )
n=0 .
L-1 (:* 4.2)
_ j2zatnT, ,—j2raf(neN)T,
= S, Snin€ e
n=0
270 INT, " [, |2
_pnJéna s
=€ Z|Sn|
n=0
-1 .
Af =——— X7 i 4.3)
27NT,

B 45 5% FRACE N LSRR PO S R % (R A T

FRRME) B e S H Y ERLE N R 5 AR 44 ¢ RO

& iRl A A125HZ> @ 353 A B AR R RSN O Rl & { So AR

CFO Estimation (Integer + Fractional)

A b bbb Receiver 1
3964 [} bbb b e de 4- 4 Receiver 2
A N Receiver 3
3963 ol Receiver 4
3962 | SR s AR S REY F R LM
~ N K LR /1 2 2
L. 3961 : ' P r
Py 1 THE
£ 3960 :
g L 4 o JI 1 - B
o 3959+ 213 Lo : 4
[-1] 1
T '
L 39551+t
3956 [-t-t-k-
R R R
0 20 40 60 80 100 120 40

t (ms)

B 45 % fesrz p L sl Bl A B R BRI S
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423 EEEESAEAR % B

AP dp g L n s ImS SUELY o GRS R 0 @ 3222 &
EWHBEREAL AP E OB T EAFS ) BB AL 2 A GrREHEY
ERJEZ E N LG RSB e AR R T T O B
# (Parallel Code Phase Search Acquisition) k3% 78 4p = » 4T (TG 4p 30 F FP~
¢ B fpERt (T AT < 3 4p BE1E ¥ (circular cross correlation) £ & 4E 32 (747 e
SRR D A T S MIPF AP TR LRI AN IR R o bl BRRH
L AN 2 A& #Ix(n) &2 y(n) a2 Fid e (35 4.4)

Z
H

X (k) — X(n)e j2zkn/N

n

1l
o

(5% 4.4)

N-1
Y (k) — Z y(n)e—jZﬂ'kn/N
n=0

A x(n) & y(n)iEkR2 T MEL B Az(n) (54 45) BIE dpEc i 2 e
d (3% 4.6)% 7 o

Z

1x(m)y(m +n) =

N-1

2(n) = % > x(-m)y(m-—n)  45)

1
N7

Il
o

Z(k) = z‘(ﬁz‘ x(-m)y(m—n)) "2

RS

— N X(m)eﬂzzkm/N ny(ern)e j2zk(m+n)/N (;\; 46)
m=0 n=0

=L av )

N

X7(k) £4n X (k) #% $5 47 #c(Complex conjugate) » % i i & i+ ik 4z4e§] 4.6
SRR LB AR R R AL U SR W0 R

Q' F L G 2 F e o A Rfci k570 E 2 N RIS L U 2 F s
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BB EBEHET S FF AR PIH b
BlAT 52 SRR I P ASLEA ZR0F B 5
PRN Code
Generator
® Complex N-point
i Conjugate FFT
90° 1
Inscpmlrllg T N-point N-point Index of Code Phase
1gna 2 2
& Local Frr FFL max(1”+Q°)
Oscillator 1]
Bl 4.6 T (748 4p (2 HOF $EE 2
x10° Codephase =24677 x10° Codephase =24676
15 T T T 15 T T T
| | ] | | e
L e L PR A0 el -
k-1 o
o °
2 =
s E
g g
= =
3 T U U AU S 3 T U U I
, . i ‘ i , i ‘ i .
05 1 15 2 25 05 1 15 2 25
Codephase(samples) x 10" Codephase(samples) x 10
(a) Receiver 1 (b) Receiver 2
% 10° Codephase =5089 % 10° Codephase =14076
15 T T T 15 T T T
| | N e=r=rs | | e
L R FEPREERRRRRRRE rrrrr A0 oL g
3 2
2 : ]
= ; =
= H =
© : =
= ; =
L e e e R R e L e RREEEERED st RELEECEEEEEEEE =
0 05 ; 1,‘5 é 25 0 nfs ; 175 é 25
Codephase(samples) x10° Codephase(samples) x10°

(c) Receiver 3

(d) Receiver 4

B 4.7 F B cdFE P LRGP EF LS
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43 F P TIAGLIE B

- L RYCSHEER N AR RS B G A L BT
T AR BT ERE P LR > A A P d Y E R R
FW2LE R DD PR A S PO 5 R A o I R il g
FEA BEH R - BN F B T - BT R RS i B e
Bork R B R B R S R R AR AR R &

PR EREReE o

LLLLL

Mo 432 HRIRP BB HC F o X 45 CUFE A ERRET SR

ST T R “ﬁﬁ&%iw&mﬁf,%@u Y CTIRg
4.3.1 ;\‘. )4 &}ZE & 15&1,}\

A& 4 U 5 e 5 4 4p e B (Phase Lock Loops) » 4 4p i ks 3 & f§
SN BRR AR RA LS DA L RGO IS R T S D
P % o
4.3.1.1 4 4pi g (Phase Lock Loops)[6]

GApie B R R AP R R AR R R
LU S o A KPS Ak o B 4.8 5 - BaAR Rk s WEI[6] 0 4

£ A 5 = 43R4 4p 1= 1 jp) % (Phase Discriminator) ~ it . jf & % (Loop Filter) s #ic &

£#19R ¥ % (NCO) -
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Phase Discriminator Loop Filter
L 6,(5) WG Vo (s)
:‘—4{zP'IB>ﬁ—AQ—» F(s) —
| 07 (s) |
N(s) *
NCO

B 4.8 4 4P Bk 5L B

(% 47)5 Bl 48 M 155 - ,(5) % 6,(5) & ¥ 5 8 » LB IR F Bepfp 2 K,

AAR R B F 0 H(s)* PLL 2 g4 dodic

F(s)= l 7,5+1

s 1
N(s) =% (% 4.7)
H(s) = _KaFENG)

1+ K, F(S)N(s)

B-(58 A7) G F(S) o N(S) & » H(S) 7 2 £ (5% 48) > w, 5 p KA F

(Natural Frequency) » & & re & v+ (Dampling Ratio) °

H(s)= 2lo,5+ 0}
s’ +séw, s+

o, = /KOK" (54 4.8)
2]




Swd 3 poRe kAR

43111 pi=wp R

k| &34 4p = 1 8 % (Phase Discriminator) 0% A » &% b R ¢ Ar i
W P it B4 5 17 A48T B (Costas loops) » 4 7 4 » L ELeRC 4 (BPSK)3A %
5 g B e 0 R BB Ao 4.9 S o 3 & AP R E R G Rldp
40 Wi rUELG 180 R fp e

A0

Iy

B 4.9 7 Sripdrie gLz 4p 04 R B

¥ v endp e iRl F 2 A AL[6] 0 AP R 21 % o] 4.10 S 0 BRR B
Costas 4p = i I % fei2 § 3T chgdigp iz o @ B8 &% 41 ¥ tan'(Q,/1,)
Costas #p =l P B £y » 3L & f 90 & 2 ¥ fR a0 Sdraid > w5 fesuand F i
TG EE RN G G0 RNHT A B s AR R BB W
B F eE A g 3 13 2Hz ek B0 00N AR R el )RR o

2 4.1 #p i id R R [5]

Qp X I sin(2A8)
Qp % sign(l,) sin(A8)

Qp/1p tan(AB)
tan™1(Q,/1p ) A
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Phase Discriminator Output

—4— Qp X Ip
—e— Qn X sign(ln)
—= Qp.’ ID

-1
——tan(Q)/1)

Output Phase Error{degree)

-150 -100 50 0 50 100 150
Input Phase Error(degree)

Bl 4.10 & 4p = 1 p B 2 b g BI[5]
43112 A BEHKESVETE
Rk BI6]E_* K UE M A4p 1 iEd%ﬁi%l dvenge o A 4 - B AR TR
RiptldcERT Bavlp 5o g 2 _bi’ﬁu%l MRABLOPRATF AR o B AR F e By

B ol B BT B el A S ke (54 4.9) ¢

(C,+C,)-Cz*
F(z)- @8 C

(5% 4.9)

7 1% 1B B A 3% (bilinear transform) » ¥ 12 18 ) fa iy 4.3.1.1 & % if S#c2
e 4 (3 4.10) -

c__1 8w T

OKK, 4+40T +(oT)?
1 N, T)?

KK, 4+420T +(0.T)

X 4.10)

B 411 5 B 18 2 Y0 3 Gf e B R )
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1 L,
< % } Integrate & Dump

. P
Incoming
signal PRN Code Carrier Loop Carrier NCO
Generator Discriminator Loop Filter

P |
® Integrate & Dump Qp 90°
© |

B 401 Y047 5 3E Bide 5 5 FI[5]

432 HNLSAL LB

A4 R a8 B4 e #(Delay-lock Loop » f§ At DLL) & % % if e L 4%
B ihsg i o

43.2.1 &4 Tax g(Delay-Lock Loop)

SR TRRA LA T BHE ARG T 0 3 AR B SR
(P~EL~E2~L1~L2)» 2R {s 21 » sUsiiidp M1 cni@ B - 18 £ 75 d 4 8 (late) &
Agan (early)shdp B B vt b R AR F AT B EAEPHA A R B 412 47

I °

I
® Integrate &Dump £z

I

£2 E1
™ ® Integrate &Dump

1
® Ll ->® I Integrate &Dump |—P
r 11
—-® Integrate &Dump
Ll Iin
Code Phase —1 ? I Integrate &Dump |—
T L2
L?Cal |__ PRN Code Code Loop
Incoming Oscillator Generator Discriminator
Signal Lzl
o il I Integrate &D |—
m L1 -® ——— = "0,
"® I Integrate &Dump |—
L Qu

> Integrate &D

O J e umy

1 gral P Q

2 8 I Integ;rate &Dump |7Q

E1
% Do s 1 ——
E2

Bl 4.12 2334 T B B H][5]
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Bl 413 5 B 4F L BB (renn L o B3R B 9 ATA L T B0 AR AR I 0

B S AR A d :%:4'205%/':0.1638 w78 (chip) » B 4p B & cndis 31 4o )

4.13(@) %77 » Bt & iz ";ﬂfﬁﬁgﬁ;(El);z_gﬁgl NSk R AR o E T B w-gjg]
»FUBLENRR AP i AZ H 0.3276 ¥ 4B (chip)p¥ o Ap B #5017 4o W] 4.13(b) » 2 1 e
% “E%E%(EZ)%L?@»;%%;{}_#E@ I e T “ﬁﬁﬁg@;wﬁg},\
B g Ap a2 0.1638 B A% £ 0.3276 & 45 > 4] 4.13(c)2 (d) > AR -2 b
SApF o Rk AL T B ERAEE » ELIL G B u E R AP T
Flag s (EL~ E2)r et B (L1~ L2) % e85 cip B @AP I » @ TP (3504575 5 = 2
1R o do @) 4.13(e) 7T o

Input signal | ! | Input signal | ! |
Early-2 code : Early-2 code '

Early-1 code Early-1 code

1 1
1 1
1 1
1 1
Prompt code H | Prompt code H
‘ ;
Late-1 code | | Late-1 code E |
1
Late-2 code E | Late-2 code : I |

|
y '
|

1 El | £
1-d £2 P 1-d £t
12d yenl 124 P
13d 7 13 ) PSR SH SA N, S F——
1-4d 1-4d Ky
0 0
-1 Ad-3d-2d -d 0 d 2d 3d 4d 1 -1 Ad-3d-2d -d 0 d 2d 3d 4d 1

(@) replica code 0.1638 chip early (b) replica code 0.3276 chip early
Input signal I D Input signal 1
Early-2 code : Early-2 code i
Early-1 code ; :
Prompt code _,—é_\_ Prompt code _,—§_|_

_|_i_|_ Late-1 code _|—§_|_

i
1 U
Late-2 code ' | Late-2 code | ! |

Early-1 code

Late-1 code

1 !
1 I
1 Ll‘l | £k
1d P 12 1-d Llg
1-2d 1 124 P
1-3d £2 1-3d £1
1-4d ¥ 1-4d £2
0
-1 Ad-3d2d -d 0 d 2d 3d 4d 1 -1 dd3d-2d -d 0 o 2d 3d dd 1

(c) replica code 0.1638 chip late (d) replica code 0.3276 chip late
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Input signal _,_E_I_
Early-2 code
Early-1 code
Prompt code _I__l_
Late-1 code _l_ur—|_
Late-2 code _,_E—|_

1 P

1-d

s

1-2d

1-dd

-1 Ad-3d-2d -d 0 d 2d 3d 4d 1
(e) replica code aligned
B 4.13 2t Y34 €% FLom & B

AN IR R Y S B =Y ] 4@1,\ WEET BEESm AN E (I,
e, ~ 1~ 1 > Qe v Qy Qg Qv QL) P F o fld = 428 = 2 A ggap =
5] B k- B Promptcode & » B2 [ ehdp i A E T B 3L ARAR edp i
A2 BB AT R R

AP Z A AR AP E LR 413 ¢ auph Ed (54 41D AT 0 X

AL DGR SR g PR~ d BT BREBBLFpind L E

335 P A(chip)e d (GY 411)sv i w mda 3 (58 4.12)e0R RN o A P E D xen
@ » T % Promptcode _%E?ﬂi;—lkgm%fuifé“ﬁwfg A @ F * enul A T iR P B 5
N E 4.2
P=1-|x|
L1=1-x—d (G 4.11)
El=1+x-d
L1 1-x-d
El 1+x-d
(% 4.12)

_@-n@-d)

1+r
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% 4.2 FAp = (6]

Coherent

IEl - ILl

(f1 + QF)-Uiy + Qf)

Non-coherent

(5, + QF)-Uf + QF)
(I3, -+ Q2+ (I3 + 0%)

Ip(Ig1 = I11)+Qp(Qp1 — Qr1)

4.3.2.2 %, 7= s i (Multipath Effect)
EERMBERT I F L BB RN E B Rgb S 5 A F R
1 % BT s s (Multipath Effect) > @ (73 jad ordi e Flanz p 22 gi 2 B ¥ 57 3
Line-Of-Sight (LOS)3 5L » » € Sse3F 7 (L8 7 b B & $+2 Non-Line-Of-Sight
(NLOS)zu 55 o

-

MRS AP R P T 5 0 BRI AR RS i B
vy o ] 413 ¢ 0 AP ERK AR PP AP Sl s ez 47

R R
Pl A S RRESTRM o B anp AP SlicT 22 4355 4o@] 4.14 AT o
Multipath Effect
R .

N \ AL] ziiec?lved

El =

ALZ
E2 LOS signal
Multipath signal
0

1

>
2d-d 0 d 2d Code Shift(T,)

B 414 F g+ 7 &8

44



Pk SR B R T il

)
v
ek

A4 G R AR BAR A RS N L ARAE R R
FEPER A R R o F]P o FRAP DL B A P g P
BT s B B en= 32 Early-

ol ALl =
il 65 ,»um E3

A REL PRI A MRS A RS
Late Slope Techniques[7]4=% 4 7% 4p B# % (High Resolution Correlator)[8] -

4.3.2.2.1 Early-Late Slope (ELS) Technique [7]

d 30 SRS € R APM Sz £ )5 fepal o, B ELS 23 B2
£755 Benpl ko 4150 1Y B AAFE NI REDA TR X BT
Al B2 phAp e s (54 4.13) -

Aﬂ\aZ /
Ll
a 2
El
£2
d d é d ‘L
-

] 4.15 Early-Late Slope Techniques

Early Side:y =ax+(El+ad)
Late Side:y =a,x+(L1-a,d)

X 4.13)
- :(El— L1)+d(a,+a,)
a-a
43222 & » 75 40 B B (High Resolution Correlator) [8]
B2 s

#p B % (High Resolution Correlator - f§ 4z HRC) £_* »* i g %
TG B e TR & g

B )\ e 3

B A TS
PP a7 BT B EREE T
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R oF N Tk R AR
(3% 414) @ Fph e Ap B Sz 51 RIRLA 2 RIREF | ehz &) TR
B SN EE T fodp B Sz 4750 B R Bl 4160 (55 4.15)5 B A PR A B B2 7S
A E
=R(7)
El= R(r d)
Original : <E2=R(z+2d)
L1=R(z-d)
L2=R(7-2d) (¢ 4.14)
Pic =2P—(E1+L1)
HRC: {E,q =2E1-(E2+P)
Line =2L1-(L2+P)
1.2 T ! T T ! T
| i | P P code
E1 code
o [T i O AL N E2 code ||
3 e L1 code
> 08 £ X '."'V __________ L2 code ||
= | ETY
2 § =
E ] !
g
3 i, :
o 1 H 1
- i ; |
N
I : ? :
£
o | 5 1
= 1 i 1
2 15 -1 05 0 0.5 1 15 2
Code Shift(Tc)
Rl 4.16 3~ 78540 M Bor & B

DHRC =
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For R F N Tk S Bk s
4.3.2.3 3 ' % (Bandwidth Limited)

> 2 S N & w4 gm 4 43 ‘s B o5 L & =
FOOREPMERE G EL RACEE P TR EEE B dWER R

=

P

i AfOE S R G VR PR R

= A5 @ - FREZ = &35 4o@) 417 -

Original

\ Bandwidth-limited

>
1 Code Shift(T,)

B 417 $ U 57 2 )

A 4321 11% 4322 &% GyEAp L BIRE U p AP BT IE R £355

AT o 5 R FUE R R AL JE d Curve Fitting ¢ipx £ 18]

A e I 2 b ARKREIT PR Fag 2 ehlS 0 (54 4.16) ¢

y=ax’+bx+c (5% 4.16)
_PHRC
Y =| Ee [= XA
_LHRC
0 0 1
X=|(=d)? -d 1 & 4.17)
d?d 1
E
A=|b|=X"Y
c
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Bz ARG EFATEFAPME > 1% 3 £ FEFAPM B2 P v Bipe 7o Lire
SEYyRE - A AL AR A A xR T RE - ¥ M2 ik a~
b2 c 4@ 418 &2(5% 417) - Bfs > JI* s 7 RE - b MTAEL2 X Bt

LG E 2 AR & (55 4.18) -

PHRC

>
2d  xd x 0 x+d 24 Code Shif(T,)

] 4.18 HRC with Curve Fitting

Q:Zax+b:0
dx
(3¢ 4.18)
b
=>X=——
2a

44 F R ITEAFAEIL

431 &8 432 § 4% 07 TR g 2 0 A PR ENE
RS RS R R A RS SR s
VEHSAR P AP Sz £ ASTEREAT ALY oA FIY GRS p APM Sl AR

IV N St LR AL St

AET R4l FRHEP o) BB R GE TR LA RKE T R
B L > @ 44285 € A SR A REA - 443 & 4 B4 gL E
FLRER PRl iEd i ddd & h0fr HEF T L AL B LA
TP AR B2 AR o
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FroR OF PN Rk SRR SR s
441 FEPFF L TR

VIR R AR B o TS RS £ R Y A R R
PERRE SRR T RS R R A R H G T EZ B E P
I ot dSEpE I (Time of Arrival » f§ £ TOA) » 2@ > d st gt b o ch3
MR TN P T Y R RS R s pE R £ (Time
Difference Of Arrival > fj £ TDOA) &k iz B 4 s 97 = ¥ o
J# SRR F FGEREL B BN L F S R o
€T I| A P AEAR DR AESAS > FIU E AR BT A 2 2 = 4 TR ERYT A
L6372k B419-

o7 o W oy TN o o T O o B

Rxp [y S gy Ny I B o y B N

Rxg
Ree /LI LML I Lo
* _mnnr. e
Correlation
de=T.xc w —————
T
é Rxp A A A
—
| I |
RXB .
'“T;'A A
RXC coe
[P
Tp A A
Rxp

B 419 T iR ERFTT I RB

§ R S RTE E 2 0 TR 419 ¢ R BT, s Ty s T feT,

=<

EEF AR ERFF o Ra o d 2R ahE N il & Bk R e
PR F b A P BT, Ty T frTp @ B SIS E 7 b ez JSEprm £
;¢ 4.19) ¢

T =Ta—Tg " Tpe=Ta—-Tc " Tpp=T,-Tp (3% 4.19)



POk SLEOIE R R T

=
i
Yotk

4.4.2 I 4p 4% ~ (Coherent Integration)

Ed B TR R B R ERFR LD R R, A
e g e AR AR 4 kB H s (Signal-to-noise ratio » f§ # SNR) » "% iM% B
FA o d AR A IR E L R A UELAME S o ﬁ%ﬂ%ﬁﬂfia PARE S S
- BREOZEWH/IE - IREFFTLARBRDEY Z LB Ft APy &1
ER AL R KA AR A o FARF A DAIEZH F S (5% 4.20) 0 N, &7 ka3

LR LN, 4
G, (N,)=10log(N,) (s 4.20)

Foobood g R SR R O G 0 T R N, o) PR
*ﬁ gl e e B d N UNELFE R L AR R AR EAT A MR 2R
v N, €3 4e 2 3 B PR D H A A R £ 2 485 A e Bt

g p i st N, LER 250 # 250 T AL BE TR AR A E S

\4—341-

443 Z iz pEiz¥ Tl

d EAES A AR a5 B sk pr £ (Time Difference of Arrival - i 4
TDOA)Z {4 » #4 i f * 3 ¥+ s i % (Taylor Series Method)[9] % f5 & % b i3 b
BTl oA U E D BRATB AR (G Y,) B 2 B RS PR L

NIGEIEREL 1 VORISR L T A 5 S(R 4.21) :

fi(x,y):\/(x .+1) +(y- Y.+1) \I(X—le*(y‘yl)z (% 4.21)

=My, +&.0,(1=12,...,n-1)

Hooo(Xy)E e (%) L% 0 BRI ARE > m, 2 E P REE

HE o e, P REIEME B E WL -
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B34 4.21) 4 i]*x Bh BT A A B B TR (X, Yy ) BB A

BT LE (R 4.22)

fie+ ai,laxk + ai,25yk AMigy+ &g

fi,k = fi(xk1yk)
where,
i X=X XX 3 422)
" 6X Xy Yk r1 ri+1
Y Ye Y=Y
" ay X Vi rl ri+l

f =\/(Xk_xi)2+(yk_yi)2

o, B o, &AM (X Yi) & T p B plgor RF e =i ¥4 0 R
3 4.22)7 rreeri(3Y 4.23) & T o Flpt o B iR K AEERIBE (X, Y, ) 0 AT el
£ &) T > % (Weighted-Least-Square, » #§ f WLS) 5 & 416 » (3¢ 4.24) > & { #74

P E g o (5 425) 0 Hd R ETR R NER & B AR RIE (XY ) T

TG EFLS ) o T RE A2 2R (X, Y,) ©

Ad=D+e
where,
, &,
A=| T P
s 4.23)
an—l,l an—l,Z
3=[5, o, ]
€= [52,1 €31 gn,l]
Q= [m2,1 —fe My —fH oo omy— fn—l,k]
8=(ATQ'A) ATQ'D (¢ 4.24)
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Yotk

ok AR R AR T

yk+l yk

B (R 42D)D(F 425)fe s AR L SR T B BT RE 9

BRI T n-1RRERR LS Y kG E PR o B 4.20@) -

6 Rx using Rx1 as reference:5 Hyperbolas

£ - gt £

6 Rx with All 15 Hyperbolas
Y,Rxli . . ,§x4

n

E4 E4 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, m
g g

o o

£ 3 o T N i . g
=] =]

= =

Q Q

o o

Q9 Qb LB N T —
> >

x1 3 3 3 ,IRxS E E E x3 x1 3 3 3 ,IRxS E E E x3
R S e S e R S e S e
x-coordinate(m) x-coordinate(m)

(@) Using Rx1 as reference : 5

(b) All 15 Hyperbolas
Hyperbolas

F4.20 FEPFR L HES 2 BW 5 A D6 5 Rfei

BRA o hn BT o B b £ n(n-1)/2 B R L A b
%ﬁﬁ?uﬁﬂdﬁ;ﬁp%&ﬁ’gmimmoﬂ&’é?%iﬂ%nm—mm%%

s

B {8

WA EDF I AP T U Een f[;ﬁq&:%;&;rs T2 %+e, L2 i=p

=~

K3

BN BRI ErE T, T8 E82 pHEEE -
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R S SR S R

444 WEEEE Rk E

+ & ik B (Kalman Filter) £ - 8% »c 5 chifie Jpik B > Uit S k70

PRE e FRAGPIEY > BEH L AR L B42lo-n F F L gk Bk
EAEAB B A Yhs o) B R BFOR & (Sensor fusion)# T & E F 2 6 chF i

G E BB T K Y G B UEIE - blde D 5] B
2 B B 5B 5 e )

System error sources

v
Controls

System

System state
(desired but
not know)

v

I
1
1
I
I
1
: Measuring 1
I
I
I
I
I
I
I

Optimal estimate
of the system state

. » Kalman Filter
devices Observed

measu}ements

Measurement
error sources

W42l +EE AL B 7 LB

L tecn AP RLREE P E R TP @ @R B E N kg
[ SV QA G Y

Aok et R R B A RE 2 T 0 4 R sk i
(system state transition) 2 & & ik f& £2p] £ & (measurement) 2 [ b} s L AIE
Hho FRm > AP E N T iR o KSR oR| R A B E R p b g 1Y
2 5P L (TDOA) @  ipd % 2 5 2L8UE B % 0 (54 4.26) » o+ — dnent

fod gt BX G ¥ AP ahg PR ko
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B A § R S S SE 8 EER e

B+ F & Jhit B(Extended Kalman Filter) & —fé 2L st e+ & gk B » 2

%}ﬁ%%ﬁﬁﬁﬁﬁ%%&ﬂiﬁi@ﬁ%ﬁﬁ%ﬁ@?ﬁ&&%%@’@f

BRI g (v o R ST MFE S R AR BT TR PR B B 422¢

(1) Compute the Kalman gain

(1) Project the state ahead Ky = PI:]E(]hPI:]fTL + Rk)
Sk =ASi
(2) Project the error covariance ahead (2) Updaie estirjlate with measurement
P, = AP,_ ;AT +Q,_, Sk = Sk + Ky (z — h(S¢))
(3) Update the error covariance
t P = (I — KyJy)P
"

Initial estimates for §,_; and P,_,

Sk = ASg—1 + Wi
Z, = h(Sk) + Vi

Sj: State vector h(+): Measurement model

A @ State transition matrix Jn: Jacobian matrix of h(+)
wy: Process noise vector Py: Covariance matrix of §;,

Zy: Measurement vector Qk: Process noise covariance matrix

V! Measurement noise vector Rk: Measurement noise covariance matrix

B 4.22 $5+ F & ik B 4 W

WEFE L A BL& oA By cnfkf > Predict 22 Corect - - Predict F#
B R AL EERBEL NTARTERM AN IRES > M2 L8
BoEr P o @ § vhiw iz ~ Corect [ B PF > 3 B L3-8 E2 €1 IpE TR
AFREFENFRERMEIK R F R T AR AR R R
R B9 e T G (B P B R A SR AL 0 B AT A2 X R BEEP,

dat AP o kY > B E(TDOA)fr & stk i (X, y) 2 ¥ &

W
5\ n:
;%‘

MR % (38 4.26) -
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N(S,)=CXTDOA | = (X —X)* + (¥, =)’ +{/(x; =X +(y;= )’ (5 4.26)

Flpb oo BB+ E & Rk B Correct FAEPF 0 AP i ¥ chf h(S, ) shre e ot
] kP EF LR E L AT R £ B EELP o

FOHETEE A T2 (s AR PVA(Position > Velocity > Accerleration)
BAl ki g p g b2 Fd 2t (58 427) o xfry 232 - AT B
TV, fov, i3 w2 E R0 a fra M- B3 w2 deiE R AUE K SR

TRERY o @ & PVAModel P o Bk Ml i X E A BRE R R L > T QA s

She

AR e R R BERET Bwenk § B goed Q& 7 [16] -

I

Sz[x y v, v, a ay]T

At)?

A=|0, 1, At

0, O, 1,
o)’ oa(ay' | og(ay ]
20 ) 3 2 6 2
RO KON H O

Q= 3 2 3 2 5 2 (% 4.27)
g-(At ’ g-(At ?

CEN U

A APk su® > measurement TR B BB 2 MERFRF L o NPT Rz 47

(5% 4.28)-m measurementModeI’h(-) 2_ Jacobian matrix J, 4o (5% 4.29)[17]-
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Pk SRR R i

rn,l
where,
he=h—-n= \/(X— X,)2+(Y—Y,)° —J(X— X)2+(y-V,)° (% 4.28)

R= O-T2DOA°I n-1

Hl,l Hl,2 c)1><4

J HZl H2,2 O1><4

h — . :
H n-11 H n-1,2 Ol><4
where, i 4.29)

r-k +1 r1

H _ ark+1,1 _ y-— yk+1 _ y-— y1
k2 — -
ay rk-¢—1 rl

FIUb oo b ik 2 R AR AR (GY 4.27) 2 R EHCAIGY 4.28)(5¢ 4.29)E ~ B+

Bl RAB TP EEHEFTFEE RABREGE T p BB BT F R
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£ 7 ES LIy S 5 P %, g 2 < RS 2 N
AR R AR R TN L AT E BRI AR AL NG IFL

Bl =3 (=SS Y S X & &, PR s &2
HEAFPN R ANOEETRERTT S c AEI T EERT TN P K

WoAPT R ELT FERERFN P TP R RN L RE B R

51 &AL HFMERTEE2Z P L 0T SHH 52 &R iFL
TRk SE BHS 2 5088 = 8 &£ R T (NI Modular Instruments) s 2 GUI 3 iF 4
Hoe Bfs 0 5.3 &R I il vk & AT (NI USRP-2932)#72& § 2 IF 4 3 b 2

ek ol F 4 2 B % i 4T (NI USRP-2932) sl % 25 2+ o

| .
1 Receiver .
1 1
ﬁ | Octoclock-G 1

Modular Instruments
Modular Instru N I !
‘ I Signal Generator ‘ RI' Sigmul Generalor I REF IN PPSIN ﬁ ﬁ I
— ] x Y Yoo
1 Vector Madulator ‘ RE Preamepifice 1 PC | USRP2932-2 USRP 2932-2 1
1 On-board [ oOnboard 1
| |4 c MIMO RAM 1
I i Cable / 1
| Gigabit L L 1
I Fthernet T I
adapter |

I ) M1
1 Tthernet cable Y Y 1
I USRP 2932-2 USRP 2932-2 1
1 [ On-boara | el | 1
| RAM MIMO RAM 1
I - = Cable | |
1
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FIF FMEEARZFWIRART T S

AT 2ZFPN L A T AERT R FEHREAP R R
51 Z 3P 2 s M2 T ZART T oT- LB FHPEJ* P RFTRE
(National Instruments > @ # NI)2 $-ie it iR B k3 543 p 350 > @ R )AL
R EHRTIR B2 W AR AT ¥R & (NI USRP-2932) & it (7 o o 2% 35 &
gL -

5.2 HRMETAHRFPM L LILF S

rm T A E R RIR B2 PXI SHE HC e i & % (RF Modular Instruments) i€ &
FPNOE R ALz A EEE N T o B 5.2(@) - # ¢ 42 1/Q Signal Generator
(NI PXle-5450) ~ 1/Q Vector Modulator (NI PXle-5611) ~ RF Signal Generator (N1 PXle-
5652)4= RF Preamplifier (PXle-5690) - Mf przoth s R YR e B T
R SRl ETIEL > F N A E R 2o XA B 5.2(b) 0 @ i%iE
Labview GUI #25% /i & ¥ 1 5 S48 2 3 P Lt 5L g 5 P fRAg s 2 E
WAL RS AE 0 B 5.3 -

(b) Omni-directional antenna
(CERIO ANT-12FS-X)
Bl 52 sPipfrie it REL 2o P2 M

(a) RF Modular Instruments
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PreAmp 34 91' 269355 |

Devices 2 Power Level (dbm) Master Reference Clock Source

{ OnboardClock E

Master Reference Clock Output Terminal
[oow M o
Slave Device Reference Clock Source

|Clkn = SR

Actual IQ Rate (S/5)
0 30

Slave Reference Clock Output Terminal

I[rlC:\Useis\NTU\Dsktop\lPS_pottem\ I 8' I 25M

1| [} SR25CR4_2PNfor2ANT.mat 1 U e | I
e — ! | Frequency(Ha) |
L 12.5000006 |

i} STOP WA F

B 5.3 $ichl T & 7 N TP &% Labview GUI 324 4 &

53 HWITHEIPM L i NBRBARH KR

A 2 FP TP A ERRRRB O i ART XA
(NI USRP-2932) % 3% jx § N T3 S48 7 3 B4ern 5L > B 5.4(0) > m 5 71 el 5 8%
ER T AR AP AR dy e R SRR P LR B 5.4(b)-

(a) USRP-2932 (b) Directional antenna
(CERIO ANT-12FN-SE)
BS54 * FHEARTEFEFRF et @
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=3
4
R

TR 5.5 R Ay a8 €& F P T4 a8 oo Labview GUI ﬁ E «f/t%’:
T * §oH & A7 1% (Universal Software Radio Peripheral » ﬁ: USR

Source ™ % Frequency Source ki e ch™ 3% B e 4 g u&:_
> <l

Moo F b R RO S MR B i %ixﬁrm%?* TDM

Streaming (TDMS)enF 425 5 2 % %P M 7 3 P 22 A EL AT -

192168102 FifPpsin  MElRefin  WIJRx1 20 |

192168103 pifMimo __ Mdimimo  [HIRx .1 30~

192168122 Bfppan  WolJret W oo
152168123 gfMimo  [[mimo WlJRoG 20

- ]

Bl 5.5 #H8 T & T )N =45 Labview GUI 324 4 &
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A2 K2 F P oa kA K s £ (Time Difference Of Arrival » fg?
# TDOA) %3+ 5 % i~ 8 }
FEPERFL @ * A ERT TR % (USRP-2392) ik 4 H.3i5 47 4] USRP

™

F B o Bl R e B R AL ) end iRl A A en

Pulse Per Second(PPS)zu 5512 2 %4 p&#% (Reference Clock) kit = » 4. 55 7
Clock Source 12 2 Frequency Source ¥ 4 % & dr4|:em B2 5Lk 2o PPS 5L 4_

—BHEF A IHz doa gl > * K& 72 F USRP hpF fF b > @ %3 % R £_10MHz
gL EA B USRP sc i@ * o - BR"k kihom USRP FHhen? Vi & +F A
A% - AEE S 5 USRP # * 4pfe e PPS sUBLET %3 Bk > ¥ — #gp) £ ¥
GPS #:p* pF#% (GPS disciplined oscillator » #§ # GPSDO) 33 3¢ o

£ % Ap ke e PPS SUELE 44 pEikcile o > 4 A fE1T% 0 $ - 8% USRP ¥

12 i% i MIMO cable > B 5.6(a) > £ ~ USRP £ * # ¢ — % USRP ¢ PPS 17 2 p&
ALK E N o LR H R BAA 5 USRP o % = #& clock distribution B £_3%
i OF FapE e 2 PPS 21854 4 E(Octoclock-G) %2k % & USRP i * 4p e 2L B » i 5]
fe H e g o

L F=
L =

(a) MIMO cable (b) Octoclock-G
B 5.6 USRP F # %4

. GPS pFpr ke > 34 ¢ > USRP € ] * 4o 3] GPS 5Lk & 2
PPS(IHz):w %L > @ & 5 USRP » ¢ 24 p £ cnPPSs o @ H i@ » g
& micro controller 2 v 41 * GPS & 4 7 PPS 3 5.4 USRP p ¥ # 4 1 PPS 3

g0 L iea 4 3 USRP f & &l % 40 PPS 235 » 11 5 4 ek > B 5.7 -
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Global Position

—

PrecisionTime
—

GPS Antenna
control
Precision Frequency Ref

2
\/
s

Y ; QP
&lf‘”’ 3P

) 5.7 GPSDO 7 % EI[9]

A AP EER % MIMO cable 22 GPSDO 7 féfr # = Vi (79 %t i o
%> NEEA LA G USRP #iE S £ SMA Cable #jcip e 3 N i8> £ 3
mBld 5 USRP 2 lF P F L cn® it o @34 F > A dFenfp 4 3 ;8N USRP 2 /&

FEBPERFL A 5 USRP 2 FFenp P L 5 - Faid > @ APRRS Ak H

w40 fjp S o USRP 2 P £ g it » ¥ - 10 xF o g % FIL B 5.8 ¢ o

KB 5.8(@)hiE %k ¢ ¥ u?} 7] * MIMO cable F # 7= 3% > timing offset 81,
B+ £40.04ns 0 4% 5 2 jEHR ¥ +1.2cm - @ 2 H 5.8(b)hik % > & * GPSDO
B e 58 > A 5 USRP 2 7 i timing offset %) &.4+50ns » f2 & =t 4T 2 ELpF » 3
;USRPaF@Fﬁﬂ%F&*i%‘P*p?“ FHP gt om - a4 5 USRP 2 B s timing
offset 41 £ = + > GPSDO j § # £ ATt o i if -

MR BEE NPT # USRP oo sy v R EEIZAT L Bl o s > AR
MIMO Cable 3 & ¢t 3pFiea PPS 5L 2 4 Bhigiz e # » 1wz ¥ 2 502+ USRP
il E N TRl > B 5.1
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Timing Offset Between Two Synchronized USRPs(ns)

Timing Offset Between Two Synchronized USRPs(ns)

Using MIMO Cable
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ek
=
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s
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22
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&
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7
-525

T —a
—maaag

"

15 2 25
Timing of Recording Signal in Same Experiment{sec)

(a) Using MIMO cable

Using GPSDO

g

]

15 20 25 30
Timing of Recording Signal in Same Experiment{sec)

(b) Using GPSDO
B 5.8 USRP = # >zt 7 X

# 5.1 USRP Fr # »at vt i

Riad

-8

USRP

Synchronization Performance

# of Devices

MIMO cable 1 2
Clock
1 >2
Distribution
GPSDO 2 )
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AR N T R o BRI R ARF PR X ARFR F anfiir
BRARE T i E R AN G L E R g3 RFaA e XA o d 2 USRP
“Tledg e s f % i Ethernet kB 3 T Ry o Tt i kB A T R AR SR
'3 Ethernet #F % o S P Rlts > P 4 S USRP &t 43 1 * g % Bt 5 §_
25MHz » Tt » 3%k 3 g B ARk BB RiE F 375 25MHZ o @ R kTt ¥
AT TR P £ 5.2 o

% 5.2 FHFEHKE Y TR &

CPU Intel i7 870
Motherboard Asus P7P55D-E
RAM 26GB
SSD Intel 335 240GB
Ethernet Adapter Intel 1340-T2

E?P’d"‘*\lfaxérﬂrﬂﬁfﬁfﬁ TRRERTEA S

XY

B I af B enis R A F
BoA T AR PR 5 810IMHz 236 o d Y REE 5 G I S RS
Flt Befe Pleng p TGRS PR Sl Rz A RIER E G B
R RPN 22 o S RO IR P 2 RS 0 A S el
g o FR oS S bR TR skl A P iE 5 4.095MHzZ ¢ ¥ g 5 (chiprate)

¥R * pAPK Sz £ RIES PR E o & E RIS R B o
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AR FHREBEEY LS

PRBEAHCRFOEP AL LMV IRET AS APEE F N R
T FRARA RS TR EFRIN LT KRB B
W EaRTFHBRICE N LA s L 1% Matlab #2572 75002 >

RREPN LA AR FALEP O HRESFEF P DRSO B

A5 o

6.LEWP A= FRBETHZIN LRSS AL A PEE-RETPNR
B(% 18.7TmMX25m) ~ 5+ R 45142 ¢ 3k 2 (9 9.ImX15.6m) 1 & 5 % B - 4B
504 33 % (4 5.IMX8M) » £ A $H4SE PER £ 12 15 & A 47 0 45 0 F e A i

PR R RAER ¢ 62 HRHE R LS R SRR P B R R
Ve 0 6.3 & B EK- TP ZFP R A RAREE R éig%.f‘%% Vo B 1S 6.4

SREHI RN T AR TEREEFAT ) LA KL 24 o

61 ZPILERHERENRS
ARG R R R R RRE R R AR R

BISERR L I 95 P B RTEE R PR E R FEFRE L R

BGNGRPEIE s R EFF LA E S PR EE o
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NE
ey

6.1.1 T - 425044 3%

T4 504 5tk L= BRAT R POFHRIE > A RAIL £ REE
5 REERE P e NI Lo R L RS

Bl 6.1 f-®] 6.2 » | £ T 4= 4504 4% % 0T 6 Bl{of HREISRLIB o AP
Fl* 8 SR R P RN TEAF P CE s o B 6.3 B LIRS
RHRDORFHA-LW - A 0043mE T RRA -

Floor plan of EE2 R504 Experlment Setup of EE2 R504
T T T T T T T 7 T T
: : : : : -l- Ideal Tra]ectory of Tx
] S ¢ Receivers
: i 1
sl
E Eoaf e
= E
= g
£ E 3l BRXE it ehe i
£ B 5
=3
] gLl N
0 >
-
SR O S S S,
I <N N UURN QY N 3
1 1 Il Il 1 i Il Il Il 1
-1 0 1 2 3 4 5 6 7 8
x-coordinate(m) x-coordinate(m)

B 6.1 T 450434% % T 0 F B 62 TH-45043mE T HRKE

Bl 6.3 T 18- 42504 34 2RI F%R K B R
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B 6.4 A7 H3%a 10 Bg T8 alEplLigs WY 2d AR
wmiE s R ERMEAANTFREE LTI FLANS NER - EHL 8 ok
Wik 8RAEWE Lhe s > d @@ C A EAP I E 1 SETis s 57 BT
FEOT BREFFL B ORK R 2T EFESE 5 Kk SRl FFange

Calibrated TDOA : EE2 R504 Calibrated TDOA : EE2 R504
20 T T T T 20 T T T T T
: | =il ; ; : | =il | :
5l [ {| —0— Mean of 8 Exp.(Rs=25M) ||__________i | 5l SR {| —0— Mean of 8 Exp.(Rs=25M) ||__________i |
3 3 P : : i
' 1 ,'1’ ]
—_ 'L” ] —_
w w
= =
= =
14 N 14
o~ L]
4 = 4
_.................................................................;...._ B U R s -
20 1 | I | | \ 20 | | I | | 1
0 2 4 B 8 10 0 2 4 B 8 10
Index of point Index of point
(a) R2-R1 (b) R3-R1
Calibrated TDOA : EE2 R504 Calibrated TDOA : EE2 R504
20 T T T T 20 T T T T T
: | =il ; : ; | =il ; :
: an of 8 Exp.(Rs=25M) |1 | {| —0— Mean of 8 Exp.(Rs=25M) ||__________i |
w w
= =
= =
14 14
g 2
20 1 | I | | I 20 | | I | | 1
0 2 4 B 8 10 0 2 4 B 8 10
Index of point Index of point
(c) R4-R1 (d) R5-R1
Calibrated TDOA : EE2 R504 Calibrated TDOA : EE2 R504
20 T T T 20 T T T
[ -—ideal ‘ : ([ - ideal ‘
15 1| —0— Mean of § Exp.(Rs= 25M) | o {| —0— Mean of § Exp.{Rs= 25M) |
w w
= =
- -
=4 =4
o M~
4 ©
15 R
20 I I 20 I I I
0 2 4 B 8 10 0 2 4 B 8 10

Index of point Index of point
(e) R6-R1 (f) R7-R1
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pE
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Calibrated TDOA : EE2 R504
20 ‘ : \
[ -—ideal ‘

15 <.ot| =0 Mean of & Exp.(Rs= 25M) | .

RS -R1 (ns)

0 2 4 5 8 10
Index of point

(9) R8-R1
F6.4 T - 4504 3w FHEPRE LGRS

FLEF 64 ¢ s ERER LG ESY > d 0 AT o 48504 HHE T B R

CBRE S RS TS E PR L OB R A B AL K o Ra o AP
PR R REF L SREIPFRLOTR O R FAS R PRRES L b
gﬁo@GBW{%ﬁﬂ*%Wﬁﬁéﬁﬁi’%ﬁ*ﬁﬂ8ﬁ%ﬁﬁﬁ’@*g
Be Sl 1T AR OIRATE o Bets o 1 8 Sl 28 BIE PR L AT
P kR R ) F 6.6 6.7 Rl LE SHEBE S L AR BT R
GEER-IEIE: V- R B V8- 3 ant Vol R e

All 28 Hyperbolas in EE2 R504
At Location 4

@

Ideal Tx
R2-R1
R3-R1
R4-R1
R&-R1
RE-R1
R7-R1
RE-R1
R3-R2
R4-R2
R&-R2
RE-R2
R7-R2
RE-R2
R4-R3
R&-R3
*  RB-R3
® RF-R3
# R3-R3

R&-R4
*  RB-R4
R7-R4
RE-R4
RE-RS
® RF-RA

RE-RA
* R7-RE
* RO-RG
*  R8-R7

Window :

LY

LR 2R 3 IR B BN AN

y-coordinate{m)

x-coordinate(m)

(a) Location 4
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y-coordinate{m)

N
i
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