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2. o|&4 W73

T4 34 59 7le

A2 QA 7w AA Al ERE E AT A MAE S AE o83 Ve, 7 WA
£ olF S ol &% e, v e® 278 FA SA 7o R sk 7]l vk dA
AMAARCZ QA 214 714S thE 3= GPS(Global Positioning System) = Q1 F AL o] &
sto] thde] AAE JAASH Hedl A Aot ofefAl= At 1Y o Au $4
A= FAZE vk ol 5 aiday] 9 Al 4 9 &Y Aelx= WiFi, RFID, UWB,
BlueTooth &2 ¥4 F3(RF, Radio Frequency)& ©|&% #He AT F4 $41 7|6t

o= s Ax@E AREL ofv] FgHo] B HoplH AHgEIL ek A AN,

O

EFAEA, FRARAEA AR A, obd gl g Ml A, G gap| s Fo] AR o]

&

2.1.1 GPS (Global Positioning System)
GPS+ 19709 w|=r =prbiol Al X5t Abe]l EAlstal = A= HIAE SH st A4
st FAl AR HAH Y AIARO| AR T HAAZA = v A TS JIF S o] &35t MAIAR

We T4 @y Aaolth A7 F9E i 24709 GPS 94E ol8d A, H% U AR

AEAE G PEHED BECh EF 2440 AHHA ANAE ATIEE ATAR] FLO
v, 71 gz AR Aoz deld k. FA719 A FAd 94 Az s guEst
AYH 3L, A GFANE GPS FAVZRE AFE FAse] £A719 et 979 &

T 9 AZS & g . dRbF o R GPSE 10m AEE] exkE 7 ARE Alwdth 34
il

5 7] A 47 o ge] A4S Al BEsof Bk GPSE 57

A A RRE A7t SEHE olgale] AT ANes Aawe gEA oojth A7t Sy
o A% olgatel, $417) dE AN AT ZAzhe] SN AN 250 WA A

AR A A Aol SHT the AfEire] Avhe] Hwel Mol HEE Fate] A4ksh
=

o (Ag = AHEEARE x e £5)

2.1.2 WiFi (Wireless Fidelity)

WiFis A2 F4 54 7124, 20009 ZHtel] Qlejule] @443t we} wERS T4o
2 Abgo] SiE et IEEE 802. 11 [1]10]A &= glolufo] A A& 7145 /Mwksta i, Hxab
chekst An Aol sfolsfolrt & gge] wEl 28k Vel A Wolxla, 1 A¥ spo]uto]
A A& Aol 2REE, 2 AT TREFE $O SHErF Sk gtk 27] ghelutole &

3



Ao thkd Bel MEYAstY] AL 4A AT AT Aol T4 Ade] waHQ
o] grTH: THo] golati 47 4 & JES B4 ZrEzol At

2.1.3 RFID (Radio Frequency Identification)
AntE o % RFID 7|&2 #eletast e i Abesel RFID ®l1s F&etar daks o] &
ato] g B2 ARE 5 5 Ay 9 S8t Ve uiedtt o] Ve HEE 24 Al
AA = == FFo] o}yl A By oy Ao w Wy 9d FLadrt. o T
o]

ekl A RFID ol&3 ol& J&str] 93 A+ =&sc] TxEHo o, 1973d

Charles Walton®] <% RFID 7|4k Lol 2 o7& H%& RFID 532 FH5s3ith ol 5o
RFID ®j719] A7]|7} ZolpA WA 7hA % vrobfa zbg s oksl 71e AFEokell A dnkg-o
ARG AlFsEgITE 2000 tel RFIDS] -4 Q124 7]e] Fa o]l A F-Zt= A theF
3t A g Lopso] AT CE 5o, BERe, Bel ok, dagy 5o Al VR
F7E Y RFID AlARe] o Re Abee] RE 7Hal gl Bl2(Tag), ©f HL FES

BEG T A5t 715 17 UE7) Reader), ©f HU7RFE ATEL ANEL AT
Fa0] Ar ARAA $EEEIY, SAE AFE 5o TAETH thre Aol 8
9 Hgo] /b5 o] RFID 714 s 2 A% ZAYoR /AAn Jon BEe] 58| 9t

J—O]E}-U:] 011*401]/\11,}. Z—LQ_O] 7}-__‘61— 7—1 o7 }\g Q‘_]ﬂr

2.1.4 UWB (Ultra Wide Band)
UWB &4 AIARS $4 Fab9] 20% ol (= 500MHz) & ot Hel s Abgshe

A A2

wabul, wE FYEoF 19609 TAHE HHOR Ae AT &M AL

itlo

dedeld] w9 e 2 b A AT Fobg U §e o A Balshs
golt). tpe] BAQ AT o] g8 P4 FA J1EEL wEHRT e /) Fu
S o) GHE WEAA OAd dng Agshtd va UWB 7148 MR wEng ALg
4 ek 03 149 QAT Fol9 G AAE 4718 A5 d

A R ol ge) RS Agdh of ATt #HAE 7k Aadw 3

3 JEo B ouyr] WRE HXER olF AWstAY Atdsly] oHd 54S 7HX7] wEe
Heb fAo At & 4 glon thE Aujagte] 7hdo] HAastErh =a wWg g HA
g A7) wEel A vtel nkabuke] AR Aoyt Z2E YdEts AE e o] fo] A
U AR dolde] gl adnt webx FEge Al A FHe A 2 HEEE
7HAek B3 UWBE o o] AlRsE Ao 947 84 237 &34

O AFY A, T Il EAE ¥ A UWB A 71717F SAlel 548 %
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o] = f4o= IR-UWB A3 CCS(Chirp Spread Spectrum)®2lo] ¥F9E = o] 7
Q@
[e)

=
t
to
to
Cco
(@)
N
—
o
o~
ab)
rr
\}
(@)
(@)
J
rL
t
tr
to
=2
>
e
-
]
o
oo
ot
N,
W
[N
oX
ftjo
do
o
ke
M\
|o

= A%
A g ZAste waola, CCSe AlRtel wlel Fuk5=71 vk Chirp A5 S ol gd AHE
4 st Waolth, o] 274x WAl B Radar? 71E HEE ol&stn vk & £ itk
RTLS(Real Time Location System, AAIZF 9% 52 A|AE) A= CCSE AM&3st= 497}
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2.1.5 BlueTooth

EFFAE 1994del olgEe] HxE Jhde AlFER AL 20009 o] EA4A 0w o] 857
Alzrgk FAR FA EA Z)eolth ol WEAE 10m olWe] Al Sl FAl 71715 AlolellA
w74 % dHeolH dFs S Y EF grFolvh. FA#I 2 2.4GHz T oS ARESH
T U9E oy Je AMdr FEsk H Als ko] S Fetr] A8l T &3 WA
= AMgsith EFFAE o ZI71EvE 11 A9 Hloly SAlS flE ZF o), Aol w
g = Shube miAaE X E FACRE oY do &deolr ZX7F AW = Piconets TAE
T At BEFFAE 4F ARV B ootye H Al & Edets WEAAR 7 e

atol o fHd T e dF TheetA dnh EFFA BA RS A& oR Wsts g,
O~

K
N
K=

o] Z BREs v 209 WA 408 @ol 5 vk BREEA wA 202 Adshe 9y
o ~sEgo]l Y1 Audow Wen, FAR IRE AL KT 9oy, BREA Aol
AR Folt ARARA AUHOE e wie] ok BREEA 40 WAL 20 WA WA

S @4 3% BLE BlueTooth Low Energy) §4J¢] xgs o] gt} o] mukad AX|7F Adgoz
FE2 BA )5S AT F RS 5] e 4% dojeld B [2150) BLE 7)ue
% AR ', o] 2.0 MRtk 57 =% Holtt,

Fug F95 59 Polgt b9 A Alolg 54 £Adl wet o]5Eke HolgE 23}

of Afett WHow Bxtol A AYe AUAL TE AL ASFORA FY T o)

J

Eg AbgsHE 1713k Tk el tlge] Jbssith, BREA Za49 4% 129 16009
E90] ek vhaE 71717h A4S 59 AR Zeeln J7h BASEo RN FAlol
7hs-3heh

ok Y3t 9 el V&S ZHte g 3 txFe &9 dugEorE FAEH AT A
5 7Nt R A (A=) E A48t Rl RSSI(Received

A7) DA Al Bdse A ERekn Axe WEE olgd AAE Axse

Signal Strength Indicator,5~AIAl &

AOA (Angle Of ArrivaD®2, 8] Ay =g A7e =43 93 (Ag)E A2E=
TOA (Time Of Arrival) ¥ %W Ay} &= AJ7Ee] o] & o] g-ato] Azl A (Ae)E Fhet
3= TDOA (Time Difference Of Arrival) 2 5o Qi3 Z+ZFe] 92 AAF d1ug]E&S o] £3t
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2.2.1 RSSI (Received Signal Strength Indicator) %2
RSSI W2 4 S 7ImolA A7l 418 duke] A717F Aol wet debA= 4
g E o]g3ste] FAal7|t A7) Atole] AR E Fsks WHolth o] W M 5%

Saba vl go] Al St 4ol glout #4A QASE Ad 53 A gol WA

O_Lz
N
-

e
oz Ayt A met et F2 &4 (Path Loss) Zdlo] HaskAl k. th22 AT i}
of M 4 A& Powers Toh Rdo|t}
Pr[dBm] = P t[dBm] + Gt + Gr — 201og(R) — 20log(FREQ) — 32.44 (2.1)
Pr[dBm] = TRI7]oJA 515 {32 A]7] (RSSI Z HEH= 7h)
Pt[dBm]= &7 =&
Gt = 4317] QFEL} o]5 (dBi)
Gr= T%17] QtEH} o] 5 (dBi)
R= & A2 (m)
FREQ = 77} (Y9 MHz)
3244 = Yuk oj7] 29 Y+ Fl
@.DAA = F SUkol, Ao AR E43 A AR 2] dAls 21 wAll 7] #
ol A= A7t des A2 A W3t 9% F4 Aol vA= Aol AAA
th 282 g RSSI B o] &% 9 F42 Ao 9Jx Agwrt w2 ot

HuE dAste] sAd Aol ielzs SAeoF gt wjdRtH v VAl dies ngd
AR e e AMREEH Agd ASE FAske Ves T AR o] widiH YR
el AlA AZE AAA Ha HEo] FUFsHAl s Aol Sk ZEels AWE ¥

(reverse link) A& FAlste] YAZES FEARE [3]13 o] &3 & A (forward link) A%

2 Saleto] QAzte ZAas WA olgdkE AN AVE F 4 glow &R &gl

7Fs sttt
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[Ganmer 2
" LLTS 1

Sansy |
14, W)

1382 (a) Reverse link AOA [3]

o]

{=e 4l

193 (b) Forward link AOA [3]

2.2.3 TOA (Time Of Arrival) ¥4

TOA A& Ash B2sts Ak o g3} A (A E ANSHE Aotk BEED 17

3 o]lE F W Hk&Esle] FA 5= SDS—TWR (Symmetric Double Sided Two Way Ranging)
protocol WX el 771 FEHZF vt F 7FA] Al W o] ztol= $F cycle T FAlISHE WAIA
9] Jigoltt. ofe) 2™y Zo] SDS—TWR protocol S F =& to] A& sHA DATA

Frame ¥ ACK FramesS F1%E F 719 round® A ® T}
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Time Of Arrival (TOA) 24

19 53 zFo] 7)&tet

Aol Aozt Ay 9N 1Y wES

dl

d2

d3

195 718k8HE TOA 4

fifo
ofy

H
rr
)
-z
>
i
R

=EXZEy 17F x=E139] Ay
=EZEy 7Y w5239 A7
= EXZEy 7% w5339 A7

Mo7 = Ae 17

o] A& A Dot (xy, yn) = FE3FAF 8

O] 1A #HIEOIAL, (xp,¥1), ( X2, ¥2),( x3,y3) © R A9 A =59 3
= A =g AS o)gE AbEd AdE YEkdd o] AgE olgdl 4 1
% ote 95 vEhdd was e 5 slh
(dD)? = (1 = %)% + (V1 = Ym)? (2.4)
(d2)? = (x; = %) + (V2 = ¥m)* (2.5)
(d3)? = (x3 = %) + (V3 = ¥m)* (2.6)



2.2.4 TDOA (Time Difference Of Arrival) 2]

TDOA e BEE F 7 o4 Seldl 9149 14 wEE Alold] A% we Azke] 3
o8 ZHstel BEE AT FYsH WAl
a9 63 o] JlaketAel Agont HAxE 349 1 woh EAZ 9 o] F 249 1

ool Zx=9 A FH;molaL, (x,y1),( x2,¥2),( x3,y3) © &z X9 14 =59 FH3xo|
dl—d2, d1— d3, d2— d3 & Z} 1% =ToA Zx 59 Ay T Al7F zo]E yeh 1,

2

Time Difference Of Arrival (TDOA) 2F&)
5 T T T T T T T

2r (Xq Vo) da-d‘l/

17 Yo ]
d3—d2 II{

tx‘1y‘1 2},2}
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(d3—d1) = (x3—=x%0)2 + (V3 — Ym)* — (X1 — Xp)? + (V1 — Ym)? 2.7

(d3 - dZ) = \/(x3 - xm)z + (Y3 - ym)2 - (xz - xm)z + (YZ - ym)2 (28)

dl = ZxZE7 w3 »r=172 Azl
d2 = ZAZEF7 w3 w=27° Azl
d3 = ZAZEF7 w3 w379 Azl
3 A7 ¢4 #A
Z ZdY 7N Al 9 AA"e FY SAP0E Qs thg AE 9 usdEel gk A
o Jd BygHa vk olyet A o] gste] & =FeA] Atstaat sk X BA o
F5> UWB F4l& 7IHte s 4% 9171 A4 Ax Ao A ES BAste] &3
A FHE 9 Zojtk. UWB G4l 7|9k AIARLE QIxxe} 7|gk AlARI O ® A A4l x| 9}
U AAdEs A 55 st=dojrt Aastth wepa] 4 ALt Hol U RES ol &l Au

aF3laL, ol& thFet el &5kl

3.1 UWB B4l 7|8t Ay &9 Al28" 14
#H 483ty UWB(Ultra Wide Band) B4l 7]&0] YAE A28h= wokoll EufjEo] A5

1 Yt} Ubisense®, Time Domain®, Decawave® % Bespoon®y Z+S 3|Alo| A& A8 g, A

& A SEeA TdEhe JEE DEHA Eehe Fite] ot ol F o=
(LOS, Line Of Sight)ell A& Wl AT F gl AAE d& & ded, dubgoz Je U
T9NAE v AR B AR Y T Ao e Ak wiab Ed) AbsE so] dAET
A= NLOS (None Line Of Sight) o] @At} fojxl 7el= LOS =119 Agrt &4 A
A vebdth whEba] o] E A st ®mAgsh] fe £ dags 9 s A7 A9y
2 Ak(5],[6]. 28] wlEe] AARE AF FFAA AAEE JHE oty 24 (3.1) ¥ 2o
st=go] W QU A A¥} 2 F7h x| lo] arg Eojof g}

Calculated position = Real location tbias error + noise (3.1)
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311 @70l A S=del 54
B =fo A AFEEE tE¢o]= DecaWave® ARl A A3 DWM1001 (Development Board)

BES AT o] FEAlE Aue FH olfi (813 Yol vE A4 AR Hmsn

e W oolE AR gt "olX st AR Alwe Aest] mitolt

%7 DWM1001 module [11]

DWM1001 ®&- DW1000 3, UWB FA &4 39 Steuh, Nordic nRF52832 mo]A2 A E

=g 9 FoE A3 9 &89 d47H53 Bluetooth 7152 2 FALAR = BEO]
th. DW1000 & UWB 54l &3 wWAAE Ry fEdus dom, 5ot vAAE o
Fsto] FAgT webA el DW10003 o] #4doleka & 4= Slth. Nordic nRF52832 &
SPI(Serial Peripheral Interface) &4l& &3 DW10003 2 &4lstal USB(Universal Serial
Bus) ®+ UART (Universal Asynchronous Receiver/Transmitter) S %3] PCZ WA|AE %
F38F= 32H]E who] A2 X ZA|A ol

13



DW1000
BT Radio SPI1 (UWE)
LISZDH12TR
12C Accelerometer
DEBUG/SWD CGRE MCU
Edge
UART 9
Pins
MFC
GPIO

I¥8 DWM1001 Y £F tolo] 19 [9]

MDEK1001> DWM1001 EE¢ FA=o & DW10003 oA BE UWB 5418 F-3 st
T 6719 AHE 7hed Tk Aldo] o, 7 Adedle A T 9 g9 %o o] thEdh
T3l 16MHz =+ 64MHz PRF (Pulse Repetition Frequency) & A Q3l+= thefsh ZzgjiE &=
7F Stk 1A AAs fs B AREE vy AR ZE s AlEAE AR A5 9 A

HomHA dojxl= A dEdA S5 FHol g3 AlFdrt. DW10009 2§ 7]s2 IEEE

O

802.15.4-2011 X+& 7|vte=w & v, ol FAgc=w FHA dAEg Hus -
41.3dbm/MHz= AgtE T £ =39 Ade] A8¥ MDEK1001 A|A®lS 64MHz PRF®=

Channel 5914 AdH = F4HE

UWB Parameters
UWB Channel Channel 5 (6.5 GHz)
Data Rate 6.81 Mbps
PRF 64 MHz
Preamble Length 128
Preamble Code 9

1%¥9 DWM1001 UWB w}eteg E4
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it ATE AR B FA AARAY QhHUE 81 Hioln, qhelbelA A}
A4 sho] M 7ke] BAlo] o] FolX B 54 o] JBL WAL ToF 24E F o
Zh belv BEA7], Z, Aol webd mES 54 erE @A e 8] ob= Aol

Fa3.

il

3.1.2 A&HE 78 X (R A @A) 9 T2 EF 4]

DWM1001 &% /4% MDEK1001 RTLSAIA®S th4=2] Anchor ¥ Tag & 4449
AL, AEAor WENT Fol 7AEHE W9 FHS FH Tagd A HxE AN
olth. 2 =Xo| A= Anchor$t Tag Abolel AglE Axtelr] 9& AHEE ¥ TOA(Time Of
arrival) WAolt} o] Azt wl§- wizks WAojm g A daYa o] s o]
Anchor 9} Tag Atolell AeljEo] 9l A, 54 257t Ak A2 =gdd 5 A =

Tag®] Alate A7) g eksiA dt, o] S Fole A} A7 wet dEpiv

NN

T v kEEo] MR WAAE Fay] S8 stEde] AlzAG vy g w2 ZR
B Wo] ot vFst ZIMold dlolE FHAle] g8Ae Suistslr] 919k Zl]ldl 1hds)

el the] FAEol HolHE Farts deM Aed wevie mERS A Fe 3
otk WAl 37kA 9] thE WIS ofef E1d o] skl & =RIA AEE =
Aeolel B Als L8] HolH A ©ME dshs TDMAEE w53t 7)<

CEE

|

ftlo

o

=B Ad
i 23 g/
Hole gade)el Fo+ fAZS oy 749l = S UHS PER PHO| JHEIER JHY
FDMA EE Fh= F22 L0 o7 7He] BX| 24Z0| Of B|2H XMEYstn E=o| B/5x7|7t ER
(Frequency Division AEE FOE 2EE. Z Xz Aol agst SHA| =
Multiple Access) Fifs= LU M B S4ISIE R SA|0] o2 ZAQ -EHE . Fhb (A F0| HH|E Zafig = Y
F2E H5E = U= I Mdel 0250 Mot + U=
Holy 3ol 22 H&558 AlZtS L3t FE U x2 PEED 8 XHEG
TDMA
AUERCR FEOHY 4 AZLERY 4 BXES O ol M&ES =2E = AUS.
(Time Division
=XtEoz SetA|A FE| B ol AlZL S22t 4 -CHE  AIZMERO| HH|IE EeiE Zts4dol
Multiple Access)
St 2 =
CDMA AlZE3r FObeE 25 O[23tES AtE0 YlelLt -Sd B |XI7F =N, A2 SO Gl
(Code Division 2t2t0| HA|E0| AHLIBO| Code2 ME2E FE310] 7t 8l
Multiple Access) SR JHEE OX| 2 Hal -EHd - 14 0| §410] o{2{2.



Power Time

—
Frequency

Warrow band

1¥10 FDMA (Frequency Division Multiple Access)

Power

Time

Time Slat

Frequency

1311 TDMA (Time Division Multiple Access)

Fower

Time

Frequency

1¥12 CDMA (Code Division Multiple Access)
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911 2ol TDMA AlE AW Y A2 T4 AES Al &30 7 Fa5to] AFEg o= 4
T AdS EEAOE AT 5 A Hw DWM1001 a2 ofef I§1133% o]
“Superframe (3 frame@ 100ms) " T%[10]9 HH5S %8 =& 7He] EAlo] o]Fof Zt}. 9]

= %7 A3t Initiator Anchorell 2]al gfo]™o] Ao =T},

BCN(0-15) SVC(0-1) TWR(0-14) Idle Time (end)
Beacon message slot Service and almanac Two Way Ranging interaction slot
message

1913 Superframe T+%

TWR(Two Way Ranging)©] ©o]Fo] *|7] Z, Tagx Superframe ¢ HF2] Beacon WA A2}

Almanac "IAAIE =3, B9 del A+ 47019 AnchorE A¥gtty. BCN time slot 73H %
1671(0-15) 2 %= Hojlorz Hd 167019 AnchorZ T49 F otk F7t2 WES A
T2} 3= AEE Anchor?l free seato] §l& -5, 7Itta F5o A4S AAE3HA
Hrt. Almanac WA A oll= “Initiator’®] FW M Fr7} 23e]o] glomg »E HEA
A RmEES o] M Arel Fddlol st S SVC slot W9 service message®l Anchor
o]% ZZ report 59 Ugo] E3tx o] Qtl. a3 Beacon Y Almanac HAX ¢l A$, =
dol M gl FW ®Ho] 387bedA WA Qs 5, 7hestrd TWR AaE 23 =
AR 2= obel 1d 149 2t

Group Poll | AN_A,B,C,D Poll Tag Response AN_A,B,C,D Final | Calc_Location
(H& Al7H0| 7| E2&[0 *S)

I¥14 TWR(Two Way Ranging) slot W% %

o #7442 Tag’t WA Group Poll WAIAE AEgt}, o] wAA= A8 W] e = B

Anchorell 45 ™ ranging period, update rate @ Anchor address 59| Uj-go] *3t5] o]

38

&

t}. Group poll WIAJA] o] 3+ SO 2 7} Anchor 59| Tag® AN_Poll HAA S #AE3T),
# t}5, Tag:s Response messages HuUW oo tfdt S92 ZF Anchor&¢] AN_Final ||
MAE AFstar, o] wA|A o] 2&H AIZF Y85 o] &3] Anchor2FEH ] A& A 4+ 3

A #dk. Tag W9 LE (Location Engine) oA AA1e] QA& AAbstt), ©F, TWR slot W]

17



Final WAIA7F 9le A9 S5 ZASAY vAIAE oA AfolmE Tage MEE
slotS &A%t} o] wj, LE (Location Engine)2 A# % Anchor? <487 X9 TWR A3E
o] g3l Tagel YXF4 s AlAbetar, YA FHX = 3~4712] Agho] AlEH R =],

se] we FAANE AgHh EF AR JFoT A AW @dE F Y FS A
getert B Ao e,

3.1.3 3t=do] B £4

g2l dlolg AEe] ®7|Ho Sl AUEs 7 A0S = w5 3 S48
ou)gttt, spAIE AA Aol 7R A @L0S) el Y S e 7o) A9 k. whebA
AgstaAl o= el Au e 94 W 59 AULEE v g S davt v fA
F4 A, Folls sk NLOSS| 7|9k YA % TOA WS Ak &
A 0 7]:= NLOSS Z7]9} Anchor 9} Tag Alo]le] Agli= NLOSe| 93|
dleteh W AgleA ] zo] Aolrtt kR ArlelA el o] Aol tigk eatvt o F AT
vk AAZ TOAE A8T u A5 A AIRF 9 st=glo] AHA] A e &ar glojok
stet, o] 7 stEdole] wet thEw, st Ay S 98 st=dlo] AP ARbE uE el
=g

Channel Channel 5 (6.5 GHz)
Algorithm Time of Arrival
Ranging method Two Way Ranging
Number of nodes 1 Anchor, 1 Tag
Average transmitted power | —70.0dBm

£2 S FUE 49 dHejug
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3.1.3.1 A2 Wael e JU= 4y L £

W Anchor =%

o

2= o)t BEAQ A 99 M= 1molA <k 10cm, 5melA °F 10~15cm, 10melA] °F

ok
40~80cme] A 2A7F vedth A e F9A 9 B AN At nAHE 87
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im

15 5

5. 15
T AN AN RE RN RN A ERERR B EEERRE “'"Hﬂawamﬁnsxﬂwwsmmmmmmnmmmaamaxs;

5m
20m

55

g P Pl W‘ﬁJvth“W“Jd‘vfﬁrV*'_-‘““"
ns

a5

T HRMEANREARR IR RN NANIGERERA AR ERE n"v“si'nanm\.emﬂxmsnswmnﬁsaaﬁmmx;aaaaa;

10m
n 25m

x
5
p BS5
a5

B S
"‘“Bﬁﬁﬂﬁﬁﬁﬁﬂﬁ#@#wﬁmm&!-kﬂ!t#uﬁ&g;ﬁ “‘“HNRNHNﬁﬁHFH##E?HHBEEEEEEHBEHEE&

30m
. tag-anchor ALO| (A} B/ 5 )-5m

n &5
MW’\MMWNWW s
05 55 ——
5
E

45
T RN A NHNARR R AR R AR AY IR ERHAEREG ] 159 BT NE BB TAEEETEEE ST &S S D 0INSIHT

13816 438 A3 1(Distance Accuracy)

3.1.3.2 ¢E} B e FUE AY D 24

1%17 A¥ 973 2(Antenna Orientation)
AUE Aol HAL QU ek wE A SHXA AolgE FA3HT] fgeltt

J
A FAARGAA Hie AnE SRS 2R Y AA 48 dkn ¥ 5 9l

F WA

o owebA o]y SrelvE 5%k WA 9 WlsiE (beam pattern) & 7FA7] wliEoll ol & o}
7] e AdS e A e AEA diFeld JaAEI 0.5m A Aol <k

A7t S8k el glo] 7R A” @Al S48
R, s B =t I AYE SAANAT 5 S5 1HzE 3 33 & 3038 F4ste] 3

Fsgleh. obdl w3 ol 0'elA 3607 AbolE 8Alel WEOE Pkl ZAsUON 7
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ES 22 AR AAAMRE el Bl A SHAIE AA A b A 549
At 1 98] oM AR ATt B2 As 4 ASiHh

07(0.5m) E0.435 180" (2.5m) BRoaes
15 e — T —
o o
1 2 3 456 7 494010V MBSBETHESYPNEIAMBIEYNIENN

123 4567 8NN EETESRIREMERDTIERN

45 {0.5m) HFeas 225" (0.5m} B F0.aze667
L5

o5

——— e — —
1234567 8¢V UUBUELTURNRDERENSETEDD 123145687 8 9NHOAUEENENPABANEEDEED
.
90 {0.5m) HFozm3aaz 270 " {o.5m) BFn3es
us —— e e e 15 —
o o -
123456708 PN UBETBRNXNOFTBENEERTES D 123456878 ¢HUDBUBENTNBEADHRBENEBEDEBD
=
135 " {0.5m} ¥ Fo.33867 315 " (0.5m) WF0357
us a5

-_——-—-—
o

123456789 0DULEUBEETHADNERENSEETEDD 191 4 567 8NN U EENESPHBEANSEDRED

1%18 A% A3 2(Antenna Orientation)

w3 BE AAed w2 24e dER Al wmokth g e RETF 22 AgelM EEs
AR el S8A S wRe W SEAE vl B3dvh 7 A3 REd w3e W A

el o AA S48e by 19199 2ol gl + Uh

SFELE FHAE Bl (d1)

%819 2E AAC wE 24
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3.1.3.3 ¥o] ¥3le] W& FEUE 43 2 4

3820 A8 w7 3(Antenna Height)

AA s AEe 542 3 Y S =5 Aol HEy o] HI1(0m) 3t

rl

H2(0.85m) ] Wste] wE Ag FA2e] Aol& vlasty] et =, A} AdA A

QbelL} zo] Apole] e AEE dobwr] flsiA WFESTE ol FFo mE AHA JAE

AR W Fark d F dvk AY Ahe AP delA Adyskla, 4 A9 FES 1m,

2m, 3m=z TE3 SHEAT 5 S5 1Hzz 72t &5 5038 533 H HAE ¢S ol
3

F% qreu ol Aol9 o] tEhbA Ui AL &+ U

=

g319th. o2l w33 2ol Ak APA4E el o] Aolo AR Wol won Wold

\\\\ﬂﬂ 1m 2m 3m
%li;o] \\‘\_
H1 = H2 0.98627 m 2.0792 m 3.0786 m
1 <112 1.6532 m 2.2696 m 3.0492 m
(+H2 : 0.85m)

X 3 4% 43} 3(Antenna Height)
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3.2 A7t 7 &9 dueE TE R AFHA

3.2.1 718 29 Axd T4 D 713E AN P

Pi:{ P::{
p: = [Py p: = |Pay
P, Pz
dy dz
-
P'I:I'.I}{.
Pm = | Fmy
PI:DZ
d
ds “
Pay Py
ps = |Fay pe = |Fay
Py, Fiz

obx DWMLO0L 259 A¢l ZUEE ofd F2Wz =35k, 2% #4& dngon, o
59 BES olgstel EQAZ FA] Aol SHHoR 9 Ax

ot dubHo® [12],[13]8F o] Tage #AE F4sk= 23 Aol thal @o

O

H

dH A ot B =R = Tagd YIXE <431 Anchor? A FHEE FHst= S k5]
ANEHolAS A KT P, P, P, P, I8 o] 1AFO Q= Anchord XZE 7HH
SHITE Py Eubd w9109 Tagdl 9AE vk itk AlEdo]lde Matlab® L&
Jfe o]&ste] FrHA =AE AFEGitE A MAE Tage HelHE A= A
(Data Generation, i = 1:N, i # j,N = number of sampling data)= 2333, + HAA FFJo =
= AAE "HolHE ol &dl xS F4 (Position Estimation) 3| Xttt A E 7t sampling Ul
olg| mith oh3} B 479 Ao] dojxith

p, |12 (3.2)
p,|I2 (3.3)

d;”> = (P —P1? = Pm —P) " Pm —P1) = lpm—

dy? = (Pm —P2)? = Pm — P2)TPm —P2) = IIpm —
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ds® = (Pm —P3)? = P = P3)"Om — P3) = llpm — pslI? (3.4)

d? = Pm —P)? = P — P Om —Pa) = llpm — psll? (3.5)
o

i =| ‘;I (3.6)

il
di

N 7Re] HeolEd i, 4 N 7§e] Ao] wtEo] AiL, 7} sampling HOlHE o & oz HI

g 5 Doy e xge wE S Yk
i=1, j=2:N =(N-1 7
i=2, j= N = (N-=2) 7

i=N-1,j=N =(N-@W-1) 7l 3.7
DA 2 g F 4 Pehs AL 0w gk
.2 . N . 2 N\2 ; 2 \2
di* = (phe = Ph)" + (Phy = Ply)” + (phny = L) B8
= (pL.)2 — 2pL pi (i)2+(i)2_2i i (i)2+(i2_2i i (i)2 (3.9
pmx) PmxPix + Pix pmy pmyply + ply pmz) PmzP1z + Piz
2 2 ) 2 2 22 : : : : L
= (Phy +Phny. + Pz ) * (Pl +Phy” +Piy”) -2 (PlaPhy + PhayPly + PnzPhs) (3.10)
joRA 59 3 F 4,e ks Ao o g
.2 . .2 . 2 : (2
di" = (Phyx—P1) + (Phy—ply)  + (Ph—pln) (3.11)
S\2 : : © .2 Y : : F .2 ©\2 L )
= () = 20hubly +(01)" +(Phy) = 200gply +(0l,) + (Phy) —20h0), +(0),)" (312
) : 2 ;2 22 22 22 : : : : L
= (Dhx *Pmy +Pmz )+ (01, +P1y, +P1, ) -2 (PmxPix + PhyPly + PinzP1,) (3.13)

PR T (Y oA e @) & oM e go] p2ell B wEol AARS o &
=,

i2 4% _ 2, 4 02 ;02 j?, j?, j? A i i
dl _d1 - (pmx +pmy +pmz ) B (pmx +pmy +pmz ) -2 {(pmxp1x+pmyp1y+pmzplz)

T e (3.14)
+ (PrxPix + PmyPly + PrmzP1,)}
o5 F URE BWow §7 A% gusd e gol wad + Uk
P1x T (p;nx - pr]nx)
i2 2 2 2 .
S ditddt - i Gept P pl Py ol T4pl Tpl )= |p i)
5 W1 1 Pmx TPmy Pmz Pmx TPmy Pmz - 1y (pmy pmy) (3.15)
Pi1z :

(p:nz - pr]nz)
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(Phux = Phny) ,
A = |(Phy = Phy) | = (P — Pun)
i )
(me me) (3' 1 6)

. i2 . . . ;2 ;2 )
B = - 2 4di”-al” - (bl +Plhy” +Phe ) + (lax +Dlhy + Pl ) ) (3.17)

T2

s wA] 918, $19h 2 42 A BE P8k A, BE 188 Anchord] 914 i

O

(P)E F4T F Ak
PTA = B , ATP — BT (318)
P = (AAT)1BT (3.20)

£
lo
£

e 4 ol g8 BACINOM, dy, dy, d, & O1EF FSolE FAs A getel T

4
32
ui

3.2.2 48A 1A = X7 Y= 2AY olF =E X FH
Uaga 74 Al 7P durAel gxF4 e Feolth. 14 ® Anchor5e XS o] &3}
A A9 Tage YRS Fat= wholth 919 22 4702 14 Y Anchor(py, py. Ps, Pa) S ©

gatd 2ol 4707k EASEIL Tag(py,)el 1A HE By, Py, Pn7F 3709 vIAFE ZA 5

ofs

dot wEba o] mx o] JfgRr W] wite o]EHoR Aol shesith. ol 1¥2 ¢
°]9] 1% Anchor H#XEE o]§3te] AlitE o]zl Tage] HRFxe $A wol=E EFAIN 4
FHEE vlws) Hokrh
di* = g =P + (Phay —P1y) + (Pl = P12)? (3.21)
d)* = (Phx =P2)® + (Phy =P2y)” + (Phu = P2 (3.22)
di* = (Phx =P3)® + (Phy = P1y)” + (Pl = P2 (3.23)
di* = by =Pi)® + (Phy = Pay)”  + (P — P12’ (3.24)

25



Tag Position Estimation

Bl O o o
'*'0 * O  Anchor
g 0 #°| *  PmiCal}
25+ § Hiag0 o £ O Pm+naise(0.1)
: s 5
¥ fo Mo £ *
5% »
o ¢ o6
di K i N
® p ® XXy
? ;% o .0 > B
16T * O
i "
i o)
$0
sl ¥ *0 *
o
£ 5 % ol
3 * @*G *O o O »
05 g 0 ¥y # £,0
o #£80 ¢
O P o ®
Ok m 1 #* | 1 e m
0 0.5 1 1.5 2 25 3

AnkAQl A7F obd & 1A wmro AATF gl Afeol e & e Al A
g5 o]&s AAZAQ AAFHEE FAHse WS A Bkt o= A8 o] deAl=
Aol AFAow Z47te] wr 91A] AAto] ThestAl HW ol oAy wEA HEA|7]= Ao
7hed Zlolgta Azt Rkt ¢4 Tagel A #FHEE AlE#HClAH} Zo] P& i=M H 54

B 4709 Al B3I 2 (di,db,di, di)o] AAE I MY FHEe] Tk ®
< ZAEE AdRE wl T 4+ MRS o] EAEHA Fnt v 2 ® Anchor?] 913 #H3E(p;, p,,
p3. py) HEZF WAool B R 24z Anchorell e H3E W= T O127W(Py, Py, Py, P, Py,
Py Py, Psy, PayPiy, Piy, Py)Olal Tag(py )@l 12 23E Py Py, Bn 7t 3708 mIA|F0]7]
ol F 12+3=M 7i7F |k olE A o® 29 g7t mA e JieRn BA HE Aol The

g EAZE I EE M (Tag BEY )0l 255 sldo] 7hsatt.

o
=%
|

= (phx = Pix) + (Play —piy)°  + (phay—piy) (3.25)
= (plax = Phx) + (Phay —Phy)” + (Phag— DPhs)’ (3.26)
26
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.2 . 2 \2 . 2 N\2 : 2 N2
dlS = (p:nx - pl3x) + (p:ny - pl3y) + (p:nz - pl32)
.2 . 2 \2 . 2 N\2 : 2 N2
df} = (p:nx - pf}x) + (p:ny - pf}y) + (p:nz - pf}z)
Tag / Anchor Position Estimation
ar I-J:T- .g #2 Fa ¥ *
b #0400 [ 0 estpi-pa)
O &) *  Pm(Cal.)
* +° * O Pm+noise(0.1)
25 $ L% _ estPi-Paymoise
o o) = | ST
#O £ ¥
L £
2 0*3_5 ] $
£ _*0 e
¥ P £o
£ #0O o) *
4
15 » = _*_C}
£,0 B ¥
g ® 10, ¥
L &
1 £ =)
*_*f;} *CE%_*_ P _*_D _*_C:u
*DO _*_Cl
iek * 0 F® o éj £
' *0 ) Q *
oF L o #9
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%9823 =39 Tag 9 Anchor HX vl

3k o]21dt Anchor—free F#|= [14]3 Zo] Azta] & 4 vt Aalx HhF

L 71 AZE fle A, A AYE ol ds MEAA s Vel He
AT et 2 Ae o] dal AHE & Stk 4709 Anchor7b EAIEHAL, =
AR grel kh A W, 2 AEY FRENEH A ¢s AN Uk o] AA
A MESA S48 3o &Ve Hds A B3N o] Ay, i
Tl A4z el sdsA AAE THE AH R &k Tagd 1A #H3E9

Az AzE) B 5 ol

=

)

X, Xy X3 X4

A(anchor) = (Y1 Y2 Y3 Ya
21 Zp Z3 Zy

Xl a2 e xk

T(tag) = ym Y& = ¥
ZL g2 .. gk

[di di df di]

2 2 2 2

D(distnace) = ld:l d:z d:3 d:4 |
Llf ds dk deJ

27
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(3.27)
(3.28)

R4

HES
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A = (h-x)? + Gh-y)? + (@h-2)? (3.32)

" = (h =) + Oh =72 + (h—2n) (3.33)

A" = (h =) + Oh =y + (Zh—2) (3.34)

di’ = (h—x)? + Oh—y)* + (2h—2) (3.35)
rx1+x2+x3+x4-| [@]

Am(anchor mean) = |y1+y2+Y3+y4 , Tm(tag mean) = |M| (3.36)

Ac = A(anchor) — Am(anchor mean), Tc = T(tag) — Tm(tagk mean) (3.37)

#  T(taglunknown

*  Alanchorlunknown
+  Tc(T-Tm)
«  Ac(A -Am)

=

A A 3= G Anchor =0 A py(xy, y1,21), P2(X2,Y2.22), P3(X3,Y3,23), Pa(Xa,Var 24)

S B Ha A5 AMPHE Aldste] Tag =29 27 AA &

Axbgttt, olo} e A= A3} 7] 8l el e wAgAs WA Y $(d,), YA

BE A4 (dy,dy dy)= 717 B2 (dy) 3 Witk ok o] A3 o] Al S BF Eol AAb

b A A A ok 91A HAEQ Tag HE AJE2 Al FEo] AFEAA k. mpxgo g AS
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AP Eetd 9% o Tag HE o] 185 Ho A8s B4 o gz Aoshd Ap =

B @elo 43 W4 Axgow vehd 5 QI Ap— B = 05 BEeHE pkd TS
B =oAL BolAE dZa7] A4 Matlab® =219 E ol g3jo] pe] HuE Fahi B el

o)x9 8 d (Pseudo inverse) = 283k th d (A2) JH= AFESE st=goo A UWB FA1C
23H 49 gt= ARgeelth

d2 = (x—x) + —y)? + (z—2)> (3.38)
2 = (k—x)2 + =y)2 + (z2—12,)° (3.39)
A2 = (k—x3)2 + (=932 + (z—23)° (3.40)
d? = (x—x)% + W—y)? + (z—2,)? (3.41)

di—df = (P —2xx,+ x5 +y? =2y ya+yi+2z° =2z z,+ z5)- (x> —2x x; +  (3.49)
24+ y2 =2y y, +yi+z? —2z z, + z?)

dZ2 —d? = (k2 —2x x, +x2+y?2 =2y y, + y2+2% — 27 z, + z2)- (x? —2x x, + (3.43)
2+y2—2yy, +yi+z? — 2z z, + z2)

dZ2—d? = (k2 —2x x, +x2+y?2 =2y y, + y2+2% — 27 z, + z2)- (x? — 2x x3 + (3.44)
2+y2—2yy, +yi+z% — 2z z3 + z3)

d? —d? = —2x x, =2y y,—2Z 2, +2x x; + 2y y,+22 z, + x5+ yZ +zZ —x2 —  (3.45)
yi—zf

d? —d? = —2x x,— 2y y,—22Z 24+ 2x X, + 2y V,+2Z Z, + x2 + V2 + 22 —x2 — (3.46)
v — 73

d? —d? = —2x x,— 2y y,—22Z 24+ 2x X3 + 2y y3+2Z z3 + x2 + y2 +z2 —x2 —  (3.47)
yi—273

20 (1 = Xg)+2y (1 = Ya)+ 22 (2 —z,) = df —d} —x3 —y} —z} +x} + Y} + 2 (3.48)

2x (6 = x)¥2y (2 =~ ya)* 22y —~z) = df~df —xF—yi —zi+xF+yi+zp 349

2x (65 = xg)¥2y (3 —ya)* 22 (z3—~2) = df ~df —xF —yi —zi +xi+yi+z3 350

2

2000 —x4) 2001—Ya) 2(z1—2z4)\ px di —di—xi—yi—zi +x{ +yf +2]
zm—n)zm—n)zm—a)<)= B-di-x2-yi-z2+xi+yi+zz| BOD
23— x4) 2(y3—Ya) 2(z5—24) d? —d? —xZ —y?

2000 —x4) 2001—Ya) 2(z1—24)

2

z —z2+x2 +y2+ 72

A=120x —x4) 2002 —Ya) 2(2, — 24) (3.52)
2(x3 —x4) 2(V3—Ya) 2(23—74)
p=(xy2) (3.53)
Xt —xi+yi—yi+zi -z +di—di
B=|x;—xi+yi—yi+z—z;+di—d; (3.54)

X3 —xi+y3—yi+zi—zi+di—di

p =inv(A’ *A) x A’ B (3.55)
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3.3.1 43 24
AlEolAel ALt MEYA 42 2o] Anchor (L =5) 470, Tag(els =5) 171E 9]
g3to] A WYt UWB F2ls AREste] Qtely Atel o] ARlE 4% 5, 549 A

e ol gsto] 33004 AEE S99 duEES A&, AEste] AtE X JEEE

Fol7] f3t ®A wehs ARt dif-Ee Ade 7HAA A-7F 9l LOS(Line Of Sight)

Aol dAHNoH, 2 =EolA HE&eta st fAo BxHo e F 24 I

Channel Channel 5(6.5 GHz)
Algorithm Time of Arrival
Ranging method Two Way Ranging
Number of nodes 4 Anchor, 1 Tag
Average transmitted power | -83.0dBm

£ 4 94 4 43 929

3.3.2 IZAAY 94x 4 A3

AE F74L St A7) et 1% ZHlolA A Y. B4 UEYD e A
A8l ohe 3 2ol 7k 9.6m, AR 4.8me HAIZLE FiHE FAdstel WSt Anchor (L%
wE) 9] ol A3 1.5mell ATt Tagd $1X: o]Eakx ok whehelA] uAH 9
AolA 508 ZHe 1, 7 5 I9AE FAY UELA I U F 1054 AR (Y
25) 914 ZAath 7N ATt BgEE @404 At on, A4 ¢9x¢ UWB A<
o Qo) AP (DL olgd S dnPEE Bl AxEHR F4 IAE g 1E 2600
LR 2t
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3.3.3 o] AAY A F4 49
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3.3.4 % AE #HA X F3 AF[15]
Tl AR w2 UWB 5219 o2 AlAHlo] Zgsts du Ade] <

obg] Z1%1303} o] 257t A

e 54
d AgdE s, 4 dve) 72 MAYES vF AR As 5
2 UE AR 9 A3 A8S il SN FAV e meE & Qlvke Aot whebs A
A Bl A3 Yl HEA AT ReEHE du A5 s AZE uddof gt
s AZ2E AX FAEE A5 A7ls okeld Floju = A2 At Ad4E 23 A
AT dojAug FAstaat st A ARtk AA AtE o] debdth o] Aol dwhAo
AA, AE 9, 9 WEkEe] ¥ErE vebdeh v5e 2 (3.58) &
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A1 3%

RETIE

ANt 07 thF
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o ol

EAn

o

S 7 A As BdS 3383 Zlojth[17].
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o

L

r(t) = Z a; s(t — T]-) + n(t)
Az #5 vEhle, gt Az AF, 293 5t AQE ARE GusD a@) &

Gaussian = A& Yebi= St Eolrh of o A A2 4 <17y ol

(3.58)
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Iron plate impact Test
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o, o714 ceb 4,5 A7 W] el AR Amde] md AP FAA ol ok HARl wi
el g oqnisih, mEb Ae 54 eabs e 2ol ded  dn

ew(d =d, —d (3.59)

w3 o] @AFE T Y Q49 vE ARE A waE A2 Ak ey, () UDPxZ

o muA T ek ey, @2 TE Ao HEa glon UDPeAt i o] £3io] iAad 4

et EASE wEbd WY A5 fw(d)E AHESke] UDPxxio] Ae o 1, 234 o2
B9 09 s FskA mdy =tk
€w(d) = € (@) + Ew(dey,, () (3.60)
o] A& tl AAISH EaliiEH Z4 A=7F Sl wet A 54 etk SUHE Bow
g & Qo Al AP A AuelA olejd Tk wAFA AE deRa ok o
gtoll F7bets 24k 28 FEsted 21 U5 AL
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e-M,w(d) = G(mM,wl aM,w) log(l + d) (361)
W, UDPEAS] oAbt §59 4 glom, BAshl 7h9Aek #2 JueA e o] xd

eU,w(d) = G(mU,w' GU,W) (362)
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il
219 exE ZA8] flstol Ad @4E f19 2ol AAs3i

DP Multi-Path error Distribution (0,0,0)
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157 O Anchor
*  Mean(Est.)
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D57 25=30cm
At O o
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DP Multi-Path error Distribution (d1)

DP Multi-Path error Distribution (d2)

25 Fid]
* Gaussian Mormal Distribution
Mean = 0.3021 [0.2972, 0.3068]
201 Sigma = (,0244 [0.02149, 0.02843] 20
* Gaussian Normal Distribution
Mean = 0.1371 [0.1244, 0.1497]
Sigma = 0.0638 [0.05604, 0.07414
5r 18 igen I 1
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5 5
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DP Multi-Path error Distribution (d3) . DP Multi-Path error Distribution (d4)
25 2 -
* Gaussian Normal Distribution
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© A% Sl A3, d3(Tageld Anchor3Zbx e Az))e] o B3 Gej7h 7h5A1qk &
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X Xz 3
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o] e ¥ FeE mdgd 5 vk

3.3.5 43 2% 4
A G thE Az gt A3 Ax F Ag EEE Afo|2 g ow ekl ®gitt

L oS . o
NormalDistribution{Les) Distance distributions

EEE NLeS mu= 236193 [2.35831, 2 36455
MomalDistibution(NLoS) di sigma = 0.0230514 [0.0213426, 0.02505584]

;J mu= 203707 [2.03434, 2000489] ! ' '

=0.0248352 [0.0225642 0.0265891]

\

':} i i i i
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- d2 mu= 220793 [2.20064, 2.21523]
! ] ! " osi 0642351 [0.0684735, (069832
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( Start Coordinate Estimation )

Extract distance information
(HeE] ¥ == yws 541 o|g)y d1, d2, d3, d4

1) Determine LoS or NLoS

Zoje /2 W

if LoS ¥ ] not (NLoS)

3) NLoS distance
Detection

2) Derivation of optimum || ME[E 5= /= 72| 37 F&
7

height = 37h2] 2| gt& O &5l
2D FY DR EE
7tAl AHe| EE =2
= XX h(&0) ¢ =& & v
IDFY MR LE 4) Spline Approximation
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- \K mtiterm i

T943 29 22AF WP HHGAHE D

o A9 WA F 59 W9 W £TE wAe A9 YA AN A A AxE

ol Lhehdl % 9irh2s)

X =l & —R—y.? |y, L (3.63)
2_42, 32
X, = 51 :Zl+d3’ y, = d% —h? — x22 (364)
1
_ a2, 42
T =y, y, = i (3.65)
2
2_ 42,2
xy = Uy o, E R (3.66)
A7} xeEel A gt AAgekE =EE 2490 4719 AE @ES BT FAdol .
SHAIRE A A Ade A 227F 09 77k A= ALY flerE A FEo] HHTSE JEn
7V E=ohar & 5= 9tk o] H¥EQ ¥ o Z NLoS(None Line of Sight, H]7IAA) A2l S et
3 d 4 Qe A(3.67)e =EISIT
f(d) = d? +d — d3 — d (3.67)

9 e ol A EE AA goe® A g @k el Adx BS
A2 wasta, vl A v7iAA Az dasith stdE 9 R LosAHE
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¥, AR )P oR AP fnt o] S HAS TAZ ofH HH Ao o
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=1 v T =
A3 (HA3H) A7l Eol(h) FRE e Aol o] 3 w3k 9] DAY =59 X5

44

LoS(Line of Sight, 7}A|A)

=

o

i

o



g3l b7k TFE F5E e o] AL

JAOCENAD) (3.68)
f(h) = f(h) (3.69)
fs(h) = di —h? =y, (3.70)
fa(h) = di—h*—y;® (3.71)
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APPENDIX

Table 1. Accuracy requirements of potential localization application[23]

IEEE Standard
WLAN Bluetooth WPAN UWB ZigBee

802.11a 802.11b B802.11g 802.15.1 802.15.3 802.15.3a B02.154
Operational > GHz 24GHz 24GH: 2.4 GHz 24GHz 31-106 24 GH:z
Frequency GHz
Maximum 54 Mbps 11 Mbps 54 Mbps 1 Mbps 55 Mbps > 100 250 Kbps
Data Rate Mbps
Maximum 100 100 100 110 10 10 30
Range meters  melers mefers  mefers meters mefers melers
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ABSTRACT

A study on UWB—based positioning algorithm for high precision position monitoring

Sukyeong Yoon

Dept. of Convergence Technology for Heavy Industries

Graduate School, University of Ulsan

Recently, as interest in monitoring by using location information for the purpose of safety of
people in the work area and management of production of work is increasing, identifying the
exact location and moving path indoors and outdoors has emerged as a major challenge. For
this purpose, it is necessary to establish a wireless communication environment, not wired,
but it i1s difficult to establish such a communication environment due to most working
environment conditions in the heavy industry to be applied. Due to the environment, ranging
errors due to diffraction and refraction of radio waves are difficult to accurately locate. In
this paper, we studied the positioning algorithm using high—precision ultra—wideband
communication technology that is relatively robust to multipath in such a harsh working
environment and has a few centimeters error in free space. The Ultra Wide Band
communication method uses an impulse signal having a very short pulse width, and calculates
a distance using the arrival time of the transmitted and received radio signal. The positioning
algorithm used to estimate the coordinates using this distance information basically adopts
the ToA(Time of Arrival) method. In addition, ultra—wideband communication has the
advantages of low power and no distinction of signals when transmitting and receiving, and
accurate positioning is possible because it does not use a separate carrier. This application
can be used to obtain a variety of information, such as the distance of the target, the existence
of the target, the movement of the target (speed, etc.), the information of the various targets.
In this paper, the DWM1001 module of Decawave®, an Irish company, was selected through
comparison process in terms of the precision of several hardware released to use
commercially available ultra—wideband communication technology. After constructing the
system, we tried to improve the position accuracy through experiments and calibration
studies in various environments. In the last part, we describe and apply the proposed
positioning algorithm according to the experimental results. The purpose of the proposed
positioning algorithm is to detect the distance difference according to the presence of
obstacles and to improve it. The correction method is spline approximation. In particular, the
corrected positioning algorithm focuses on the results of ranging experiments through
performance experiments and corrections for distance errors larger than the actual distance.
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