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LTE A]28l-& 2008 3rd Generation Partnership Project(3GPP) Release 82 53l Hx=
®Fo] AYE ol F, 2009 4835 Tl &MU LTE A3+ 7] 3GlA 7Hs3d
o9 2E9] 4ufl Hof 20 MHzS| &S 7HAH, Wz P20 2 A Fa £ v %
2](Orthogonal Frequency-Division Multiplexing, OFDM)-& Aj i3l &-&2%2 g o] &
o] 7FsslAlE & 3G VRt HHE EAS Holn A AMAIFORE 2 AMSHS B
o] St

AA7HA LTE A S E o] &3 9] 7€ IA VIEL A 78 S99 FA17] 7|9 9=
s = Atk HEY A 71k 9= 20091 3GPP Release 95 53l LTE 215 kol =915
FH0 =2 3 7]FE Alsel &9 7]+ 4l &(Positioning Reference Signal, PRS)7} 4271 = H 4]
7Fesal Atk PRS= 71 LTE 413 9] Holy F4 tigF3 b thdEF g o] &8st Al
T ZHAdoll A<letal 50 m MY AREE 7HTal &7 E A oW 2], PRS= LTE 4139
271 S0 Bg We o]l FE A= PRS7F $A1HE e Zo) At HolE $441S
st A7 Ba, Bk 74 Fol A7|Eo] PRSE o] &34 &v 591 WAl Ui e
dol dFEHAT. A7) 7] %—H“ LTE Az 235 o] = 71¥ 43 (Reference
SignaDE o]-&3sh= A o2, o] 7|& Al tloje] F4 g Zol 23hH o] glovt Az
718 HAAMRE AEEE AT R, Eﬂol B AH= x3HE A Fh 7E Az 7=

)
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A ZHA o2 FAET = JE o83t A =Y AZHTOA) S
AF Agl(pseudorange) 2 YA E AlALstE A7 FololA] R E

7F A o, 9A
AArstaL, o] & 3
ATH3L

20183 6¥ 3GPP Release 162 53 LTE %53} 2HdS 913 A15F A S0 ZAH = ATt
LTE 7]1&2] 7% 5G 71&d vl 71& A5Er7t 2AT, A4e AH2s 2

ol Fasitt AAR 31 tF <Y 7] &(Multiple-Input Multiple-Output, MIMO) &.-&
MA, ol de M, & olF A Toll thet At Al S0l SAHAH.

lo ot

@ 5G 2F 5

20181 6 3GPP Release 158 Fall H=E =92 <l 5G New Radio NR) FF& 4771 A
HEUT 56 Al 3= 7] 2o]a Y LTE F3k= tHQl 6 GHz ©]3te] F3t4 th9 &
Holde AW 52.6 GHz 7hA19] ti9%-& 7€ &2 A HAth o83 2159+ =4
Ao g AR RIE7E A2 947] wWiiEdl 2t =7PEE Y FRe golstA|gl B4 &
A FE Faro vls) "E 7k HAutE A Eelal dE o Ze FojEol digk £
o] FiH o & ofsttt. o|Hq EAS FH3] s e <Y 7]&0] 5G BFE V&
AEH AT MIMO+= 4G 2 LTEANAM = A 70| A5, 4G A AHE-E MIMOE= &
FEIVE 1A+ w9 E A Este] ARESA7] vl AREAF T2l SAI7F AU
o] & 7Ast7] 18l 5Goll A= Al <HeY v H(Massive Antenna Array)S &-83le] 4=
-7 BFOE ARAE FEE F Ae A9 7IES AASAT o] E AREAL
Wako 2 s FFsle $418 4 e WER(beamforming) 714, 4G 7]&o 229]
2w Fukg B thE 94 (Orthogonal frequency-division multiplexing, OFDM) 7%
st A5 AAEES Eolv 59 WA sl 7o 2 AU

=
-
P
T

33
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Release 15 & Release 16 ‘NR’ milestones G

RAN RAN RAN RAN RAN RAN RAN RAN RAN RAN
#79 #80 #81 #82 #83 #84 #85 #86 #87 #88
IR T R
Q S 4 o Q Q3 04 Q1 Q@
Rel-15

NSA ASN.1
RANE7S endorsed the = ) . R DA Dy RN
freeze of HSA ASN,1 . . . ﬂ’d—ﬁﬁa&thmmm

and approved the

carmesponding CRs (L >
AR Rel-15 Rel16
Freeze - freee
Until June WGs shall prioritize & sl 16 i
LJ]:‘L‘\(HIL H\.!lhhm:\l ; {only Rel-15 mﬂs
essential corrections allowed), ASN.1 9 ottt A

and Option-2 specification work

Architecture Option 2 & 5 {LTE): The late drop is to exclusively contain NR
ASH. 1 Freeze September architecture options that were not
2018 completed by September ASN.1 drop
i = f drol
¥ Dption 51 ot Options 4, 7 are part of the late drop

completed by September
ASN.1 drop, it will be part
of the fate diop

13 17. 3GPP Release 15 & 16 A& % (www.3gpp.org)

() =% A (Collision avoidance) 413§ ZA}F

HR1g-g7]e] & WA 7|&2 dAA vlzol|A Unmanned Aircraft System Traffic
Management (UTM) Z2AEES 3] &3] A7 <1 7]&olth. UTMo]Z m= NASA]
A AT FHo Ao FRIEgEr] b a-& A Ystr] | wFEHE A A olt. UTM 75
A 8-& & v @A 2 Technology Capability Level(TCL) 2 F-E = =4, o] & & a5 %S
7 s T 1Y AYoA e FRIEE7] &9 @Al TCL1x TCL27F 2427+ 201539 3%
201730l 3= a1, 2018 6€ TCL3 &5 37l 3= AT TCLI= X AXxS] <
T 9 T FE 7 e AHoAe] FRIEE7] &4 GAE, FRA3E7] 1F FE UA
A"l @4 ZF HolH gk 2 V2V F4l 5o AAVE 7eoeE AAEHIIY o +F AA
© "= vbtd, g 27hE B ES 6—7”314 Fao A Al FEHJAT UTME] wpx] =t A
gQl TCLAE B2 79 33 we &S 717 Ao o] TA] Al 2=8l= gl AH| 2
U w2 HAS 2 AT 229 AT &8 59 HZE digk W&o g, 20199
Hl= dlnpokel "AL oA 2/ 9] Al HIES Faf 20199 124 7] vz ©Ale] ok

N
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| Capability Levels (TCL) Progression for @
»m Development and Testing

e el
e B Hllen ~ R

TCL1 TCL 3 TCL 4
Remote Population Sparse Population Moderate Population Dense Population

Low Traffic Density Low-Mod Traffic Density Moderate Traffic Density High Traffic Density

Rural Applications Rural / Industrial Suburban Applications Urban Applications
Multiple VLOS Applications Mixed Operations Dense BVLOS Operations

Operations Multiple BVLOS Vehicle to Vehicle Large Scale Contingency
Notification-based Operations Communication Management

Operatioss Plauiong ab Public Safety Operations
Operational Procedures

19 18. NASAS] UTM += A& (utm.arc.nasa.gov)

UM Z2AEZ §dto] A= B AA 7 Wb AA FA3E7]19 33719 5
= fgAel A TBAY ASE JgEHU, AHIEE HYsts Ik &
aviation aircraft, GA aircraft)e}e] F&o] 13| 7}53t7] W&o 71 =
(sense and avoid system, SAA system)o] Z Q3}c}. sUAVS]
HF S5 WA A]2El(ground-based SAA)} &-&~7] 71¥F F
ATt A7 FE A A2 Wl WE F7FAQ1 A glo] 751% H|-§-0 2 A|2H
T5°| 7hedht A 7] b FA Aozt dAAE 73—‘% A2 AL R olold = )
o 37 7Rk S5 WA A" FRIEET7]9F A 7HY A Ao JdolE & T
A&-E7]eke] Ax FAlo] 7hsstr] Wiol A7 & WA A2He] s Bad
T Aok AA Anx: FAZE7] #AC 2ole FFV] TN FE EA AxHES
Automatic Dependent Surveillance-Broadcast (ADS-B) A]2~®lo] 713 ZA] 22 HAOZ 7]
=y, UIM Z2AE A 3% A3 F23kF A 2~#(Small Unmanned Aerial System,
SUAS) AH8 HI=E odst 23 ADS-B Al2Hle] 888 & 559 FAdE7] A8l
odEths A& AASHATE oo ADS-B Al2®HlE tHAE o+ e T= WA A=
oo tiFHA

UTM Z2AE9] g3 = 55 lbs (25 kg) H¥e] sUAS Alg wlsgo] XY= AcH4l ]y
NP 522 ADS-B Al 2HS OiAS = e 737 25 2 S5 YAE A% O
@A 2 A& SA4l(Dedicated Short Range Communications, DSRC) A28, @ 4G T4 Al
HE H2ESI= o2 JgEAnt DSRC Al 28l Intelligent Transport System (ITS) %
& A T BA A2ECE JA AMAFCE £ & FPaT AsHT ALEHY F
A 2EE AREEI ok Al Blg A3 DSRCO| A 3-33 $412 100 m o]} ® ol A

ﬂi}ﬂ ol
i
oz
N

>
>

i)

o

fru

i

XN

o,

N

>
l>
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(
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F 90%2] IFH FA1ES, 400 m HYANA 50%2] HA FAES, 800 m H L oA 20%«]
AR FAES BYa, FF-F 412 300 m H oA 50%, 500 m HNA 20% 4
&2 5o, 10 m/s o]} £E5 F2ole FFF7 teiM e FAE Zog A&
W 4G TA1Y A9, 15 g3 2o 4As &4o] AL o A& w2l B9 e 25
km o]e] Al x F4lo] 7hedt Ao SRIEG oY, FR13717F A 7Pl
23 Alo= ¢ y-& RSRP(reference signal received powenz Q1&f] A&7} 735 A] &
F8o] vl =5 A5 WSRO H, o]E BHstr] f3l 2AE TAS =4 A9
< 4G FAlo] YR A Agste] &-83t= o] AAIHAH.

myorr Mo

LTE Al&9] A% ZAl(urban) - Y (suburban) - A ¥Hrural) A Ho 2 An} &4 A3
o] o220 2 FYPH oy My &4 mdo tigh vlwE g vl JAoHE]L ATl AR
H My} md 2= Stanford University Interim (SUD =2, Okumora %%, COST-231 Hata
w4 COST-231 Walfisch-Ikegami 22, Ericsson 9999 =& & & 57}x|o|t}. thal mddo]
e dak &4 A - Tl der 48 ALk A giA = SUL 2o 7HE v
Ay} £4-8 COST-231 Hata =dlo] 714 =& Myl £4 AxE Berh. %3 Ericsson
9999 Rdle =4l 2 LR FHoA Y A 4 7S FHOE HAAE EdolBgE
wel @ A A FoA e M &S AEs] ALk WA Xitte AE8S WRTH

o&ﬂ
o o

@ s Z=2 =24
o= A2 Ay &4 md2 20081 3GPP Release 89 Au} A1z 2 =4 34 S
3k A 71A Z2atdo] AAH v} U] o] ZERUe Ha; AFTE A7t wE
O] AT 2 o] Zhzte] o]4t AlEo] At AYE Aok Ao, 4T E 2
o %

Wﬂé_&_u
([ R = A

2t 4 'T"(COHVOIUUOH)O]'OE] U 42 M £48 2y 4 ok S 2708 A
g w5 74zbe] tE AR Zg2udo] EAst, Fa 9 Au 44 i oE A

=5}0] 7 mdvit £A1%.

(Zp V2V A" SH AA AAF A

dnkx o2 F Radio Frequency (RF) 718t 9 Al 28-S ARS8l Transmitter(TX)<}
Receiver(RX) 7o A 3pA|ZFO 2 HE TOAWA 02 V2V Agl&Ao| o]Fo R, TOA
Walo] YA A= s RF A9 g Fof vadttt. wabA A3 92 54
AFBE d7] 98l B As7 V2V AgSA ) o] dsdEn. dA UWB, Wi-Fi,
ZigBee Al 2=®lo] TOA®2]9] X|FA ol AL-8-H Tt

@D Ultra Wideband (UWB) Ranging Sensor
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UWBE @& Aoz uls Yo too] a4 tewe Jue Adgss TAFA 7|
Zolth, EBA O EE 500 MHz o] 49 HZ 2 At FHEA, F4 Tl o)
e Ol Z( g S F)o] 20-25% ol 2HTIY FHEAL EATh 2vlHLo] A

<

3, B S ALgste] Wa A T multipathel] 723 o] EA o]
7] W&o YXFAHY BYUEI =3, x5 cm FFo|t}. UbisenseAte] Ubisense
series 7000¢] 74-%- 160 m A= Bzl Ag7tA Z&stH A=+ 15 cm ot} H
I+ 0.1~20 HzH = 9] HUlolE &5 & zh=1. BeSpoonAte] SpoonPhoned} tage= o
25 Hz A= ddolE 55 V1A a1, LOSAA 880 m A= "R Ag7tR ALLE
F Qo 10 cm AR A= A|-&gkth. DecawaveAle] DW10002 IEEE
802.15.4-2011 UWB 4ol Y9+= Hegeo] CMOS Ho=zw FAFE HEoO|L
two-way-ranging (TWR) 2] 0 2 o] 429l Ao A= 300 m @A Ag7tA 2HE3)
H, 10 cm A= AGEE At AR F2 o]+ tage] A 89 H-tole
TOA, TDOA®I4 w5 xy Wako g Z+zk +£30 cm AEe AT E A F3oH7]. Time
domainAhe] P440¢] 7% €d &3tolA= 2 , FA ol A= 1000 m7kA] 2Hs3lar, 3
sigma =9 AWE+= 23 cm, &=+ 2.1 cm o081

S oo

Wi-Fie] 2$ =4 Z2Ho]Md(measuring station)o] Zz}o]AE ~H o] H(client station)
of DATA ZH Y& AE3sta ACKE FAE w72 thr|gct. Seto]dE ZH oA
DATAE &3 A o2FHEH ACKE FAIE w712 del= AlZto] time of flight(TOF)
olER T AFFOEHFE V2V A E AT + Aok Wi-Fie] A9 150 m Bz A

kA 2R 5 glom, oA 515 me AuHe 2 oxg Zen

@ Zigbee

[EEE 802.15.4, 2 MHz2] &2 oA ZigBee Al 2Hl-S A8l TOA ®H2lo &
E FAY F Utk Ao E F& Y-S AMESH] wiEel, AEd X F73
d7] 93l TOAS] &4 ot FiES AEH M4 AbolollA FAste dugE
w3 A7 AP HJL, 3F AFolA A o FHI(SNR)7F 8 dBY i 50 cm
A E Bl vk JTHIL shARE o] WAE o] &3k 83t AFS ob2 &3l

(5) MLAT =9 9z &dygs =
(7h) MLAT o}718lx] =A}

20001t = GPS Qb Adef gt
= ADS-B Hlo|H 9 FEAS ATE T U AHIe A A48T Aol AN, 1
o Higl&E & FEA HAFSAHE MLATo| F&55& WA 5ok MLAT-S SSR¥} 20|

A7F A 715 o] ADS-BE AAZAZ AFL3 730

i

P £
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2 FAE A & 5 9o FAalv]e =i
2¥2 A& 7](Interrogator)e] f-F-o Wt 5538 MLATH 538 MLATS.2 vdt}.
%3 MLATS SSRe| A&7]) RE-g3h= EMAED SHATY, F71H 072 &

5 21 1090ES A& & o] g3le] % Al |
MLATE Zx4A o &2 FHld HE7]E ol&3dt] EMXEN Y FHS FEstaL
ERE $SASE ol 49 YAE ALRTI0L

r IS
r-\u:
%
9
k)
&
o

"
bl
N
v
ki
Y
o
=
—
>
%

=l UTH A
ADS-B Al 2Hlo] Eg g2 dAF| 4-&(commercia) B 4RHGA) &7 A= 4
g JEF AAFHAT. vl AHEE sUASS| 4 & 7]&9] ADS-B Al2=Hl9] F-
A F3ERE) 74 84 B A ZEE S AR ol AEEE E g e AEE B
HZoll, 24 A= FAGEF7] BAl hojA = ADS-B7} A estA] gon, =5 S5
W2 AN 225l F5e o] AgE ADS-B out AR S 2 &8 =7t gt NASAS| &

T =9 2 kd ZZIM(AOSP)] Y1 UTM(UAS Traffic Management) 324 Eof
93f, AsF 4GS fdl JlEE DSRC Al 2~Hlo] sUAS(Small Unmanned Aerial System)
o A & 39 & fsf 22 F HZE HAA, &55EY Aojo AEH 4G A =9
HEL A =5AHAL

(\h) MLAT Al ="l 74 WY

UTM £+9<& 93l DSRCe LTE/SG & ojwd B4 W
e ZoE o i‘ixl”* 2 AFodM = F Aot 7HA s LTE/SG
I 99 EAN guld oz AEY Al2HE AZF HRE o] &3] UTC(Coordinated
Universal Time)& %713l7F Hojglom ZAldAE 7]x=to] AR Ho] 7] wfiol
MLATO. &2 X ZA & str]o] HAg AdzelV2DrE 2 4 ok ¥k DSRCe= W2~
AR A2"o] F2 AFEE I Qo™ connected care} FA&dF7] V2V FAS 9
St Zledo]l &Y Folth. FH LTE/SGSF DSRCE o] &3 A EA 7|s/do] &
W3] o] Fojx 3l glen 5G+= ¢F 10 m [11], DSRCE= 2 m 7139 Ag&H A3 =7}
HuEATHI2] DSRCe Ag&2H A== 56 Ko $FaAt dA) <l=zgzg 7=
Hol A rldl @5 MLAT HHE 9% Jxet2 F%F3t= 2 B LTE/SG 71A
o Byl dotdt AYS ®BAste V2 B AARAe 9Eo] 1§ AT Flolt)
DSRCE HAEFH A 2=®E o] &ste] A7t F7|ste] MLAT Al2gls FA4E F+ IA
9k o] H 3 WS EXgE A" Aol gukE g QLo [12]o A AR AAH F
718Q1 2 FAE ol &8 Aol AglE SA4sk= Zlo] o npEAs] Bl

gBAE oby FazH

|

rr

T
=
= Xo

ol

(6) MLAT 4171 A2 %73} b

L

AT
MLATSI A Z¢1E <1719 ERZEHAA $55E A58 o8 g +
G AEE FUAFOEA o] Fol E} oJ@A FAlE AEE noR shtel £A7)E



71Fo 2 st b 4417] 2+e] TDOA(Time Difference of Arrival)7} Al4t=lth. &l
TDOA #o2HE o W2 7S S8 229 X E F4HA A w}a}/ﬂ
AWsta A8 9 FAHES YJAE FANE 7Y A 57171 vl =86, &
A71E] A7 5717F 91A A= AF A FEFE mAA ATHI3L

AR AHEEE A 7] Bae A F5AIZHCommon Clock) Al 2~®ls} F-AbAZ}
(Distributed Clock) Al 2 UE 4 Aty BAAZLG A2HoZE ERAEY 7]
Al2~®l(Transponder Synchronized System), =% GNSS &7]A]2®l(Standalone GNSS
Synchronized System), &% Al GNSS &7] A]|2®l(Common View GNSS Synchronized
System) s©°] STt

MLAT System

| Common Clock Distributed Clock

Systems Systems |
GNSS Transponder
Synchronized Synchronized
| Systems Systems

| Common View
GNSS
| Synchronization

Standalone GNSS
Synchronization |

-~

18 19. MLAT 417] A2z 5718 9

b &5 Az A" (Common Clock System)

FAZ) A 7|22 E 4£%" RF (Radio Frequency) 2132 $43% % IF
(Intermediate Frequency) 4A1& = Wgstal opd 2 P IE F3ll YA

At FYAGZA A= IF ASE 779 F417]9 *57\17—. s 71EL

o (baseband)2l &2 W33k & Cross-Correlation TDOAES A3l ®3 2] X5 ALt
gt FAVE Y A 57l EEesHAR "‘7154 A Y ZAA 1H

g =9] group delayx= AU3HA RAE o oF sty AU T=E= 2~20 nso|t}.
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a9 20. A4 Al =E

(Common Clock System)

ofol wWhall EAMAIZE A|ZEE FAZZE FARE ARE VAU eRE WHEE £
digitization, code extraction®} TOA A& % FJd3t} g JH= UAE JaE
omm

B3l FIAYZARE ADHI, FIAHAZAANA= 2 FA7]1S] =D AIZHTOA)
Bl 7 o] 7t 417] 148 TDOAE Al4tste] F3 9] /A& FA o) weta E4HA
AN2' g A Hof A FA7E 2He] A-S AZE717F 875w, Az 7] Al w
g} 71& EWR2EY A5 7] Al2H, S3H(Standalone) GNSS Al ZH57] Al 2Hl, F5A

Al (Common View) GNSS A|Z+57] A|2H o7 RE=ET)

1

N

| Baseband

Digital Link

Baseband [

2 21 BAAZE A2

(Distributed Clock System)
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i EWNLEGERE FAH ASE AFEsE 7}
o] F=AIZE 7ho NS 5713} 3t} 7|3 ERAZEE 29 2 g9 §74 8 X
4 517] 7k LOSE StHEojo} ) o2 )3
masty EFY7F AREE 23T 71E EWRAED F7] A2EHY AZETV|S AYT

2~20 nso|t}.

N
4N
m
=
[
g
nj
oft
N
l
>
i)
rlo
N
M\

1

or AN o 2N

Digital Link

O 22. 7]F ERNXEY F7] Al2H

(Transponder Synchronized System)

(th =34 GNSS 57] A2 (Standalone GNSS Synchronized System)
=3 GNSS &7] Al 2l GNSS9} e 9 F F&F A7 7|&& A8t 2 F4l7] 9
AzZy 71%F& Al&3t) GPSe] UTC+ 100 ns oW o] A AlZbe AlF3t g

R
NZre FA7 6 d 35 A 71EoZ AMEE 5 itk MLATS 73§ Ao Ao
ofd FWH A7) 2k} AJZE 2pololl Bl le =z, GPS disciplined oscillatorE 2 A]

Aol A AbgstH 10-20 ns A= ALUEEZ F7|st A F Utk AlaE FEA
(integrity)> GNSS =417] F-AAdol oj&stm Hre| =& ey vAY J=7t 283t

2 e 7ty & vhHe A7 Z7] A"t}
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VY

GNSS Receiver |

GNSS Receiver

Down converter

I8 23. =Y GNSS E7] Al 2H

(Standalone GNSS Synchronized System)

() F5 AA GNSS 571 A28 (Common View GNSS Synchronized System)

TA7E He] =9 GNSS &7] Al2dlo] A&stA ¢k& -5, 3% AA GNSS &
7] Al2=®lo] AL8-HTh FF AlA GNSS F7] A28l FHo LOSd EE GNSS F417]
o] GPS 9B BH(AE 50l FAI7] 14 FAlg 9148 A AR, 417 204 FAIg 9
4 A A 1)9| Differential DataS AF&3}] error sourceS A A3t 5713} F2 o 3t
Integrity &21S &t AAE7] AYEE 2~5 ns AEE w9 AL Aok

=211
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Gﬁsﬁ Receiver

» Down converter
Common View
Processing

GNSS Receiver

Down converter

O™ 24. &% AA GNSS 7] A 2=H

(Common View GNSS Synchronized System)

(1) 71A= EEXE o] &3 MLAT &9 %5 47

FA&F7] #A= DSRC(Dedicated Short Range Communication)®} LTE/5GE o] &3+

A 7Es e g & S k. UTM 92 YsiA FeAdarie vy ARE

DSRC ¥+= LTE/SG TAIR-E o]&ste] A4 7Axo &2 HAEdd A o S T4l 3}
[ex]

AATH A2HE AYstd FJAFFIANAM =97 JEed A= IMU(Onertial
Measurement Unit)9} 2-& o4 = 74 H
Elo] 9% QA& do7|7] o 7wl e} o
n)z) ¢} gloltiLidanE o] &3t

FA 2 B3 AsA ] oy go g 43 FAFdETdE
A Aax A Al2E SIA G A G HgE 9
= SOl AA7MA FEstE AFEA Jde TIed A

oA A<k Multilateration 2> DSRC/LTE Al&eF & 7]3 4l&(Signals of
Opportunity) 2 AR&3}H, F¥ F2ld-37|S o] 83+ cooperative positioning® #]-83}<
A AABEEE St WiHo|th

o
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P & . i ;lm
& ‘y//, = - % ::3 GNSS
=
; vLTE/SG
Urig LTE/SG
m
G g -é
'ge) LTE/SG
V2i
V2l ! N\
C ti iti V2l
idhie DSRC ooperative positioning (V21)
/ o T
. Yose ; \
Y : : V2l

’,' \\‘\ ;" \‘

[ ITE/5G | .l LTE/S5G lé; '

v i '

, ‘ ; LTE/5G ;

LTE/.J( SN 22 2o - 4 P
Py o <o of o

A

8

o}

o Feldkar] #A 4] LTE/LG, DSRC 7R =32 AE
UWB Ag&A 7 AHEstH o3 A= 47

of AbEE Al o] Al ZpolE KA sjFolof jhrh. Azt Afo
= lﬂJé = WA SAGe] W o] oA = &AM R X E HHlo|Est= forward
time propagation 323 HAl SAHZES WA ARESH= backward time propagation w2
o2 BFE 4 Atk & =W, backward time propagation ¥4 LTE/5G 21 EE 9]
&3 MLAT =97} 718 WA o] Fo]x 11 DSRC UWB A=A & o3l F2l
37 %’—17‘45’} covariance matrixs <GHo]EFTE B AFoA= backward time
propagatlon WAl EEtgon o] WAL y]E MLAT 29 od1ng)Z3 Alsxlg 22
M5 22 F%8FH signals of opportunity®} cooperative positioning &1 @l&S 3
z%ﬂ]i F718 4 = Aol 9ok Backward time propagation positioning &ilg]&0]
FYHE Z2A2E o a8 Bl thg Z2A 204 LTE/SGE one-way E4I
S =2 TDOA WAooz =91& 435l DSRCe UWBE two-way A0 =2 Aol Azl

=A4ite den

2o e

_11}4
nl[o
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Xy at1,at2 Priatiace

Xijare Prjact

Xg—1,Pe—1 ‘
LTE/5G DSRC UAV LTE/5G
MLAT meas. meas. MLAT
Xk|acr Priaet T ¥k P
Time T t 1
k-1 k — At2 k — At1 k

19 26. MLAT 349} cooperative positioning €¢a18]& I =

(W) =4 Ax=600ft v FJAE7] BA Lags AlEdoel

(L

A+ positioning FArE|F] A P WUAARES A3 & 2719 AlEHClA g
74e FASIH Y. MLATS TDOA 7|WHE AME3tE=Z HAS 3719 LTE/SG /\17]4
line-of-sighto] x| ojof gt} A WA 372 4719] LTE/SG 71A1=, 271¢] DSRC 7]
A=, 2o FRIgE7E FA4EHY S971 d&sH 1—r°17é F Ade= FAEE Y
Sn 5 WA W3E P19 LTEG, 1I®) DSRC, 1) Ud3712 Z9lo) @ofe
70w TANAL. 2 AgEolAL 500 = ol S5
T LTE/5G, DSRC, UWB Ag]=d Ag== =

A3 A true distanceol] ABEA ALEE W WY A5 Hste] LA A

I Mo B

YgSA &S AR o]E Asynchronous Kalman FilterE AF-8-3}e] optimal 3+ $| XA
s AEstAT AXSA A AFAS s A AEdHelA & 5000 Aol w
EE AT

d&3t LTE/SG #417], DSRC 71 A=, +H UAV #32

LTE/5G Z217] 9] | DSRC 71A= ¢ | ¥ UAV X

1 (100,100,10) (50,50,10) (30,30,10)
2 (100,-100,10) (-50,-50,10) (-10,-40,10)
3 (-100,100,10)
4 (-100,-100,10)

X 2. dotst LTE/SG 42417], DSRC 71A =, ¥ UAV £x

LTE/SG 44171 9% | DSRC 71A== $1x | 9 UAV ¢
1 (100,100,10) (50,50,10) (30,30,10)
2 (100,-100,10)
3 (-100,100,10)
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0

LTE/5G DSRC T UAV
Ae =7
B (WE) 10 : 4
w4 AREY ATH
LTE/5G DSRC T UAV
AL (&) N/A 0.04, 0.08 0.1, 0.2
o Al BAANA 59 FHEE FAT AAE the mot 1Yo 3
o FAGE) WAL 49 94 AUERS FAsdor TEE JGEAS
gk 71T
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% 5 9ASA HA¥g= 54 (500 second duration)
LTE/5G LTE/5G, DSRC LTE/5G, DSRC, UAV
X & 22 (RMS, ©|H)
o 51 2.0 1.25 0.83
-HE3 VA= B
y = 23 (RMS, 1§
- 1.99 1.25 0.67
-H&E3 TR = B
X = 23 RMS, "E)
- " 3.4 1.5 1.2
-gdetst 7R = B
y & 22 RMS, ©]H)
ol oL . 2.6 2.4 2.6
-gekgt 7| A= B
20 20‘
I
18 15
10 10
g S e b
= | frdt M };-u ‘; “&: v{ﬂki V};,‘ 7';"““‘:/ i M‘x '\ /\’i
g o -f‘ "”‘m Sy ¥ ki et 1 £ ool Y WA e WL, ﬁ»‘ W y
R | 3 -
o 1o}
-15 15 |
-20 ' . ' ' =0 ¥ X . ) . . : X :
50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Time (s) Time (s)
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a9 30. LTE/5G, DSRC, UAV 718 MLAT FH x|k (&3 71 A= &3&)

——<— lte(BG)

—+— Ite+dsrc(BG)

) e #— Ite+dsrc+UWB(BG)
- T —&— Ite(GG)

0L P TN —<— Ite+dsrc(GG)

/ X —6— Ite+dsrc+UWB(GG)

a9 31 7 =29 =7 & =9 2=} confidence ellipse (99.999%)

5G A1%9] 7% 3GPP 71l AHH7] W 54 23179 i disf| 2oz
EAS FAsL, I FA8FS 3G 2 4G Map £ 2o 2838k 5G 2T} A5 9
vt &4 2d S e vt ItH14] Aol s FA AFjdolA 5G 2350 giq oz =+
=8kal QU 28 GHze} 38 GHz M 9kE s=Alste] 11 SAgke 71€9] LTE xv 29l A3t
H7bste] 5G Adup Rdg AT, 9 dFelA e dRbF o s Ay &4 ST =0
I 9ERl SUL mell3 Ao mpg Aut E4do] A gle o o] 32l ==l Free Space
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201919 4€ 5G New Radio (NR) 41=&

A=3ke ueAT

o] A 3GPP 7]&©°] Release 15=

o AHEHAT

Release 159 20201@7kA] REE3)oF 3k 5G NR 415.9] 3714 =8 Hat 54 F AR

At BHL

%23lelT 9ty =8 Av EXNS

e ok

B eMBB (enhanced Mobile BroadBand): > 10 Gb/s Htj ©lo|H #o|E
B URLLC (Ultra-Reliable and Low Latency Communications): < 1 ms A&
B mMTC (massive Machine Type Communications): > 1 M/km* ¥4 8%

A%

At e =

6ol 2= AT

% 6. 5G NR A& AME A3 EA (www.spectrum.ieee.org)

Metric
Peak Data Rate

Paak Spectral Efficiency
User Experienced Data Rate

Area Traffic Capacity

User Plane Latency
Control Plane Latency

Connection Density

Requirement

DL: 20 Gb/s
UL: 10 Gb/s

DL: 30 bfsiHz (assuming 8 streams)
UL: 15 bfsfHz {assuming 4 streams)

DL: 100 Mb/s
UL: 50 Mb/s

Indoor hotspot DL: 10 Mby/s/m?

eMBB: 4 ms
URLLC: 1 ms

20 ms {encouraged to consider 10 ms)

1M devicas per km?

Comments

Single eMBB mohbile in ideal scenarios
assurming all resources utilized

Single eMBB mobile in ideal scenarios
assuming all resources utilized

5% CDF of the eMBE user throughput

eMBB
Single user for small IP packets, for both DL
and UL {eMBE and URLLC)

Transition from Idle to Active (eMBB and
URLLC)

For mMTC

Reliability 99.9999% success prob. 32 L2 bytes within 1 ms at cell edge
Bandwidth =100 MHz; up to 1 GHz in > 6 GHz Carrizr aggregation allowed
olE nHlgoz AHAA mAHYW 56 NR ZEZEEY 9 Alx®S ATsia 9}%

Fraunhofer % & 3]2 A4 (Fraunhofer Institute for Integrated Circuits)oll A= 5G NR =

91 AlEle] 29 4

5G NR % LTE, GNSS, UWB &
£3], 5G NR 71X =2 4

Bl 1ol

FAEA 2 B

o= =}

=3

d5= o538t

Axd Ao

99| Z9)
SRS

o) =
AEEE
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Fraunhofer

olof me} 5G &9 Al
7Hd Zle® "oy, o=

2708k 1 32+ Fraunhofer & 3] 2 F-4x0f A
o] 83} z_?,] Al2H”He ME TOE dA4E 29 452
At Bdz 2ol 7=
o2 dao] 4udoe O Ee Fol BeIE
329 5G NR At 54 7] =
E& HY 122.88 MHzE LTE A5 MEH #Ho|EY 4ujjo]t}.
S LTE =9 A|2H9 48] A
AJ ZATLNA 5T FE2

LTEY GNSS Al&7}
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NR

LTE

GNSS

Stand alone
systems
(UWB, RedFIR)

1cm 10em 1m 10m 50m 100 m 1 km

13 32. 5G NR, LTE, GNSS 2 =g =9 A|~H =9 348 =9 A

(www.iis.fraunhofer.de)

Jl
off

56 NR 213+ 7|& LTE &9 Al &HlolA AAEEHJE A D 7RF 52 TOA/TDOA 7]yt
9 71 ASEE A oS AoR Hlth B3 t8Y v d40] 7l
2t 4% V2V BAle Tl A7) 2 Ao AR At AaE Tt =4 Aol 54
FEA TS = e vF A2 Al A7 9 A= A a3E A HAAE

% 9l Zolt.

(2) MLAT =% # X<} UWB/DSRCE ©]-8-g+ cooperative positioning ¢aLgls 71&

(7} Cooperative Positioning &alg]& XA}

Positioning of each UAV using the W e ER e PR eXSTe et
infrastructure or optimized positioning network . -in
P P ¢ with other UAVs in view and update
position estimates and error

+ initialize error covariance matrix : :
covariance matrix

« Calculate initial position estimates

19 33. Cooperative Positioning 7}d &=
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Signals of opportunity 7|8k 2|7} B&F 7]& Azt ols) WAstE AEE S99 o
&3t W2jol2td, Cooperative Positioninge 91 Q183719 $1x]9F AS8XE A
&8t 59 otk o] A2 F= AT A" AHEE  fle &4< 7HEsH
Rl olEA ek T AYSBATE ol &3t Al RS AT FAFIIEHY
A& Z4-2 UWB Ranging Sensor, 7}#g}, 253 52 AlAEo] F2 AH8-=ATH15], [16].

O 349 A& A= AYSAHdL F

7} ZolAl = AL eI 9o, géééoﬂ/\hﬂ/ﬂ -

e AN fo
fr oo 2

e
a3 =9 "ol AR w3 E3)(Cooperative P051t10n1ng) FHE =9 AHE
Ae =238kt Yehd Aot

Yosre Yosre

1 R I
‘azzz |y /S5EE (\ez=s |\ -y-fasss

=8g2 | /=== LLEkEagE L/ emee
v EATHT 558 ./ |Esss| v Y Frithy S8S8 . ; JSEEE v
SfEf fmsss Y SSEE . lssss Y
SEE )V --TESES mm SRRV -TEoEe -
mii‘:’-&-:::: == SES =i zzpz EE

* Calculate position estimates (horizontal) using

* Obtain DSRC range measurements to UAS
LTE base station or optimized positioning

flying nearby in view

» Exchange most recent position and position
network » ge P P
 Initialize error covariance matrix

error covariance matrix
: . . . . » Update positioning estimates and error
» Barometric altimeter is used for height estimates pdate p 'ng

covariance matrix

09 34 ANSALY BRAF FHE AW RAFFI 59 0%
0 ALY 2 EY AR DB B

o) AP
=5 e 29 27 9

-

e
oy

dnbz o2 AMEE = RE 70 Bl Al 4 WRols AlE AlZ717F dak Ao Aol

+ Received Signal Strength Indicator (RSSD), A&
+ Time of Arrival (ToA), & 7§ ©]’d2] A&7}
A8 E A4rst= Time Difference of Arrival

o]&-3t TOA 7|9t Ag]&H(two-way ranging)oll=

Single-sided two-way ranging(SS-TWR)3} Double-sided two-way ranging (DS-TWR) HH2] o]
=73t

0
=29 A7HE 7Rt g AYE A E
M2 g Falzle] FAE A7 Aoz

(TDoA) W2lo] At} Two-way FAS

Single-sided two-way ranging®] 7-¢- F<1337] 2+2+e] local AIZHAIADS AM8-3te

./_1\__

QAT ZA31al o] & vty o g A AgE FA%. olwl Z-2he] local A4S AHESH

7] W&ol S&st=t 2= AlZto] ZoAEE A A ALY 227 ARA Ao
Double-sided two-way ranging®] 7

4% Single-sided two-way ranging< 7|Hto. 2 st F+
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19 35. Single-sided Two-way ranging=S 53 4t Az =A

= ST - Y
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i
1
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RMARKER"" (& Tygppy—»

e—— Ty ——H FEsIls
T _ (Troundi X Troundz — Ireplyi X Trepl'yz) i =3
prop — DlStAE =c X Tprop
(Troundl + Troundz + Trep!yl + Trep!yz)
713 36. Double-sided Two-way rangings =3 o Az =4
x| & mMLaT
Z1X= A time > Al & MLAT
4 7| X
T , @ 71XFa
I ) / Ty
! VA '
X| & mLar s VY ] i
Z1xZs Y ' < 5 Py @ N4 muar
N T 2 v P X2 p
\ TXL ; o i Ls‘tA
\ v Orx \ ‘ o
1 i \
\ \ \
A 1 \
\ \ \
\ \
SogEI | o .
P
Srx =}
=
Orx1 5 :
TDOAsp = 8rx — Brmn =0y dists-distg = ¢ X TDOA,g

13 37. One-way ranging, TDOA 7L o] &3 Tl =9
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T3k HEYZY BRAEE YF7] 93 One-way ranging= AF&3ste] MLAT 7]A| =0l
Aut AGE $E8a1, F213d-E7])= passive modeE AE $E34A] ¥ 7|A=FOF
BEH AFGE F4181 A4l A& TDOA 7[HoZ J&Esl=E & 4 Stk

o

|3 9= 19 383 Zo] A Ag 54 - JiE AXARL -
& 12]&(Cooperative Positioning)e] Al 7FA| Q.40 ola] S=3iH Tt 2+ A ol A 2]
AT 1A 59 A= IS vAA "ot

Localization systems

Distance Position Localization

estimation computation algorithm
0 [ o o) | |@ P~ O

\ jo i

I3 38 YA 9= Y3 VA 24 W AR

Cooperative positioningoll A x| Al4HS 18l theFsh dare]Fol
Hel sk wH-e Centralized Extended Kalman Filter& AR&3sle] 7t &
£ E state= Aot SAZS 7 ol A AY FAFES ol&s= A

A A"l g FQ olEA 1Y S AgSHOE IXE ZAAHSIEE ranging
source®} usere}be] covariance matrixE identity matrix2 Aol = glo] =9 Aol A
AAZFO R TYAlE Fofof Fhrt

2 oo
i)
4y
%9,

iy

N

ol

(1} Cooperative Positioning 74 -+

FH FAdgFr|ete] AgEA e vtg o2 Kalman Filtering 5] estimation 7]
= ol&3tH A MLAT 71A=9 &9 AG=E FEANZE + Ak F+31 73U
olo] A=A L& DSRC T+ UWB Ranging Sensor ¢ V2V &4l 7S AL <
qomn, o] AYZFAH F& FH FF7] D A, AgSAHo] ol Fofz Azt FH} F
A A UTM Alagloz Afmojof gty 19 39+ DSRCS UWB ranges X3
UTM ®AI A E Yel™ preambled LTE/5G 7148k MLAT =9 Al WA|A|7} 7] 2] =0l
2% AN Zs Astr] fl8] AHgE T
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Prslaem Other messages DSRC time, ID, range UAV time, ID, range | Other messages

19 39. MLAT 3#A)9} cooperative positionings 93+ UTM ® AR %

7S AHEE o, o] AREA @2 FH FF7] ID s, AgSFAo| o] Fo

Bol A A UM A|zHoZ HfEEojol 3ty H AFAE=
inter-vehicle Ag]&4S ¢&] UWBI0 cm, 1 sigma)?} DSRC(1I m, 1 sigma) A& &
A+-8-3t AT

4 AYSA goll A4 ' LaE FAD ¢ dna 7Pst, MLAT Al="ivks

p=(cTw e’ )

B GE ALZHAT A4 Abold 234e] 715k BHolth MLAT Az8le] m )
o) LTE 71453}, 1 7le] A4 DSRC $541712 FAHidtha /45, @d W
t AYZAAEY FEA FPoln Az AeZHAe] Fu) A 24 HI=
Agate] 4 29} ol HiZ YRR TAH,

Ll

orrgn 0009 9 0 o

w—| 0 Orrr, 0 0 0 0 0 0

0 o - o O 0 0 0

0 0 0 aimng 0 00 0 ©

0 0 0 0 O%pskci 0 0 0

0 0 0 0 0 0hsge20 0

00 0 0 9 0 = 0

0 0 00 0 0 0 U%smn
MLAT A2®l& o] &3 FRl3dE7]e]l &9 olF AAFA A Ads 53 UTM )
AA wghE i FRAFET] e A A" S AR FH FJAFE T 59
et FEAE e dS T Utk o, iHA FRAFEFIY F9 &= 2] 33 ol
A AT

_ /2 2 2
0 Cood i _\/GE,£+GN,i+20£GE,i6N,i+GUi’ 3
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integrations FPITHH B2 Fd S99 =S 4L 5 AL Aotk

UAS PB (1-10°%)
250 10

Wal

V22V uwh) 9
200 — — —W2l+V2V(dsrc)
) [
150 1 J Iﬁ 7t

100

1_________
(OUSQA) Aen +

50

LAS mean PA [m]
(53]

: 1

-100 = : : ; 1]
-100 -50 0 50 JB

a9 40. A MLAT 7R =& &3 72U
9} Cooperative Positioninge &3 &dd Fla&
719l 59 Ag=

AA Aol FH FAFETIY AYSA s vt e = Kalman Filtering
S o] 83tH A4 MLAT 71x1;¢,1 =9 A= FAAZY 2 9

B 2 asynchronous

2u 2 e %—7}@% N7k zpo] B 7ol %’—Cd?‘%}%—ﬂOﬂ ANz HgT o]



oF & Bast o

UWB 718t MLAT A" AH8S 7Hdste] AW B8 A S Algeint. dujolA e
UWB 54l 3 =9 de< &dstr] HAste a3t S4e =Asta] dde 13t
Hom, 8] FAIZE xFHO 2 10 m, yE2E 3 m, 252 E 3 m 3o 374 %o
HEA BEANFIL, EAAYGY WY AolE FAFEI7E AWk A FARRE A

L

g
Ae AAs7) 49 08 m Dolo] F& EAND F O Boz F5L sk AU
= 49¢ A9aAT

ey i

L
3

9 4L AYSAelA 29 FR171Y AARE A=A 3w A AR

b AN A2 daelF

A M FE Ul UWB 71A% 98 setdt & a9 29 YES 7 AT
St 29 %S wgos g ks T $4 Agsdnh a4 29 oS
oS The ol 5T A AL, AT AH 29 08 ThA Tt T

43



7} dld A B2 A HTEE o, S99 2 3l AX <}t A&
o] A7t €A A oW E JHAR S s EF vk wEko 7} A3 =
58 g4t s, #1717 FHEAE T FE Ado] e o] oflgH Hd A
& Aoz o] H2ZAYAo] o]FoFU. HAEYA LSS THE V|HS HE
sto] ALgsl o 19 42, 433} o] UWB A=A Al A(anchor)7F vl x| E 749 $1A|
o7} 2 AGL st 1 oot A AR o] FHEE A4 B=E TG

o o=
fr

g
—d
rO
oo
ok
N
lo
e
o~
4]
=
o
=3
o
(@)
=g
o
3
o]
S
o
3
io
[{e)
©
[{e)
[{e)
[{e)
SN
O
o
=1
—h
(@)
19
3
(@)
o
&)
=
w
Q@
X
N
N
13
o)
2
il
A<
(B o o

1 1) 1 90(X)
Frep,APF(AX):_ \Y Urep,APF(X): 77( o(X) o, ) o(X)? X , p(X)< p,
0 . (X))

4)

!
@ anchor

X goal

®  anchor
X goal

!
!
'
/

]
vl
[
]
!

45 155 16 165 17 175 18 185 19 195 20 “45 155 16 165 17 175 18 185 19 195 20
x(m) X(m)

I3 42. UWB =9 U EYZ FAdA & O3 43, A AT E BEHR 7R o] %

9 et 2 Ao Ftes Agy Ay T UEF AP AH Bl 4

44



16 165 17 175 18 185 19
X(m)

O9 44, 19 429] A Aot 09 419 HE A

Gatel 14T AA Zeld Ye

PB .- PB_omeomsosisis
uv ; uv
?f ,‘, Il. ’
! Po//p() Po| L"(X)
[ /¥ - Y v .
Intersection) ——> "t 4y -7
= .(g point é
Intersection Middle point Middle point
point on the PB on the PB
Obstacle Obstacle
I 2 Ad(p) olH=Z 7R A5 ol
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Python Z =+ Bitcraze Aloll A #A| &3l L A2~E5 7]HES &, Remote PCo} 428 -
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3 52. UWB A A7) A Z(node 1~4)3 23 F217] 719
4ol Agl A 23

% 7. UWBS 28 Felrle] Aele] @ ool YE BEUA

nodel-error node2-error node3-error node4-error

[cm] [cm] [cm] [cm]
Dz 1.7754 1.017 1.9328 0.887
XFHA} 2.682 2.9183 2.8529 2.8607
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1% 53& UWB 718k MLAT Al 283 Optitrack= &8st AT 438 721719 914
o= 3}04 UERd Aol th W2 F 60 22 o] F ¥ 2 m 3hA 9 ALY
= WAOR ojFoF oy, mMgnt 10 22 A HPS shA A

Al FAh 23 A3}, Optitracks Eal A3 ground truthe} ¥l w sl S o ¥gy =
UWB 7]5F MLAT /\] E“«] A% Xy, z B&gFo =z 77 H) 15 cm, 20 cm, 33 cme] 91X
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» 25 3 35 4 a5 50 3
A2H(Time)

% 54 UWB 7]% MLAT 29| A]2H o]
29 o

¥ 8. UWB 7|5k MLAT A28l Qx}o] H3 FFHA}

x-error [cm] y-error [cm] z-error [cm]
< 3.1013 3.8308 10.2880
EFHA 5.2209 6.2190 12.4635

(b DSRCE o] &%t 4o Agl &4
Cohda WirelessAte] DSRC ®E¢2l MK5 OBUZ o] &3 23S &3] DSRC 714k At #
g =4 S dolrith

713 55. Cohda WirelessAH2] 13 56. Ao ALgH
MK5 OBU MK5 OBU st=¢g]o] ¢} <HeH Y
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MK5 OBUE £ DSRC 7]4F o Z ] Aol S A3Yst+=
™, Single or Dual channel Cohda Wireless IEEE 802.11p radio, 2.9+ 7 =
1609<} ETSI TC-ITS protocol stacks, &7d% GNSS positioning system3}t z-&2F AlA =
Abgste] F7HARQD 53 S AlFeth MKSe A5

F# 9. MK5 OBU specification

Apeol| %

$AH =S 27

3 99} #o

Bandwidth 10 MHz Frequency Band 5.9 GHz
Data Rates 3 - 27 Mbps Max Tx Power +22 dBm éEg)SI Mas
. . 2.5 m Best-In-Clas
Operating System Linux 4.1.15 GNSS s Accuracy
0 CDD Transmit Mobility o Doppler Spread:
Antenna Diversit Diversity & Multipath 800 km/hr
y 0 MRC Receive Tolerance o Delay Spread: 15
Diversity 00ns
Receiver Sensitivity | -99 dBm @ 3 Mbps Dimensions 130 x 120 x 35 mm
Environmental
. -40° C to +85° C Power Suppl 12/24V
Operating Ranges W PP /
MK5 OBU+= field testA] Hlo]H HAE& w24 1PS 517] Y3t 2TBEE A Fdla
ATH H2E HAANAM = MKES} d49 PCoA AARE AAZ ZYUHE & & 9o,
o]213 A At &3 -& JSON (machine-readable format ASCI) d2lo 2 3}H &3
UDPE &3l BERE2E Hu 5417 Ay 23 Y E& starttx.she} startrx.she] F
7IA 2 MK59] W EodA dad 4 Qo
# 10. A7) 239ES mifHF(EHe A7 2THE] wiHs(9)
Parameter Variable Parameter Variable
transmit channel CHANNEL,_NUMB | receive channel | CHANNEL _NUMBE
number ER number R

log directory

LOG_DIRECTORY

log directory

LOG_DIRECTORY

optional external
GPS

EXTERNAL_GPS

optional external
GPS

EXTERNAL_GPS

Number of packets

LOG_FILENAME_P

level

to transmit NUM_PACKETS Logfile prefix REFIX
Transmit antenna TX_ANTENNA Tab}e purge TABLE_PURGE
timeout
802.11 RatelD codes UDP broadcast | BROADCAST_POR
or MCS labels MCS_LIST port T
Logfile prefix LOG—FIIDIIJD\EEI\ILIA}E/IE — | Extra arguments EXTRA_ARGS
Transmit power TX_POWER
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Transmit packet PKT RATE
rate

Packet Lengths PKT LENGTHS

Extra arguments EXTRA_ARGS

(EXTRA_ARGS)= HHE Fall 3k Ao
3] ol

[e)
H2E H7 334 2L 3@ 7712 ¢

X 11 7|Bgto 2 A3 $£417] A3 E(starttx.sh)e] o Al

root@MK5:~# /opt/cohda/test/starttx.sh
Interface: wave-raw
Channel: CCH

Radio: A

ChannelNumber: 178
DefaultMCS: 10
DefaultTxPower: 40
DefaultTRC: 0

DefaultTPC: 0

Bandwidth: 10
DualTxControl: 0
ChannelUtilisationPeriod: 49
TxAntenna: 3

RxAntenna: 3

MACAddr: 04:€5:48:01:3f:4c

I 12 718 gro =2 A3 A7) AT Y E(startrxsh)e] o Al

{“epoch” : 1555557745.094481, “Pkts®: 11482, “Bytes”: 10399224, “Delta“: 37.97, “c
omment“: null, “header”:
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“mac[#modei_rate] : latitude longitude  range max age
sig/A noise_A  sig B noise_.B  num loss% kBps®, “data“:{

“04:€5:48:01:33:0040000:[-34.9424383, 138.5881283, 1.27, 1.89, 0.57, -90.33,
-102.20, 0.00, 0.00, 2494, 0, 28.376],

“04:€5:48:01:33:0040005:[-34.9424383, 138.5881283, 1.27, 1.89, 0.64, -89.90,
-102.20, 0.00, 0.00, 451, 81, 17.010]

33

3 11914 9] starttx.sh 2T HES] HEL 7| E#%S g o 2 Yepd v/
]f?_l:} ¥ 119014 9] startrx.sh ~2AHES gELS I H X~ k=)
< 371 -?’l%} HolE 24 71& 7l S5 _%%" 40002 %@%E}. ® 129 A
3391 11482&= ZF A7 5 YEhdT. o7 il
o % /H]E_—E— UFERAT}, SRAlA s 2494 5] S —’F/\lgﬂott] PER % o ] 3 RSSIE= -90.33
dBmeltt. ¥}zl dol= 1400 Byteso]il, AR = T4
81%°] 3l RSSI:= -89.90 dBm<Q! A& §]’°] & AT FHYF HEEE 93
5 S AT 5 ot
% /M DSRC RES o] &3t 10 m Boj=d & F 2934 2] 37l % | Lok
ECHF 5] Al A E SAHT A ol A SAFS RMS xk+= 2.2176
A8t T 218 559 o] Al AR =A%k biast 1.3946 mY = E=A| 0}0311
AAZ 2219 ®FH2H] sigma)E 1.7269 m= A A AT},

N fo
b
Wil
i)
o
o,
o2
rlo
=‘v.=
E
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k)
o
o
<

9 57. DSRC 7|4t A =4 A3
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gnss(rtk) results

UW;D : 108 g .
A 4L
Eaf
| =
R3 R2
; At
“r UWB ID:104
| UWB 1D:103
+ * _ UWBID:108
R1 ‘ UWB ID : 103 5 | ] | | | ) i I 1 I
UWB ID : 104 45 4 3.5 3 25 2 1.5 1 05 0 0.5

x{m)
19 60. UWB 7|5k At Ag=H ¥t i

1% 61. GNSS s417] 71w &9 23

ORI= 37,218434129°N 126.980172969°E 66.7115m
;‘ﬁj%%ﬂ%’;w “u'nnn,ig,m,, ﬂiﬁ‘gggn,m ORI= 37,218427248°N 126,980218854° 67.8420m
= e 5 5 A= 0 000na 4: 1:000m 1 0.0000e0
RMS=E: 0,0847m N: 0.0157m L 0.0767m 2D; 0.1722m T i el
RMS=E{ 0,01 73 N: 6360 U 05300 2. .07

10 mm
— [

1% 62. UWB ID 104l sl 33t+= 1% 63. UWB ID 103¥Hel sigsl=
GNSS <=417] post processing 2 3} GNSS 4=217] post processing 2 3}

ORI= 37,218459677°N 126980231099 66, 4455m
AVE =F: 0.0000m N:-0,0000m 3.0000m

:0,0003m M 0.0008m L 0,0056m

RMS=E: 0. nnn;rnN 0,0009m Ui: 0.0056m 2D+ 0,00 13m

b
;

I3 64. UWB ID 108H o) st
GNSS 4=417] post processing 2 3}
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3 13 UWB 719k o) A=l SA3%3 GNSS 54171 71k o) A=l A4 Bl
UWB 714t GNSSRTK) 714k A A
o) Az 24 A g Az 24 Az rms
B EEUAL B gz | 2AHm]
R1 4.0231 0.0047 4.2768 0.0690 0.2633
RZ 3.0944 0.1825 3.9979 0.0203 0.9069
R3 4.3461 0.18 5.8911 0.0606 1.0727
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, BE3 SF9 A5E ATE + J=EF LIE 7|A=E F7IE =4
Aol HAAete= As B} OoY LTE 7|A= HXlo] & Bl&o] Left+ o
A AAHoZ AR FUutth olo] 1 km A= =2 HE 7IAH FAll LTE 7|
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M
minZ = }: wix; = WT:‘_ — 5 Cost fu_ncfcic:n to
be minimized

subject to : Ax = b — Visibility matrix (A)
Cx <d (M%ﬁ glridﬁﬂf‘d =200 AH2E 5= U= LTE/DSRC
< H~ 810l
Fx<g f== )
ATX < T Separation matrix (C)
Solution sets found (F) TR (LTE Z|X|=, DSRC transmitter?t 7}t 2|0

(O] Hof &2 8| =rt xi €10,1} IESHA LO| DK E]= 2 X))
L2 unique® ol =5)

Weighting factor

(F7IH 22 DSRCE R0l HXA|st7| =Lt
HESHE LTE 7| K=& HCiE 8IS
weight 278->LTEZ|X| =0l 22 weight)

a9 69. 29 WEAZ FH BA 545
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EEDSRC &4:410| I} @ 0%
CToIE &+ Nage: 748 S5 UWEYI
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North [m]
3

Probability
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‘ A LTE base sla‘nun[\ Y

-150 - DSRC
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-
Eas[[m] JHHHHH_&- o } " }
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0 0.5 1 15 2 Verical Positioning Accuray [m]
Vertical UPA(150ft) [m]
19 85. 157]¢] DSRC 71 A=(FFAl7De = 24

29 84 8 23 B12 4
1570 ¢] DSRC 41719} &l

_A HE 39 42 "bak ZH

FE 1YLEAE A 2

of 37h AAF AW, 7% HH YESAZD),
A DSRC 31 Ao DSRC FFAI7|E EF AXA
@ Ag(iene] £2 W 39 AT vl (7]

SAE AEHA Fe B
39)

) 9 A= AF dugs A

(7P LTE A& 719 Ag =4 d3gZ
LTE 215 o]&3 =$ o= 7]=9 3GPP@3rd Generation Partnership Project)2]
Release 99l 4] 4&71% PRS(positioning reference signalE AF£& 4= 21O, PRSE 41
3t & 27| (UE; user equipment)®] X7} YEY Tl ¢ F o Z A3 B A7} of7]
T al[17], PRSE AFste AL SAALY Adgo]7] w&dd B2 FAlANE] 7}
l A3 g BRE 3+ PRS AEE AFskA &L 17 wiol 24 PRSE ©] &
S9ol= ofH el ATk
419 LTE 2l3oE= =9 AHe8 &= A= 7|& Al E X(reference sequence)’} &4
gt} o] 7]E A 252 PRSS 024 BE 48 LTE A& &8t Ald2olth. |
Z PSS(primary synchronization signaD+= 3709 A2 & A|E X~ F sU=ZE T3 HH,
s 7 BAE 7125 BS; base station -2 eNodeB)&] MEE T3t o 22210th
SSS(Secondary synchronization signa): 168702 M2 & A|lE X~ F stUZE THHH,

q

ol ruﬂ
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LTE 54 EA Mu|2~ 9ol Ao 718 D2 %33t= o 2221t} PSSe} SSS¢] A x}
gZ2 930 KHzZ, GNSS % th®ZA<l GPS(Global Positioning System)e] C/A (coarse
acquisition) Z=2] tf¥=<l 1.023 MHz$} vl =3k =Folt}h. 418 LTE 215 tis) Al
I G A PSSH SSS&] A|AX~E FS ZFcross-correlation) O EH AIZE A AS
AArste] o)A} A gl (pseudorange)E =3 @ = Ut

UEE #4149 LTE 2159 Ze9) A& AlZks FA35H7] 8] v =Y 54 ¢
/]xjc]gg pssg]. SSS ¥ &713F 413 E o] &3tk PSSE Zadoff-Chu Al@ 2 7]4ke] 7]

il

o

ﬁ

ol

= Al

A~ 2 03 109 U}Z]j AEd g7 AEHE. PSSE M AZ2 g AEs F
e E:ﬂ_ﬂuﬂ, Ztzke) AN A2E NYEE0,1,20 F 3R A= o] 9tk SSSE A%
4~ (m-sequence; maximum length sequence) 7|4k 715 A|P2E PSS9} npR7IA &2 &

£ 03} 100 EA15kw, PSS7h 911 A% vk o] ] Al B STt SSSE 1687
o N2 e Adz F uE 239, 449 Adzs N0, 1, 167} T 3
2 A= ol 9ok

A DE A&7 3AE BSuigk A2 o2 e /X3 72t A De e 54 s
& =(downlink) LTE A1 &9} t)-3-57] wj&oll, UE FHoll AX5 BSS| 99} BSol| A &
A= Al5e A DE A1 QU AFToA A IDE HESHE Ao E 21359 Al 9
A2 o 5 Qlth oA AHE Nl NS A D NGIE Aely] wliell A D Al
S 8l A = PSS} SSS A ZEo] AP ojof gtk PSS9} SSSE Za ) Wl A7 1A 3l
A7) Wl WA FAHE AFe @ Zd ol s PSSE WA AE3 H SS9 4
NS oS3t

PSSE #A&317] 918 UEE Al 7FA19] A2 o PSS AlAXE AAste] Falg 450

A

i3l “d#(correlation)ge}, o] & £ o2 FHSHH 2] 59 Zo

N—1

Corr(r,s pgg)lnl = Y 3 7(n)s pgg(n+m) (%)

n=>0

= T(m)@)zvspss(_m)zv

o, r& FAE ANSE, 5,07 UEZF AT A A 9] PSSE, N g Z# ¢
Aol WE B, () Aol HEFE, ()2 BEZ N AL, TUL 0,8 N
-point circular convolution& oJu| gt} o] HAH S Fup FHoA &qst7] flaf, 4 5

o] 14 Eg] o) WIHFFT; Fast Fourier Transform)@ 1< Eg] o 9 3H(FFT; Inverse
Fast Fourier Transform)& #3std 2] 63 2t}

Corr (1,5 pgs) = IFFT{ RS pgq } (6)
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olul, Ri=FFT{r}olal Spe:=FFT{spef0lth. 18 862 AA LTE 454 de
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a9 86. =¥ LTE Also tigk PSS A 3k dAl
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PSS+ 421Z o] AIZF 99 U correlation peak valueE H+= $X|olA HAEH1, SSS=
PSS7 A= vtE A X9 168 7FA o] A& & SSS A AX~E FHste] HE=3

SSSe] ¥ 8 ZE& PSSk 2o PP oot

PSS9} SSS7F FAlE A ZRRE BE AEH &, Z47he) AdxE vE AFE NS
NpPR wgE s, A De 2] 79 o] Ak

N = NI+ 3N5° (7

olml, NE"{0,1, -+, 503} o]tk PSS} SSS X ZHE e =@y A& Az, IS
d3 Y= A2 1A YA AF g ol gkl RAsE Ag FHS @ ok

(W) LTE A& 718k A7 =4 2§

LTE 2% 7|9+ Ag] &AL $13l Analog DeviceAlGit)e] ADI AD9361 Al 2Hl & T &
(SOM; system-on-module) AZE o] 7]uk FAI7|E A3ttt 45 31 <A o
A stal A7 2~ wjoll A g on, wf LTE 71X =9 A IDE ZAstAL, 714
= 9 Fal7] o Yxl= AT o]l FZYRTK; real time kinematic)E o] &3] A€ W] &
ez Y A S 3‘3}%15} 13 878 RTK Ad 2 LTE A& 41 A3 874 A}
o, 18 88+ 7= A& Aol AR 7| A=, 4171 & A2 BA A& vEd
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RTK &% ZH| ADI RF SOM

1% 88 Aol AREE TN A=, A7

=

Az ot & /MEE MATLAB ZEE E3) 43
= FASsta, o] AA4S T3 FHG ZyY A BERE
2o WAoo R FHT AL BA A oA 2y Az R} vlwste] 7 A5
2 = 28 As FAE gAdA A D595 HE
st9a, A ID 598 WAlske ST ZA =T FA7]9 33 I A4 7%61” %
8160 m ar, 71A =3 AlZF B 91X 9] A A= oF 102.36 m At & 15+

H LTE Az tigk AAS HRE Yepit
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% 15. #4149 LTE 215 AR

Cyclic Prefix Normal
o5 2 A FDD
SR=E/ J_— Z 3=
15 H‘ﬂ‘i&a"r a 15 (kHz)
A FTHF 889 (MHz)
A o E 10 (MHz)
MEL T3 15.92 (MHz)
FFT =7] 1024
N 59

2 AP HE 12 59 51 LTE A5 ko)A 1 zeﬂmuo ms) vhch g wel Az
Ak Go=M % 10039 A% Ag Aol o] 2olHTh X 16& oA A A
Ae] A Azbel biasst EZAA, AUl S Jepdd

# 16, 7149} 407] 2k LTE A% 7w Az
%4 49 4z

Bias 19.42 m
Xx=FHzt 9.58 m
A o} 39.71 m

(th 291 Az Ao
7]5_ ‘?,]/\—] 6‘]—% /\]/\Eﬂ Oﬂ /\-]_L_‘_ ‘](mtegrlty) _S_;LZ
/Ho]a]- ahlﬂrjl /\])\Eﬂoi_r.a _,_ 45] -r]7<] —5]] }
/\li?ﬂ% AEE F gls o AFEA A HAlo AE HAEst
G A"l BFANS AT 4 Qe FEvHE = alert limit (AL), time to alert
(TTA), integrity risk, R& 4= To] Ao}t ZF 24 deiv|ge] Hol= % 173 2o
FAR AR 1A 2AH HE £EE 23T AAE Ko, B AT T
3= ®B3E 3L protection level 3 #715™ ouj= FY
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rlo
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¥ 17. 244 setvlEe O 4o
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Stanford diagramoll A= 1% 899 o] 2t F-AA dEtr|E o #AE EE &Y Al
"ol 2 AejE FESF T Nominal operationss= A|~®lo] A4AH o2 F2 8-S
oJm]3lal, system unavailable& Al 2~®Hlo] 7}-83&}%] ¢SS on|3icy. ®3F misleading
operations= A 2~®lo] 7183k w] $1% 22} (PE; position erron)7} B& &S 23313
A9k alert limit2 AR -2 el E 2| v]slaz, hazardously misleading operations= A| 2~
do] 7183 w X A7t BE £F alert limits =5 233 JEHE v

E System r"H
1 Unavailable o
s ‘AL<PE<PL
ystem ' 4
b L]
Unavailable . "-é;ﬂ m
PE < AL < PL . “Unavaitable
i &Misleading|
- : " Information
: AL<PL<
£ | Atert Limit (AL) - AL=RLEHR
T
L .
c .
2 Nominal )
§ Qperations -
e PE<PL<AL
o -
*
‘J‘
'f
,*.  Misleading
':‘ Operations
/' PL < PE < AL
L
!"

Position Error (PE)

19 89. The Stanford diagram(18]

2 Ao FAFE 7] 1k FELA FHOZ PAAYE ALkt sk 91A] 2
2H95%)7F obd BE 4(99.999%)= AH&3t7] wiwol &Y FladE 7)ol st & &
< g e Y A a2l wE AR Zkt) whEtkA, oo ¥k wketu el alert
limit¥} time to alert& & 3}A| ko, Al2Hle]l F2 AJE]l+= nominal operations<}
misleading operations & 7} 2 FEH T}

f
X
o

AHEAE 1A 9] Fgkol BA gE oo ® x3HEHG AFT ¢ e BV R F
Fo 2 AoHH, g FEFS AHE 87 FFo s 2FdH. BE e ALt
st W FHSA A S9 A" et Gk o Aok AR SA AU BAAEE
E s o, 28 9037 o] 2xt9) HFl ulo]o] ~(bias)et @ x}e] E-AKvariance) T 7}
2 hEFS o83 BE F£FES AN 5 ot



TR A §

True Estimated
Position Position

a9 90. &9 2*+e] biaset w4t

29 gl Folu A5 B4 oste] Azl ZAA ol npo]o] 2(bias)7h WABL o] &
BAY 5 9 A, biasE nejste] BE £ Askatool @) wa, Fulo] Ao
2ol e 24

A= multipathel] oJ& 7128 S & bias7} 2T 715 Aok 18
NN Be FFE AlAtste WS UERdTh ZF "4 kA YR
= H3 —’F{F% oJwu)gttt. 19 91(a)+= multipath7} SA48HA] &1 Al 4ol bias=
B 1 A=, 2Ako] E4NEE TEEle RS FES AME F do ¥
9= =9 dagFolvt Az EAd st A Al bias7t HA S A=, ©
sk 1Y 9@l HlE) REFH o7 BT S AL 0 A9E HhALSE
Ao =o] A9 gl open-sky 4] A9, dutd o2 79 91(a), (bh) WHOE BT

ALty 28y B Ao A ExstE B4 Zlciﬂwjr 2ol FHol M whAbst
o] b Ex3e Aol I8 9109 22 WA o= multipathg 11835t
g 91(0)2] A% multlpathsﬂr biasel] o3l Ty

.1
AE BE AF /s E 1dete R FEs A4

O o o [ 1
o}
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AoJE 20 [2319] 19 5-158 Faste] BT &S =435sid 1Y 923 2o 2
Buxe 7= HE ¢F ALt ‘%Vll% 2 HAlo] A2 =33 =224]9 dagF

tlo
e
=
ol
o
fr
D)
g
0]
We,
<
[\
<
_\.L
i)
B\
o
_}\I_,
N
A
N
o
fru
2
of
o
o
> T
o
2o

7



1% 92, MHSS WHjolA RE 3o A9

A Al2=ES GPS Als ek ofyz} LTE®} DSRC A& & o]
F&7] 2 V2V BuiAY e ARSEdEeE AgdH. (2
SBHAIRE, AL A = GPS 7He8kA @tra 7R Eh

b 7)) MHSS W4e 1% 933 o] st o

Oﬂ

E

O

1% =% 3% (200~400 ft)

X& FX| 39 (0~200 ft)

UAV JIenEH LTE 13 DSRC & GPS Mz
Az FEK =3 IE 5¥K =3 He| £-K =3 AHE| 5™K 3 He| £-K =3
. T |
i i l i l
Fault-free 71’8, 1 sigma A&
]
ME[= 27 ZHO| ME scale factor A4t
Hlir e E%| wgE Az EA| HgE
fault-free 23 5 A4 fault-mode £2 £+F A4

ATi7E] SR e
HERS4E 2% @A)

O™ 93 Aljtshs 591 AFE VNE BE e A daEls




A A& =2 FH0~200 {09 B¢, LE=TF ol FRe HdEo] ®Wol EXER
GPS 2139 7MAA S &RE 77 JEH, GPS 237 SHHEHEE FEAAS »agd
T itk mEbA TRl sl ol A=l A X9} LTE, DSRC A7 &AHAHS A
gSA L E ALESATE HE =& 39(200~400 fOo A5, =7} =oF GPS
A58 THAlde] FREBEE F7 PS A2 SAA7A 1At =, F 39
oA BF Z|YIAEAE 1L 43 7Hg s

2 dAFoA = (20015 Faste] 2 83 o] b5 A=, NLOSS| FEFo =2 oAAE
(pseudorange)ell €7 & ©]/F9 bias7t DA s E 3 S E HFYsta, I 9

ol ATE A A=t Aosin
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9

fu
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mlm e
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E, ~ N(b,,07) @®

oluf, &EWF E v kA 71X =3 ALEA Abole] AR EH xto|d, b9t o &
247t AP =A oA HAI} TEH }OIE} Nominal “Jeje] Hol A=A biasE

b A AsolH, b <b. 8 B B Asolth
2Rl LOS 73l A A E 4 gl bias7t F71E DS 75

;@
V
i~y
rO
ol
—{o

max, k max,k -

>
o fok

rlr

e

(L

J

Fault-mode(FM)¢} fault-free(FR)E Z+zt 1A A5 S v ol £33 9% FAHX
o 1 AEE XA e A FAAE EIH20) HF R FFE EFAHLS
FM¥} FF Z+Z oA EE3%) RE 5 BE 3o F Lo]q. 2] 9~282 [20]] A Al
[e] p=d
= o

@ Fault-free 714, o, , AL

FFe] 9% 24x 2'= 4] 99} zro] 745 A aA4M(WLS; weighted least-squares) =
A4k T,

2 =5 Yy 9
olu, %43 H(projection matrix) & 4 103} 2} =S, PF yo| kHA J y = 4
113 2o

S'=(c"we)¢'w (10)
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2

Y= [TZ_Tn ?/k_zk‘HU +yn +Z 1D

olu, ne =90 AH&E= LTE, DSRC, GPS A=A % npxe =g old .~
(index)ol™, Zt 2139 Q2 Yoz A &= o) = kA LT F

o YAAR, m, g, 22 A FATA ol A A ZAH A 91X E YERAT 2] 109]
A1 7]5} e E(geometry matrix) G} 7153 2 (weighting matrix) W= Zrzb 4] 12, 133 2
o] Aot At Az v A7 FRAFTVIEZRE kA AYUSAHANAY] 1=
(elevation angle)®} w$]ZH(azimuth angle)S 523t} 2] 13914 o (1 <k <n)E= AdS
AU FAdF71e dAAE SH exte] BakelH, o, FnEAY 15 57

9

].

A

-

XLOH

/\o]

G- {[ cosElsinAz, —cosHl, Az, —sinEl, 1] (1<k<n)
4

(001 0] (h=n+1) (12)

wil=|: .0 0 (13)
000> 0
[0+ 0 0 0%

ool w2}, east-north-up (ENU) ZHEA ANA Z9 22} 0y = 4 149} o] dHH.
qol %ol 1, 2, 3d W, &4 &, 5&F, &< Heit.

00, = V(GTWG),, (14)

@ A= 9=zl uZ scale factor A4k
=AY HE K= 4 15, 163 o] A
Yetl= && P M[_HOREL} P M[_VER—L‘—-; 2z}

e Zﬂ_°ﬂ o)5ke] A4 BTH20). A2 =
Loz

vAY A 71ES HMIE ARsgAw, & a7l As 91X ol B 55 23
SERY
2 HRZ

o
MIE 7o 2 AAAY. ol £ AFolA= alert limit UZ}E AR "ar}

SEE AN gRolT Qs BF
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P,
K= 10— O MI_HOR
b Q (4 ¢ (Nmaxsub_'_l) * Char {12
P,
. MI_VER
K=Q (2 e (Vop 1) )XC 16

215, 1691M ¢, S} ¢, & FolF AYE QTzA WE 9 oz B
over-bounding 3}7] 93 BA Aol AokstE =9 Al AHAE Qg
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Abstract: Global navigation satellite systems (GNSS) have become a primary navigation means for
aircraft. However, the signal power of GNSS is very weak, and its service can be disrupted at any
time when there is interference or jamming. For this reason, the Federal Aviation Administration
(FAA) in the United States has recently chosen a distance measuring equipment (DME)-based aircraft
navigation technique, called DME/DME, as an alternative aircraft navigation means for use by
around 2030. The reason that the FAA plans to use DME/DME in such a short duration, by around
2030, is presumed to be because the ranging accuracy of DMEs is between 70 to 300 m, which is
about 7 to 30 times worse than that of GNSS. Thus, a significant loss of positioning performance is
unavoidable with current DMEs. To make DME/DME a more competent alternative positioning
source, this paper proposes an advanced DME that could provide a ranging accuracy of around
30 m by employing a recently developed Stretched-Front-Leg (SFOL) pulse. The paper introduces
optimal ground station augmentation algorithms that help to efficiently transform the current DME
ground network to enable a DME/DME positioning accuracy of up to 0.3 nm or 92.6 m with a
minimal number of new ground DME sites. The positioning performance and augmented ground
network using the proposed SFOL pulse-based DME are evaluated in two regions which have distinct
terrain conditions.

Keywords: DME; GNSS jamming; APNT

1. Introduction

Global navigation satellite systems (GNSS) have been widely used for aircraft navigation, and
their role will be more important in future air traffic control. For example, the USA Next Generation
Air Transportation System (NextGen) and Single European Sky ATM Research (SESAR) in Europe
heavily depend on GNSS to meet future air traffic demands. However, it is well known that the GNSS
signal can be easily lost in the presence of interference and jamming because of its weak signal power.
In fact, South Korea experienced Global Positioning System (GPS) outages in 2010 and 2012 due to
the strong GPS jamming signal transmitted from North Korea [1]. These events caused serious safety
issues for aircraft and ships using GPS as a primary navigation source.

In fact, GNSS outages due to interference or jamming were expected before the events in South
Korea. The Federal Aviation and Administration (FAA) in the USA started an Alternative Position,
Navigation, and Timing (APNT) program in 2010 to develop a GNSS back-up system for possible
GNSS outages [2,3]. The envisioned APNT system by the FAA should have resilience such that it is
difficult to interfere with. In addition, it must be able to continuously operate without being dependent
on GNSS, and it should be able to serve various users such as commercial airliners, as well as general
aviation. Another important APNT system requirement is that its service should be compatible with
the legacy users, as well as future users such as unmanned aircraft systems.
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Abstract: The current autonomous navigation of unmanned aircraft systems (UAS) heavily depends
on Global Navigation Satellite Systems (GNSS). However, in challenging environments, such as deep
urban areas, GNSS signals can be easily interrupted, so that UAS may lose navigation capability at
any instant. For urban positioning and navigation, Long Term Evolution (LTE) has been considered a
promising signal of opportunity due to its dense network in urban areas, and there has recently been
great advancement in LTE positioning technology. However, the current LTE positioning accuracy
is found to be insufficient for safe UAS navigation in deep urban areas. This paper evaluates the
positioning performance of the current network of LTE base stations in a selected deep urban area
and investigates the effectiveness of LTE augmentations using dedicated short range communication
(DSRC) transceivers through the optimization of the ground LTE/DSRC network and cooperative
positioning among UAS. The analysis results based on simulation using an urban canyon model
and signal line of sight propagations show that the addition of four or five DSRC transceivers to the
existing LTE base station network could provide better than 4-6 m horizontal positioning accuracy
(95%) in the selected urban canyon at a position of 150 ft above the ground, while a dense LTE network
alone may result in a 15-20 m horizontal positioning error. Additionally, the simulation results of
cooperative positioning with inter-UAS ranging measurements in the DSRC augmented LTE network
were shown to provide horizontal positioning accuracy better than 1 m in most flight space, assuming
negligible time-synchronization errors in inter-UAS ranging measurements.

Keywords: unmanned aircraft systems; Global Navigation Satellite Systems; LTE

1. Introduction

The signals of Global Satellite Navigation Systems (GNSS) are unreliable indoors and in urban
areas, and the development of alternative positioning methods for these areas still remains a challenging
problem while the demands on the positioning technologies in GNSS-denied environments escalate in
various applications including public safety assurance in disastrous situations [1,2], smart parking
systems [3,4], and operations of unmanned systems, to name a few. In a relatively small area such as a
parking lot or a shopping mall, Radio Frequency Identification (RFID) and Ultra Wideband (UWB)
sensors have been successfully deployed to track cars or humans [5,6]. For the problem of urban
navigation, various kinds of vision-based techniques have also been introduced and most of them are
based on optical-flows, feature extractions, and feature matching algorithms [7,8]. Recently, Long Term
Evolution (LTE)-based positioning has been considered as one of the promising signals of opportunities
(SOP) due to its extensive existing network in urban areas [9-13]. Therefore, the LTE positioning
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atmospheric pressure change with altitudes in urban areas, and this assumption will be verified in
future studies.
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[Abstract]

In this paper, a new algorithm for the calculation of the range between an LTE base station (BS) and a user equipment (UE) using
time-of-arrival (TOA) measurements of LTE signals is proposed. First, the cell identity (cell ID) of the received signal is acquired using the
primary synchronization signal (PSS) and secondary synchronization signal (SSS) to identify the BS transmitted the signal. The proposed
algorithm exploits the cell-specific reference signal (CRS), the reference sequence inserted in commercial LTE signals, to estimate the time
delay using 2D cross-correlation. The obtained TOA estimations can be used to calculate the range employed from the known BS location.
The performance of the proposed algorithm is evaluated with the experiment performed using real LTE signals transmitted from the
commercial BS.

Key word : LTE, Signals of opportunity, Resilient PNT, Time-of-arrival (TOA), Ranging.
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Root-mean-square-error 20.05 (m)
Standard deviation 14.59 (m)
Maximum error 55.92 (m)
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[Abstract]

We developed a surveillance tool for collision avoidance of unmanned aerial vehicles (UAVS) in urban areas. In our tool, users
can visualize the safety distance on the actual 3D map of urban area. The estimated positions of UAVs are assumed to be
obtained based on the long-term evolution (LTE) signals. The safety distance is defined to include two or more signals with bias.
The safety distance calculation method used in this paper enables simulation similar to the actual urban areas where signals are
frequently biased due to multipath. In the simulation, the parameters were set based on the measured values, and the change of
the safety distance according to the number of faulty signals was simulated. As a result, increasing the number of faulty signals
led to a longer safety distance as expected.

Key word : LTE, Positioning, Safety distance, Signals of opportunity (SOPs), UAV surveillance.
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Abstract— Positioning using long-term evolution (LTE) signals
has drawn attention as an alternative solution when Global
Positioning System (GPS) signals are not available. When using
LTE positioning while moving, an LTE signal receiver can
experience signal fading. In this paper, we propose an algorithm
that selects appropriate LTE downlink signals for positioning
based on their reference signal received quality (RSRQ). We
performed a simulation of LTE positioning using the proposed
algorithm and calculated the position of a moving receiver. The
simulation results obtained with and without using the algorithm
are provided in the paper.

Keywords—signals of opportunity; long-term evolution (LTE);
positioning; signal fading;

I. INTRODUCTION

The global positioning system (GPS) [1]-[3] is and has been
widely used throughout the world for positioning, navigation,
and timing purposes, providing geolocation and time
information to GPS receivers anywhere on or near the Earth.
However, due to the low strength of GPS signals, they are
vulnerable to interference, spoofing, and obstruction [4]-[7].
Anomalous ionospheric conditions can also degrade the
performance of GPS [8]-[12]. To overcome the inherent
weaknesses of GPS, signals and sensors that can assist
positioning systems in GPS-denied environments have been
utilized, including inertial measurement units (IMUs) and radars
[13]-[16]. IMU sensors measure only changes in position, which
means that they require good position solutions during
initialization. In accordance with their operating principle, their
measurement errors increase greatly over time, and thus they are
only useful for assisting short GPS signal gaps. Radar devices
can form an independent positioning system, but its accuracy is
uncertain in urban areas due to the issues such as multipath and
clutter [17].

Thus, methods that use signals of opportunity (SOPs) for
position estimation have been proposed [18]-[22]. SOPs are
radio frequency (RF) signals, such as Wi-Fi, cellular, and digital
television transmissions, which are not originally for positioning
purposes but can be used to track locations using appropriate
techniques. By exploiting the properties of existing SOPs, they
can be used to form their own positioning systems. Among the
various existing SOPs, cellular SOPs have drawn a lot of
attention owing to the fact that they are abundant in the air, have
a high transmission power, and are easy to access. Recently,
long-term evolution (LTE) became the fourth-generation (4G)
standard for high-speed wireless communications in mobile

devices. LTE systems have high bandwidths and data rates,
which are sufficient for forming a positioning system [20].

The main connection in LTE systems is a wireless
connection between the user equipment (UE) and an evolved
Node B (eNodeB or eNB). The UE is an LTE signal receiver,
which receives downlink signals from multiple eNodeBs, also
known as LTE base stations. To allow for the coherent
demodulation of LTE signals, reference signals are inserted into
the orthogonal frequency-division multiplexing (OFDM) time
grid. Reference signals do not deliver any specific information,
but because their structure and location in the time grid is known,
we can calculate a signal’s time of arrival (TOA) by correlating
the received signal with the generated reference signal.

When the UE is moving, it can experience signal fading due
to changes in the distance between itself and the eNodeB. For
the successful positioning of the UE, the continuous selection of
the appropriate signals for positioning must be carried out. We
propose an algorithm that selects the appropriate signals based
on their reference signal received quality (RSRQ), which will be
described in Section 1. We performed a simulation of a moving
UE with and without the proposed algorithm, assuming an
environment where signal fading occurs. The simulation results
are presented in Section I11. In Section 1V, the conclusion of our
paper is presented.

Il. METHOD

To estimate position based on multilateration, at least three
indefective signals are required. Our method selects certain
LTE downlink signals out of all the received signals based on
their RSRQ. RSRQ is the ratio of the received reference signal
power to the received signal power. A multipath propogation
causes intersymbol interference (ISI) in LTE signal [23], and
RSRQ is more capable of identifying ISI than the reference
signal received power (RSRP) [24]. Thus, we used RSRQ for
selecting appropriate signals for positioning under multipath
environment. The detailed procedure is described below:

1) The UE receives all downlink signals from eNodeBs.
The received signals are then distinguished from each other by
performing a multi-cell search.

2) The RSRQ of the received signals are measured. Signals
are selected if they meet a minimum RSRQ threshold. Position
estimation is possible when there are three or more selected
signals.

3) The UE generates a reference signal and correlates it
with each of the selected signals. The first peak of the
correlation is considered as the TOA of the signal.



multipath with and without the signal selection algorithm). The
result shows that our signal selection algorithm provides a
similar accuracy with the no multipath case even in the
multipath environment because the algorithm discards signals
with high multipath.

TABLE I. AVERAGE POSITION ERROR COMPARISON UNDER DIFFERENT
SITUATIONS
With multipath With multipath
Without without the with the signal
multipath signal selection selection
algorithm algorithm
Average 31.70 41.22 32.37
error [m]

This positioning accuracy would be degraded in the real
signal propagation environment because eNodeBs are not at the
same altitude in reality, which is assumed in our simulation, and
uncertainty exists in the time synchronization between
eNodeBs, which is not considered in the simulation.

IV. CONCLUSION

This paper presents an algorithm for selecting appropriate
signals for LTE positioning. A method for selecting signals
based on their RSRQ is proposed. This algorithm is useful in
high-multipath environments in which UE can experience signal
fading. We performed simulations of the proposed LTE
positioning method in which the UE is moving through a path
where various signals that exceed or lack in RSRQ can be
received. We showed that performing an appropriate selection
among received signals can contribute for improving positioning
accuracy when the originally tracked signals fade and new
appropriate signals are needed.
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Abstract

In an urban canyon environment, the positioning
accuracy of global navigation satellite systems
(GNSSs) decreases. In this paper, we consider an
ultra-wideband (UWB) radar-based positioning
method for unmanned aerial vehicles (UAVs) as a
complement to GNSS in an urban canyon environment.
The positioning accuracy of the UWB radar-based
system is simulated based on the error statistics from
actual range measurements. For a realistic
simulation, we created a 3D map of an actual urban
canyon environment in Seoul, deployed UWB radars
on the map, and evaluated the positioning accuracy of
a UAV at a single location.

Keywords: UWB radar-based positioning,
multilateration, UAV navigation, urban canyon

1. Introduction

Research interest in the autonomous flight of
unmanned aerial vehicles (UAVs) has increased
recently. Moreover, studies on navigation systems
that are indispensable for autonomous UAV flight are
being actively pursued [1-3].

Unlike the indoor environment, where positioning
is accomplished using various infrastructure
components such as Wi-Fi, radio frequency (RF)
beacons, and ultra-wideband (UWB) radars,
positioning using global navigation satellite systems
(GNSSs) is most common in the outdoor environment.
However, GNSS has a disadvantage in that the errors
increase due to the influence of multipath and non-
line-of-light (NLOS) signals in urban canyons, where
demand for autonomous UAV flight is high. In
addition, GNSS is vulnerable to radio frequency
interference [4-7] and ionospheric anomalies [8, 9].

Therefore, positioning technology that can
complement GNSS in the urban environment has been
proposed [10, 11], and UWB radar has the advantages
of low energy consumption and low computational
complexity [12, 13]. Further, similar to the urban
canyon environment, UWB positioning has been
shown to perform better than other methods in an

indoor environment where objects can create many
signal interruption [14].

In this paper, we consider a multilateration (MLAT)
method using UWB distance sensors for UAV
positioning in an urban canyon. Its performance is
analyzed by realistic simulation based on the error
models of the UWB sensors [15] and a 3D map of a
real urban area [16].

2. Positioning method

In this study, the UAV position was obtained
through MLAT based on UWB radar distance
measurements.

A. Distance measurement error model

We used the standard deviation of distance
measurement errors from the UWB radar at the
outdoor medium distance range (10-90 m)
environment for the simulation. The error model
obtained in [15] is graphically shown in Fig. 1.

Standard Deviation(cm)

Real Distance(m)

Fig. 1: Standard deviation of distance
measurement errors in an outdoor environment

B. RLS-based MLAT algorithm

For MLAT positioning, the recursive least squares
(RLS) algorithm introduced in [17] was used. This
algorithm has low complexity and can be useful for
real-time positioning.

3. 3D model of urban areas
For a realistic performance simulation, we

constructed a 3D urban map reflecting the actual
terrain.
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A. Building a 3D urban model

By the method proposed in [16], we constructed a
3D map for an urban area in Seoul, Korea using a 3D
elevation model and 3D building data from VWorld’s
open API [18§].

B. Placement of UWB radars

UWB radars were placed on the street-facing
facade of six buildings around Teheran Street for the
simulation. The UWB radars were placed on buildings
43, 44, 45, 63, 65, and 71, shown in Fig. 2. The 3D
locations of the deployed UWB radars and of a UAV
are shown in Fig. 3.

250

200}

-100 ¢

-150

-150 -100 -50 0 50 100
X(m)

Fig. 2: Projected view

X(m) -10;1 %'100 Y(m)
Fig. 3: Locations of a UAV and UWB radars

4. Simulation results

The MLAT algorithm in Section 2 was repeated
1000 times to obtain the position of the UAV in the
simulation environment formed in Section 3. The
positioning error is calculated for each axis as the
difference between the calculated UAV location
considering the error model of the UWB radars and
the actual UAV location.

0.5

0.4

0.3 = i

0.2

041

0

Y (m)

-0.1

-0.2

-0.3

-0.4

-0.5 :
-0.5 0 0.5
X (m)

Fig. 4: 2D positioning error on xy-plane

The position estimation on the xy-plane is plotted
in Fig. 4. The 2D positioning accuracy on the xy-plane
was 0.2873 m (95%). Along the z-axis, the mean and
standard deviation of the positioning error were
0.0090 m and 0.0995 m, respectively.

5. Conclusion

In order to complement GNSS in the urban canyon
environment, we considered a UWB radar-based
positioning method and simulated its performance
based on the actual error model of the UWB radar and
a 3D urban map. The UWB radar-based UAV
positioning accuracy was approximately 0.29 m (2D,
95%) under the conditions of the simulation. Because
this work is a preliminary result based on simulations,
field tests using actual UWB radars and UAVs are
planned as a future work.
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ABSTRACT

Potential Field is one of the widely used path planning methods in robotics. This method assumes that a robotic system knows
its current position and where the goal is. The location of obstacles is also known in advance for global path planning, or it
can be detected from sensing in local path planning. Although the potential field method provides a convenient and simple
way of generating paths, most previous approaches do not incorporate uncertainty of a platform position while it is moving.
Unlike satellite-based navigation systems, a user positioning accuracy may significantly change in a local area if a positioning
system basis on Ultra Wideband (UWB) or LTE/5G is used. Because the positioning accuracy varies while a vehicle navigates,
an unmanned vehicle or a robot following a given path may experience dithering movement. In addition, this problem may
lead to unnecessary oscillation and increase the probability of collision which is a critical treat for a safe navigation. To
overcome the drawbacks, this paper proposes the PF-DOP hybrid path planning algorithms, which is a variant of potential
field that takes into account a user positioning accuracy. A user positioning accuracy (UPA) in an interested navigation area
can be conveniently represented by Dilution of Precision (DOP) field. From the mixture of the potential and DOP fields, the
proposed approach generates a hybrid directional flow that is able to guide an unmanned vehicle to the safer and more
efficient paths. The hybrid directional flow is made by mixing the two fields with weighting factors which is also used in
traditional potential field method as a coefficient. The weighting factors will vary depending on the user locations, but as the
positioning accuracy can be derived from the user location, the user positioning accuracy is also associated. The paper will
describe the systemic procedure in generating the PF-DOP hybrid path and how to avoid local minimum by using this
algorithm.

INTRODUCTION

There have been several studies on planning algorithm in robotics [1-4]. For motion planning, space is often narrowed down
to Configuration Space (CS) to find a connected sequence of points. The ultimate goal of motion planning is to link points
starting from the initial location to the goal in collision free spaces. Reference [1] classified motion planning environment into
four class : stationary, time-varying, constrained, movable object. From the environment, the algorithm for motion planning
is also divided into four categories : skeleton, cell decomposition, potential field, and mathematical programming. As
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Abstract: Attempts to organize a new positioning system with signals of opportunity (SOPs) has drawn attention as a
substitute for when the global navigation satellite system (GNSS) is unavailable. Among various kinds of SOPs, long-
term evolution (LTE) is considered a suitable candidate for a positioning system owing to its high transmission power
compared to GNSS signals, high bandwidth, and high data rates. To distinguish LTE signals from each other and to
recognize the base transceiver station that transmits each LTE signal, also known as eNodeB, cell identity (cell ID) must
be determined. To organize a high-reliability positioning system, the maximum correlation peak value of reference signals
and reference signal received quality (RSRQ) can be considered the criteria by which to evaluate the reliability of a
determined LTE cell ID. This paper shows the analyzed results of real LTE signals acquired in commercial frequency
bands and sampled. The correlation peak value and RSRQ are measured and compared at different spectral and sampling

frequencies.

Keywords: Long-term evolution (LTE), positioning, reference signal, RSRQ

1. INTRODUCTION

The global navigation satellite system (GNSS) [1-3] is
considered the most popular positioning and navigation
system today, owing to its accurate positioning and
timing information, as well as its convenience. However,
performance issues can occur with the GNSS when its
signals become unavailable. The performance of GNSS
can be degraded by anomalous ionospheric conditions [4-
7], signal reflection/blockage [8, 9], and can also be
affected by interference and obstruction owing to the low
strength of GNSS signals [10-13].

Recently, signals of opportunity (SOPs) have drawn
significant attention for use in organizing a new form of
positioning system [14-17]. SOPs are radio frequency
(RF) signals that are not originally provided for
positioning purposes, including Wi-Fi, TV, radio, and
mobile phone signals. SOPs have the advantages of
transmission power and coverage compared to GNSS
signals, thus they could be used as complementary
positioning signals when GNSS signals are unavailable.
Among various kinds of SOPs, long-term evolution (LTE)
signals are considered one of the most suitable candidates
use as positioning system signals owing to its high
bandwidth and data rates [18, 19].

To utilize LTE signals for positioning purposes,
special algorithms are needed to identify which base
transceiver station, also known as eNodeB, transmitted
the signal and the time of arrival (TOA) of the signal [20].
In an LTE system, signals from baseband data can be
distinguished from each other by detecting a system-
information parameter called cell identity (cell ID). Cell
ID can be used to identify the eNodeB that transmitted
the signal. Cell ID is determined from two kinds of
reference signal sequences inserted in the time-frequency
grid: the Primary Synchronization Sequence (PSS) and
the Secondary Synchronization Sequence (SSS). The

978-89-93215-18-2/19/$31.00 ©ICROS

detection of a correct cell ID directly leads to the
reliability of an LTE-based positioning system [21-23].
To organize a high-reliability positioning system, an
analysis of the correlation peak value of reference signals
and reference signal received quality (RSRQ) must be
provided, because these are considered useful criteria by
which to evaluate the reliability of cell ID estimation [24-
26].

This paper shows the results of analysis of real LTE
signals acquired from available commercial frequency
bands at two different sampling frequencies. We
compared the correlation peak value of the reference
signals and the RSRQ in each frequency band and for
each sampling frequency. Section 2 provides an
explanation of LTE frame structure and the method used
for signal acquisition. Section 3 presents the
experimental process and results. Conclusions are
offered in Section 4.

2. LTE FRAME STRUCTURE AND CELL ID
ACQUISITION

In this section, first, the structure of an LTE frame is
discussed. Then, a method to acquire the LTE cell ID and
parameters that are related to the cell ID estimation
accuracy (i.e., maximum correlation peak values and
RSRQ) are explained.

2.1 LTE frame structure

In an LTE downlink transmission, by which an
eNodeB transmits an LTE signal to user equipment (UE),
data transmission is organized in the form of multiple
radio frames. As shown in Fig. 1, each radio frame has a
length of 10 ms; furthermore, each radio frame is divided
into 10 subframes each of which has equal length (1 ms).
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Abstract: We have developed a tool to visualize a situation of estimating the positions of unmanned aerial vehicles
(UAVs) using long-term evolution (LTE) signals in an urban area. In our visualization tool, true positions of UAVs and
evolved Node Bs (eNodeBs), estimated positions of UAVs, and the calculated horizontal and vertical protection levels
(HPLs and VPLs) are displayed in a 3D city map. For a realistic simulation, the 3D city map is generated using real
buildings and terrain data of Gangnam, Seoul, Korea. Users can directly specify the locations of UAVs and eNodeBs to
simulate these cases. Error variances are added to the true range between UAVs and eNodeBs in the developed tool. Next,
the position and the HPL and VPL of each UAV are calculated and displayed on the map. Using the developed
visualization tool, we observed changes in the estimated positions and confidence bounds of UAVs by adjusting the
number of eNodeBs transmitting LTE signals. Simulation results show that the size of confidence bounds decreases as
the number of eNodeBs increases.

Keywords: LTE, integrity, protection level, urban area, UAV

1. INTRODUCTION

Recently, as demand for unmanned aerial vehicles
(UAV5s) has increased in the private industries [1, 2], the
need for unmanned aircraft system traffic management
(UTM) has emerged [3]. UTM is a system that manages
the flight paths and operations of small UAVs within 150
m of ground in low-altitude airspace [4]. In a UTM
system, the development of a reliable navigation
technology is actively studied to support safe and
efficient operation of UAVs [5-8]. The navigation
technology can be used in situations such as collision
avoidance [9] and electronic toll collection (ETC) [10].

As an example of a navigation system, the global
navigation satellite systems (GNSSs) such as the Global
Positioning System (GPS) provide accurate position and
timing information [11-17]. However, in some
challenging areas, because of the weak signals of GNSS
and environmental problems, it is necessary to develop
other navigation systems that assist GNSS. Accordingly,
alternative navigation technologies such as long-range
navigation (Loran) were studied for maritime navigation
[18,19].

For use in urban areas, navigation system using
cellular signals has advantages of high signal strength
and geometric diversity [20]. Consequently, many
studies using long-term evolution (LTE) downlink
signals have begun to emerge [21-23]. In recent studies,
the positioning accuracy using LTE signals was reported
at the meter level [24, 25].

In this study, we developed a visualization tool to
display the horizontal confidence bounds, also known as
horizontal protection levels (HPLs), of LTE-based
positioning solutions for the surveillance of UAVs in a
realistic 3D city map to support the management of the
traffic of UAVs in urban areas. Furthermore, we

978-89-93215-18-2/19/$31.00 ©ICROS

displayed the vertical protection levels (VPLs) derived
from the pseudorange error variances of both barometric
altimeter [26] and LTE signals [23, 24]. In our tool, we
created a map of an actual urban area, Gangnam, Seoul,
Korea. Users can place the Evolved Node Bs (eNodeBs)
and UAVs on the map and simulate the various
deployments. As a result of the simulation, the true and
estimated positions, HPLs, and VPLs of UAVs are
visualized on the map. In this paper, we conducted a
simulation while adjusting the number of eNodeBs.

This paper is organized as follows: Section 2
introduces the calculation method of the HPL and VPL.
Section 3 describes the settings, such as map generation
and placement of eNodeBs and UAVs, for simulation.
Section 4 shows the simulation results achieved by
changing the number of eNodeBs. Finally, in Section 5,
we concluded the paper.

2. PL CALCULATION METHOD

The VPL and HPL are computed using methods
described in [27, appendix J]. In addition, we utilized the
method used in [26] for the addition of external altitude
measurements from barometric altimeter. It is assumed
that LTE signals are used to calculate the HPL, and both
LTE signals and barometric altimeter are used to
calculate the VPL.

In fault-free case, the HPL and VPL can be derived
from two steps [28]: converting pseudorange domain
variance to position domain variance, and scaling
position variance as per the integrity requirement.

2.1 Conversion to position domain variance
We assumed the pseudorange error from the ith
eNodeB or barometric altimeter as zero mean, normal
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to 8, respectively. Also, the mean values of VPLs are
4750m , 39.32m, and 33.60m with eNodeB
numbers ranging from 1 to 4, 1 to 6, and 1 to 8§,
respectively. As expected, the simulation results show
that the size of the HPL and VPL tends to decrease as the
number of eNodeBs increases.

Table 3 HPLs of UAVs depending on the number of
eNodeBs (unit: m)

eNodeB Number
1to4 1to6 1to8
1 43.48 35.90 27.61
2 13.64 11.92 10.25
I%Z; 3| 2643 25.35 25.15
4 18.96 14.68 12.36
5 12.47 11.31 9.10
Mean 23.00 19.83 16.89

Table 4 VPLs of UAVs depending on the number of
eNodeBs (unit: m)

eNodeB Number
1to4 1to6 1to8
1| 4845 2928 25.58
2| 46381 38.24 30.75
I%Z; 3| 4778 45.69 43.99
4] 4907 40.88 32.86
5| 4537 42.49 34.81
Mean 47.50 39.32 33.60
5. CONCLUSION

We have developed a visualization tool for LTE-based
surveillance of UAVs in an urban area. User can select
the number and position of UAVs and eNodeBs in the
developed tool. We have calculated the estimated
positions, HPLs, and VPLs of UAVs, and plotted them on
an actual urban map. In addition, we have shown through
simulation that the PL size tends to decrease as the
number of eNodeBs increases as expected.
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Abstract

Positioning based on long-term evolution (LTE)
signals has been introduced as an alternative
positioning method when Global Positioning System
(GPS) is unavailable. One option for positioning based
on LTE signals is to utilize received signal strength
(RSS) measurements. There is a relationship between the
distance from user equipment (UE) to an LTE base
station (BS) and the measured LTE RSS. In this paper,
we analyzed the aforementioned relationship and
developed an application that can measure LTE RSS and
return the predicted distance from a UE to a BS in an
Android smartphone environment.

Keywords: LTE, RSS, distance calculation, Android

1. Introduction

The use of Global Positioning System (GPS) [1] is
widespread for positioning and navigation purposes.
However, the low strength of GPS signals makes it
vulnerable to radio frequency interference [2-4] and
ionospheric  scintillations [5-7]. Researchers have
suggested signals of opportunity (SOPs) as an option to
mitigate this weakness [8-10]. Similar to GPS,
positioning by SOPs must measure the distance from the
signal transmitter, which is known as the base station
(BS), to the signal receiver, which is known as user
equipment (UE). We can extract useful information
related to the position of the UE from the received LTE
signals, such as the received signal strength (RSS) [11,
12]. In this paper, we applied RSS-based distance
measurement to a smartphone receiver and developed a
corresponding Android application.

Recently, long-term evolution (LTE) signals have
garnered attention owing to their high bandwidths and
data rates, which are suitable for forming a positioning
system [13]. When an LTE receiver receives LTE
signals from several BSs, each LTE signal contains
information about each signal, including mobile country
code (MCC), mobile network code (MNC), location area
code (LAC), and cell ID (CID). Among these, CID
contains the most detailed information regarding the BS
[14].

Considering the accessibility of information in a
mobile environment, we utilize LTE RSS as a distance-
related parameter. Our application calculates and
displays the following information:

1) LTE signal information used by the smartphone
(MCC, MNC, LAC, CID);

2) LTE signal information received, but not used, by
the smartphone;

3) predicted distances from the UE to the BS,
returned in real time and calculated by our method.

2. Method

A. Real-Time LTE Data Collection Setup

For real-time LTE data collection, we developed an
Android application. The information on the telephony
services of the smartphone can be extracted using the
public class ‘TelephonyManager’. The MCC and MNC
can be extracted using the ‘getNetworkOperator()’
method. It returns a string (MCC+MNC) of the current
operator. Subsequently, we learn the CID and LAC by
using the ‘getCid()’ and ‘getLac()’ methods, respectively.

By using the ‘getAllCelllnfo()’ method, we collect all
signal information received by the smartphone. This
method returns a list of all observed signal information,
including the main and neighboring signals. The
application execution screen is shown in Figure 1.

OpenCellLocation OpenCellLocation
Lt

[Inf
1th

Main Cell
MCC : 450 MNC : 06
LAC:24617 CID : 51561992

Elapsed Real time Nanos : 748326513416383

All Cell(s) toLog Renew

Total : 13 Cell(s)

TAC
Pci =2 mRegistered=NO

Figure 1. Application execution screen showing cell
information.



B. Experimental Setup

Figure 2 shows the location of the BS and the
movement path of the UE during the experiment. The
UE used in our experiment is a Samsung Galaxy On7
(SM-G610), which supports 4G LTE-FDD signal
reception.

Figure 2. Location of the BS (green dot) and
movement path of the UE (blue line).

The LTE signal information, especially primary
received RSS, was acquired by our real-time LTE data
collection Android application. We monitored RSS for
one minute at different distances and calculated the
average value.

3. Results

Figure 3 shows the acquired RSS value in relation to
the distance between the BS and the UE. In accordance
with the data, we plotted a logarithmic trend line. The R-
squared value of the trend line is 0.9372.

Distance vs LTE RSS

—&— Data
— Trend line | |

LTERSS (dBm)

L | | L
67 68 69 70 71 72 73 T4 75 76 77

Distance (m)
Figure 3. (Blue line) Measured LTE RSS value from
the distance between the BS and the UE. (Orange
line) Trend line fitted to the data.

We applied this relationship of the RSS and the
distance value. Based on the experimental results, our
application generated the estimated distance from the
UE to the BS by measuring LTE RSS information in real

time. The application execution screen is shown in
Figure 4. The position of the UE can be estimated by
trilateration based on these distance estimates to the
three BSs at known locations. A minimum of three
distance estimates to three BSs is required to
unambiguously determine the two-dimensional position
of the UE.

OpenCellLocation

Main Cell
MCC : 450 MNC : 06
LAC : 24617 CID: 51561729

Elapsed Real time Nanos : 1102297619635187

1th Cell Range : 90.61136755557956
2th Cell Range : 118.15275554343741
3th Cell Range : 119.46657234354174

All Cell(s) tolog  Renew

Total : 3 Cell(s)

dBm =-88 MCC = 450 MNC = 6
TAC = 24617 CID = 51561729 Earfcn = 3050
Pci =59

dBm =-112 MCC = 2147483647 MNC = 2147483647
TAC = 2147483647 CID = 2147483647 Earfcn = 3050
Pci=193

dBm =-113 MCC = 2147483647 MNC = 2147483647
TAC = 2147483647 CID = 2147483647 Earfcn = 3050
Pci=416

Figure 4. Application execution screen showing the
estimated distances from the UE to the three BSs.

4. Conclusion

We performed distance calculation by using LTE
RSS in a smartphone environment with an Android
application. The application displayed all LTE signal
information received by the smartphone. After
conducting experiments, we acquired the relationship
between the LTE RSS and the distance from a UE to a
BS at a specific test site. Using this relationship, we
developed the application to estimate the current
distance from a UE to a BS in real time. Because the
relationship between the LTE RSS and the distance is
site specific, a similar experiment is necessary to utilize
the developed application at a different site.
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Abstract— In this paper, an overall systemic procedure of
autonomous-landing system is provided, where positioning
system basis on Ultra-wideband (UWB). Using the UWB
positioning network, positioning precision can be characterized
by the user (UAV)-to-ranging source (UWB anchor) geometry
and often quantified as Dilution of Precision (DOP) value. To
minimize the probability of collision with the ground or other
UAYVs during landing procedure, positioning accuracy should be
considered. Therefore, we developed a path planning algorithm
considering DOP value by modifying Artificial Potential field
method. In addition, this paper will also provide a systematic
procedure to land multiple UAVs with minimal collision
probability while sharing a single UWB network.

Keywords — ultra-wideband (UWB); unmanned aerial vehicle
(UAV); landing; path planning; artificial potential field (APF)

L

As the use of unmanned aerial vehicles (UAVs) has become
wider, it is also important to land an UAV safely after the UAV
has successfully completed its mission. Therefore, research on
landing UAV safely has been a recent interest. A Research on
developing a landing system using ultrasonic sensor onboard
which only enables collision avoidance in horizontal direction
was done in [1]. A landing system utilizing multiple sensors
such as the module of Ultra-wideband (UWB) radar, retro
reflector, GPS receiver and autopilot module on board with
ground control system including Pan/Tilt Unit (PTU), camera,
UWRB, laser pointer and controller for sensor fusion of data on
ground was proposed in [2]. But the most challenging part in
developing an autonomous-landing system for an UAV lies on
the GPS-denied environment.

INTRODUCTION

With the enhancement of image processing technology,
most of the previous studies were focused on vision-based
approach for an automatic landing system [3], [4]. However,
such systems using the vision-based data are highly susceptible
to the surrounding environment and are particularly vulnerable
to weather conditions, e.g. cloudy day.

Thus, an automatic landing system which relies solely on
UWRB positioning network has been developed. In this paper,
an overall systematic procedure of autonomous-landing system
is presented including UWB anchor placement, a single UAV
landing path planning algorithm with experimental result and a
scenario for landing of multiple UAVs.
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II.

As positioning system is based on UWB network, we have
to construct a positioning network consisting of UWB anchors
nearby the landing site. In previous research [5], a UWB
positioning network was developed to assist the automatic
landing of UAVs. The network consists of ten UWB anchors
and provides positioning accuracy up to 10 cm in vertical
direction around the touchdown point or landing flare.

GENERATION OF LANDING ROUTE OF AN UAV

Vertical[m]

Lateral[m]

Longitudinal[m]

Figure 1. UWB positioning network to assist autonomous landing of UAV

A. Landing route for an UAV

In order to generate a landing route for an UAV, two things
must be considered. First, we have to minimize the probability
of collision with the ground. Therefore, we computed the UPA
at the estimated position (8% ) from the product of the DOP
and the UWB range error, and then calculated the range where
the true position in the vertical direction could exist at a
probability of 99.999%. (1) To meet the probability of
99.999% B will be 4.42 from the Gaussian normal distribution.
When the calculated range (VPR) and the ground meet or
intersect, the next path point of the UAV route is generated in
the upper direction.

VPR = 0%t foyreDOP, = 8% + BUPA, (1)

Second, the overall shape for a landing path for a fixed-
wing UAV should be aligned with the centerline of the runway
at first, and then taken to descend along the glideslope. Thus, a
concave shaped TDOA-based lateral DOP field was added to
the existing Artificial Potential field (APF) method. [6]



Landing route for an UAV will be generated in the
descending direction of the slope in the hybrid artificial
potential field. Then the hybrid field is the sum of attractive
field of the APF, TDOA-based lateral DOP ficld and the
repulsive potential field of APF if obstacles exist within the
landing site.

B.  Experiment on an UAV Landing Route

Experiments were conducted on the landing path generation
of an UAV using a flight test bed in a reduced scale with eight
UWB anchors. A Crazyflie, which is a small size quadcopter
with UWB based positioning system was used for the
experiment. [7]

Figure 2. Experiment on a fixed-wing UAV landing route using a test bed for
flight test. A Crazyflie (quadcopter) is located around the center of the circle.
1) take-off ~ 2) align with the centerline of the runway
3) descend along the glideslope 4) landed on the ground (left to right)

10

x[m]

yim]

Figure 3. Logged data during the landing experiment. Generated landing route
(blue line), estimated position (red dots) with eight UWB anchors are shown
on the figure on the left side. Estimated position (blue dots) using the UWB
network with its estimated true position range (red dotted-line) are shown on

the right side of the figure. In this case, there was no overlap with the ground.
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Suppose several drones attempt to land at the same time
with a single UWB positioning configured network. The best
approach is to land multiple UAVs at touchdown/flare point
with a time difference, maintaining a sufficient altitude
between each other. An adequate clearance gap can be ensured
by checking each other’s VPR. If a sufficient distance cannot
be obtained in vertical direction, a horizontal protection range
(HPR) must be checked using the DOP matrix in x, y direction.
HPR is an ellipse computer from its horizontal positioning

SCENARIO FOR LANDING OF MULTIPLE UAVS
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error covariance (DOP) matrix with its major axis’s direction
corresponds to the eigenvector of larger eigenvalue. Among the
two eigenvalues, the larger eigenvalue represents the size of
semi-major axis and the smaller one represents the size of
semi-minor axis.

If two elliptical HPRs are overlapped along with each VPR,
there is a possibility of collision with specific probability.
Consequently, in order to minimize the probability of collision
in multiple UAVs landing procedure, VPR should be checked
in advance. And if VPR overlaps, then HPR should be
additionally checked. When an additional intersection points
are identified from the two HPRs, a path pushing away each
other from the center of the intersection points should be
generated for both UAVs.

IV. CONCLUSION

This paper provided an overall systemic procedure of
autonomous-landing system for UAVs with UWB based
positioning network. From the established UWB positioning
network, a landing route is created using the modified artificial
potential field method. Furthermore, a scenario for landing of
multiple UAVs is presented using the covariance matrix of
positioning error computed from the estimated UAV’s position.
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ANALYSIS OF THE SIGNALS OF OPPORTUNITY AND COOPERATIVE
BASED POSITIONING FOR UAS NAVIGATION IN DEEP URBAN AREA

Euiho Kim and Yujin Shin, Hongik University, Seoul, South Korea

Abstract

Autonomous navigation of most unmanned
aircraft systems (UAS) is entirely dependent on
GNSS. However, in deep urban area, the weak signal
of Global Navigation Satellite Systems (GNSS) can
be easily lost, thus UAS has no other reliable means
of navigation. For this reason, autonomous
navigation or surveillance like Unmanned Aircraft
System Traffic Management (UTM) in deep urban
area remains as a challenging problem. To tackle this
problem, there have been great interests in
positioning using signals of opportunity (SOP)
including such as Long Term Evolution (LTE). More
recently, a software defined radio for LTE
positioning demonstrated a successful UAS flight test
with a few LTE base stations.

Although there are usually plentiful LTE base
stations in urban area, they are primarily deployed to
provide coverage to mobile communication users
such that the base station network layout is subject to
be suboptimal for positioning. And, it is not certain
that SOP based on LTE could provide an appropriate
positioning performance to safely navigate in deep
urban area. This paper investigates the positioning
performance of the current network of LTE base
stations and the required augmentation of the SOP
network to meet desired positioning accuracy in deep
urban area of Seoul, South Korea. The paper also
considers DSRC as another possible SOP ranging
source and looks into the benefit of cooperative
positioning with nearby UAS.

Introduction

It is well known that Global Satellite Navigation
Systems (GNSS) signals are not reliable in indoors
and urban area, and there has been active research on
developing alternative positioning means to enable
positioning service during GNSS outage. Among
many possible alternatives, the Long Term Evolution
(LTE) based positioning has recently been considered
as a promising signals of opportunity (SOP) [1-5] due
to a large number of LTE base stations and novel
technologies that overcame the drawback of

978-1-7281-1893-2/19/$31.00 ©2019 IEEE

positioning reference signal (PRS) by using cell-
specific reference signal (CRS). The ranging
accuracy with the CRS-based time of arrival
extraction technique has shown to be around 10
meters.

The Unmanned Aircraft System Traffic
Management (UTM) considers LTE as a
communication channel, which would justify the use
of LTE as an alternative positioning means. In
addition to LTE, researchers of UTM proposed to use
a Dedicated Short Range Communication (DSRC) at
5.9 GHz for ground-to-air and/or air-to-air
communications [6]. The DSRC has been used as a
communication device in automobile industry, and
there have been efforts in using DSRC as ranging
sources for positioning as well [7,8]. The obtainable
ranging accuracy using DSRC was claimed to be up
to a couple of meters from several tens of meters
depending on ranging methods and signal-to-noise
ratio. The coverage of a DSRC transceiver is reported
to be around 1000 m, which seems to be adequate
coverage range in urban area [9].

Therefore, UAS in the future may be equipped
with LTE and DSRC, and those can serve as a
positioning sensor. Although LTE and/or DSRC-
based positioning is possible, it is necessary to check
if they are practical and reasonable solutions for UAS
navigation and surveillance in deep urban area. For
this analysis, the paper evaluates the positioning
accuracy using the current deployment of LTE
network and how much augmentation is needed to
meet a certain positioning accuracy in virtual city
modelling environment in Seoul, South Korea. For
the augmentation of the LTE network, this paper will
use DSRC transceivers because their ranging
accuracy is higher than LTE with a lower cost.
Additional DSRCs will be placed in optimal locations
through our sensor network optimizer tools. In
addition, the benefits of cooperative positioning
based on a DSRC or Ultra Wideband (UWB) ranging
between neighboring UAS will be investigated.

The paper will first review the state of the arts in
LTE and DSRC positioning. Then, the virtual
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ABSTRACT

This paper demonstrates a local path planning algorithm that considers positioning accuracy to prevent a UAV
from colliding with surrounding obstacles with a certain amount of probability. A path planning procedure for
successful navigation of UAV in a positioning network is presented and autonomous indoor flight experiment have
been conducted to verify the proposed path planning algorithm in a UWB positioning network.

Keywords: UWB positioning system, path planning, UAV

1. INTRODUCTION

Several studies on path planning algorithms supporting autonomous navigation of unmanned vehicles have
been conducted (Hwang & Ahuja 1992). Adopting a local positioning network as a UAV positioning system,
positioning uncertainty may significantly vary depending on the number of ranging sources in view and its
geometry. As proper amount of controller inputs is computed from the position estimate, it is important to avoid the
area with low positioning accuracy and to avoid obstacles securely with consideration on positioning accuracy.
Thus, this paper proposes a path planning algorithm that considers positioning accuracy at the estimated UAV
location to generate a safe and efficient local path to guide a UAV to the target point. Section 2 introduces UWB
based localization system with its positioning accuracy analysis, and Section 3 explains proposed path planning
algorithm with flight experiment results.

2. UWB BASED LOCALIZATION SYSTEM

2.1 UWB Positioning Network

Ad hoc positioning network, such as UWB positioning system, can be a good alternative to support
autonomous navigation of UAV in GNSS-denied environments (Bensky 2016). Using UWB positioning network,
range measurements are collected by received time of flight (TOF) record and multiplying it by the speed of light.
Multiple range measurements received from anchors at the known position enable the user to estimate its position.

2.2 Positioning Uncertainty

Adopting ad hoc UWB network as a positioning system with time-of-arrival (TOA) approach, the positioning
error can be modeled as Eq. (1) by linearization (Choi et al. 2016).

6@ = Gox+ v (1)
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Fig. 1. Resultant path from the proposed algorithm (three figures on the left) and experiment environment (right-
most figure). At the left-most figure which is the result from MATLAB simulation, black dots represent overlaps
between PEE and surrounding environment. In this case repulsive force is activated to make UAV away from the
collision risk.

4. CONCLUSIONS

This paper demonstrates a local path planning algorithm which considers positioning accuracy to prevent an
UAV from collision with certain amount of probability. Autonomous indoor flight experiments have been
conducted to verify the proposed path planning algorithm using Crazyflie and its UWB based loco positioning
system (LPS).
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ABSTRACT

In environment where GPS signals cannot be continuously received during swarm flights, the range of
operations for flights will be limited. This paper investigates methods of using a moving Ultra Wide Band
(UWB) positioning network for heterogeneous robot swarming in GPS-denied area. For the demonstration of
the proposed concept, two different type of UWB anchors will be installed in Unmanned Ground Vehicles
(UGV) to create an ad-hoc moving UWB network and range UGVs distance, and several Unmanned Aerial
Vehicles (UAV) will localize their position using the UWB network and fly following the given paths. In this
circumstance, we also compare the errors of the different UWB frequency distractions.

Keywords: UWB, heterogeneous, swarming, frequency distractions
1. INTRODUCTION

Swarm robots operate multiple robots at the same time, performing tasks for the same purpose. This
swarm robot's position-sensitivity method applies RTK-GPS technology, which calculates the relative distance
and angle from time to time based on a fixed point (Moon et al. 2016). However, there is a limit to the fact that
it is not possible to swarm in GPS-denied area. Conversely, there is a way to create an indoor geometrical
network using a wireless communication technology called Ultra Wide Band (UWB)(Lee et al. 2007). In this
study, it uses mobile robots to create a positioning network with different UWB communication technology to
swarm heterogeneous robots and drones. We will compare the errors of the different UWB frequency
distractions in the swarm heterogeneous process.

2. HARDWARE
2.1 Crazyflie2.0

The crezyfly2.0 provided by Bitcraze is a lightweight, 27g quadcopter model that flies using Python-based
Open Source Code. It is a model developed for simple experiments using drones and provides the right tools for
flying on Windows/Mac OSX/Linux computers. The built-in sensors include IMU (3 Axis Gyro, 3 Axis
accelerator, 3 Axis magnetometer, high precision pressure sensor), which is equipped with basic sensors for
flight, and are further designed for use with various expansion decks. In addition, two way ranging (TWR) and
time difference of Arrival (TDoA) communication can be used by connecting a Crazyradio or Crazyradio PA to
the computer and utilizing dwm1000 decks that operates at 3.2 ~ 7 GHz (Kolakowski & Djaja-Josko 2016).

2.2 Turtlebot3 Burger
For UGV, we used turtlebot3 burger provided by Robotis. As It moves on the basis of the ROS platform,
which is the most commonly used in the world. High Extensibility is the strength of a turtlebot3. In order to

control four objects with one core, the namespace was divided into four so that each object could be controlled
independently.
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We tried to show the values of total 6 Time Domain UWB range by activating four Crazyflie LPS anchor
and four Time Domain UWB together, or by activating only four Time Domain UWB. Crazyflie & Time
Domain UWB for standard deviations, tended to increase out due to disturbance. In addition, comparing this as
a coefficient of variation shows that Crazyflie & Time Domain UWB are more unstable when used together.
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Fig. 3. Using Crazyflie & Time Domain UWB. Fig. 4. Using Time Domain UWB.

Table 2. Standard deviation and average of Range between time domain UWB.

Crazyflie & Time domain

100~101 100~102 100~103 101~102 101~103 102~103

standard deviation 251.0908 19.79081 316.7726 81.61133 41.17328 108.6479

average 1981.247 1808.909 2644.453 2473.265 1668.597 1774.696
Time domain

100~101 100~102 100~103 101~102 101~103 102~103

standard deviation 141.7232 20.54047 47.65051 46.26346 6.387041 17.17901

average 1942.765 1810.036 2603.781 2474.369 1667.753 1771.109

5. CONCLUSIONS

In this paper, we create ad-hoc moving UWB network for heterogeneous robots swarming. Then we
check and compare the measurement results for frequency disturbance between two different UBWs. Crazyflie
& Time Domain UWB found that there is a tendency to increase outlier due to disturbance of frequency, but not

significantly impact. Therefore we focus on an algorithm to eliminate or reduce outliers will be needed to create
a network of measures.
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Abstract

In this paper, we showed the limitation of LTE signal
reception that the number of LTE signals that the LTE receiver
can simultaneously use for positioning is limited. We performed
a simulation of LTE signal reception with the condition that
LTE receiver can receive several signals simultaneously. The

simulation results that shows the limitation are provided.
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Abstract

In this paper, we propose downlink process in which a signal
is transmitted from a base station, eNodeB, to a user equipment
(UE). As a result of simulation, bandwidth information of long
term evolution (LTE) signal is obtained. In addition, we
obtained important parameters for positioning such as cell ID,
bandwidth, and frame start time of LTE signal. Based on the
simulation method in this paper, LTE-based positioning can be

done in an actual urban environment.
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Preliminary analysis of subterranean space exploration using ad hoc UAV

positioning network

Yu-Jin Shin Hyeong-Do Cha Eui-Ho Kim

Mechanical & System Design Engineering, Hongik University

Abstract

In this paper, a preliminary study of subterranean space
exploration using ad hoc UAV positioning network is provided.
UWRB based positioning network is provided for subterranean space
exploration and its positioning accuracy is shown by calculating the
Dilution of Precision (DOP) value. Utilizing the UWB based
positioning network, a drone mothership or drones with multi-laser
sensors navigate the subterranean space. Multi-laser sensors' data
with its reference position is sent to the master computer. Then, the
combined data will be used to build a map of subterranean space.
This research can further be used for mapping and monitoring the
environment in GPS-denied environment including subterranean

space.
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Development of a Testbed for UWB-based UAV Flight Test using Crazyflie

Jong-Ho Kim Yu-Jin Shin Eui-Ho Kim

Mechanical & System Design Engineering, Hongik University

Abstract

In this paper, a testbed for UWB-based UAV flight test is
developed. Established testbed is based on Crazyflie, a small size

quadcopter, manufactured by Bitcraze.
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Acquisiton of LTE Signal Cell ID Using RTL-SDR
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Taewon Kang Jiwon Seo
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Abstract

In this paper, we present the LTE signal acquisition process using
RTL-SDR. RTL-SDR is a low-cost commercial software defined
receiver (SDR) used for scanning various RF signals. LTE signal on
the air is received with RTL-SDR and processed to acquire reference
sequence and cell ID of the signal. Cell ID can be used to acquire
the location of the transmitted base station. The algorithm introduced
through this paper is implemented in the real-world on-the-air LTE

signal. The result of the acquired signal is presented in the paper.
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Performance Analysis on Autonomous Vehicle 3D Positioning Accuracy with
Augmented DSRC Network and LTE Base Station in Downtown Areas

Yujin Shin' - Euiho Kim®

' Autonomous Vehicle & Intelligent Robotics Program, Hongik University

2Department of Mechanical & System Design Engineering, Hongik University

Abstract

GNSS signals are easily lost and deteriorated due to signal
blockage in downtown areas. Therefore, it still remains challenging
to establish reliable positioning network in downtown areas that can
provide appropriate positioning accuracy to support reliable
Dedicated Short
Range Communication (DSRC) is reported to yield relatively
and LTE base

station has advantage on easy accessibility in urban areas. In this

autonomous navigation of unmanned vehicles.

accurate range measurements between transceivers

paper, we investigate 3D positioning accuracy of downtown areas
provided by both LTE base stations and augmented DSRC network.
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Case study of Positioning Accuracy improvement of GNSS receiver under

foliage using UWB range measurements

Yujin Shin' - Euiho Kim’

' Autonomous Vehicle & Intelligent Robotics Program, Hongik University

2Department of Mechanical & System Design Engineering, Hongik University

Abstract

Positioning performance of Global Navigation Satellite Systems
(GNSS) receiver is often degraded under certain circumstances (e.g.
under foliage, surrounded by high rise buildings), where GNSS
signals are interrupted by surrounding environment. In order to
tackle this problem, cooperative positioning method based on
centralized kalman filter can be applied to enhance the positioning
combined with UWB

This paper presents an experimental case of

accuracy of GNSS  receiver range
measurements.
positioning performance enhancement of a GNSS receiver under

foliage by using UWB range measurements.
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