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(95%) (95%) Alert Limit) | Alert Limit) Alert)
En-route
3.7 km 7.4 km
(Oceanic/ N/A N/A 5 min
(2.0 NM) (4.0 NM)
Continental)
En-route 3.7 km 3.7 km
N/A N/A 5 min 1-1x107*h
(Continental) | (2.0 NM) (2.0 NM)
1-1x107"/h to
En-route | 0.74 km 1.85 km 1-1x107h
N/A N/A 15s
(Terminal) (0.4 NM) (1 NM)
0.99
556 m to
NPA 220 m N/A N/A 10s
(0.3 NM) 0.99999
APV-I 16 m 20 m 40 m 50 m 10 s
1-2x107" per|1-8x107" per
APV-II 16 m 8 m 40 m 20 m 6 s
approach any 15 s
CAT-1 16 m 4-6m 40 m 10-15m 6 s
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1.001
m(é )=
/0.002001+sin* (4))

(I1-16)

Givopo = (Trve *M(6,)) meters with oy =0.12meters =17

Aok
HPL - Ky wea Gmaor  fOr en route through LNAV

| KypaOpgor  for LNAV/VNAV,LP LPV approach (I1-18)
VPLSBAS =K, 'du

HEFES AMSAN LT

st A #ES 4 2% dAd eqHe 44
Sz et FoEm S 2t
KH,NPA:6'18
Ky oa = 6.0 (11-19)
K, =5.33

JEELNA  1533c A9 Ho g

F
M
5

E2 107 ot A II-1994 %4
HEFFEAAL o] g5+ A4 K, (=5.33) 7} 9n|st vl SBASE &

=4

ghE0] 99.99999%¢k= A= omlsitt

18 = A £ &
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22 (RAIM)
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o,
e}
=
=
flo

.

s

A X ZH(TTA)

AT E &

H =

Q1 A} (test statistics) & E-g3dlo] 1F oHE

ALE 7t Ha AsHer FAHE

ARz PSE gt ol el £ Atk

PEH(H'VIH) H'V*

ATt.

o] HAEY AF T e go] vherd
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914 24 E)

}+= Residual Based

=259 AF & (WSSE, Weighted Sum of Squared Error) &
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N
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e BANAR di
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WSSE 2 52"V 152
=7"[1-P]' V*[I-P]z (11-22)
=7 [V’l —PTVi_vip+ PTV’lP]

H4Hoz BI} o)

5.0 >~
%’CTﬁ

2

Sl Aeld WSSES A 3t ddA

How vepd % gtk

PV P = [H (H'VH)' HTv-l}T v [H (H'VH)" HTV‘lJ

1 VET STV VESIT Ve
=V H(H Vv H) HV H(H \Y; H) HTV (11-23)
—VIH (HTV*H)’l HTV
:PTv—l
AnH o WSSE & the3 o] %@ ¥ 4 k.
(11-24)

WSSE =2"V [ -P]z

Residual Based RAIMOAE= WSSEQ] A|F2S ek QxZ ALE-31A ¥t} ol
7PEXE g2 At p2RX AHEE oty

WSSEE AlFe Felo]7] Wi
A3k ol A AF mANA FHsE state]
g wesl g o WY £4 fre Bad BAe o

2e vx

(I1-25)

4% H, (faulty case) &2 UYelilz Ao e A5

Aol EAlsHe

B\
o
=

=

L

(fault free case)@ti YEbATH WSSE = H,case ¢ 4% non—central y°

H,

20



REE 2 Ha H, case 9 49 central y° BEE 2 "tk FH Ao 1% (f)

7} @A b 313o] 93k non centrality parameter & & [I-26 3} o] F21F o7

2 =fV(1-HS)f (I1-26)

Figure 1I-7 ¥ 3ol WSSE ¢ &E# %5 &3l Threshold & A4 sto] 17 24

2 wadstA dh. WSSE ZEEZA #Z9 central y° ¥¥E= H, case,

Ho
Bl

2

%9 non—central y*¥EE H, case & WEAT T8y 14 (f) o 2715 4 7]

el user 9 true YA E Lolopsly] wjiEo] AA H, case o E¥E & 5 9l
webA fault free AEIQl H, case 9 central y° ®¥Z 7]F°% Threshold #%<
A4 eA P} Central y? FFo]A Threshold & dold 99 1ol wysA|
AFANE Aol agoletar Q1A e ¥ False Alarm gejel sjgdity. Wiz
non—central y? ¥3¥o|4 Threshold S {x @& FEE go] wysigl oy
A AEo] 1S AR FA| HEEE Missed Detection ool sigdtcy Al AElo|
o+ S v A= Missed Detection Y& 0= Threshold & ARl ofatAvE kA
@el Hy case ¢ BE= & F 7] wWEel False Alarm g&S ©]&35H9

Threshold & A& #u}
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P(WSSE)

72
(Threshold)

Region of
Missed Detection

Region of
False Alarm

Figure II-7 WSSEY] y’E %} 1% A2 7|F &

o,
2
N,
o
o
-\
rr

O I~
False alarm rate AJAEI] A%

stetulElolt), d<LA ol

Al aEo] S EvkA7] o)de) ddts des EI T 5 flo] Abgol TE AF

it

oujgteh. b o gte] MAlEA ghgkont sk A% (VWSSE) 7b Threshold
(T) & 97 =o] Alxglo] FWHE False alarm A3kl T B985 AHA40)

MAG Eop, webA False alarm< 94 AW3e RNP 3% F  Continuity 9

QAo R FojA A Hrt

© (I1-27)
ITRB Z; (m _410) dg= Peonr

m—49 AHFEE ZHe central y® FEolAM RNPY continuity &7AME Py &
RhE3Hs threshold Tpg £ 4] T-28% o] & 4= gk, olw] Q7 & o Jlo] AlF

ofw]
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TRZB :Qil(l_ Pea |m_4) (I1-28)

e A ErQl AelM Ha HE Vhed Y AV (T )E 9A 2

Evjdlo® 1o 1 g A7l V-slope &= 2 11-29 & &3 A + Sl

B E [5>A(v ]
ope, \/E [WSSE,, |- E[WSSE,, |
[(rvon) v

: \/l N Pji

(I1-29)

3j

=0

obef €] Figure 11-8 3} o] V—slope = 94l wet A717F 20, wpebs Arkd
=

o
=

V-slope 23 <& 74 & & worst case ity A% V—slope ©l

threshold & #Fatdl #4 7hsd o uFo] theshes BRessas AMT + 3

fd

o2 HH 1 WA HIFES A 11-30 3 o] AXtstA €t
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Vertical

Error (|6x,|) 4
VAL Vertical Alarm Limit (VAL)
VPL, Vertiia/l Protection Limit (VPL,)
kmrfo-1
[Vslope; |
VPL,
Kffma Oy |7 -maxV,,,
1
1
5x,=0 = : >
\ 4‘ ! T (Threshold) D=+WSSE
'\ D=Vm-A (residual unit)
\ z
~ 4

Figure II- 8 \/WSSE

VPL,,, =T -max (Vslope)| +k,, - o,

7Fedt agel 91 eak mddde] diE
ojmgta FWA g o] WA s
HEFEE ovdnt

wo] gl 499 HEFEAMGAE o

VPLy, =Ky -0y

54 oake 4@ B

ErlelA Ha HE
e A5 RIFFeR Ui e
A= FEHow eaE HIe] T

AgAow nge] BAR A 1¥A e AP wEF ey RIFES
AAE 5 worst case B HF HIFFOF A4S
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VPL =max (VPL,, VPL,,)

2] 11-29,30 Ak, & Ky & RNP 544 delvjef gl gdd 4

ANA ALE BEFES

(I1-32)

o]ttt H, case

149 Missed detection &S5 107 F£F02 BATY

H, case ol B34%2 Missed detection &2 H, case ol vste] 10° wj =7
Ak ol 949 14 %874 wed Anw dwAow GPS 949 1 FEE
10° FFo2 Rt
Table [I-2 B34FE A4S A 35 k
k P (ko)=P(u+ko)-P(u-ko) 1-P" (ko)
Fault Free case 3.29 0.999 107
Faulty case 5.33 0.9999999 10”7
A 29
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.99 S35 7|4 RRAIM

1. A7 A2 s 98 53
RRAIM 2 FAAo] wZgdE z7] YJAZHEEH A
ALbsth RRAIM € ElES 33t st 27 A=

olm] RRAIM oA Alg3H= Wk}l 94

594

Sk,

P :[Rj—Ru]~ej+B—bi—Ij+Tj+5dj+m‘+N‘l+v;

=

o714 ¢ = WkEI Y SHEAE UEdE m S uF

AE el AolE duidth 1 9 unA:

Al
2]

26

AE Hote] dA

942

w2l A Th

= obalel MI-1 A% 2o] e

CEE

wAEc 49X AN

FAY e

949

P
T

(I1-1)

& 22k, N2 mAg<F,

=14 yepd apA e

(I1-2)



st A= A MI-33 2ok ojuf ofeff HA ¢ =

=92 42 e okd A% p & A& 27]

AZ=7,-1,
(I11-3)

WES A F3A nAPEE Aol me wWad 9k S4S AHuch

o
)
i
o
of
=

Foatel2ad mae gva AR 9 A

4 -39 #Hael 598 F(HX,) & dshx

(I1-4)

=

A AR A w9 S A9 9

A3k (AH-R,) & WFE HFAHOR RRAIMeIA AHgH

(I11-5)

27 ; H 2-

He] epae] Aze dsel BhE AR 93
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% 9k

A
19] @3k 271 913 @A (%, ) o A1z AR @ @A (AV) Fog ool gl
] vk

bel ohgat go
(I11-6)

574~
olwf FHA oA} FWAE V, ® AT
V, £cov[AF]
= cov[ AHX, +A V]
=AH-cov[X, |AH" +cov[AV]
RRAIM 429 @ F@abe 271 9129 @3 334k (cov[AHR, ) 3 A7k Ahe
A owkEs 9 A9 o AL (cov[AV]) 9 Foz o] FoIA QT
719 o]F Fuk¢ RRAIMOIA Aosh= Ad 914 eaf g4 Rde ta3
2r(18].
Table IlI-1 7]& RRAIM SAXA 3 =4
R
cm cm 90deg-El
T L% O rrono = | 1.22—+0.41—x x0.092km /secx T
e e Aopo { km  km  85deg }
cm
14 XA .xb Oy (nmp) :0.085?><T
a5 2 _
9z Az oq | T =0(om)
o8 #;rﬁ'! Lo X 1-.li '-'f;] T_III
¥ el =1 | ]




7% ol §F57IMe] RRAIME Foh¢ 288 Abgelo] 1e3e AAwn. Wel%
oA Fogel AFel wlddths 54 AR wed AR e Fis

329 23S 3 dEF 229 1% order AES gH3] AAT 5 Sk 2y

EEOIA AMgEHE o) mEl ohga) P2

Table III- 2 #|¢H8= RRAIM A 931 =ddl

=) 1:4€1 A)
952 04 | Oy = {1.22% + 0.41% x %} x0.092km / secx T
73 AA 23t O-A(n+mp) :OOSS%XT
T2 @
E}% %]E ii}' Giclk = 2(Cm)
ZﬂE]%— 37—'\}' O-Aiono :5'2mm/SXT
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AEs oA Bde 7]Eel ARF AR @ AT WEkge 3 =Es Fxdte

At T[19]. dld AFdAE dEs FFol dAASd Fe] WAAS(Wide Area

Augmentation System) Ho|HE 3 slo] Al7te| wa} Wl AEFS v &

I~

T Sl Alzwtel] dis] #AlEginh dlE Aol S wAlekE S WEEe WS-
EEA B outlier® #ksto] AT FH UMAIEE vk E dE Qe W
23mm/sec® A& Stk HEFHCoE olE WF 5 o #olwt #dsEe] 1 o #HE
5.2mm/sec & AF&E3SA T Figure 1lI-12 AYF oA F 435 A7t wzh e

S|AE IOl Table [II-3 & ©]& A|7te] wal veld ®o|g

5o lono Prediction Error vs. Prediction Time x10°
95% 45
—99.9%
1ok ——99.999% N
353
o &
= s g
g 2
z 25§
i) o
S s
2 o
2 3
a -
- 155
z
1
0k
05

15 1 1 L | 1 |
o 30 60 90 120 150 180

Prediction Time (seconds)

Figure II-1 AFZF W3} 4= 23 3|2ETH
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Table III- 3 AJ7te]] wh

Time (sec) 99.9% Error (m) Igrgrfrg?n?) Maximum Error (m)
10 0.05 0.12 0.23
20 0.075 0.20 0.35
30 0.10 0.28 0.48
40 0.138 0.35 0.58
50 0.163 0.41 0.71
60 0.188 0.48 0.84
70 0.225 0.55 0.90
80 0.25 0.65 1.01
90 0.275 0.73 1.09
100 0.30 0.79 1.14
110 0.338 0.84 1.18
120 0.363 0.90 1.25
130 0.40 0.95 1.53
140 0.425 1.00 1.56
150 0.45 1.07 1.63
160 0.488 1.18 1.74
170 0.513 1.28 1.98
180 0.55 1.36 2.29
190 0.575 1.44 2.62
200 0.613 1.54 2.77
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3. AA 23 FEA

4 M-5298 743 A& A50S B 248 40 QA% thea gol vk £
et
AX=(HIV;H,)  HIV; A (I11=7)
e A ASUS @ AU AR eab gRALe thed gol ek 5 gt
cov[AX]=(HIV,'H, ) THIV'E[ AFAFT |V HH, (HIVH, )
=(HIV;*H,) THIV,V,VH, (HIVH, ) (IT—-8)
=(HIV;*H,)

A4 99 A A H1-99 2o y2 AFostd A X9 FEALS A 1I-
103 2}

y =%, +AX (I11-9)

cov[y]=cov[%, |+cov[AX]+E[X,AX |+E[AXK," ] (I11-10)

A M-1004 34 23 B4 Fe 247 27 sk A 979 97 ALl
AR gy A g 27 A &gt Ao YA oaF Apeld AAAAR <3|
st goltt ol5 Ao mdstd 4 IMI-113% Zh

O 1] 3
32 2 A2l



E[%,A% |- E[ (8 (-aH%, +20)) |
~E[X,X} |AH'S] +E[X,AV" ]S} (I-11)

=—cov[X, |AH'S]

L

BoApoai 27 99X]9 9o THA (cov[x ]) & SBASEYE FEsriu

7Fg s,

VAR 5274 Al A EHCIA

1. AEdEAE Ay L

B oaTolNE el Fua sW RRAIMS EAAC Ave fass] 9@

AUl AWtk RRAIME FA40] wgn 27 SAzRe grf 9x%
ANE Axs gmFelr] wEel TANel wg® 27 AN

5% 5 glojebath. B ATAE z7lel ABAE wasd 24 54
AHse SES AEdeld Adele YRR st ABAE wRse

Q= SBAS AZE  dgsAl Alste] Aol RAgETA RSt ol %

SAA6 HFse B Az 7 94 A5 FelSi #39E SBAS A7t
AFerel datolet Zbgekal RRAIME B8 P4 442 Fasan
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WAASSE #dd AEHES WAASH7}

Algdeldel ARG A= 20199 94

194 ¢]

2 AFelAE v=e SBASQI WAAS RERE o]&3sto] AlEdoldE 2133

s

A el Apgsh 29 Table IV-13 2t

NEE Fastel A%

=1

Table [IV-1 A|E# oA FAX] A =d

delel ol gstel ystaict

e AR nd
A% 2=k Sp3 & BRDC
AYEF 23 IONEX data
GPS 53 22k Saastamoinen model

1% order Markov process

1% order Markov process

SBAS WAAS Performance Analysis Report

WAAS H7F A%+ 27182 WAASS Aed, 7184, 744 &

ARE FARETY EdlANN The

o

\

F ootk Wb WA e

g
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A

rot

WAAS
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Al Edold 23 vl

T Stk mEb AlEEel e b gFo R el Attt wAd S el
AFAYMA 3m/sE A B9 Im/sE s A4l sl Mgl
AePstgieh. DII A =2 Hdf s34 =7t 3m/s Q1 Aol A<late] gle dAsksint
Algdoldel e Aelstd Table 1V-29 2tk U A4 s3& 7HE 37

2ol a7 SEok AlE ol Az wkulE dAle] Tt

Table [V-2 A& o] AU L.

3 &£ 17+ AIZE
Simulation 1 3 m/s 20 sec
Simulation 2 1 m/s 60 sec
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Table IV- 3 Classic RAIM#} A|¢H}= RRAIMY 3 B3 £F (N3 : 20%)

VPL Classic RAIM Proposed RRAIM
Initial epoch 17.2 m 17.2 m
Final epoch 236.84 m 24.74 m

Table IV-4 ¥ %7] epoch ¥ w}A® epoch °A 2 BRIEFF A3ES el
Aolt}, Aot ©@d F3= RRAIM 9 EH3 552 classic RAIM o vld] 90%

Py Ao 74

s

e & vk EBE Adskes dagES SBAS o A7

2709 LPV-200 9 47 An @735 murh F& ¢e 2 A qA 5

Rt
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3. °]% F35 RRAIM¥ H|

Simulation 1 : 37} A1+ 20%

50 Vertical Protection Level
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O 1 L L 1 1 1
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Epoch [sec]
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Tabel IV-5% Z7] o|Z3}

i)
of

o ZoA 7]F RRAIMI} #AekstE= RRAIMY
HE3FFS Alud Aol 20 29 AlEHo|AdME REaFFEY HErt 71E gy
0.24% utel S7bskAl gtar olE Fd AlksE RRAIMO] 7|&E olF Fu

RRAIM# AR 6=

-

BhilE 2e

o) I~
Qg 4= gl

o

Table [IV-4 7]& RRAIM#} A8 RRAIMS] 423 B34E (A7 20%)

Simulation time : 20 sec

VPL
Conventional RRAIM Proposed RRAIM
Initial epoch 17.2 m 17.2 m
Final epoch 24.68 m 24.74 m
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Simulation 2 : 37} A|ZF 60%

50 Vertical Protection Level

Proposed RRAIM
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% 4 REsEiks vasd Adsts SuelFe gol J1E FueFe guch
27% AA AP A& goldk 5 Qtd. JHAE B8t AersE RRAIMES @
Fu GPS A7) wre g LPV-200 A5 Risss UEstes 3 e &
aleh,

Table [IV-5 7]& RRAIM #|¢Hs}= RRAIMS 43 B3E4+FE (X7t @ 60%)

Simulation time : 60 sec

VPL
Conventional RRAIM Proposed RRAIM
Initial epoch 17.2m 17.2 m
Final epoch 26.0 m 33.1m
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Abstract

Integrity Monitoring of Vertical Landing UAM

In Urban Environment using Single Frequency—Based RRAIM

Hojoon JEONG
School of Aerospace Engineering
The Graduate School

Seoul National University

In this paper, we developed a single frequency —based RRAIM to monitor
the integrity of the UAM landing vertically in urban areas with only low—
cost single—frequency GPS receivers. Conventional dual—frequency RRAIM
eliminates Ionospheric delay through a combination of frequencies. However
expensive multi—frequency receivers and antennas are essential to use the
existing RRAIM techniques. In this study, lonospheric delay error was
directly modeled using the previously studied results on lonospheric rates
of change. To verify the performance of the proposed RRAIM algorithm, a
simulation of vertical landing UAM in urban area was conducted. It was
assumed that the protection level at the initial position was calculated

through SBAS correction data. During subsequent vertical landing, integrity
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was assumed to be monitored by the receiver alone during subsequent
landings without external correction data. Comparing the vertical protection
level of proposed single frequency—based RRAIM and pseudorange based
classic RAIM in the 20 second simulation, we found that there was a 90%
improvement in performance compared to classic RAIM. In addition, when
comparing vertical protection level with the conventional dual—frequency
based RRAIM, the proposed RRAIM protection level maintained similar
performance, with a value of 100.27%. In the 60sec simulation, the
protection level of the proposed RRAIM compared to the conventional
RRAIM was calculated to be 127% due to the accumulation of Ionospheric
delay error. Nevertheless, it was confirmed that the final vertical protection
level was 33.1m, meeting the requirements of LPV—200, which cannot be

achieved with GPS receiver alone.

Keywords : GPS, RRAIM, integrity monitoring, urban area

Student Number : 2019—-21097
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