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ABSTRACT

Geofencing supports unmanned aerial vehicle (UAV) operation by defining stay-in and stay-out regions. National Aeronautics
and Space Administration (NASA) has developed a prototype of the geofencing function, SAFEGUARD, which prevents stay-
out region violation by utilizing position estimates. Thus, SAFEGUARD depends on navigation system performance, and the

safety risk associated with the navigation system uncertainty should be considered. This study presents a methodology to
compute the safety risk assessment-based along-track position error bound under nominal and Global Navigation Satellite
Systems (GNSS) failure conditions. A Kalman filter system using pseudorange measurements as well as pseudorange rate

measurements is considered for determining the position uncertainty induced by velocity uncertainty. The worst case

pseudorange and pseudorange rate fault-based position error bound under the GNSS failure condition are derived by

applying a Receiver Autonomous Integrity Monitor (RAIM). Position error bound simulations are also conducted for different

GNSS fault hypotheses and constellation conditions with a GNSS/INS integrated navigation system. The results show that the

proposed along-track position error bounds depend on satellite geometries caused by UAV attitude change and are reduced to

about 40% of those of the single constellation case when using the dual constellation.
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Fig. 1. Boundaries and regions in SAFEGUARD (left) and boundaries for geospatial constraint conformance (right) (Dill et al. 2016).
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Fig. 2. 3 Fatal cases in geofencing operation (Kim et al. 2019).
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2. SAFETY RISK ASSESSMENT BASED
POSITION ERROR BOUND

2.1 Concept of SAFEGUARD
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3. KALMAN FILTER BASED ALONG-
TRACK POSITION ERROR BOUND
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Fig. 3. Simulation trajectory (left) and velocity profile (right) in ECEF.
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Table 1. Simulation parameters.
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et (Fig. 39] Alg2old F & ). o]
A 718 Al tigt 715 v
2] 7] wiZolct. Fig. 49] 9% 11
© 2 HH= Msoll 4] 46s Atolefl Fak
st 1 A3t 3] @2F A} 45
Fig. 5 GPS¢} GalileoZ 37 AR
ol Auts VrepdiTh Fig. 59| 25 12
o] A eat FAIE 9 ST B
Zhela 9 3R} o] gl v 2 %
SHAIRE o o] 72 7l 9148 47t
73 71817k A= HA Fig. 40] ARt 91%
AR e AT 4 gk mekA, exh 73A
mE FE0 2 T T A

L E Y P

o
o
i 2ol
I
o
)
o
il
N

M2 oo N
> 0%
,
O
otk
i
ot
ox

2o
=
r

o2
T
)
)

O,

o
ol
< o
T

o%
olf

o
<]
N
.
Wt
P
m
@
N
-~
oy

ol
r o
o

fo

B

fS)

R
ol
-
R

a
ofN T
)

i)

oX, Mo
M

|k
i

)

o
©
my
3
%
5

ot
¢

u
.
tlo
ol
ro,
_(311{
4 lo

Q
X

30
4 £ ofy

b

H

[\e]
==

to
2 ox

1}

ol
AN e

e

lo 1
ofy L

b

N
-
N
B

ol

i

¢

i
v
e
7
S

o

v
0y
w
2
£
o
jus)

EEE
2 Wb} e el

2 o
o
=
N
i)

RO N
o
.
I
OO

2P

4. CONCLUSIONS

R (e} LIy
280 & =S T AAATE 9 GNSS A el
et AEd 28 7t 71N S A oA FAE e Y

https://doi.org/10.11003/JPNT.2023.12.1.51

HES Aotslyith Aol £ 5 248 Qs gatAE &4
o} oJAbA T Hslkg SYAE WA AHRSe -5 159

)

al al
A Ve PHES ARSI o) S o= U ¢
AA 4HE AR S B A
2} AN A G B4 Sle 2 Shdaek 9
73
[e)

ox N 4 o 2% o |o

1
+
31
¥2

Ir =

=2

B =ollA Aok /el el
2| @2} A A RS o] s HEste
X] 79 sl AllA o] agdEoll gk b a2
she A 24} A =2
BE27F AR 75 vl
Aol T 2] 22t A

SAFEGAURD # o}uz} oF2

R ERtE E I

ol

f
ol
o,
ol

i

o

N

N
)

2 o &

oA
[> ro o ¥
go g I

ool ol

T

offl
e
_?L
2L
2
ofp -
it}
>
30

>

o R
o .
o
Nk
or &
ol ol
- -
2

B o
>,

>
o
g3

ofw i fo 4a

ok,

£ 2
it ~
£

3o
0 |
e
po e
o 2
i fo G
N ol

il
% ¢
o

APPENDIX A

Joerger & Pervan (2013)0]] W2, x| 114 719 Slef| 2]t



Gihun Nam et al, Along-Track Position Error Bound Estimation Using Kalman Filter-Based RAIM 57

Ni

)
N
1o
ol
-
)
g
lo
N
o
N
il
i
)
)
lo
ki
o
1E
a
2

E[x¢] = (U — KeHi ) Fe 1 E[Xf_ 1] + K Tif e
= Ky Fy1E[%3_1] + K Tifie (A-1)

Elyi ] = —HiFi—q E[Z5_1 1+ Tifise (A-2)

Al (A-Dell whet 15E] kA o Z712] 0 A5 A5 E[% ]

S elshil 4] (A3, A48t 2o,

Tifin
E[%}] = [A1g - Axie] = Avk firk (A-3)
Tifik
where
Amk — {K kK k-1 ...KKm+1Km,lf m<k (A-4)
m»

Al (A-3)2 (A-2)0] th]isted ElyJe 51 4] (A-5)8) 2t
Tifia

Elyx] = [-HiFi-141:00-1 1][
Tifix

l =By fi1x  (A-5)

Al (A-5)5 283l A4 FAIF<] non—centralityE 75} 4]
(A-6, A-7, A-8)3} 70t}

k
A = Z firiTLiBl S; " BiTy i g
j=1

T oT [T BT S By
= fiTi[BT - BY] | Tirfink
S| B

= [T BL STk BracTiiefie (A-6)
where
T, 0 0
Ti,j: 0 - 0 ERZNjXZj (A-7)
00 T,
B =[Bi Oanxane-n]anxan (A-8)

o714 N 7HA] 943 olth. A (A-3)} (A-6)& A} (151l Tt
sto] 718715 2 HEfo] disl g 2lshH A (A-9)9F Zt.

T T AT T
_ fraTiAiTe TeAxTi g frx

N

af = e A-9
e AT BT kST BT e frie (A-9)
Chg ol W4 WEkg Felatol 4] (A-9)E Welsh,

7 T BT ¢-17 1/2

frue = (Ti,kBlzksl:kBl:kTi,k) frix (A'IO)
-1 T BT ¢-1 1/2

Mzt = (T} B S kBracTix) (A-11)
My = 1A Tix (A-12)

A (A9 AFHOR A (A-1)uh e WABE ekl 4 9)

o}

o M~ 2
2 _ flTkM;‘M;Mxszlzk —

fl:k
= = M, - —
e Flijfue N el
fx

wheb, 4] (A-13)2 M, M9 T 7 BE ) 72717} 2o
7} 55, ol 25 7127 () A1 (A-14)8} T,

(A-13)

= |MxMz| (A'14)

Qi k,max

Al (A-l4)= 3 33 74 slellA] 2l 7] 87lelm), g Ahd %
S 70 30 Vo] Hot At 14 Fhdo] e,

o] A= AH (T e BEAR)2 Yo R =AY

o) 2] & Hhof 4 2319l (No. 2020R1IA2C1011745). £

ey = e R Ao 2 gh=tA AT, Flols

Aol A=A 7] S dAd the] A lS whol a8 =9]-S (No.
=

o2
fht
o]
L

oft
)
I

AUTHOR CONTRIBUTIONS

Conceptualization, G.-H. Nam and J. -S. Kim.;
methodology, G.-H. Nam and J. -S. Kim.; software, G.-H.
Nam and J. -S. Kim.; validation, G.-H. Nam, D. -C. Min,
and J. -Y. Lee.; formal analysis, G.-H. Nam and J. -S. Kim.;
investigation, G.-H. Nam, J. -S. Kim, D. -C. Min, and J. -Y.
Lee; resources, G.-H. Nam and J. -S. Kim.; data curation, G.-
H. Nam.; writing—original draft preparation, G.-H. Nam
and J. -S. Kim.; writing—review and editing, G.-H. Nam, J.
-S.Kim, D. -C. Min, and J. -Y. Lee; visualization, G.-H. Nam.;
supervision, J. -Y. Lee.; project administration, J. -Y. Lee.;
funding acquisition, J. -Y. Lee.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

REFERENCES

Bhattacharyya, S. & Gebre-Egziabher, D. 2015, Kalman filter-
based RAIM for GNSS receivers, IEEE Transactions
on Aerospace and Electronic Systems, 51, 2444-2459.
http://doi.org/10.1109/TAES.2015.130585

Dill, E. T,, Young, S. D., & Hayhurst, K. J. 2016, SAFEGUARD:
An assured safety net technology for UAS, 2016 IEEE/

http://www.ipnt.or.kr



58 JPNT 12(1), 51-58 (2023)

AIAA 35th Digital Avionics Systems Conference (DASC),
Sacramento, CA, USA, 25-29 September 2016. http://
doi.org/10.1109/DASC.2016.7778009

Grimsley, F. M. 2004, Equivalent Safety Analysis Using
Casualty Expectation Approach, ATIAA 3rd "Unmanned
Unlimited" Technical Conference, Workshop and
Exhibit, Chicago, IL, USA, 20-23 September 2004.
https://doi.org/10.2514/6.2004-6428

Groves, P. D. 2013, Principles of GNSS, inertial, and multisensor
integrated navigation systems (Boston: Artech House).

Joerger, M., Chan, E C., & Pervan, B. 2014, Solution Separation
Versus Residual-Based RAIM, Journal of Navigation, 61,
273-291. https://doi.org/10.1002/navi.71

Joerger, M. & Pervan, B. 2013, Kalman filter-based integrity
monitoring against sensor faults, Journal of Guidance,
Control, and Dynamics, 36, 349-361. https://doi.
org/10.2514/1.59480

Kim, M.-C., Min, D.-C., & Lee, J.-Y. 2019, Separation
Distance for Zone-Type Airspace of UTM, The Society
for Aerospace System Engineering (SASE) 2019 Spring
Conference, Jeju, Republic of Korea, 24-27 April 2019.
http://hdl.handle.net/10203/280759

Nam, G.-H., Kim, J.-S., & Lee, J. 2022, Kalman Filter RAIM
Based Along-Track Position Error Bound, 2022 IPNT
Conference, St.John's Hotel, Gangneung, Korea, Nov
2-4 2022, pp.99-102. http://ipnt.or.kr/2022proc/117

Tanil, C., Khanafseh, S., Joerger, M., & Pervan, B. 2018,
An INS Monitor to Detect GNSS Spoofers Capable
of Tracking Vehicle Position, IEEE Transactions on
Aerospace and Electronic Systems, 54, 131-143. http://
doi.org/10.1109/TAES.2017.2739924

US Department of Defense 2020, Global Positioning System
Standard Positioning Service Performance Standard 5th
edition (Washington DC: U.S. DOD), pp.47-48

Walter, T. & Enge, P. 1995, Weighted RAIM for Precision
Approach, Proceedings of the 8th International
Technical Meeting of the Satellite Division of the
Institute of Navigation (ION GPS 1995), Palm Springs,
CA, 12-15 September 1995, pp.1995-2004. https://www.
ion.org/publications/abstract.cfm?articleID=2524

Gihun Nam received his B.S. and M.S.
degrees in Aerospace Engineering from
Korea Advanced Institute and Science and
Technology (KAIST), Daejeon, Republic of
Korea, in 2019 and 2021, respectively. He is
currently a Ph.D. candidate at KAIST, working
on multi-sensor integration and GNSS

augmentation systems.

https://doi.org/10.11003/JPNT.2023.12.1.51

Junsoo Kim is a master's student of Depart-

ment of Aerospace Engineering at Korea

Advanced Institute and Science and Tech-

- oal nology (KAIST) in Daejeon, Republic of

(- Korea. He received the B.S. degree from

L ./ Pohang University of Science and Techn-

ology (POSTECH) in Pohang, Republic of

Korea, in 2022. His research interests include safety critical
navigation system, RAIM, UTM and UAM.

Dongchan Min is a Ph.D. candidate in

Aerospace Engineering from Korea Advanc-
ed Institute of Science and Technology
(KAIST), Republic of Korea. He received the
B.S. degree in mechanical engineering from
Sungkyunkwan University, Republic of
| Korea, and M.S. degree in Aerospace Engin-
eering from KAIST, Republic of Korea. His research interests
include the integrity architecture for carrier-based GNSS
systems, and advanced receiver autonomous integrity

monitoring.

Jiyun Lee received the Ph.D. degree in
Aeronautics and Astronautics from Stanford
University, Stanford, CA, USA, in 2005. She
is a full professor with the Department of
Aerospace Engineering, Korea Advanced
Institute of Science and Technology. She
has authored over 100 research papers in
the field of GNSS applications and safety critical systems.



