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ABSTRACT

Since GNSS is easily affected by jamming and/or spoofing, alternative navigation systems can be operated as backup system to

prepare for outage of GNSS. Alternative navigation systems are being researched over the world, and a multi-radio integrated

navigation system using alternative navigation systems such as KNSS, eLoran, Loran-C, DME, VOR has been researched in

Korea. Least Square or Kalman filter can be used to estimate navigation parameters in the navigation system. A large number

of measurements of the Kalman filter may lead to heavy computational load. The decentralized Kalman filter and the federated

Kalman filter were proposed to handle this problem. In this paper, the decentralized Kalman filter and the federated Kalman

filter are designed for the multi-radio integrated navigation system and the performance evaluation result are presented.

The decentralized Kalman filter and the federated Kalman filter consists of local filters and a master filter. The navigation

parameter is estimated by local filters and master filter compensates navigation parameter from the local filters. Characteristics

of three Kalman filters for a linear system and nonlinear system are investigated, and the performance evaluation results of the

three Kalman filters for multi-radio integrated navigation system are compared.
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1. INTRODUCTION

Global Navigation Satellite System (GNSS)& 3x}Hol|A] €]
2ot £ 5 AlFohs Y AAROR AAA|, 571, vl T
ollA ] AFEE AL Qlct. R, 415 A|7]7} eks)r] w2,
AHrgolt A 5o 2R Hut wsfiof o5 4A] JFS whe
o} ol gk ZAl thH|sl7] st /-1, G, vl= 52 vt
A o712 AGLE 35k It (Kugler 1999, Williams et al.
2008, Lo et al 2011). u]=+& 2019 Federal radionavigation planoj]
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e BT 4 9 olg] Y A2 ksl o, Federal
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Fig. 1. Centralized Kalman filter structure.

AN 5 DMEC] Tt 17 AThE & 4 9lr} (Kim 2018,
Park & Son 2019). Y4 o 2 FhHulalu|el S 24517] $JalA
Mool ZRHEE S o] 8510, YA FE4ol F 49
ol ZAWHEE & o] &ske A2 4 A It} (Brown & Hwang
1997, Gustafsson et al. 2002, Banachowicz & Wolski 2017). ¢
B7hA) Y A AL He, AnbgEe A 293 3
27} FAA 3, @3} FRA P} Abo|S AR A] Aikeo] 2

A F7Fekct ol2gt EA|E sl Zs17] 18l Decentralized ZHt
e 9} Federated ZHFDE] S A|2Fs19Th (Carlson 1988, Wei &
Schwarz 1990, Gao et al. 1993, Carlson & Berarducci 1994, Jee
1997, Gu & Fang 2009, Edelmayer & Miranda 2011).
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2. KALMAN FILTER-BASED NAVIGATION
ALGORITHM

2.1 Kalman Filter for Linear Systems
2.1.1 Centralized Kalman filter

oro 2 B =Roja ¢Jukzio] ZHHE]E Decentralized 2+

Federated ZHDE 9} F1H5]7] 9)5}o] Centralized Z+
o —‘?—E7]§_ gic}. Centralized ZHWHIE] 9] X = Fig.
A% ol gsle] G Wevleig Ea gkt

E =2x%
T =70
71—1:!]—_%1}:;] ?./\5]% st ]—EHH]-ZJA"I_L} %Eﬂlﬂ]-é] Ao 7k7F A (1~2)
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X, =@, X, (3)
P =@ P, ®,  +Q, @
A7A, x5 k1A A 243 A4, x, & kAIZHolA 9]

AR 27 AR, Py X, @A SRR, P kAR
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2.1.2 Decentralized Kalman filter

Decentralized ZIFZE| 9] JLRX = Fig. 294— Zroun] FHE{oA]
74]”‘* e et F-2ARE O] HIgE f-Fofl w2} no feedback
29l feedback REZ LR ECH (Brown & Hwang 1997).
s o Al A3 R AL 217} 4] (8-9)9) 2.
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Vi = Hig X + vy 9)
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Fig. 3. Federated Kalman filter structure.
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2.1.3 Federated Kalman filter

Federated ZI9rgE] ] JLR &= Fig. 31} 72t} Decentralized Z+
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P, =apP, (i=1,N) (25)
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F1. 4 (19~ 20); 2 Decentralized ZHFZE|of|A] HTE
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ZIE| 9} HIE] 7k AYELE glolg eko] & on Federated

Zorgel o] F8ele] A4to] o RS & 4 9leh
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o} o] T3]t}

o171, '] thztel] Q= Ryy(i=1, ..., N)= i) 0 E) o] 54
2 2Hg FEAR o, Uejx s 243 7h0] A et
U Aolck 4] (55)% ol gsle] A (HRHH Al (56 AL

% glet.

_ _\! .
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A (55)F ol&stod A (SHRFE A (57 E& 4 Atk

A
HY, ||
AN-l,k AN,k YNk

% =P |(P) % +[H],

_ - T T
=P, |:(Pk ) X, t Hl,kAl,kyl,k tee +Hl,kAl-N,kyl,k +ee

JrH;,kAN-l,kYN,k +"'+H;,kAN,kYN,k] (57)
e S S A (57), A (38), A (44)LF o2 F
1 25k

2]
A ¢

Decentralized ZWFD €] ¢} Federated ZWHZE] = &
RSB R, Centralized ZHHIElo] Hl5to] B2 g 24|
£ Alsgt

Centralized ZI'YFHE], Decentralized ZYHHE], Federated Z-
YHdE F Centralized ZWHHEZ} 71 A3t 4 SiE AlF
St AS Y 4= ?lon, Decentralized ZH{HFE €] 9} Federated Z+
YREE = $E 9 Y sllE FgEl HiEkslar, FgE] ¢
A S 7] ATt gl 7ot Centralized 29k
Lelet fARE AR5 7= 3 g 95 4 ok 18
11, Decentralized ZHFZE] 2] no feedback B Eof 4] A (37~38)
I} Federated ZFIHHE] 2] NR ELE0j|A] Al (43~44)E H]| 25},
Decentralized ZTHZ = FHE Q] Py ¢} x,,, & AHESto] T
S5 #4510, Federated 2¥P0E) 1t} o] A3 2745 @

= A0E oAk 4 QU
2.2 Kalman Filter for Nonlinear Systems

2.2.1 Centralized Kalman filter

= =212
W] S A WY AT AP A A e
247} 4 (58~59)2} 2Tk 517
X = S (X)) + W, (58)
Vi =h(x )+ v, (59)

UpERdic,
A|7F 7JA1L 2] (60~63)3} 7.

0
D, = l (60)
OX |
AX =0 A%, (61)
Pl:=(I)k-lPk-lq)E-l+Qk-l (62)
Aﬁk—l = ik—Z - f‘k—l (63)

AZIA, Ay, =X Xy, O
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27 A1 4] (64~68)} ek,
oh
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2.2.2 Decentralized Kalman filter
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el o] Aerbg Alat Sag Al k2t Al (71~72)9F 2Tk
X1 = f(XM,k ) + Wk (71)
Yk = h(XM,k) + Vi (72)
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2.3 Kalman Filter for Multi-Radio Integrated
Navigation System

EaTE ¢
O} R AMaSPH A] A eLoran, Loran-C, DME, VORZ FAJ ]
o] Qlt}. GPS, KNSS, eLoran Time Of Arrival HHA] 0 2 XA 4
A ol Ao 2] PHo| 91x1S 23t Loran-Ce
Time Difference Of Arrival H4] © 2 Loran-C $417] A1 o]
5lo] A9 xS A5} Loran-C £417] H|Q1-L slite)
F=-(Master station)z} o] 7]j¢] £ (Slave station) 2.2 o] &
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= PN 71x=9] Y A 574 (Two-way ranging) A3t 5
B 39 9xE =4 E} VOR& Angle of Arrival H}A]
DME$} o] 2-8-3tct. th%
Do} 150 BE 9 1508 FA & PR
PHARgAL 87 4-s WESA F5PE, A4 G 4%
U SIS E 2712 wiAIste] B 4SS0tk (i
2019).
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2.3.1 Centralized Kalman filter for multi-radio integrated
navigation system

SAZRIA LeRd AR AT FE A 247t 4

(86~87)J4' 2t

2001).
A7 B A e 7

(88~89)%} 2t

2 oEHtBAg]' }\]/\Eﬂ ocliE % Z¥7F Al

x=[x, ¥ z bi do b dy b d] (88)
00000000 0]
000000000
000000000
000010000

F=[0 00000000 (89)
000000100
000000000
0000000 O0 I
00000000 0

1714, x,, y,, z,= Earth-Centered Earth-Fixed (ECEF) Z}32.4|
ofl Al Lrebd A1l $1A, x,, 3, 2= ECEF ZEA| oA Lrehd
A Q] &5, x,, y,, 2,=GPS] clock offset, b= KNSS2] clock
offset, b= eLoran®] clock offset, d,;3== GPS<] clock drift, d+=
KNSS9] clock drift, d, = eLoran®] clock drift-2 o]u]gic},

FA7E 5% 255 D S et A48 FEe 7t
Zk A (90~9)atk 2ot

x=[x, % 2z % »n z b dg b de b d] (90)
0001000000 0 0]
000010000000
000001000000
00000000000 O
00000000000 O

p[000000000000 91)
000000010000
00000000O0OO0O
00000000O0T1 0O
00000000O0OOOO
000000000001
00000000000 0

ol 4] (89)8k 4] (OD= LfERA &5 WAL o]4kA|7le]
A PR, 717t 4] (92~93)3} 2,
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10000 00 00
01 000 00 00
00100 00 00
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®=00001 00 00 (92)
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00000 01 00
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01 00 A0 00 00 00
0010 0 A 00 00 00
0001 0 0 00 00 00
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q)k:oooo 001 00 00 00 (93)
0000 0 0 1 A 0O 00
0000 0 0 01 00 00
0000 0O 0 00 1 At 00O
0000 0O 0 00 O1 00
0000 0O 0 00 00 1 A
0000 0 0 00 00 01 |

A7IA, A= A EH A& rlRict

A7 7841 4] (60~63)3} ZEom, 2] 74412 4] (64~68)

2.3.2 Decentralized Kalman filter for multi-radio integrated
navigation system

eLoran, Loran C, DME DME/VOR -",U;jﬂui, Hge o] A|7F
7341 Al (73 76), 2R 2] 7§41 A (77~81)}t 7t} FLE] 9]
(82~85)2} 7rom, A] (19~20)% o]-g5lo] I
Z7J31c} Decentralized ZHFHE|of|A] A 2] 2 &
ZE 9} FTE| O] Yo 2 4 (92)9F &
5 melg Algsly RaEo} 2HE o] Aeldoldy

2.3.3 Federated Kalman filter for multi-radio integrated
navigation system

Federated ZHFHE] % Decentralized ZIHIE] 9} w7z 2
EE S| TA] U 2EH AU Sy
7 41 (03t A4} (72)9} 2k NR BE2}FR BEG A el
RIS 4] (4063} OB, a4 (8)% TEelES 4

o},

NJQ_I

o e

Xepso = Xinsso = Xevorano = Xroranco = Xomeo = Xpyevore = Xo (94)

PcPs,o = PKNss,o =P = PLoran-C,l} = PDME,I] = PDME/VOR,I] =a;P, (95)

eLoran,0
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Fig. 4. (a) Reference trajectory, (b) position of reference trajectory, ()
velocity of reference trajectory.
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Table 1. Measurement error of navigation system.

Navigation system Measurement error(1o)
GPS 3m,0.1 m/s
KINSS 10m, 0.1 m/s
eLoran 10m, 0.1 m/s
Loran-C 100 m
DME 340 m
VOR 1.5°

chs,k = QKNss,k = QcLoran,k = QLoran-c,k = QDME,k = QDME/von,k = aiQk (96)

-{11
1)
_W‘_
Lo
P
N
o

ol T, 4] (73~8)F o] §5to] 2
e 4] (21-22)F o] g5}o]

A P e
ZR BEY 7 BgE 9] 27X A (97~99), FLES] =

AHE 4] (100~102)9F 20T, a st ayi A (S NEHES

e

’}GPS[D = XKNSS(} ieLoran,O = ’A‘Loran-c,o = iDME,O = ’A‘DME/VOR,o = ’A‘o (97)

P GPS0 PKNss,o = PeLaran,o = PLmn-c,u = PDME,o = PDME/VOR,(] =P, (98)

QGPS,k = QKNSS,k = QeLnran,k = QLnran-C,k = QDME,k = QDME/V()R,k = aiQk (99)

Ry0 = X, (100)
Py, =y P, (101)
Quic = Qi (102)

paeel #8u e 277 Aol Bk, RRE oA E
Al (73~81)& o] 83lo] 3HH SlE X5 A
(32-85)7} A (23-20% o §5ho] ¥
A Be SE5E 5 RS AR Ao FEE 9 FEE 9

Aol Y e 27} A] (92~93)3} et

3. PERFORMANCE EVALUATION

AR ndi} 545 5 RElS o]83sle] Centralized ZHt
e, Decentralized ZYHHE], Federated ZHEE| S A5} 11,
Monte-Carlo Al&#|o]4d 303]1E $35lar, Z17ke] 3 dats
Wl Zsloich Ao £5 AHL Fig 4ash Zom, A7k whE
QX £ Fig. 4b, £ 5 & Fig. 4coll HERASITE
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7} Al ARle] 04 B4 o% Table 1of YeR STt GPS
o] 2 2= 127l), KNSS&A 2|+= 77], eLoran 24 X% 57,
Loran-C &% x| &= 471}, DME %Zé A& 570, VOREH A= 5712t

23190, 242 Table 20] Lhepi A,
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Jae Hoon Son et al, Kalman Filter-based Navigation Algorithm 107

Table 2. Measurement equation of multi-radio integrated navigation system.

Navigation

system Measurement equation
2 2 2
Yrrik = ‘\/(Xspi.k - xp‘k) + (yspi.k ~ Yok )+ (Zspi,k - Zp,k) b6y T Verix
i=1,...,12

GPS _ i — Xy )(xspi.k ~ Xk )+ Dk — Yok )(yspi.k - yp,k) +(Zgik — Zy )(Zspi.k - Zp,k) d ( )

Yerrix = > > > gkt Verrix

V@i =500+ O =00’ + G =)
=Jx 2 2 2 4p
Yxerix = \/ ik ~ Xpk )+ (ykpi,k ~Vpx )+ (kai,k - Zp,k) +Dg t Vkprik
(1 =1..., 7)

KNSS _ (63 ik ~ Kk )x Kkpik ~ Xpk )+ (ykvi,k — vk )(ykpi.k Yok )+ (Zkvi.k ~Zyk )(kai,k ~Zpk ) d

YkeRrRik = > > > +dy i+ Vierrik

‘\/(xkpi,k - xp,k) + (.ykpi,k - yp,k ) + (kai,k - Zp,k )
2 2 2

yEPRi,k = ‘\/(xcpi,k - xp,k ) + (ycpi,k - yp,k) + (Zcpi,k - Zp,k) + bc,k + chi,k

eLoran (i=1...5)
vk (xepi,k Xk )- Yvk (yepi,k ~ Yok )- Zv,k(zepi,k ~ Zpx )
YEPRRIX = > > > + de,k + Vesin
\/(xcpi,k = Xpi) F Vepie = Vo)™ (Zepik = Zpic)
2 2 2

Yrprix = \/('xssi,k - 'xp.k) + (yssi,k ~ Yk )"+ (Zssi,k - Zp.k)

Loran-C - . -
_\/(Xms,k Xk )+ (yms,k ~ Yok )+ (me,k ~Zhk )+ VLPRik (l =1,.. -’5)
DME Ysrix = \/(xDsTi,k Xk )2 + (yDSTi,k ~Vpx )2 + (ZDSTi,k ~Zpk )2 + Verix (l =L..., 5)
2 2
Yrsrix = \/ (XDS'I'i,k - xp,k) + (y psTik — ) p,k) *+ Visrix
-1
T Xystik ~ Xpk .

Vagik = = Ttan| ——————| +v,. (Xysmin < Xpx) i=1...,5

DME/VOR AGik T [y\’STi,k o ] AGik vsTik < Xpk ( )

)Cpk

3 Yystix ~ Xp,
= Eﬂ' +tan| ——

Pvstig ~ Yok

-1
] * Vagik (xVSTi,k > Xp,k)

F1AZ] OAFAL 2} SIAFA 2] MBS, yypmus Loran-Co] it
7 %33} 73] SAPAR 2401,y M) DMES] AAPAR),
Yesuias DME/VOROIA 24 5H= il DMES] ZAFAZ], yyau
+ iM# VORS] Zte S X & ou|gict, Xepiks Vepiks spi,kg} Koviko
Vovigo Zovig 2121 TR1A] GPS 21739 X9 £5, x10 Vigiso Zigik
O Xiiso Vivido Zoiacis 1A KNSS9J/d 2] )7]0f £, x Xepito Vepiks
Zegieis 1917 eLoranZ] A =2] 1], x40 Vesigo Zesipis 1A F52]
A, Xnsiso Ymsido Zmsiacs T2 H12], Xpstigo Yostige Zostiis A
DME 71213-0] 1], xvgre yvomac= IR VOR 721 50] $13]2
oJujgich, VORE FAle] 7lef wje} T 7t 540E B
G, 5201 00 SIS PRI 316 ofvlshol, ofsl

F2 2dd 75‘-‘%94 Xéoc‘ia“ S Table 34 doun] FEHE &
T B 7o) 54y Y2 Table 49} 7t
Centralized Z'rE] o] 22350 A (103)3} 2ot
H = I:Hll’kl k * H:Rlz,k ’H;RRl,k i 'H:RRlz,k ’H;I(Pkl,k A HYII(PRIk ’HII;PRRl.k A HII;I’RIU.k’
HEPRLk A H‘:‘:PRS,k > H:PRRI kot H-FI:PRRS,I( 2 HIPRIJ‘ A HIPRA,k > H;RIJ( A H:RS,k 2
HISRI‘I( "'HISRS‘I( HAFI k HI( :k] (103)
FA) BEllS 285 73, Centralized ZHIE| 9] O 4 &
ARy o] 2713k el «1 2713k AAE e T EARIE,
S TR E L ofeliel o] st

P, =diag(1000”,1000°,1000°,10%,5°,10%,5°,10%,5°)

= [—3129702.6948, 4180682.1485, 3649519.2756,

—-0.6262, -0.0345, 19.9227, -0.1059, 8.0925, 0.0128]T
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Table 3. Measurement matrix of multi-radio integrated navigation system (Stationary model).

Navigation
system

Measurement matrix

(Xpige = %) Yz = 1)

(Zois =)

H,, =|- — —
GPs { S S A YO Sy ERREA LY CONRN R C AN ) R CHNENG N C3

=200+ igige = Vs + (i = 2,0)°

100000}

KNSS Mo - _ Cpun) _ _ a0 W _ Gyu i) 001000
VG =50 + Gl = 70 + G =2’ Cigae =) + O =700 * Cigiae =20 AfCligiae =)’ + Ogiae = a0’ + Cigiae = Zpa)”
eLoran Hop |- Z Ca =) - U - _ Cou=n) 000010
Vs =50 + Dt =5 + G =20 Ot =500 + gt =) + G =20 A Ot = 500)” + g = ) + e = Zp)
o (s = %) . (s = %) Cas =20 , s =)
c ] O 500+ Gtk =20 * G =70 i =500+ i =200 * Caie =508 Y Cmse =500+ Ot = i) + s =) 4 s =3 + s = )’ + o = 200)°
Loran-
_ Gaun) . [CHGEN) 000000
Vs =50+ G =00 + o =2 A =500 + Oy = ) + (2 =200
_ Orpsmiae = %) Yostie =) (Zpsmia —Z)
DME Hyy = - - — . - = - — — — 000000
VCsme =30+ osrae =200 + s =200’ Cosme =)+ Gosrae =) + st =200 osras = )’ + Gismae = V)’ + s~ Z00)
Hyg =| - (""S'zi*’x") _ Osma =34 ~ 0000000
Vst =507 + Oosrie =4 AfCostis = %000 + Upsrige = V)
DME/VOR

) G =) Coams =)
(ysrik ~ Xpi )+ Dystie = Vo)™ Covstiae = %) + Ovsrise — Vo )

Hm{ 000000 0}

Table4. Measurement matrix of multi-radio integrated navigation system (Constant velocity model).

Navigation .
8 Measurement matrix
system
Hoe <|- 2 G %) - 2 ow—yoz - 1 <z,.,i‘k—zk>2 000100000
Vi = 50+ Ot = 7000+ G =20 4 Ciiae =500+ O =30 + G =200’ i = 5000+ g = )’ + i = )’
GPS
B, -0 0 0 _ Caun) q _ Owa ) . _ Couon) 10000
VO =50+ Ot =700+ G =20 G =50+ e =200 + G =200 i =500 + Ol =Y’ + i — ) |
H - i) : O . _ Guun) 000001000
| s =507+ Qe =200 + G =200 Gl =500 + O =)+ Gl =20 /Gt = 5010+ Ggiae = )" + i = 7’ |
KNSS
. -0 00 - G ) q O ) Z ) 00100
VGt =507+ Otguac = 700+ Ciac =) Ot =33+ Oae = i)+ Cogae =500 Cligaae = 5pa)” + O = Hpa)* + Cigae =) |
Hyp = U %) - U 5 - - _Con 2 _ 000000010
| VG =500+ Ot =200+ o =20 iise = %01+ Olgae =Y+ Capac =70 i =33+ O = )’ + o = Zp0)
eLoran
Hypy =0 0 0 Cou %) = - Ugu ) - L _ 000001
Vi =5+ Gt =Y + G =20 e =50+ i = P+ Cpae =2’ A Cepae =55 + i — Y + G — Zp)
Mo - G =) . (s =) uss =24 . Gy =3 ’
L c U 5007 O =5+ o =200 s =300+ O =0 o= 2000 G =3 + O =00+ G =200 Y o= 5ps)” + G = D)’ + (e = 7’
oran-
BNCNCENE . s =) 6000600000
VOt = %000+ G = 1)+ Gt =200 i =) + s =Y’ + G = 2p0)°
DME o - G %) : O ) 2 _ Comn) 000000000
VCoostiae =500 + Oostae = 7pa) + Gosrie =) Y Costiae =50 + Oisrae =) * Cosriac =70 st =330’ + Gostae = V) * Cosiae =7’
Hogus =| - Cons — %) - - Oy %) _ 0000000000
VGt =50+ Gosrie =3 A Costis = %00" + Gosris — Vo)’
DME/VOR
H,g = O ~ ) : (s ~ %) - 0000000000
Crysia =5 + Oysme =7’ Gsrige = %pu)” + s = V)
B 2he T4 E S ole] Hel AlEY o)A Aol 71 £ Ry, = diag(3’,---,3%,0.1,---,0.1°)
s —_—
- 1= — =11 = = o Ty = Num:12 Num:12
FAXE AFgshs AR AYsiGich 35S FEARIEY R — diag(10°,.10° ,0.1%--,0.1%)
L s = diag({07, -, 107,0.10,+-,0.10
RGPS,k= RKNSS,ka ReLoran,ks RLoran-C,k: RDME,k: RVOR,kt O]—ﬁg} Z_:-:D]— Num:5 Num:5
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Table 5. Measurement matrix of local filter.

Local filter Measurement matrix

GPS

KNSS
ELoran
Loran-C

DME

Hepsy = [HPRI,k H-IERlz,k’ H:RRl,k e HlT)Rmz,k]T
Hinssic = [HKPRI k- H;PRU& Hzpnm,k B H;PRRzk]
Heorani = [HEPRI,k HEPRS,k’ H;an,k H:mms,k]T
Hlnrzn-C,k = [HIpm,k HLPR4,k]

Hpypi = [H::Rl,k e snzs,k]

DME/VOR  Hywevork = Hisn - - Hisnsio Hygu - Hagsd

R,y = diag(10%,---,10%,0.1%,---,0.1)
Num:5 Num:S
211 1

R _100° 1 211

Loran-C,k 1 1 21
1112

RDME,k = diag(M)
Num:s
Ryop, = diag(l 5,01 '52)

Num:5

it AL ol 2ol ekt

P, = diag(1000°,1000%,1000%,100%,100%,100°,10%,5%,10%,5%,10%,5%)
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-0.2911,
-0.6262,
4000
3
o 4000
3
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4000
2
o 4000
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Table 6. Navigation result (RMSE).

RMSE
North (m) East(m) Down (m)
Centralized Kalman filter 1.8671 1.5847 2.0690

Decentralized Kalman filter - no feedback  1.8672 1.5848 2.0693
Decentralized Kalman filter - feedback 1.8671 1.5847 2.0690

Federated Kalman filter - NR mode 1.8742 15942  2.1340
Federated Kalman filter - FR mode 1.8671 1.5847 2.0690
Federated Kalman filter - ZR mode 99.8763 43.6373  69.0948
of e STt

Decentralized Z{HZE] o] e o] FHE| Q] 92} IHAIEY
Gol 2715 AEAe) 2712 AAE e FEANY, 5%
Ao FRARYY L ofehe} o] sl
P GPS,0 — PKNss,o = PeLoran,l) =P Loran-C,0 — PDME,O = PDME/VOR,O = PM,o =P,
’A‘Grs,o = iKNSS,ﬂ = ieLoran.o = ﬁLoran-C,O = iDME.O = ﬁDME/VOR,O = iM,l} = ’A‘o

QGPS,k = QKNss,k = QcLornn,k = QLoran-C,k = QDME,k = QDMENOR,k = QM,k = Qk

2ok NR 20k FR B2 A9 REEe] 03 BRAEe) 2
I, Aeaasl 21 AAE B BRARY, 2ATE 3

A ]—cl’lEﬂ o olzljo} o] A A—lz% }93\1;].

PGPS 0 PKN§§ 0 PeLoran 0 PLoran C,0 PDME 0 l)DME/VOR 0 6P0

Xgpsp = XKNSSO = XeLorano — XLoran-c,o = XDMEO = XDME/VORO X

QGPS,k = QKNSS,k = QeLoran,k = QLoran-c,k = QDME,k = QDME/VOR,k =6Q,
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PGPs,o = PKNSS,(] =P, Loran-C,0 — PDME 0 PDME/VOR,O = PM,o =T7P,

eLoran,0
Xgrs,0 = Xknss,0 = Xevorano — XLoran-c0 = XpMED = XDME/VOR,I) =Xmp = Xy

QGPs,k = QKNss,k = Qel,oran,k = Ql,oran-c,k = QDME,k = QnME/VOR,k = QM,k = 7Qk

FA Bl o] g3t 7, Centralized ZYHZE| Q] ] A
= Fig. 59 Z+o v Decentralized ZHYHZE{ 2] no feedback
2T 3 A= Fig. 6a, feedback & 5] AIF= Fig. 6b,
Federated ZF{FHE{ 2] NR & ] Ax}E= Fig. 7a, FR & ¢
H A3= Fig 7b, ZR BE 81 Avk= Fig 7c9} 7}, Fig. 5 1
E] Fig. 77}A] Z1efjze] 9128 9]1x] 9] Root Mean Square Error
(RMSE)S Lehfm, 0 2ol 0.3t FEARIZ O] 9] o
she iz} 3pe] Al E2-g Lehdich
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Fig. 5. Centralized Kalman filter navigation result for a stationary model.
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Fig. 7. Federated Kalman filter navigation result for a stationary model. (a) NR mode, (b) FR mode, (c) ZR mode

Table 7. Navigation result (RMSE).

RMSE
North (m) East(m) Down (m)
Centralized Kalman filter 1.8454 1.4933 2.3273
Decentralized Kalman filter - no feedback ~ 1.8455 14934  2.3273
Decentralized Kalman filter - feedback 1.8454 1.4933 2.3273
Federated Kalman filter - NR mode 1.8542 1.5037  2.4031
Federated Kalman filter - FR mode 1.8454 1.4933 2.3273
Federated Kalman filter - ZR mode 119.8207 52.4759  85.3001
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o
he] J

z 3

£ 2 ]

£ g

§ L L |

0 500 1000 1500 2000 2500
@ T T T T T 145 F —— T —— T T 3
=25 2 14 F 4
"4 2]

- 2 1 | wrast J
Es 8 13+ 4
B oy I @125 1

o

b

x

E

c

S

o

8 |

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (s) Time (s)
(@)

= 2 17t 5

[ g

5 Z 165 1

£ 8 16t 1

E ! ‘ & 15t ‘ ‘ ‘ ‘ ‘ ]

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
& T T T T T 145 E —— T T T 3
o
=25 3 14t 1

- 2 | | w135
E1s ‘ Q 13l i
3 i I I
e 1 a 125 1
©

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500

n T T T T T

= T 281 1

« D26 J

E Qo4l ]

P 8 22+t B

3 o 2r /

a . : 1.8 - : .

0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (s) Time (s)

(b)

Fig. 9. Decentralized Kalman filter navigation result for a constant velocity model. (a) no feedback mode, (b) feedback mode

4, CONCLUDING REMARKS AND FURTHER 2 AHgS E3ele 71EHA e st
STUDIES TEE 25 RS AMSSH e A RS AN - E Tk
o Bk Y g dv A& skl Decentralized Zt

B LBl thEAnZe $RIAAES gAlo R e ¢} Federated ZF =

= = 1=
Centralized ZJFHHE| 9} Decentralized ZWHIE], Federated Z+ o FHE O] 3 FE FIE ]?—_‘r‘c‘?}‘ﬂi Centrahzed 7"‘:‘1-
YHIEE AASIL, A5 E7HE 8T AaE AAIsI e, Al e o} FARRE 3 SlilE A A FRIskSict & =FolAe
A Belo] B4 Felsiich. Aol webd £F BRL o LE BaE o] 3 o) 8 gl Bk s, 2 3ok

https://doi.org/10.11003/JPNT.2020.9.2.99



Jae Hoon Son et al,

Kalman Filter-based Navigation Algorithm 113

n T T T T T T T T T
2 3 sy M
i 17 F 1
E?2 b z
£ o 165 .
£ Q 16f 1
S 155 . . . . .
0 500 1000 1500 2000 2500
6 1.45 T T T T ]
o 1.
z o 14r i
- W 135 -
€ .
= 8 131 .
[72] F |
@ o 1.25
& . . . . .
0 500 1000 1500 2000 2500
o T T T T T
= Tz 28+ 4
[ B 5 ]
£ So2ar 1
c o221 !
E
o a 2r 4
a L : I . . .
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (s) Time (s)

North (m, RMS)
- N w

o
o
I=3
S
o L
S
=3
o
S
=]
N
=3
S
S
IN)
@
=3
S

1500

0 500 1000 2000 2500
T . T T T 145 F ——— T T 3
S 25 =R \/\
- 2y w135 .
§, 15 ‘ 0 13+ 4
g 1 ‘ o125 1
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
= Z 28 1
x4 D26+ 1
£ Q24 ]
c2 B 22} f
H g 2f ]
8 ‘ ! ‘ 18 ‘ \ .
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (s) Time (s)
(b)
g <175 . . : . : ]
2 200 ¢ 2
- 150 + =z 171 b
3 L i
=100 @ 165
5 %[ = 18 . . ‘ . ‘ ]
z
0 0 500 1000 1500 2000 2500
2 120 g 145 i Y ' ‘ ]
& 10¢ D 141 1
- I w L B
£ of W i
5 40f o 138
S 20+ o 1251 1
8 . . . . .
0 0 500 1000 1500 2000 2500
’g‘ 200 T T T T T T T . T .
e - 4
4 1) g'g L _
£ 100 - Qost E
= 0
c 0221 7
0 500 1000 1500 2000 2500 0 500 1000 1500 2000 2500
Time (s) Time (s)

(@]

Fig. 10. Federated Kalman filter navigation result for a constant velocity model. (@) NR mode, (b) FR mode, (c) ZR mode

waejo] by o £ 8o] ThE 492} thsll Decentralized 2
QHEE 9} Federated ZRHE| S 2 £ 3 AFo|c.

Son; formal analysis, J.H. Son, S.H. Oh, and D.-H. Hwang;
investigation, J.H. Son.

AUTHOR CONTRIBUTIONS

Methodology, D.-H. Hwang, and S.H. Oh; software, J.H.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

http://www.ipnt.or.kr



114 JPNT 9(2), 99-115 (2020)

REFERENCES

Banachowicz, A. & Wolski, A. 2017, A Comparison of the
Least Squares with Kalman Filter Methods Used in
Algorithms of Fusion with Dead Reckoning Navigation
Data, The International Journal on Marine Navigation
and Safety of Sea Transportation, 11, 691-695. https://
doi.org/10.12716/1001.11.04.16

Bar-Shalom, Y., Li, X.-R., & Kirubarajan T. 2001, Estimation
with Applications to Tracking and Navigation (New
York: John Wiley & Sons)

Brown, R. G. & Hwang. P. Y. C. 1997, Introduction to Random
Signals and Applied Kalman Filtering, 3rd ed. (New
York: John Wiley & Sons)

Carlson, N. A. 1988, Federated Filter for Fault-tolerant
Integrated Navigation Systems, in IEEE PLANS '88.,
Position Location and Navigation Symposium, Orlando,
FL, 29 Nov-2 Dec 1988. https://doi.org/10.1109/
PLANS.1988.195473

Carlson, N. A. & Berarducci, M. P. 1994, Federated Kalman
Filter Simulation Results, Navigation, 41, 297-321.
https://doi.org/10.1002/j.2161-4296.1994.tb01882.x

Department of Defense, Department of Homeland Security
& Department of Transportation 2019, 2019 Federal
Radionavigation Plan, DOT-VNTSC-OST-R-15-01

Edelmayer, A. & Miranda, M. 2011, Federated Filtering
Revisited: New Directions to Distributed Systems
Estimation and Filtering - A Case Study, Acta Technica
Jaurinensis, 4, 365-391. http://acta.tilb.sze.hu/index.
php/acta/article/view/183

European Commission 2018, European Radio Navigation
Plan (ERNP) 1.1 with errata

Farrell, J. & Barth, M. 1999, The Global Positioning System
and Inertial Navigation (New York: McGraw-Hill)

Federal Aviation Administration 2011, FAA’s NextGen
Implementation Plan

Gao, Y., Krakiwsky, E. J., Abousalem, M. A., & McLellan,
J. E. 1993, Comparison and Analysis of Centralized,
Decentralized, and Federated Filters, Navigation:
Journal of The Institute of Navigation, 40, 69-86. https://
doi.org/10.1002/j.2161-4296.1993.th02295.x

Gu, Q.-T. & Fang, J. 2009, Global Optimality for Generalized
Federated Filter, Acta Automatica Sinica, 35, 1310-1316.
https://doi.org/10.1016/S1874-1029(08)60112-3

Gustafsson, E, Gunnarsson, E, Bergman, N., Forssell, U., et
al. 2002, Particle Filters for Positioning, Navigation, and
Tracking, IEEE Transactions on Signal Processing, 50,
425-437. https://doi.org/10.1109/78.978396

Jee, G.-1. 1997, Development of GPS Positioning and GPS/
Dead-Reckoning Integration Algorithm using Federated

https://doi.org/10.11003/JPNT.2020.9.2.99

Kalman Filter for Land Navigation System, Korea
Science and Engineering Foundation Technical Report,
KOSEF 951-0915-038-2

Kim, E. 2018, Analysis of DME/DME Navigation
Performance and Ground Network Using Stretched-
Front-Leg Pulse-Based DME, Sensors, 18, 3275. https://
doi.org/10.3390/s18103275

Kim, H., Lee, J., Oh, S. H,, So, H., & Hwang, D.-H. 2018,
Multi-radio Integrated Navigation System M&S
Software Design for GNSS Backup under Navigation
warfare, Electronics, 8, 188. https://doi.org/10.3390/
electronics8020188

Kim, H., Son, J. H., Oh, S. H., & Hwang, D.-H. 2019, Design of
Navigation Environment Generation Module of Multi-
radio Integrated Navigation System M&S Software for
Evaluation of Countermeasure to Navigation Warfare,
Journal of The Institute of Electronics and Information
Engineers, 56, 106-114. https://doi.org/10.5573/ieie.
2019.56.11.106

Kugler, D. 1999, Integration of GPS and Loran-C/Chayka:
A European Perspective, Navigation: Journal of The
Institute of Navigation, 46, 1-11. https://doi.org/
10.1002/j.2161-4296.1999.tb02391.x

Lo, S., Enge, P., Niles, E, Loh, R., Eldredge, L., et al. 2010,
Preliminary Assessment of Alternative Navigation
Means for Civil Aviation, in 2010 International
Technical Meeting of The Institute of Navigation, San
Diego, CA, 25-27 Jan 2010, pp.314-322.

Lo, S., Peterson, B., Akos, D., Narins, M., Loh, R., et al. 2011,
Alternative Position Navigation & Timing (APNT) Based
on Existing DME and UAT Ground Signals, ION GNSS
2011, Portland, OR, 19-23 Sep 2011.

Park, S. G. & Son, P.-W. 2019, Design for Back-up of Ship’s
Navigation System Using UAV in Radio Frequency
Interference Environment, Journal of Advanced
Navigation Technology, 23, 289-295. https://doi.org/
10.12673/jant.2019.23.4.289

Wei, M. & Schwarz, K. P. 1990, Testing a Decentralized
Filter for GPS/INS Integration, in IEEE Symposium
on Position Location and Navigation. A Decade of
Excellence in the Navigation Sciences, Las Vegas, NV, 20
Mar 1990. https://doi.org/10.1109/PLANS.1990.66210

Williams, P., Basker, S., & Ward, N. 2008, e-Navigation and
the Case for eLoran, The Journal of Navigation, 61, 473-
484. https://doi.org/10.1017/S0373463308004748



Jae Hoon Son received B.S. degree in the
Department of IT Electronics Engineering,
Daejeon University, in 2018. Now he is a
Ph.D. candidate at the Department of
Electronics Engineering, Chungnam
National University. His research interest is

Inertial navigation system, Integration
navigation system, embedded system.

Sang Heon Oh is a principal research
engineer of Division 1, Navcours Co., Ltd.,
Korea. He received M.S. and Ph.D. degree
from Chungnam National University. His
research interests include GPS/INS
integration system, Inertial navigation
system, and military application.

Dong-Hwan Hwang is a professor in the
Department of Electronics Engineering,
Chungnam National University, Korea. He
received his B.S. degree from Seoul National
University, Korea in 1985. He received M.S.
and Ph.D. degree from Korea Advanced

Institute of Science and Technology, Korea
in 1987 and 1991, respectively. His research interests include
GNSS/INS integrated navigation system design and GNSS
applications.

Jae Hoon Son et al, Kalman Filter-based Navigation Algorithm 115

http://www.ipnt.or.kr






