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SUMMARY

Although the Linear Kalman Filter is one of the most widely used
methods for tracking and estimation due to its simplicity, optimality,
tractability, and robustness, the application of the Linear Kalman Filter to
nonlinear systems can be difficult. For solving this problem, several
researchers improved the existing methods.

The most common approach is to use the Extended Kalman Filter which
simply linearizes all nonlinear models, so that the traditional linear Kalman
filter can be applied. But more errors result from variations and linearization
of the target motion state in maneuvering, which may seriously degrade the
performance of the Extended Kalman Filter or even cause the filter to
diverge.

Therefore, a novel approach based on adaptive variable Kalman Filter
structure is proposed in this paper, which can adjust Kalman Filter model to
the changes of target motion state in maneuvering.

In the proposed approach, when a target signal quality is determined by
proposed filter algorithm, the process noise and measurement noise covariance
model will be adjusted with varied target motion state.

The proposed approach is verified by using the Test flight in Naro space
center. Also the performances of this target tracking algorithm are evaluated

by using the simulations of a real rocket trajectory.
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1. Linear Kalman Filter Algorithm
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3. Unscented Kalman Filter
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Fig 4 Unscented Kalman Filter Process (Wan & Merwe 2000)
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4 = (Power Spectral Density)ZE et}

£ FHd &S T3 F

2 A% 72 Fas @ AU 2/1E tehye, B4 7}
A

2=[R,R,0,4]" (3.20)

z, =h(X,)+v, (3.21)

o] 714 h(Xy)E Cartesian Coordinate$} Spherical Coordinate A}o]¢] ¥ 3kl
H=Z o3 Zo] 8 & duH13].

2. 2 2
Ry VX T Y+ Zg

R XX + YV + 22 IR
h(X,) = gk _ | XX yiyk ki Iy
k tan = (y, /X)
& tan ™ (z, /X2 +Y{) (3.22)

_16_



Cartesian Coordinated] & &AW 2 o] 2] (321)3 Zo] v|AYE FHe=
x4 9. wga g EH H8317] Y8 4(3.22)& 3 2ol A
fod of gk},

ol KT T
H k|k—l - [V Xk h (X k )]Xk:XHk_l (3.23)
X 0 0 S 00 L 00
R R R
X@+y)-xwrz) x Y@ -ya+z) oy 0 24y ) -x(ik+yY) 2 0
R® R R® R R® R
H= -y X
Ty 00 m 00 0 00
X
2 2
-X1 -y X“+
00 ! 00 zy 0 0/(3.24)
R?.[x% +y? R, (x%+y? r

Vkar Hdo] 00l FEAIYE RE 7HAE 94 7HeARE B2 &4
solH, Ztzt EYAHQ 01,010,048 Eibg ZErh F4 Feo FEAIELS
o3 2

o2 0 0 O
0 o/ 0 O
R =
0 0 o O
0 0 0 0'; (3.25)

ol AEE g3 FedAy 2 SANAN diste AHEE XE
sdH o7 A3 9% Cartesian Coordinated Aol #&AAvtde g &S
Fig 103 2t}
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Cartesian Coordinate Extended Kalman Filter

Input data

I s ] s .
! Time Update(*Predict”) Measurement Update(* Correct”)

|
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X }
|
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I
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[ O I
1 X, X [

| - N k-1 ~ N . Qutput data
! X =E X,y — X it F K. (z, -h(X klk—l)) Spherical Coordinates to Rangs State Vector
| . Cartesian Coordinates — Azimuth State Vector
: l : Trans Function ! Elevation State Vectar
I I 1 Feed back |
I |
I (N !
I [ K I
I I k |
i I !
1 P . . Py . p. !

2 r k1 - - T| “kko
| Fra Pyt T+ Oy '.l ] P HI(HP, HT +R)! ——{ P, -KP. K — !

1

i i :
| : I Feed back |
I I |
I —t
I I }

g v ¥ HAHY FARES 5T ET QAIZEAT AT o]59 AAtol

K > Py 2Py £22 RA3PHa1, o

X,
R
o,
t
)
o
fuj
g
iy
o
o
o
X
[
o
fru

ol Balgo] 91&S & 4 glth §E 0 F Cartesian Coordinate® EAE X(&
H

Spherical Coordinate2 ¥ 3l FAHz1S 53

1.2 Spherical Coordinate?] Al2¥ w9
329 =# 1<l Spherical Coordinatex Cartesina Coordinate$}= 22 A

(Range), B¢z (Azimuth), Z2Z}H(Elevation)2.2 FA o] gJo ™ Fig 1134 Zto}
[26][27].
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Fig 9 Spherical Coordinate

o] 7] A Spherical Coordinate?] ¢1Xlo st WE ()] T8 o237 2t}

r,=a,e,+a,€, +a,e, (3.26)

{e,8p.8,}= @91 E YeulY, Spherical Coordinate®) ®EE Cartesian
CoordinateZ ¥ 3384 t}h&3 o] Jeld 4 Qru}

rp = xex+yey + Z€, (3.27)
X Rsindcos ¢

r,=|Yy|=| Rcosdcosg
z Rsing (3.28)

{eey 6} maAxz wgEE S JdehgH, 2(328)¢ o439 2(327)
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& oA

=1

Astd e Zol e & gl

r, =e,Rsin & cos ¢ +e Rcos cos g +e,Rsin ¢ (3.29)

Spherical coordinate Al=g¢] Ao} 93l G E = g3} 2},

. 1 or,

r or,| R
R (3.30)

o - 1 arp

¢ or,| @
6 (3.31)

o - 1 8rp

o, | ¢
¢ (3.32)

21(3.29)2 o] &3}o] 2](3.30), (3.31), (3.32)9] 2 &3}H, Spherical coordinate

o fAv e &8 ete {88y &tz dgd go] BHo| shsdid.

e, =e,sin gcos ¢ +e,cos 6cos ¢ +e,sin ¢ (3.33)
e, =€,C0s0 e, sind (3.34)
e, =—€,Sindsing—e, cosgcosg +e, cosg (3.35)

aguE Y £ YRS Takv] Astel 4(333), (334), B335)E WEHHE o
3 2t}
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& _Cr g B G ¢
OR o6 o

=e,0C0S¢+e,p (3.36)

oR 00 o0¢

=—e,0cos ¢ +e,0sin ¢ (3.37)

oe, . oOe, . Oe, .
=—2R+—Lo+—L§

e‘¢ -
oR 00 o¢

= —e,0sing—e g (3.38)

2(3.33)& o83t (32908 3,

r, =e,Rsin &cos ¢ +e Rcos &cos ¢ +e,Rsin ¢
= R[esin & cos ¢ +e, cos & cos ¢ +e,sin ¢]

—Re, (3.39)

e

By
ok

& 9tk

fllo

oM, e o] HEAY

V:E(Rer) = Rer-i- Re,
dt

=e R+e,RHcos ¢ +e,Rf (3.40)

A3}# 2 2, Spherical Coordinateell X e} &&= &2 o3t o] yehd 4 glth

v, R R
v=|v, |=| ROcos¢g |=| R0
v, Ré R (341)
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o} 7]14, Ry, = RC0S¢ o)) =3 w3Fo] RangeE UeEbAITH
Spherical Coordinatedl| Al ¢] AEjHE = o33 2o sdHY.

. . LT
P =R Ve ko Ve i G Vi o Vi o Vo V] (3.42)

Spherical  Coordinate®l] /1 ¢] A HE+=

Ve vn V), Azeqe VoV V)es 24589, e 4

tol $EQES W2 Ade e 2o

o] 2](341)& ©] &3

V. =R (3.43)
V, = Rcosg+ RO cosg—ROgsin g (3.44)
V, =R¢+R¢ (3.45)
A (344), 345)S 6, ¢ vER,
. 1 V.
6=—1v, ——(v.—v, tan
Rh{ R ¢)} (3.46)
(;;zi[v-v_ﬁ}
R R (3.47)

P = (p) + Wiy (3.48)
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f(pc1)E= Cartesian Coordinateo] 49+ FY3lA Constant Acceleration

Model2 7bgte], thest ol Uehd 4 9o,

. T2 ..

T2
=R+ TV o Vi

(3.49)
Vr,k = Vr,k—l +Tvr,k—1 (350)
Vr,k :Vr,k—l (3.51)
. 2
O =60, +T0,  +—04
T T Vv
=0, ,+—|V, +—(V, ——(v, —v, tan
k-1 Rh|: h 2( h R ( r % ¢))i| (352)
Vik =Vhka t TV (3.53)
Vhk =Vhia (3.54)
, T? ..
K =d1+tTd +7¢k—l
T, V.V,
=d +—|V, +—(V, -~
P [ ) (¥ R )} (3.55)
Vv,k = Vv,k—l +Tvv,k—1 (356)
Vv,k :Vv,k—l (357)

A7 A, T=t~ty ojnf, Wes e & (318), (3.19)9 TLaHA o3 o] A
S0
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9Q 0, 0 T°/20 T*/8 T°/6
Q=/0, qQ 0| Q=T"8 T3 T?/2
0, 0, q,Q T%/6 TZ/2 T (358)

34 Hp)8 B o) 2As shaof B},

T ¢T T
F/J,k\k—l - [Vpk f (pk )]pk:pklk—l (3.59)

1 T T%/20 0 0 0O 0 O
0 1 T 0 0 0 O 0 0
0 0 1 0 0 0 O 0 0
I:41 F42 F43 1 F45 0 F47 F48 0
F,=f0 0 0 0 1 T 0 0 O
0 0 0 0 0 1 O 0 0
Fn F,, 0 0 0 0 1 Fy Fy
0 0 0 0 0 0 O 1 7T (3.60)
0 0 0 0 0 0 0 0 1|
2,
Fp= —;LR:{HTE(VV tan¢—v,)}— 2TR\F/2rh
F42:_T2Vh
2RR,
2
F43:;-?
h

T T
F.=—I|1+—(v, tang—v
45 Rh|: ZR( v ¢ r)j|
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2

TV, tan ¢
F,; =——V,sec —+—vtan Vv
T ¢Rh{h2 ( ¢)}
T2y
F h_tan
48 = ZRRh ¢
Tv Tv. ] T%
F —_ Vv + r _ Vv
e RZ{ R} 2R?
T,
[CPT-E
T Tv
Frg=— r
k R[ ZR}
-|-2
Frg =——
79 2R

1A Spherical Coordinateol| 41 9] FAHAHL AL APz FFHo|] 7H53HH,
FH g ol A= Range, Azimuth, Elevation, Radial Velocitys A 3tt}. &4
WE o dEjdE e AAE SAYAHACE RESHE e Zrh

2=[R,R,0,4]" (361)

Z, =Hp +v 4 (3.62)
100000000
L_[01 0000000
l0o0o0o1 00000

000000100 (3.63)

Vkae 2 (3.25)% Td3tAl A&Ert

AellA Add mHe FeiAd 2 SALAA diste] FHHE A E
ooz FA37] 9% Spherical Coordinated] A 9] SHgZdntdy dirg
Fig 12¢} 2t}

el
rlo
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Spherical Coordinate Extended Kalman Filter

[
nout data | "]

ka
e H T (HPG HY + R Py ~KP. Ky “

Feed back

n

Initial esimates for [y and Pk|k—1 ]

Zy

[ N T T [ T
' Time Update("Predict’) L Measurement Update(“Correct”) :
[ R o |
' Py . Pri-1] | . P :
\ f(PJc-uﬁc—l) > Pk T K. (z, - Hpk|k—1) — Output data
! - | Range State Vector
| [ I Azimuth State Vector
I : | Feed back : Elevation State Vector
I 1
\ o |
[ |
| I KK :
‘ N |
I
1B Py o

(1] I -~ Fik1 I
} FoaPigpaFopa+ @, i P !

|

: | |
I | |
I | |
: | l

Fig 10 Spherical Coordinate Extended Kalman Filter Algorithm

Spherical Coordinate®] 5] & Cartesian Coordinate$t= R 2 Al Al o]
HXAgez Y, SFLFAL APoz Fdd. ol ZRIE YRe
7123 %€ Spherical Coordinate2 283l SAX 9 s FRHAE A&
SEXN AHYUESY HRE WHE ol V] "HiEd SAYAAL HdFPo=R
F3¥o] FA|qt Spherical Coordinatecl A1 9] F& ¢ %<& vAY
AnHog FARAAUIAH A2 7|£FXEA Cartesian Coordinate®t Spherical
Coordinatex IR A# SAEA A S AYstaies T da1dEF2 5

datA H-gdr
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D 7lEAeR FANEe we Al oAt EgHE At v EE

S Ad & 4+ 9= ParameterE A A5t =4 do]g ¢

ERESE R RER

AA SAZ HE&S

w2 §)

o

3

4

i) 47989 U3 Parameter o] &3] ZuRElS
A2 Aaste] Aol BA FAgkel BE
¥ AAA RO, ARF FH@e] ¥

mlo

X
3T

e
Y,

N
32

Aot 2L 24S HEAIE ZHEHE dA&] YA E SAHE 4F
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rulm
rU?‘J

AE BAY & Qorl, AHAYS Astel, AFF oA Holy WSS P
@O et go| volHe Fd¢ #ud + Uk

(3.64)

714 Zke @ AJFEe EA R oY, nd oA AHZ9 Folr
Z 8B E Parameter® A 7|£2 RMSE #¢ Best, Normal, Worst2] Al
A SR el RRAYL, B AEe Gen 2o,

Table 1 Decision of Quality

i S
RMSE RMSE RMSE RMSE
= = =
B 7X0.5 BE X2 A X3
“BEST” “NORMAL” “WORST”
= L. = ==
| SREEE A 24z HES olm +Ad 2o AU
2w oun agae | T ST | 9% 2 33w
Japo] 2 = e SR e A8E + g

dolg Edo] “BEST'Y B4 ZAg o3 A9 @I A ¥

9=, g 3 Sz 9EH7] B IR Ve Foo F

Agtol EHolok sul, dole FHol “NORMAL™Yl A%

“BEST | H|3te] e}sl<7] Mol ol F=s) 237t ¥ ZHgke] U

Hol goleth wWehH FAgY u&L Eold, o= AE FARE wIs:
A

2A%e Fdck @t} volE Fdo “WORST'Y B$E #4457 ofa
A 2o oAt GRE TFH] FPgel 4Py MR PG N
g 5 9t gl WA FR@e) wg WES B AR 29
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$1el deolg FZ #AY 71FES o]&3ly AAT H-& AW E(Adaptive
Kalman Filter) ¢28 &2 &3 7
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@‘ Measurement Radial
s | velocity
Azimuth
. RF Data —
Data Quality evation
decision
77777777777777777777777777777777777 1
Beacon Skin G Zk
Prag-
Z F

“WORST" 10 Output data
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Fig 11 Proposed Adaptive Kalman Filter Algorithm
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stazl gtrh. RAE S A% THFH AUYHLE +F
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TESTI13 TEST29 =9 A gnjae A =2 Radarle 93 FZolA
GEEWFOZ O 90Km oS3ty oA BASE AR P od,
TEST3¢ =9 A@uH|8ge] o]FZHEE Radar2e] 9L 71Peg E&: ¢
45km AHFAMFE 160kmAH7HA st 1=E e 4dkmol A 6kmA A 7
A EobH Tt A el AEE 580s o] FdE 1%t @old TESTE &
z38tgth ©&e TESTI, TEST2, TEST3el thd o|FAES RoZT)

_30_



Z(km)

,,,,,

(a) Radarl

,,,,,

e
e

140

(b) Radar2

Fig 12 TEST1 Cartesian Coordinates

_31_



Range(km)

Azimuth(®)

Elevation(®)

100 70
—Range
90¢ —— Data Included [{58
166
164
o
62 T
1 =
60 3
1.2
1588
56 &
IR
54
152
150
0 L L Ll L 48
0 500 1000 1500 2000
Time(s)
(a) Radarl Range
400 = . 70
— Azimuth
350+ Data Included _68
\66
300 -
250} 162 3
160 3
200 2
158 =
o
150} W B
100} r 54
52
50} ]
150
% 500 1000 1500 2000  °°
Time(s)
(c) Radarl Azimuth
90 70
8ot 68
66
70t
64
- 8
60 o2 3
>
sor {603
3
40 {58 5
- m
30} 5 g
154
20
152
% 500 1000 1800 2000  ©
Time(s)

(e) Radarl Elevation

Elevation(®)

Azimuth(®)
£ B0
(=N

500

450
400+
350}

— Range I
— Data Included

~——Mliss Operation

[+:]

oo
@ o o R

Data Included value

o

wn
B

52

150

48

70
65+

o
(=~

1000 1500 2000
Time(s)

(b) Radar2 Range

500

—Azimuth

—— Data Included

160

o
> 0o

Data Included

35/

30

25

20

500 1000 1500 2000

Time(s)

(d) Radar2 Azimuth

N

[o2]
o

th th o O
B o0 o N

[ S ]
o N B

B
w

=3
[=]

Lo I ]
B @

1000 1500 2000
Time(s)

(f) Radar2 Elevation

500

Fig 13 TEST1 Range, Azimuth, Elevation

_32_

Data Included value

M
=R N

p-
5]



60

X(km)

(a) Radar1?] 3D Hx

1" Radar? Poict-

e,

(c) Radar29] 3D #H3x

Fig 14 TEST?Z Cartesian Coordinates

_33_



100
90

80t
70

Range(km)

30

20+

10

—Ra hge

Data Included

60

50}
40}

S
r h 4
Data Included value

o
S

l48

400

1000 1500 2000
Time(s)

(a) Radarl Range

500

60

350+

300¢

250+

—Azimuth
—— Data Included

1
o
(+=]

on
L]

Azimuth(®)
[2%]
(=]
o

150}

100

50}

w
(=]

[o2]
(=]

-
(=]

(2]
o

L

500 1000 1500 2000
Time(s)

(c) Radarl Azimuth

I 1
—— Elevation
—— Data Included

o o
] &
Data Included value

450

48

o
@

(5]
(2]

Elevation(®)
(2% [#5] -y (5]
o (=] o o

=y
(=]

(5]
(%]

n
B
Data Included value

0
0

1000 1500 2000
Time(s)

(e) Radarl Elevation

500

150 : 60
—Range
— Data Included
140 —lss
130
156 3
= g
E120 1 B
= 154 3
[ =4 L&)
@ 110 {1 £
m 52 8
4 o
100 1 a
6t 150
8y 500 1000 1500 2000 ¢
Time(s)
(b) Radar2 Range
70 . : ) ; 60
— Azimuth
B65H Data Included 4
158
60t .
55 56 3
m
I, =
g 50 9
3 =2
E =2
54 2
40 £
&)
35 /
30 /
w0 500 1000 1800 2000  °
Time(s)
(d) Radar2 Azimuth
3.5 : 60
——Elevation
5| |~ Data Included
I 158
2.5 !
56 3
= g
= 2 1 o
[=] @
s N‘iﬁ‘t s
215 18
= £
52 &
1 <4
0.5 150
| | L L
% 500 1000 1500 2000  °
Time(s)

(f) Radar2 Elevation

Fig 15 TESTZ2 Range, Azimuth, Elevation

_34_



120

(a) Radar2
o ¢ North !
I i E H—
§ HanigeE Po?nt 6l
20+
5__.
40r-
— ~Ar
£ £
> 60 N 5|
80 BT TR SRS SRS AN _
100 L S N SO S
‘ : Range2|Point | i forth
70 N S NS N B I S B N
0 20 40 60 80 100 120 20 40 60 80 100 120
X(km) X(km)
(b) X-Y Coordinates (¢) X-Z Coordinates

Fig 16 TEST3 Cartesian Coordinates

_35_



160

140

120

100

Range(km)

80

60

i i
400 100 200 300 400 500
Time(s)

(a) Radar2 Range

45 T

GO [orovomommm e s e -

(%)
3]
I

Azimuth(®)

w
[=]

20 i
(] 100 200 300 200 500

Time(s)

(b) Radar2 Azimuth

D
€
k=] 35
=
g
3 3
w

N
)]

Time(s)

(c) Radar2 Elevation
Fig 17 TEST3 Range Azimuth Elevation

_36_



77t mejulq A¥el E4L Be 2.

Table 2 TEST1, TEST2, TEST3 System status

System TEST1 TEST?2 TEST3
Status Radal Rada? Radal Rada? Rada2
Coordinates Polar Polar Polar Polar Polar
skin mode skin mmode
Pulse ) _ ] - A 1us, | TR 1us, 3
g 0.5us. 33 0.5pus. A 1ps.
Width A 0.5us 3+t 0.5us ok A 1us
TN 0Sus. | FlME 05us.
- 1409s ~ 1441s, | 1550s T 1958s,
= & 22
e 8}\7}6: q :fo Zf:] oﬂzuf 14865 ~ 1516s | 1605~ 1664 | A T2
R e ARl | el | skin mode.
SKIn mode SKin modae Skjn m()de Sk[n
L FAE Y FAXNAE(ELTA System)S &AF Ho]EE(range, azimuth,

elevation) Z5-€ 7} dlo]El &9 RMS#E AL He=d, o] delgE<9 RMS
58 vy o2 Foly 9 FZ(Device Status)S AASHA At Fig 14= 5
AE 9 Holy 2 IAE Yebdth

Range, Azimuth,
Elevation, Radial Velocity
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Data Quality N Valid/Invalid

Extended
Kalman Filter

Data
Included

Holding
Extended
Kalman Filter

Invalid

Fig 18 Process of Target Tracking Radar in ELTA system

_37_



ELTA system< Zl4tE RMSe| 93} Data Quality®} Data Included®E %
@3ty A9d ARE sy o ELTA Ala®He] FHIndgEFL g3 o
A 4 Ut
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ExEY 3485 AT,
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21 8¢9 %73t

88 27 AAE

Algd ol Aol A=

kA

Aol YXE B < v JHAEsIg e,
Table 3¢} Zo] ELTA system® RawData %7] Y& 7}

A Ak
Table 3 State vector initialization

2 TEST1 TEST2 TEST3
Radarl Radar2 Radarl Radar? Radar?

Range 3km 135km 9%km 143km 45km

:_j Azimuth 165.7° 29.7° 79.3° 32.0° 261.1°
Elevation 41.8° 0.2° 13.4° 0.4° 21.0°

z7] 38 4 exsER Por

77t Aelsh Hez, w7t njg =4z
9 FRAALL o]t e et gol ARAAL.

P, 0, O, o’ o’ IT  o*IT?
Pyo=|0s P, 0, P=| o*IT 25%IT? 30°IT?
0, 0, P, 20%1T? 30°IT® 60%IT*

A R aAe R H&E dody szam349 A
wat W73 H9, o= IIAY Cartesian Coordinate 2  Spherical
Coordinate®] 384 wd AZ A4 dolgz AARsI

B0

22 A AL A2 Parameter 2R

Ao

3 gee FAH Axde] dHUE FEAA 243

rlr
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oxl
N
2
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FHe Ree DUt guthes Zgod Bie AFes AX HH, ok
Table 49} 1}2 $FAH ZHdolde] F& 54 24 23 Loz A 2

A S TET25)].

o 0 0 0
n| O ot 0 0
0 0 o O
0 0 0 o

Table 4 Tracking error standard of tracking radar system in Naro space center

Range S/N(dB) RRandorn Noise EXST& =
~158.48km 45 0.3m 50urad
1,000km 29 1.9m 320urad
1,500km 25.47 3m 500urad
2,000km 2297 4.3m 630urad

As SRS T8I E RIS F/AA SAHIUY ¥ 4 va Hsor &
W FARES FY solok v, AN Fool Bol TIHA Rt ASE
2447 WaA A% ROI2E Rk T FHAS 43 @ol we 37
#e Zestodor drh oo YR NFL SR FHdolr A2 RMS
#Foz T F Qo g2 HETEE=9 AR =AM RMS & A
B!
Table 5 Beacon Mode RMS Mean
MEAN RawData RMS
Range Azimuth Elevation
(Beacon Mode)
(1cm) (lurad) (lurad)
Radarl 50.78 4271 62.59
TEST1
Radar?2 51.36 360.22 219.66
Radarl 51.17 31.71 108.01
TEST?2 = _
Radar?2 51.29 525.33 369.62
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Table 6 Skin Mode RMS Mean

RawData RMS
MEAN : .
. Range Azimuth Elevation
(Skin Mode)

(1cm) (lurad) (1urad)
Radarl 363.55 339.34 459.25

TEST1
Radar?2 360.66 459.04 491.40
Radarl 304.23 167.76 151.64

TEST2
Radar?2 143.37 163.72 192.28
TEST3 Radar2 537.09 185.44 252.88

Table 5 ¥ Table 6& A A5 AHHEE HE BZo|Ax 2] Range® RMS+

o A% =4 W w 2ozt Y= FAolw, Radarle #E X Azimuth
¢} Elevation ®3&e] 719 dAsA #2171 HA% Radar2®] #ZFAA= A=
ol e Azimuth®} Elevationo] ¥3}7] wji-o] Radarlel H]3] ¥ A 2
RMS#< EH39th 27EE=dAs FA39 A77E dolfed  ug
Radarl, Radar2 &5 RMS3gel 718l AL & 4 e, TEST2 =71 2=
o) A& Pulse widthE 0.5usolA lusZ S7HAIZA 7] wE&o RMSzke] TESTIE

mE HEEE ug 2AREe) Fgo] o ol EAHI fEd Fgd
TEZ RIS NERESL 2R =dA g2/ A Folof dnh F, vlaA
Chad AR} v%F F

Table 7 Optimal Parameter of Measurement covariance matrix

24 FLIRAR
T
o, (lcm) o, (Lurad) o4(lurad)
Beacon Mode 50 50 50
Skin Mode 300 150 150
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23 3AZ T AA Parameter 24

9Q, 0, 0, T°/20 T*/8 T%/6
Q=0 9Q 0, | Q=T*/8 T%/3 T?/2
0, 0, q,Q T/16 T?/2 T
olg) d(d,,0,,0d,)Es oz ~29EH W% (Power Spectral Density)E

GERT o U 29EY ARE ARFSEE FAFE NEBE FIA W@
& B3 F345 gz aas F35 @ quAe 271§ vehy
W, o] &g WsAA BUGHe

$Y7t AAR BREHY A5 $FAYY

A s #19 0(d,.09,.0,)8 RE AL B2 3o $FAH 3
xl

InEF va BAe AT $FAEHe FALRAFH wwas) feiol
RawData9] Variance oS A3 T+ o3 2o
Table 8 Beacon Mode Variance Mean
MEAN . Rawl?:lt? Va}ll'lance - .
(Beacon Mode) angze zunu‘; evat1<2)n
(1cm®) (lurad®) (lurad®)
Radarl (27.78)° (40.39) (41.55)
TESTI - : -
Radar? (25.79) (60.69) (55.73)
Radarl (27.49) (38.69)° (4558)°
TEST? ; ; ;
Radar?2 (24.77) (100.44) (107.66)°
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Table 9 Skin Mode RawData Variance Mean

MEAN RawData Variance
(Skin Mode) Rangze A21mu§h Elevatlcz)n
(lcm®) (lurad®) (lurad®)
TESTL Radarl (561.15) (306.94)° (623.57)°
Radar? (50.57)° (310.12)° (347.52)°
TESTY Radarl (77.88)* (43.72)° (40.89)>
Radar2 (42.64) (34.47) (40.66)°
TEST3 Radar? (215.82)° (95.83)* (100.52)*

Radarlol 4] Xt} Radar2elA A1 £8 HYoH, 2R EgAE HEZEE A
Bt =2 Variancefteo]l ZHHUT. AW 2 F oA TEST29 Pulse
widthe] Z7k2 RMS$9} w72 TESTIRT W& Variance #& 334
t}. webA Variance?] Hio] w2 TEST29 Radar2E 7|FoE $FA4EH 3
¢18]F (ELTA Kalman filter) 3 ¥ 2@ A5AEE tha3 o] AAs A

=

Z"]ELTAH KALMAN,| < Range Azimuth Elevation

=) 50cm  50urad  50urad

s AZ¥E ELTA Kalman filter®t $-2]7} A A% Kalman filter 2}o]¢] 3
o] Ranget 50cm, Azimuth®} Elevation® 50urade] <83H =A<
parameter#ti 7]1$& ARt TESTZ29 Radar2olA] H]ZEZ(1000s71200s),
2R E(1555571598s)2] F 7HAl 4ol thsle], o] dollA AR FAH Fo
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Table 10 Performance Evaluation for change of power spectral density

TEST2 Radar?2

Beacon Mode Skin Mode
= o, = 50cm o, = 300cm
o, = 50urad R o4 = 150urad
o, = 50urad oy = 150urad
dr | 100cm? 28.07¢m 107.30cm
1 | dy | 100urad? 72urad gourad
ds | 100urad’ 91urad 110urad
d, | 10cm? 33.22cm 143.45€mM
2 | dp | 10urad? 71urad 61urad
ds | 10urad? gourad g7urad
d. | 1cm? 55.11cM 263.63cM
310, | 1urad? 67urad 39urad
Ay | 1urad? gsurad g5urad
dr | o.1cm? 112.94cm 618.97cm
4 | dg | 0.1urad? g1urad 61urad
ds | 0.1urad? 74urad 76urad
dr | 0.01cM? 278¢cM 1646.33¢cm
5 | dy | 0.01urad? 57urad 183urad
ds | 0.01urad? 71urad 136rad
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Range{cm)

Azimuth(rad)

9.2515
L

9.251
9.2505
9.25
9.2485
9.249
9.2485

9.248

9.2475

1093 109|3.2 1 l}9|3.4 109I3.6 1 0!;3.8 1094 1094 .2
Time(s)
Fig 19 TEST?2 Radar? Beacon Mode Range
1.0568 T T T

1.0566

1.0564

1.0562

1.056

1.0558

1.0556

1.0554

1, L L L L
0551%93 1093.2 1093.4 10936 10938 1024 1094.2
Time(s)

Fig 20 TEST2 Radar?2 Beacon Mode Azimuth
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Elevation(rad)
(=]
£
3

0.0467 T .

0.0466

0.0466

0.0486

0.0466 -\

1093 1093.2 10093.4 1093.8 10938 1094 1004.2
Time(s)

Fig 21 TESTZ Radar?2 Beacon Mode Elevation

93392 -t 1 8 "I T —

9.338

9.337

9.336

Ty | 1 | |
93%%es 1588.2 1588.4 1588.6 1588.8 1589 1589.2
Time(s)

Fig 22 TEST2 Radar?2 Skin Mode Range
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Elevation(rad)

0.9748 .

0.9746 7 N

09744

09742

Azimuth(rad)

0.974

0.9738

0.973 1 1 | L :
1%88 1588.2 1588.4 1588.6 1588.8 1589 1589.2
Time(s)

Fig 23 TESTZ2 Radar?2 Skin Mode Azimuth

0.0465 . ;

0.0464

0.0463

0.0462

=
3

g

0.0452
jr

0.0458

0.0457

| | I |
0'04%88 1588.2 1588.4 1588.6 1588.8 1589 1589.2
Time(s)

Fig 24 TEST2 Radar?2 Skin Mode Elevation
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HZREqAE A SAHge] 485922 34 ZE T8 Ras 24

A1 AAZE TEA QES FVMA SAHA Y R Hl&E EolH, 27ERE
N E SN Faol Bol X35 3l 3 Fe TEA RES F7HA
713, AZ7¢E TEA Qs BAaAA FAFY &5 Fole AE 7|
o= HASHAT AN A EHolH AF H|ZRE=J A Range®t Azimuthe H
2A FFAR ZAFe] dYEEHA S v &S =0 FHHE 29 AA
9k Elevation® ¢ &3z o= AE xo]=7F £33t o] glo] 2 qzks A
gstojof ELTA ZRHEE S 2 FHgs =298 + AUt

2B EqME HE REJHETG Fgol ¥ F7HHEE RIe HEEE
Boh o F7HAA FARA 9 BHgH &S 929, Ranged A% AN FA
ol EARAFEE Z qFFe A9, Azimuthe} Elevatione Z& qzts A9
st ELTAZRZH e 283 FA#e 892 & U=F i e v E
ed 2R =d W RIY q@td HAH g E BoEo

Table 11 Optimal Parameter of Kalman Filter
T Beacon Mode Skin Mode
o, (lcm) 50 300
R | o,(1urad) 50 150
o4(1urad) 50 150
g, (cm?) 100 100 ©]%

Q | g,(rad®) 0.1 ~ 001 1~01

q,(rad?) 0.1 ~ 0.01 1~01

Table 112 TEST1, TEST2, TEST3¢9 RMS¢} VarianceZE

AR 3t A

At on, TESTL,TEST2TEST3 |99 #=o] o 4 vdeus 85, +3

O—l—,

A5e o =4 37 Y98ixE o] Parameterzto] 3ol

Z Rgtel vlEd 27n=

ol mAFH Ax FAHge

A A ojoF gt

2 W qghe FAAAM, FARY G EL Boln AL WE q@g BaA
A Q8= 23 g 4 F Atk
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3. NS UotdEe =oAIfuld S

ELTA ZWgdE <= AFFHoxr Fgo| Bo] 2dd FSAHF SAHHS 4+
Data Quality parameterzts 022 £83dt1, dolg EZo] ymwou Aogic)
olof Data Included Parameterdl] 9|3 ZRFIEE A A A7] Device statusE
HZse, B AladowiE FAAAYU SFAHAFZES Lol 20 AW ELTAA 2H

A A d52=2 FFHE A, doly F2o] A= F§ Z2HIHE BAA

2 (36404 @ A AHAA Y SR G A FAXY AFE o]H 104Z9
FHoz T3] 95 ng 1002 APz, A3 doly EFAL Aa &
F Ao g %= ELTAANZ®S RMSe Hlwste 33ttt ELTAA]
29 ¢ RMSt TEST3¢ RMSE o] &3t3l2or, o] HZRENA B 23R
ZoA dHolH FAXNE AZI7F AdH oz oFsn, TEST3RI 2%

ZIE=2 Table 5 Table 6914 & 4 gl&%e] TESTI, TEST2 Bt} RMS7I &
o 7|22 Adylo] Agsivty Adsrh

22 ELTAA2="9] TEST39 RMS®} TEST39 &4 #s o] &3t ALt
% RMSEE H| 1§ Az}olr}.

o[N

A7 2
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2500

2000

Azimuth RMS(prad)

Elevation RMS{urad)

Range RMS(cm)
@
8

1000} |‘

sool- |l “ |
|

e | SRR

i

ELTA RMS
Proposed RMSE

n

PRI

Wl

N

P 1
100 400

300
Time(s)

Fig 25 TEST3 Radar?2 Range RMSE

- BRLER 'I-l.'|'1;5

1000

h | ‘ M |!l l‘ |“|‘ J; l'{“l ! ”| |||ﬂ| }“ it ' 'IJ \ wﬂ

T
——ELTA RMS
900 Proposed RMSE

100 400

Time{ )]

Fig 26 TEST3 Radar?2 Azimuth RMSE

TOO-

600

500

400

300

8

[¢]

T
-ELTA RMS
200} Proposed RMSE

L_u Hiln“ MIW " '*'N j f M -- 4 \

| I

100
‘I‘tme( ]

Fig 27 TEST3 Radar?2 Elevation RMSE
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TEST3¢] RMS¢+ vlw g 23, e A7]= Zol7h A RMSES W3}
FAl= B3 ZFoe= UEEHT. Table 19 7|F& o &3te], Roju| g A9

delgEFd 44 7l o534 2o

Table 12 Decision of Quality standard

T RMSE¥ #X0.5 RMSE o £k RMSE¥ #X2 RMSE¥ ## X3
Range 117.27€m 222.54cm 445,08Cm 667.62CM
Azimuth 165urad 33urad 66urad g9urad
Elevation 16.5urad 33urad 66urad gourad
Z+zy "BEST”,”NORMAL","WORST"e| &3dsle ZWrEH 9 Parametere

Table 11& vtg o2 ZAA3% 2, Table 139 A& st

Table 13 Optimal parameter

Beacon Mode Skin Mode
o, = 50cm o, = 300Cm
T& R o, = 5ourad R o, = 150urad
0y = 50urad oy = 150urad
“BEST” | “NORMAL” | “WORST” | “BEST” | “NORMAL” | “WORST”
2 2 — 2 2 2 - 2
d, | 100CM 300CM 500CM 100CM 300cm 500CM
Q | Y | o1mrad? | 001urad?® | 0.0014rad® | 1urad® | 0imrad? | 0.01urad?
ds | o1urad® | 001u4rad? | 0.001rad? | 1urad? | o1urad? | 0.01urad?
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Range(cm)

Azimuth{rad)

9] dlod Fa

AEYOIE Ao gt 2

@ 7]
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FN

o

2 ol g3t

2271 A A% Adaptive ZTHEE

x 10
9.2515
T T T T T T T =ELTA
—o—q =100
92514 ——q=10
T— og=1
u_'“"'-q-h__ “—q=01
9.2513- o ——q=0.01 fl
ﬁ""m____ ~— Praposed Kalman Filter
9.2512- e -
9.2511 =
9.251

9.2509}
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9.2508

| | 1 | |
1093.02 1093.04 1093.06 1093.08 1093.1

025035

| ] |
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Time(s)
Fig 28 Simulation Result of Beacon Mode TESTZ2 Range

|
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1.0564}- [—q=01

——q=001

—*= Proposed Kalman Filter

1.0562
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1. L
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Time(s)

Fig 29 Simulation Result of Beacon Mode TEST?2 Azimuth
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Range(cm)

0.0457 . .

0.0466

0.0466

Elevation{rad)
g
3

0.0485

0.0465

0.0485

0.0465

0-0461%93 1053.2 10;3.4 -|J|°$3{B) 10;3.8 10’94 1094.2
me(s

Fig 30 Simulation Result of Beacon Mode TEST2 Elevation
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93371 | = q=01 P _
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Fig 31 Simulation Result of Skin Mode TEST?2 Range

_53_



0.9748 T T

——ELTA

—o—q =100
+—q=10
: P B
09746\ = =01
N —+—q=0.01
. —*— Proposed Kalman Filter
0.9744 =,
.
=
£
£ oova2|
E
5
<
0.974
0.9738| %
-‘\\\
4 \/
1 1 1 1 1 4
0'9?3]%55 1588.2 1588.4 1588.6 1588.8 1589 1589.2
Time(s)
Fig 32 Simulation Result of Skin Mode TESTZ2 Azimuth
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Fig 33 Simulation Result of Skin Mode TEST?2 Elevation
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A FFAH FAHolrodA A8t gl ELTA A=®e 33 4
g&EL ¢HHYAA  SAHHo dHHE  ©loJEl7l Receiver unitS AA
ESTIMATOR®] ¢l8t4 Range, Azimuth Elevation, Radial velocity®] ¢ 9]
HZ W3to] @t o] $Atlo]E7} Main Processordl 4Zo] ¥ U§ F3
¢ Fol dste] FAFS FYSA Hed o] FHFol PEDESTALS #A
GEYYE FFsA €o 2w FXES FAsts ¢ ELTAA 2% Close
LoopE Al2ge] wtE Aoz FaHrt o] A2gdAe 34 &313FE Main
Processor -0l A A3 H ™, Data Quality® Data Includedoll €]3te ©]o] & <]
F4 & #uety, dolE Y Fdo] AEHH O E ¢t Fol A& % ¢ Device Status
GEIUE st B A|laFHozRE AFE 94X HolH
f4sA 0. oW ZARtdE = AAA H dHH YU oy LT
#Hog uAHo Y. o3 ELTA A" 3 duglad 4y ik
AbRel wg xpdste] HF A dHoly AgE dte Aol FHolAR, #Holy 1
7t ¢502 AHEE de & 9= 8. Fig 34 ELTA Al&=d9 +

ZE UEth
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[
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ANTENA ASSEMBLY RADAR EQUIPMENT ROOM

ESTIMATOR
ANTENA [ RECEIVER | || Rance : . MANPROCESSOR
v UNIT "] Radial | Position Data |
subsystem ! Velaoéﬁy : & RMS Data |
* | ATA !
Azimuth N ’\,T’\' |
| Quality | RCC
| | T
| ‘ | |-
——————— : | [dTA > DEVICE < : > CCA
| ncluded status | I—
| | Other
| 1 LT sis
| |
PEDESTAL ESTIMATION DATA ELTA |
PEDESTAL |« <
CONTROL UNIT : KALMAN FILTER :
L —_—J-__—_—_———_ i
RawDATA
A
Proposed
KALMAN
FILTER

Fig 34 Diagram of ELTA System

ZH o] Raw Datag ©] &3t ®3
Yo g ugoz Zutdye Uy
Factor& Z743te] $3 A3 o= AS Zwdy ¢ugE:s 2481 AE
dolds FHAT. AT 27t FAHFeE AH&s= RawDatat ELTAA
29X Close LoopE T8 7 AAA dojeolH, o] dloj]HZE HAG
A& ZTIE Y A A5E EAsIde dRFolAth wEkN HeLud
He Hes Hrtsty] st tga Zol F QAR Uy HeRUt VEE

EEEEES

i) Casel : 7]& RawDatacll 492 B3 S XA e 359 F44%5 17}

ii) Case2 : AA YALA|Y] ALS Ftzog wdd s #A2-S EIHS 7450

HAG 24 GuFol AR FAsT YA hE 45 B
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1. CiefE &S S ZorEHe 45 ot

L1 9 A AL g A
B4 Fge o@ Frs gy YlHe BE FiFEY o TFH
Ao WM, o WAL FoAsh 2 4R TFFE wEe A

3 e AFRE MW o] AL WA 7R At Feolgn H,

2

rr

3
o}

o

Zutgg oA A2 &5 2 SAHNA dehve F2o 48S W7ty
AtEoz FHAste daEFe] FalEth mEkA $-2E ELTAA 299 RMS
o AYHL 7ERSe2 FMgsta, o] NERLSE o] &8ta] FHAS B o
AZES 992 B8 b&2 7 TESTE RMS HdigS yedioh

Table 14 RMS Maximum Value

T = Range Azimuth Elevation
Radarl 73.6m 15.6mrad 28.2mrad

TEST1
Radar?2 113m 22.1mrad 29.5mrad
Radarl 31.2m 14.5mrad 18.9mrad

TEST?2
Radar?2 16.5m 13.1mrad 11.5mrad
TEST3 | Radar2 74.9m 12.2mrad 12.2mrad

lo
o
o
o
B
o
::l‘
i
o
o

o) NEREE o g3l APAld R U

A ARt S gk A&
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Table 15 Created Error

T AR7E
"Best Noise” - 71ERS 058 =] FEAIRE RS A
"Normal Noise” 712 Z7Y ARG RS DA
"Worst Noise” - 71EFE 28 A9 TFeAIGEE S EA
) - 10sample Z0o]9 7]& &R X9 1009H] =79 #&
"Shot Noise” .
- 4000sample 7|2 ¥EHo =2 XA

1.2 Casel®] ¥9H A5 ¥4

Casel®] Alg#olAd Alad T4 &3 2o

RawData Noise Generator
- Range

Radial | T\ | Proposed
ELTA KALMAN velocity {(+) K alman

Azimuth :

FILTER imu ~lter
Elevation Brocessor
RMS Gaussian Noise
generator
ESTIMATION
o Com pare & Kalman filter output

Analysis

Fig 35 Diagram of Casel
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Fig 36 Adaptive Kalman Filter in Worst Noise
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Fig 37 Standard Kalman Filter in Worst Noise
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Fig 40 Compare Standard KF Elevation with Proposed KF Elevation in Worst Noise
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Simulator | 22>
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Fig 42 Standard Kalman Filter in Shot Noise
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Table 16 Rocket Track Information(3% Reference : www.kari.rekr)

H YA | 1= | FAF
o= (se) | (km) | (km) Il
19 s 59 -38 0.1 0
ol % 0.0 0.1 0
Ay FEEY 0.2 0.1 0 Aol 196=
$&E5 54 72 0.3
Fojd B 215 177 245
12 <z gz 229 193 303
129 B8 Ag&es 232 196 316 12w 28 1go A9
ok 4m/sec 395 303 1052 Az A2AL AFLF
2¢F 43} 453 304 1390
otk dixzw o _
Exde A9 540 302 2054
o] A] 1 AEY AdEEe
M 0.9m/sec
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