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1. GPS Space Service Volume
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Figure 2-1 “To scale” visualization of the terrestrial and space service

volumes defined to specify space use of GPS

TAH R GPS AEE $F

>
=
[
o
12
=
>
>~
>
oo
N
)
olr
rot
o
Ho
rlr
)
g
05}

A4 dHYelA FEH= Az ARl dde dA 54 wiEelth GPS

el FAE QrHvE QL L ol

w7HA Az7F vAlar vk 2% Figure 2-291= A8 T4

Az 7F oG A FEH L =A vEd o [35].

14



Oribital altitude = 10,950 n.m. Earth radius = 3450 n.m.
(minimum range)

Maximum range = 14,000 p.m, Halfangle =13.85
r
e
lam Max range
/
R,
\— Orb. alt. L H.A.
Figure la
Ideal Pattern 7
------ b 1
””””” /

Figure 1b

Figure 2-2 Antenna geometry, ideal, and approximate pattern

GPS At AT WA ol gah AR} Golabl o8 & AE
= GPS 9149 el $EHE A5 4wl 2= ke F44
NE $% Wgol olFi ze] wat] we s WA Hojglet. ol

slgshs 1Y e Figure 2-30) et 9lek (361, 259 Frst v

Mool Qi olfE GPS AT AEW Aole] A AER 913

wpeh vhe] Wiolth. Figure 2-3914 % 4 9l%o] GPS S14elN =
|

)

|

=2

&

& Aol 7P AL g AERY FERE

A7) dojA= 540 Utk o] UM wkeF GPS HAdelM B

(N

oft

For U3 Adrr AT AFSE A5 Al wE Az @A Ee

15



A 7] wjZol A AlgA= HAAA = GPS 2les At A3 A

2ol 2= GPS A= Awert 2 o] "k o] A% G4l
oAl Als7t g GPS #7449 Al <JsiA] AGC (Automatic Gain
Controller)7} saturation & 7FsAdo]l 7] witol| e As MEH o]
oYt ol & sidsty] feiA GPS oAM= Alse FE2bol wet A
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side lobe A1&% EAgt} [20, 22, 23, 26, 27, 29, 30, 36].
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Figure 2-3 Cross sections of axisymmetric GPS transmission gain patterns

used in the simulation
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Figure 2-4 GPS main lobe and side lobe signal and its service volume
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Figure 2-5 Gain pattern of the GPS satellite's antenna
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Figure 2-6 Measurements vs Mean Block II/TTA Pattern
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Figure 2-8 Number of visible GPS satellites at LEO
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Figure 2-9 Number of visible GPS satellites at GEO
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Figure 2-10 Change of visible GPS PRN at a fixed ground point
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Figure 2-16 Doppler range of GEO
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o] &3 ALt £k} AulFo] FrlelHA olE FEXA FESHAA FHES
FTwsl & & A HIAY FAAEE oL Ak A daEFe
e A 2 perturbations F7}eHAY BAFE dag]s A olv]

3 =
& perturbationol] #3F mElwt Frls|A Jdo|ET 4= dri= Aot} B
=wolA & Cowell's formulations ©]-&3sle] T4 &5l HAES F3lA
GEO 949 AxE A3 T Cowell's formulatione two body gravity
oF 1 9ol 9ol Agshs Ee VSRS 24 AR 4 QD &

o [5, 37].
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o714 F & ECl #EANAS] 9149 gRMEE deha = AT 9
B &, Gy = air drag, third body gravity, solar radiation pressure
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of
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L5 VTR VIERE AR AEHow £k XE YA W

ot} o5 /Ao ® 7kt Figure 3-10 YERATH

TAAE daglES A9 AlFkA Folxl ECI 34 7154 9149
X} 58 7] AEgte s At 9o 283 perturbationg A

= ZolA Al#kgth 2 =felAe GEO A A&ste 7 2

>
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perturbation 84%1 geopotential, third-body attraction, solar radiation
pressureS A4t E3FeItE GEO 91449 nwo A= ti7] Aol &)
st7] &7] wjZol air drage AlQlskith [5]. o]9lel % solid tide, ocean
tide ol =AsAIRE GEO $14doM = 2Hete §ol A7|7F A+ FobA
A2l sF3A vt

GeopotentialS Axter w] ECEF FHiEANA9 YA ¢x7F H 317
u ol AUk HEHS 8|4 equinox-based transformation & ©]-&

sttt [5, 38-40]. ECEF= Huwast 949 ¢x= thA] latitude,

longitude, radius® W33} geopotential®] HW|E QAE F-3lal thA
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ECl -> ECEF —> Geopotential —> ECEF -> ECl —

Third body
ephemeris

1 Numerical Integration Method Overview

Figure 3-
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perturbation®. = o|& Alsl7] aliA= Fst BFe] X7 285t
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g A maE wkgete] ATl G Bl Al el Ae
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St A AAFSE BE perturbation @& BT AR ool o]E A
AE o &wol A5 YA EE d1%+=1 o]u] Runge-Kutta 56 il
55 ©]-&3Fth Runge-Kuttat= o2] A9k 914 A= AlEdHA &
oA g o]&=o] lo] o5 ATt [5, 41-441.

o

2. Perturbations

K
e

Aol Keplerian orbit oA+ 6719 #Hl% 8425 o]&3iA A
Ao

T Q1EYE olygl Bdst Ao FHAAY a3l geopotential,
atmospheric drag, third—body attraction, solar radiation pressure 5 ©]
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w0l atmospheric dragx™ §1.2W WA perturbation®] &4t} & =
oAM= GEO 91449 Aest A% AlE#olds fldlA 7+ perturbation
o] Agslt RdS o] &35t AlEHOIHS F3YstH Y. ZF perturbation®l

HelM 2t e S FAdste]l FAAR] FaN Al el A=

1) Geopotential
Aol oF dFe Agel AP 2

}]“L_
bodyRte 2= g 7HEEE AME = flvh A7 8% dgsi &

a3 sl7] YsiA geopotential functionS ©]-&3t} [5, 41, 42, 45, 46].

U= ﬁ{l + i i ( R® J Pum [Sin((bsat)] {Cnm Cos(m/’tm,) + Sn,m sin(m/’tm,)} (3.2)
r =2 m=

r

C, .. S, . +spherical harmonic coefficients of degree n and order m

P, - associated Legendre function of degree n and order m

vy @ Ay - 1788 Al R4, geocentric latitude and longitude

o]7]A spherical coordinates®] T4 o] A FA T4 X A5

= C,=C,=8,=00°] H} [5 47]. 53] dH AHAMIM= zonal
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harmonics& T 83 Aztste] “J'2 H7|shs Aoz 53] =274 A

th. A 2st zonal harmonics®] g+ o= 2o [5].

rob

37 =
-C,,=J (3.3)

spherical harmonicsel4] C, S+ degree®} order ko] AAF= 1 #
o] A2 BEAS 7HAAL Ak A A ARk & o 008 A2lEo] H
g & AAte] AR HA v AZE EASTE 1A ol A5
1k WQES & normalized coefficient® ©]-& %t} Normalized coefficient
£ o] &3} potential functione tS A3} 7o}

r

Uzﬁ{uii(&»} B, [sin(0,)]{C,,, cos(ma,)+5, ,sin(mA,)} | (3.4)
r —

4714 7t NEA FAEE B, C,.. S, £ e 2

3 (n+m)!
o _\/(n—m)!k(2n+1)

(3.5)
k=11 m=0
k=2 if m#0
En,m = Hn,mSn,m (3-6)
En,m = Hn,mcn,m (3.7)
B, =nm (3.8)
nm H .

&
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Legendre functions 7% wji= AlAE Feb7F A7) wizol AlLE AI7HS
G5A1717] el AR 2 S A7l B recursion WAS o] 83
A AlLEgt Recursion WA1E o] 8-8to] Altele WRdE 2 77 9l

=d 2L Tl shE A7fskd A (3.9l (B.1D3 2o [42].

D D (2n+3) " 25172
P =P = = 1- )
n+l,n+1 (x) n,n (x)|:(n N 1)(S _ 5()"):| ( X ) (3 9)
P,,0=PB,[2n+3]"x (=] (3.10)

Qn+2n+3) | .
(n+m+1)(n—m+1)

(n+m)n-m)Q2n+3) | (3.11)
(n+m+1)(n—m+1)(2n—1)

Eﬁ4w=ému{

_}_)n—l,m (x)|:

, (n=1>m)

o714 27139 @2 4 (3.12)¢9 &t

bo(X) =1
B, (x)=+/3x (3.12)
B, (x)=3(1-x")

Aol geopotentialell &M 7FalA = 7EEE 7]EAX o2 ECEF
AZ 7oz 3ty ag]lar ECEF #H#EAClA  t}A]  spherical

=2

coordinateo| 4] E&F T} Geopotential ° 93+ 7}& %= geopotential

2 s dudstel de ok oW ®e= o, 4, 4, 2 BEAT
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o]Z thA] ECEF #3A 7% x, y, z = AnEsd ECEF 34
7159 7HERE ALTE & ok olw ECEFAlA TaiAe 7HEes 4

(3.13) &t

ToU | oUu  o(r,p,7) |
| loae,n)  ox )
Gow sor =| o2 |=| Y__O-0.4) { ou a(r,"b,”l?} (3.13)
oy o(r,¢,A) oy o(r,¢,A) 0(x ,y,z)
au oU  o(r,p,7)
L oz ] | O(r,¢, 1) oz

047]/\1 x', y', Z'ﬂ— r, ¢mt, },mt /\]—o]g] 3":]_‘7:”/_\_]]% O]%%’H/‘i a(l”,(b,i) =

o(x,y,z) =
Ak = qdv [42, 46].
X' rcos@cos
y'|=| rcosgsin i (3.14)
z' rsin A

= ’x!2+yr2+zr2

— o] z
¢ =tan (x'2+y'2j (3.15)

o2 o] &3t aa(ir—i”z))fg— TR A (3.16)7 2.
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cos@cos A cosgsind  sing
M= ——singcosA ——singsinA lcosqﬁ (3.16)
a(x >y 72) r r r
1 sin A ! cos A 0
| 7rcos¢ 7 Cos ¢

2 B.9AA r, 4, , A, °l 93 potential function®] Hu|F
(3.17)ell A (3.19)¢F #Zo] st

[SIPN|
L |
U  U&E (R@j" —
— = — | (m+Dp, , sin(®, )
or rzzz:mzo r «[sin@.0)] (3.17)
{C, . cos(mA,,)+5,, sin(mA,,)}
0 u“’"[R@j"_ . _
= - pn m+ Sln(¢vat) _mtan(¢vat)pnm Sln(¢vat)
o4, r;mzo r ] ] al l (3.18)
X{ n,m cos(mﬁ’mt) + §n,m Sin(mﬁ’mt )}
S_U_ﬁz [ﬁJ mp, ,[sin(d,)]{S,,, cos(mi,)-C, ,sin(mi,)} (3.19)
sat r n=2 m=0 r
oro] AlS EgA HFZAHo=E ECEF HIEAAY geopotentialel]l <] 3t
7NEwE Ate 4= glvk AlakE ECEF #ZEAlA Y 7Hxs ECI # %
AR WEs
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2) Third-body Attraction

A4 et 1 2 s e

sele AT Aol o@ Aol Auk AT 9

% " & g e @A) o

ole] A 3o 9% AW vhe A (3.20)3 o] Helwr).

o1y

AT 949l 912 Wl oleh.
A 3A9] oI Qe

oju Aol 2F-gsh= Al 3Aol o7k ¥ 4 (3.21)3 2k

|_. = |3 (321)

4714 7, = Aol $14 HEfo]t),

A% A A @ AFe AT ohet AT 85 Hie]
(3203 B2DE WF EFAAN sHEE Adstelol @tk o] T 4%

1=

2% Egetel LR 4 (3.22)s 2 (5, 41, 48],
5Third /13{ = _’;@_BJ (3.22)
r sa3 T a3

39

___;rx_-l! k CI.'II

o AR ohel ATE A Agsta ek

A AA Zrgstal ok AT

(3.20)
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o
rlo
)
>
ol
1>
2
=
L)
i
B
)
1o
_&
o,
S
[y

A vel7] wjzel 59
E 7l&olof 3t Hd 2 AAE Aok WAL dA 27HA R WE
= Y hdE g o] &k WA At whet
g-gste] ok WA o] At [5, 411
[ oIS flsiM Bt 2] 914]= NASAC]
A AFsH= DE405 ®lole Hol2g olgsleith. DE405¢ 49 i
1600355 2170d7F4 2] 34 dlo]EE Chebyshev polynomials® A&
3kar dtd. DE405 ¢ 4% J2000 #3¥A W4l ICRF (International
Celestial Reference Frame) 3 A|E 7|2 2= #1X] HlolEl& Al gt

4

mb=n

2
2
i)
2
1
=
4
=
9
iz
ftlo

e
[o

3) Solar Radiation Pressure

GEO #1dolA = #7-¢ke] Aef7t |7] wiEol geopotential o o1& <
3o LEOY MEO 99 HT Ata o=z 2tk 1) thal solar pressure
of ot g2 FJjd o= AA wA Fr}h Solar pressures H|HEZ2HO

= Bl A 1e= photonoll ofaiA S YA U= T A
g photone 79 AAF Aow LA drk ATk B Abele] H
Aol A 9] solar fluxi= 2] (3.23)3F ) [5, 411.

SF =1367 W/m’ (3.23)

wo AlEYolA EoA 2 (3.23)9 S solar flux® AFE3HAIWE A&
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g solar fluxe= 2w W37E dojupr] witel 2Al ghak= Apol7) 24y

of

Solar fluxiz 71240 st 944 Abole] ALl ATl Wl
2ol AT AN AANE o|F wgstelor Bk olF WAT Ao v}
3} .

dlo
N,

2
SF =1367 (IA—UJ W/m? (3.24)

T rSun

sat

o714 1AUE A9} ek Alole] H4 Agoln 149597870.691 km ©]
=
ORRITTERRIS] &A1& o] &34 solar fluxE W £== YW solar

pressures AL 4= 9l

me=— (3.25)

1714 B oldA|olH ci= Hlo] &imoltt o]& o]§aA SF7F A

743 ek @9 HAHY Z-83}+= solar pressures AL oS3k gt

2
1367 Win® _ 4 o710 W3S _ g 57410 N (3.26)

P. =
SR
¢ m/s m m

olZ E3fM HFEAHOE solar radiation pressuref] o3k 7lEEE 2

(3.27)3} #o] Aeldtt.
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gttt [5]. 29 AL solar fluxs= Bl 914 Afole] Ao &= T=th
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el



3. Runge—Kutta Algorithm

¢

Sl AXLE Fgel BB YEE

el =akA k. olu +7 Ao
2 gg gg A=A A

=]
W gl B gk X AR g ER
g3ty AAEEF T Runge-Kutta &a2g]&5S
Ao A 7HEEE Fete] SRt fIAE A

of

rld

i—1
K = hF(tn +o,h, X(t,)+ Y B,K,

J=1

L
X(t,)=X(t)+D> wk,
i=1

42

o)
o)
m
mo
{ L'
% e
A A
2 -
X

Oft

-

vy

(3.27)

FA AN Hug
2hol A o] 7h4;
Zrsl 9AE
2l Runge-Kutta

[ TANe)
o] Edt=

g5e 9]
I AIZE 324 Afol o] ofE
12 7FA1E 7o
FHRoR 9IS ZAAse wEoE 2 (3.28)% (3.29)
ol A+ Runge-Kutta €3118]5 Fol4 Runge-Kutta
o}, olme] 71F A AR Table 3-10 vdd gkt 2o} [4

].J*libz

T

18519

81.

(3.28)

(3.29)

.-;';-u! E CI.'II

1_'_] |

el



Table 3—-1 Coefficients of Runge—-Kutta 56

Q; ﬂl]

0 0

N 0

T 0

sSR  S S 0

-5 % 4 R 0

s - % w0

0 | -%% 0 3% -~ %% 0 0
L@ -5 % - =% 0 1 0
w, = 0 T 1 T 0 % %
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47, GPS 94 A= A

1. &¢xgE dxt

GNSSE o] &3t g2 7|2H oz GNSS A9 A9 &= ARE
AstA &ar vk 7FA Sk A pseudo range®t Doppler & 57 3}o]

o) olg3te] FAVle] A} HET AW FuelBe s
I

[46]. GNSS 9149 $1A%= g wlolele] Azl tid 5 dejz A2
N %A GNSS 949 AA 9 SR ALgAY A9 SES Aata
W AHHo Avel FFE MH7] wTo] A 929} Hwo] Aitol

Q3 [49]. GNSS 9149 1% dH = 9 dolgol A#A GNSS 4l
S5 TAA AEE = GPSE A5 71 L1 C/A =9 A8A dFE =
3 d]o]E]= almanac¥® ephemeris H|o]El7} ATt [32]. IS-GPS #A]9|

+ ephemerisE ©|-&slo] GPS 9439 HAE Fol= eSS Algstil
o™ almanacE °|&3F WAL HolH e Ao it FE mAIA
ZFol7F S ¥ 7| EH O 2 ephemerisE ©]-&3F WA} FAI duEFS
o]-g3ato] AL = 2l

AA GPS M= duist Ads Jdstal glow ofrjd= 7]Ee Ll
C/A 2z ofel A= LIC, L2C, L5 A5e] F77F E3hEo] 9l o<}
st A 28 CNAV (Civil Navigation) message H|°|E]E A% A&
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Zkn Agsta gtk CNAVelE 7] L1 C/A A3d A 9d
ephemeris HOJEE 7§43 A 2-& CNAV ephemeris?} EgFHTH A=
CNAV ephemerisi= 7]¥9] ephemeriso] WA A2 &0 F715
Qw7 YEEF dolg HEE FUletes AgEo duh[32]. o
g7 CNAVell= ECEF #igAlolA ECI #3AZ F4e WS o o 2
23 EOP HlolE)7} Ws s AFE o] vk MEA Ales= CNAV H
HE o]&d 4% GPS Aol A 4= 4wt ofel EOP H]o]
HZ o]&3dto] 2JF-=HY HolHE Agwrs I8 glo] GPSRE o]-&3A
GPS 9149 $1x]9} & =5 ECEF #xAe ECI HxANA 4& 4 2
FRAE 7HA Jd 53y A A= Al A = ECEF AN ofy
2k ECI #3#A7E B4 or olgdus A= 18 o CNAVE| o] &2
deAolgtar & 4 o} [50]. & =wolAe 7EHeR oF SyA<Q
s R AaES HREE skal gl7]el CNAV HoJHE o]&3&to] GPS
A8 Aot SE ALkt Y HE WSS FIdES ALHS A
AlBFA T

[S-GPS-200F =AlolA A8kl Q= GPS 9149 $1A] ALt dargs

= #4 A=Y ZelA e HAE Fekar ol E ECI #AFAE A
@3l ECEF #iA= vtz ALbsts B4s ddstar ok 28al 9=

R

i)

°

k1
il

aly

woll oo tigh duelFe MERE FefoF gt [51]. IS-GPS-200F +A
oA dista e AE HAL Kepler A= HWAz= d3 o2 H3xA

THAQ Ae HH FEANM = xF W] perigee WS
7Fe] 714 R IS-GPS-200Fll A Adrgstal 3l #l= W AN = x=
o] ascending node W&oz Aolx o] ) IS-GPS-200F oA Args}ar
U= GPS #1749 #1A A $14 Ak BHddA f14d9 AAAE ALt

]_

ol
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el



ECEF #¥ZA = vtz
T 7] AR 5 ECEF HuACA 9 ARE &8sy wi
ECEF #aAZ A dolgE ntz Alsl=s 31913l ECISF ECEF

W ko= EOP dlojEle} g7 3k st Bge] Fasty] o
AshA GPS 914 A= HWolA ECEF FHuAZ vlz wgsls WA
ECEF ZEACNM 9 94 ARE ddtes thi-2e] x4 ARt

T k4ol A ECEF #3719k ECL Al A9 #1A] Ho]
B} B 299 fAlV1e] Aol AR R 283 7] L1 C/A
=g o]&dA AAE TF A5ole= ECL FaAelA 94 deolgEg &
7] M= FrHE o m eFelA EOP dlolHE 7FAebA o] gallofwt
th ol fsliA xR oo FAIE s 9% dolH ¥HArt Zagh
Folal o) SyAS Adlehs 2%l Hrt o]
dgAst7] ¢l CNAV message type 3291 EOP (Earth Orientation
Parameters) HIo|EHE W&st7|= Ahst Aol A= 3
IS-GPS-200Fl Al Awstal )&= GPS 91749 1A ALk A4 2 &4
2 ot A dAl= GPS $144¢] #1215 CNAV Al Fi Aol
Al Axkske Aola FHA dAlE ALkE GPS $149 9AE AU DS
o]-g3sto] ECEF #HZAE Wiksl= Aolth

.

ol Ao BYES

il
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. _ PN _ pe7
Tecer = R3 (_Qk)Rl (_lk )r CNAVorb Ri Tenavorn (4.1)
cosQ, —sin ), cosi, sinQ), sini,
R’ =|sinQ), cosQ, cosi, —cosQ, sini, (4.2)

0 sini, COSi,

IS-GPS-200Fll= GPS 9149 &8 AXktetes ¢aglFo] x3hy o
AA &t 2P GPS 149 SR AAE dHor nEEte] Falk
= 3t} 7has] Qokslk & A FAlS Al (4.3)3 Zr)

ZECEF = Rie’_;CNAVorb +R7'e’_;CNAVorb (4.3)

. . . -
Vacer = B Yenavors + 2R Fonavors + B Fonavors (4.4)

2. GPS 914 91X dHolH

IS-GPS-200F| A AlF-3lal 9+ GPS 949 94 AxF dugZ=e 9
A AEA A 9% AT} o]E ECEF HEAR 3 dyslsls HRow
TAEo] gttt 4 CNAV 94 Al=dol Ao 94 Yx= 24 (4.5)
=

©
Y
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X cNavors 7, COS U,

Yovaras |=| 1sinu, (4.5)

0 0

Yenavors =

o17]4 r= CNAV 914 AX=™elM e GPS #4e] Ak vbEe= 4, e

o} E, & ol&3lA T} e & T ateE CNAV ephemerisel A& W

SHY. A AL Tas A A (4.6)3 2t

1, =4, (1-e,cosE,)+6r, (4.6)

o7 4, = A 4D 2ol 7 5 Qlrh
A =4+ At, & A =(Ay, +M) (4.7)

Apgr = 1S-GPS-200F | to] Aelso] Q= 5gkola 49 A4+
CNAV ephemeris®l] A& wE5 = 3hoz 7]E LNAVI & 235 o] 9l
2] etk A (4.6)olA E, = AZE ¢, oA eccentricity anomaly® M, 9}

M,=E —e, sinkE, (4.8)

M, & mean anomaly® A|Ztel|l we} ®ish= gholth n,+~ M, ¢ W}

ol M, ¢ n, Abole] A= 4 4.9 2 M, An, %t Any =

48
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e, = o83 AT 5 Utk M,, E, ¢ e, Atel9] #AE thd 2Tt
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CNAYV ephemeris®l] A& W45+ gtolth

U
I’ZO = K
An, =An0+%Af10'tk (4.9)

n,=n,+An,
M, =M,+n,-t,

21 (4.6)° d= o, v A% WAES ®HAASH] 9% argument of the

latitude correction @]t} §r, & 2 (4.10)& F3lA AgHrh
orn, =C, ,sin2d,)+C, , cos(2D,) (4.10)

7|4 C, 9 C,. , + harmonic perturbation E8% 2= CNAV| A7
Al BFETh @, = argument of the latitude® 2] (4.11)& F3lA 249

.

D, =v, +o,

Ji—e? sinEkJ (4.11)

v, =tan™'
CosE, —e

7|4 v, & true anomaly©]il @ = argument of perigee 22 CNAV |

= ogdeel groltt v, = AlRtel weEbd Wsks gholal o, = CNAV

49
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ephemerisoll A& Al WE= = gholth
Al 2 (4.5)2 FZol7kA u, & HAE argument of the latitude® 2]
(4.12)%F 2t

u, =0, +ou,

) (4.12)
ou,=C,_ sin(2®,)+C,  cos(2D,)

7|4 C, ¢ C,  + harmonic correction &9 A7]2 CNAVe] A&
A EE = gheldh
2 (4.2)914 R°= CNAV #A% W #xA A ECEF #3AZ 0|53t

= Hggden. Q= 4 (4.13)= °o]&3iM etk

Q, =0,+(Q-Q, )1, -Q,

.. .. (4.13)
O=0,,, +AQ-O

Q), : Reference of the right ascension

Q : Rate of right ascension

Q.. "8 BaX reference rate of right ascension

AQ : Rate of right ascension ¢ %43

Qe D e o ) A e e =

t, 71 ARE

21 (4.2) oA i ¢ EFS aHete] e 2ol 335 X $ete] xSk

e,
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I, =i

[ —n = l —n

el (4.14)
I, =i_ —DOT

51, = 5i,

I, inclination angle®] M3}-&31 1, 9} inclination angle ¥ 43 &1,

& o]&alA 2 (4.15) ¢F o] A F 3l

I,=1,,+(1,,)4+5I,
ol,=C,_, sm2® +C_ cos2®d,

is—n ic—n

(4.15)

2l (4.15) ol C. ¢ C.__ + inclination angle®] harmonic XA 3o

s—n ic—n

2 CNAV ephemerisol] AelA wWEErc)

3.GPS £X% dlo|g

GPS 949 % Fypn = 2 4160 Z84 A 5 gtk ol

’_::CNAVorb'q— R,-e 7t S5 Alks flEiA 2 8sit

X cxavors 7, COSu, —r, sInu, -u,
Yenavors =| Yenavors | =| i SINU + 7, COSU, - U, (4.16)
0 0
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o714 7, & CNAV A% HFHoA A% vhde] wst&= 2 (4.17)3 2

o x4 )

i, =4, (1-e,cosE, )+ 4, -e,-sinE, -E, +[5rk]’ (4.17)

A @1DAA ;5 AN A8NE 4., E,, [6n] 7 Besit 4,

= CNAV ephemeris® E84 A& 42 043 5 v,

(4.18)

E, =2 (48) & sHHom vRste] 48 F ged ol 4 (4.19)

k T
o 2.
E, -
1=e, cosk, (4.19)

L.
n, =n0+An0+5An0 ‘1,

S

Al (4.19)°] 9 mean anomaly & 7|9 LNAVY] U= 7k v

(o3

o7 CNAVe AMEA F7148 #holth 2 (4.17) oA A% ¥bg B AgL

2 (4.20)3 #Z

(6] =2(C,, cos2®,)~C,,_, sin(2D,))v, (4.20)
52
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7|4 v, true anomaly®] P|Egko®E o5 o] HolHY

A2 1-¢
y =N G (4.21)

2
T

HA¥ argument of latitude u, & V|21 o3 2ok

i, =d, +2(C,, cos(20,)-C,, sin(2D,)) D,

. , _ (4.22)
=v, +2(C,_, cos2®,)-C,_, sin2®,))v,

D, = w0 1Y AEgelehs AAstA A4.1D)S RN I

F ol
4 (43) AN RE HAag 49 R B ndeA 2 5 Ak of 3

e wedl 7 aag viehs Aow paxen 42237 2ol Yo

—sinQ, -Q,  —cosQ, cos/, -Q, +sinQ sinl, -1, cosQ, sinl, -Q +sinQ, cos/, -1,
R =] cosQ,-Q,  —sinQ cosl,-Q, —cosQ, sinl, -1, sinQ sinl, -, —cosQ, cos, -1, (4.23)
0 cosl, -1, —sin/, -1,

714 Q, 9 I, = A (4.24), (4.25)¢ 2t}
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Q =Q,. +AQ-Q (4.24)

. . , (4.25)
Io=[1,,+1,, -t +5l,]

=1, ,+2(C,_, cos2®, —C,_, sin2®,)-v,

is—n ic—n

4. GPS 714% dlo|H

GPS 9149 7I&xE 27 fsiMe F 7 W7t F7kE Zasit
gAgge] 23} wEG Rosh Aw wbAEe] 23 WEEE F, otk 33
W @do] 23 wEel R 3] wigh dd ROo) 7 @4g uEgo
28 9 5 vk 1, 9 Q= 097 T3t} o]E CNAV ephemerisol
olE9] 1x mEgut EAety] wiolth o2 AsA RS b 4

(4.26)7 2t

—cosQ, - sinQ, Q) -cosl, —sinQ,-Q-sinl,
R =| —sinQ, - Q) —cosQ, -QF-cosl, cosQ, -Q -sinl, (4.26)
0 0 0

AE WA 22 wE E = 2 (4.27)3) 7,

7 (4.27)
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5.ECEF 9|4 ECIZ &% w3k

7 ZAAA GPS §721715 ©]&3k= LEOY ISS (International Space
Station) %= 243 A= A9E Fds7] e ECT Aol <]
o|g)7} a3l 7]¥£2] LNAV ephemeris 1} CNAV ephemeris& ©|-&-3}
o] GPS 91499 91E Axbstd ECEF (WGS-84 T ITRF) 23iAlol A
o] Fggko] el 71¥9] LNAVE o]&8lA 3 ECEF A& z5&
=207 9435 GAST (Greenwich Apparent Sidereal Time) ZreHE 314
A= Aggk ECL s3EAlolA e #Axks 4=  jlth g 25 54
A A v FAgete] A A9 22 BEdEs 898 o8
171 918l = EOP dlelE &
g3 ASE HFE A dauelss AEstolop gtk CNAVOlA =

message type 329 EOP Hlo|g7} A& o o|t} EOPS} #HH QIR 3h

o

=]
s

O
s

2,
x
Ir
o)
ofo
ol
‘D‘ _[u:
S
=
ol
ot
ol
ﬂ
=2
rE
[-4 (
o
ol

EOP dHlolElE &83 A Fx WIS s IS-GPS-200F ) A +=
USNO (United States Naval Observatory)oll A 7+t Circular-1791 A4
A ZE WS dagEE ol&strlE dAilsta dnt [52]. Y HEW

o= AA 3714 LarglFe] JdeH E =Rl e olFolA IAU-200A

(3

o] 7|98t equinox—based transformation &i18]&5S o]-&3}3 ).
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Table 4-1 GPS CNAV EOP Parameters

Parameter Description
trop EOP Data Reference Time
PM X X-Axis Polar Motion Value at Reference Time
PM X X-Axis Polar Motion Drift at Reference Time
PM Y Y-Axis Polar Motion Value at Reference Time
PM Y Y-Axis Polar Motion Drift at Reference Time
AUT1 UT1-UTC Difference at Reference Time
AUT1 Rate of UT1-UTC Difference at Reference Time

Equinox—based transformation <¢il#]&2 ECEF #3A4 <+ sl
A
% 34l GCRF (Geocentric Celestial Reference Frame)® Z¥ A= W
g g glar o1 whrf o] Wigke] Jhegk darelFolvt. ECEF &3¢k ECI
A3 A = sk SR JFEAVE okt o] 7 HEATE EAEEAL
t}. 1 FoA equinox-based transformation €ilg]5< ITRF} GCRF
A Abele] M-S 7FsskAl gtk ITRE #H3AIS] 49 GPS oA ¢ &
atar A= WGS-84 #:AIG 2cm oWl A Apol& Holal glojA ITRF
oF WGS-84 ##EAE LA #&= Fsitt [38]. GCRS (Geocentric
Celestial Reference System)© IAU 2000 resolution B1.3< A &3 3
o]a1  GCRF+= GCRSE AA=  FAg3t ZAolty. Equinox-based
transformation ol& 5719 &2} W dHo] EAlst=d W qPHdLS 2

(4.28)7 2t

ITRF (International Terrestrial Reference Frame) 3 Ao A ECI &

=

—

56



Tocrs = [BILPIIN1[R,(=GAST)|[W 1715
Veers = [BI[PI[N][R, (_GAST)]{[W]VITRS + @y XFTIRS}
dgers = [BIIPIIN][R,(—GAST)]
{[W]ames + (g X g X Ty + 20 X Vypp }
Legnth of Day
86400 }

(4.28)

0y =7.292115146706979x107° {1

o714 -
B + frame bias matrix
P = precession matrix
N <+ nutation matrix

R,(-GAST) += sidereal ration matrix

W += polar motion matrix

A (4.28)2 Y FHE WSS Qofg Aow AAF 7 g By

2]
212 Circular-1799} Vallado (200Dl ¢} dtt. o] & Frarste] o]-&-3f
T Skl mEolM s AAIRE 4 dUieE AW o2 thAlskes S

o7



5%. GNSS SAx] AA

1. 543 A4 7la

githe A wiiol GNSS AlEd# oA vlolEE o]&3tw=s sttt

GNSS AlEdelA dlolHE Ak WAl IA =] 7|6k A&
oJE]E o] &3l WA AZE Y VW AlEECIHE o] &dh= WA oR
Ui 5 Atk st=sgle] 71uke] AlEdolElet A ES o] suke] AlEd o]
Eoll 3t A4+ HlAE Figure 5-10] YERNQITE dh=9o] 714ke] A]
B olEle} AXEo] 7nke] AlEEolEH = 7|24 Aol A F atele
Slom wx A 2SE RF AlE FHR A= oYW IR
(intermediate frequency) oA MEHE HolH =z A1t *}o]
g 7Hd oltt. st=dlo] 7Iwke] AlEdHoEHE Al stdo] $AVE
HAaES7] 9% RF AEE A=Y vhelA AZEge] AlEHolH=

st=do] 41719 RF AgjdolA ASE FAlste] o5 AHejsto] HEH
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3l glo]EE AT G AFEE HolHE wtEl 3Jo]E 1A o=
ALk v e 74, AREARe] f1A] ALY, GNSS 1489 91 AL A%
ex BEY, As THAAE, AEe A A B sdetH ol WA
Uetd o RF AE= yYepi=if ol [F 15" tlolg = ek =1ke]
ArolE 7k B ZEAQ dHolH A4 TEe wdsita & = vk |

541.

I
. B F———— '
A, S5 o ZHAI ETH RF 413 |
nd o= md 0N ¢ T .
| oK, 45 — A
]
|

1
1
oyHc|= B 7|3 X2 -

|
Hals 2w
IF G| O| E |
— BT -
VN iy
I
I
|

PC S/W 7|4k X 2|

2T EY O] A E0[H

Figure 5-1 Comparison of H/W and S/W based simulator

AlEEolE Mgy &8 S A= F oA A & ztelE Rl
T AlEdolE e WAS Table 5-101 2.9kttt H/W AlEdolE = /i
BAolA RF HelFeh 415 AHelg 5 ssdo] #w RRS Azsieiof
b AR N BA A o] Fo] AAR S/W AlEEolE= PC 7|8k
A hmEZEgJo] Hom o]E AHylsty] wize] o]l &olatal sidtAdo]
ks g ol itk H/W AlEd olE = An] el Be] njgo] 5017}
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=

HE %

Hka A S/W AlE o8 = o] # g Hlgo] WAsHA] &7 wiZel A

AA cedn H/W AlEHelH = Alxdle] SR ozl
ATH H/W AlEEClHE 2 T A2E F71et7] $8iAM sh=4
of AulE wAsIAY F7lek= o] dapt 4 Al E e o=
ol1gt ¥go] kA Far &A = Aol g s dareEa A
T A B £XElY FUhtor olF sfdz ole| gk A

s}
o] A=dl WA S/W AlEEolE = H/W F217]¢F A3 AFdte] HAE

5 9% 5 ok wiel EAUt.
Table 5-1 Comparision of H/W and S/W simulator’s characteristics
- HAW Agelele | S AEelolE
7N 8ol 7 o) 7heE g0
7t vl & Ad] i v)g & Hl-& A&
o] oTAAY
RERE S 4 gol
37} Hg A
H/W 41719} 45 As 7Hs A5 27}
2 =rdAE gads A5E fAsA AZE] 7Nk AlEEolHE
skt AlEdolHe AA 721719 GNSS 917449 91 ALk B2, Al
T o RUy FE SHXA AT M FEoE FAHEM A AL

ARE SalA skl o 7]
ol+= GEO 949 1 =ZE 11835} geopotential, third—body attraction,
A ekl GEO 9144 9]
Fste] A e B &

solar radiation pressureE W sl il o] &

$1%& Sagnac effect, Sagnac-like effectE Wt
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T2 A gk A s AT A ex ndy] RiEo
= GPS Al37F GPS YA ¢ty GEO YA A7 17HA] =dsls=
ol AAA HE QxS Hkgslodsd of 7)ol GPS YA AlAl oxpe}

A

A7) AA @A, ARF oA, Ay Ash AE BEE E£FSdt. 5
A ARRANE A BEeE ST B =
= dlolE s AAEA a PHs) AW AT A wE
AR A stel ol gahent.

4

o,
2
=2
2
rr
=
0
3

GPS Ephemeris

Orbit data

Signal Error

Clock Bias

Ionospheric
Delay

Relativity Effect
SNR Model

Pseudo Range, Doppler

Signal Generation

Figure 5-2 Data processing flow diagram

S/W AlEdolgold = HFHew 2+ GPS AdE = ofAbA g el SAA
sk 2 o] Folxl SAHAE AT o) A= SEA= A(6.D)%



2t} [46, 55, 56].

P =|(TX) = F(RX)|+ 8,0y + 8,y + 0,y +C- Ot —C- Sty + f 41

iono trop rel

= | (RX =7) = F(RX)|+ 8,y + 8,y + Oy +C- Oty —C-Str+ f 41

iono trop rel

(5.1)

o714 B GPS 9149 9 WE, 7 A7) 9 WE, 1= Asot

GPS #14ellA A7174A] skt del= AR 6, Ads A &

ono

1
2, 8,, = Wirs Ad a5, = B mdtel o3 oA, = Bl

dp
fr
,%
<
rlr
>,
fol
R
o
>,
=
rlr
>,
fol
+
>,
>,
=
15
rlr
)
>,
~N
>,
X
to

pe=¢é [V, (RX 1) = V(RX)]|+5,,, +0,,, +0,, +¢-Oty—c-St, + f+n  (5.2)

iono trop rel

7(RX —7)—F(RX) (5.3)
|7 (RX —7)—F(RX)|

e=

714 ¥, & GPS $14e] &% WE, 5 vl 92 WE, ¢ = 54

71ol A GPS 9lA o= aali= tho] wrek WE. , = 71O Ael ool
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ogxpAR] SAA 2dA (5.DlA 7P TestdAE A7V & @S A
Aok 8o AA F) GPS 91443 A7) Abole] Tleksts At e o]
ok GPS 172k =a17] Abele] AddiA]l ARl s GPS 9149 914
oF F417] YA Abolo] Myl AgE AlXlstH H& AoxE A7ty Ha
T3 itk =wsolA Adstal s A E FAAME tdeA B
g5 wol AT AAl BEg Arke A T 2 VA AEE
HrEA] s sfjopst gtk Ao Age 7]EA e R GPS 949 fAe Al
7] SHeL} Afele] ARl grolA gk 2T} o] FslE AlZE B9k A7) $14]
A3l o] WHAISH= Sagnac effect®} GPS A]2=#®lo 4] o]&3l+= ECEF
HEAE o] gstHA A= Sagnac-like effectE HAFs|FoF 3o}

[56-67].

S A9 Axtel o] galof Aokt A E SAHAY & vk olHE &
g At oM Aol ARy el ol8E = A7)

T Atk o] A FAI7I $1X] Wsle Aoy 7)Y AA| FRd 9]
gk Wiste A4 o A9 A g 9142 ¥

°|& Sagnac effect® A|Hsto] AW st7|%= o} [63, 64, 67]. L1t
ol 93] EetAH Sagnac effect® A|Fst7] Bup | 7-¢] 2ol o]
F21719 912 WistE Ak slo] B AEE Fdolvt. o= $1/4A
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o,

g]

B
I

I
o
2

ol 8= a7l B4 Sagnac effect7} A AT 9

o@ 917 Walt oy] wEel o Bald et A

A Wst2 sh= Ao] dnbHolal shte) Ao gde| by

>
N
Lo

rlo

-]

Sagnac effectel] talA TX Al7tell A2l GPS 9149 B A ApA|s] 2
HH =5 AL Figure 5-3°l% GPS $14dA 2E7F 550 $217]2
olFste Bk FAI7|el FAdo R QlEA AT o]l Al W= A

S Awsta k. o] E FA oz yehd 4 (5.4)9F g}

=

Figure 5-3 Position change of a receiver while signal transmission

cAt =|F(TX) = (F(TX) + V(TX)A?)
= |AF(TX) - ¥(TX) A (5.4)
AF = F.(TX) - F(TX)
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A71A v FA7E Fola At AE7L o)slEd Aele ARl
th TX AlRbelA] 2137 #3402 ofEate] 7)o =add A9l
olF AT AF ol HARE #1718 £ IS A5t olFate E<t
FA71e] 1A W3E (VA )7F dojuar o] QlEfA 4lF el olF Aule
AF ©] ol cAt 7} Ht) olF ZAbstste] AF B o]9]e] o FuEshd
2} (5.5¢ &t} [63, 67]

als

At ~AJAF(TX ) + 207 (TX) $(TX)AL
AF(TX) ¥(TX)At

= |AF(TX)|+

|AF(TX0)| (5.5)
_ |AF(TX)| | AF(TX) ¥(TX)
C C2

oldl, =77k Aol Abgh, A4, & 7] ol ol&E= B2 7MY

V=Q x7 (5.6)
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(B-F)QxF ExFQ, 20, FxF (5.7)
At onac 3 =TS
G Xr (5.8)
2

to
)
o
0,
o
=
J]N'
O_u
N
N
)
o
oX,
_\ﬁ
l
L
9
2
&
&
o
fru
iy
L)
X
~N
=2
Hd
=

RXel| 2155 A AR] SAHAAZ FUsty] Asiroltt. o] wZolA AlE
golE o A% RX Al A 215 = AMAE] SHAE Aok sht) TX
AlZFo] obd RX AlFtellA FAl7]1E 7|0 & A 4l5e] oF Al uh

£ GPS 914¢] 912 ¥sls vebd o] Figure 5-40]t}.

FA71e] HHBH E uf RX ARl =g 21E= RX ARl A1 9] GPS
A43e] 917} obd TX Alztell A GPS $14¢] 91x]ollx] HEw Aolt), o
w 2ol Al A=l Aldke] A (5.1)& o]&3loF sttt GPS 91449 £EE o
&34 RX AliHS 720 & olF AgE thAl ZdsHE A (5.9)¢
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GPS(TX)
GPS(RX)

Sat(RX)

Figure 5-4 Position change of GPS satellites while signal passing

cAt =|(7 (RX) =, (RX)A1) — F(RX)|
=|AF(RX) - ¥, (RX)Al| (5.9)
AF(RX) =7 (RX) —F(RX)

TX AlZFeA e GPS #1489 HAE Fote WS 4 (6.9% o838
RX AJZFo A o] GPS #14 el £=8 o] &38|A TX AlZtelA e GPS 9149l
AAE ol ALtelE W iteration 7IHE ©]§3Fe] TX Ak A <]
GPS #1789 $1XE Aliret= ol dvth Iteration 71+ o]-&3l4 TX

AlZF A GPS 917439 f1AE ALbele W2 Figure 5-59] YERY ¢l

7 WA RX ARl o] AREAE 91|19} ofel tig-dki= RX ARt
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A9l GPS 9149 AXE AR o714 AME F AAE oA o
AH oz JALE AN o] F e FEE LHe ke AE o5 nf
2 A2 ADG dh 0.2 Ik GPS 9149 17 RX Azl M o] 94317k
obd AR A elHel AIBE ofF WA (RX —dr) A1kl A1)
GPS 914e] 91215 Aketn AEA ALE GPS 914l 9129k a17]9)
A% olgate] thl dr, B AAtel: WAOR TX gg FAd Ui,

oleA A T ol Az AHoE o] A% gurt 24 grow
vttt QA2 o] BAS A 33 AERF F3stH =53] Ak 3t
2 92 4

GPS

| R (RX)~R(RX) | _
C

_Geo |
. v
7(RX)

Figure 5-5 Calculation of GPS satellite's position at TX time

A S A= 9o]A] Sagnac effect®]ol]l Sagnac-like effect®™
asteof st} oA Y Rl AAd Ags |E Ao E ECI %
A 71Ee2 741719 GPS 91439 f1A& o]&ste] ALtsttt [31, 59]. =
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2 (B.DoA FA171e) Rk GPS 9149 fIXE GPS oA AMgshE
ECEF #3#A (= WGS-84)7F obd ECI Al Ao A& ofn]git},
ol Ao A AEsHH 2(5.1009F Zr}h 7|4 A Ask= ECL #3327
£ GCRF4Y J20003 22 543 ECI #FAS AHsk= Aol ol o
= oJ" ECI #3EAE o]&3t e Al Aol ¥to] §l7] wielrh o
ok olu) =A719F GPS 9149 A= FYd ECI HAFZA N FdFojof
c}.

N

rob

d =7 (RX —1) - F(RX)|

‘EC[ r(RX —7)— C[(RX)‘ (5.10)

GPS oA o] &3= 7+ HEAE WGS-842 ECEF FH iAo dzo|th

g3 ECI #3AE o837l #siM= J2000 °olvt GCEF #33#A 5=
SaloF shAINE Aart dEE= ARE Sk Hi e BAs)dl=
EdastA 554387 witel A (5.1DF o] v zF 37 WIS o &

st ARteRZE AiAGE Aitstrlddl= Fisith 2 (6.1DdA = RX

A7+e] ECEFE 1A3e] ECIZ AA3Ia GPS A9 9x2 uA4="
ECEF #xA= xdste] FdiAE ALtbsit.
d :‘FECIJ(RX_T)_FECI(RX)‘
(5.11)

= ‘RZ (@, gepr 1 (RX —T) = Fyepr (RX)‘

Sagnac-like effect® A|Zt4 o2 w3l A o] Figure 5-63 Figure 5-7
ot} Figure 5-6%v 3 FHdolAl AXE 7Hde] AFEAF 91443 GPS H14d<
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EASH Y. ECL Al 2 AXE g o)X 7k ECEF FEAlolAl &
SIS = Y fIAel Wy ok ECEF iAol F+ 4 35
S w ECEF(TX)Y} ECEFRX)ANA xZFoll tfafr] Ztx=e] Wsl= glon

T o914de] olFE 7k wdsith A Akt A GPS $149 A=
ECEF(TX)oll A Alkstar AREAE 9149 1A= ECEF(RX)oA Al4tsla A
A7 ARt T el AXE shbe] ECERelA HAA dehd
Figure 5-7¢ 2t} GPS 9149 A= 124w o] QIAwk ECEF #3A7}
3] dabdA RX AlRbe] ECEF iAol #53S o ddig o= GPS 9l
Aol A7} o) 5d AAY BEHEG webd olF 4 (5113 o] WA
stojopx|nt ket A A7t AXFEL [68, 69]. o] WS o] &sAY

Sagnac effect®} Sagnac-like effectE EF FAlo] BAFSEIS] A8 =
T BAHLe oba] A3k Sagnac effectZ iteration 7] o]-83dle] B
Aok A Fdstth vvk GPS 9149 #1X1E AE o 94 Sagnac
effects B sk Aol = ECL #H3A2 Wgsts g o] A= AU=
Ul o}714= ECI #3Al2 #dltets o] 3t Ak 2ho]7] o
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GPS(TX) , GPS(RX)
ﬁ X =l 7tato| GPS 2

YRIE 7teel fld K

4
Sat(TX), Sat(RX) / ECEF (TX)

ECEF (RX)

ECIO M 2HZ3H ECEFQ| Rig}

Figure 5-6 Saganc like effect view from ECEF coordinate

GPS(TX) B crsrx)

|
-

Sat(RX) . . ECEF 1%

Ory _GPS ——>
; L

h

QRX_ SAT

ECEF Of| M RX, TX 0l AM 2] 2K

Figure 5-7 Sagnac-like effect view from ECI coordinate
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7ol o3k GPS 9149 AT Azt A (5.12)¢F &tk 2]l GPS 9]
o5 GEO §1dez AFH= Azt GPS A A+ T4e st

M) Afole) 2t 4] (5.13)9) 2th. olu] GPS tele] F4le At

He Favkn A4t

o,

Ir

s

of

Figure 5-8 Visibility condition of GPS Signal at GEO

| R
y, =tan 1{—?’”’) (5.12)
t
o =cos” neli=r) (5.13)
’ 7|7 -7 '
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GEO $14delA GPS A&7t #557] Hslixe FAly
oafjA] 7R A @Al =A17] QbEHIVe] Ho] $A17F o]uj® Fo oot g
Tk GEO $140lA Aol ogk 7 zbe okt nlsgh o= A (5.14)
E olgsiA AN F Ak Aol sk TS ATl A
omnidirectional FEHIVE ARE-STh= 7Hgstel] 80°% /478513
olu] F=21719] ¢tel U7} sl W AT FA oz AAEA
of FAl¥= GPS alset 41719 <ty WA gL o] F= 7k 2
[e))]

(5.15)E °]-&3M Arted = Ut

Y, =tan1( Ef’”’} (5.14)
7
a. =cos’ re(r—n) (5.15)
’ 77 =7

of og 7zt ®u}h Aok s a4l Stelube] FHu) $Alzbi) zojof &
=3
(7, <a)&(a, <B))&((y, <a,) &(a, < ) (5.16)
o AellAE ekellM e Ae o] GPS 9149 THdE
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SEARE ofol] digh HF o] AGAS Folr] HsiA AL R TIAA
S A = == &9tk Figure 5-901& 3aFolA A GPS 914,

J el Tk e e ATE VR w8t
PS 914, &t Y& HolA v GPS A, A5
A9 GEO 914S dveblar glom A= GPS $1449 PRN o]aL A+
o] A7I9f 7} 9149 A= 111 2AYRE FZAHAT GEOYA #5HE S
JE GPS JALe A HtE Wi He Aelstn 2 FHo 2 dHE B¥
sha Q= AL F1E 4 itk 3AY 7N EE FElA 2 GPS 91449 Tt

gl = &F o] ofF HT dAE St A=

o =

Figure 5-9 3D display of visible GPS satellites and GEO
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4. 30143 a3

=i ok 7 3 54 AEE st ok 5402 QA
GPS #1443 GEO $1Adol+= Aiid a37F &gkt [56, 57, 61, 64, 66,
91. Sl ek A adtel= o2l 77 AR 1 FolA S
sl e TSk A adte] 9ol 7HE Ad [56, 63,
64]. EFxo osiA BAsE Add a¥= ‘time dilation' 2.2 A3 kAL
S o A= A B =&l #8iA = ‘gravitational
redshift’ & #| gt} &o o3k Jojd adbi= #3342 geoidet W uls)
of §14de] ARl &&= Zpolol ojajA TAT= Aol
g gaks AT TAdd tig el Al wE FHEe] Wk AT
<8 EarFAl s Bk Zlojtt o]
GPS #1/4d0llA HAst= A avtel o Al
21 (5.17)¥ 2t}

lo

—r
)
X
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b
il
rZ
o2
ol
&

ﬂd
X
re
to
)
il
ol
)
ol
o
=

2
c 2c

[di=] d{l—cp_;bui} (5.17)

path path

oA71M = AT geoidoll A W53 AZE, T = GPS A OlA B53E AIRE
o]al @ &= GPS 914de] & gravitational potential, @, & geoidolA]<]
7)< gravitational potential®] 3L vi= GPS ¢4 9] & ot}

AlZkel 7153k Y A geoid’doll EAlSHE YA AlAIL] AIRE
ot [56]. 4] (5.17)l yEhd uikel o]l GPS Ao e E27k= Azt
= AZe] geoidoll 9] 7] AIRE gyt thET o] & HASHA] 94& Aol

”fi
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Fs ol gdM AEE FA5E GNSS 4
A &9 X7 922 el A Ho] Aydow =AE Ay =
Eldt}, o]g3t EAAL f2st7] YA GPS YA AAE 7]EA o= A

ol
£
fols
1o,
il
i
>
L
)
k
b
>
l-‘\l
O

o Etol tha AA @Akel mgel olFoiA gtk ole] thE HPL 2
s @k 94 4 GADA o B A (5.18)3 ol 2AE S
F o

(5.18)

SO GPS 949 Sxet #AlE 2 FHFo| dig Ak oy
BE WA o] &3t} Awe oux] BES WAL A (519)¢ 7t}

1, GM __ GM

2 r 2a

(5.19)

o] 714 a+ semi—major axis©]t}.

2 (6.18)7 (6.19% (5.17)°l Widste] Aelshd v 4 (5.20)3 £t

3GM  ®, 2GM (1 1
At = j d{1+2 - (———ﬂ (5.20)
path ac c c a r
21 (5.20)4l1 4 32Gj‘f +¢;2°:—4‘4647><10*‘°—E GPS $14d°] #Hl= W7o
ac c
Rste] dglol gE o GPS 9l A" At AlAdlE o] @
of Al A GANH BAgH vk [56]. HEA R GPS el o&
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= A s Faas A (G.2D3 2k

(1-4.4647x107'°)x10.23MHz =10.229 999 995 43 MHz (5.21)
SEA 2 (5.20)°0 9JsllM GPS #1/de] b el Wiskel Aatgle A Al

A 2k e BASIAARE YA & ot BAFS HX] &t} o] &
Aeke= B AL A EAb A7k WE eccentric anomaly Abo]e] #AE=

2] (5.22)9 &t

e

E—esinE:‘/G—ji/I(t—to) (5.22)
a

o5 &8&3te] A|7ke] WM3le}l eccentric anomaly W3} Afole] AAE
3
dE _GM/a® (5.22)
dt 1—-ecosk
2 (5200014 AlA 228 RASI . Yo dlof| tlsk By S Aw R

A 94 (520004 eAE BASE B Fe o A (5.23)3 2tk o
NN dsfe~dt®) 2AE 04544 [56, 66].
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2GM (1 1)\|ds 2GM (1 1
[|2GM (L LY \de 2GM (1 L,
c r ajllc c r o a
2GM ecos E
- Idt
l—ecosE

2
ac

2 GzMa e(sinE—sin E,)
c

2NGMa .
> esin E + const
c

(5.23)

=+

I 1

2 (5.22)°14 (———j% 2} (5.2 (5.25)%F ol&3te] 73 ghe U
roa

Ea=s
r=a(l-ecosk) (5.24)
1 1 ecosE (5.25)
r a a(l-ecosE)
2 (5.23)9] HE oA BT A7) AA Aol EEET] wiol
guk ALk o33 2 [59, 60]

Al efstar oke] 3
S, =+44428x10""eJasinE  (s/m) (5.26)

T
T

21 (5.25)% 2 (5.26)2 sd3tH (5.26)0A4¢ f1x]9} &%=+ ECI
ECEF &3xA #t< AREsie et Aol gitt [31]
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(5.27)

GEO $17delM AH82 GPS A17]1%= GPS 914 AlAle 22 W
Qaks WAt ok FH[56]. WA A (5.2D)S o]-&3sto] AlE Az A
A AALAE BAEaL 2] (5.26)5 o] &ste] A% Wb Wgle] wE Al

RS AR fTh B RNt o4 d9d Zu ge gaom
W

o
\]
3
B
-:-f
O
T
)
z
O
fetl
%
o>
o,
rot
v}
=2
N
N
ol
ol
oy
=
e
=2
A

gz g AxHoeR e HA 1% 60 km ZFE HW 1% 2,000 km
Apolol] EAal= Ao w ddA gk gy Hul=e BE W= 3hat

Y3al solar ionizing flux, #7172 &5, A4, A7 59 o
Aoz Wttt [70-72]. 183 A= oA A5 A=}
of Bx% dAsHA @&d kel wEbd "7 = dElso] 60
km ©4 2,000 km Ateloll =k UARE 2] A AR @ AL
L Sl EAska vk A9 A5t dess T3 wele dute] Fut
T SA kA Az AA Ayt BAgY. GPS AEE Fubard] o)
g AT AA @4o] B o= Y SAAE YT W Fa 2
A g 4w FIEY (73] Asel o Ae AdS AT Aue A=
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o] ¥3t¥l TEC (Total Electron Content)®} Al1Z o] Fulgo] o AA
He=d ol 4 (6.28)% £

6, =———— 2
iono sz (5 8)

GPS F27|e A= Aol ok 2la AdoR Qg a7t s A
Aol = @S WA Wil oJAA Y SAAONA o] & AASkAL ]85}
oF &3 RS = 5 At olE HslA GPS Azl deA HEH
© W HAAC s A A AR E4A Y 2AaE AAY

=5 ddd JAAE 23] ik GPS WE miA Al E3tEo] =
AelS 2k ¥ Q1A= Klobuchar 22e] 67l 1A} ko= o5 o] &3}
of A AREAZE HElT 2ake] 50% oS AAT F A=F shar St
Klobuchar 2&& 7|25 oz N57t AegSs FHo= F34& 739
Aot AT Ad 2 s Agste=t ol& ARAE &8st dels
LAHE AASHE WAE Fskal

Klobuchar modelel A= 7|24 om 24 A5 A = Hed=
N RS o] &3 6709 AAE ol&etd A AT AR
TS WY extgs AAE 4 Ak o= Figure 5-10914 H2 A
Aap 2o a2y AAl AV FAlEE duks dYse AR §
FHa|A B0l A9E A Q1A Figure 5-109 35 A A8 &
Hl 253 7]18718 7HA 3 d85E &3t Klobuchar modeldl A&
AZlel Zoles Ak dES eake] A Al sidE = Ak 350km
Aol el =4 HYs akE ALkt o7l A5t Hdelss HAETE]
FHSPHA Aol dolof &dst slant factor & AAlste] S} =]

A

O
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she e #sa Aok,

dolell wEsHAl LA =43

Klobuchar ===l
He|s ekt pd

350km

Slant factor 7| &= 1 &

Figure 5-10 Klobuchar ionosphere error model

, elevation angle E, azimuth angle A4, <l

}

3
pul

o]Z o]&3}o] Klobuchar modeld ©]-&

ALt BAE thge] 2(5.29)44 (5.26)7 #tt o

=

71 RE ZFe] w9l semicirclese]t}h [70, 71].
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~0.0137
Y ETo

—0.022 (semicircles)

®, =0, +ycos 4
if ®, >+0.416 then ®, =+0.416
if ®, <-0.416 then ®, =-0.416

2 —ZU+WSinA
=

cosD,
®, =0, +0.064cos(4, —1.617)

t=4.32x10"1, + GPS time (sec)
if £ > 864000 then ¢ =1 -864000
if <0 then ¢ =1+ 864000

F=1.0+16.0x(0.53-E)’
3 2 4
T, =Fx|5x10°+ a,d x| 1- 4+ 2
e 2 24
L 27(t=50400)

3
2B,
n=0

Klobuchar 2&3} Ax}zks o] &34 4 Ag= ox=

Figure 5-110]th, I9el4 292 5 %o AeF oxbe

oF

o= Aota YIS o] AL o A Aode] gepn
7} 27 vrepa.
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GEO $4elld a8 GPS Aae 43 g2 olF ZA2E AU
e} ofo] mabx GPS 542 A4 AlEd ooy FAI7]oA HEs @
2 A Aol Klobuchar B¥-& 1ol& A83F 4= glth. GEO $14dolA 74l
= GPS Al A g dEss FHoR s Fshs 4=27t
ol 7] wiiEelth, GEOdA F2l¥& GPS 2o AT 74 H9+e
Figure 5-120] Yeht oot dE)Fo]l EAlgke W97 L% 60 km ©]%
2,000 km ©]3t2 7}4& 4% GPS A&7t A85S B384 GEO 94
o g% + e Ave A % ARE 13 S 23]
] 25 s Fdete A9 Aok 130 AEA HYss §
e A9e Aert J8S5s THske Al webd dese dwrt

2k#]aL o]= Klobuchar & o]&d 4= Uil G2 exk Y& <6

2
ol
oy ofy

Ni
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2
2
o
o
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o
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A 3ol wE TEC gro] Hesitt 23)d AuA dess S3tete 4
T SHEhs 7IE7] 2ol A s HeEles @xls] Fehy] wiael

Klobuchar 295 o]§3to] AR Hels extE REHT 4 itk

T = A7l dYs oAk AlEdeldsty] el e s

o)tk MBI AelF S 18] B Aol At AeFS B
wel olF AR FA AWAAY 44 AeF 0AF Tn F AUF o
A olF AR Awel viddtha Fgetn £4 A4S o5 o5

o] uE FAA ADF LB AL £4 AeF e A

E21 2,000km oA HA 1=l 60km & FHste= Al 1,940
km  Bahg o @y Aelekn ARSIt AE A95e 23 B
g 9w 13 Bt A9 R 495 et QU3
g0 we] oBAL vdEta Apgsty 236 2AM olF AT
Axstel exbe WAHES S
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_ _ H25 2 53t
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Figure 5-12 GPS signal passing through ionosphere to GEO

6. Al Al A}

GPSE o] &3t e 7B o7 GPS YAolA 418 250 FAa A

7tk A Z7F Al

put
4
2

A A sl A7t Aol S SlAAYZ Akl
ool olg GPS S14el HlslA BAS PAoR oA Al =
AA MEE ARSI oS olgHA HAY AL HE AxsHE W ol

A
olelgr Edow A8 GPS 949 A e} Sa71e] AlF s 7

86



2] 2o vz ZAHc) o] wiiel] GPS Aol Adsta HEst Azt
S A7) SJslA Ak AAE 'AEaL Aok 2 4 AAE o] &
strete FrIHoRe A b BAEA H=dl GPS Al=EedAE
Z} GPS 9149 AAE 71 GPS AlZtel] §7]1¥ =% Aojstal lom o
o} A on] WA AlA] QAo gk FRE W WA X HojA] HE
o] A7 o] & Falste] A GPS $149 Al exE BAD &
=5 kAl Tk [1]. duk 2719 A = GPS $1/8ellA] o] 83t dAt Al
= AYEe AgaEs ol&eta g E3F GPS

ar
Alzell ggs] E71Ee]l A= {2y A7) Al &A= GPS €

2
B SAAY SN FEOR TP oA fa0]7] o] U
At dauelEs M 293 AATL TPsdie

ABDIAS AT W AALAE oW Yoo ArtuFe] PAuw
LR

i
L
>
Iy
=
<
[eb)
=,
[eb)
=S
(@]
@
wn
il
o
ofo
ol
-1

st AAIQAF 5 o835l WA o] QT [36, 74, 75]. Allan variances

=
WS clocke] FRel e 54S wgste] nrt 45 w

g ol g3
WYY gtk FHo] YA ofo] WA B Bhsrhe wAlo] £
Aster, B =R AE AlEo e HlE A GPS 9149 A 2

b A7 AAL LakE B S ARGl 23E GPS 914 AIAl 24t

Bl B2 22k R ARSEeke] o] g dith AlE e ol 2Hgel A GPS

A AlA et A A WE¥ ephemeris messagelY} almanac message
5 o]&3st] AlEH el HIEE Eo|LF SIS TRV AA A=
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T 4 (5.26)3 2o

(5.26)

St,=a,+a,(t—t)+a,(t-t,)’

felaL ¢, = 715 Al

PN
T

Al
= A7) AA 2= 313 clock A

1
s

A7IM a,, q, a,

&toll

74

e

2
=

[e)

3T
==3

[
e Ao

(5.27)

by +b(t—t,)+b,(t—t,)’

St

p—

G

i
1

el

)AO

13} 5417] Aol

Ao
=1 o

= GPS 9149 &

M =

3|

<

Al

GPS

A AR [46].

3|

GPS<]

T

WA =&Y

7}

dl o]=

"

2 9
71 I WEkE 7HA

o =
~-

== w2 4 (5.28)3 AT [23].

1
s

ot} GPS AlZol| A Ay 3}

(5.28)
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Helal f,

)
il
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FA 7|4 GPS YA o729
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T

715 941 1574.42 MHz ©]
/’\‘1 (5 28)01]/\1 ——,—,]61— X48 }P}EH:

vk WE o projection® HFERF =

&9 A717F YUY Aob PSR 9 gmels] welth =d wEe

AAAA F BAL dbe W) £Fest 29 ¥EE A3 F BA} W
o W ol REF AAER Aolse] ek Teht AA S e
e olsh Wl tbe o) o] pEolm Wold w) go] REE /M,

FA71e] webA A (5.28)3% &Y F-o7t RilE be ks JoH % &)
7] 2ol =EE e o]8 u Foo dukel FoE 7]&oof gk

A o2 74 eQle] ofalA s e 2o @abo] WABTL GPS 914
N $EeE NE $% 2w} $2 oreue] A W@ wEy AA
Moz Nzel A7) AR A5 o]F Aol wE A5 74 @4ol
wAslE 422 QrElL ARl | 4417)e) A5 Ae] B4 mep] A%
o) 74]sh 2o asrt AHHoE Aoyt AHoR F2a17] el
el Ase] 27 4 (52009 2.

RP=EIRP+L +L,-L,+G +L —L (5.29)

o] 714 RP+= received power, EIRPi+= Effective Isotropic Radiation
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i

Power, L, 4% <helu A%l aele] mj& 0% 7k4, L, o] Azl
WE A5 4, LE 1ES B wel A% 44, G 5471 9
ol Z1E A gk L A Qe £ zhe] wE el g ol

A5 74, L+ FA1719] LNA (low noise amplifier)ol] 2|3+

r°l'
2,
fol
o|N
=
=

C/NO[dB-Hz] = RP ~10log,, T, +28.6-L,, — L, (5.30)

sys

AZNM T, = FAl7]e =Xz Uy A9-E & wl= 290Kelal -

il

& = 180Ke|t}h. Ly, = RF 215 Agjdolx L= s 74
L= A/D A pA M DAEE As 44 ddolt

A e BE o gt AT Ayt gel AL Moreau (2001)
o] HpAbsEe=ol tEht Sl @ Fharskel AAs it [23].
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2] batch W
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Al
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1

ks
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(o)
i A=

[
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J2] batch H

=
L
=

A

<
T

<
T

2] batch
tlo]H
tlo]Efel] <]

7R 7]

<
T

t} [5, 41, 761.
2 NEA

o
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1

s

1

R
[e)

==
RN

B

A R

35
xS ie)
=

PN
T

[e)

=

. A
of A7t R A&

o] JAINE A=

N
T

ol o]&=}t [19, 47, 77].
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|
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S
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A A

R

H
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Ao A] GNSSE o]&
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6. EKF 7|9t A= 2% ZE
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=
=

71e] 914
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L kinematic ®ARte 2= FAE 99 exbrt AA dEhr] wiEol
Aol = Aot AAE FA48H7] A= dynamics £ o] &3 A% 4

Aol MEHE} [11, 16]. o]& kinematic HH2lo] AFg&x}o] gl ARE F

o
fr
ol
ol
D)
&2
=2
)
2
o,
L
o
ol
ol
i)
rr
)

2

o
N
Lk
B

3 QA9 kinematic W2
_]

o7 AL Aif= SR 9] mol=d S Wol WAl HE3F GNSS #14

7F B [20, 23, 78-80]. & =iolA= GEO $1/delA 7FA1A o]
Al A

F
=24 FHe gy 29A A o8 =wd A dEe stal

Wio] B mRoA EKF " AAd bld dWe aAeA ax ek

A= AAol EKFE o]&at= dukA<l /idS Figure 6-13% 2t} [
811, dRHAQl EKFolA+= F71HA Z2AM2E WHzol 7FdaA gt
Time updateol| A]3= measurement update®l A F4 % o] o 29 e
TE 7o A A dFoMe] FE| WeE oS3t ojuf A W
o] A5 A FHE A W9 error covariancer™ A FA
measurement updatel A= oS5 A ®Wge AA Y SHAE A

shalol 24 Aelgte FA AT,
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Time update Measurement update
v

Time update

v
Measurement update P Y }3

Time update
.
True orbit

Figure 6-1 Overview of the EKF based orbit determination

/\h;]] H

& =wolM= EKE 7)ke] Ak 24 BHE FAsk=d o] W
FoF S4A MeE e A 6.DF (6.2) = A3t

X:[x y z X y z c¢6 c-Sr]T (6.1)

(6.2)

A [p1 Pt Py pM]T

o171 65 @ 5 = FAT] AAl ARl AAl eaF WskEolal M 2 dA

B2 GPS 94 F4A A1, p & A, it A ekl

t}.
2=~ 0]

24 9] nonlinear dynamics system< 2] (6.3)3} o] wmdlslst 4= it}

[5, 41, 42, 76, 81-83].

X(k)=¢(X(k-1),k.k-1)+w(k-1), w(k—-1) N(0,0) (6.3)
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Z(k)=h(X(k).k)+ [ (k)+v(k), v(k) N(0,R) (6.4)

7|4 ¢ & nonlinear state transition function, 4 & nonlinear
observation function, f & fault, w ¢ v +© process noise%}
measurement noise® Gaussian white noise® 7Fg3lal 1 A7|= Q ¢
R o]t}

EKF ¢85 742 34 time update®} measurement update® T4
T} time updates= - 2 (6.5)°14 (6.7)3 2t}

X, (k)= (X (k=1),k,k-1) (6.5)
- (6.6)
o (kok—1)= A
oxX ‘X:)?K(k—l)
P (k)= (k,k=1) B, (k=1)®," (k,k—1)+0(k,k -1) 6.7

o714 )A(K-E measurement updateo|A] FAHE FeEHEo]al X, = time
¢

update A oS53 AEpEE, O =

transition matrix, P, i measurement update®l* ZA4HE covariance

matrix, P, © time update®lA] A4 covariance matrix, BHA K &

Kalman filterE 2|73k},
Measurement updatei= T 2] (6.8)°4 (6.13)3 2t}

Z (k)=h(Xy (k).k) (6.8)
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(k)=—2 (6.9)

X=X(k)
Uy (k)=H(k)B (k)H" (k)+R(k) (6.10)
K=P (k)H" (k)U (k) (6.11)
X (k)=X, (k)+K(Zg (k)-Z, (k)) (6.12)
b (k)=[1-K (k)H (k)]P (k) (6.13)

A7 H+ hE FAASE A& 454 P4, U, © measurement

A
1

updateol Al A4 covariance matrix, K ¥ Kalman gain, P, &

measurement update©| 4] F4 3t state?] covariance matrix®|t}.

EKF ©lA] time updateZE & u] HAlo] Z-83}= perturbationg X

A A o2 AdsHA dutete= BAle A-&eklt [47, 68, 84-90].
=ES GEO YAS ez &9 AY A% dyto= geopotential,
third-body attraction, solar radiation pressureS X35}t State
transition matrix™ T2 A& FX| HE-S o] &&lA Akt [37]
183 perturbation © tElAE A A ZAE 7)EEHT
27] 4 W 2%

SPS (single point solution)ollA= A W4 (x,y,z)9 F417] A4 &
2 (6,)7F EFFEO] 7] witel HA 47] o] GPS 14 #5AE
FHstofoF gt A4 AREAY LEOS] A -f-dll= A 47] o3¢ G
dol 3 #5H7] witol SPSe| 7hsstth. olw Ak 1A 8l=
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7F A = A m olWlY AHE Zhet 18y GEO fAA = 47] o
9] 9|-o] BEHE= A= =B 47] o] GPS gAdA SAHAE
et el A= A= wlg- st o= GEOOlA+= GPS 9149

DOP7} - 7] wjo]t} [21]. o] & <l GEOolA = EKF ZE7l 2
FH o o] g

EKF 29 8 X 27] Ad ¥ Hgwd wep 249} =
7] e WETE Zgtell 7
HE7b =AY S A &

?14 0] 47] vRto g S5 = A7 B7] uFo] EKFE Al &sh w 7]

o
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o
P
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e 2
>
o
il
o
oo
rot
iuf
o
il
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>
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o
@)
Ho
oX,
o,
Y
ol
J|m
>~
mlo

HolN AT FUE B1 gom FA Fk AT AR 7719
wlgel A7 EAGA BT ASelt wA F Aol AL Ax A
9 maTh o449l GEO $14el A% 24F Figure 6-2 A% 4ol >
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Orbital Plane

\ 4

rue

Figure 6-2 Simple GEO orbit model

o171 a=42,164km ©°|i e=i=0= AAH}.

o]AA el GEO 949 799+ inclination angle©] 0°]7] W&o RAAN

S AY & 4 §lal, eccentricity 7F 0°]7] wiito argument of perigee
A AR et o] wiitol] oAl GEO A% AF ¥zt FEA

o o] $JA 9] stateE semi major axis®} true longitude WO 2% e

9= 3t} True longitude+= circular equatorial®! #HX=ol thalA 83k

o] §H: AHWFE A (6.14)9 o] AojHr).

~>
=Y

cos(4,,. )= 7

N
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a8y AA GEO Al=E &3 U= #1489 A5 o4 GEO #Hx=¢
9] eccentricityZ} 09 7HARE o} A2 gho = FEAJSEAL inclination
angle’™= #2 ghow EARItE 1efal o] gheEd ool 9dol A-&et
+ perturbation®l] &J&|A Al&E|A WstE GEO A=E =3 & 9489
AR AEE AgstAl xdst7] faiA = 6719 Keplerian orbit elements
£ o]&slofof X qtk o] -l GEO HEZ 783 4% true longitude®t
= ol&aME= a7t EFEHZ AN f1d e fIAE AR YErd
I Atk GEO 9149 4l W4E true longitude, receiver clock bias,
receiver clock bias rate = Aot thg3 o] F 479 HHWTE
GEO 914 9] state® A3t 4= St

(6.15)

true r r

XKepz[l ¢85, c6

| I—
~

o714 c+= speed of lighto]t}.
StateE 2] (6.15)2} o] HeolgtH o5 4719 state elementsE
Cartesian FEANA 9] state elements & t}&3 o] ¥slst 4= gt}

Xm=[x Yz Xy zco cé}}r

(6.16)
Jacs3,,) asio,,) 0 ~asil M, asZ )b, 0 ¢ ¢

GM, (6.17)

o = AT HA®, 4+ constant® AAE AL
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Z:[pl pl o Py pM]T
:|17Z—F|—c-5l+c-5,+n

p:éO(ﬁl—ﬁ)—c-51+c-5,+n

o714 M2 SAHE 7 GPS $I44= 2 T 3% A %o

Z % ges 2ol

(6.18)
(6.19)

(6.20)

(6.21)

. 7= GPS

el A WE R A e gtelw, ¥ = GEO #1449 HAHE et o,

= GPS 994 AA &2 W% = almanac®|Yt ephemeris dataZ ©|-&

A o 4 Qi gholn] 6 = A7) AAl @Ak ool

&+ GEO914

oA GPS H1A WFomel e WE WEoltt v, = GPS 9149 &&= 4

BeolaL ¥, GEO 914e] = WEolth p st p & oAAsh ae
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Figure 6-4 Selected four points for simulation
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Table 6—-1 Cartesian value of the selected four points

A (00:00:00) | B (06:00:00) | C(12:00:00) | D (18:00:00)

x (km) —-27828.9136 | 31792.4080 | 27551.1020 | -32042.5366

y (km) 31685.02205 | -2769.1326 | 31911.9004 | 27494.4159
z (km) 3.51107 —-27.4958 -5.3747 28.3683
vy (km/s) 2.30981 2.0194 -2.3276 -1.9989
vy (km/s) -2.02866 2.3185 2.0093 -2.3364
v, (km/s) -0.00192 -0.0003 0.0019 0.0004

AlEdlelde A, B, C, D A gelA COMS f14elA GPS f14de] & 37]

7}

)

Hol&
F

of

A9 2717k ol 49E

HAgste] Fastolty. A 24417k
b 55 GPS 949 AFE Figure 6-59 2tk 7 AN 37

sk COMS®e] z=7] YA+ 1,000km = A3l om 5217 AlAl L3+
100km = A3FAth. GPS oJAbA ol 23+ Al @ Ak= 7H-AIQE o] 2m

lo #& 10m= 3}l

3, XA kel

olZ2= lo &% 0.1m/s =& AT, 7 Ao 5Lt

GPS #4do] 27] Hol= 7
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Figure 6—5 Number of visible GPS satellites over 24 hours
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Figure 6-6 Point A with two visible GPS satellite

x axis (km)
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Figure 6-7 Point A with three visible GPS satellite
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Figure 6—8 Point B with two visible GPS satellite
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Figure 6-9 Point B with three visible GPS satellite
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Figure 6-11 Point C with three visible GPS satellite
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Figure 6—-12 Point D with two visible GPS satellite
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Figure 6—13 Point D with three visible GPS satellite
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Table 6-2 Test result at point A

Error GPS 27] GPS 37|
x (km) 4.453 1.908
y (km) 5.113 7.349
z (km) -3.511 -3.511
Vx (km/s) 0.000325 0.000162
Vy (km/s) 0.000331 -0.000517
Vz (km/s) 0.001920 0.001920
clock bias (km) 6.019 7.156
clock bias rate (km/s) 0.000001 -0.000194
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Table 6-3 Test result at point B

Error GPS 27] GPS 37|
x (km) 13.415 4.642
y (km) 16.693 6.615
z (km) 277.495 277.495
Vx (km/s) -0.000971 -0.000236
Vy (km/s) 0.000796 0.000156
Vz (km/s) 0.000348 0.000348
clock bias (km) 2.108 -1.598
clock bias rate (km/s) -0.000519 -0.000261
Table 6-4 Test result at point C
Error GPS 27] GPS 37]
x (km) -2.984 4.951
y (km) 8.600 1.750
z (km) 5.374 5.374
Vx (km/s) 0.000001 0.000514
Vy (km/s) -0.000543 0.000003
Vz (km/s) -0.001994 -0.001994
clock bias (km) -5.550 -4.319
clock bias rate (km/s) -0.000276 -0.000472
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Table 6-5 Test result at point D

Error GPS 27] GPS 37|
x (km) 16.474 17.425
y (km) 20.910 22.021
z (km) —-28.268 —-28.268
Vx (km/s) -0.000963 -0.001044
Vy (km/s) 0.001067 0.001136
Vz (km/s) -0.000458 -0.000458
clock bias (km) -9.404 -10.088
clock bias rate (km/s) 0.000424 0.000194

Table 6-6 Test result at point D1, D2 and D3

Error D1 D2 D3
x (km) 17.425 5.2519 -7.992
y (km) 22.021 7.799 —7.787
z (km) -28.268 -28.268 -28.268
Vx (km/s) -0.001044 -0.000007 0.001122
Vy (km/s) 0.001136 0.000249 -0.000716
Vz (km/s) -0.000458 -0.000458 -0.000458
clock bias (km) -10.088 -5.146 -0.468115
closk bias rate
/) 0.000194 -0.000050 -0.000165
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Figure 6-14 Result of the EKF simulation started at point A
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Figure 6-15 Result of the EKF simulation started at point B

12 T

2 GPS sV
3 GPS sV

10

Range Error (km)
[=2]

_ ==

MM T
0 20 40 60 80 100 120
Time (min)

Figure 6—-16 Result of the EKF simulation started at point C
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Figure 6-19 The stabilized EKF errors in a RIC frame when using two GPS

satellites.
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Error of stabilized EKF using 3 GPS SV in RIC frame
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Figure 6—-20 The stabilized EKF errors in a RIC frame when using three GPS

satellites
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< Daz} Altet WAS SAAZ 23 4 (8.9 v [83].

X, (k)= ¢ k.l —w, X, (k= w))

P (k) = ©(k, k= w) B, (k —=w)®" (k,k —w) + Ok, k —w)
Z,=h(k,X (k)

U,(k)=H (k)P (k)H (k)+R(k)

(8.1)

B odEE SAA e AG)E o884 (k-w) olFelA EKF B8 A
9 F4A X (k-w)E o]83A k AF oA AEE 5T = 9l

A58 SN 7, A4 £RE PN 28 AR e Ay 2 A

oful 7R FEAE Dask Ak FE RS o] FEAS 47 2
Az S TR 4 Atk A B2AH 4olF A4E ZAA e

Al A7heE v 4 (8.3)3 k.
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Z(k)-Z, (k) = (h(k, X (k))+ w(k)) - h(k, X ,(k))

_ (8.3)
:(h(k,X(k))—h(k,Xp(k)))+w(k)
Erm] =E[(Z(k) -7, (k))z}
:E[({h(k,X(k)) ~h{k.X, ()} +m(k)) }

. (8.4)
=H(k)(®(k,k—w)g(k—w)®T (k,k—w)+Q(k,k—w)) H (k) +R(k)
=H(k)P,(k)H' (k)+R(k)
=U, (k)

q7|A Axke A FEARS] diZbaE o kel tizted 84
v A7 190 7ho] Al 2ate] #nh o2 4 (8.5)¢] &, ¢ #ol
Belsta ¢ o A7 A WAA g, Bk 29 SHA wPo] WA

ACE Wostn R Aow Al Jow st wg Wy olng
greksie)

gty 1B e
(8.5)

if &, (k)=¢, then failure
54 (k)< €, then no failure

3= 0 o

AA = false alarm 3§ &L 7|Fo

A
= AAY 5 e Jhe] Al 24k A Aeste] v 4(8.6)3 2ol
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Residual and Fault Detection Threshold
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8. AlEdHIAY A3 £4

LAEH A AR AdE e

Srol Al AIQFe GEO 91/dell ek GPS 54 14 fHAE ¢ud+s 7
Sot7] #18lA GEO A= st odA= B43 SHA B4 Al
oldE Fgsditt. AAE GEO #1442 COMS (Communication, Ocean
and Meteorological Satellite) 9422 KARI (Korea Aerospace
Research Institute) o oJa] LAl o] &7 128.2°¢] A8kl glom
Ka-band &4 AMH| =8} dld A= 52 AFE 38 otk COMS 914
of F A= Aol o]8® 7] HHWaT A= A3 27 HAUS
Table 8-1° gelstitt [24

GPS 9149l # AXx dolg= COMS #1489 # A% AT 5Lt A
Zko| €] almanac H|°olE]E ©]-&3A GPS 914 HAS F A= HeolHE
Adetaith. AdE GPS #1449 3 A% dolHe COMS #9149 3 A%
HlolE S 7Rk GPS §149] 7Md& dddstol 7hAl4do] SHe GPS
Aol el SR olAbA g ek oAb WEkE dHlolHE AAdsHe
= aklom AEE SR HolHolA & =2l A 542 g &
HLYFe A&ete] 1 dES S F EKF ZE AlEdelds 338

Atk AA wlole] AT A B ol 342 Figure 8-1] ks o] gt}

f
o
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Table 8-1 Orbit simulation parameters

Orbit type

Geostationary

Initial epoch time

UTC 00:00:00 1 Jan 2006

Simulation time

24 hours

Geopotential model

EGM-96 (Degree: 20, Order:

20)

Third-body gravity

Sun, Moon (DE405)

Solar pressure

4.57x10°N/m?

Cross—sectional area

18.941 m”

Satellite mass

1547 kg

Numerical integration

Runge-Kutta 56

algorithm
X -27828.9136 (km)
Y -31685.02205 (km)
Z 3.51107 (km)
Vi 2.30981 (km/s)
Vy -2.02866 (km/s)
V, -0.00192 (km/s)
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Figure 8-1 Simulation procedure and function blocks
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Figure 8-2 GEO orbit and GPS constellation
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=|F(TX) = F(RX)|+c-0,(RX)—c-c,(TX)+n
=|[7(RX -1)-F(RX)|+c-0,(RX)—c - 0,(RX -T)+n
o, =b,+b(t—1,)

o, :a0+a1(t—t0)

(8.9)

o714 7 GPS $149 AAHH, TXE A& $%F A7, 7 & COMS ¢
gl SIAHE, RXE A% #2 A, o, FAl7]9 AA 23l o
GPS 9149 AA &4k, n & 7F9-A] =
Az AE AXbste] N(O, 1599 $X & 7 =S sl

GPS fIAelA Als7t &% ¥ A7 TX9F RX= COMS $14# GPS
9173 Aele] 7latetAQl AgE As7F W] L olEsuA A7]= A

s
o]Z o] Tty 4 (8.10)% iteration 7S &34 ALFskalth [104].

.
i)
lo

o

L

_[F(RX —1) - F(RX)|

c

(8.10)

A WEEe A A4 AE9F ML o AYsgs
g the A B.1Dsk @ol Aeldnt [105].

p=2ee[V,(TX)—V(RX)]+c-5,.(RX)—c-6,(TX)+n (8.11)
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GSS-8000 Al&#elEl et HolHE M3l GSS-80002 RF A3 &5 A
gelolie 4 gl AEUClHE RF ASw ol A, wZe,
GPS 914 91Ask S, GPS 94 Al oAk #k o dolEE A9
% 9tk GSS-8000% 2 =l AEold Mg SAshA st o

o AE= deolHE Aste] AlEdeld At vlusgltt. = RF Al
sole] mmrt ohd ZAAe] 44 dolHE vty vas Ea)A A
HeolElel & =AM Fag AlEweld A3t $hds] sdT s g
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Figure 8-3 GSS-8000 simulator
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Table 8-2 EKF simulation parameters setting
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2. Impulse Type Fault

e
Apspolty. 14olA BAbal GPS FA7)E 95 87 Sold AW £w

£ impulse & Ej

skaL olol ik 1 HES AlEwE AT A

500m, 1,000m®] Impulse 2] 17e] FAPS wff o]¢f HAE o729 7
=% Ao XPS wWel EKF ZE 8 A3E vlusigla Ay
Figure 8-4%5-¥ Figure 8-7°] YeERHATL}. L
ol EAst=S At 19 8 oA sbekd A2 3ol WASA]
= e WA EKF dY 8 Aoy, F24, F34 S2H A
2 ZFzZF 100m, 500m, 1,000me] impulse FENQ] 27} WAUS uw] o]
A=A g Adola, w4 AL ol AA P& weo Aol
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Figure 8-4 Impulse type fault—-EKF result without fault detection and isolation
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Figure 8-5 Impulse type fault—-EKF result with residual test
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Figure 8-6 Impulse type fault—-EKF result with SCST
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Figure 8-7 Impulse type fault—-EKF result with proposed algorithm

146



Impulse type fault 2 A] o}F-2
g 7R daudEsS #ete] residualll X 1 HEe AT A4S
SCST ¢agl&s S8AR 2 o83k A9 Lejal ARMe dudss
o] &3t 9o A AE o nlusgict. o

QA7E AHA ek A eab
waklS W residual test®} H]uLsto] AQbek darg]Fo]l 69.9% ARt
A

= o PN
AL ¢ & AT

Table 8-3 Algorithm test result of impulse type fault

RMS Error (m)
Fault W/0 Residual Proposed
SCST
method test algorithm
100m 6.23 6.22 5.93 5.93
500m 20.93 9.06 5.93 5.76
1000m 42.31 42.86 5.93 5.76
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3. Step Type Fault
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Residual and Fault Detection Threshold
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Figure 8-8 Ramp—type faults, residual and the threshold

Residual and Fault Detection Threshold
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Figure 8-9 Step—type faults, MA of the residual and the threshold
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Figure 8-10 Step type fault—-EKF result without method
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Figure 8-11 Step type fault—-EKF result with residual
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Figure 8-12 Step type fault—-EKF result with residual SCST
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Figure 8-13 Step type fault—-EKF result with proposed algorithm
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Table 8-4 Algorithm test result of step type fault

RMS Error (m)
Fault W/O Residual Proposed
SCST

method Test algorithm
10m 8.72 8.72 8.72 8.72
20m 15.80 15.98 14.16 10.95
30m 23.54 23.25 19.98 10.50
40m 31.46 28.76 18.90 6.82
50m 39.45 28.59 21.10 5.49

4. Ramp Type Fault

Al A AlEE o] ol A= Ramp FE|S] a7go] TAIPES o
daelFe] Aee HAsedth oA WA A7 kel Aok LA A
AelA L Ramp 22Fe] A 7]+= 0.2m/s, 0.5m/s, 1m/s, 5m/s, 10m/s = A
Aottt Figure 8-140l4 = SAA] 4, bap, @ AlzbelA o] % 4
= YAAE EF YERATE 1m/s ©]%4e] Ramp a7go] wHAEgE A5l =
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Residual and Fault Detection Threshold
T

500 T T
/ Residual (0.2 m/s ramp)
450 i x  0.2m/s ramp H
| Residual (0.5 m/s ramp)
|
400 | x 0.5 m/s ramp
1 Residual (1 m/s ramp)
," 1 m/s ramp
350 ,s' Residual (5 m/s ramp) []
," 5 m/s ramp
/
300 * Residual (10 m/s ramp) H
/
/ * 10 m/s ramp
250 c/ = w1 Threshold 1l
B /
£ [
5 200 L
z |
|
150 T
\"‘ \
100 f !
i X \
/ x> \
e -7‘---- o x X 'x';/'f'x'\/-"'j\ e
(' EEES \
o A< x x ——
ool LN
0 50 100 150 200 250 300 350

Time (second)

Figure 8-14 Step—type faults, residual and the threshold
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Residual and Fault Detection Threshold
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Figure 8-15 Step—type faults, MA of the residual and the threshold
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Figure 8-16 Step type fault — EKF result without fault detection method
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Norm Error (m)

Figure 8-17 Step type fault — EKF result with residual test
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Figure 8-18 Step type fault—-EKF result with SCST
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Figure 8-19 Step type fault—-EKF result without proposed algorithm
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Table 8-5 Algorithm test result of ramp type fault

RMS Error (m)
Fault W/0O Residual Proposed
SCST
method test algorithm
0.2m/s 15.75 14.65 12.17 7.52
0.5m/s 38.89 17.63 10.21 7.36
1m/s 78.33 8.51 6.70 6.84
5m/s 395.30 8.43 5.50 5.51
10m/s 791.71 6.16 5.85 5.86
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Abstract

GNSS receivers for a GEO satellite can provide high level of accuracy
with low cost compare to other satellite tracking systems. However, the
conditions that sparse visibility of GNSS satellites and low signal power
at GEO orbit increase the error magnitude and the probability of signal
fault occurrence. The damage of fault is very critical when it occurred in
a GEO satellite. Because the observable GSNS satellites are usually less
than 4 at the GEO satellite which makes the effect of the fault more
seriously than other GNSS receiver applications such as ground user,
LEO satellites.

To overcome with this problem a novel algorithm for GEO GNSS

receiver is presented in this thesis which can detect and isolate the fault.

The presented algorithm propagates a fault free orbit data which had
been estimated by the EKF orbit determinator to get fault free orbit data
at current time. Then, the propagated orbit data is transformed into
measurement space and compared to current time real measurement to
generate residuals. The residuals are checked to detect fault occurrence
and if fault is detected in the measurement, the fault contaminated
measurement is removed from the measurement vector. The EKF state
error covariance and the orbit propagator error covariance are used
when determining the detection threshold for fault detection.
Furthermore, the moving average of residual is used to detect soft fault.

To test the wvalidity and efficiency of the presented algorithm,



simulations of GNSS fault occurrence were performed. The first step of
simulation is generating GEO orbit data, and second step is generating
corresponding GPS constellation. Then visibility of GPS satellites is
checked to obtain visible GPS PRN and number of all visible GPS
satellites. And then, measurements of GPS satellites are generated when
the GPS satellites are visible and various types and magnitude of faults
are added in the measurements. Finally, the presented algorithm is
tested using the generated measurements.

With the simulation results using various type and magnitude of fault
occurred measurement, I conclude that the presented algorithm can
detect various type and magnitude of faults. As a result, the EKF orbit
determination filer robustly and continuously performs its process.
Therefore, the GNSS receiver for GEO with the presented algorithm can
provide stability and robustness of a GNSS receiver when fault occurred

situation.

Keywords : GEO, GNSS, fault detection, EKF, orbit determination
Student number : 2006-30187
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