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II. GNSS/INS 5% & A|AH

1.1 GNSS (Global Navigation Satellite System)

11.L1.1GNSS #4 84

GNSS (Global Navigation Satellite System)= *|1- A Aol tja] %] AL S
7bsstA st 914 FH Al =dlolth vl GNSS 914de] A7t E7]s)

Ho] A= A5 E FEotal AHAE f14d AEE FAlste] fAE ALt

Ey

ek 3% 912 9 AT A @ AHE A FAE] wiiel A AR
o= Ha 47l o] Are] 9 Aol Fasit) &
2 dAol Tk A W Al&®2 vl=e]l GPS (Global Positioning

System)[42]¢} ElAlo}e] GLONASS[43]7} Qith ol9jdl= 3 A%

1o

rlo

Galileo, = =r2] Beidou 5°] & 7N o Ao}t ZF A sH A==
20~30711¢] MEO 914= o8 7ol Hwol| x| AlFo=zH A+ 2 AH

o] AM sseE= etk

| 282 A %5 &2, 32 B2, ARSA B 2R

>

4

b

[e5
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Table 11-1 GPS, GLONASS A|2H J]Q

System GPS GLONASS
Owner United States Russian Federation
Coding CDMA FDMA
Orbital altitude 20,180 km 19,130 km
Period 11.97 hour 11.26 hour
Revolutions

2 17/8
per sidereal day
Available satellites 32 24

Frequency

1575,42 MHz (L1)

1227.60 MHz (L2)

Around 1602 MHz (L1)

Around 1246 MHz (L2)
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Figure 11-2 GPS #A] B& [42]
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AT ZAHAE FHH mAE obdfsh Lo,

p=d"+B-b +T'+1'+5R' + M} +¢!

Table 11-2 SJALA R & »d 84
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pt i WA 9jAd el ox e SAHA
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¥} A 3] (Carrier Phase)
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Al
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hotdeks A9 OE AR of 2 e fEel JdAAY FAH e vle
A3 A 2 i mAAS el Frhw AT dolt

GPS¢} GLONASSY] wkEu} wpgzol:= A (2.3), (2.4)9F #o] A 4= 9l

T} o] w C(=299792458 m/sec):= o] £EE LiEbWlt

fops =1575.42x10°

2.3
Ape = -2 ~0.1903 m @3)

GPS

GLONASS §14¢ 2t §i4vith wst F3tvt chedl 7 914 8w

oy

s F3h A (24)% 2ol ANT F Ak

foionass = o + K x channel spacing

C
ﬂve = ~0.1867 ~ 0.1876 m
ROmASS fGLONASS (2.4)

f, =1602x10°
channel spacing =562.5x10°

o] wWf YA H A k¥ Table 1.3 7231 o] ZHS GLONASS =3 o] %] o] A
stolg 4= QIvh43]. ¥ d| Table 11-32 ® W k gto] HU3 YA E0] &)
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ATk o AHES ATE FHOE so] P4 wgT] EAFES A7)
Hof Q= 4oz AGAT o] AHES BAY BET 5 gk webA

A k S AT A= BATE HA gk

Table 11-3 GLONASS 94 ¥ A4 k

SV# 1 2 3 4 5 6
k 1 -4 5 6 1 -4

SV# 7 8 9 10 11 12
k 5 6 -2 -7 0 -1

SV# 13 14 15 16 17 18
k -2 -7 0 -1 6 -3

SV# 19 20 21 22 23 24
k 3 2 4 -3 3 2
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T=Z& &3A3 (Doppler Frequency Shift)

T
a

|

Bl

N\

4 A

rr
+

A® AE9} GNSS Fal7|oA] wEojll A E Alo]9]
Fyl4= #}o] olt}, o] Aol A F ALEA el A &Y 2
3 mjAel oa) wAFTE GNSS FA7| A EZe] S = vhEn =4

A BRI gy wEs SR WE Ao e g s

D'=A¢' =d' +B-b' +T'— 1"+ 5R + M} + 4 (2.5)
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I1.1.3GNSS 23} 84
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 ANE

OC}: 5

GNSS+ ©=o =2 ALgdr % oy 7kA o}

o

} 84 8 A & [45]

Table 11-4 GNSS 2
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94 A= ox

GNSS9| #Al oA AREAZE 914 9IXE Albste] Al A& A
A SRR A X9 #EE ARE GNSS 49 W vAARE
W olgA Aste 94 A= AAS} o 1 vE 7MY eAE )
ZITH45, 46]. Tl Eo] M2 ThE GNSSE T3t dWS e o= 7
GNSS with Alg3h= 7[R AE e F donE FUHAQ vt 2

2.81T}H47].

A4 AA &

i

GNSS 9S4 AT AHE e ARAAE GAs] E A7

O

gelsttt, 18 udE 943 Aol LAt EAlskET o) oJAA R &
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k= oo, 58 MEF 2 719 A== oF 107 sec/secd =2

A glou} aEdetE 3 (86400%) Fotol 108% AL Azt eaE

W

FRAT A ol5 g AR Barse of 3m AR HAS A @n
glow £ el 2 exz AW 4 UrH4s]. oA T ol A4 AAF
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AT UFE5S 1% F 60km7FA 2] ]S vERATE GNSS A EE Ul
TS Ay Aol A= o] AL tr]e FdEC] 1HT; o &

Z](1.0003)ell $171 witel et AR 7] MEVF EE AE el
A A HERGTH48]. et sl o3 AE AdE wet dES} dry )
ER 2T 7 U= wet FEE HAF] oy ¥ dry StEE 2Y
A= olgete] w2 ASER HAe] rhestth AA diiT Al dry
EZF 90% 7hE ARAEH] wEel difrs A1 v REEA B

o] 7}%53}rH50]. & e AdS Ase Faet dAgle] WA st

[

H] #AF vl & (non-dispersive medium) 5742 Wt

FA7] AA 22k

A4 AA LA7F wERTFA R GNSS 41719 AlAld = @ AF7F EA) g,
gutA o 7 A& GNSS F217]% quartz-based A A|S EAlsta glo] 94
A Aol H8] A7l Wolzth[45, 51, 52]. GNSS =4 x| o] A7) A|A] &
e BE g dis e w@s 7HA7] wiel AFgA 1Ak A wlA
SR Fa A3t o] Q1E] GNSSE o]&dte] AlgAt X E Aatet
o HA 47 ool Aol HastAl Enh ole YEo] 2 7FA o]
GNSSE T ataa & o= 7} GNSS9| 7] Azt Zpols F7t= 18
g =0 oF shr}[47, 53-57].
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INS (Inertial Navigation System)

1.2

11.2.1INS 7} &

19501 ] Zwkol]l ul=r MITOl A 7

1
1

INS(Inertial Navigation System)

™, 1960t F-H A -&31% 7] A
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!

g
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s 9
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=

R

FomX
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Figure 11-4 INS A] ¥l
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Aze HEE AASh A%E ANZE 99 9ol gEue] gn Fue

—

g AT AS FATEE AojEr). Gimbaled A ~ES HATHES T T

>y

Strapdown A]A~ElS FHS Glofjar MM E Ao 23 FeE Wel=u
AdA o7 Do §l7] wWEe] dHEARI i e FxRFos 7
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s
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o] Fa lom X Ao A% Strapdown A~ AFE-3hUE

i

12234 AA

INS A 282 AAAM el SRS vtgez A, A4S F8t7] wEol
WA e Aol = INS AlxEe] Aeolst & 4 vk M=

Scale factor, Bias stability, 32 7 59 A% A

=5

o] w&} Navigation Grade,
Tactical Grade, Automotive Grade & ° 2 F-FHri61, 62]. Z ol w& 7}

A, Aol AFE e AT A HEiE Table l1-59F 7t}

Figure 11-5, Figure 11-6-= A AlA 9] Aol M &8 oFs YERATH63].

Table 11-5 B AA Fo] WE B

Sensor Quality | Gyro Bias Gyro Noise Accel. Bias | Accel. Noise
(deg/h) (deg/h*?) (ng) (m/s?)
Navigation
0.01 0.005 50 0.001
Grade
Tactical Grade 1 0.125 0.5 0.01
Automotive
100 0.3 30 0.05
Grade
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Figure 11-5 Current Gyro Technology Applications
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Figure 11-6 Current Accelerometer Technology Applications
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Ao INS AzFol A ALEFE BN E SRS ule]o]s 50

ng, &S 45 0001 m/s?, Aol 2 HEo]o]X 0.01 deg/h, S 425 0.005

N

degh2o]t}. olel@ 5% & WEals BAMAE WS Ty Agow

J

ARE8E7lol= otk whebA Navigation e A8t = Hlald A7}

o WHANE AT F Y BT Wl BF AT/ Ba

B Ao A= MEMS T3¢9 A7 B3 A

>
Ll
gk
oo
o
®
Z
wn
o«
=z
wn
ol
e
ot
iR

a2 (26)3 v BAAAMEY Scale factor 5o o7 oz FELS
Calibration ®4[64-67]5 &3l & HAH At 7Fgstar npojoj~ & 4

2 o] A Fa eak Ylolgta 7 s

2] (2.6)> Discretize® 3% ¥WAAAM =¥ A& YeEbIAUh hat A= AlA

e e e okl A4 @

rr

%E‘Lﬂl _], btotal% H]'O]Oii\— 9‘?]- 601-1 W

= 7lELT s Ao]RE YT

f(i)=F(i)+ D (i)+W, (i)

(2.6)

O(i)=o(i)+bgy (1) +w, (i)
T AA wlo]o 2~ &2 AAT7E AZ u vl gho] Sl X qE Ak Al
S Ai Ul A5 ez EASE A &3 Al whel WEks o=
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Hloloj 2~ o] 7 9- wle]o X~ Driftgbal F27]% gk}, wloloj 2~ Drift &
& 13} Gauss-Markov E @AM~z RAld 7] % 62, 68]. A Hlo]o]

soghe o] T ag W gol Hvk

btotal,a(i) = bO,a +ba (I)

(i)=b (2.7)

total,g

&4 vpolo] s @] 5 GNSS/INS 53t oA A § WA =

N oahw e @ vlololx Drift & STk e 2 vpolo)

Drift & B AEZE 1Sigma S AR

2] (2.8)> Discretize®l 3% #AAAAY 5 3 wloloj~ Drift o] 1

Sigma @S YERATE

(2.8)
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11.2.3INS Mechanization

INS Mechanization 4~2]-> 4] (2.9)¢} 7t} INS Mechanization 2] T3t

2l
ot

Hx A ke R =% 4 Lo ECEF #i Al 7]wke] o] 7
H

v, (t)=Cs (t)f° (t)—2Qv, (t)-Q%r, (t)+ G(t)

C: : Direction cosine matrix (Body to ECEF) (2.9)
Q=[] : Skew symmetric form of vector o,

Q}, =[ ), | : Skew symmetric form of vector o},

o, : Earth rotation rate (7.292115 x10°° rad/s)

G : Earth gravity model (|G|~9.8 m/s’)

A 29y 717t ECEF AE A 7139 914, S5, A9 48 v,

A e Zde A (2.10)9F 269, 70].
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(2.10)
44 Earth's gravitational constant (3986005x10° m*/sec’)

a,, : Contribution from the Earth ellipsoidal nature

B Ao A= GNSS/INS E3F S o83l GNSS SHA =9 o %
F AUIAE FA458taL ol Fal AlolE £ AE3Hoh GNSS/INS 2

Mo
ol
L

Bl SAA AHolE *9] Ao INS Mechanization 25 %
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ol
)
)

™

Ais A

o
>



A, :estimated

OAr, :etror

i epoch

i+ N epoch

Figure 11-7GNSS £A32] &9 o & 7+ 9] A]

Figure 11-7¢14 Ar,+= GNSS SHX &9 o F 31 Fd9AE WEd L
SA = 22 #he WERTH

oukAd o F INS7F GNSS 421719 H]E] e flolE &9 F7]2 A=
2 GNSs SH4A &9 oF e ddieAE F4sh] 9l N9

INS Propagation®] 2 8 3}t},
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11.3.2GNSS/INS &3 3y 9F
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Table 111-2 GPS A Ed o] Hlolg AA w4

GPS errors Generation strategy

Difference between satellite positions based on
Ephemeris error precise orbit (IGS Product) and broadcasted

ephemeris data

lonospheric delay IONEX and obliquity factor

Tropospheric delay Neglect

Modeled as an exponential function of the elevation
Receiver noise

angle
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Table 111-3 INS Propagation 23} A4 2]

INS errors Generation strategy
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Vertical Channel®] 2] Z}7} 2] (3.50), (3.51)3 #t}.

or,, =0V,
5vu>< = 905V/uy + Wax
Wy =Wy (3.50)
ofy, =0V,
5vuy = _gO§V/UX + Way
51/)ux = ng
or, =90v,
) (3.51)
oV, =W,

2l (3.50), (3.51)S AT KW X SAAZHE X, £5, Tilt 2t ZA

(8ux) Sy )7t Observabledt A= & <= Atk ZL2fud Azimuth ZH(8yy,, )<

Unobservable &ttt wehr AA|(F2 S453) GH s #A, &=, Tilt

Zy 2bM] @ 2F2] Variance gk G~H A TF Azimuth 7} 9 %}2] Variance #t-

7ol 7] e FASHA Ak Ags] el z WEF Aol m | Frgol ¢

a ofF HHs| FrFeAIRE S HE7F i =R dA AR el A
=

=AY 27 gt @va g & gk o2 FAHe

UERE 2] (3.52)

92



Var(5Wuz ) ~ \, P99,0 (352)

2l (852)°14 P ZE]Y 9by 9 F7]9 Covariance FES eI o}
A= P 349 7 945 veRd uf ARR T ofF] HAY 02 27

%S vheha,

A GH 71EolA f1A], S, Tilt 28 AAZE elsta o 37

HS

évuy = _905Wux + a5Wuz + Way (353)

o%
2
N
)

o
11
11
iz
g(ll
N
N
b
Ho
offl
o
>,
N
N,
ol
ol
rir
P
N

| @AE AeiEw o wf x

of

& AAlet z W A9 Variance #2 th2o] BAZE JHAA "

)
o O

SHH AA(ZS 5&5TE) FH J= o x W ZA Q] Variance™

4

93

i
T [,
| =T

= L

-
=]

11!



var (S, ) << var(dy,, )
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o8 z W3k Aol Variance’t FHEEHA ATk S AA A

e 25 AN 2 WG A FEIG A B AT
5

o] Al E# o] S 2 Covariance Propagations F3sto 24 &% Q2|

Al 2] Variance #kS A4kt

Covariance Propagation> U2 A4S AA T35}

Table 111-5 Covariance Propagation X Z A2

(3.54)

S 8 3o AES stAgeta tdslE o RdS o]

Initialization P =P

Covariance propagation
Pii1 = F4PTFL + GaWGE
(INS epoch)

Covariance innovation

(GNSS epoch) Pli1 = Py — KiyaHP

Kiy1 = P HT(HP HT + R)™!
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Table 11-59 4 7+ )8 & t}&3} 2t}

W — |:0a2 |3><3 0 :|
0 O'§|3X3

R=0tl,, (3.55)
H :[sts 03><6]

EE g,0,5 2 (28)9] Discretize®! 7HEEA B Apo]l® EF¥ A 39
¥+ AXE YEAL

Table 111-59] #4S A AASE E Covariance® &% 2.3}, A 2.3}9]
Ho 3ks 2AEeEgIt AA S5 oxke] Hu @2 2 (3.56)9F #Hol &
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max 66
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—
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2 2
Y |max + |baZ|ma><

o] = b+

|bg|max - \/ng ;x +|bgy|r2nax +[bg, rznax (3.58)
|A|max = J§|A|max
|B|max = \/§|B|max

A1 wlolo] 2~ Drifte] 7} &9 FHul k2 2Sigma #toE AT

FA] Al

|baX|max =|bay|max :|bal|ma>< = Zo-ba (359)

X Imax - |bgy|max 9z

2 (3.45)¢] BAAAA 9] Th-AIQE FE AL eake) & F UEke] o
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)
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A=ZT2> w, +T? W, |
1 Jl\=ll+i—l k=IN-:|=—Il k-1
B=ET3f ,Z w, ; +T°f 2.2 W, ; (3.60)
N+i-11-1 k-1
+T3f w

2] (3.60)9] 7H-A1%E g A 22| Variance= U o] AlLhE U

4N® - N

var(A) = T'c?
9Niz 5N°+N (36D
var(B):—180 T

of W) ZFFAGE A oake] & F W exbel A ke 2 Sigma O

kst .

Al = 2,/var(A)
Bl _ =2, /var(B)

(3.62)

B
o\
a2
o
el
=
to
24
1o
e

o ke 4 (3.48)°l tiY¥stH GNSS SH A &
o Z 7+ AR F4 2 2}2] Bounding Equations 2] (3.63)3 o] gt
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|5Atru|max < fn(P,O'ba,O'bg,O'a,O'g,N,T, f)
=2NT/P, + Py + Py

o] -
+(a+go)\/(2§—b""J (2R ) +ay(24Rn)

+=N?T?

0

1 1
+2\/3(ENszabaj+2\/§[€N3T3fabg)
3 SINE
+2\/§( AN"-N NT203]+2\/§[ SN"-SN"+N. +NT3f0'gJ

12 180

2] (3.63)2 Ao v AAAA Aol gt Ao el

Ak,

o,, . Bias stability of accelerometer
. Bias stability of gyro

. (3.64)
o, . Std. of noise of accelerometer

o, . Std. of noise of gyro
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2t o] W GNSS SAHA| E8 olF AL 122} JHAslal B A=

100Hz=Z =" 3t 745 o

Table 111-6 A|E#o)Ad] AI2dE BAHAANA A%

SPAN-CPT Gyro bias variation (deg/h) 1

1t Gyro noise (deg/h'?) 0.0667

KVH IMU Acc. bias variation (mg) 0.25

(Tactical =) Acc. noise (m/sec/h*2) 0.033
Gyro bias variation (deg/h) 25

ADIS16365 Gyro noise (deg/h'?) 2

(MEMS =) Acc. bias variation (mg) 0.2
Acc. noise (m/sec/h*?) 0.2

104



WA gA7F 25% kel AR & 25% 7he] oF WEk v £%S drfal v}
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Figure 111-17 Covariance AXtl AM8-| A 7]& AL
Table 111-7 A 71% & &5 23 AA 2319 ¥F HA}

IMU O'(qu) a(vuy) o (vuz) o (lpux) o (lpuy) G(lpuz)
Model (m/sec) (m/sec) (m/sec) (deg) (deg) (deg)
KVH

0.002 0.002 0.001 0.005 0.003 0.04
IMU
ADIS

0.011 0.011 0.005 0.08 0.05 0.7
16365
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Table 111-8 GPS Al Edo]A dHo]g A =4

GPS errors Generation strategy

Difference between satellite positions based on
Ephemeris error
precise orbit and navigation data

lonospheric delay IONEX and obliquity factor

Tropospheric delay WAAS Tropospheric delay

Modeled as an exponential function of the elevation
Receiver noise
angle

Figure 111-20 914 Hvjx] (A|E#H o] A)
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Table IV-1 GPS Al Ed o] ©Hlolg A4 14

GPS errors

Generation strategy

Ephemeris error

Difference between satellite positions based on
precise orbit (IGS Product) and broadcasted

ephemeris data

lonospheric delay

IONEX and obliquity factor

Tropospheric delay

Neglect

Receiver noise

Modeled as an exponential function of the elevation

angle

Table 1V-2 INS Propagation 2.2} A4 4]

INS errors

Generation strategy

INS Propagation error

OAT, =0,y
cov(Ar,)=(1em)’ x 1,

AR AFgE V1FE 94 1w g4olth o] © INS 2ol e

d ¥ A71E a9 Ed gL ady 2o
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Table IV-3 $14 ¥ 5945 27 bd& RUHE % T3

oy [Ve|
Oy —_ -
S\ # max(oy) Eo A max(|Ve|)
(cycle) % %
3 0.066 85 1.2656 84
6 0.074 95 1.4145 94
7 0.03 38 0.5441 36
8 0.038 49 0.7226 48
17 0.065 83 1.2176 81
19 0.05 63 0.9380 62
20 0.061 79 1.1731 78
22 0.078 100 1.5052 100
25 0.041 53 0.7627 50
28 0.058 75 1.1161 74
32 0.061 78 1.1580 77

Table IV-42] A3 AvEd A 43)9 §%= At o] 7+ 94 3 =
UHE® zt o exte] vjgo] F9 A v&d A dAst= AS g4l
sk 4= ) uEld AlEYolAS B INS 232 Range =121 Projection

%Fo] g Aol ML s,
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Table IV-4 24 94 2% 44 A% BUHY 3 Relos BF @ vz

oy (cycle) oy (cycle) 2} A&
SV #

@4 94 23 48 ) | @A 948 =% 248 H) (%)
1 0.0661 0.0295 55
2 0.0738 0.0111 85
3 0.0296 0.0296 0
4 0.0381 0.0381 0
6 0.0646 0.0367 43
7 0.0489 0.0489 0
8 0.0615 0.0379 38
9 0.0780 0.0286 63
10 0.0409 0.0177 57
11 0.0582 0.0273 53
12 0.0607 0.0245 60
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Table IV-5 33 A4 23 & A% 59 A4 v

A 59 A= F9 A=
SV #

#4948 =2 48 4) | @4 A8 =7 48 A %
1 1.2656 0.5632 55
2 1.4145 0.2082 85
3 0.5441 0.5441 0
4 0.7226 0.7226 0
6 1.2176 0.7036 42
7 0.9380 0.9380 0
8 1.1731 0.7249 38
9 1.5052 0.5318 65
10 0.7627 0.3370 56
11 1.1161 0.5195 53
12 1.1580 0.4589 60
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Figure IV-22 9144 HlIlX] (A Ed°]A) - GPS, GLONASS

Table IV-6 GPS Al Ed@o] 4 Hlolg A wa

GNSS errors

Generation strategy

Receiver noise

1 Sigma: 1 mm

Table 1V-7 INS Propagation 2.2} A4 4]

INS errors

Generation strategy

INS Propagation error

(1=)

SAT,

u= 0 X1
cov(SA

3
r)=(3em) x 1y,
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B 71 AlolE €Y AE dudFE AT B4

V.21 A&l A3
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doly A4d a2 vadt 2o AlEdelAd delele] 914 #ix|= Figure

IV-303} ZF3L Mask angleS 10%== A A3} th

Table IV-8 GNSS A E# o)A dlolg AA €4

GPS Errors Generation Strategy

Ephemeris error Neglect

lonospheric delay Klobuchar model [97]

Tropospheric delay Simplified model [50]

Receiver noise Zero-mean Gaussian noise (¢ =3 mm)
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Figure IV-30 $14 ¥lX| (A& o]A)

Table 1IV-9 #4414 dlolg A4 02 (Al EHH)

IMU Errors Generation Strategy

Accelerometer bias Constant bias (0.1635 m/s?)

Accelerometer bias stability | 1% order Gauss Markov sequence ( 0 =0.002 m/s?)

Accelerometer noise Zero-mean Gaussian noise ( 0 =0.033 m/s?)

Gyro bias Constant bias (1 deg/s)

1st order Gauss Markov sequence
Gyro bias stability
(0 =0.007 deg/s)

Gyro noise Zero-mean Gaussian noise ( 0 =0.3323 deg/s)
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Table IV-10 2UER zt J9xte] F A} v (A& ol A)

Satellite oy (cycle) oy (cycle) A} AAas
PRN | @#H 9148 2% 48 ) | 33 94 =% 48 A) Unit: %
2 0.1410 0.0902 36
4 0.1224 0.0812 33.64
6 0.1252 0.1194 4.64
9 0.0807 0.0807 0
10 0.0842 0.0842 0
12 0.1614 0.0744 54
13 0.0818 0.0683 16.5
20 0.1629 0.0866 46.8
23 0.1243 0.0997 20
715 WA Al WA o] RUEE gk e xtE Hlwe] & A of
5~50% 7t QA A Ut des deleith EUHE e oA
Azt gle fde By 71 HA Y Ve A LR 1ol T
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Table IV-11 Alo]E £ False alarm &5 Bl (A Ed o] A)

4= 3l

Satellite Ppy Ppy
PRN EH4 84 =% 44 =) AR 94 =% & )

2 1.9x 102 2.4x10 10
4 6.3x10 4 41x10 4
6 1.2x10°3 2.86x 10 *
9 2.1x10 % 2.1x10 %
10 9.96 x 10 %3 9.96x 10 3
12 1.4x101 0
13 777 x10 0
20 1.6x 101 1.1x10 %
23 9.8x 10 4 1.3x10 7

RUEHY 7k oozt AR <13 False alarm &858 thei 7@t} Alo) &
=

ol ky 2 47582 AAEATE ol FoA 1 x 1008} Fe 3he
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Time PRN

Unit: sec 2 4 6 9 10 12 13 17 20 23

197,100 -1 1 2 —2

197,300 1 -1 —2 1

Figure IV-45~Figure IV-53-S Table IV-129] Alo]E &£ HS QAo 4
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ul AlolS &% HE A3E eI Figure IV-45~Figure IV-530 4] %52
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Figure IV-55 Ag 4] T4

199



|

7 A

B\

AAZ PCE F43te] MATLAB =138 o] &3l & g
= deolgE At #A Al -9 Table 111-100] BAE #4 AlA
sy g GdFae A7 25 GPS 2 GLONASS HlolE +=3& ¢
3l Novatel A} FlexG2E AM&3l3ith #lotd AtolE &9 HAE daglF

T&o &= FlexG2 A7) e

1o
2
e
N
_&“i
4>
rE
ofy
_&“i
e
ol
N
1
<
m
<
()]
zd
r o)
o
ril
o

(ADIS16365) o] AFE-E]21Th T3l Novatel Abel SPAN-CPTL o] %3
21719k Tactical i AN RES WAL 9lo] GNSS/INS i Y
o] 7}53k AlxElo R 73 9xE A=Y A3} tE SPAN-CPTE
o] g3le] cm o 91X Axro] 7}esit).

1ol ol% A @ Figure IV-549F 2t o] weo] 914 ®lX]= Figure IV-56

o 2ok A9 EF 8700l 1374e] ThA] 9140l Below FH g o

GNSS A% Fell=ol oaf F714om 7FA] 9149 77k Wake= ghAo

O

Atk 7HA 914 7 AE
< AEHEHow AolE HATL

W] el wnik 24 914 2%

200



# of SVs

Figure IV-56 914 BllX] (2 A 9)

13 ‘ I

85

8
2878 288 2882 2884 2886 2888 289 2802
Time (sec) %10°

Figure IV-57 914 7l4 W3} (A5 49)

201

¥ ,ﬂ _

'!.I o

H

1



434 94 44 23

A e Ak Age] HA A 23 A= Figure IV-589F 2t o] A

rr

A9 A2 2706 12719 91400l B we] AnE Yedr),

D
OO

DB
B«

Figure IV-58 A3 A& Al H3 944 =% ¥ 43)

Figure IV-579 4] Ho]= uje} o] A3 &<t 7HA] 9144¢] 7l 8714014
137 st oo wet HA 94 2= ekl HW ol uhed
A ZE e BUBEE ol oA AXTE star el 7w sk
ol 914 mitk Agrt Zzh b2 wjito|vh. wEk JFA] 914de] WE
npeh A 9 23S dulelEsty] flEl Aol Al FayHTh. Figure

IV-59~Figure IV-72%= 7+ 9]¢ 713 94 Ae Ax2 e

202



60 F 7 T T T T T T T T ]

50 1

40 | ]

30 4

Ref SV #

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (s) % 10°
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Figure IV-61 7] $144 A9 23 (}F 43)-Sv14

30 4

Ref SV #

20 1

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (s) % 10°

Figure IV-62 7]& 9174 A9 23 (A7 43)-sv1i5

204



60

50

40

30

Ref SV #

20

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (s) % 10°

Figure IV-63 712 914 e A7 (3% A8)_sv18

60

50

40

30

Ref SV #

20

| N,

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (s) % 10°

Figure IV-64 7] 9174 A9 23 (A& 43)-sv20

205



60 F 7 T T T T T T T T ]

50

40 | ]

30 4

Ref SV #

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (s) % 10°

Figure IV-65 7]& $1/4 A9 A3 (3% 43)-sva

30 4

Ref SV #

20 1

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (s) % 10°

Figure IV-66 7]& 9174 A9 23 (A= 43F)-sv24

206

i)

ol



60 [

50

40 -

30

Ref SV #

1

L

L

L

!

L

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891

Figure IV-67 7]& $1/4 A9 A3 (% 43F)-Sv25

Time (s)

x10°

30

Ref SV #

20

1

L

L

L

!

L

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891

Figure IV-68 7|& 9174 A9 23 (347 43)-sv3s

Time (s)

207

x10°

ITU



60 [

50

40 -

30

Ref SV #

1

L

L

L

!

L

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891

Figure IV-69 7]& $1/4 A9 A3 (3% 43)-Sv39

Time (s)

x10°

30

Ref SV #

20

1

L

L

L

!

L

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891

Figure IV-70 7]& 9178 A9 23 (A4 43)-Sv40

Time (s)

208

x10°

ITU



Sv49
60 [ T T T T T T T T T ]

50 1
40 | 4

30 4

Ref SV #

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (s) % 10°

Figure IV-71 7] $144 A9 A3} (3% 43)-Sv49

30 4

Ref SV #

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (s) % 10°

Figure IV-72 7]& $17d A9 23 (A4F 43)-SV50

209



Figure IV-73~Figure IV-86-> AQte W27} 7]& W2lo] RUEE b oo
2 vl Aoty AlEH M A}t wTEA R AjtE WA A G
2he el EUHE g dejexirt #AsE RS gl & 9tk 1"

A T3 S dHelEE fle FEE ST ol FolA vbEa SAHATE 24

SV10

1

general

0.8 proposed | |

06

04

0.2

0

MV (cycle)

-0.2

0.4

06

-0.8

2881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (sec) x10°

Figure IV-73 ZUEH 3t oo (x5 AF) - SV 10

210

ek

TU



1 T T T T T T T T
general

0.8 proposed | |
0.6 [ 1
04 b

@ 0.2

S

S 0

>

= 02} i
04+ |
-0.6
-0.8

Figure IV-74 EUEH 3t Ao 3 AdF) - sv12

MV (cycle)

Figure IV-75 2UEH g Fojoxt (& 43) - svi14

SV12

4L ‘ ‘ | | ‘ | I ‘ ‘
2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (sec) x10°

SV14

general
proposed | |

ot

0.8

0.6

0.4

0.2

o

-0.2

-0.4

-0.6

-0.8

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891

Time (sec) «10°

211

-

of) 8}



0.6

041

MV (cycle)

-0.8 -

q | I

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891

Time (sec)

Figure IV-76 ZUEH & Zojext (xxF AF) - sV15

x10°

0.8 -

0.6

041

MV (cycle)
o

2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
x10°

Time (sec)

Figure IV-77 2UE ¥ g Zoqex (3= 43) - svis

212

- A2ty



MV (cycle)

4L | | |
2.881 2.882 2.883 2.884 2.885 2.886 2.887 2.888 2.889 2.89 2.891
Time (sec) x10°
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Table IV-15 ZUEH 3t ZAojexte] EF A H]

oy (cycle) oy (cycle) oz i g
SV #
@8 94 =% "¢ A) | @A A4 2T 54 ) (%)
10 0.1171 0.0799 32
12 0.1263 0.0607 52
14 0.1526 0.0780 49
15 0.0894 0.0719 20
18 0.0675 0.0631 6.5
20 0.1239 0.0501 60
21 0.1364 0.0636 53
24 0.0407 0.0341 16
25 0.1394 0.0638 54
38 0.1188 0.0886 25
39 0.0557 0.0364 35
40 0.0885 0.0421 52
49 0.0553 0.0553 0
50 0.1215 0.0972 20
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Table IV-16 Alo|E &9 False alarm && "l (}F A¥)

Ppy Ppy
SV #
@H 94 2% A Q) | @AH A9 =T A% F)

10 15x10* 8x 107
12 15x 1073 0

14 7.1x10°7? 6.7 x 10716
15 1.25x 1071 0

18 0 0

20 8.9x 10 0

21 9.8x 1073 0

24 0 0

25 1.5x 1072 0

38 24x 10 6.1x 101
39 0 0

40 571x 10" 0

49 0 0

50 5.1x 10 3x 108
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Figure IV-88 914 #lIlX] (x}= 4 3)-288,200%
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Monitoring Value (cycle)

Figure IV-94 Alo] &
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Monitoring Value (cycle)

Figure IV-96 Alo] &
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Abstract

Cycle slip detection is one of the most important issues to be overcome when
implementing a GNSS carrier phase positioning system, because cycle slip occurs very
frequently whenever the carrier phase signal is weak. This results in the degradation of

the vehicle's positioning accuracy.

Cycle slip detection algorithms have been studied and developed for several decades.
For a dual-frequency GNSS receiver, many researchers proposed cycle slip detection
based on L1 and L2 carrier phase measurements. These algorithms were basically
developed for dual frequencies, such that they can be applied only to a multiple-
frequency receiver. Consequently, compared to a single-frequency receiver, the overall
system cost would be high and therefore not cost effective. For a single-frequency
GNSS receiver, the phase-code comparison, doppler integration, and differential phases
of time methods can be used. However, because of the high noise level of the code
measurement the phase-code comparison method can only safely handle a few cycle

slips.

To overcome these limitations, an inertial navigation system (INS) can be integrated
with a GNSS to detect cycle slips. In this algorithm, the accuracy of the INS position
estimation is the main contributor to the cycle slip detection. In turn, the accuracy of

the inertial sensor is the most important contributor to the performance of an INS
244



system. However, the accuracy of an inertial sensor is directly proportional to its cost,

such that the most accurate devices are prohibitively expensive.

Therefore, in this paper, we discuss how to improve the performance of the inertial-
aided cycle slip detection algorithm, such that it can detect one-cycle slip, without
having to increase the inertial sensor accuracy. The satellite-difference and time-
difference residual between the predicted and measured carrier phases is defined as the
value to be monitored for cycle slip detection. The INS position error mainly
contributes to the residual and is projected to the range domain, multiplied by the
satellite-difference line of sight vector. In general, the satellite having the highest
elevation angle is chosen as the reference satellite for satellite-difference, with the same
applying to all other satellites when obtaining satellite-difference. However, by
selecting the satellite-difference satellite pair based on the satellite geometry, which
minimizes the INS position error projection to the range domain, the cycle slip

detection accuracy can be advanced with the same inertial sensor performance.

In the proposed algorithm, the tightly coupled TDCP (Time Differenced Carrier
Phase)/INS integrated navigation algorithm is used to estimate the user position. Before
the TDCP measurement is updated, cycle slip detection and isolation is conducted by
using the INS-predicted state variable. The cycle slip detection threshold is calculated
by using the INS predicted covariance to maintain a consistent cycle slip false alarm
probability. After cycle slip detection and isolation, the remaining carrier phase

measurements are inserted as measurements of the TDCP/INS integrated navigation
245



for the cycle slip detection for the next epoch.

To verify the cycle slip detection performance for the proposed algorithm, a simulation
and a vehicle-based experiment were conducted. Data was collected from the single-
frequency GNSS receiver (GPS and GLONASS), microelectromechanical systems
(MEMS) inertial measurement units (IMU) for post processing. We analyzed the cycle-
slip detection performance by statistical analysis. As a result, the proposed satellite pair

selection algorithm improves the cycle slip detection probability considerably.

Keywords: carrier phase based positioning, GNSS cycle slip detection, TDCP (Time
Differenced Carrier Phase), GNSS/INS integrated navigation, TDCP/INS integrated

navigation, MEMS IMU, inertial sensor error, INS error

Student number: 2011-30200
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