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X | 2.5mm
Y | 2.9mm
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f. =8f+b, +b +w w~ N(0,02)
[, : Accelerometer Measurement
S:Scale Factor
[ :True Acceleration (2.5)
b, :TimeVarying Bias

b, :Constant Bias

w: Noise

20 40 60 80 100 120 140
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Figure 2—3 7} 54 33 dolH
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Bias7t AlAYE TSR SHAAE olgsd AH@D=
At scale factorg®: F4E F Atk A7IA f=g o]
Agdsty 302% ATFAL Local Gravity #< 5% PTB
Aol Eo A AlFstes ZEIHEE Il 8> 9.799102m/s? &
AFg-st3l

SuD)=5f 1) +w()

£, () = Sf (n) +w(n)
> L) =nSf+ Y w(i) (2.7)

G 21 _ o 2w
nf nf

Scale factor® FA3}7] o] WA scale factore] tjdt

variance® o|EFo® A& Bozmx =& AFEO scale

factors F8& + e W

rZ
|
o
fo
o
)

Fod . o]EHOow

A 7W3%t scale factor® variance+s 2 (2.8) 3 7t}
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ZWU)]
nf

~ D wli) > i),
=E[(S +—nf E[S +—nf D]

=E[(S+M—S)2]
nf
_ ZW(Z') 2
= E[( of )]
1 N2
—nz—sz[(zW(l)) ]
1
n2f2
1 2
—nz—fzzE[W(l) ]

E [z w(i )2 ] . w(i),w(j)independent

1, (2.8)

T St} Figure 2-5°14 X W scale factor 78l WA O 2=
V&L AVIE AA T 4 gloy A XS AT RN =

A Z] 9] scale factorE AAbstt;, AlAF A3b= Table 2—49} 2t}

XZ Y=
Scale Factor | 0.991 | 0.990
Table 2—4 333 7}&EA Scale Factor
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2. Ao|ZAFAT

o, =Sw+b, +b +w w~ N(0,02)
o, :Gyroscope Measurement
S':Scale Factor
®:True Gyroscope (2.9
b, :TimeVarying Bias

b :Constant Bias

w: Noise

deg/s

Figure 2—6 Ao|2AFAZ A 3Z dH|o|g]
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deg/s

Figure 2—7 Ao|2AFAZ E 3] d|o|g

34 3

Noise 0.0395 deg/s 3.6deg/s
Table 2—5 AO|Z2AFX Noise T

Table 2-5% #th. A
FAolH  o]F EKF 9

< noise® FH 3357 93l

AFO| ZAF O] noise

FAAES]  noiser ZE
o st 574

=z

process noise°l| A=

Figure 2—-69 A% dolHE RW 7F&EEAe &8 Al7to]
AUE biasell W7t gl A

79 FAAFolEtE ZA Folvt 7]Eo

dkAjo] gl
Scale factori= Figure 2—-83 & A3dS F3l 3t £
A= 2D Al didt 71 S sESL7] Wit 25 AFo| 2 AF L
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o (1) = Sa()+w(l)

o, (n) =Sw(n)+wn)

D, =) Sw()+ Y wi) (2.10)

D Atw, (i) =D SAt(i)+ D Aw(i)

o > A, (i) gy D Aw(i)
> Ato(i) > Ata(i)

Aol ZAFE Al FA3 scale factor7} o3 9o =2
ANEEE 7FA=A] varianceE ©|EF o2 A HFOoEA <l

SO AR Ay A 21D ¥ gk
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var[ﬁ] =var[S+

W] 0, = Y Ata(i)

— E[(S +M—E[S+ zAtW(i)])z]

= E[(S , 2800 ~S)"]

_ E[(ZAtw(i) )

- (AW

true

= Q%E[Z(Atw(i))z] . w(i), w(j) independent

true

= 9% > ACE[w() ]

true

=0%2At20"2v
(2.1

e, dolE AR AS54E AFH LT FolAs s &

7%

Scale Factor | 0.9998

Table 2—6 FAH AO)|ZAFAXE Scale Factor
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shARE AAl KOBUKD =3el st A= dd 4=E
314 % % scale factors AAtete] BW AF Fol st dFOo=
scale factor7} =LA Wat= 21 At 197] vl Al
INS Propagationel #8&%& wol= ‘KOBUKDI ZXo &2 2=
dato] 343 scale factorg AFESFTE. 1 gk Table 2—73

.

v

b

7=

Scale Factor | 1.0982

Table 2—7 ‘KOBUKI’ 2% Z2td A= FA43t F32
Ao Z2AFXE Scale Factor
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A= Aol2AFE HlolE o wASH #deld], Figure 2-—

ol o] Hlo]g 7t

A3 A AR A" FA

Position: X, Y
XNS !YI-VS + Vi l t ~ ’ ~
elocity: v, v,
Vams-Vyms:Wns i ¥ :r !
Attitude: y

OX.0Y.0vy |0V, .0y

P
XV

Yy sV ws - Wivs

Vi Vy ¥

Velocity
Vg ¥y

Figure 2—11 A]2® Block Diagram

71242 2D GPS/INS loosely coupled ZAgel 32X Alo]F
9 A 9 BAV7F F7F H%3, £ % measurementE INS

£5%  output®} CDGPS $A4A3E A3t AFgsith= 3o
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A 4 2  Extended Kalman Filter

EKF + Figure 2-12¢ #2 34L& w23y %, &

A4 8 biasE 4T,

Measurement Update ( 10Hz )
oz —zi —z —Hx — =
K =P H(HPHT +V)
Pt =(I—-KH)P (I —KH) '+ KVKT
88T = 8% + K(HE — z— H8%™)

State Propagation

£ (k+1) = (k)AL + £ (k)

Time Update ( 100Hz )
5% (k + 1) = Fy(k)8R2T(K)
P {k + 1) = Fy(k)P™(k)F] (k) + Wi(k)

Figure 2—12 Extended Kalman Filter

Discretization= Van Loan’s Algorithm=

21(2.12) 9 &t
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co {—F GQWGT}

0 F’
F, G
EM=e™'=|2 7 (2.12)
0 F
F, = F3T
W, = F3TG2
1. State
oy ] T y axis postion )
X X axis postion
v, y axis velocity
V x axis veloci
State=| " |= ' v (2.13)
v heading
b, X axis accelerometer bias
b, yaxis accelerometer bias
| b,. | z axis gyroscope bias

2D 7 olE® i Wl i A, &=, AAVE %

&
o

Ho] Qa AEEAS} A)RAFZL bias A FA F 3t
SAA AN AAN FA EH=d o] A FB W] g =rt

o]
At}

el
e

2. Nonlinear Equation
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Y

X

{VY } _ {cosy/ —siny/}{f){}
Vy siny  cosy || f,

V=0, (2.14)

Nonlinear equation< Aule] A" xA A3 2D

7Hdel sl A (2.14) ¢k o] v ket FEj= g2l = bias?

1

O

A% 589 A4 bias RAFNA thAl MPFHES A

3. State Equation

AgsE AXHE 2 (2.15 ¢ 2ol =™ F& G matrix= 7472}

21(2.16) 7 &t

8x = Fox+ Gw (2.15)

26
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0 01 0 0 0
0 0 0 1 0 0
0 0 0 0 —f siny—f cosy —cosy 0
7o 0 0 0 0 focosy—f siny —siny 0
10 0 00 0 |
0 00O 0 0
0 00O 0 0
100 00 0 0 |
0 0 0]
0 0 0
cosy —siny 0
G= siny - cosy 0 (2.16)
0 0 1
0 0 0
0 0 0
| 0 0 0]
A 5 4 Sensor Bias Modeling @ d|o|f o]ddA
32
2deA gelst IMUS biasss AAN F71 fIste] EKF
|4 biask A FAZH. TFEEAYL AC|EZAFZIO] bias

4ol Az tErg zpzte] 544 A shalv.

Al el 3= dolg] o)A AR Ao R s dste EKF 7}

e,
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1. 7} %4 Bias Modeling

EA 240l FRlgh whell oJetd TFESEAS] AlA biase
AlZke] wE} WSSk time varying biasE ZFAITE ESE AlA
AHA| €] bias ¥ otyzt AHAle] weEt S TEHIMSE A7
QAR EAT. A GEH AN ST AA AA €] bias = Figure
2=3°4 = F dow Al Wte] wet SAHHe FYHMER
42 Figure 2—494 = = Stk =& 3Dl dig B-9-2td

24l Wste] W TSR A2 AAlel g S8A A

F B > X
[| 7 T a(t
* s gsiné(t) a9
/e
A
Figure 2—13 AAle] w2} 43 Fol SPH= TH/IEE AE
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ojgldt FTHI/IEE Aol o3 @A7HA biasel E sl

magstgon ¢ 2(2.17) 3%

b=—ab (2.17)

2. Aol AFX Bias Modeling

AJo)| R AT A= 2A-oA Feld upel o] constant

biasg 7Hzlth. I BE 4 (2.18) 7 #Zo] REl= it

b=0 (2.18)

3. 7I5EA Heoly ol &4l 2

24 A s AT To] THEEA | WA dHoly olde 1
242 AARE AL AARET A4 SAEHcder ¢ AEE
e TAHOZE noise FEHUE Z2 07 dHAIEHY] wiEo|t).

sHARE EKF oAM= 1 22 5ol wAE EAAH.

N

FEEAe bias® AANF7] S8l biasE  FEMF Skl

2~

o)A o] WA BEo|NE noise F7°] YF FolA biasE
A=z FAZGsHA FEsh= Aot aEA A FAHE biasE
dojelelA wjA W X FFE T bias A7F E ol

OA HE Aolm Aol 1 A= 7]EQ biaskRU 1 AV E
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3 W3e A},

237wl &% dolHE Agsr] del o wAlZh

AT ) vk ASE dolHE AFalor & Bt Ak $A o]
ol @ do] WA F4E 242k £0.045491 m/s2 23 9] gho)
ZAE9S  ALES  olAdHolEE HEsth I WHYE

4+0.045491m/s? & SO 2 +0.000001 m/s? o]zt FH3] F
Wz 24 stk I ol UF wWe Wl Je delHES
o] HlolH =z HE3A HW A dolHE7A HEH WA
7] wjizoln, o] glAl F2 Hele dHeolEwk A& ol T3]

HolBl7} AE¥el A7 & sidwr] wWEelth. oA
&l il ol dolEE  +40.045491m/s? & FHHOoR =
1 o] & Hel
HolBl & AREsklt. dvlolE 7hg 9 o4 Hol¥+= Figure 2-—

—

58
flo

&

rie

N

I

A A% noise F(0.011m/s?) 2] dHolEH = 1

mln

14 o]a F72A 7F5EA noise FEOE ZhEd + dolEE

Figure 2—15 ©|t}.
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Figure 2—14 o|A43dA a4 0|49 7I&EA HolH

sec %108

Figure 2—15 o|AdA a2 o]F 9 71&EA dlolE

4. Ao|2AFZ Holy o] EA Hd

Aoj e i WA EE ol A 28dM R Kol

A7y 8 AR FAEW dHolErE FAE] 2 geR FHo
dioltt. o] Aev aF/ 2 #eE d dolHas HEste
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AANFHE At
2 A4 e 2D JMHolER Ao|EAFEol 7ZE  Ho|ERE
dAew ARt o] ol e HESH fdAM= ZF dely
o wE E7ls stth. efvstd ZF dlolHole vt de=
sk 3ol digk SR 71557 Wil el g 549
oY A= TEste] HEE & (V] wEolth sHARE HAs| e
o] o] dE2 X, Y, Z F EFolA sAlel wAsH o] SA=
olgste] d & F Yok HES XF T YFOA £ & H
A= 71 epoch® Z= H°o|EE ©|% epoch?d
2% deolez wA 7™ = Zlolth. HE thresholde 6 deg/s
2 AAssitr kst o] #HAAY HA AV oF 10 deg/s
A% olal AO|RAFE XF, Y& HolEY F443 noise 3o
FFL 5.5 deg/s ¢1Yl miss detection®o] ¥WASH A7} QA HE
false alarm At ets ¥ £A|7F HA] % OH 2 thresholdE

5247389 noise o H 77k 3oz AE g Aolr)
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Figure 2—16 AO|ZAFE o)A A 18 = F AL F

0 10 20 30 40 50 60 70
sec

Figure 2—17 AO|2AFIE X= 53 d|o]g

olgi3t WS %3 Figure 2-18 Ao]2AFE Ho|E

=43 o] A4S Figure 2—-199F o] AAS A& sHolsh 4
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deg/s
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Figure 2—18 °o|4AN AA AL Ao|2AFAE HlolH

deg/s
b A b M A o 4N w s oo

0 2 4 6 8 10 12
sec x10%

Figure 2—19 oA AA F9] Ao|2AF X HolH

A6 4 & I9J Measurement

1. £ % Measurement
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%5 measurement®] B¢ E=ZFP FSAHAAE ol&st 7
TE AT £EFY FAH A+ ‘KOBUKD 259 »-d Lo Hs)
AUAd S Z noise 7} A7) W&ol Figure 2—-203 #o] £L7t
noise °| =& Z yehA ket

bl i
" A

0 5 10 15 20 25 30 35 40
sec

Figure 2—20 =28 E o]|&319 A4S &E dlolH

m's
o

I PR noise 0l A2 HLUCHE 27 flsto =&

=22 Al Figure 2-217 Zo] 9AA/IMU A3a o &%
=7 Ax9} CDGPS X AFZEE] AAE A HES o] &5t9]
E5 Arks sk
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Pseudolite /INS
Integration CDGPS
_ R-R
\ ~ _ u
Vins (Va Vi V2) %= R_R,

—ai .7 =i
‘ z==8, Vins — &, - Vins ‘

v

‘ Velocity Calculation ‘

Figure 2—21 A3 &% A7} CDGPS $x A#HE o]L3H

&5 Measurement

A A ANE A (2.19) 9F 2k

z=AV(d)
—AV(D:-é +Dé &)
T . 1d
=AV(D' -¢& el == (6 .6)=0
( u u) ( u u 2dt( u) )
=AV(R'-R,)-é") (2.19)

:é:i'VINs_ej'Vle_(éi'V_é,{'f) ¢ Ru VINS)

olgdA AAs A3} Figure 2—-228} o] noise FFo] wj$-

Z+0. &% megsurementE S 5 T}

I
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" 1 " " L 13
0 5 10 15 20 25 30 35 40 45

Figure 2—-22 A¥¥Y §5 A3 e} CDGPS 2#E 0|88 §&
o] €]

EE o] HMHo g I3 &% measurement’} noise FE

A5 2R BAAE Utk £% measurement Ao INS

propagation &% A7} AFEE7] wwel] 7SR dolHo
ARqA 0w JFs W= ths glolth 7HEEA g Aol £4 @7

el =4 ex7F wol EAsta 2D7Hgel S& % kel
=" THEE ARELR A "ok o3t A5
nAEs] HEdEo] noise o]ffel AA EWole eAbEol £
measuremente|] YERGA At o]st EAl= dYH FYH
‘KOBUKI" 239 #4d& Hud/ dgoan dsiiA =

=1

ot} o€l Aulg exF Zol Folok 91X FHLA Aol

2. 3|9 Measurement
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g 2 (2.2007 Zo] dolHE Fa rdstA AL

gl
w = tan"' (*2) (2.20)
%

SAN FAE UR e Smeld s®e ANsl Hu
A9 oAt AR hs Rtk of wEel Y Aol A Lo
de s Agacl shtd okt e el 9
A5,

WA A5k A9edt #FS 4Pk Lelae Figure 2-23,
H22Ds ol HEoatsl AYedt Aol BAE o) gdtol

e Al AHER S5 sketd e A

\‘f‘x’,mz __________ sttt N s 5‘7.1'

2

Vi tme X

Figure 2—23 $E 229} 3P 23 Alo]g] &4
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SV ~N(0,0,%) sy ~N(0,0,°)
tan oy = |5—V
o)
- |I/threshold - ﬁ
74

Al 74

1. Process Noise

Qw -

w~W(0,0,)

AZ‘O';X 0 0
0 AZ‘O';}, 0

2

0 0 Aro,,

X axis accelerometer o¢ | 0.25m/s?
Y axis accelerometer og | 0.25m/s?
Z axis gyroscope 6, 3.6 deg/s

Table 2—8 Process Noise

AFE-3F process noise I FAAS A
SAX =& ol &3] AArSE grolth o] ks AMESE

39

Process Noise and Measurement Noise

(2.21)

(2.22)
Azl ozt
fre sl



1o
=
e

2. Measurement Noise

A7FA] B5 noise® FHad 7] faiAoltt

v~ N(0,V)
62 0 0 0 0 |
0 o, 0 0 0
y=0 0 o, 0 0
0O 0 0 05}{ 0
|00 0 0 aémdmg_
Y axis position o, 2.5 mm
X axis position oy 2.9 mm
Y axis velocity oy, 15 mm/s
X axis velocity oy, 15 mm/s
Heading oy, 10 deg

Table 2—9 Measurement Noise

Measurement noisex AA AL <=

A 29 9ol 9 £FE 02 AHS Shelth

LA

40
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A3 ST Aol €Y HAE R A

3ol AARAE/IMU 2= 53 52 AlolE £¥ HE

5 wpel $it ol 23} A% el tjste] Lolutt

A1A A4 BERE olgd AUIWINY
S Aol

il
[
r
i
o2,

WSS o] &3 IR = AtelE &¥ Aol & =AITE
Aot 53] gAIA S olgete] Adeld dHEs FIL B¢
signal block, near/far problem, HEJ#H| A Fol 2J&le] Alo]Z=
o] ¢ FA EASA FHr}h Figure 3—12 signal block©]
AJE Aol sk AlolE 4% monitoring value L@ o]t}
Signal blocke] §llFol% =738ta Ato]lE E£HE] AT s
T Ut 28 o] A5 AelEEdel g4A st e

BojF7] 98] g AF A9 HelEE uE R ofrk
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Figure 3—1 Signal block®] AT Alo)F &o)
<% Monitoring Value

a7

olglAl AlelE &¥ LA WIETZF obxle] wet

A Ao) 2

SEARRE

W99 29 94 @y WEs} EebAA Hr Figure 3-29) 2ol

S AlolZ &) MAFE AS e

-
=
ES
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=
=
T
F
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olel7l BhE AtelF wlo ol WASH WW Figure 3-
39 2o AAeAE fusmz e PWe PaMe ez

AbolE w919 EX7HA AE B BAS T Slo] Hasit

0.8

06 B T L TR ¢
04t

0.2F

y(m)
o

02}

04}

06}

08 " L L L
-0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8

x(m)

Figure 3—3 3l Alo]E &l gt XA}

24 AlE €9 HdE dxdE

IMU¢Le] A= F3ll AlelE £¥He AHAEshe WA
VNRA R FANGAARE AlolE €8 HES 7FedtAl sk Zlo]
Aot} FAA8A carrier phase X9 £A35= distance
st &= IMU 2439 S1A 4 Ad34E ol &3t AAsN =
T A7) wEolnh ApAE A ol el At

278 14 dud A ol AU M Carrier

phasex} Q4= 2(2.1)% . o]F o]&sto] FAFsefA

e
a2



rE

4% carrier phaseE o]t ¢+ F epochit S 3)

213D 2o, FddEol7] witel] $HeE  d(distance) 9]

Wakg ol oAl Hu whE o o EAZ AoF &

'V AV,$=VAV,(d+NA+¢) (3.1)

0.4

0.2

o

S
N

S

half cycle

3 s
(2 -~

o
©

0 50 100 150 200 250 300 350 400 450
epoch

Figure 3—4 Distance W3} o] EAsl= VAV, ¢ T

a7 dEel o d d= AAS HoF AtelE &F H=ECI
FeatAl Aok A dadikel 2 AFelMe= olE AA s
el IMU d¥= & Aelg €¥ ds WA= AREsisith
IMUSHe] d3te Fdl FAST AAAHE oGt d WIF

HolHE =91 1 523 232z 247 24 (38.2), Figure 3—
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i) iN _ i
VI AN(d)="V ANV, (d+5d) (3.9)
FooATER AAFH AT
5d : A%3H distanceF g 2=}
0.2
\‘”ﬁ“""»’rf\ [,

oM Uiy ‘w-w'w\ [y ‘/"

Wty Y L,,,‘ "”MW‘

half cycle
=) =)
Y N

S
=)

)
®

0 50 100 150 200 250 300 350 400 450
epoch

Figure 3—5 AW S B3 F4 distance HI}F

agar 1 dHo]lHE ol xHE, epochit xRE ¥ carrier
phase°l|A ] FOo2ZX Ato]E &£HES A& 4 3+ monitoring

values €7 @t}

'V AV,(d+NA+e)-'V/ AV (d+35d)

. (3.3)
='V/ AV, (NA+e—-06d)0 Monitoring Value(m)
aP3 B oATIME ST AlelZ Wl &9g pEet

Al mipolnw chohny] WeheF /2 = vl Fo.
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'V ANV (NA+e-5d)

e [ Monitoring Value (half cycle)  (3.4)

o]&glA d &o] AA¥ monitoring value “Z#Z = Figure 3-—

63} .

0.2

o

e

half cycle
<) S
- N

S
=

=)
@

0 50 100 150 200 250 300 350 400 450
epoch

Figure 3—6 Distance &°] A|#¥ Monitoring Value

A3 A ST AIE €YY HE EE

I AfolE &£¥lo] FEZXHOR HE: JhedA Rl Erh
8238 o3t monitoring value AAZF AAF AyEs 2%

Y7 Figure 3-73 ok AtolE &¥lo] WAEA] 9k

a9

Aow 2y

4

AgolmE el extut ol el o] &

2] (3.5) ¢k gt

=1
AT



Monitoring Value

half cycle
S ° ° °
e [=] . N w

o
N

-0.3
0 50 100 150 200 250 300 350 400 450

epoch

Figure 3—7 %2343 AA|Z} Monitoring Value

'V AV, (e-8d)
A2

[ Monitoring Value (half cycle) (3.5)

o714 w4 W] QxS Gaussian EZ 7}A o] Figure

ALl B 1oyy = 0.07 half cycle  ©] T},

i

3=7 d°lHe 1o
a3 o]E o] g3ste] el ezkel  +1halfcycde & ol st
SEFELES  I8lHd Figure 3-8%  #oW  thresholdi:

0.5 half cycle = 73}ttt
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probability density
w

cycle

Figure 3—8 Monitoring Value ¢ 2 X}, +1 half cycle £3ol tist
gEEX

olAl sz AtolFE &WY HET FES LoMEY] fJd miss

detection?} false alarm &5 7Al4te] £t Miss detection

SES AolE 8o BASIAN HEsHH XE FES weiy
Ark 212 2(3.6) % 2o

Pp=2|

MD

f(x|l,0.,)dcycle (3.6)

J‘threshold

False alarm & AlolE &Ho] HASHA] Lok=d LAk
5

w7

Aoz AR A&E FES ey AL A(3.7) 7 2o}

P, =2 jf f(x]0,02,)dcycle (3.7)

‘hreshold
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Figure 3—8¢] 0.5half cycle & &tfjslo] W Figure 3—
99} Zx e EAIY WHo| Z+ZF miss detection¥t false

alarm® &35 UERAT

probabiiity density

| Miss Detection [ False Alarm

Figure 3—9 &E%X 0.5 half cycle ¥¥ &t 3=

AtolE &9 HE FEo] Fobx7] fslAE ©] miss
detection®¥} false alarm #&°] ZE&4= £9v Figure 3—-79
HolH & o] &3t AAlste] B 247 1078 o r Pgs]

7

mxi
fo
(o]
—|£‘
2
=
IN
)
o

T SER SZ A]E &¥ HE

Al 4 2  Monitoring Value Zo] 2.3} £4]

389 HE &8 AL Axe 97 7Pdel AdEE welrt
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& 3tt. Monitoring value oy ez= 2 (3.5)dME &
W50l carrier phase AAMAY} T3 AWl 9F distance
4 Ay Fo Aol7] el o] F

O F o &7 FUFsHAl W 1 932 monitoring value©l
JE YEy] el sk Ale]lE &£¥ HES fldlA e o] F

My AT ek sEs gAort f@n add ofE

(

e

ol

0.
o

=)

L ogy g3

BA L

A= aest "WrHA A= AT A 7Pde]l e
71

!

o xE Z7HA|A false alarm= YA 71T}

A

-

to
&

Zelth o)Al 47A
5 sl Lobirt

oAE WYL ASES B

1. Carrier Phase 3 X &A= LA

WA carrier phase A X ol TAYTE= 235 of

e

orobnA,

c

AW 34 carrier phase =X o] ATFS = F Y Q4T E

.

SNR¥} HEJs|AE A4S 4 3tk SNRo] £ ¢¢o™ noise
Fol Frbekel HE A0 Ay wAEW noise T FHER
olyz} bias 2A7kA] ASHAl #Yk. o]€ A carrier phase
Z A x7F LASA =W 1 27} monitoring valueol &
A @3] YEeRb o] false alarme HAYA]F)Al k. SNRE

= SNR ZAAE o] &3 SNRo| #A7] rEolA= ASE

o K

.

AEstel 1 914 HolHE ARESHA ode Jlow sjdd
QAR HE A Ae] A= AAEME o] ofE® Zlo
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Apdeltt 7] diEel ARAR HESAeAE EAAAT=

R WHEA ook k= 7Hgol Hask

A%t Distance &l X35 += 23}

\&)
iin)
%
o
E
[o
F
X

Uee Adgdnels F43% distance Foll EgE + Sl

MonitoringValue= "'V’ AV (¢—-6d)

AdgHoE F43 distance F='V/ A V,5d

(3.8)

@OS7 A epoch?t AZHZHA F7te] &5 24}

AWMA = JAF)A carrier phase 4% 2] epochit
AlZ¥7r Aol HolAdq 1 AZF 9k X8 E = INS propagation?
e27F F7bskE Agolth Aol ARESE ARSI 0.1%
Ao R SAHAAE FAGES Hol du AR AAZE= A 2I
0.1~0.2% Aoz HAlsty FAl WAl mebd= 44

epochit A|ZkztAo]l W ¢ HolAr|k o TadM 2

ol



propagation @2}7} F7FekAl Hvk. 2 EE AIZH(EA FTtel| whet
Q2p7} o= AEkA Frksks A &lel] Hotof dt} Figure 3-
102> A Algdolds Fall AMHA WE A a5
WHehE UEbA 2 ofrh. Z#iE FZwhe] AIEAS 0.1FCA

0.527k4 57k B5 Aadstdlar el w30 el WA
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Abstract

As GNSS navigation is activated, the need for navigation
indoor where GNSS is disabled is also increasing. However,
since there are many obstacles for navigation in indoor
environments, there is no reliable indoor navigation system yet.
Accordingly, various researches such as RFID, Wi—Fi, Visual
sensor, IMU and pseudolite are currently underway to develop
a seamless indoor navigation system.

Among them, there have been a research about indoor
navigation performed by integrating a pseudolite carrier phase
with high accuracy positioning, a low—cost IMU, and a
magnetometer. In this case, however, there was a limitation in
the navigation because of the cycle slip problem of the carrier
phase. There have been another research about detecting and
compensating cycle slips by integrating GPS and IMU. However,
this is a research conducted in outdoor environments and this
research can detect slips in units of only 1 cycle. Since high
occurrence rate of cycle slips in indoor environments increases
occurrence of half cycle slips also, the research cannot apply to
the indoor navigation as it is.

In this study, we solve the above two problems by the
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following methods. First, this study tried to solve the cycle slip
problem that remains in the pseudolite system by detecting and
compensating cycle slips through the integration of the
pseudolite and the ultra low—cost IMU. Second, since half cycle
slips also occur frequently in indoor environments, this study
tried to detect and compensate cycle slips in the half cycle unit
instead of the 1 cycle unit.

Recently, with the development of smartphone, the
technical level and application range of tasks that smartphone
can perform are increasing. Accordingly, the ultimate goal is to
develop an indoor navigation system that can conduct all this
work on the smartphone. As a part of the process, this study
used the wultra low—cost IMU built in smartphone for
pseudolite/IMU integration. In order to use this ultra low—cost
IMU, this research performed sensor modeling and handled
abnormal problems in data.

As a result, the pseudolite/ultra low—cost IMU integration
navigation improved the position accuracy about 30% compared
to the pseudolite only. In half cycle slip detection, when the
threshold is set to 0.5 half cycle, the probability of false alarm
and miss detection is about 1078,

To confirm this result, this study performed real—time
navigation using 'KOBUKI' robot and smartphone and confirmed
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that the navigation and control can be maintained well with the
detection and compensation even if the slips of the half cycle

unit are randomly generated in real time.

Keywords : Indoor Navigation, Pseudolite, Ultra Low—Cost IMU,
Pseudolite/IMU Integration, Extended Kalman Filter, Loosely
Coupled, Half Cycle Slip Detection and Compensation, Monitoring
Value, Smart Phone, Position Accuracy, Real—time Navigation,
Sensor Modeling
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