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Global Positioning System (GPS)

1993 GPS

(MCS) 2005 9
1IR-M 2 L2C
SBAS
satelite based augmentation system:
WAAS (Wide Area Augmentation System) 2003 7
MSAS(MT-SAT Satel lite-based Augmentation system) 2007 9

GPS
GPS
Software-defined GPS Receiver Software GPS
Receiver

GPS
IIR-M L2C L2C
2
2 L2C
L2P(Y) GPS2
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GPS SBAS
GPS SBAS MSAS
GPS
2.1 GPS
2.1.1 GPS
GPS [1]
GPS
26,560 km 24
12
55
A F
1 4 A5 B5
4

master control station MCS



- GPS

2001
GPS
GPS 20
1
1980 10
1 1980
GPS 2,000
1992
1,000
1997
2000 500
2.1.2 GPS
GPS [1]
A1:157542MHz A.2: 1227.60MHz RF
2 0 1
pseudo-random
noise PRN PRN
C/A
coarse/acquisition code P Y precision (encrypted) code C/A
1023 1ms



1.023Mcps 300m

30m P
almanac
1
125
30
2
1
0
180
1 0
P Y -163dBW L2 P Y
3 5&dB
1016 W
W
GPS
PRN
RFI
2.2 GPS

1014 PRN
10.23 Mcps C/IA 10
1994
Y P
ephemeris
50 bps
20 ms
1 0

binary phase shift keying BPSK

L1 C/A -160 dBW
-166 dBW

10-16

RF

processing gain

1998  GPS
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SA( ) 2000 5

Block 1IR-M 2005 L2=1227.6MHz
ARNS

L2C

Block I1F 2008 L5=1176.45MHz
—L5 IS-GPS-705 10.23Mcps

Block 111 2013 L1=1575.42MHz

L1C Draft IS-GPS-800 2006 4

MCS 2008 MCS
L2,L5
(RTK)
1 L2C
4

2.3 SBAS MSAS

SBAS ICAQ; international civil aviation organization
GPS [3] WAAS wide area

augmentation system 2003 7 EGNOS European
geostationary navigation overlay service 2005 .

SBAS MSAS MTSAT satellite-based augmentation
system 2007 9
6, MSAS
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2.3.1 SBAS MSAS

1CAO SBAS GPS
[3] SBAS
MSAS MTSAT-1R,
MTSAT-2( 6/7 2005 2006
MSAS 6
2

MCS master control station

MSAS 2-1
SBAS GPS L1 1575.42 MHz
GPS GPS
1.023 Mcps CI/IA
GPS PRN SBAS GPS
250 bps

g MCS: fiE#H B

o GMS: B85

g rs:m2m BHEGMS 4 2}5U7MRS

2-1 MSAS



2.3.2 SBAS MSAS

SBAS
[3]
GPS
SBAS
gridpoint
point IPP
MSAS WAAS
planar at
GPS
SBAS
SBAS GPS
GPS
GPS
SBAS
SBAS
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IPP
IGP

IGP

GPS

IGP ionospheric

ionospheric pierce

IGP

GPS



GIVE(Grid lonosphere Vertical Error)

UDRE(User Differential

Range Error)

2.3.3
SBAS
107 [3] protection
level; PL GIVE UDRE
alert limit
2- NPA
APV CAT-I
1
107
1- 2x107
2-1
95% 05% S
740 m 3.7 km | T 1 300
740 m 1.85 km | T 1-107 15
NPA 220 m 556 m - - - 10
APV-1 16m - 40 m 20m - 50m 10
APV-11 16m - 40 m 8m - 20m 1 - 25107 10
CAT-1 16m - 40m | 4-6m 10-15m - 6
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[1] Pratap Misra and Per Enge : GLOBAL POSITIONING SYSTEM Signals |,
Measurements , and Performance, Ganga-Jamuna Press, 2001, pp.431-492

[2] U.S. Air Force : GPS Modernization Fact Sheet, U.S. Air Force Public Materials, Jan,
2006

[3] RTCA : "Minimum Operational Performance Standards for Global Positioning System/
Wide Area Augmentation System Airborne Equipment, DO-229C, Nov. 2001
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3.1

3-1

pPC

GPS
GPS
L1C/A
GPS
RF IF
MATLAB PC

AD GPS
| [aroware ] ]

| GPS G J o :

| "|Front-end i’ |
L V—t = )} |

_—,— e e e e e e e e e e e e e e e e e —_————

preprocessing:

v v

A
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3.2

GPS
1010 100
dB
GPS
1.5GHz
down
convert
frequency down conversion)
. 1
cos Xsin Y =§cos(x+ y)+cos(X—Y) 3-1
V2Pex(t — 7)D(t — 7)cos[2z(f, + f,)t + 0]
x /2Pex(t — 7)cos[2z(f, — f )t + 6, ]
3-2

=~/2Pcx(t—7)D(t —7) x
{cos2z(2f,, — fic + f )t +0+ 6, |+cos[2z(2fc + T )t +0-6,. |}

Pc X C/A D f, L1
fy fie 0 O
GPS 3-2
2 1 2
fie bandpass filter : BPF
V2Pex(t —7)D(t — 1) x cos[27(2 f - + f)t+ 56, | 3-3

00 =0 — O + Oy
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GPSL1

CRS Dual-Frequency GPS Front End

L2 L2C

2 L1

3-1 Dual-Frequency GPS Front End

1.57542GHz (L1)
1.2276GHz (L2)

IF ( )

13.991429MHz (L1)
13.60 (L2)

(IF stage)

18MHz

Gain

65dB

10MHz

12V dc

3.3 AD

2 dB
1 AD
2 AD

AD Idags PCDAQ

PCDAQ PC

AD

3-2 IF

PCDAQ Dual-Frequency GPS Front End
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3-2  PCDAQ

Max:105MHz

14bit

4ch

1.44TB

3.4

S, =/Pex(t, —7)D(t, — 7)cos[2z(f . + f)t, + 6]

t, =ITs, 1=0,1,2,3..

Pe Ts
T
200sl27z(2f,F + fD ), +9J 35
2sin2z(2f, + fo)t, +6) 36
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—,
lw]
>

JPex(t, — 1)D(t, — r)cosa(fy — fo)t, + 504 57
JPex(t, — 0)D(t, - r)sin2a(fy — fo)t, + 504 58

carrier wipeoff e
Af,, C/A

code wipeoff

JPcD &

— DXt —T)X(L, — 7) cos(27ATt, + A0) 3-9
1=1
L
Q=" PLCD > X(t, - )X(t, — #)sin(27Afo, + A6) 510
1=1
T Ts
—1 I Q 1> +Q°
?
PC
FFT (2]
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R D(t=1)x(t = t)cos(2n(fp + f15)1 + 66)

-
Analog 1 )
to digital | > X - X » EZ'{'J > ‘ ‘2 -
converter =1
and BPF A A
2 cns(ﬁn(jﬂ,— + }'D)! + é]
Ky
e 14 > X }-E;{')—b“z—r
2 sin{?ﬂ(;f”,- +_,F'D}r + é) x( —?;»"
3-2
FFT 3-3
FFT FFT
3-4
L-1
2(r) =) X(t, +7)-X(t)) 311
|=
At) Ak)
[2]
L1 L1 _
Z(k)=D D X(t, +71)-x(t,)-e7 2t
=0 I=
L-1 _ L-1 _
:Zx(tl +2_)e—127zk(t|+r)/LZ'X(tl)_eJant,/L 519
7=0 1=0
= X (k)X (k)
3-12
k)
At) FFT FFT IFFT(
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@y
nput - _ FFT % FFT 1] |2 I output
Signal

B

Complex Conjugate

FFT
Carrier
NCO Code NCO
3-3

-— — — em— emm e - - .-,

-— — — —— —— — ——

3-4
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1ms

35 36 37 4.58MHz 20MHz

PRN 1ms 20,000
0,1,2....19,999 +=10 Hz kHz

=1,2,3....21 1=4580-10, 4580-9,...... 4580+10kHz
21><20,000 3-5
PRN3 3-
C/A C/A
37 21
2

100y
800 +.
[¢B)
©
2 6004
a
e A0 -
<
200
459
[ 4
4598 w10

' 4575
9 Ay Frequency (MHz)

5000
Code Phase

35
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Amplitude

0 5000 10000 15000
Code Phase

3-6

1200 T . .

1000

800 -

g00 -

Amplitude

400 -

200 +

[:I 1 1 1

457 4575 458 4535 459
7]

Frequency (MHz) x 10

3-7
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LTs

3-9,3-10
SNR Signal to Noise Ratio
N
SNR( ) N
D=t —-1 - —H+1 LT
L1C/A 1 20ms L7; 20ms 3-8
1ms
D + 1
“ Power Loss
o at
ge)
5
=
EL .
<<
| | | ’
o 1 2
time (ms)
3-8
N 2 2
Z(Ii +Q, ) 3-13
i=1
N
JN SNR N
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3.5

3-9

NCO(Numerical
Control Oscillator) NCO
2 1
C/A 1
PLL
DLL C/A
Input
g—» correlator 3| accumulator >
A 7y T 7y '
Q 1 v
| Early Late
| discriminator
Carrier NCO v
i DLL 1p/Qp
Loop filter
| Carrier aid ||
PLL PLL
Loop filter discriminator [*

3-9
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3.5.1

PLL DLL

3-10
D(2) N(z) NCO

D(z)

N(z)

3-10

NCO N(z)

K,z™
(1-z7)

N(z)=

NCO
D(2)

N-1

Doz

D(z) ==

(1-zH"

-1

K,D(2)N(2)

H(z) =

24

1+ K, D(2)N(2)

3-16




3 PLL
[3]
2 2
C _T ha)o a a)OTcoh b 7
0 — 4 ) 3 W
T2 @}
c, =—20 _2h o,
2
2
T oha)o a3 a)OTcoh b
C, = A 5 s Wy
a3 :11 b3 :23 ® Téoh
o Bn
_ B/
@ = /0.7845
DLL [3]
2
o, T
b, =——" +a w,
2
bl = wOTcoh
a, =1.414
3-3 (3]
1 2
PLL DLL
PLL
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DLL

3-17

3-18

3-20

3-21

3-22

3-19

@0

PLL

DLL

PLL

3-14
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PLL DLL
PLL 6
3-3
B,(Hz)
1 2 B, =0.25, (dR/dt)
4 @,
, o1 +a) a, =1414 (d°R/d?)
4a, B, =0.53m, @,
. a,=1.1 X ;
5 w,(a,b? +a2 —b,) b o4 (d°R/d t)
4(a,h, —1) ’ w;
B, =0.7845w,
Bn 18HZ
R
3.5.2 PLL
PLL
ADR Accumulated Doppler Range
3-9 3-10 Afg AO
PLL Af, A
3-9 PLL  Prompt
Prompt T
Prompt
L Q 3-9 3-10 Af, A6




NCO

Q

-1 p

tan [‘——' 3-23
Ip

Sign(l p)- Q, 3-24
l,-Q, 3-25
Af A
3-11 +180°
180°
tan’!
tan! PLL
VPcD ¢ .
|, ~ L DXt — o)Xt —7)
= 3-26
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150

—arctan(Q//)
.......... Sign(/)*Q
100 - TR Q -
5 50
=
(@]
5 0
(4]
S
=
= =50
O
8]
()]
-100+ 1
_150 | | | | | | |
-150 -100 -50 0 50 100 150
True phase error [°]
3-11 PLL
3.5.3 DLL
Prompt T DLL At
Early Late
Early Late Early Late
1 d=1 1 Early Late
Prompt 0.5
3-12 DLL Early Late
Prompt AT
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-1chip >

|

|

|

|
AT
3-12 DLL

PLL DLL Early
11,0l

(Ie +Qe)-(11+Q))

(e +Qe) -7 +Q))
(Ie+Qe)+(IL+QD)

(e =1)+Q,(Qe —Q)

3-27 Early Late 3-28
3-29 Prompt I Q
AT
d=1
3-13 3-27
SNR
3-28

29

+1chip

3-27

3-28

3-29

le,Qe Late



1.5

T Ip(IE_IL)+Qp(QE_QL)
- : AN — (D) +Q) |
4
= SN (I2+Q)+(1:+Q)
] _—
3 05 N (12+Q)-(IF+QD) |
— /, ‘,. \'\’\\\
o ,/' ’,’l )
E &' ’ b"'
E O s -7 = - —
S ‘,a ’/,«
L
S -05¢ l // B
— 7
- ’
)] \ /
_1 L \1'
_l ?- \ \ \ \ \
-15 -1 -0.5 0 0.5 1 15
True offset of the two codes [chips]
3-13 DLL
3.6
Prompt Ip +1
50bps 1,500
30
300bit 3-14 1 5
TLM Telemetry Word HOW Hand Over Word
TLM 8bit 10001011 HOW
17bit TOW time of week 20 22bit 1D

3-15

T™L HOW
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- 1977 =4 -
(300 bit)
HID—AES

!
S FUT»FI (Bbit)

’/i/ ’
1 v row [EnmremERE || |

e

sy
2 T How T2 -xUX S
e
» 17 lr—=A
1500bit
3 I I
B v How [T22xUx ;U | (305e)
i
*4 [Tiv] How [ 7u=r v 2 S
7/
s
*5 T How [7 =72 il
oA
-
30bit 30bit
3-14 1 5
17— F (30bit)
D.Gsec
12335678 g2 3M 2530
TML 7—E ol alal 1ol 1l TELEMETRY =| #{ /117 (Bhit)
MESSAGE
{Telemetry word)
FYF T
1-17 18 19 20.22 23 2528 2930
{Hand Cver word) TOW : time of week o :

3-15 TML HOW
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30 6

3-3 dl 24 1

d25 30 Dao*  Dao*

2
, D1 30 d1 30
3-4

D1:d1 D30>k
D2=d2 D;,
D3:d3 D30*
D24:d24 D30
D25=D29’k dl d2 d3 d5 d6 d10 dl11 di12 d13 di14 d17 d18 d20 d23
D26=D30* d2 d3 d4 d6 d7 dl11 dl12 di13 d14 d15 di18 dl19 d21 d24
D27=D29* dl d3 d4 d5 d7 d8 di12 di13 di14 d15 dlée d19 d20 d22
D28=D30’k d2 d4 d5 d6 d8 d9 d13 di4 dl15 dl16 d17 d20 d21 d23
D29=D30* dl d3 d5 d6 d7 d9 d10 di14 d15 die6 d17 d18 d21 d22 d24
D30=D29* d3 d5 d6 d8 d9 d10 di11 di13 d15 d19 d22 d23 d24
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3.7

2,3

3-5 GPS

i-dot
Q-dot
Cuc,Cus
Crc,Crs
Cic,Cis

mean anomaly M

M =E-esinE 3-30

E eccentric
anomaly

V1—-e’sinE

sinf=— 3-31
l1-ecosE
l1-ecosE

33



M, t M (t)
M(t)=M, +n(t-t,) 3-33
mean motion n,
7
n, = (?gj 3-34
n
n=n,+An 3-35
M(t)=M, +27
T period of revolution
3
T=27 /i 3-36
He
t to, M,
t, =t-t, 3-37
M, =M, +nt, 3-38
3-30 E,
E, =M, +esinE, 3-39
3-39

E,=E,+esinE,

E,=E,+esinE

. 2 0 1 3-40

E.,, =E, +esinE,
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|E;,, — E;| = min 3-41
E, 3-31,32 0,
earth centered — earth
fixed
&
é =6, +o 3-42

C U, r I

u C. C
k ¢k uc us CoS 2¢k

r, |=| Al—ecosE)|+|C. C.| . 3-43
. S, sin 2¢,
Ik I0 +1 tk Cic Cis

Q =0, +(Q - QL) -t 3-44
X, cosQ), —sinQ), cosi,

' .|| o cosu,
Yo |[=|sinQ,  cosQ, cosl, { ) } 3-45

o I, sinu,
Z, 0 sin |,
Q. =7.2921151467x10" rad /s
3.8
i r; [m] o; [m]
0 [s]
pseudorange L=p, +Co=p, +5S
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pi (Xv y9 Z)

p =l =X + (v = y) +(z -2f

[m] N

:\/(x1 —x) +(y,—y) +(z,-z) +s

.rz =\/(x2 —x)P +(y, —y) +(z, -2) +s

S

=0 X+ —yF (2 - 2) 45

X,V,2,S
3-46 o
3-47
X,V,zZ
s
3-47
X,Y,2,S x’,y%,z°%s°
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3-46

X, VY,2

3-47

3-48



r Ar =1 —r1’°
0 0 0 0
x’,y%,z%s

o XY,2S
%: —(X; _XO)/riO % =—(y; - yo)/rio 3-49
X
%:—(zi -2/’ %zl 3-50
z
x°,y°, 2%, s° AX, Ay, Az, As
Ar, :%Ax+%Ay+%Az+%As
OX oy 0z 0s
ar, = 9% axs M py O pg 1 O pg
ox dy oz os 3-51

or or or or
Ary = —CAX+—CAYy +—CAZ + a” AS
S

OX oy oz
Ar, AX,AY, Az, AS
AX, Ay, Az, AS x’,y°,z°%s°
x' = x° + AX y' =y’ + Ay 3-52
7'=72"+ Az s' =5’ + As 3-53
x',y',z's' AX, Ay, Az, AS
AX=[Ax Ay Az As[ AR=[Ar, Ar, - Ar,[
GAX =AR 3-54
G
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(o o o o]
oXx oy oz 05 r I, I,
o o o on | | -(k-x) -(n-y) -(-2)
G=lox oy oz os|=| 1, r, r, 3-55
6rN arN alFN 6rN _(XN_X) _(yN_y) _(ZN_Z) 1
| OX oy oz o5 | | Iy Iy Iy |
GPS 3-54
G >
AX=G"'AR 3-56
3-56
&
GAX +&=AR 3-57
&
&= gf 3-58
En
i
3-57
& =AR-GAX 3-59
£ f
N
=3 ()
i=l
=¢'e 3-60
=(AR-GAX) (AR - GAX)
= ARTAR —2ARTGAX + AX" (G'G)AX
AX
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A ARG +24X(G7G)=0
0AX

AXT(G'G)=AR'G

3-61

(AB) =BTAT (c')
(G'GIAX =G"AR 3-62
AX
AX =(G"G)'G"AR 3-63
AX
3.9
GPS
4 6

[1] S-I Kondo :Evaluation of the pseudorange performance by using software GPS
Receiver, Journal of Global Positioning Systems (2005) vol. 4, No. 1-2, p.215-222

[2] Tsui J.B.Y :Fundamentals of Global Positioning System Receivers, A Software
Approach, J. Wiley & Sons, (New York, 2000), pp. 2-3, 133-164.

[3] Kaplan, E. D :Understanding GPS: Principles and Applications, 1996, Artech House
Publishers, pp.153-241

[4] Pratap Misra and Per Enge GLOBAL POSITIONING SYSTEM Signals ,

Measurements , and Performance, Ganga-Jamuna Press, 2001, pp.431-492
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L C 2
2006 9 25 La2C PRN17
ITIR-M 12 2006
2007 12 IIR-M (PRN31, PRN12, PRN15, PRN29)
2007 12 ITIR-M
1 ITIR-M 24
2011 16
L2C ITF
L2 P(Y)
113 2 P(Y)
L2 2 L1C/A
L2
L2C 2
L2C
L2C Li1C/A 2
3 L2C
L2C 2
4.1 GPSL2C
GPS L2 L2C GPS
L2C 2 P(Y)
L2C L2P/Y -166dBW -160dBW
L2C
4.1.1
L2C CM(civil moderate) CL(civil long) 2
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10230

4.2

L2C

1

TDM(Time Division Multiplex: )

(5] 4-1 CM 511.5keps
20ms 50Hz CL 511.5Kcps
CM 75 767250 (1.5s) 511.5Kcps
1.023Mcps
L1C/A
CL
i i
| 767250 Chips J eic
i 767250 BIT L2 CL-Code (@ 511.5 Kbps i
L1 2 3 'YL 74 75 !
L_loeso J tooso ] 10230 Im%/ 10230 | 1230 J 10030 stc.
| 10230 BIT 1.2 CM-Code @ 511.5 Kbps i ,
I —HI Mmsee | —o
' /[T
_I """""" Th~el _Dm@soes 4 LT
[ Tl
| H-"‘“-..
I -‘-H-"'H.
' -‘-1-“""-.
| T
e / [ __ e
I 7/
|
— —_——— e ——
| L2CM @ 511.5 Kbps |
I P, |
e ____,{/ — ) —
|
—_— e l— L/ f Jo
| L2CL@5115Kbps !
| |
|
i___ T ___1___ - 7T JI - T
1 | | | |
! I I /I I
—— 1 __ L __ L S
L2 C @ 1023 Khbps
4-1 L2C
L2C
CM [5] CL
L1C/A
CM 2
L1C/A
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CNAV/[5] L5

CNAV 25bps
MSAS
50sps L1 2007 12
L2CM CNAV
1 bit 2  25bps 50 ps
<
33
DATA :
2 DATA .
3 DATA : UTC,
4 DATA :
5 DATA :
6 DATA : Reduced
PREAMBLE | M Type ID TOW Count
8bit 6bit 17bit
4-2 CNAV
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4.3 L2C

4.3.1 FFT
L2C CM
FFT [7] 3.2 FFT
CM
20ms 20ms CM
FFT 20ms
[4] 4-2
FFT 2
Lo L 40ms 2
L 20ms CM Lo
FFT 4-3
CM CM
CM
Lo (nearest power-of-two)
N
4 N
__________ haseband signal
r 1
+1 | !
Message | CM code ¢M code >
symbol I CM code ' .
-1 | time
e e Y]
local CM code | zero-padding
e
preserved discarbed
4-3 CM
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4-4 4-5

CM

3000

CL

2006 9

FFT

2500

N

o

o

o
T

1500 -

1000

correlation power

500!

2000

4-4

3 4 5 6
code delay
, C/N,29dBHz, SNR 13dB

1800

1600 |

=

S

o

o
T

1200

1000 |

correlation power

800”
|

400

200
0

4-5

3 4 5 6
code delay
. C/N, 26dBHz, SNR 9dB
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4.3.2 L1C/A

FFT L1C/A
L1 4-6
L1C/A  L2C L1C/A
L1C/A L1C/A
CM
L1 L2
CM L1 +1 L1
CL
CL Z- 1.5
6
Viterbi Decoder
. L2CM & CL & ‘
| Tracking " Subframe |
IF signal - Synchronization
> L1 aided
CM Acquisition
| | CM aided
CL Acquisition
L1 CA
Acquisition Doppler Start time of preamble
_ Code Phase |
IF signal ,
' L1 CA | Subframe
Tracking " |synchronization
4-6 L1
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4.4

L C
L C/A [3]
DLL PLL 4.2.2
DLL CM CL CL
CM
Input output
A T A 1
T T Prompt | I/QI/IEQG
Early Late v
Q |1
|—|—| discriminator
Carrier NCO ) M code v
L generator [ DLL Ip/Qp
CL code |g—Loop filter
generator
y
L »|Carrier aid
PLL PLL
Loop filter discriminator [
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