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sy

® 1957: Sputnik

® 1960’s:
— VHF Ominidirectional Radios (VOR)
— LOng-range RAdio Navigation (LORAN)
— OMEGA
— Transit (1st satellite-based navigation system)

® Early 1970's :
— Timation (tested atomic clock)
— 621B (tested ranging method by PseudoRadom Noise)

® 1973 : GPS program begins
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GPS 78 249 FF

o R 2 & (space segment)
HEd, HI=, ZAL

o X|A B8 (ground segment)
- 2t 9o ¥ R &H ZUH
- 2} MO K| X AIZH AE HEX| HIA
Space Segment
o A2l B2 (user segment) A = 4 a4y
- YAMT M |

- 19 /1K 2 AIZE Al

Ground Segment User Segment
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GPS 74 24: 9F 28
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GPS 74 24: & &

...................

Hawaii Liii-Ascension

................ Garcia

Bl Master Control Station (1) : observe ephemeris and clock

@ Monitor Station (5) : correct orbit and clock errors, create new navigation messages
/\ Ground Antenna (3) : upload corrections and messages
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Pseudo
Random Noise
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PseudoRandom Noise (PRN) ?

o OIIMOZ MIIE XIAS JHH £Y(1il} 02F 7A)

PRN#j(t) =[10010111..7"

JU UL UL

® GPS Z} f{dlil= 11=Ct PRN HZJ} 20{E

o i-HIIO j-HI NS IO

— autocorrelation

||||||||||

100 ‘D] 30 400 50 80 I a0 I 1000

PRN#i(t)T PRN#i(t-a) = non-zeroconstant ifa=0

almost zero

— crosscorrelation
PRN#i(t)T PRN#j(t-a) = almost zero

else

0D 0 20 00 400 600 GO 700 @00 Q00 1000
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® PRN o HAIXS
power sEectrum power sEectrum
< > <« >
freq. freq.
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GPS PRN 1 E9 ==

e C/A It

— Coarse Acquisition code
_ o

—_— O

— 1 ms =)

o PIL

— Precise code
- 28
- 267 & )|
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PRN 84 7%

XOr

_L<_
_|_

213[4]5]6]7]8]910 » G

Xor
() >é—> PRN code

xor  (C/A code)

“Position
depends on
PRN#”
G2
XOr
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Signal Generation
and Transmission
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GPS M Jifat

® Fundamental Frequency
— f, = 10.23 MHz

® Carrier Frequencies
— f, = 154f, = 1575.42 MHz
- f,, = 120f, = 1227.60 MHz

® C/A Code on L1 Carrier
— fc/a = fo /10, 1 ms period

® P Code on L2 Carrier
- f, =f,, 267 days period

® Navigation Message
— 1500 bit sequence, 50 bps

Y

2PD(6)C(t) cos(wt)
Carrier
Generator
EP cos(@t)
D(1) C(1)

Data Spreading
Modulation Modulation

® BPSK (Binary Phase Shift Keyed) Modulation

& SRS A G R
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C/A CodeonlL1l VS PCodeonl2

P(Y) code phase

1575.42 MHz = Carrier frequency
«—— 1 10.23Mbps = clock rate
50bps = data rate Power spectrum
of Data

90°

C/A code phase

1575.42MHz = Carrier frequency
1.023Mbps = clock rate
50bps = data rate

° 1l Al A o4
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Navigation Message

BASIC MESSAGE UNIT IS ONE FRAME ( 1500 BITS LONG )

1 FRAME = 5 SUBFRAMES

1 SUBFRAME = 10 WORDS

1 WORD = 30 BITS

< 30 SEC >
I 1
1 2 | 3 T ik
J_H_L = = 25 PAGES
II II
[ v
4 5
6 SEC
1|2]3]4|5]6]7]8[9]10

0.6 SEC

ONE MASTER FRAME INCLUDES
ALL 25 PAGES OF SUBFRAMES 4 & 5 = 37,500 BITS TAKING 12.5 MINUTES

<— 002 SEC

° 1l Al A o4
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Subframe

Ten, 30-bit words, 6-s subframe

No. P -
A
1 TLM | HOW | Block 1 - Clock correction + satellite quality
2 TLM | HOW | Block 2 -Ephemeris
1-frame
3 TLM | HOW | Block 1 - Ephemeris continued 30s
1500 bits
4 TLM | HOW | Block 1 - Almanac+ionosphere+UTC correction
5 TLM | HOW | Block 1 - Almanac-(25frames for complete almanac

N

° 1l Al A o4
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Timing Relationship

P(Y) code chips |¢

C/A code chips
C/A code epochs

Data bits

Data words

Data subframes

Data frames

10%23' Asec

3“' 7~
1
—= U sec
« 1T }| w7
Imsec=1023 C /A code chips |
€ > v
20msec = 20 code epoch |
€ > v
0.6sec = 30 data bir |
€ > v
6sec =4 z counts =10 words
wordl | word2 | i o
I I 77 77
& bit 17 bit
preamble £ Count
Bt s
: : x6.0000
30sec = 3 subframes |
€ > v

x0.0000
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HE 0 O/5F GPS AT M& AKX

. ——————— ————————
% 120 120 £, camier > BPSK =i
Modulator
P{Y) code & data
or P} code or
CiAcod & edata
BPSK
—’. -
*| Modulator L Sk
W 154 124 £, camier .
> 9 > odator d
,{_
T, clock
Limiter
—T—: P{Y) Code Tmpﬁ']ﬂﬂm@[ﬁiﬂ N
Generator ’\k/ ¢
X1 P{) code
) #"’“ ) » Switch [—
5 £,/10 clock C/A Code T T
T > Generator 7
CJA code & data
*‘ 1000Hz
Handowver
o information +20 {T
f=10.2299999954 3MHz vlf =0 bps data
S0Hz
P )-Code
_Dthﬂ - Generator
information

[ |

SAILE Ay
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B X5 GPS AP Ol IIE

Navigation Data, C/A 1dE, J1¢dli1l P A== BPSK H XA =[]
=cd] 0 2 a9} 0 0l OHE. HeHOl L1(L2) carrier 1A |

E._-:EI 1 2 QA3 180 T0fl OHE. HalO] L1(L2) carrier I} Hi
X

F-cods

TIUD1UD1EID1EIUDDEI|1|DEID1I:IEIDI:IEI‘.II:I|1|D1

P-code modulated carriar

=

| 1
= = O = =

Mavigation Data

Q

|
= 0O = =

Apd(f)p(r}cgs(m1f+ ¢p1) WA

-

D - —
T —
ZiA-code and Data modulated carnar
1 - - [— - —— - - - - p— - - - - -
Ad(t)e(t)sm(of + @) o
-1 - - L. T
= l.'_.:.-".-ﬂ-.—nl:ldﬂ -4 l‘_"'l—l'_"ﬂdE' narria:r.'
o
o ] 1 i i ]
[} =] 10 15 20 25 30

F code Thip number
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Power Level

SV Power : P, =27 W
SV Antenna Gain : G; =10 ~ 16

Received Power
=(P;G;G, )/ (41t R2?)

10 -16W

- 130 dBm
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Signal Reception
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GPS +1D[9] J|=

AN AT Sl

RF (radio freq.) / IF (intermediate freq.) down
conversion

® Signal Acquisition

— 2 dimensional search in time and freq. domains

Signal Tracking
— DLL for code tracking
— FLL or PLL for carrier tracking

Bit & Frame Synchronization

O] AIHZ2l(pseudorange) 24l (DLL)

FHEQQAI N S S| A (FLL or PLL)

OJAtAHGE!, A, E&d S 0|28 fXl 2 ST AL

¢ T ARNON 2y

hangkong.a



GPS +41J/9] X

A d(t)e(t)sm(ent + @)+ A,d (1) p(t) cos(on + ¢,,) + 4,d (1) p(t) cos(@,t + ¢, )

DLL TRACKING
> RCVR |:> Lr:
DEMODULTOR
NAVIGATION KALMAN
> e > DATA ,:' > FILTER
LOW RF/IF DEMODULTOR PROCESSING POSITION
&
th[‘%E B 5AMglLING PSEUDO EST'EATE
— RANGE
“+" | CORRECTION E> COORDINATE
TRANSFOR-
DLL TRACKING
> RCVR E> [> MATION

DEMODULTOR

N channels ﬁ r‘
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RF/IF Down Conversion

RF —@—» BPF [—*1F
ACH)D(1)cos(m, 1) sp = ACH)D(t) cos[ (@, — o, + A@)t + ¢, ]

LO : = AC(H)D(f) cos[ (@ +Aw)t + ¢, ]

2cos(aft)
l AGC

Analog Digital
Down A/D
Pre amp > .onverter I_L) converter —=—>

Reference Froguency
Oscillator synthesize

1575.42MHz

° 1l Al A o4
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Correlator and Oscillator

integrate |
7’"@ > & dump >
rE integrate e
)® > & dump >
A
o | P integrate I
Digital b@ @ > gdump [ >
IF
SIN - — N L - integrate Qe
> ) F\? > & dump >
E .
integrate Q
SIN CI‘J{S:GS @ g — —
map map P integrate QL‘ Receiver
@ > & dump “Processor
LJ h
L
Cﬁggr{ Cmdet E E = L
generator D 3.pit shift register
—»( C
T Tﬂ:c 2fco
Clock Code | Code Phase increment per clock cycle
NCO
A
Clock fc Carrier phase increment per clock cycle

v | BIEAlAEL 01
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Signal Acquisition

A
delay search
— 2046 chip range . .
— 0.5 chip step . . .

>
freq. search

- 100 KHz range
- 0.5 KHz step

15000 o

Frequency Bin (MHz) Cade Phase Shift (samples)

L} A o4 Al
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DLL for Code Tracking

SIN
replica
carrier

Digital

IF

Integrate & | |55

dump

Integrate & |5

dump

Integrate & | s

dump [ L

Y

Integrate & | Eq

Code loop
discriminator

Code
loop
filter

Mumerical
| controlled

oscillator

dump
Qes
w | Integrate &
>
d
AP ume Qs
Integrate & |
Cos dump QL
replica
carrier L4 L4
Code » p E e -
Generator

3-Bit shift register

Discriminator Algorithm

> (Tes —Iis) ps + 2 (Ors — Oi5)0ps

2 I+ 08) - 2 (Is — 014)

Z \,Ués + Qés) *Z‘\lffs +QES)

Z‘J(Iés +QE.25) _Z‘\I(Ifs +QES)
ST+ 0L + XA+ 01

DLL discriminator output (chips)
c

15

5 05
True input emor (chips)

[T =~ powar — ervope — romakzad srveiops |

° 1l Al A o4
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PLL or FLL for Carrier Tracking

Discriminator Qutput
Algorithm Phase Error
Sign (Ipg) - Ops sing
Carrier Code
ifeoff i
Digital "0 | wifeoff Ips ‘
IF ; ® s Integrate Ipg - Opg sin2d
& Dump
r - Carrier Loop | ,| Carrier |
Discriminator Loop Filter
Q @ Integrate Ops /Tpg tand
—
& Dump
T Qrs
T _4‘ Prompt Replica Code ‘
COS || SIN
map || map ATAN(Qpg 'Tng) )
T T Numerical

Controlled | <

Oscillator

50730 03060 bd'i'i’b'{b'{so

[ Sowmrm ——beOps s — ATANOGRRS) |

= /\l A R =
l Nawgahon In ormatlon Sys ems noratory
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Bit & Frame Synchronization

® Bit Synchronization

1 ms C/Acode

1 2 3 4........ 17 18 19 20

20ms ( message 1 bit )

C/A Code

® Frame Synchronization

1. TLM preamble (10001011)

2. HOW subframe ID (1 to 5)

3. HOW zero bits (bits 29 and 30)
4. Parity check

Bit Lock

20 ms Data bit

Frame Lock

Message Bit

Message Data Bit

Message Subframe

° 1l Al A o4
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Pseudorange ?

_l I_l I_l I_l I_l I_I replica signal
based on receiver clock

b |r
>
~—> p=r+b
P
(2. position where p : pseudorange
correlation peak is found ) r : actual range

b : clock bias

(1. for each 0.5 chip,
compute correlation and plot its magnitude )

SA|A 01_'
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Random Variables
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What To Estimate ?

| Twk | state
Xk o« 'b'””
u,k
Ax
_ _ wk | incremental state
AX, =X, - X, =|.""
AD, ,

A,Oj,k =Pk " Pk incremental PR w.r.t. the j-th SV

where x , - ECEF receiver position

u,k
Xk +jth SV's ECEF position

b, . :receiver clock bias

° 1l Al A o4
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Why error covariance is required ?

To manifest how accurate my estimate is.

inaccurate

O my estimate

@ true value




Why consistent error covariance is required ?

“ Exaggeration on accuracy may harm other people *

actual error covariance
indicated by error covariance information

-

O my estimate

@ true value

L} A o4 Al
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Utilization of error covariance

* Accurate estimation (all application)
* Reliable signal quality monitoring (fault detection)
* Initialization of float ambiguity (precise positioning)

* Validation of integer ambiguity (precise positioning)

| REIA]AEE 033Al
@ thtio;;ﬂ Irj%r‘m‘a’tim! 3-7;%5 ta'b?aigy
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Scalar Random Variable

: samples of discrete white Gaussian
{x } 1,23

> random variable X ~ (m,7,)

* Expectation (mean) m, = E[x]=
N
N
Z (xi - mX)2
" Variance ry = E[(X —my (X —my )] = = N
* Standard deviation (one-sigma) Oy =Ty
@:&?t |qu_4 oq—lg

AN hip /e hngkngc.k/lsl/



Combination of Scalar Random Variables

Z(xi —my )y, —my)

* Covariance r,, = E[(X—m, )Y —m,)]= i=1

N

* Given

Z=X+Y (m,=0,m,=0,r, =0)

then,

v | EIA]ABE 04
& Ng!\;%m:%h:grﬁ'iﬁm!ﬁ;%s m:gt%
AN hp o/ nis|
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Random Vector

* Given
_X_
V=1Y| X~(0r), Y~(O,0r), Z~(0,r)
_Z—
then,
( _rX Vv I”XZ_\

v |=|./\ A 04—1
@Né?t Fn"t ISy% g
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Kalman Filtering
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Dynamics Model/

* state: minimum information to describe a system at a specific time instant

Xk’ Xk+19 Xk+29

* dynamics model: a model that relates two states at different time instants

X =E X, +w,

* dynamics model can be constructed by
- given conditions: fixed position or trajectory
- experiences: a heavy vehicle endures small acceleration changes
- high speed sensors: odometr, gyro, accelerometer, compass

* a dynamics model acts as an equivalent measurement
for incremental states

° 1l Al A o4
lk. Ng?l;;.;ﬁ()% I:ngn'a-tior! S_y§ ems m;gt%
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Gauss Markov Process

* A sequence of random vectors {Xk }kzo,l’z,.d_riven by
a dynamics model X, ,=FX +w
with a Gaussian initial value X, ~ (O,PO),
and a white Gaussian noise sequence w, ~ (0, q)

is a Gauss Markov process.

* In this case, each Xk satisfies the following properties.

Xk"’(O,Pk), ])k+1:Fk])kaT+q
E[Xk+1XkT] :FkPk

° 1l Al A o4
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Measurement Mode/

* A stochastic measurement model is usually given as follows,

Y=HX+V

where
Y . vector that consists of measured values
H . observation matrix (mapping between the measured
values and the state of interest)
X . state vector (contains position, velocity, clock bias,

Markov states describing sensor errors)

V'~ (0, R): measurement noise (usually white Gaussian)

° 1l Al A o4
l @ Ng!\‘l;;.;tio?kﬂln Oan';tior!S_y;%s m;gt%
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Equivalent Measurements

* Sensor output (state measurements)

Y =H X, +V,, V,~(0,R)

* A priori state estimate _k at current time step provided by a filter

Y, =X, +V., V,~(0.R)

v I ®EIA]AEL 03
& Ng!\‘:%u(%h:gra'&im!%ﬁ%sm;ﬁ%
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o\

* A posteriori state estimate X .1 at previous time step

combined with a dynamics model X, ,=F X, +W,, W, ~ (O, Q)

/ Construct \

Yo =F X,

where

Vo

X=X +5Xk—1a é)(k—l ~ (O’])k—l)

< then >
Y, =F_ X, +F_0X,,
— (Xk - Wk—l) T Fk—15Xk—1
=X, + I7k
where
\ Vi =F 00X =Wy, Y.

Thus,
Y, =X, +V,, V,~(0,F_B_F  +0)

° 1l Al A o4
l @ Ng!\‘l;;.;tio?kﬂln Oan';tior!S_y;%s m;gt%

AN http ;// eeanangkong.ackr / nisl /



Direct Estimation

* Given

Y=HX+V, V~(O,R), det(H H)#0,

apply weighted pseudo inverse " :=(H'R'H)'H"'R™' toobtain

- state estimate: X=HY=X+V
- estimation error: V' = H*V ~ ((), ([—]TR—IH)—l)

- residual: Z=HX-Y =[HH -1V

Z~(0,%)
>=[I-HH"R[I-HH']"

). TR I=nos v
AN r/n

hitp :// e



Indirect Estimation Given Initial Guess

* Given

Y=HX+V, V~(OR),  det(H H)=O0,
with intial guess X ~ (X,}_)) (a priori information) such that

X=X+8X, X ~(O,P)

* Solution by augmented equivalent measurement vector:

~ X ~ ~ ~ [I] =~ -\ ~ |P O
V=" |=fx+7, H=| | V~(0,R) R=

Y H O R
X=HY=X-K(HX-Y)=X-KZ

K=PH"(HPH" +R)_1 : Kalman gain

7 = HX - Y : Indirect measurement

). TR I=nos v
AN r/n

hitp :// e




* Summary of indirect estimation

1. form indirect measurement Z = HX —Y (Z =HoX -V)
2. compute Kalman gain K = FHT(H13HT +R)!

N

3. obtain improved estimate X = X — KZ (5)2 =(I-KH)oX +KV)

4. then the improved estimate will satisfy
X=X+6X
st ~(0.P)
b= ([—KH)P(I - KH)" + KRK"

v |=|./\ A 04—1
@Né?t Fn"t ISy% g
AN hip /e hngkngc.k/lsl/




Kalman Filter Algorithm

* TIME PROPAGATION by dynamics model Fk
:use dynamics model to project the estimate of previous time step

Xk+1_FX (Xk+19}—)k+l)
Pk+1_FPFT+Qk

* MEASUREMENT UPDATE with newly-arrived measurement Yk
:use indirect estimation with initial guess (a priori information)

Zk:Hk)?k_Yk

K, = }—)kaT(Hk}—)kaT +Rk)_1
X, =X,-KZ ~(X_P)
P=(I-K,H)P.(I-K,H) +K,RK,"

¢ TER penos ny
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