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SECTION 1:
GPS HISTORY



GPS History

* Navigation technology has always been a military

(and commercial) asset
— Example: Seagoing clock’

« Ability to determine position from satellites
known since Sputnik

 Predecessors to GPS
— Navy TRANSIT system
* Measured Doppler shift of satellites in polar orbits
* Required stationary (or slowly moving) vehicles
— NRL TIMATION satellites

» First to orbit precise clocks
* Provided precise time transfer between points on the Earth

» Provided side-tone ranging capability

— Air Force Project 621B
* Demonstrated ranging based on pseudorandom noise (PRN)

» Allowed all satellites to transmit at same frequency

* GPS Joint Program Office (JPO) formed in 1973

— Combining TIMATION with Project 621B created the Navigation Technology S;‘-'t (NTS)
Navigation Technology Satellite (NTS-1 & NTS-2) (result of TIMATION
(Note: NTS-2 was designated the first GPS Phase | SV) and 621B)3

1Info can be found at http://www.oldnewspublishing.com/harrison.htm
Zlmage from https://www.patrick.af.mil/heritage/6555th/6555ch4/images/wcgtsz.jpg

J. Raquet 3lmages from http://code8200.nrl.navy.mil/nts.html



SECTION 2:
TIME-OF-ARRIVAL
POSITIONING
(TRILATERATION)

« How can a receiver figure out where it is?



Ranging Using Time-Of-Arrival

Time-of-arrival (TOA) is one method that can be used to
perform positioning
Basic concept

— You must know

* When a signal was transmitted
* How fast the signal travels
» Time that the signal was received

— Then you can determine how far away you are from the signal emitter
Foghorn example:

Assume there is a foghorn that goes off at exactly 12:00:00 noon every day.
You know that the velocity of sound around the foghorn is 330 m/sec.
You have a device that measures the time when the foghorn
blast is received, and it says it heard a foghorn blast at 12:00:03.
What is the distance between the foghorn and the foghorn “receiver”?
Now that you know how far you are from the foghorn, the question is-
“Where are you?”
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Two-Dimensional Positioning
Using Single Range Measurement

« Range between you and the foghorn (we'll call it
foghorn #1) is 990m

ax\YWheI'e 01]

« Unable to determine exact position in this case

J. Raquet



Two-Dimensional Ranging Using Two
I\/Ieasurements

* Now, you take a
measurement from
foghorn #2 at
12:00:01.5 (for a
range of 495 m)

* Yields two potential
solutions

— How would you
determine the correct
solution?

Potential positions

J. Raquet



Resolving Position Ambiguity
Using Three Measurements

* You get a third
measurement
from foghorn #3
at 12:00:01
(Range = 330
m)

— Now there’s a
unique solution

You are here!
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Receiver Clock Errors
(one way time transfer)

« The foghorn example assumed that the foghorn “receiver”

had a perfectly synchronized clock, so the measurements
were perfect

« What happens if there is an unknown receiver clock error?

« Effect on range measurement
— Without clock error

R =range

R=v_ At v.,.a = velocity of sound

sound

At = transmit/receive time difference
— With clock error 6t

R =v,_ (At+0t)
where

R' =range with error (pseudo -range)

J. Raquet 10



J. Raquet

Receiver Clock Errors
One-Dimensional Example (1/3)

Now, we'll look at the foghorn example, except in only one
dimension

— The foghorn(s) and receiver are constrained to be along a line
— We want to determine the position of the receiver on that line

E
Foghorn

1

If the receiver measured a signal at 12:00:10, where is it on
the line?

Now, assume an unknown clock bias 6t in the clock used by
the foghorn receiver

Your foghorn receiver measures a foghorn blast at 12:00:10
What can you say about where you are?

11
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Receiver Clock Errors
One-Dimensional Example (2/3)

Clearly, more information is needed

Assume that there is a second foghorn located 990 m away

from the first

990
0 500 1000
\ \ N\
Foghorn Foghorn
1 2

You receive a signal from the second foghorn at 12:00:09
What can you tell about where you are at this point?
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Receiver Clock Errors
One-Dimensional Example (3/3)

Here are the measurements we have:
Pseudorange 1=330x10 =3300 = R/
Pseudorange 2 =330x9=2970 = R}

From the pseudorange equation:

R=v_(At,+8t)= x +v_ 8 =3300
R, =v_ (At,+8)=990-x+v_ & =2970
Rearranging terms we get
x+v, .0t =3300
x-v, .0t =-1980

We can then solve for the two unknowns

8¢ = & seconds «—Does this work?

x=660m
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Receiver Clock Errors

Extending to Three Dimensions

In the single-dimensional case

J. Raquet

We needed two measurements to solve for the two unknowns, x and 6t.

The quantities x and (990 - x) were the “distances” between the position of the
receiver and the two foghorns.

In three-dimensional case

We need four measurements to solve for the four unknowns, x, y, z, and ét.

The distances between receiver and satellite are not linear equations (as was case
in single-dimensional case).

The four equations to be solved simultaneously, for pseudorange measurements
R,’... R,” and transmitter positions (x,,y,z,)...(X4,Y4Z4):

R =y(x=x, P +(y—y, P +(z=2, ] +cdt
Ry =y(x=x, +(y—y, +(z—2, +cdt
Ry =(x x5+ (y=y; P + (225 +cdt
R, =y(x=x, P +(y—y, P +(z—z, ] +cdt
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SECTION 3:
GPS SYSTEM
OVERVIEW

- Three segments of GPS system
- Differential GPS
- GPS performance



GPS Overview: Three Interactive
Segments
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GPS - Space Segment

* Nominally, there are
24 active satellites

— Originally “21
operational and 3
active spares” (but
distinction not really
made any more)

— Current Constellation
described as the
“24+3”

— Have been 30+
satellites recently

* Orbit characteristics
— Six orbital planes

— Four SVs per plane
nominally

— 55° inclination angle

GPS Locations
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SVN-26 Rephase Complete: Sept ‘09

() Watch List

Empty Slot

Block 1A

Block IA residual
Block IIR

Block IIR-M
Block I1IR-M (L-5)

*figures from The Global Positioning System: A Shared National Asset, National Research Council, Washington, D.C., May 1995
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Space Segment —
Satellite Characteristics

Number SV’s 28 13 8 12 32

First Launch 1989 1997 2005 2010 2016+

Satellite Weight (Kg) 900 1100 1100 844 Thd

Power (W) 1100 1700 1700 Not Avail Thd

Design Life (Years) 7.5 7.5 7.5 12 15

In Use (as of Jun 2014) 6 12 7 6 0

L1 Signals C/A, P(Y) C/A, P(Y) C/A, P(Y), M C/A, P(Y), M C/A, P(Y), M, L1C

L2 Signals P(Y) P(Y) P(Y), L2C, M P(Y), L2C, M P(Y), L2C, M

L5 Signals - - - L5 L5
*Estimates Sources: ftp://tycho.usno.navy.mil/pub/gps/gpsb2.txt

Misra and Enge, Global Positioning System: Signals, Measurements, and Performance, 2001
http://www.deagel.com/C3ISTAR-Satellites/GPS-Block-1IR_a000238003.aspx
http://www.deagel.com/C3ISTAR-Satellites/GPS-Block-IIF_a000238004.aspx

J. Raquet https://www.gps.gov/systems/gps/space 18
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Space Segment —
GPS Constellation as Viewed from Space
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Comparison of GPS to Other
Satellite Orbits

_— EF ——Geostationary
~_~ orbital period - 20hours - Eath Orbit

GPS_—— T\\ MEO satellites
GLONASS

sea level
30 ]:Im ‘
|

)
iles/ | 20000 miles|

15000 mph —:.?25000 km/h
20000 km/h

JR B}t, Cmglee, Geo Swan [CC-BY-SA-3.0] (http://creativecommons.org/licenses/by-sa/3.0) or GFDL (http://www.gnu.org/copyleft/fdl.html)], via Wikimedia Commons
. Raque 20



Space Segment - Representative GPS
Ground Track

-160 -159.8 -159.6 -159.4 -159.2 -159 -158.8 -158.6 dB

D. Goldstein, GPS Joint Program Office
J. Raquet 21



Control Segment

“\Greenland
@ Alaska
_ .
Sclg:lgﬁ;/grd éFB United Kingdom
_\New Hampshire
Vandenberg 2EB ¢ \ *3 @ USNO Washington
A Cape Canaveral
e\ ® Florida Bahrain @
Hawaii
Ecuador @
oA
oA A\
Ascension Diego Garcia
@ Argentina South Africa

% Master Control Station
A Ground Antenna

® Air Force Monitor Station

J. Raquet

¢ Alternate Master Control Station
. AFSCN Remote Tracking Station
® NGA Monitor Station

Obtained from http://www.gps.gov/systems/gps/control/

South Korea@

A\
Guam .A

Kwajalein

Australia New
O Zealand

Updated April 2014
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GPS - Control Segment

 GPS Master Control Station (MCS) located at
Schriever AFB, CO (2nd Space Operations
Squadron, or 2SOPS)

— Manages constellation (flies satellites)

— Monitors GPS system performance

— Calculates data sent over the 50 bps navigation message
» Orbit ephemeris data

Satellite clock error correction coefficients

lonospheric model parameters

System status

GPS time information

« Communications with satellite using S-band data
link
— Types of communication
» Satellite control
« Navigation message upload
— S-band communications are intermittent

J. Raquet
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Control Segment —
Trajectory Estimation/Prediction

Estimated
Trajectory

\ Trajectory

Predicted

Actual
Trajectory

J. Raquet 24



GPS - User Segment

+ User segment consists of all GPS receivers

— Space
— Air
— Ground
— Marine
« Typical GPS receiver components
Antenna
i Turn right
Prefilter/ here
Preamp
RF
Receiver IF Code/P.hase PR/Phase Navigation
> Tracking > )
Front End Meas Processing
_ Loops
Clock

J. Raquet



SECTION 4:
GPS RECEIVER
MEASUREMENTS

« What does the receiver measure?



J. Raquet

GPS Measurements (Overview)

Each separate tracking loop typically can give 4 different
measurement outputs

— Pseudorange measurement
— Carrier-phase measurement (sometimes called integrated Doppler)
— Doppler measurement
— Carrier-to-noise density C/N,
Actual output varies depending upon receiver
— NovAtel, Trimble, Leica, etc. give them all
— RCVR-3A gives just C/N,
Note: We’'re talking here about raw measurements

— Almost all receivers generate navigation processor outputs
(position, velocity, heading, etc.)

27



Measurement Rates and Timing

« Most receivers take measurements on all channels/
tracking loops simultaneously

— Measurements time-tagged with the receiver clock (receiver
time)
— The time at which a set of measurements is called a data epoch.
 The data rate varies depending upon receiver/
application. Typical data rates:

— Static surveying: One measurement every 30 seconds (120
measurements per hour)

— Typical air, land, and marine navigation: 0.5-2 measurement
per second (most common)

— Specialized high-dynamic applications: Up to 50 measurements
per second (recent development)

J. Raquet

28



GPS Pseudorange Measurement

 Pseudorange is a measure of the difference in
time between signal transmission and reception

Satellite-
generated code 14

%ﬁwﬂ

Code arriving ‘
from satellite 2

L L Uy UL

Code phase generated by
satellite at ty arrives At sec later

Receiver-generated |
replica code

Vmﬁ

Receiver-generated
replica code shifted

ﬁ [ W\IL

RCVR

I<—— At —"l >
ty ,'2 Kaplan (ed.), Understanding GPS: Principles and Applications, Artech House, 1996
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Doppler Shift
(The “Original” Satellite Navigation)

For electromagnetic waves (which travel at the speed of light), the
received frequency f, is approximated using the standard Doppler

equation .
]; =.f}(1"(vr a))

C
/. =received frequency (Hz)
f, =transmitted frequency (Hz)

v. = satellite - to-user relative velocity vector (m/s)
a = unit vector pointing along
line - of -sight fromuser to SV
¢ = speed of light (m/s)
— Note that v, is the (vector) velocity difference
vV,.=v—-u
v = velocity vector for satellite (m/s)

u = velocity vector for user (m/s)
The Doppler shift Af'is then

‘4f==f%"f} “*Z)

30



Effect of Clock Errors on Pseudorange

J. Raquet

Since pseudorange is based on time difference, any clock
errors will fold directly into pseudorange

(Geometric range time equivalent)

- At -

I | I |

I ot | 0 trcvr

I sV . : I

I } I } P time
TS Ts + Ot sy Tu Tu + 6trcvr

|<— At+ 6t - (5tsv—>-|
(pseudorange time equivalent)

Small clock errors can result in large pseudorange errors
(since clock errors are multiplied by speed of light)
Satellite clock errors (6t¢,,) are very small

— Satellites have atomic time standards
— Satellite clock corrections transmitted in navigation message

Receiver clock (6¢,.,,) is dominant error

Ccvr
Kaplan (ed.), Understanding GPS: Principles
and Applications, Artech House, 1996
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Doppler Measurement

The GPS receiver locks onto the carrier of the GPS signal and
measures the received signal frequency

— Relationship between true and measured received signal frequency:

I

meas

fR = meeaS (1 + (Sircvr)
f» =truereceived signal frequency (Hz)
/= =measured received signal frequency (Hz)

of. =receiver clock drift rate (sec/sec)

rcvr

— Doppler measurement formed by differencing the measured received
frequency and the transmit frequency:

Afmeas=fR _fT

meas

— Note: transmit frequency is calculated using information about SV clock
drift rate given in navigation message

32



Carrier-Phase (Integrated Doppler)
Measurement

* The carrier-phase measurement ¢, .. (?) IS calculated by

iIntegrating the Doppler measurements
range(¢) = j: A reas @t +0(L)) + 0, (£5) + ClOCK €rTOT + OtheET €r10rs

Deas (1)

(canbe measured by receiver)

« The integer portion of the initial carrier-phase at the start
of the integration (¢;,,., e,,(tO)) Is known as the “carrier-
phase integer amblgwty

— Because of this ambiguity, the carrier-phase measurement is
not an absolute measurement of position

— Advanced processing techniques can be used to resolve these
carrier-phase ambiguites (carrier-phase ambiguity resolution)

« Alternative way of thinking: carrier-phase measurement
is the “beat frequency” between the incoming carrier
signal and receiver generated carrier.

J. Raquet 33



Phase Tracking Example
At Start of Phase Lock (Time = 0 seconds)

(I)integer (tO)

(integer
ambiguity)

e/ Arbitrary,
unknown
point

Peas (0)

wi .

lgnoring clock and other errors

J. Raquet
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Phase Tracking Example
After Movement (for 1 Second)

(I)integer (tO)

(integer
ambiguity)

Arbitrary,
unknown
point

Preas (1)

0(Z,)

g\.

[ e 00

lgnoring clock and other errors

J. Raquet
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Phase Tracking Example
After Movement (for 2 Seconds)

(I)integer (tO)

(integer
ambiguity)

Arbitrary,
unknown
/ point
q)meas (2)
0(ty)
[[ Mo 0

lgnoring clock and other errors

J. Raquet
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Comparison Between Pseudorange
and Carrier-Phase Measurements

Pseudorange | Carrier-Phase

Type of Range (absolute) Re_mge
measurement (ambiguous)
Measurement ~1'm ~0.01m
precision

Less robust
Robustness More robust (cycle slips

possible)

J. Raquet

T

Necessary for
high precision
GPS
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Carrier-to-Noise Density (C/N,)

 The carrier-to-noise density is a measure of signal
strength

— The higher the C/N,, the stronger the signal (and the better the
measurements)

— Units are dB-Hz
— General rules-of-thumb:
« C/N, > 40: Very strong signal
+ 32 < C/N, <40: Marginal signal
« C/N, < 32: Probably losing lock (unless using high sensitivity receiver)
* C/N, tends to be receiver-dependent
— Can be calculated many different ways
— Absolute comparisons between receivers not very meaningful

— Relative comparisons between measurements in a single receiver
are very meaningful

J. Raquet
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SECTION 5:
GPS SIGNAL
STRUCTURE

e So what do those satellites transmit

anyway?



GPS Carrier Frequencies

 Fundamental frequency f, = 10.23 MHz

« GPS carrier (or center) frequencies
— f,,=1575.42 MHz = 154 f,
— f,,=1227.6 MHz = 120 f,

— f,5=1176.45 MHz = 115 f,

 Wavelengths of carriers

J. Raquet

L1 Carrier

L2 Carrier
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GPS Pseudo-Random Noise
(PRN) Codes

« A PRN code is a binary sequence that appears to be

random. Example:

J. Raquet

Chip Number
— Not called a data bit, because it is not data being transmitted

— The number of chips per second is called the “chipping rate”

PRN code sequence generated in hardware using a
tapped feedback shift register

— Sequence of bits where the new bit is generated by an exclusive-or
of two previous bits in the sequence

— Very easy to implement in hardware

| | | | | | | |
i 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30

41



C/A and P-Codes

 GPS uses two classes of codes
— Coarse-Acquisition (C/A) code
» Intended for initial acquisition of the GPS signal
— Precise (P) code
« Higher chipping rate, so provides better performance
— Comparison between C/A and P codes:

Parameter C/A-Code P-Code
Chipping Rate 1.023x10° | 10.23x 10°
(chips/sec) ' '
Chipping Period (nsec) 977.5 nsec 97.75 nsec
Range of One Chip 293.0 m 29.30 m
Code Repeat Interval 1 msec 1 week

« It’s more difficult to lock onto the P-code (due to length of code)
— Requires accurate knowledge of time
— Normally, C/A-code locked onto first

» Easier, since there’s only 1ms to search over
» Once locked onto C/A-code, receiver has accurate time information for locking onto P-code

— Using accurate timing information to lock onto P-code without initial C/A-lock called
“direct P(Y)-code acquisition”
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Example C/A and P-Codes

« Simulated C/A and P-Codes are given below.

CA Code

P Code

J. Raquet

— Note that the P-code chipping rate is 10 times higher than the C/
A-code

0 1 2 3 4 5 6 7
CA Code Chips

0 10 20 30 40 50 60 70
P Code Chips
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P-Code Encryption for
Anti-Spoofing

« P-code is unclassified and defined in ICD-

GPS-200.
« Satellites don’t normally transmit P-code,

however.
— P-code is encrypted by an encryption code

— The encrypted P-code is called Y-code

« Often referred to as P(Y)-code

 Y-code is classified, so unauthorized users cannot
— Directly lock onto the Y-code
— Spoof the Y-code (i.e., make a fake signal that appears to be coming

from a GPS SV)

» Correlation techniques exist that allow advanced civilian receivers
to lock onto P(Y)-code.
— Degraded capability vs. direct Y-code tracking
— Requires C/A-code lock

J. Raquet
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Code Modulation of Carrier

« So far, we’ve covered
— GPS L1 and L2 carrier frequencies
— C/A-code and P-code

« These need to be combined through modulation
— GPS uses biphase shift key (BPSK) modulation

1 ....... AREEEERE ........ R ....... AARRRNY ....... ....... ........ .......
Chip value of +1
0° phase shift

L1 Carrier

Chip value of -1
180° phase shift

I i i i i I i i i
-2 -1 1] 1 2 183 184 185 186 157

P)-Code
BPS modulation

i I i i i i I i i
-2 -1 0 1 2 153 184 155 186 157

J. Raquet L1 Cycles 45
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GPS Navigation Message

* In addition to the C/A or P(Y)-codes, the signal is also
modulated with the 50 bit/sec navigation message

— One “frame” is 1500 bits (30 seconds), and is broken into 5 300-bit “sub-

frames” (6 seconds each):

Subframes 4 and 5 change each
frame

(Total of 12.5 minutes to cycle <
through all messages)

—

SUBFRAME 1

SUBFRAME 2

SUBFRAME 3

SUBFRAME 4

SUBFRAME 5

Significant Subframe Contents

GPS Week Number, SV Accuracy and Health,

TLM | HOW and Satellite Clock Correction Terms

TLM | HOW Ephemeris Parameters

TLM | HOW Ephemeris Parameters

™ | How Alns13na<_> and Health Data for Satellites 25-32, Special Messages,
atellite Configuration Flags, and lonospheric and UTC Data

M | How Almanac and Health Data for Satellites 1-24 and Almanac Reference

Time and Week Number

Frame

 Navigation message is combined with code
— For 1/0 representation: exclusive-or
— for 1/-1 representation: multiplication

46



Data Format of Subframes 1, 2, 3, and 5

< DIRECTION OF DATA FLOW FROM SATELLITE MOST SIGNIFICANT BIT TRANSMITTED FIRST
300 BITS ———————— 6 SECONDS >
SUB. <€¢— WORD 1—>{«¢— WORD 2—>{¢— WORD 3—>{<¢— WORD 4—>|«¢— WORD 5—>|«¢— WORD 6—>{«¢— WORD 7—P>|«¢— WORD 8—>|«— WORD —>|<€¢—WORD 10|
FRAME pAGE
o |1
. - 31 73|77 |83 121 1851 181 {187 y2n1 (219 200|249 211
N K teo o |° L)
! NA A [« N (. - R 1) (L ) Pl zpme~ |P| zsme= [P| a24Bve~ |P| 1emrs~|s|P teeme |P| s [ 1emms |P| 2zBms (Y P
zeTs 28ms ordy s ols
RESERVED - 2 BITS j \ — RESERVED- 18T n.-/
URAINDEX.. 4 BITS 100C - 10 BT TOTAL ———————————
SVHEALTH - 8BTS
1 31 81_e0 1 107 2 181 181 21 27 241 21 267
100E
w Cn an G toe
2 NA zems (9 F| 2ems |YP[ghs| tem7s | P e avel P | 2ems  |P | sprs |evs|®| 2eome Plieems | o8 |P| 24ms P| esms ye
- N nsse\_ 75 e o
Mt Mg - RBITS T * -32BITS TOTAL JA-n2es
RESERVED - 1817 —
SPARE -5 BITS
1 & 81 78 n 121 137 151 181 21 241 a1
Cp Ca ° Cre s c ooT
a NA o de| How |t e s|P P 3 I3 e P Pls o e
z8ms 288 1eems | BTs| uems 1eers |28 uaTs 1eams |28 ems 20m TS| 14BiTs
1s8s L58e L38s
sas 0,- 28T TOTAL s Ip- 2 BTS TOTAL Se »-2BIT8 TOTAL
1 31 % | 0 " 124 197 151 181 211 24 274 |2 200
? LM HOW . te|l B a s JA no - L)
s THRU zeme |4 P| 28ms (t|P 1878 | P | g | 1ests | P [1emrs |mi7s|P 24878 Pl 24mirs e 24878 P 248ms P | P
x o
DATA D - 2 B4T8 —T T—wmes)o-eam t—svrzpu.m ag-11 mtﬁlﬂ“
a1 BMS
271
" 3 s | &9, 77 ” 121 181 181 m 241 e
SVHEALTH BVHEALTH 8V HEALTH 8VHEALTH SVHEALTH SV HEALTH SPARE
w wow tog | WN 8BITBYV 6 BT/sY 8BSV s8IV 8 BTV saTsV
5 25 zots |9 P| Zoms |t|P s|a|P P P 3 P P Pl | oums |4 P
ms|Bms| |svisv|sv|sv| |sv|sv|sv|sv] |svisvievisv| |sv|sv|sv|ev| |sv|ev|svisv| |sv|sv|svisv
1i2|3|4 s|e|7]|8 vjw|njtz| [1/1|18|18| |[17|18|wlzo| [21|22|2z3|2s
DATA D - 2BITS. fT nsset\ven-uﬂs—T
8V (PAGE)ID - 6 BITS.
= RESERVED
P- S PARITY BITS
1-2 NONINFORMATION BEARING BITS USED FOR PARITY COMPUTATION ((SEE PARAGRAPH 25.2)
G- TLM BITS 23 AND 24 WHICH ARE RESERVED

Obtained from SPS Signal Spec (http://www.spacecom.af.mil/usspace/gps_support/documents/SPSMAIN.pdf)
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L1 and L2 Signal Breakdown

Note: 50 bps navigation message modulated on all of the codes
L1 signal
— P-code
— C/A-code modulated on carrier that is 90° out of phase from P-code carrier
P-C/Qde C/A)(iode

51,(0) = 4, YOON(1)cos(wr) + Ag, CAQ@)N(1)sin(ayt)

N(t) = 50 bps navigation message

4, = Amplitude of L1P -code signal =-163 dBW
A, , = Amplitude of C/A-code signal =-160 dBW
W, =2
L2 signal | &L P-Code

— P-codeonly  s,,(1) = A, Y(1)N(t)cos(e,)
4, = Amplitude of L2 P -code signal = -166 dBW
w, =21,
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Sample of How

L1 Signal is Generated

-

P Code
-

P-Code Portion <

P Code
Modulation

N
4 % T S ST SO P S
S8 ol
g b
C/A-Code Portion < °
3
U-
3
o
2
7
. o
Total Signal 3
Q ' ' i i i ' i i i |
© -2 -1 0 1 2 .. 153 154 155 156 157
- L1 Cycles
J. Raquet p4
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Signal Power (dbW)

Comparison of GPS C/A-Code and P-Code
Power Spectral Densities with Noise

-200

-2101

-220

-230

-240

-2501

-260
1545.42

Ambient Noise

P-Code

1555.42

|~

1565.42 1575.42 1585.42

Frequency (MHz)

C/A-Code

1595.42

1605.42
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GPS Signal Autocorrelation

« Definition of autocorrelation for function g():

R(7) = [e(n)g(

+T)dt

« Autocorrelation function for maximum length PRN sequence (code

Rppn(D)

amplitude of +/- 1)

4

A

\

/A ,

\

-NT, )
-N+DT, -(N-DT,

C

NT,. = code repeat period (i.e., repeats after N chips)

(N =1023 for C/A-code)

J. Raquet

0 T,

—>

T. = chipping period (1/chipping rate)

NT,
(N-DT, (N+1)T

C

51



How the PRN Code is Tracked

Aligned
=10

Incoming: J—L

Rx Generated

garty: | | T
Prompt: J—L
e [ [ Y LT

1.0

0.5 0.5

Rx Generated

E-L=0

J. Raquet

0.25 Chip Early
=025

Incoming:
Early:

Pmmm:J417
ate: [ 1Y LT

Rx Generated

0.1 Chip Late
t=-0.1

Incoming: .—|_,—|_r
Early: L L)

Prompt: mw
ate: [ | T[]

0.9

0.6
0.4

E-L=-0.2
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Modernized GPS Signals

L2C - Block IIR-M SV’s and later

— Contains CM and CL Codes (Civilian Moderate and Long)
« CM has CNAV Data Modulation
« CL has NO Data Modulation

— CNAV is half rate of ‘standard NAV’ and has several
iImportant improvements including Forward Error
Correction and information to link GPS to other GNSS
systems

M — Block IIR-M SV’s and later

— Centered on L1 and L2 frequencies

— Binary Offset Carrier (BOC) 5.2 w/ bandwidth of 24 MHz
L5 — Block IIF (and tested on late lIR-M’s)

— Two r)anging codes transmited- 15 and Q5 (in-phase and
quad

— |15 and Q5 10,230 bit sequences transmitted at 10.23 MHz
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Previous —

Since Dec 2005 —__

(6 SVs)

In Orbit Planmed

Power Spectrum (cBW/Hz)

-2
-230}.

-250}.

!

GPS Signal Modernization

Block 1A Block IIR
1990 1997

Block IIR-M. 2005

‘ Block IIF, 2669 2910
Mﬁﬁ'ﬁ!ﬁmﬁ

) N N R
g8 &5 8 B

r Spectrum (BW/Hz) Power Spectrum (dBW/Hz)

OO
8888

A

-
[3,]

Power Spectum (BWH)

%

|[ I |“l' il _ 1 i )

Nifi.\
4——-—-L1c BIO(:k 11, 2@’1/ 2016+
Mnﬁ I

mll M *ﬂu{ _ ,‘

’

)

Extracted from prese

?
By er
Ls Freqmcy(Mt) Ll (artist’s concept)
RNSS Band RNSS Band RNSS Band

ntation by D. Goldstein, presented at ENC GNSS 09 (http:

), with updates 54



SECTION 6:
GPS MEASUREMENT
ERRORS



Pseudorange Errors

« The pseudorange measurement includes
— True (geometric) range between receiver and satellite
— Satellite clock error (or residual error after SV clock correction Az, is applied)

— Receiver clock error
— Other errors due to atmosphere, selective availability, receiver hardware, etc

(tp)
sV * Lumped together in ¢, term Other
Clock Errors
Error True Range Receiver Clock Error  (8tp)

o*

* For single point positioning
— Receiver clock error is estimated

— Other errors are ignored (and cause errors in position and time
solution)

— It's important to understand these errors

J. Raquet 56



Ways of Correcting Additional Errors

/Apply Error Models o \

(atmospheric errors, " R

\_multipath(?) \ )

/~ Use Externally Generated
Data

lonospheric
SP3 Grid

-

(SV position, ionosphere)

J. Raquet

(multipath,
@easurement noise)

Improved Receiver
Processing Algorithms

~

-

.

errors, clock errors)

/
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Pseudorange Error Equation

- Pseudorange pis r=c(T, -T,)=cAt =geometric range
T =time signal would have been received

if there were no errors (theoretical)
p=r+c(0t, -0t +0t,) T. = true signal transmit time

ot =receiver clock error
ot,, = satellite clock error (after polynomial

and relativity corrections applied)
(Geometric range time equivalent) .
i< At »!  Ot, =additional error effects

| |

I 5tsv I 6tD I 6tu

I i | i } p - time
’ ’ tu

|< (pseudorange time equivalent) >|

J. Raq%ﬁmlan I Inderctandinao (APS- Princinlae and Annlicatinne Artech Hoirice 100A/ 58
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Pseudorange Errors

All non-clock errors are combined in the 6z, error term

noise&res

oty = ot,,, +ot,  +0t +0t,, +0t,,

ot,, =delaydue toionosphere

1

ot, = delay due to troposphere

trop

ot = receiver noise and resolution error

noise&res
ot,, = multipath error
Ot,, = hardware errors (inter - channel or

inter - frequency biases)

Additionally, satellite position error will contribute to an
error in the solution

— Not actually a measurement error, but “seems” like a measurement
error

Each error will be covered separately
— Emphasis on pseudorange errors
— Carrier-phase errors often related
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GPS Measurement Errors

lonosphere

Troposphere

Receiver noise

Multipath

11 e e ©¢ o ¢ o o o o o o o

Hardware errors

12 e © ©¢ ©¢ © o o o o ¢ o o

Broadcast ephemeris error
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Atmospheric Errors with GPS

* There are many different ways to describe the atmosphere

‘
Altitude [Km] [ Temperature | lonization  |Magneticfield| Propagation | Technical
100 000
| Thermo- Protono- Magneto-
10 000
sphere sphere sphere Upper
[ R E . lono - h
_ Atmosphere
1000 lonosphere sphere
100 esesphere | _____ [T g -
Stratosphere Dynamo~ [~~~ — —1 Lower
Y Neutrosphere| sphere Tropo- |
Troposphere osphere
sphere K I
L Our
Seeber, Satellite Geodesy, Walter de Gruyter & Co., 1993. Definition

 For GPS, atmosphere usually divided up into troposphere
and ionosphere

— Troposphere: neutral (uncharged) atmosphere
J. Raquet — lonosphere: free ions .



lonosphere

« Weakly ionized plasma that can affect radio waves
— Caused by ultraviolet radiation from the sun
— Maximum density between 300-400 km

— Effects
e Code delay (phase 1000 PLASMASPHERE
advance) o~
* Doppler shift SooL
* Refraction (bending) of __ 40of
radio wave é 200! y
« Amplitude or phase 2 oo
scintillations * | -
102 i /Eﬂ/// r
10" 10" N

Electron Density (el/m?)

J. Raquet Klobuchar, lonospheric Effects on GPS, Chapter 12 of Parkinson et al (ed.), Global Positioning System: Theory and Aplications, AIAA, 1996. 62



Solar Cycle

* lonospheric activity is
directly related to the
solar cycle

— Measured by sunspot
number

— Varies on ~11 year cycle
— In peak around
2001-2002

A long history of sunspot numbers ‘

J. Raquet

(http://sidc.oma.be, Feb 1, 2003)
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(http:/ /sidc.oma.be, Feb 1, 2003)
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Sunspot Numbers — More Detailed View,

Including One Year Predictions

350

300

250

200

h-lllIIIIIIIIIIIIIII

1540

100

aQ

Q

I I I I I I | I

SUNSPOT NUMBER Ri
Daily
Monthly
———— Smoothed
.............. SM predictions
—————— CM predictions

I

llllllllllllllIlllllllllllllllllll

|

(http:/ /sidc.oma.be, Feb 1, 2003)
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Spatial and Temporal Variation of L1

lonospheric Delay

T T B T T T i T

— ez, . L«An\""
oo W Ny = ; L
! I =

o TINES § ”s ‘ -
Zonin L1 onospheroTme e B POV ——
y - INimu =5 | N
W% N AN prZ

€T

(sunspot number = 10) L J LA
X{-
N .o ag 2 b
LONGITUDE

Zenith L1 lonospheric Time
Delay (ns) - Solar
Maximum —
(sunspot number = 153)

L t A\ i 1 : T T 3
[+] 30 60 90 20 150 180 150 20 920 60 30 o
LONGITUDE

J. Raquet Klobuchar, lonospheric Effects on GPS, Chapter 12 of Parkinson et al (ed.), Global Positioning System: Theory and Aplications, AIAA, 1996.



Latitude (deg)

J. Raquet

90°N
60°N
30°NJ

OO

Sample lonosphere Plot

GDGPS Vertical lonospheric Delay at 24-Feb-2014 20:45:00 UTC
In meters at L1

30°S

60°S

90°1580°

120°W 60°W 0° 60°E 120°E
Longitude (degq)

http://www.gdgps.net/products/tec-maps.html
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lonospheric Effects on GPS Pseudorange
Measurement

Total Electron Content (TEC)

— Number of electrons in a 1m x 1m rectangular column from the receiver up
through the ionosphere (units of electrons/m?)

Units of TECU
(=1x10'¢ TEC)

User

TEC= (n,dl
"

(1 TECU=0.16 m

n_ = electron density
¢ pseudorange error

Group (pseudorange) delay on L1)
AS,, . = 40.3 ;FEC
/
AS,,, . =group (pseudorange) delay (m)

f =carrier frequency (L1or L2 for GPS)
Carrier-phase delay

\g __403 TEC

iono,p 2

— Carrier-phase is actually advanced by ionosphere by same magnitude as
group delay
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Use of Dual Frequency Measurements to
Calculate lonospheric Delay

L1 ionospheric delay calculated by

f2
ASiono,corrLl = (fz _zfz )(IOLI - pLZ)
2 1

~=L1ionospheric delay (m)

AS

iono ,corry

1, f, =L1and L2 carrier frequencies
0,,P;, =L1andL2 pseudorange measurements

L2 ionospheric delay can be calculated by

f 2
ﬁ S’ — 1 ﬁ S’
iono,corr, iono,corr
L2 (f ) L1

2
lonospheric-free pseudorange:

2 2
- 77
pIF=pL2 Ypm, Y=(fu) =( )

1-vy Jia 60

Multipath and measurement noise will corrupt this
measurement of ionosphere
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lonospheric Mapping Functions

 Mapping function (or obliquity factor) is used to relate
ionospheric error at elevation ¢ with ionospheric error at zenith:

[ étiono = F}(g)étiono,zenith J

— Mapping function used in Klobuchar model (from ICD-GPS-200)
(elevation ¢ in degrees)

3.5

Satellite

3

3

E
F(e)=1+16[0.53 -
(&) ( = )

o

2.5

Mapping Function

\

2
1.5 —
1
0 10 20 30 40 50 60
Elevation (deg)

— Mapping function used by WAAS -
2
-2

R, +h,

J.Raapet h1an Understandina GPS: Princioles and Applications. Artech House 1996
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GPS Measurement Errors

lonosphere

Troposphere

Multipath

u...........: Hardware errors

12 e o © ©¢ © o o o o o o

Broadcast ephemeris error
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rop)

Tropospheric Delay (d¢,

 Troposphere is defined as the neutral atmosphere
— Actual troposphere (~0-10 km)

» Contributes about 75% of “tropospheric” error
— Tropopause (~10-16 km) _
Contribute about

— Stratosphere (~16-50 km) 25% of error
(0)

 Tropospheric delay expressed as

. . C
n =refractive index = -

Cm
ot = f(” ~1)ds + A c, = velocity in vacuum
tmp g . . ] . . .
paih c,, = velocity in medium (air in this case)

A, =error due to path curvature

« Sometimes refractivity () is used

N =(n-1)x10°
— Average N on Earth’s surface: 320

J. Raquet 72



Characteristics of Tropospheric
Error

« Two different terms can be calculated
Dry

80-90% of total error
Predictable to 1% @ zenith

10-20% of total error

Predictable to 10-20% @ zenith Total = Wet + Dry

E

= Typical Dry and Wet Tropospheric Delays
S 25 \j ’ |

o Dry Component
3 .

3 Wet, 4 80

5 20 Wet, 3

S ~~ Wet, 0

2 15 \

o

e

2 10 \

N

I T B ———
(_U s i i —==
s % 20 40 60 80 100

Elevation (degrees)

Data from Black and Eisner, “Correcting Satellite Doppler Data for Tropospheric Effects”, Proc. Of International Symposium on the Use of
J. Raquet Artificial Satellites for Geodesy and Geodynamics, National Technical Univ. of Athens, 1984. 73



Tropospheric Models

 Many models exist for modeling troposphere

Possible Inputs: SV
Height > Elevation —,
Location d Zenith Delay SEE e Modeled |
Tropo Parameters | o= lali=i a0 Tropo Delay Mapping Tropo
Other factors >

Error

v

at Zenith

— Most are accurate at elevation angles > 15°
— Can be significant differences for low elevations
— More common models:

« Saastamoinen (Saastamoinen, “Contributions to the Theory of
Atmospheric Refraction.” In three parts. Bulletin Geodesique, No.
105, pp. 279-298; No. 106, pp. 383-397; No. 107, pp. 13-34.)

» Black & Eisner (Black and Eisner, “Correcting Satellite Doppler Data

for Tropospheric Effects.” Journal of Geophysical Research, Vol. 89,
No. D2, pp. 2616-2626.)

» Marini & Murray (Marini and Murray, “Correction of Laser Range
Tracking Data for Atmospheric Refraction at Elevations Above 10
Degrees.” Goddard Space Flight Center Report X-591-73-351,
NASA GSFC, Greenbelt, MD, 1973.)

J. Raquet 74



Tropospheric Mapping Functions

 Mapping function is used to relate tropospheric error at
elevation ¢ with tropospheric error at zenith:

ot, =F.(&)ot

trop trop ,zenith

— Chao mapping function’

*  Wet component:

20

F, ()= 1 ° ool
T (&) = 0.00143 S L9
sIn € + = Fo ()
tan € + 0.0445 g 14| T |
* Dry component ”;, 12
1 g 10
F — ©
r, (€)=~ 0.00035 s s \\
sin € + 5 \
tan £ +0.017 5 ° \.
S N
— Simplified troposphere mapping 2 —
function (useful for many applications) % 20 40 60 80 100
1 Elevation (deg)
FT (5) = .
sin €

ICRagL&the Tropospheric Calibration Model for Mariner Mars, 1971,” JPL TR 32-1587, Jet Propulsion Laboratory, 1974.
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GPS Measurement Errors

u...........: Hardware errors

12 e o © ©¢ © o o o o o o

J. Raquet 76
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Measurement Noise

As with any measuring device, measurements from a
GPS receiver exhibit measurement noise

— Uncorrelated in time at typical sampling intervals (i.e.,
white noise)

— Gaussian probability density function

— Zero-mean

— Correlated with C/N, (lower C/N, — more noise)
Quantization error also lumped with noise

— Error due to LSB roundoff

— Depends upon receiver implementation and the way
data is reported from the receiver

Normally, measurement noise is not a significant
problem

— Easy to remove by filtering
— No bias

77



Sample of Measurement Noise vs.
Satellite Elevation

* Measurement Ashtech Z-12 Measurement Noise From Zero-Baseline Test

noise vs. = os |
elevation e | [ L1 CA-Gode
2=, e
_ Based upon N N :
0.4r
“zero- =3
L] 11 o = 02-
baseline” test §Z
(single %0 20 30 40 50 60 70 80
antenna, two . Elevation (deg)
. ) 15 ! ! T T
I’ecelverS) GEJ /E\ -------- L1 Phase
. el L2 Phase
— Low elevation 25 1f -
satellites N
typically have g2 v T
lower C/N, = - - - - '
10 20 30 40 50 60 70 80
values Elevation (deg)

J. Raquet 78



. Raquet

GPS Measurement Errors

lonosphere

Troposphere

Multipath

11 e e ©¢ o ¢ o o o o o o o

12 e © ©¢ ©¢ © o o o o ¢ o o

Hardware errors

Broadcast ephemeris error
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Multipath

Measurement error caused by reflected signals

— Can affect both code and carrier-phase measurements

— Potential multipath sources
Ground

Water

Buildings

Heating ducts

80



Pseudorange Multipath Example--
Aircraft Sitting on Tarmac

J. Raquet

Plot of multipath plus measurement noise
— Ashtech Z-Surveyor in T-38 on tarmac

— Generated from code-minus-carrier observable
* Absolute bias unknown

— Code-carrier ionospheric divergence removed by fitting to 2nd order
polynomial

— Note periodic nature

N W A

L1 C/A-Code Multipath (m)
o

“b > 4 6 8 10 12
Time (Minutes)

14
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Examples of Multipath (plus Noise) vs. SV Elevation
Ashtech Z-12

=y

Ashtech Z-12 Receiver, Dorne-Margolin Groundplane Antenna

= 2 ) ;
C o
ee_ | i L1 CA-Code
() § e | -~ i i e L1 P-Code (semicodeless)
5 + ;/1 -5 S S S S L2 P-Code (SemiCOdeleSS) ....... -
% c O - -
0w O
=903
=W

>
§ =

0.5

‘E 15 ' T T
o 9
.2~ A L1 Phase
o2 E L2 Phase
§ N : 10 _"—’-"——_—_, \ ............................................... i ................................................................ T -
e R B PN
2 go 5 1 S SOt \\-“ .......................... _
Q= D

>5O) A
Pl
o i i i i i

10 20 30 40 50 60 70

Elevation (deg)
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Multipath Mitigation Techniques

Antenna-based approaches
— Place antenna in low-multipath environment
— Use groundplane or chokering antenna

Antenna Elements

s 00 &=

With Ground Plane Chokering

Measurement-based approaches

— Carrier-phase smoothing of the code

— Use of C/N, and antenna gain pattern to estimate multipath
Receiver processing-based approaches

— Narrow correlator spacing

— Advanced signal processing techniques
Other approaches

— Use of multiple receivers

— Modeling of environment around antenna

83
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\

GPS Measurement Errors

lonosphere
Troposphere

Receiver noise

Hardware errors

J

"\ Broadcast ephemeris error
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Hardware Errors — Inter-frequency

Bias
~ N ® vy b o N o o = %
g & & ¢ ¢ ¢ ¢ ¢ ¢ ¢ g2 ¢2
< c c c c c c c c [ < [
11 © ®© © © © © o o o o o o
Inter-frequency
bias
L2 ® © © © © © o6 o o o o o
« Measurement bias between L1 and L2 measurements
— Consistent across all receiver channels

Adverse effects
— Does not affect position solution (Why?)
— Can affect ionospheric study

— Can affect clock estimate

J. Raquet
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Hardware Errors — Inter-channel
Bias

~ N ™ ~+ Up] © N
o) o) o) o) o) o) o)
< < c < < < c
c c c c c c c
g & & & & & 7
c O O O O O O
L1 ® 6 6 o6 o o o e o ©o
L2 e 6 6 6 o6 o6 o6 o o o o o
Inter-channel biases (11 in this case)

Measurement bias between channels in a receiver
— Typically very small (can be calibrated out in the factory)
— Can be determined/removed by tracking a common satellite (like RCVR-3A)

« Adverse effects
— Does not affect ionospheric study
— Does affect position solution (although typically too little to worry about)
Jraquet — Does affect timing solution (although typically too little to worry about)
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GPS Measurement Errors

lonosphere

Troposphere

Receiver noise
Multipath

Hardware errors

Broadcast ephemeris error

J
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Satellite Position Error

e Pertu rbing forces and Force Acceleration (m/s?)
measurement error (by Earth gravity modeled as point mass 6.1x 10"
OCS) prevent perfeCt Earth gravity oblateness modeled by 10x10%
prediction of satellite  |the J2 coefficient =7
positions Lunar gravity 3.9x 10°

— Most can be Solar gravity - 1.0x 10°
modeled accurately | oo oG o g oAy field 2.2x 107
— Even small errors Solar radiation pressure 7.2x10°%
Summed effect of Earth gravity field, ]
C_an Iead tO . cgefficients 5,01t08,8 5.9 x10°
Slgmflcant pOSItIOﬂ Albedo (or Earthshine)’ 1.5x 107
ﬁ]rt':grfa(t?gne) to Thermal re-radiation? 1.4 x 107
Example: Venus Solid Earth tide, raised by the Moon 1.3x 107
gravity Cén result in Solid Earth tide, raised by the Sun 4.5x10™
uﬁ: fo 83 Cmff e{ror Venus gravity 1.1x107°
arter a aay, Ir no
accounted for 'Force due to electromagnetic radiation reflected by the Earth and

thermal radiation emitted by the Earth

IR 2Caused by anisotropic radiation of heat from the spacecraft
' aﬂi'éggrt, Cross. and Adhva, Modeling Photon Pressure: The Kev to High-Precision GPS Satellite Orbits, GPS World. Jan 2002



Satellite Position (Ephemeris) Error

J. Raquet

The broadcast ephemeris are generated real-time by the
control segment using data from ground GPS receivers

— Typically has ~1 m accuracy’

Errors in ephemeris result in satellite position errors
— Not truly measurement errors

— Do cause errors when the measurements are used, however
« Cause error in expected measurement value
— In terms of error analysis, can be treated as measurement errors

Precise orbits (~3 cm accuracy) can be obtained from
National Geodetic Survey (and other organizations)
— Calculated using days of data from hundreds of reference stations

— Can be obtained over internet (http://www.ngs.noaa.gov/GPS/
GPS.html)

— Serves as useful truth reference for broadcast ephemeris errors

Thttp://www.gps.gov/systems/gps/performance/accuracy/URE.pdf 89



Improvement in Satellite Position/
Clock Accuracy over Time

Performance Standard (PS)
(RMS over all SPS SIS URE)

5 _ f"'-----.___.-"'__
m Signal-in-Space User
Range Error is the
AN difference between a GPS
YN satellite’s navigation data L. .
4 - . (poaition and clock)hanlc_i the 20(& SErﬁaﬂP&sﬂ_lomg Seﬂltﬁ @Q
N\ o e e oy e e Performance Standard (PS)

(Worst of any SPS SIS URE)

=

Decreasing range error

Better Performance

N
1

= Increasing accuracy

M1 12
i i i i 111110 10 09 09 09 45 g
0' T T T Iilililililililili

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

—_—
1

Root Mean Square (RMS) Signal-in-Space (SIS)
User Range Error (URE) in meters
w
1

J. Raquet Figure taken from http://www.gps.gov/systems/gps/performance/accuracy/URE.pdf 90



Example of Satellite Position Errors

» Errors in broadcast ephemeris (compared to NGS precise ephemeris)

— Traces shown for

PRII\EI_)S i] _7 21 5 3 Broadcast Ephemerl(? Posét(|302r11, EBr)or in Zenith Direction
25 26 29 30 150 . ! -
and 31
— Ephemeris for all Ry
these PRNs had I e
t,. within 100 s L
séconds of § of
302400 GPS 5
week seconds £ sf
g302300 <t E 2 X
02500) (20° Jan P B o G
99)
— Demonstrates 4- B I 7 A
hour validity - : : : ; : :
W|ndOW 259200 270000 280800 291600 302400 313200 324000 334800 345600

1900 2200 O01:00 0400 O7:00 1000 1300 1600 19:00
GPS Week Seconds/Local Time

J. Raquet
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Observed GPS Pseudorange Positioning Errors
with Typical SPS and PPS Receivers

Typical Range Error Magnitude
(meters, 19)

Error Source

(V?/PSSA) (w?opgA) PPS
Selective Availability 24.0 0.0 0.0
lonosphere® 7.0 7.0 0.01
Troposphere® 0.7 0.7 0.7
SV Clock & Ephemeris 3608 36708
Receiver Noise : 1.5 0.6
Multipath® 1.2 1.2 1.8
To Voo S |/ 255\ _srral _aras

%For SPS: 7.0 is typical value of ionosphere after applying
ionospheric model. Actual values can range between
approximately 1-30 m.

°Residual error after using tropospheric model

°For PPS: includes increase in multipath that results from
using L1 and L2 code measurements to remove ionospheric
error.

J. Raquet Original table from National Research Council, The Global Positioning System: A Shared National Asset, National Academy Press, 1995. 92
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Measurement Domain vs. Position Domain

Pseudorange errors are errors in “measurement domain”
— Errors in the measurements themselves
— UERE is one example

Ultimately, we’d like to know errors in “position domain”
— The position errors that result when using the measurements
— Errors in position domain are different than measurement errors!

+ Can be larger
* Can be smaller

— Dependent on measurement geometry
Mathematical representation
— We have covariance matrix of measurements (C,).
— We want covariance matrix of calculated position and clock error
(Cy)
In GPS applications, this problem is approached using
concept called Dilution of Precision (DOP)
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Effect of Geometry on Positioning Accuracy
(Foghorn Example)

Consider the foghorn example, except allow for a measurement error

Good Geometry Example

Poor Geometry Example

Variation in range ring
due to range errors:

from foghom 1 Shaded region: Locations
from foghorn 2 T

using data from within
indicated error bounds

User location

o
Foghom 1

®
Foghom 2

Shaded region: Locations using data
from within indicated error bounds

Variation in range rlng due to
range enors:
from foghom 2

from foghorn 1 \

User location

®
Foghom 2 ®

Foghorn 1

J. Raquet
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Types of DOPs

 The “Big Three”
— GDOP (Geometric DOP)

GDOP = /D, + D, + Dy, + D,

2 2 2 2
\/ae +0,+0, +0; =GDOPX 0,

— PDOP (Position DOP)

PDOP = [D,, + D,, + D;,

2 2 2
\/ae +0, +0, = PDOP X0y

— HDOP (\FlQ[iZQDtaI DOP)
HDOP =/D,, + D,,
O +0° = HDOPX O

J. Raquet

Less common (for
navigators, at least!)

— VDOP (Vertical DOP)

VDOP = /D,

O, =VDOPX O,y

— TDOP (Time DOP)

TDOP=./D,,

0y, = TDOP X Oy

* Note: time is in units of meters
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Typical DOP Plot

Dayton Ohio — 24 Apr 2003 — All Visible SVs (above 10° elevation)

[l Geometrical
[l Position

Il Verttical

[ Horizontal
[]Time

0 1 ) ) 1 1 ) )
00:00 03:00 06:00 09:00 12:00 15:00 18:00 21:00 24:00

J. Raquet



SECTION 7:
DIFFERENTIAL GPS



Differential GPS Concept

Receiver 2
(Receiver to m
Position) Receiver 1
(Reference
Receiver)

J. Raquet

o Satellite “a”

Comparison between

Error Type Meas, and Meas, DGPS Effect on Error
Satellite clock error Same Removed
Receiver clock error | Different (uncorrelated) Added
Ephemeris error’ Very similar’ Reduced?
lonospheric delay Very similar’ Reduced?
Tropospheric delay Very similar’ Reduced?

Multipath

Different (uncorrelated)

Added (and amplified)

Measurement noise

Different (uncorrelated)

Added (and amplified)

'Effect of ephemeris error on positioning (actually only affects the calculated
range, not the actual measurement)

%Errors grow as the separation distance between receivers 1 and 2 increases.

(The errors are the same and are removed for very short baseline distances).
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DGPS Variations

DGPS is a broad term, and there are many different ways DGPS can
be applied.

Measurements used
+ Code only

» Carrier-smoothed code
* Carrier-phase

Application type

* Positioning

« Attitude

Position domain vs. measurement domain
Post-processing vs. real-time

Type of correction

Number of reference receivers
Area of coverage

- LADGPS

- RADGPS

- WADGPS

Differencing method used

» Single-differencing

\

>

576 possible
combinations!

99



J. Raquet

DGPS - Measurements Used (1 of 4)

* The type of measurements is one of the primary
distinguishing factors between different DGPS
implementations

— Code only

Simplest to implement

Based purely on pseudorange measurements

In best case (short baseline), errors include code multipath and noise
Typical accuracy: 2-4 m

— Carrier-smoothed code

Carrier-phase measurement is very precise (~1 cm), but it is not an absolute
measurement (due to unknown integer ambiguity).

Code (pseudorange) measurement is absolute, but it is much less precise (~1-2 m).

A filter can be used to combine the carrier-phase and the code measurements to take
advantage of their respective strengths.

— Filter time constant limited by code-carrier ionospheric divergence (due to
different signs on ionospheric error term)

Carrier-phase smoothing of the code essentially removes most of the code multipath
and noise

Typical carrier-smoothed code DGPS accuracy: 0.1-0.5 m
Relatively easy to implement
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DGPS - Measurements Used (2 of 4)

Type of measurements (continued)
— Carrier-phase

GPS receiver can track exact phase of incoming GPS carrier
— Can determine “where” in the cycle

— Cannot determine “which” cycle

— Results in an unknown integer ambiguity

If carrier-phase integer ambiguities can be determined, then the carrier-phase
measurement will yield the most precise (and accurate) positioning possible

Fairly complex to implement

Difficult to resolve integer ambiguities over long reference/mobile receiver baselines
Normally requires some period of time to resolve ambiguities

— 1-3 minutes typical

— Depends upon baseline distance, algorithm

Extremely sensitive to loss of carrier-lock (or cycle slips)

Often, code measurements will be used to initially aid in determining the integer
ambiguities

— Final solution normally based primarily on carrier-phase measurements

Typical accuracy: 0.01-0.05 m

101



DGPS - Measurements Used (3 of 4)
Sample Comparison of Horizontal Error

Single Point Code DGPS
2 2
—~ 1 —~ 1
E E
« 0 « 0
L L
< -1 ° < -1
Z -2 ; ° Z -2
-3 .\ . -3
6 4 2 0 -6 4 2 0
East Err (m) East Err (m)
Carrier-smoothed Code DGPS Carrier DGPS
2 2
—~ 1 —~ 1
E ' E
£ 0 ° £ 0 °
L L
£ -1 £ -1
2 -2 2 -2
-3 -3
-6 -4 -2 0 -6 -4 -2 0
East Err (m) East Err (m)
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DGPS - Measurements Used (4 of 4)
Sample Comparison of 3-D Error

3-Dimensional Error

10°
7 Single Point (Non-Differential)

10
Code DGPS

100 ﬂm |IMM JM muh Mn“WMm NMWW

E A T
S Carrier- smoothed nl ode Ii'V PS
10"}
| Carrler Phase DGPS (Integers Resolved) |
107 u ”] . M” i ‘I‘ll I M I H[l .‘1 WMU ]‘ Ml‘l ]‘l“l W J“ ! \l]\“l]l” H i Mlh *I llH IM E
204-132600 242720 242840 242960 243080 243200
10:23 10:25 10:27 10:29 10:31 10:33

GPS Week Seconds/Local Time
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DGPS - Position vs. Measurement Domain (1 of 2)

* Position Domain
— Reference receiver at known point (origin of plot)
— Mobile receiver located to the northeast
— Horizontal position of both receivers plotted on local coordinate

system
y 80
 Note error correlation Mobile
between mobile and 60 .
reference receiver Q // Receiver
errors 40
* Could correct mobile /
receiver using known .20 /J _
reference receiver % Q\} 5‘\\ Mobile
position errors £ 0 N = Receiver
* Requires that both § / / /7 Acquires
receivers use identical -20 7 Additional
satellites for their :
solutions! 40 /] Satellite
-60 |
/V
Reference /V/
Receiver %0 0 20 40 60 80 100 120 140

Easting (m)
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DGPS - Position vs. Measurement Domain (2 of 2)

« Measurement domain
— Differential corrections are given for each measurement

— These corrections are then applied to the mobile receiver
measurements
* Results in corrected measurements
* Position calculated using corrected measurements

— Advantages
* Doesn’t require same satellite coverage at mobile and reference receivers
— Reference receiver can only generate corrections for measurements that it can see

« Standardized formats are defined
— RTCM SC-104 messages
* Makes it possible to detect individual measurement errors

— Disadvantages
* Requires that more data be transmitted to mobile user than position domain approach
* Not generally a large problem with modern radio data modems

» Insignificant for non-real-time applications

. Raquet 105



DGPS - Type of Correction

« Two ways to give corrections in measurement domain
— Corrections to measurements

* Actual correction values to be applied to each individual measurement
+ Simple, easy to implement

— Explicit representation of errors
* DGPS corrections describe all of the errors in a particular measurement
+ Sometimes, error functions or data are transmitted

— Different error sources can then be combined to generate a correction for a single
measurement

— Example

» Precise ephemeris (to remove satellite position error)

» lonospheric grid (to remove ionospheric error)

» Tropospheric model parameters (to improve tropospheric model)
Advantages

— Generally valid for wider area of coverage
— More flexible

Disadvantages

— More complex

J. Raquet — Requires more differential data to be transmitted 106



DGPS - Differencing Methods -
Pseudorange Measurement Errors

« Two types of differencing methods are common
— Single differencing
— Double differencing
« Choice of method depends upon application. Typically
— Code differential — single differencing
— Carrier-phase differential — double differencing
 Pseudorange errors
— Original representation
p=r+c(ot, -0t +0t,)
ot, =aot,,  +0t,, +0t
— Simplification
P =r+cot, —cot, +cot,,  +COt, +COt,  q. +COt, +COtg,

I A

p=r+cot,—-cot,+ T + I + v + m + 5S4

J. Raquet 107
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DGPS - Differencing Methods (1/2)

« Single differencing
— Difference measurements between one satellite and two receivers

o
Satellite a
. App, = pf = P,
a ? =n"+cot, —cot, +1"+1 +v +m + S4°
£ 1

-1, —cot, +coty, =T, -1, —v, —m; —SA4°

Apy, = An; + Acot, + ATy, + Al + Ay, + Amy,

N R

Receiver 1 Receiver 2

— SV clock error and SA cancelled"
— Tropospheric, ionospheric errors reduced \/E

— Multipath and noise amplified (by factor of

J. Raquet 1Assuming that only the dither portion of SA is utilized (if SAis on at all!) 108



DGPS - Differencing Methods (2/2)

* Double differencing
— Difference between two single difference

sfneasurements,
Satellite a Satellite b
P, o VApY, = Apy, = Ap), = pf = p5 = (0] = p5)
2

= Ary + Acot, + AT + ALY + Avy + Amy,
— Arll; — A(Zél‘u12 - ATf; - M1b2 - Avlbz - Amlbz
VAP? =VAr? + VAT + VAI? +VAUY + VAm?

N R

Receiver 1 Receiver 2

J. Raquet 1Assuming that only the dither portion of SA is utilized (if SA is on at all!) 109



DGPS Errors

« Errors completely cancelled by DGPS
— Receiver clock error
— Satellite clock error
« DGPS errors can be grouped into two classes

— Uncorrelated errors
* Errors that are not spatially related
* Do not increase with reference/mobile baseline distance
* Include multipath and measurement noise
* DGPS actually increases these errors

Typical Multipath + Noise Error Standard Deviation Values

Single Meas Single Double
(non-DGPS) Difference @ Difference
Code 0.5-1.5m 0.7-21m 1-3 m
— Correlated errors Carrier-Phase 0.2-1cm 0.3-14cm 04-2cm

* Are spatially related
* Increase with baseline distance
* Include satellite position (ephemeris), ionospheric, and tropospheric errors
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Differential Satellite Position Errors

Satellite position errors are errors in ephemeris that cause
calculated SV position to differ from true SV position

— Absolute (non-DGPS) error
« Zenith: ~1 m (1-0)
* Non-zenith axes: ~3 m (1-0)
— For a given measurement, it is the projection of the 3-D SV position
error onto the measurement line-of-sight vector that counts

+  With DGPS, line-of-sight vectors converge as reference/mobile baseline distance goes
to zero

— Satellite position error can be determined using precise ephemeris as
truth

* Precise ephemeris accurate to ~10 cm

— Differential satellite position errors typically less than 5 cm (1-0), except
for very long baselines (> 500 km)

» True as long as same set of ephemeris is used for both reference and mobile receivers

1M1



Sample SV Position DGPS Error
(Double Difference)

Data collected in Norway on Sep 30th, 1998

0.01 km baseline 67 46 km baseline 0.01 km_ baseline 67.46 km baselin
ol ] ol ] 600 mean = 0.07cn] 08 mean'= 0.0 orf
=3 h T : : : . std = 0.0 cm . std = 0.6 cm
=gl =gk SR U U | 7 RMS=00cm 706 RMS =0.6¢c
= = : : : 2 400 2
e w L : : D [
w 2 0 e e 2 Q04
5 S S 5 200 S
[ SERTETE-EERTRRPI SPPPPRPES SERRRRRE 2 10 SRR b e = £ 0.2 |
o : : : () : : : ‘
[y | [ PN TS e o 20f R e JJK“
N i N N i N 0 0
17:.00 2300 05:00 11:00 1700 17:00 2300 0500 11:.00 1700 20 10 O 10 20 20 10 O 10 20
Local Time Local Time DD SV Pos Err (cm) DD SV Pos Err (cm)
19220 km baseline 461.28 km baseline 0.4—-192.20 km baselin 0.2 461.28 km baselin
a0l ST U A o0 S 5 ' mean = -0.3 cr ' mean = -0.1/cn
£ E - std=1.9cm|  _ std = 4.7 cm
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= = [ C
L L [} o
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: ». ol ) el A
s =3 = il e |
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o= : : : o "
(o R 1 TR e TRRIRTEEE e (s ’ . : ,/ . ) ]
H L 1 . . 1 O . S O “
17:00 2300 0500 11:00 1700 17:00 23:00 0500 11:00 1700 20 10 O 10 20 20 10 O 10 20
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112

J. Raquet



J. Raquet

Differential lonospheric Errors

lonospheric errors are spatially correlated
— Signal from same satellite to two nearby receivers passes

through approximately same ionosphere
« Exception: scintillation
— Highly local effects

— Can affect one receiver but not another (unless receivers are
collocated)

— DGPS ionospheric error follows same general trends as

overall (non-DGPS) ionospheric error
* Maximum at ~14:00 local time

* Minimum at night

« Varies with solar cycle

— lonospheric d_ela?{ (or phase advancet) can be precisely
in

measured using linear combination of phase

measurements

» Requires successful resolution of L1 and L2 carrier-phase
ambiguities

« Accurate to ~1 cm (includes effects of carrier-phase multipath
and noise)
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Sample Afternoon lonospheric DGPS Errors
(Double Difference)

0.01 km baseline

F0
E _d|:| Lo e e
E‘ Mk
= :
= [ et urlrameiigine— i
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~ &0 : :
12:00 13:00 14:00 16:00
Local Time
0 192.20 km baseline
= : :
2
=
i
[1h)
&
()
=
o
)
&
= : :
-E0
12:00 13:00 14:00 15:00
Local Time
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Data collected in Norway on Sep 30th, 1998
(between minimum and mid-point of solar cycle)
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Sample Nighttime lonospheric DGPS Errors
(Double Difference)

Data collected in Norway on Sep 30th, 1998
(between minimum and mid-point of solar cycle)
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Differential Tropospheric Errors

 Tropospheric errors highly sensitive to altitude of receiver and
elevation of satellite

— Most of the error can be effectively modeled

— Important to always apply tropospheric model for DGPS

« If don't apply, then can introduce differential errors on order of meters for receivers at
different altitudes

» Should use same tropospheric model (if possible)

« With a good model, differential tropospheric errors are
relatively small

— Under normal conditions don’t exceed ~3 cm (1-0) for baselines < 500
km

— Can be worse under extreme conditions (e.g., high humidity)

- Differential tropospheric error can be calculated from carrier-
phase measurements

— Use ionospheric-free combination with precise orbits to remove other
errors

— All that remains is tropospheric error (plus multipath and noise)

J. Raquet 116



Sample Tropospheric DGPS Errors
(Double Difference)

Data collected in Norway on Sep 30th, 1998
Modified Hopfield Tropospheric Error Model Applied
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Application: Differential GPS
Processing Software

 There’s nothing like seeing how this actually works
itself out in practice!
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GNSS Fundamentals:
What We’ve Covered

Section 1: GPS History

Section 2: Background—
Time of Arrival (TOA)
Positioning

Section 3: GPS System Overview
Section 4: Receiver measurements
Section 5: Signal Structure
Section 6: Measurement Errors
Section 7: Differential GPS

U.S. Air Force photo by Carleton Bailie,

http://www.af.mil/weekinphotos/040625-04.html
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