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Go over homework

Go over big Picture of homework
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Predicted or Estimated toPograPhg from gravitg (gravitg is not toPograPhy, but t]’:eg are related with some simPle assumptions).
Have to worry about things like isostatic comPensation (EPR - fast spreacling, hot and soft, is near|9 isostatica"g comPensatecl, S0
NO gravity signal - notice it is “lcuzzg") . Can see dense structures (seamounts) completclg buried in‘'sediment! A2000 mtall, 20 km

diameter undersea volcano will Produce abump2m high and Perhaps 40 km across (not visible to the naked cye!) Large scale,
Poorlg understood clcnsitg variations in the earth's crust, Iithospherc and upper mantle cause 100 m undulations in the sea surface
from the ellipsoid.




East Pacitic
Rise (EPR).

Fast sPreacling
riclge - hot.
ToPograPhg
isostatica"g

coml:)ensatccl ;
SO ‘{:uzzy",

since

“Preclictecl 7
topograpl'x Yy

comes rrom
gravitgf anomalg BNk

signa (gravitg

is NOT
topographu).



Indian Ocean.
Lithosphere
supports Y 2
tos:)ographg h g
e astica"g ol
(c:olcl, stron
when forme

rather than
isostatica"y.
Get %ravity

signal due to
cleParture from Gy
isostacy.




FINALLY GPS




BRIEF HISTORY OF GPS

Original concept clevelopecl around 1960
In the wake of SPutnﬂ( & Explorer

Preliminarg system, Transit (cloppler based),
oPerational in 1964

Developecl for nuke submarines
5 Polar~orbiting sate"ites, Dopplcr measurements

onlg

Timation satellites, 1967-69, used the first onboard
Prccisc clock for Passive ranging

A. Ganse, U. Washington, http:/ /staﬂ:.washingt‘on.eclu/aganse/



BRIEF HISTORY OF GPS

Fullscale GPS clcvelopmcnt began N 1975
Renamed Navstar, but name never caugl‘ﬂ: on
First 4 SV’ s launched in 1978

GPS 10C in December 1995 (FOC in APril 1995)

A. Ganse, U. Washington, http:/ /sta{:F.washingkon.eclu/aganse/



In1997, U.S. Secretary of TransPortation Federico Pena
statccl, "Most People on't know what GPS is.

Five years from now, Americans won't know how we lived
without it.”

Toclag, Global Positioning System in included as part of
in-vehicle navigation sgstcms and cellular phones.

It's taken a few more than five years but the rate of
Global Positioning Sgstem use will continue to explode.



alN\s GPS

* Transit improved by increasing constellation
size + improving accuracy =@ GPS NAVSTAR

- Navigation System with Timing And Ranging

* GPS enabled by:

- Stable platforms in predictable orbits
+ So station locations are highly predictable

- Ultra-stable clocks onboard

+ Time-synchronization feasible = can use frilateration
- Spread spectrum signaling

» Use CDMA to access multiple transmitters at once

- Low-cost integrated circuits
* Trades cheaper receiver clock for more processing



GFPS TIDBITS

Development costs estimate ~$12 billion

Annual oPerating cost ~$400 million

A. Ganse, U. Washington, http:/ /sta{:F.washingkon.eclu/aganse/



GPS Tidbits
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A, Ganse, U. Washingl‘onJ http: // staﬁc.washingkonedu/agansc/




GFPS TIDBITS

Prime SPace Segment contractor: Rockwell
International

Coordinate Reference: WGS-84 ECEF

OPeratccl 133 US Air Force SPacc Command (AFSQ)

Mission control center oPerations at Schriever
(Formerlg Falcon) AFB, Colorado SPrings

A. Ganse, U. Washington, http:/ /staﬂ:.washingt‘on.eclu/aganse/



WHO USES IT?
E:vergone!

Mercl"nant, Navy, Coast Guard vessels
Forget about the sextant, Loran, etc.
Commercial Airliners, Civil Pilots
Surveyors
Has completely revolutionized surveying
Commercial Truckers
Hikers, Mountain Climbers, Backpackers
Cars
Communications and | magjng, Satellites
SPacc~to~5Pacc Navigation
Any system rccluiring accurate timing

A. Ganse, U. Washington, http:/ /staﬂ:.washingt‘on.eclu/aganse/



WHO USES IT?

GEOPHYSICISTS and GEODESISTS

(not even mentioned on Prcvious slide ]33 Gansel!)



x
ﬁé"q Basics of Navigation

» Goal: determine our location relative
to a known coordinate frame

» Basic approach:

- Ultrasonic/laser distance meter
* Range: 0.1 ft - 330ft (0.3m - 100m)
* Accuracy: +0.2in (5mm)
- Measure range 1, to known stations (x,)\)
in the specified coordinate frame

-In2D: 7. = \/(xk —x)2 + (yk — y)2

From J, HOW, MIT



-
&S %L@ 2D Example Continued
» Ranging to 1 station places
us anywhere on a circle

* Ranging to 2 stations ',
reduces uncertainty T e
to only 2 points _

* Could use a 3rd station
to determine unique S
position estimate )

From J, HOW, MIT
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Ol Basic Navigation v

* Process called frilateration (triangulation based on
circular constraints from the range)

- Extends to 3D relatively easily, but requires stations
"out of the plane"” < explains why terrestrial navigation in 2D

+ Describes an active system. Could use passive system
- Transmitters at stations, user just receives a signal
- Ideal for military, doesn't require interaction with user

+ Time-of-Arrival system, which requires
tight clock synchronization N

- 1us error = 300m error
- Better clock = higher cost

From J, HOW, MIT



K 9 g
O\ GPS Timing v
* Trilateration requires synchronized clocks:

(Measured time of arrival) - (Time sent) = (Time of flight) =& Range

* But requiring global synchronization of user &
transmitter clocks would be very cumbersome
- So GPS satellites use 4 oven-controlled atomic clocks

- And to reduce cost, receiver uses low-cost crystal oscillator
+ Adds user clock error that is common to all measurements

* GPS design:
- Transmitters are synchronized
- They broadcast the time that the signals were sent

> User clock error is a fourth variable that we must
solve for in real-time (need 4 measurements)

From J. HOW, MIT
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Aclvantages of One~Wag Ranging

- Receiver doesn’ t have to generate
signal, which means

*We can build inexl:)ensive Portable receivers
eReceiver cannot be located (targetecl)

eReceiver cannot be chargecl

http:/ /\wrw.geologg.buaCFalo.edu/courses/ g’3560/ Lectures/GPS



Determining Range (Distance)

*Measure time it takes for radio signal to reach receiver,

use sPeecl of |ight to convert to distance.

*This requires
-Verg goocl clocks
Precise location of the satellite

°5igna| Processing over backgrouncl

http:/ /\wrw.geologg.buaCFalo.cdu/courses/ g’3560/ Lectures/GPS



we will break the process into five concc]:)tual Pieces

step 1: using satellite rangin%

step 2: measuring distance from satellite
step 3: getting PerFect timing

step 4: knowing where a satellite is in space
step 5: iclenti{:gi ng errors

Mattioli-http://compuarl(.cclu/~mattioli/gcol_‘i-ﬁihtml



stcl:) 1; using satellite ranging

MULTI-SATELLITE RANGING

GPS is time of ﬂight (range) system
(Iil«: Ioc:ating car‘tl‘lcluakes with P waves onlg)



stcl:) 1; using satellite ranging

GPS is based on satellite ranging, i.e. distance from satelli
...satellites are Prccise reference Points
...we determine our distance from them

we will assume for now we know cxact/g where satellite is
and how far away from it we are. ..

if we are lost and we know
that we are 11,000 miles
from satellite A...
we are somewhere on a sPhcrc

whose middle is satellite A
and diameter is 11,000 miles

Mattioli—http://comp.uarkcdu/‘mattioli/gco|_+7§§.html and Trimble



s‘ccP 1; using satellite ranging

if we also know that we are
12,000 miles from satellite B
...we can narrow down where
we must be...
on Placc IN Uuniverse iIs on

circle where two spheres intersect  two measurements puts
us somewhere on this circle

Mattioli—http://comp.uarkedu/‘mattioli/geo|_4—7§§.html and Trimble



steP

1; using satellite ranging

if we also know that we are
13,000 miles from satellite C

*

on
eit

.our situation imProves

immcnselg. !
y Place IN universe Is at
her of two Points where

t

ree sl:)heres intersect

three measurements puts us
at one of two points

Which looint you are at Is determined by “53/71’@ {14

] Pofnt o[)vious/y wrong;

Mattioli—http://comp.uarkcdu/~mattio|i/gco|_+7§§.html and Trimble



steP 1; using satellite ranging

three satellites can be cnough to determine Position. A\
one of the two Points genera"g Is not Possible
(far oft in sPace)

two satellites can be enough if you know your elevation

(/ .wlﬂg?

one of the spheres can be rcrlacecl with Earth. ..
...center of Earth is “satellite Position"

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



steP 1; using satellite ranging
genera”g four are necessar

i ..whg t?:is is so a little later

And more is better

this is basic Pnha}o/c behind GPs...
I using satellites for trilaturation

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



stcl:) 2 measuring distance from satellite

because GPS based on knowing distance from satellite

...we need to l‘iave a metl‘uocl for cleterming |10w far
away the satellites are

use vclocitg x time = distance

Mattioli—http://comp.uarkcdu/‘mattioli/gco|_4—7§§.html and Trimble



steP 2 mcasuring distance from satellite

GPS system works bg timing how long it takes a radio
signal
to reach the receiver from a satellite. ...

...distance is calculated from that time.....
radio waves travel at sPcccl of light: 300 x 106 m/ second

Problem: need to know when GPS satellite started
sencling its radio message

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



rccluires very good cloc|<s that measure shor‘t times...
. .electromagnetic waves move very cluicklg

steP 3. get‘ting Perf:ect timing

use atomic clocks

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



steP 3, getting Perl:ect timing

atomic clocks

came into being during World War I

~Ph95icists wanted to test Einstein’ s ideas about
gravitg and time

Mattioli~http://comp.uark‘edu/‘mattioli/geo|_4—7§§.html and Trimble



steP 3. get‘ting Perf:ect timing
atomic clocks

. Previous clocks relied on pendulums, sPring
mechanisms, crysta oscillators

C earlg atomic clocks looked at vibrations of cluari,
crystal

! .|<eeP time to <1/1000th second per clag

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



step 3. getting Perf:ect timing

atomic clocks

. earlg atomic clocks looked at vibrations of c]uari:z
crgstal

/, .kceP timeto<1/ 1000th second per clag

..not accurate enough to assess aﬁ:ect o{: gravitg on time

...Einstein predicted that clock on Mt. Everest
would run 50 millionths of a second faster than clock at
sea level

...needed to look at oscillations of atoms

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



steP 3. get‘ting Perf:ect timing

atomic clocks

Principle behind atomic clocks. ..

atoms absorb or emit electomagnetic energy in discrete
(c]uantizecl) amounts

corrcsPonding to ditferences in energy between
different

con{:igurations of thc atoms

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



steP 3. get‘ting Perf:ect timing

atomic clocks

Principle behind atomic clocks. ..

when atom goes froma higher energy state to lower one,
it emits an electromagnetic wave of characteristic
F?cquencg
...known as “resonant frcclucncg"

these resonant Frec]uencies are identical for every atom

of a gjven tgPe:

ex. - cesium 133 atoms: 9,192,631,770 hz

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



steP 3. get‘ting Perf:ect timing

atomic clocks

Principle behind atomic clocks. ..

cesium can be used to create an cxtraordlhan'/y Prccisc

clock

(can also use hgclrogen and rubidium)

GPS satellite clocks are cesium and rubidium clocks

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



steP 3. get‘ting Perf:ect timing

elcctromagnctic energy travels at 300 x 10° m/ second
...anerror of 1 / 100th second leads to error of 3000 km.

how do we know that receiver and satellite are on same
time?

satellites have atomic clocks (4 of them for reclunclancg)

...at $100,000 aPiece, theg are not in receivers!

receivers have “ordinary” clocks
(otherwise receivers would cost > $100K)

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



steP 3. get‘ting Perf:ect timing
...can get around this (bad clock) bg having an “extra’
measurement

/4 .hence o sate"itcs are necessary

three PerFect time measurements will lead to unic]ue (not
cluitc), solution [(x,y,2) or (lat, lon, elevation)]

. four imPerFect time measurements also will lead to
correct solution [(x,y,2,8) or (lat, lon, elevation,8t)]

Mattioli~http://comp.uarkcdu/‘mattioli/geo|_‘i—7§§.html and Trimble



llustrate this in 2D...

instead of re{:erring to satellite range in distance,
...we will use time units

two satellites: first at distance of 4 seconds
second at distance o{: 6 seconds

this is if clocks
were correct...

what ifthcy
weren’ t
correct?

location of receiver is X

Mattioli~http://comp.uark‘edu/‘mattioli/geo|_4—7§§.html and Trimble



what if receiver wasn’ t Pechct’?

6 ” -
...receiver is off 133 I second correct” time

XX Position IS wrong;
caused bg wrong time

measurements wrong time

Mattioli~|1ttp: // oomp.uarlc.eclu /~mattioli/ geo|_‘l~75§.|’1tml and Trimble



how do we know that it is wrona’?
...measurement from third satellite fourth in 3D)

Add a3rd satellite at 3 seconds

Circles from all
3 intersect at

xbb.

if time is correct

This also solves
the uniclucness

PI’OIDICITI

if time is not correct...

Mattioli~http: // oomp.uarlc.eclu /~mattioli/ geo|_‘l~75§.|’1tml and Trimble



aclcl our one seconcl error to the third receiver...

...circle from 3rd SV does not intersect where other 2 do

Purplc dots
are

intersections
of circles
from2 SVs

defines area of solutions
Lceivers calculate best solution
add or subtract time from each SV)

Mattioli~|1ttp: // oomp.uarlc.eclu /~mattioli/ geo|_‘l~75§.|’1tml and Trimble



Aside —

L ORAN also transmits time s?nchronizccl, identifiable
signals

there{:ore

One can locate oneself (in 2-D) using the same
technic]ues as GPS using} or more LORAN signals

(tlﬁcg do not all have to be in the same “chain”)



Fourth satc"itc a“ows calculation of c|o

Clock Bias

http://wwwunav-micro.com/about _ga&htm

bias

48



steP 3. get‘ting Perf:ect timing

NOW that we have Precise cloc‘(s. J.
...how do we know when the signals left the
satellite?

this is where the clcsigncrs of GPS were clever-...
/) .sgnchronize satellite and receiver so
tl‘neg are generating same code at same time

We will look at this in more detail later

Mattioli~http: // oomp.uarlc.eclu /~mattioli/ geo|_‘l~75}.|’1tml and Trimble



Fina"g. {

steP 4 knowing where a satellite is in space

Satellites in known orbits.
Orbits Programmecl into receivers.
Satellites constantl%‘ monitored bg DoD
...iclenti{:g errors (cP emeris errors) in orbits
...usua"g minor.

Corrections relaged back to satellite.

Satellite transmits actual orbit information.

Mattioli~|1ttp: // oomp.uarlc.eclu /~mattioli/ geo|_‘l~75§.|’1tml and Trimble



stcp 4 knowing where a satellite is in space

Orbital data (ephcmeris) is embedded in the satellite
data message

EPhcmcris data contains lEaramf:tf:rs that describe the
e“iPtical Pat of the satellite

Receiver uses this data to calculate the Position of the
satellite (x,g,z)

http:/ /www.unav-micro.com/about _gps.htm



Need 6 terms to define shaPe and orientation of e"iPsc

a - semi major
axis ¥,

e - cccntricitg

Q- longitude
ascencling
node

i - inclination

w ~ argument o{:
Pcrigee
v ~ true
anomaly

l’]’ctP://www.colorado.eclu/enginccring/ASEN/asen5090/ascn5090.html




s’ccP 5: iclcnthcging errors

will do later



HE GPS CONSTELLATION

4 ””

24 oPerational space vehicles (“SV’ s

6 orbit planes, 4 SV’ s/Plane
Plus at least b, in-orbit spares

Orbit characteristics:

Altitude: 20,180 km (SMA = 26558 km)
Inclination: 55€

A. Ganse, U. Washington, http:/ /sta{:F.washingkon.eclu/aganse/



GPS Constellation

el Dasas?7%a

GPS Nominal Constellation
24 Satellites in 6 Orbital Planes
4 Satellites in each Plane
20.200 km Altitudes, £5 Degree Inclination

Simulation: GPS and GLONASS Simulation

A, Ganse, U. Washingl‘onJ http: // sta#.washingkonedu/agansc/

2



THE GPS CONSTELLATION

More Orbit characteristics:

E:ccentric:ig: <0.02 (nomina" circular)
Nodal Regression: -0.004°/ ay (westward)

The altitude results in an orbital Pcriocl of 12 sidereal
hours, thus SV’ s Pchorm full revs 2/ clag.

Period and regression lead to rchating g[fl‘ound tracks,
i.e. each SV covers same “swath” on earth ~ 1/ clag.

A, Ganse, U. Was]’:ington A ]'nttp:/ /s’caFF.washingt:on.edu/aganse/



> ..

OIS Navstar Satellite -
Antenna + Block I - Initial evaluation
Array - 845 kg / 4.5 year design life

- Launched 1978 - 85

+ Block II - 63° to 55 inclination
- Weight ~ 1500 kg / 7 .5yrs
- Restricted signals

* Block ITA - Advanced satellites
(minor improvements)

* Block IIR - "Replenishment”
- 2000 kg / 7.8 year life
- Designed to operate for 14

Block ITA Satellite days without ground contact
- Can range and cross-link

between themselves

From J, HOW, MIT



GPS VISIBILITY

GPS constellation is such that between 5and 8SV s
are visible from any Point on earth

Each SV tracked ]33 a receiver is assigned a channel

Good receivers are > 4-channel (track more than 4
SV s)

Often as many as 12-channels in goocl receivers

Extra SV’ s enable smooth handoffs & better
solutions

A. Ganse, U. Washington, http:/ /staﬂ:.washingt‘on.eclu/aganse/



GPS VISIBILITY

Which SV’ s are used for a solution is a function of
gcomctrg

GDOPR. Geometric Dilution of Precision

Magni{:ication of errors due to poor user/SV
geometrg

Good receivers compute GDOP and choose “best”
SV's

A. Ganse, U. Washington, http:/ /staﬂ:.washingt‘on.eclu/aganse/



TIMING

Accurac:g of Position IS onlg as goocl as your clock

TJo l(l"lOW Wth’C 9OU arc, HOU must l(ﬂOW WI"ICI'I gOU
arc

Receiver clock must match SV clock to comPutc
delta-T

A. Ganse, U. Washington, http:/ /staﬂ:.washingt‘on.eclu/aganse/



TIMING

SVs carry atomic oscillators 2 rubiclium, 2 cesium

each)

Not Practical for hancl—-he!cl receiver

A. Ganse, U. Washington, http:/ /sta{:F.washingt‘on.eclu/aganse/



TIMING

Accumulated drift of receiver clock is called clock bias

Tl"lC Cf’f‘OﬂCOUSIg measurecl rangc IS CB“CCl a

PSCUdOI' angc

To eliminate the bias, a 4th SV is tracked
4 ec]uations, 4 unknowns
Solution now generates X)Y,Z and b ("bias", is 6t).

if DoPPICr also trackecl, Velocitg can be coml:)utecl

A. Ganse, U. Washington, http:/ /staﬂ:.washingt‘on.eclu/aganse/



GPS Time

GPS time is referenced to 6 January 1980, 00:00:00

GPS uses a week/ time-into-week format

Jan 6 = First Sunclag in 1980

A, Ganse, U. Was]’:ington A ]'nttp:/ /s’caFF.washingt:on.edu/aganse/



GPS Time

GPS satellite clocks are essentia"?‘ sgnchecl to
International Atomic Time (TAl) (and therefore to UTC)

Ensemble of atomic clocks which Cfroviclc international
timing standards.

TAl is the basis for Coordinated Universal Time
(UTQ), used for most civil timckeeping

GPS time = TAI - 16s
Since 16 Positive leaP seconds since 1/6/1980
(last |caP second 30 Jun, 2012)

A, Ganse, U. Was]’:ington A ]'nttp:/ /s’caFF.washingt:on.edu/aganse/



GPS Time

GPS time is different than GMT because GMT is
continuouslg adjusteci for Earth rotation and translation
charges with resl:)ect to the sun and other celestial
reference bodies.

GPS time shifts with rcspcct to UTC as UTCis aoijusted
using Positive or negative “leaP" seconds to
accommodate earth’ s slowing, etc.

GPS time is not aci’thtcd for celestial Phcnomcna since it
is based on the béhavior of atomic clocks monitoring the
satellite systcm.

Mod from - A. Ganse, U. Washingbon A bﬂp;ﬂsta&ma&i:ﬁngﬁn&duéaganﬂ, ]’lttp:/ /www.eomon ine.oom/Common/Archives/|996jan/ 96jan _gps.html



More About Time

GPS system time referenced to Master USNO Clock, but
now implements its own “composite clock”

SV clocks goocl to about | Part in 10P

Delta between GPS SV time & UTC is included in nav/
timing message

A, Ganse, U. Was]’:ington ), ]'nttp:/ /s’caFF.washingt:on.eclu/aganse/



More About Time

Correction terms Pcrmit user to determine UTC to better
than 90 nanoseconds (7107 sec)

The most eHective time transfer mechanism angwhere

A, Ganse, U. Was]’:ington ), ]'nttp:/ /s’caFF.washingt:on.eclu/aganse/



More About Time

Satellite velocitg induces sPccial relativistic time dilation
of about -7.2 usec/ clag

General relativistic gravitational Frccluencg shift causes

about 45.6 usec/ clag
For a total 8.4 usec/ clag
GPS clocks tuned to 10.22999999545 Mhz

(1 usec ~> 300 m, build up 1 psec in 38 minutes if don’ t
correct!)

A. Ganse, U. Washington btqzzllsj:a&wa&bingan&dulaganﬁ, Klein thesis ch 3



More About Time

The 10-bit GPS-week field in the data “rolled-over” on
August 21 /221999 — some receivers Probablg failed!

A. Ganse, U. Washington btqa_;llstaﬁwa&bjngan&dulaganﬂ, Klein thesis ch 3



