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History of relativity in the GPS
Navigation—why you need a clock
What the GPS is
Relativistic effects:
Relativity of synchronization
Time dilation
Gravitational frequency shifts
Sagnac effect (will there be time?)
Observations: TOPEX; frequency jJumps
The ballistic theory
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Constancy of ¢, speed of light

Postulate Il of Special Relativity:

In any inertial frame the speed of light, c,
IS a constant independent of the motion
of the source (or of the observer.)

c=299792458 m/s (defined)



Relativity of Simultaneity

To an observer on the ground, let two lightning
strokes at the front and back of the train
be simultaneous.

The “moving” observer at the train’s midpoint finds
the event at front occurs first.
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Relation Between Doppler Effect and
Relativity of Simultaneity

Wavefronts are marked
—— simultaneously by the
“non-moving” observer:

=0
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. vn/
Moving observer says the wavefronts are marked too soon: t - - 5
C
For example, the wavefrontat X = / needs to move an additional distance
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before it gets into the right position to be marked at t' = 0. To the moving observer,

the wavelength is:
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Latitude
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Navigation With a Clock
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Jupiter & Satellites
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GPS Constellation

24 Satellites + several spares

6 orbital planes, 55°inclination
* Period: half a sidereal day

» Several atomic clocks/satellite
» Several spare satellites
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Control Segment

15



Hawalil Monitor Station
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Location of NIMA
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Block IIR Satellite Deployed

(Monsoon over Bangladesh)
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GPS IIR Satellite
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Clock Improvement Since 1000 A.D.
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Why are atomic clocks needed?

To reduce the effect of clock error to < 2 meters,

the clock error must be less than 2/c = 6.7 x 10° sec.

Half a day = 43200 seconds, so the fractional clock
error must be less than:

(2 m)/(43200 s xc) =1.5x 1013,

Only atomic clocks can achieve such stabillity.
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Best IIR Rbs
Navs 51, 54
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Constancy of ¢

-ry|=c(t-t ),

1=1,2,3,4
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Reciprocity

\rj-r\:c(tj-t)
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Exploded BlocklIR Satellite View
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Einstein’s Light Clock

NI

t=L/JC*- V= L/c

N

t'=L/c=v1-V?/ct
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How Big is Time Dilation?

2
\/1- Velce» EV_Z
2C
v =4000m/s;
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Accounting For Relativistic Effects

Example: Time Dilation: d :\/1_ V12 dt

dt=(1- vV/¢) " o

Elapsed Coordinate time: Dt = df 1+——

Observed Proper Time
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Sagnac Effect

In a rotating coordinate system such as one fixed to the earth,

ds = (cd)?- di- A(dE w2 dZ
wr®

C2

=1 (cdt)*+ 2wr?dfdt dr= r°d ¥ dZ




Sagnac Effect on Synchronization
In a Rotating System

.

2w
Sagnac Correction = —— AZ
o2
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Coordinate Time

* |In special relativity:
To each real clock, corrections are applied such
that at each instant, the clock would read the same

as a hypothetical clock at rest in the underlying
inertial frame.

 When gravitational fields are present:

Additional corrections compensate for gravitational
frequency shifts relative to some reference.

« GPS time is an example of coordinate time, in which
the reference is on the earth’s rotating geoid.
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Equivalence Principle and
Gravitational Frequency Shifts

Over a small region of space and time,
a fictitious gravity field induced by
acceleration cannot be distinguished
From a gravity field produced by mass.
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Gravitational Frequency Shift
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Gravitational Frequency Shift
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Fundamental Scalar Invariant

(Cdt)? = 1+2C—f (cdf?- 1- % (A% di+ d2)

GM ., J,a 37 1

F=-— 1
r r r* 2
For a clock near earth,
1v¢ F
Dt: d[ 1+——2'—2
2C C

path
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Earth-fixed Clock

GM GMJ, w'g

c’a 2c¢a 2¢
=(-6.95348 .00376 .01203 16
=-6.96927 10

Fo_
C2

This is the fractional frequency shift of an atomic clock
fixed on earth, relative to an atomic clock at infinity.
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1978 Report
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Earth’s Geoid

Clocks at rest on geoid
beat at equal rates, defining
International Atomic Time.

They are synchronized in
the underlying inertial frame.

Centripetal potential, monopole
potential, quadrupole, and higher
potential terms conspire to give
an equipotential in the rotating
frame.
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S| Second;:

(cdr)*= 1

Earth-based Time Scale

F
to1-—2
2(F-F

+ 2
C

0) (cdi)’ - 1 EC—2 (dx+ dy d2)
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Atomic Clock in a Satellite

1, GM L .
—VvV°+F=- ——; a =semimajor axis
2 2a

oL = dr 1+8M Fo 26M 1 1

ot 2ac ¢ ¢ a r
= df[l- 4.4647 10° ]

path
+4.4428 10, |—2— SirE (se
meter
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Three Important Effects

#1:. Scale correction to satellite clock:

10.23000000000 MH®  10.22999999543 M

#2: Receiver must implement the eccentricity correction:

+4.4428 1010e\/ 2 SirE (se

meter

#3: User must account for time required for signal propagation
(Sagnac effect) if relevant.
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SV#13 Eccentricity Effect
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“e SIn(E)” Effect In a
Molniya Orbit

apogee
¥
X

perigee
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Frequency “Breaks”
Due to Orbit Adjustments

Df __3GM_F, 2GM 1 1
f 2¢’a & Jda r a
If eccentricity is small,
Df  3GMda.
ad — =+ ,
f 2c°a’
FOR SV#43:

Measured: -1.85 19

Predicted: -1.77 198
Now implemented.
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Modifying the navigation equations

c(t- t)= ‘r- r

. F 1,2,3,4....8,9,...1

Cc=299792458 m/

These equations are extremely sensitive to theevafla A typical time
difference is

t-t. 0.080sec

]

A change in the value of ¢ by 1 part in a millioowd lead to a position
error of order

10°c(0.080sec) 25mete

This is borne out by calculations with actual data.
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Testing the ballistic theory of light

According to the ballistic theory, the speed withieh light propagates is
C+V,

wherev is the velocity of the source, ands directed along the path from source
to receiver. Although this theory has been disteddthere are still some believers!
This can actually be tested with real GPS datae Advigation equations become

c+Vi(t- t)=|r()-r; ()]

There is a huge amount of publicly available GP&.d&or this test, | chose
October 1, 2005 as the day of the test, and avexcat Auckland, New Zealand.
GPS orbit files (position and velocity), clock fl¢deviations of GPS atomic clocks
from true GPS time) and measurement files (raw negasured by the receiver)
were downloaded from internet web sites.
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Testing The Second Postulate
with GPS
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Testing The Second Postulate
with GPS
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Error in navigation equations solution for z-
component of receiver position
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The ballistic theory-results
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Surface Plate Velocities
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Control of Monster Machines
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Horizontal &Vertical
Blade Positioning
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Differential GPS
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Precision Agriculture
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E911 Initiative
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WAAS—EGNOS
GPS Augmentation Systems
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Surveying

Finding boundary markers
lost for a century.
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Sheep With GPS Data Pack
and Jaw-Motion Sensor

TIME & Frequency Division
Seminar May 18, 2006
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Economic Impact

Total Market estimate at $36 Billion
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GLONASS STATUS
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GALILEO

» 30 satellites
* H Masers &
Rb clocks

e altitude-
23616 km

* Cost 3B Euros;
* Return 20B over
20 years

Source—European Space Agency
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GPS DEVELOPMENT KIT
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Cartoon from 1929
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Cartoon from 1929
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Cartoon from 1929

Drawing by Rea Irvin, 1929

--The New Yorker

71



Cartoon from 1929

“People slowly accustomed
themselves to the idea that
physical states of space itself
were the final physical reality.”

--Albert Einstein

Drawing by Rea Irvin, 1929
--The New Yorker
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Cartoon from 1929

“People slowly accustomed
themselves to the idea that
physical states of space itself
were the final physical reality.”

--Albert Einstein

Drawing by Rea Irvin, 1929
--The New Yorker
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Cartoon from 1929

“People slowly accustomed
themselves to the idea that
physical states of space itself
were the final physical reality.”

--Albert Einstein

Drawing by Rea Irvin, 1929
--The New Yorker
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NIST F-1 Cesium Fountain
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Global LIDAR Wind Measurements

Doppler shifts of infrared laser
radiation processed to give
wind velocities.

99% of Doppler shift is due
to large spacecraft velocity.

Computation of wind velocity
relative to ground involves
relativity of simultaneity.

If not accounted for, relativistic
effects will produce 1-2%
error in wind measurements.
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Error in navigation equations solution
for z-component of receiver position
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GLONASS STATUS
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Influence on Theory

T. Bahder, Phys. Rev. D 68, 063005 (2003)

Uses Synge’s 2-point world function to analyze GPS signals.

Rovelli, Phys. Rev. D 65, 044017-1 (2002);

Blagojevic, Garecki, Heyl, Obukhov; Phys. Rev. D 65, 044018-1 (2002)
Coll, Proc. 239 Spanish Relativity Meeting, ERES 2000, 53, (2000)
Tarantola, Klimes, Pozo, Coll (preprint)

Use proper times transmitted from 4 clocks to coordinatize
space-time, including the clocks themselves.

“In this year 2005, is there anything less relativistic than the obstination
to keep synchronized a system of clocks in relative movement?”
-Tarantola et al.
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Relativistic Effects on GRACE
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Relation to Equivalence Principle

Construction of a locally inertial,
freely falling reference frame:

BeginwithG,_ X" ,m=1,2,3,4
aIX”7 X7
Oar = a Gmn;
0 X
X°=¢cT= ct+....+ﬂ +....
C

o 2 ~
+ + ...
11?(0 (1+ 2 ot ! |\2|F )L
X C

oo = -

=- 1+ %r [NF+ A]+ ..+tidalterms ..
C
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