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One tlﬂing to keeP in mind about the
Phase velocitg
is that it is an entirelg mathematical construct.

Pure sine waves do not exist,
as a monochromatic wave train is in{:initclg Iong.

Theg are merelii‘a tool to construct wave Paclcets,
which have a group velocitg,
and that is what we are measuring in exPcriments.

http:/ /www.cvcrg’chingl‘oom: Source: R. U. Sexl and H. K. Urbantkc, Rclativitét, Gruppen, Teilchen, chap. 2,24, 3rd edn., Springcr, Wien (1992)



Infact, it may very well be that the Phase velocitg comes
out
higher than C,

(e.g. in wave guicles!)

This Puzzles People, and some use that fact to claim that
the tl‘tcorg of relativitg Is wrong,

However, even if you had a pure sine wave, you couldn't
use it to transmit any information,

because it is unmodulated,

so there is no contradiction.

http:/ /www.cvcrg’chingl‘oom: Source: R. U. Sexl and H. K. Urbantkc, Rclativitét, Gruppen, Teilchen, chap. 2,24, 3rd edn., Springcr, Wien (1992)



But it turns out that
even the group Velocity may be higher than c,

namc|9 in the case of anomalous clislacrsion

http:/ /www.cvcrg’chingl‘oom: Source: R. U. Sexl and H. K. Urbantkc, Rclativitét, Gruppen, Teilchen, chap. 2,24, 3rd edn., Springcr, Wien (1992)



Now how do we get around this?

We", this kind of disPersion is so bad that the definition
of our wave Packet loses its meaning, because itjust
disintegrates, and again we cannot use it to transmit

information.

The only way would be to switch the signal on and off -
these discontinuities Propagate with the wavefront
vclocitg

velim k= (w (k) /L)

And again, rclativity is saved!

http:/ /wvvw.evcryt]‘aing,l.com: Source: R. U. Sexl and H. K. Urbantke, Relativitat, Gruppen, Teilchen, chap. 2,24, 3rd edn., SPringcr, Wien (1992), or
httP:/ /. cn.wildl:)cclia.org/ wiki/! Fastcr-thamlight



In terms of our GPS signals we get
(we are now mixing — multiplging, not adding.

G= GPS signal, R= Reference signal.)

R(1)® G(t) = G, sin(279,,(1)) x R, sin(271¢, (1))

2% cos(21(9, (1) - g 1)) cos2(9 1)+ 9(0)

R(t)®G(t)

Note this is in terms of Phase, d(t), not Frec]uencg

(“usual” Prescntation; wt, Procluccs Phase)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



“Filter” to remove high Freclucncg Part

(¢R(t) + ¢G(t))
Ieaving beat gign_al
B(1) = “2 % cos(2( (1) - 4,(1)
B(r) = 2% cos(27, (1))




it you differentiate ¢5
you find the

beat Frcc! uency

the difference between the two Frcclucncies

(actua |3 one wants to take the absolute value)

— dS WC {:OUﬂCl l.')CFOI"C

dgy (1) _ doy(r)  dos(1)
dt dt dt

fB =fR _fG

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



I the receiver copy of the signal has the same code
aPPIiecl as the satellite signal ~

This discussion continues to hold (the —I’s cancel)

(one might also worTy about the Doppler shift effect on
the codes, but this effect is second order)

Iif the receiver copy of the signal does not have the code
aPPIied (e.g. —we don’t know the P code)

then this discussion will not work (at least not simply)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



There are essentia"g two means bg which the carrier
wave can be recovered from the incoming modulated
signal:

Reconstruct the carrier wave 133 removin% the ranging
code and broadcast message modulations.

Scluaring, or otherwise rocessinhg the received signal
without using a know cclgc of the ranging codes.

ht’cp: // vwvw.gmat.unsw.edu.au/ snaP/ gPs/ gPs_survey/ cha@/}l&htm



To reconstruct the signaL the rangjng codes (C/A and/
or P code)

must be |<nown.

The extraction of the Navigation Message can then be
easilg PerFormed bg reversing, the process bg which the
i~Phase shift key modulation was carried out in the
satellite.

ht’cp: // vwvw.gmat.unsw.edu.au/ snaP/ gPs/ gPs_survey/ cha@/}l&htm



In the scluaring method no knowleclge of the ranging

The sc

codes is recluirecl.

uaring removes ’che cFFec’cs o{: thc ~I’s

(but halves t

ne wavclcngth and makes the signal noisier)

More complex signal Proccssing IS recluired to make
carrier Phase measurements on the L2 signal under
conditions of Anti-SPoo{:ing (dor’t know P-code).

ht’cp: // vwvw.gmat.unsw.edu.au/ snaP/ gPs/ gPs_survey/ cha@/}l&htm



As mentioned earlier:

can arbitrarily add N2r) to Phase

and get same beat signal

This is because we have no d
“total” (beat)

irect measure of the
>hase

O+N =¢p — ¢

(argument is 21, so

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”

no 2x here)



(I)+N=¢R _¢G

GPS receiver records @
total number of (beat) cgcles since lock on satellite

N is fixed (as Iong as lock on satellite is maintained)

N is called the “ambiguitg” (or “integcr ambiguitg”)
It is an integer (theoretica“y)

if loose lock — cgclc sliP, have to estimate new N.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Making a few reasonable assuml:)tions we can intcrl:)rct N
gcometrica"g to be the number of carrier wavelengths
between the receiver (when it makes the first
observation) and the satellite (when it transmitted the

5igna|)

Phase measurements

* When a satellite 1s locked S(t2)
(at 7,). the GPS recerver S(eh) 3
starts tracking the -— /

(2

mcoming phase

= Tt counts the (real) number
of phases as a function of
time = Ag (7)

= But the mitial number of
phases Nat 7,13
unknown. ..

= However. if no loss of
lock. N 1s constant over an
orbit arc

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS” From E. Calais



How to use (beat) Phase to measure distance?

Phase > clock time ~> distance



Phase to vcloci’cy and Position

Consider a fixed transmitter and a fixed
receiver

Receiver sees constant rate of change of
Phasc (Fixed Frecluencg) equal to that of

the transmitter

O(1) = gt +(N)

| ntcgratccl Phasc Increases Iincarly with

©

httP: // www.npwrc.usgs.gov/ Perm/ cranemov/location.htm
http:/ '/ clectron?.[:)hgs.utk.cdu/ Phgsl}jcl/ modules/mi0/ doPPlcr.]'utm



Next consider a transmitter moving on a line through a
fixed receiver

Receiver again sees a constant rate o{: chan e o{: Fhasc

({:requencg) —butitis no longer eclual to that of the
transmitter

d(1) = ¢'t + (N)

See highcr

See lower 1
Frcclucncg when | . | | o Freclucncg when
XTR moving J K XTR moving
away N | towards

http:/ /. elcctron?.Phgs.utl(.edu/ P]'|35155c|/ modules/mi0/ doPPler.]ﬂtm



The change in the rate of Phase change (Fixed change In
Frec]uency) observed at receiver, with respect to
stationary transmitter, is Propor’cional to vclocity of

moving transmitter.
I f
f(xvt) = fo _70"

Cis sPeccl of
waves in medium,
VAT velocity of
transmitter

(this is classical,
not relativistic)

http:/ /. elcctron?.Phgs.utl(.edu/ P]'|35155c|/ modules/mi0/ doPPler.]ﬂtm



it you |<new the Freclucncy transmitted bg the moving
transmitter.

You can use the

beat Frcquencg
Proclucccl ]:)9 combining the received signal with a
receiver gcneratecl s‘;gnal that is at the transmitted

f’CClUCan

to determine the sPeecl.

http:/ /. elcctron?.Phgs.utl(.edu/ P]'|35155c|/ modules/mi0/ doPPler.]ﬂtm



But we can do more.
We can

count the (beat) cucles
or measure the (beat Phasc

of the beat signal as a function of time.

This will givc us the change in distance.
(as will vclocitg times time)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



So we can write

Beat Phase = change in distance to transmitter +
constant

Beat Phasc (att=tg _y) = distance to transmitter +
constant

Note the arbitrary constant —
can redo measurements from another Position
(along trajectorg of moving transmitter)
and get same result
(initial Phase measurement will be different, but that will
not change the Frec]uencg or distance estimation)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Next — move the receiver off the Path of the transmitter
(and can also let the transmitter Patl‘n be arbitrarg, NOW
have to deal with vectors.)

7/
7/
7/

Platform v(t)

www.ws.binghamton.cdu/ fowler /fowler Personal Pagc/ EE522, files/CRLB for DOPP_LOC Natcs.PdF
http:/ /www.cls fr/html/ argos/ gcncral/ dopplcr _gPs_cn.html



Can solve this for

| ocation of stationarg transmitter from a moving receiver
(it you know x and v of receiver — how SARSAT, ELT;
EPIRB’s [E:mergencg Position lnclicating Radio Beacon ]

WO l"‘( [or used to work — now also transmit location from GPS])

| ocation of moving transmitter
(solvc for X and v ot transmitter)
from a stationary receiver
(if you know x oi? receiver)

(Doppier shiict, cinange in fre uency, more useful for
estimating veiocitg than Position.
Integrate DoPPICr Phase to get Position.)



Signal frequency received
is lower than actual frequency

f Signal frequency received .,

N g
Cr

is equal to actual frequency

when directhy overhead ~

Signal frequency received is (
higher than actual frequency

SN X & AL S

http:/ / www.nPwrc.usgs.gov/ Pcrm/ cranemov/location.htm



APPI?athis to GPS

So Far we have

Satellite carrier signal
Mixed with copy IN receiver
After “low pass filter” = left with beat signal

Phase of beat signal eclua|s reference Pl‘wase minus
received Phase Plus unknown integer number full cycles

From here on we will follow convention and call
- Carrier beat Phase ~
~-Carrier Phase —~
(remember it is NOT the Phasc of the iIncoming signal)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Consider the observation of satellite S

We can write the observed carrier (beat) Phase as

®°(T) = ¢(T) - ¢°(T) - N”
R of

eceiver rcPIica
signal
] ncoming signal received from satellite S

Receiver clock time

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Now assume that the Phase from the satc"itc received at
time T is equal to what it was when it was transmitted
from the satellite

(we will eventua"g need to be able to model the travel
time)

¢S(X,y,Z,T) 7 quffansmit(xS’ySaZS’TS)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



¢(T) = fol + @,
¢tiansmit(TS) T f OZfansmit + ¢(‘)§

So thC carrier PhaSC ObSCI"VB!DlC IDCCOITICS

(I)S(T) I fOT+ ¢0 T fOT;fansmit i1 ¢g _NS
(I)S(T) T fO(T T ];fansmit) + ¢O 1 ¢g _NS

itt, Basics of GPS in “Geodetic APPhcations of gpPs?



(I)S(T) T, fO(T il 7ﬂtfansmit) i ¢0 11 ¢g _NS

Terms with S are for each satellite
A" otlﬂer terms are cclual {:or a" obscrvccl satc"itcs

(receiver ¢, should be same for all satellites— no
interchannel bias, and receiver should samplc all
satellites at same time — or interPolatc measurements to
same time)

75 and NS will be different for each satellite
| ast three terms cannot be scParatccl (ancl wi“ not be an
integer) — call them “carrier Phase bias”

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Now we will convert carrier Phase to range

(and let the suPerscriPt S-> satellite number,j,
to handle more than one sate"ite, and

add a subscril:)t for multiple receivers, A,
to hanc"e more than one receiver.)

O/ (T,) = £ Ty puceived =T ") + ¢, — ¢ =N

Blewitt, Basics of GPS in “Geodetic Applications of GPS”
PR



Wwe will also clrol:) the “received” and “transmitted”
reminders.

Times with suPerscriPts will be for the transmission time
by the satellite.

Times with subscril:)ts will be for the recePtion time bg the
receiver.

(I)/{(TA) ] fo( I, _Tj)+¢oA _qb({ _Nf{

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



if we are using multiple receivers, theg should all sample
at

exad;l\g the same time
(same value for receiver clock time).

VB'UCS O‘F ClOCl( times OF SBITIP'C 11 CPOCI’I.

With mult‘iplc receivers the clocks are not Per{:ectlg
sgnchronized, so the true measurement times will vary

slightlg.

Also note — each receiver-satellite Pair has its own

carrier Phase ambiguntg.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



carrier Phase to range
Multiply phase (in cycles, not radians) by wavelength to
PYPp Y Y
get “distance”

)
TA) 7, )*O(fo(TA _Tj)+¢0A - _Nf{)
e 1)+ Al )

L/ (1,) is in units of meters

B; is “carrier Phase bias” (in meters)
(is not an integer)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Li(T,) =c (T, -T’)+ B]

\

a distance

This ecluation looks exactlg like the ccluation for
:>seuclo~rang§
S )

Py = pp(teot’) 4 (1, =) € = pi(tp:1° ) +cO 1

That we saw before

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Pseuclo-ran e constant

\

L(T,)=c (T, -T')+B]

This ecluation also holds for both

l1and 2

Clock biases same, but ambiguit different
(different wavelengths?

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Now that we have things exPressecl as “distance” (range)
Follow Pseuclo range clevclopment
Li(T,)=c (T, -T)+B]
L(T,) = pj (ty.t)) +ct, —cv’/ + Z] 1] + B]

Added a few things related to Propagation of waves
Delag 1 signal due to

TroPosPherc Y4 f('.
lonospherc - -1

« »

(ionospheric term has “~” since Phase velocitg increases)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Can include these effects in Pscudo range develol:)ment
also

Pi(T)=c (T, -1')

P/(T,) = p] (IA,tj)+C‘L’A —ct! +Z] + 1]
Delag N signal due to

TroPosPhere + ZZ_
Ionosl:)here + -1

(ionosPheric term now has “+” since group velocitito
first order is same magnitucle but oPPosite sign as phase
vclocitg)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Now we have to fix the time
So far our cxPrcssion has receiver and satellite clock time

~Not true time

Remember that the true time is the clock time acljustccl bg
the clock bias

[, = TA —1y

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



We know Tx exact|9

(itis the receiver clock time which is written into the
observation file — called a “time tag”)

[, = TA —1y

But we dor’t know Ty

(we need it to an accuracy of 1 usec)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



How to estimate 7,

- Use estimate of 7, from Pscuclo range point positioning
(if have receiver that uses the coc:lf:sg>

- LS iteration of code and Phase data simultaneouslg

- If know satellite Position and receiver location well
enough 3OO0 m for receiver — ] usec of distance) can
estimate it
(this is how GPS is used for time transfer, once initialized
can get time with only one satellite visible ttdontiooscio)

~ Moclcling shortcut — linearize (Taglor series)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Eliminating clock biases using digerencing



Return to our model for the Phasc observable

Li(1,) = pA(tA,t + o7, — 7 KTIRY

CIOC‘( crror -~ FCCCIVCT'

cloc‘c error ~ sate"nte

satellite j @y
What do we get if we combine o "
measurements made bg two \ Ny
receivers at the same ePoch? oA L rcords Ly and Lt
atepochs 1,2, 3, ... atepochs 1,2, 3, ..

Blewitt, Basics of GPS in “Geodetic Apphcations of GPS”



Define the single difference

LQ(TA) = P; (fA,l‘j)+crA -ct’+Z] -1] + B}

Lé(TB) = pi (tB,tj)+C‘L’B — et |+ Z)\ IS

ALy =IA(T,) - LH(T,) e

Use triangle to remember is o &
difference between satellite AN
(top) and two receivers it byt
(bOttom) atepochs 1,2, 3, ... atepochs1,2,3, ..

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



AL,{xB 7 L,{x (TA) — Lé(TB)

TG j | j
AL\, = py ~pj +cT, —CT, —CcristcT’
j e T j j

+ /£, — L — L)t B S

AL, = Ap!, + Act,, + AZ], — A, + AB],

Satellite time errors cancel
(assume transmission times are same — i:)robablg not
unless range to both receivers from sate |itc the same)

Iif the two receivers are close together the tro osPheric
and ionosPheric terms also (aPProximatelgfcanccl.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



How about we do this trick again
This time using two single differences to two satellites

(all at same ePocln)

Define the double difference
AL,{xB 7] ApiB + ACTAB + AZIA{B T AIf{B + AB,L{B

AL]E\B 7 ApfxB + ACTAB + AZjB 1 AI,I;B + AB,IZB

VALXCB — A L1J4 B = A l IZ E satellite j gy @D satellite k

Use inverted triangle to » o

remember is ditference between (P
two satellites (toP) and one o FOR e I
atepochs 1, 2,3, .. atepochs 1,23, ..

receiver (bottom)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



VALY, = Apl, - Apl, + AcT=Act,,

+AZ]. —AZ* + Al - ALY, + ABJL\SABS

VALY, =VAp, + VAZ) —VAIl, + VABI:

Now we have gotten rid of the receiver clock bias terms
(again to first order — and results better for short
baselines)

Double cthFerencing
- removes (large) clock bias errors
~a|:>|:>roximately doubles (sma”cr) random errors due to
atmos here, ionospherc, etc. (no free |unch)
- have to Ec able to see satellite from both receivers.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Next — what is the ambiguitg term after double difference
(rcmembering definition of B A

VABIL{Z 7] AB/{B T ABjB
VABJ, - (B - B;) -(B, - B)
VABI: =)LO(¢0A —- ¢ —N/{)_)‘o(qbog - _Né)-l_

")Lo(qboA _¢§ _kax)*')*o(%lg _¢§ _Ng)

VABJ; = -A(N] - Nj - N} + N}
VABX]; T _)\'ON 11;
The ambiguitg term reduces to an integer

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



So our final
Double difference observation

IS

VALY, =VApl, + VAZ, —VAIl, — A, VAN

One can do the diﬁerencing in either order

The sign on the ambiguity termis arbitrarg

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



We seem to be on a roll here, solet’s do it again.
This time
(take the difference of double differences)

between two ePochs
VAL, (i) = VAP (i) + VAZ;, (i) - VAL (i) - VAN, (i)
VALY (i +1) = VAP (i +1) + VAZ L (i +1) -
VAL (i +1) = VAN ({ +1)

| Equal if no
8(i,i + )VALY, = VALY (i+1) - VALY (i)  loss of lock
(no cgclc

Phase measurements
e is lock

sliP)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



So now we have gotten rid of the integer ambiguity

8(i,i +1)ALY, = VALY, (i +1) = VALY, (i)
8(i,i + ALY, = 8(ii +1)VApL (i) +
8(i,i + 1)VAZ L (i) = 8(i,i + 1)VALL (i)

Satellite j, epoch i+1 gimy am  Satellite k, epoch i+1

H: }1 7 F 3CIC SIiP Il Satellite j, epoch i (})(\N \L)‘O—Q Satellite k, epoch i
ambnguntnes removecl.

Pe*
Pa

if there is a cgclc sliJ:) — get .
a spikc in the trll:)lc = T Saions

records LJand Lk records Lpj and Lpk

CliFFCf'CﬂCC, atepochs 1,2, 3, ... atepochs 1,2, 3, ...

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Raw Data from RINEX file: RANGE
Plot of Ci (range in meters)
For all satellites for full clag of data

b6 10’ GAS1 day 177,all SVs, C 1
o 1 1

25}

24

I

231

range (m)

22

I

21

hour of day (local, 3 GMT)

From Ben Brooks



From Ben Brooks

Raw Data from RINEX file: RANGE
Plot of Pi (range in meters)

For one satellite for full clag of data

GAS1 day 177, Sv15

2.55

25}

245}

2.4

2.35

range (m)
N
w

225
221
215
21

2.05
5

B

Y

|
!

. C1
- P2

! !
5 10

hour of day (local, 3 GMT)

1
15

1
20

25



From Ben Brooks

phase (cycles)

14

12

10

Raw Data from RINEX file: PHASE

1

GAS1 day 177, Svi5

- -* . -

1 | | ]

0 5 10 15 20
hour of day (local, 3 GMT)

25

N



Raw Data from RINEX file: RANGE DIFFERENCE

GAS1 day 177, Sv15
15 .

3 1 1 I !
5 0 5 10 15 20 25

hour of day (local, 3 GMT)

From Ben Brooks



Raw Data from RINEX file: PHASE DIFFERENCE

GAS1 day 177, Sv15

7000 I 4 I I I
- L2 L11

6000 - -

4000} / i

delta range (m)
1
1l

!
$
; B
$ !
S B
1000 - s E ]
\
$ :
$ ,
§ :

1000 I I I I 1 1
0.5 1 1.5 2 25 3 3.5 4

hour of day (local, 3 GMT)

From Ben Brooks



Zoom in on p

Without an (L1) and

SNER I

N1asc ObSCI"VBbIC

with an (

| 2) cgcle sliP

6000000

4000000

Phase (cycles)

2000000

-2000000 ) ) ) | ) ) I

OOO0ENS™

Cycle slip at L2

18.8

http: // www~gpsg.mi’c.cclu/ ~tah/12.540/



Cgcle sliP shows up as sPi|<e in triple difference
(so can iclenti{g and fix)
e N

§ A _

= ‘\N cycle stip

e —~ Yump’

S | Wos B

5 g i a

‘;;_ i —

= .

S time

- A .

o — ‘spike’

= e sE

(S e

" -

) —~—

= ;

E '\J\j\J

<

T tirne
-

Have to do this for “all” Pairs of receiver-satellite Pairs.

http://www.gmat.unsw.edu.au/snap/gps/gps_survey/chap7/735.htm



Effects of triple ditferences on estimation

Further increase in noise
Additional effect — introduces

correlation between observations in time

This effect substantial

So triple ditferences limited to iclenti{:ging and Fixing
cgcle sliPs.



Using double difference Pl‘mase observations for relative
Positioning

First notice that if we make all double differences - even
ignoring the obvious cluplications

VALY, =VALY, =VAL!, =VAL%,

We get a lot more double differences than original data.

This can’t be (can’t create information).

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Consider the case of b, satellites observed l:)g 2 receivers.

Form the (non trivial)

. atellite i @D satellite k Satellite |
double diferences R AR r
LAB 7, (LA 77 LB) I} (LA I LB ) P’ -
L, =(L, - 1) -(L, -L SR
AB A B \ A B ) Statné A ZS\tation B
) S records L), LoF, Lol
lk [ [ { k k \ ;e(;o)r:cshLS.;{ ’2L§‘.l:_.L'J‘] at epc(:chsai.,z. g. °
LAB=(LA_LB)_\LA_LB) T
ik I Ik
Note that we can form any one LI S TS E
from a linear combination of the g ik gk
AB — ~AB ~ AB

other two i i .l

DA A ALRTY
(linearlg clepenclcnt) salingiIne

We need a linearly indepenclcnt set for Least Squares.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



From the Iinearlg dePenclcnt set
Ve
We can form a number of |inear|3 inclePenclent subsets

\Lhs Ly } = A = {Lisla = jib = j}

{9, L5} = A ={L% |a = kib = k}

(L, Lt =N ={L0Ja = Lb= 1}

Which we can then use for our Least Scluarcs estimation.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



How to pick the basis?

All |inear|9 inclel:)enc ent sets are “eq

ua"y” valid

and should Procluce identical so

utions.

Pick Al such that reference satellite / has data at every

CPOCh

Better aPProach is to select the reference satellite

CPOC}'I l.’)g CPOC}'!

(if you have 24 hour data File, cannot Pic|< one satellite
and use all clag ~ no satellite is visible all clag)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



For a single baseline (2 receivers) that observe s
satellites,

the number of Iincarlg inclcPenclcnt double difference

observations is

s~/

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Next suppose we have more than 2 receivers.
We have the same situation

_all the double differences are not linearlg inclel:)endent.

As wejust did for multiplc satellites, we can Pic|< a
reference station

that is common to all the double differences.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



For a network of rreceivers,
the number of |incar|9 inclcl:)enclent double difference
observations is

r~/

So all toget]ner we have a total of

(s-1) (r-1)
Lincarlg inclcPcnclent double differences

Blewitt, Basics of GPS in “Geodetic Applications of GPS”
PR



So our lincarlg inchenclent set of double differences is

AL =L,

a=j;b¢j;A=C,B¢C}

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Reference station methocl I’!as Problems when a"
receivers can’t see all satellites at the same time.

Cl’TOOSC receiver CIOSC to center O{: networ|<.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Even this miglnt not work when the stations are very far

aPart.

For Iarge networks may have to Pick short baselines that
connect the entire network.

Idea is to not have any closecl
multiple Paths and therefore be

the network.

holygons (which give
|inc?agr|9 clel:)encle%t) in

Can also Pick reference station ePoch per cPoch.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



if all the receivers see the same satellites at each cpoch,
and data wcighting is done Properly,

then it does not matter which receiver and satellite we
Pic|< for the reference.

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



In Practice, however,

the solution dePends on our choices of reference
receiver and satellite.

(althougln the solutions should be similar)

(could process all undifferenced Phase observatons
and estimate clocks at each cPoch — idea"g givcs
“better” estimates)

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Blewitt, Basics o

Doublc cliﬁ%:rence obscrvation ccluations

Start with

VALY, =VApl: + VAZ] —VAI, —~VAN:

Simpli{:g to

gk Jk Jk
LAB T IOAB T )‘oN AB

By droPPing the VA
And assuming VAZPX & VAL are negligible

f GPS in “Geodetic APPhcations of gpPs?



Processing double differences between two receivers
2
results in a

Baseline solution

The estimated Parameters include the vector between
the two receivers (actua"g antenna Phase centers).

Mag also include estimates of Parame’cers to model

troPosPhere (statistical) and ionosPhere (measured —
clisPersion) :

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



Also have to estimate the
Integer Ambi gu ities

For each set of satellite-receiver double differences

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



We are faced with the same task we had before when we
used

PSCUC]O range

We have to

linearize

the Problem in terms of the Paramctcrs we want to
estimate

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



A signhcicant difference between using the
seudo range,
which is a stanc? alone method, and using the
Phase,
is that the Phase is a ditferential method (simi|ar to
VLBD).

http: // clm%.iis.u-tolcgo.acjp/ ~“maoxc/its/ ‘gps /noded.html



So far we have cast the Problem in terms of the distances
to
the sate"ites,
but we could recast it in terms of the relative distances
between stations.

http: // cl%.iis.u-tolcgo.acjp/ ~“maoxc/its/ ‘gps /noded.html



So now we will need multiple receivers.
We will also have to use (at least one) as a reference
station.
In addition to knowing where the satellites are,
We need to know the Position of the refrence station (s)
to the same level of Precision as we wish to estimate the
Position of the other stations.

http: // clm%.iis.u-’colcgo.acjp/ ~“maoxc/its/ ‘gps /noded.html



fiducial Positioning

Fiducial

Regarcicd or emploged as a standard of rei:ercnce, as in
surveging.

http:/ / dictionarg‘rcicrcncc.oom/ search?q=1ci<:lucia|



So now we have to assign the location of our fiducial
station(s)

Can do this with

RINEX header Position
VLBI Position

Other GPS Processing

etc.

ht’cp:/ '/ dictionarg.re?erencc.com/ search’?q=1ciclucial



So we have to

Write down the ccluations
Linearize

Solve

Blewitt, Basics of GPS in “Geodetic APPhcations of GPS”



