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This Chapter gives overview of the space geodetic techniques with special 

focus on Global Positioning System (GPS). Different segments of GPS, 

GPS signal, GPS observables and the effect of atmosphere on the signal 

propagation have been provided in detail. At the end, applications of GPS in 

various fields have been outlined.  

1. INTRODUCTION 

Geodesy is the branch of Science, which deals with the measurement and 

mapping of the Earth’s surface. Space Geodesy includes the observational 

and computational techniques to obtain the solution of several geodetic 

problems using precise measurements to, from, or between artificial 

satellites. Space Geodesy seeks solution to the following basic problems in 

the field of Geodesy: 
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(i) Estimation of precise global, regional and local three-dimensional 

position  

(ii) Mapping of Earth’s gravity field  

(iii) Measurements and modelling of geodynamical activities like crustal 

deformation, earth rotation, etc. 

The precise measurements of position on Earth’s surface and mapping 

Earth’s gravity field attained new heights with the emergence of space 

geodetic techniques like GPS (Global Positioning System) and GRACE 

(Gravity Recovery and Climate Experiment). Though GPS is being 

developed for mainly surveying and navigation, now it is one of the key 

scientific instruments for studying crustal deformation and atmospheric 

remote sensing. GRACE, which was launched in 2002 by a joint 

collaboration of NASA (National Aeronautics and Space Administration) 

and German Aerospace Centre (DLR), is making detailed measurements of 

Earth’s gravity field which lead to discoveries about spatiotemporal gravity 

variations and climate change. Along with mapping the Earth’s gravity 

field, GRACE can also be used to study the change in the Groundwater. 

Apart from GPS and GRACE, the other spaceborne techniques include SAR 

(Synthetic Aperture Radar), VLBI (Very Long Baseline Interferometer), 

SLR (Satellite Laser Ranging), LIDAR (Light Detection and Ranging) and 

DORIS (Doppler Orbitography and Radio positioning Integrated by 

Satellite) are used in space based geodesy. 

The space based geodetic techniques can be classified on the basis of 

relation between the observation platform and target platform: 

(i) Earth to space methods (SLR, GPS, DORIS) 
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(ii) Space to Earth methods (Radar altimetry, spaceborne laser) 

(iii) Space to space methods (GRACE). 

In this chapter, we elaborately describe how GPS can be used to monitor 

geophysical processes, which occur in various spatial and temporal scales 

[1]. 

2. GLOBAL POSITIONING SYSTEM (GPS) 

The Global Positioning System (GPS) is a satellite based navigation system 

developed by United States Department of Defence (DoD) in the early 

1970s primarily for military purposes. GPS was designed as a ranging 

system from known positions of navigational satellites in the space to the 

unknown positions on the Earth [2]. GPS is capable of providing continuous 

positioning and timing information under any weather condition and 

anywhere in the world. Owing to its high positioning accuracy, capability of 

determining velocity and time, availability of signals anywhere in the globe, 

GPS is being used in numerous applications. The whole GPS system 

consists of three major segments. The three segments are the space segment 

(SS), a control segment (CS) and a user segment (US). 
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Fig. 1: GPS Navigational Satellites  

(Source : https://timeandnavigation.si.edu/satellite-navigation/gps)  

(a) Space Segment 

The space segment comprises of 24 satellites. As of February 2016, 72 

Global Positioning System navigation satellites have been launched that 

move around the Earth at an altitude of 20,200 km above the Earth’s surface 

in six equally spaced orbital planes with four satellite vehicles(SV) each. 

The orbital planes have ~55o inclination and are separated by 60o. The 

orbital period of the Satellite Vehicles is one-half of a sidereal day (11 

hours and 58 minutes) so that the satellite passes over the same location 

almost every day. The whole GPS constellation is arranged in such a way 

that at least five to eight satellites are always within line of sight from 

almost everywhere on the Earth. 

(b) Control Segment 

A worldwide network of tracking stations with a master station (MCS) 

located in the United States at Colorado Springs, Colorado constitutes the 
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control segment of the GPS system. The sole tasks of the control station are 

to continuously monitor and control the satellite system, determine the GPS 

system time, predict the behaviour of the satellite atomic clocks and the 

satellites ephemerides, and update the navigation message for each 

particular satellite. The Master Control station uploads ephemerides and 

clock data to the satellites and then the satellites send subsets of orbital 

ephemerides data to GPS receivers over the radio signal. 

(c) User Segment 

The user segment consists of the GPS receivers and the user community. 

The GPS receivers, tuned to the frequencies transmitted by the satellites is 

composed of an antenna, receiver-processor and highly stable atomic clock. 

The GPS receivers convert the satellite signals into position, velocity and 

time estimates and generally it requires a minimum of four satellites to 

compute the four dimensions of X, Y, Z (position) and time. With its 

millimetre level accuracy, GPS is now being widely used in surveying, 

geodetic control and plate tectonic studies. 

2.1 GPS satellite Signal 

GPS satellite signal consists of two L-band carrier signals. The two signals 

are generated by integer multiplication of a fundamental frequency fo 

(10.23MHz) by 154 and 120, producing L1 and L2 carrier signals, 

respectively. These two carrier signals are modulated by two pseudo-

random (PRN) noise codes to provide satellite clock reading and 

information such as orbital parameters. The two PRN codes are the 

Coarse/Acquisition (C/A) code, which is freely available to the public, and 
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the restricted Precision (P) code, usually reserved for military applications. 

The Coarse-Acquisition (C/A) code is modulated onto the L1 carrier. The 

precision (P) code is modulated onto the L1 and L2 carrier signals, which 

allow for the removal of first order effect of the ionosphere. To prevent any 

unauthorised use of restricted P code, it was modulated with W code, a 

special encryption sequence to generate Y-code. The encrypted signal is 

termed as the P(Y)-code. The GPS signal along with two pseudo-random 

ranging codes contain navigation message modulated on top of both the 

C/A and P(Y) ranging codes at 50 bit/s. The navigation message includes 

satellite ephemerides, satellite clock correction model coefficients, GPS 

system status information, and ionospheric model. 

Table 2.1: Components of GPS signal. 

Component  Frequency( MHz) 
Fundamental Frequency  fo=10.23 
Carrier L1 154*fo=1575.42 
Carrier L2 120*fo=1227.60 
P Code fo=10.23 
C/A Code fo/10=1.023 
Navigation Message  fo/204600 

 

2.2 GPS Observables 

GPS observables are code pseudoranges, phase pseudoranges and Doppler 

measurements. The pseudorange is the distance between the satellite and the 

phase centre of the receiver’s antenna, which is obtained by calculating the 

time of transmission of the signal from the satellite to the receiver. The GPS 

measurements are based on the two clocks used, one in satellite and one in 
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the receiver. Thus, the range measurements are biased by satellite and 

receiver clock errors and hence the term pseudorange.  

(a) Code Pseudorange 

Let tS be the time reading of the satellite clock at which the GPS satellite 

emits the signal and tR is the time of reception of the signal at the receiver 

clock. By denoting the delays of the clocks with respect to GPS systems as 

δS and δR, the time shift i.e. the difference between the time readings will be  

  )(])([])([ GPStGPStGPStttt SS
RR

S
R   (2.1) 

The clock bias can be modelled by polynomials of time. The pseudorange is 

obtained by multiplying the time delay with speed of light c, hence the 

pseudorange (R) is 

  ccGPStctcR )(   (2.2) 

The range   is calculated from the signal travel time. The range in other 

way corresponds to the distance between position of the satellite at epoch tS
 

(GPS) and the position of antenna of the receiver at epoch tR (GPS). 

(b) Phase Pseudorange  

The carrier phase is the measurement of phase difference between received 

satellite signal and receiver generated carrier phase at the time of reception. 

The measurement is performed by shifting the receiver generated phase to 

track the received phase.  

Let φS(t) be the phase of the received signal with frequency fS(t) and φR(t) 

be the phase of the receiver generated carrier wave of frequency fR . Then 
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SSSS

c
ftft 0)(    (2.3) 

RRR tft 0)(    (2.4) 

The initial phases φS
0 and φ0R caused by clock errors are given by 

SSS f  0  (2.5) 

RRR f  0  (2.6) 

Thus, the beat phase is given by 

)()()( ttt R
SS

R  
 

tffff
c

f R
S

RR
SSS )(  

 (2.7) 

The difference of the frequencies fS, fR from the nominal frequency f is only 

in the range of fractional parts of Hz and thus putting f for f 
S, fR we get 

  f
c

fS
R  

(2.8)
 

Where R
S   . The number of integer carrier waves N (integer 

ambiguity) between the receiver and the satellite cannot be measured and 

varies for every satellite-receiver combination but receiver can measure the 

fractional phase. The integer ambiguity (N) remains constant if there is no 

loss of connection between receiver and satellite but the fractional beat 

phase keep changing with time. The beat phase is given by 

Nttt S
R

S
R  ),()( 0  (2.9) 
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Where 
S
R  denotes the fractional phase at epoch t. Substituting Equation 

(2.9) into Equation (2.8) and using 
S
R , 


c

f   the phase 

pseudorange can be written as 

N
c

 




1

 (2.10) 

(c) Doppler measurements  

The Doppler measurement is a measure of the instantaneous phase rate, 

which is made in the phase lock loop. Basically it is used for velocity 

estimation. The Doppler measurement equation is given by  

δcΔ+ρ=φ λ=D   (2.11)  

2.3 Atmospheric Effect on GPS Signal  

When the GPS signal propagates through atmosphere it gets refracted 

causing delays in the path of the signal propagation. The signal gets delayed 

by the interaction with the charged particles of the ionosphere and humidity 

of the troposphere. Below, we give an account of these two kinds of 

atmospheric effects on GPS positioning.  

(a) Ionospheric Effect  

The ionosphere is shell of electrons and electrically charged atoms and 

molecules that surrounds the Earth, extending from about 50 to 1000 km. 

Radio wave when passes though the ionized plasma, get affected by with a 

characteristic modification of wave parameters such as amplitude, phase of 

polarization [3-4]. The GPS signal when travels through the Ionosphere 

suffer a propagation delay. The propagation delay can be obtained by 
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considering the nature of the refractive index which depends on the content 

of the ionospheric plasma [5]. The refractive index of the ionosphere is not 

equal to that of the free space, due to which the speed of the radio wave 

differs from its speed in the free space [5]. Also, spatial variations of the 

refractive index cause a curvature in the propagation path. Both these 

effects altogether impose a delay or phase advance of the satellite 

navigational signal like GPS. The group delay and Phase advance are equal 

in magnitude and opposite in sign. The variation of the ionospheric impact 

is larger than tropospheric effects [5]. The amount of ionospheric delay or 

phase advance of the GPS signal can fluctuate from a few meters to more 

than twenty meters in a day. Due to the complex interactions between 

geomagnetic field and solar activities, it is very difficult to model the 

ionospheric effects. On the other hand, the ionosphere is a dispersive 

medium and hence the magnitude of the ionospheric delays depends upon 

the frequency of the signal. GPS system is designed with two carrier 

frequencies, so that ionospheric effects can be removed by computing the 

frequency dependent delay. Ionospheric effects on the carrier phase of GPS 

L1 signal can be expressed (in meters) as 

 
4

1

2

3
1

12

2
1

111

47.812.cos101284.13.40

f

dLN

f

dLBN

f

dLN
N

eee  





  

(2.12)  

where   is the geometric range between the satellite and the GPS receiver, 

1 is the wavelength, 1N  is the integer ambiguity, eN is the free electrons 

per unit volume, L is the path length, B is the magnetic field and   is the 
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angle between GPS signal and magnetic field. Similar expression (2.12) 

apply for GPS L2 signal with frequency 2f [6]. The first, second and third 

order ionospheric refraction terms can be described as : 

1st order =
2

1

3.40

f

dLNe
  (2.13) 

2nd order = 
3

1

12 .cos101284.1

f

dLBNe 
 (2.14) 

3rd order =
4

1

247.812

f

dLNe
. (2.15) 

 

(b) Tropospheric Effect 

The neutral layer of the Earth's atmosphere extending from Earth's surface 

up to about 50 km. The effect of the neutral atmosphere on signal 

propagation is conventionally called as Tropospheric effect. The 

troposphere is a non-dispersive medium with respect to radio signal up to 

frequencies up to 15GHz and therefore tropospheric effects on the 

propagation of GPS signal is independent of frequency. Electromagnetic 

waves are get affected by neutral atoms and molecules of the neutral 

atmosphere and the effect is termed as tropospheric refraction or 

tropospheric delay. The amount of the tropospheric delay reaches up to 2m 

in the zenith and increases with the increase of the sight line to the satellite. 

Due to the variable refractive index along the path of propagation, GPS 

signal affected by two ways: First, as the refractive index is not equal to that 
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of the free space, the velocity get lowered; secondly the signal travel in a 

curved path instead of straight line. The time delay of the signal can be 

described in terms of an equivalent increase in travel path length. 

The tropospheric excess path length is given by  

 
L

Trop GdssnL )(
  (2.16)

 
where )(sn is the refractive index as a function of position s along the 

curved path L and G is the direct path, which would occur in the absence of 

the atmosphere. Equation (2.16) can be re-written as 

 
L

Trop GSdssnL ][]1)([
  (2.17) 

where S is the path length along L. Equation (2.17)) describes the total 

delay caused by troposphere. The first term is due to the slowing of the 

velocity and the second term [S-G] is due to the bending which represents 

the difference in the distance between the straight line path G (that a radio-

wave could follow in the absence of atmosphere) and the real curved path S 

and it is called geometrical error. When the signal followed straight path 

and there is no horizontal gradients of refractive index, the bending term [S-

G] vanishes. As the GPS signal in the atmosphere propagate just slightly 

slower than in a vacuum, the refractive index is expressed by the term 

refractivity 

)1(106  nNTrop  (2.18) 

so that Equation (2.17) becomes 

dsNL
L

TropTrop  610
 (2.19) 
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According to Hopfield [1969] [7] refractivity can be separated into a dry or 

hydrostatic and wet component 

w
Trop

d
TropTrop NNN   (2.20) 

where dry part is due to dry atmosphere and wet part is mostly from water 

vapour. Therefore tropospheric delay can be expressed as the sum of 

hydrostatic as well as wet components 

wd
Trop LLL   (2.21) 

or 

dsNdsNL
L

w
Trop

L

d
TropTrop    66 1010

 (2.22) 

Tropospheric delay, at the zenith direction is about 2.5 m [8]. 90% of the 

tropospheric delay arises from the hydrostatic or dry delay and about 10% 

from the wet delay [9]. 

2.4 Theory of GPS data processing using GAMIT/GLOBK 

The GPS data have been processed by using GAMIT/GLOBK, a 

comprehensive GPS analysis package developed at MIT, the Harvard-

Smithsonian Center for Astrophysics (CfA), Scripps Institution of 

Oceanography (SIO), and Australian National University for estimating 

station coordinates and velocities, stochastic or functional representations of 

post-seismic deformation, atmospheric delays, satellite orbits, and Earth 

orientation parameters [10]. The software makes use of C-shell scripts 

which are stored in /com to control the processing, which invoke the 

FORTRAN programs compiled in the /libraries, /gamit, and /kf directories. 

The software is made to run under any UNIX operating system supporting 
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X-windows. The primary phase processing is performed by GAMIT which 

loosely stands for GPS analysis at MIT and it produces associated 

covariance matrix (quasi observables). The quasi-observables are combined 

using GLOBK (Global Kalman Filter). We stabilized the solution in a 

uniform reference by applying generalised constraints for better realization 

of the reference frame. We first provide theory about the analysis of 

primary observation (Phase Processing), combination using quasi-

observation and imposition of generalised constraints. The mathematical 

framework is based on four-dimensional integrated geodesy, which 

embodies the intrinsic correlation between the Earth's shape and the 

gravitational potential [11-12]. 

(a) Analysis of Primary observations  

The geodetic displacement l(t) can be expressed as 

)()),,((),,()( thtaXUtaFXtl    (2.23) 

where, X(a,t) is the position vector, whose time dependency is given by the 

parameter a; U(X(a,t)) is the reference gravitational potential; h(t) are 

auxiliary parameters which represent propagation effects, satellite positions, 

etc.; and F is non-linear function which operates upon X, U and h to 

produce value of l(t). 

The linearised observation equation can be written as 

 
















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




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 00 )(),( h
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F
taX

X

U

U

F

X

F
l

 
 (2.24)

 

where  represents the residual between observed and calculated 

displacement, based on a priori model;  is the adjustment of time 

δl

 ta,ΔX
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dependent position vector;  is the correction to the reference 

potential at an initial position ;  is the correction of the parameter  

and  denotes errors in the observations. The term  carries the 

information about crustal deformation[13] and treated as quasi observation. 

The quasi-observation has the all geodetic information in a compressed 

form and GAMIT saves it as an h-file. 

(b) Combination of the quasi-observables 

Although classical least squares and stochastic estimators are natural 

platform for combining data from multiple epochs and different types of 

observations but for generality the quasi-observations have been combined 

using Kalman filter. Taking kkk lll 0  as the vector of linearized 

quasi-observations at time , where represents the a priori values and 

are the estimates of quasi observables from GAMIT analysis. The 

observation equation is kkkk xAl   , where are the parameters to be 

estimated and  is the design matrix. Observation equation from two 

different subsets of data can be combined using Kalman filter with 

assumption that data are uncorrelated to each other and the uncertainties are 

purely white. The observation equation for the two subsets 

 (2.25) 

 (2.26) 

with the associated covariance matrix C1 and C2; the solution of the 

combination is given by 

 0XΔU

0Δh 0h

ε  ta,ΔX

kt 0kl

kl

kx

kA

δl1=A1 δx1+ε1

δl2=A2 δx 2+ε2
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2
1

221
1

1!1212 ( lCAlCACx TT      (2.27) 

Where,   1

2
1

221
1

1112

  x
TT CACAACAC is the covariance matrix of the 

combined solution, xC is the covariance matrix of the a priori values of the 

parameters x. The misfit to the data aregiven by weighted sum of squared 

residuals , 

 

 

(2.28) 

The weighted sum of squared residuals is widely used to rescale the a 

posteriori uncertainty, to detect observation blunders, to test the 

compatibility of different data sets, and to assess the significance of 

different parameterizations [14]. These steps have been implemented in 

GLOBK programme to combine the quasi-observables. 

(c) Imposing General constraints 

The GPS satellites although provide a natural dynamic frame for ground-

based geodesy, the doubly differenced phase observations do not tie a 

ground station to the orbital constellation at the millimetre level which we 

require for scientific studies. For meaningful analysis of the position and 

rate estimates from a GPS network solution, it is mandatory to express the 

solution in suitable reference frame, which can perfectly describe the 

position and rate estimates. A precise and rigorous reference frame is 

realized by imposing generalized constraints, in which we minimize the 

 2X

  )()()( 1222
1

212221211
1

11211
2

12 xAlCxAlxAlCAlX TT   

 2X
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adjustments of ordinates of frame defining sites using sequential Kalman 

filter. The step is performed by GLORG programme of GLOBK.  

Let the parameter adjustments before the constraints are with 

covariance xC  and misfit 2
xX ; the updated solutions after imposing 

constraints become 

)ˆ()(ˆ 1 xAlACACACx cc
T
cxcc

T
cx  

  (2.29) 

xc
T
cxcc

T
cxxc CAACACACCC 1)(    (2.30) 

)ˆ()()ˆ( 122 xAlACACxAlXX cc
T
cxcc

T
ccxc   

  (2.31) 

GLORG performs this frame defining sites by estimating 7 Helmuert 

transformation parameters (3 translation, 3 rotation and 1 scale factor) 

which allows the reference sites to adjust freely thereby revealing bad data 

or coordinates. Frame realized by using two different sets of reference 

frames will differ only in estimated Helmuert parameters without any 

internal distortion. Another approach is to impose finite constraint which is 

rarely used practice no a days as it can distort the network if the assigned 

constraints are not correct for the a priori coordinates and data [12].  

2.5 GPS Applications 

(a) In Geophysics  

GPS is widely used to monitor various geophysical phenomena specially in 

studying crustal deformation though comparing the observed and modelled 

movement of the Earth’s surface [15]. The observed surface displacement 

contains contribution from varieties of geophysical phenomena with 

different spatial and temporal scales [16]. The effect of various physical 

cδx
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sources can be modelled by analysing the GPS derived position time series 

with different time length and resolution. The signal of co-seismic 

displacements [17-18], seismic waves [19], volcanism [20] which generally 

last for couple of minutes and can be studied by short and high sampling 

GPS data. Investigation about deformation due to elastic surface mass 

loading require long time series having daily or weekly samples. GPS time 

series having different time scales ranging from seconds to decades can be 

applied to study all phases of earthquake cycle [21].  

(b) In Atmosphere and Hydrology  

The delay of the GPS signal caused by troposphere and ionosphere is used 

to estimate atmospheric perceptible water vapor (PWV) and ionospheric 

total electron content (TEC). GPS with low operational cost, all weather 

capability and high temporal resolution provide attractive solution for PWV 

estimation. GPS meteorology has procured wide application in weather 

forecasting [22-25] and study of severe weather condition [26-31].The TEC 

measurements attained from dual frequency GPS receivers are one of the 

most important methods of studying the ionosphere. GPS derived TEC can 

be used to investigate earth –ionosphere coupling as ionospheric electron 

suffers anomaly due to strong earthquake. Detection of pre-seismic 

ionospheric TEC enhancement opened a new hope for using GPS TEC [32] 

as a precursor for detecting earthquake. 

GPS technology has also been successfully used in measuring surface soil 

moisture [33], snow depth [34] and in geodetic measurements of detecting 

elastic response of the Earth due to hydrological changes [35-37]. The 
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presence of hydrological signal in GPS geodetic time series is validated by 

using either hydrological models[38] or through GRACE satellite 

measurements [39-42]. Generally it is the vertical displacements that are 

used to constrain the effect of hydrological signal, however horizontal 

displacement can also be used to locate the hydrological loading sources 

[43-44]. Recently GPS derived time series is applied as an independent tool 

to estimate terrestrial water storage [45]. 

 An overview avout GPS has been presented in this chapter. GPS is 

composed of three segments namely (i) Space segments, (ii) Control 

Segment and (iii) User Segment. We briefly described each of the segments 

in this chapter. There are three GPS observables viz. Code pseudorange, 

Phase pseudorange and Doppler measurements. GPS signal when travelled 

through the atmosphere suffers refraction which in turn causes signal delay. 

Effects of  ionospheric  refraction and tropospheric refraction have been 

provided in this chapter. Theoretical background of the GAMIT/GLOBK 

software, which has been used to process the GPS raw data, is also 

provided. The theory of GPS data processing can be divided into three 

steps: (i) Analysis of primary observation, (ii) Combination of quasi-

observables and (iii) Imposition of generalized constraints. 
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