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ABSTRACT

Traditionally, data processing for GPS positioning requires modeling
considerations underlying the observations. The variance-covariance (v-c) matrix (as
part of the stochastic model) usually comprises only the variances of the individual
pseudo-range and carrier phase observations and generally disregards any possible
correlation among them. However, for high precision, optimal GPS positioning
estimators, it might be important to account for the possible correlation between the GPS
observables.

The objective of this research is based on two fundamental considerations; the
primary one is related to the stochastic analysis of the different types of GPS observables
in order to estimate and interpret the level of the measurement noise (based on single-
difference residuals). For this purpose, a static survey (zero baseline) was performed
with six pairs of geodetic-grade GPS receivers of different type and make. Based on
these data, the normalized autocorrelation, cross-correlation, power spectral density
functions and histograms were thoroughly examined.

The secondary consideration is related to the construction of an alternative v-c
matrix, which implements the major outcomes of the stochastic analysis (auto and cross-
correlation functions), in order to test its impact in the positioning estimators (coordinates
determination) using precise GPS positioning.

The results presented in this thesis showed that the different types of geodetic-
grade GPS receivers analyzed here possess distinct noise characteristics. In other words,
the noise characteristics are receiver specific. Furthermore, correlation exists among the
different types of GPS observables (cross-correlation) and it varies between the receivers.
In terms of positioning estimators, an example for zero and short baseline (10 m)
measurements was analyzed. In both cases (zero and short baselines), the results
obtained using the traditional approach (diagonal v-c matrix) better compare to “true”
values as opposed to those using the alternative v-c matrix, which accounts for
correlation among the observables. This indicates, that the results obtained in this case
study may not always apply to survey data, and more research is needed to formulate a
more generic model.
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CHAPTER 1

INTRODUCTION

“We live in a noisy world. In fact, the laws of the physics dgtyakclude
complete silence unless the ambient temperature is absolute zetentperature at
which molecules have essentially no motion. Consequently, anycalentgasurement
is affected by noise. Although minimized by the GPS receiver dssigoese from a
variety of sources both external (pick up by the antenna) and internal &yedexithin
the receiver) contaminates GPS observations. This noise will intpactesults we
obtain from processing the observatior{€. Tiberius et al. 1999).

1.1 Background

Traditionally, similar to other geodetic measurement®SCobservations are
processed using the least squares adjustment. In orderperlgrperform this kind of
data processing during the GPS precise positioning computaiiem, models,
mathematical and stochastic, must be constructed Bmga et al. 2000a; Tiberius et al.
1999; Bona et al. 2000b). The mathematical model (alsedckihctional model) is used
to describe the mathematical relationships between A8 @easurements and the
unknown parameters, such as coordinates, carrier phdsguaties, satellite and receiver
clock errors and atmospheric delays, and base-line comfnd he stochastic model
must be used to describe the statistical propertieseofrifithematical model, which is
usually given by the variance-covariance (v-c) matrixtef measurements. In GPS
processing, it is usually assumed that all one-wayerapiases or all pseudo-ranges

have the same variancej.. or o;,.,.), and are statistically independent (i.e., GPS

ase range
observables are equally weighted and uncorrelated).

Furthermore, it is considered that the estimated paemsgoming from the least
squares adjustment) and also their v-c matrix dependeoa friori v-c matrix designed
for the observations. Hence, any misspecificatiothefa priori v-c matrix could lead to
non-optimal results, and may subsequently render falsgpretations of the results
(Bona, 2000). Therefore, it is important to analyze iraiti¢he stochastic properties of
GPS observables, and consequently, the structure of timeatrix for observations.

The first consideration behind the study presented in ¢pisrt is related to the
estimation and interpretation of the level of measam@mnoise based on single-
difference residuals (SD-residuals) for six differemety of GPS receivers classified as
geodetic-grade. For this reason, two different types BfS Gstatic surveys were
performed (zero and short baseline), with a particolems on zero baseline results, since
the zero baseline tests are considered appropriate By sapecifications for the
equipment calibration (Hofmann-Wellenhof et al. 2001). z&m baseline measurements
two or more GPS receivers are connected to the sateanan where a signal splitter
must be used in order to divide the incoming signal among tiftgpfe receivers. Since a

1



single antenna is used, the baseline components shbblel zero or very close to zero
(within the receiver noise level). We performed a ndrsession of measurements (60
minutes) in order to fulfill the zero baseline measurdarpeocedure. On the other hand,
we performed short baseline measurements (10-m baseline)dén to analyze and
compare the level of the receiver noise, which resledtat we can expect for the actual
receiver’s performance in practice. For the zero hasebD-residuals do not contain
errors such as satellite clock errors, orbit errorspgperic errors or multipath effects,
because they are canceled. In fact, for zero and bhseline measurements the first
three errors (mentioned before) are eliminated exceet rdteiver’s clock error;
moreover, the multipath effect is eliminated only fera@baseline measurements. Thus,
for the static GPS survey of the zero baseline configungitthe SD-residuals will reflect
only the receiver’s internal noise.

Subsequently, a stochastic analysis of zero basek@sumements is provided to
identify the receiver’'s noise characteristics. Thenn@mponents of the stochastic
analysis are the normalized autocorrelation; crosselation, histograms and power
spectral density functions estimated for the differepes$yof the GPS observables.

The second consideration is related to the construatian alternative v-c matrix
(based on the stochastic analysis), in order tatgesffects in the positioning estimators
in precise GPS positioning.

1.2 Problem in discussion

It is well known that the data collected from GPS soeaments (carrier phase
and pseudo-range) are affected by noise errors. One @rribie sources (besides the
atmospheric, ionospheric, multipath, etc.) is direathlated to the receiver noise
characteristics. Noise errors propagate into the comtes affecting the resulting
position considerably. According to Langley (1997) and Gotale\{iL996), the level of
the receiver noise (residuals) is normally used tonesé properly the weight assigned to
the one-way GPS observables during the least squarestraelii process. Different
approaches are used; the most common assigns a unifightwo all phase or range
measurements. In addition, following this approach, ncetadion is assumed at the one-
way or single-difference measurement level. In otherds, the covariance matrix is
diagonal, where the variances correspond to the salim@eter level standard deviation
of the carrier phase measurement, and in contragtetorder of the decimeter (or more)
standard deviation for pseudo-range measurements (Bona, 2008). mddel assumes
that precision depends only on the type of observable @gier phase or pseudo-
range).

However, it has been indicated in recent studies trarijorous applications
such as, precise navigation, surveying and engineering, wheetgghest precision and
reliability are required (of the order of the centimeter preferably even millimeter
level), the previous approach might not be the most apptepand subsequently, more
stochastic analysis is required towards a developmennhaye advanced stochastic
models for the GPS observables (Wang, 1998; Tiberius #2129, Bona, 2000).



As mentioned earlier, in this report, proper analysithefstochastic properties of
the different types of GPS observables is performed amdlternative v-c matrix is
constructed. The stochastic analysis is based oresuhfference residuals (SD-
residuals) coming from the least squares adjustment oftleeselines, and the v-c matrix
is constructed based on the results of the stochastigsis.

1.3 Chapter descriptions

This report consists of five chapters. Chapter onednites the background
information, the problem of the stochastic analysishef performance of the different
types of GPS observables and the proposed v-c matrix.

In chapter two, a summary of Global Positioning SysteRPS¥;its different types
of observables, its coordinate system, and also iffexreht types of errors affecting the
positioning results are presented.

Chapter three provides some background about the GPS recisvanain
components and classification, with a brief descriptibthe different types of hardware
(commercial GPS receivers and antennas types) useddoGPS static surveys. In
addition, an overview of random processes is alsoneutli

Chapter four provides the results of the zero baseline SER6 surveys, and the
method used in the analysis of the stochastic propedfiethe different types of
observables. It also provides details of the staSt $cenario, survey configuration and
data processing technigues employed.

Chapter five presents an example of some of the resbtned for a short
baseline GPS static survey.

Finally in Chapter six an alternative v-c matrix basedhenstochastic analysis of
zero baseline results is build, and applied in order $b ite impact in positioning
estimators in the precise GPS positioning for zero amorts(10 m) baselines
measurements. In this Chapter, the conclusions, acwimreendations for further
research are also stated.



CHAPTER 2

GLOBAL POSITIONING SYSTEM

2.1 Overview

“The NAVSTAR Global Positioning System (GPS) is anvedlather, space-based
navigation system developed and maintained by the Deparwhdhfense (DOD) to
satisfy the requirements for the military forcesawcurately determine their position,
velocity, and time in a common reference system, amygvlon or near the Earth on a
continuous basis” (Hofmann-Wellenhof et al. 2001). Thenmaiective of the GPS was
to replace the old navigation system Navy Navigation IBat&System (NNSS), also
called TRANSIT, since GPS provides better coverage agltehnavigation accuracy. A
secondary goal of GPS was to provide an un-encryptelstd degraded accuracy to
civilian users. Currently, GPS has been significanttgmded in its applications into the
positioning market, with more civilian than military user

GPS is of great importance to several applicationsifierdnt disciplines and
fields of study: military (navigation and space craft bdstermination), civilian (land
and sea mobile system, intelligent vessel and aira@afigation), surveying (static &
kinematic, also real time), geodesy (precise positioning arbit determination),
geophysics (ionosphere, crustal motion monitoring, etcphotogrammetry
(photogrammetric triangulations), geographic informatigsteams, GIS (mobile mapping
systems).

The Global Positioning System consists of three magonponents (Hofmann-
Wellenhof et al. 2001): the space segment (includes als#tellite constellations and
broadcast signals), the control segment (takes datkeowhole system) and the user
segment (includes different types of GPS receivers).

The space segmerd responsible for satellite development, manufastuand
launching. It consists of 24 satellites orbiting around ébeth in six circular orbital
planes inclined at 55 degrees with respect to the equatary Brbital plane contains
four evenly distributed satellites with 12 sidereal hourggst orbiting at an attitude of
approximately 20 000 km above the earth surface. Thereuarently 28 operational
satellites in orbit, including three spares, which assiireswvailability of the primary 24
satellites. The current operational 28-satellite cdlasiten consists of Block Il1A, Block
IIR and Block IIF.

The control segmems responsible for the continuous satellite trackiodpif and
clock determination and prediction, time synchronizatibthe satellites, and uploading
of the data message to the satellites). The cosegrhenbasically consists of a master
control station, monitor stations, and ground contrati@is. The master control station
(MCS) is located at Schriever (formerly Falcon) AFBColorado, and it is responsible
for the tracking and data collection from the monittatisn and it also calculates the
clock and satellite orbit parameters by using a Kalmamasir. The monitor stations
are located at: Hawaii, Colorado Springs, Ascensstant in the South Atlantic
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Ocean, Diego Garcia in the Indian Ocean, and Kwajateihe North Pacific Ocean.

The user segmermbnsist of numerous types of GPS receivers, whiehabte to
receive the radio signal from the available group ofligateorbiting the earth and which
compute the navigation solution (position, velocity anchetiestimates) using the
navigation message. Signal reception and signhal progemsrthe two main segments of
the GPS receivers.

2.2 Satellite signal

The signals transmitted by the GPS satellites are rathaplex combinations of
codes and message3he complexity of the signal design stems from theessity to
satisfy several, at times diverse, user positioning reménts, to allow corrective
techniques that counter some media propagation delays, pothkeaecessary receiver
technology relatively simple, and to provide some mesasfiprotection from electronic
interference (Jekeli, 200Qa)

GPS satellites are continuously transmitting a signathvbontains three primary
components: pure sinusoidal carriers or waves (L1, LZc¢igg or protected pseudo-
range P (Y)-code (superimposed on L1 and L2 carriers) aacs&-acquisition pseudo-
range C/A-code (superimposed on L1 carrier), and the namigatessage (on L1 and
L2). The carrier L1 is modulated by the P and C/A cod&s.the contrary, the carrier L2
is modulated only by the P-code (Figure 2.1).

C/A-code
» 1.023 MHz
.| L1 Carrier
"| 1575.42MHz ||
T .| P/Y-code
Fundamenta Navigatior "| 10.23 MHz
Frequencyf, Message
10.23 MHz 50[10° MHz
|
.| L2 Carrier .| P/Y-code
| 1227.60 MHz | 10.23 MHz

Figure 2.1: Basic components of the GPS satellite signal.

In addition, the navigation message (at 50 Hz) is supermeapos L1/L2 carriers.
The main objective of the navigation message is to/ &ghemeris information, i.e., the
predicted satellite clock corrections, the predicted GRg&llite orbits, ionospheric
correction model and other system parameters (Hofmaglteliof et al. 2001). The
navigation message is a sequence of chips that is gehatatiee very slow rate of 50
bps. It takes 12.5 minutes to transmit the complete meg83ge00 bits long) (Jekel,
2000a).
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Thus the total signal transmitted by the satellite vemgiby the sum of the three
sinusoids, two for the two codes (C/A and P) superimpogddl carrier and one for the
P-code superimposed on L2 carrier. Each satellite tissmystmunique C/A-code and a
unique one-week long segment of P-code, reinitialized weakhSaturday/Sunday
midnight. The P-code is currently not available to thelian users, due to the
implementation of the Anti-Spoofing (AS), where the Wde is used to encrypt the P-
code into the Y-code.

In order to recover the carrier L2 when the Anti-Spoo{i&§) is present, several
methods have been proposed (Hofmann-Wellenhof et al. 2094ziBska, 2001):

Codeless squaring techniqissbased on auto-correlating the incoming L2 signal,
which results in an un-modulated carrier with twice taerier frequency. The PRN
modulation and the navigation message are lost, gieceignal is multiplied by itself. In
other words, the squaring technique is independent of PRNs.cadere, the signal-to-
noise ratio (SNR) is substantially reduced in comparisath the code correlation
technique.

Cross-correlation techniquées based on the fact that the unknown Y-code is
identical on both carriers (L1 and L2), which permitsaibhg a difference (cross-
correlation) between them. Here, the Y-code on Lightly slower than the Y-code on
L1 (due to the frequency propagation of the electronic wlansugh the ionosphere). In
comparison with the code correlation technique an SNR dagioa of 27 dB (decibel)
occurs.

Code correlation with squaringllows the correlation between the Y-code and the
carrier L2 with the generated replica of the P-coddoviad by low-pass filtering and
squaring to remove the code modulation. This technique sht@decause the Y-code
originates from a module two sum of the P-code and tieypting W-code. In
comparison with the code correlation technique an SNR dagioa of 17 dB (decibel)
occurs.

Z-tracking techniqueonsists of the separate correlation between tlsedé on
the carriers L1/L2 and the locally generated replicthefP-code. Due to the fact that
both frequencies contain the encrypted code, the sigmagration allows for the
estimation of the encrypted signal bit for each ofithevhich is subsequently fed to the
other frequency. In comparison with the squaring technigeeSNR is improved by 3
dB. However, in comparison with the code correlatechnique an SNR degradation of
14 dB (decibel) occurs.

According to the manufacturers, the GPS receiversyaedlin this report use
different techniques under AS; for some of the receitieis information is not available
to the author (e.g. Trimble 4000 SSE and SSI, Topcon/JB&cikeand Trimble 4700),
while, based on manufacturers specifications, it castdied that Leica 9500 uses narrow
correlation technique and Ashtech Z-S uses Z-tracking tggbni The Z-tracking
technique (theoretically) offers the best performancethef receiver under the AS
presence and less degradation on the SNR (Hofmann-Wellesthafl. 2001) in
comparison with the other techniques. Moreover, inoélcodeless (semi-codeless)
techniques of L2 signal recovery (except for squaring) esoteraction between tracking
loops on L1 and L2 is introduced, which indicates that sooneelation may result.



It is still expected by civilian users the called L5 rismnitted on 1176.45 MHz),
which will be a "safety-of-life" signal. It will besimilar in structure to the current
military code and will be approximately four times strangen the L1 signal. The L5
signal will be implemented on the modified Block IIRedbtes. For the military, there
will be a new M-code line, with increased power and dbdity to jam enemy use
(http://nationaldefense.ndia.oyg/

2.3 GPS observables

The three fundamental GPS observables are the pseug®-i@rier phase and
Doppler measurement, and they are briefly explainedeificlfowing sections.

2.3.1 The pseudo-range observable

The pseudo-range observable is the geometric range betveegansmitter (GPS
satellite) and the receiver (GPS receiver) based onriessurement scaled by the speed
of light, and disturbed by the lack of synchronizationMeetn the satellite and receiver
clocks, and the propagation media (Hofmann-Wellenhof &08l1).

It is known that:

At =t -t (2.1)
where At* is the difference (in time) between the emittechaigoy a satellite and the
received one by the receiver, is the reading of the receiver clock at signal reoepti

time, t* is the reading of the satellite clock at signal siis time (transmitted via PRN
code), i and k refer to receiver and satellite, respalgtiv
However, some delays (with respect to the GPS systea) of the clocks for the

satellite (0*) and for the receiver ) must be considered. Then (2.1) can be
transformed in:

Atf =[t(GP9 4] [ t( GP$-J1 (2.2)

It is important to point out that the satellite domformation (known) is
transmitted via navigation message in the form of thpedynomial coefficients
(a,, &, a,) with a reference timeé,. Due to this fact, the satellite clock bias (at epch

can be computed by (Hofmann-Wellenhof et al. 2001).

3 (t) =a, +a(t-t) + a,(t-t)* (2.3)
Using (2.1) and simplifying (2.2) results in:
At = At (GPS) +Ad* (2.4)

where Ad* =0 -J (the termA\d* is equal to the receiver clock delag Y when thed*
correction is applied).

Multiplying the speed of light by the time intervat and using (2.4) the general
equation of a pseudo-range can be given by (Hofmann-Welletlahf2001):
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R‘=a\f = Af(GP+ 83%= "+ B3 (2.5)
where R* is the pseudo-range corrected for satellite clock bids,tiee speed of light,

pF is the geometric distance between satellite (k) aeeiver (i), calculated from the
true signal travel time

2.3.2Thecarrier phase observable

The carrier phase observabig the difference between the phases of a carrier
signal received from the satellite and a reference sigaakrated by the receiver’s
internal oscillator (replica). The basic equatiortledf carrier phase measurement can be
obtained as follows (Hofmann-Wellenhof et al. 2001).

It is well known that the circular frequency | results from differentiating the

phase ¢ ) with respect to time (t):

_dg
f="t (2.6)

Consequently, the phase ) results by integrating the circular frequenci )(
between the epochg andt,.

& :tjl fdt 2.7)

The phase equation (2.8) for electromagnetic wavesh@erwed at the receiving
site) it can be obtained by using (2.6) and taking into at¢dberfollowing assumptions
(Hofmann-Wellenhof et al. 2001):

p=rf(t-t,)= f[t—ﬁj (2.8)

c

1. Constant frequency is assumed, and initial plg$g) = is considered.

2. The time spart,, which the signal needs to propagate through tstarnte p
from the satellite to the receiver, is also consEde

Then, according to (2.8) the following phase equetiare:
k

PO =f4-1L_gk and @(t)=ft-g, (2.9)
c

where ¢*(t) is the phase of the received and reconstructedecavith frequencyf *,
@.(t) is the phase of a reference carrier generatdteineceiver (i) with frequencly, t is
an epoch in the GPS time (computed from the ingpicht, = Q.

Therefore, the initial phaseg and ¢, (caused by clock errors) are equal to:

g =f* and ¢, =13 (2.10)
Subsequently, using (2.9) the beat phasg) is given by:
gl )=g ()-8 (1) (2.11)



Substituting (2.9) and (2.10) into (2.11), and simplifying result
k

¢i"(t):—fk'0—i—f"5k+fi5,+(f"—fi)t (2.12)
c

Some terms in (2.12), such as the frequency drf6e- f )t and the clock errors

ranges are normally neglected since their influeisceot considered very significant;
thus, (2.12) can be rewritten as:

Io_k
Pe(t)=—f ? - fAS" (2.13)
where:

AS* = 0% -4 (introduced before) (2.14)

Furthermore, (2.13) will be transformed into (2.98)en we switch on a receiver
(at epocht,); in other words, the instantaneous fractional leaneasured and the initial
number of the full cycles, called ambiguity, N;usiknown”.

B (1) =Ag'| +N* (2.15)
where Ag - the measurable (fractional) phase at epoch t entgd by the number of
ambiguities N, (since the initial epoch & ))0

Finally, substituting (2.15) into (2.13) and dengtithe negative observation
quantity by ®f =-Ag*, the basic equation of a carrier phase measurebetween the
satellite (k) and the receiver (i) is given by (hhainn-Wellenhof et al. 2001):

o :%plu FRAgH+ N (2.16)
where ®©F is the carrier phase observatiop is the geometric distance between the
satellite (k) and the receiver (i) is the carrier phase integer ambiguity, is the

carrier wavelengthA =%), f - nominal frequency { = f*), c- the speed of light.

2.3.3The Doppler observable

The Doppler measurement is a measure of the caoh@ase rate. The general
equation for the observed Doppler scaled to thgeaaate can be written according to
(Hofmann-Wellenhof et al. 2001) as follows:

DX = 1 ®F = p*+cA g (2.17)

D* is the Doppler measurement, dot above the terdisates derivatives with
k
respect to time, A di ) is the time derivative of the combined clock biasd the other
terms are rates of the measurements explaine@rarli



2.4 GPS errorsand their effects on the GPS position

When we talk about GPS point positioning, it is impartankeep it mind the
presence of several errors associated with the GPSune@aents. Some of them are said
to be random and some are non-random in nature. A de&iription of the errors is
presented in the following sections.

2.4.1 Satellite and receiver clock bias

The satellite clock bias is a systematic error; in@sdeled and transmitted in the
navigation message. The receiver clock bias is the eliféer between the GPS time and
the receiver clock time; it is unknown and it can bévested together with the receiver’s
position or velocity. However, using an appropriate dmeombination of GPS
observables (Differential GPS), both satellite an@iker clock biases can be eliminated.

2.4.2 Satellite orbital errors

It is well known that the broadcast orbital parametgesimperfect, and due to
this fact they give an incorrect satellite location.ccérding to Bowen, [1986] the
expected contribution of the satellite orbital errossild reach about 2 m for 24 hours
prediction. The forces, in order of their significantieat contribute to perturbations in
the satellite orbit error are parameterized as: gravdgljation pressure, atmosphere
effects, geoid modeling, solid earth and ocean tides.meoe information about satellite
orbital errors, the reader is referred to the Intewnat GPS Service for Geodynamics
(IGS) websitehttp://igschb.jpl.nasa.gov

2.4.3 Multipath errors

Multipath is due to the fact that the signal from #Hagellite reaches the GPS
antenna via multiple paths (direct and indirect path)e primary causes of this error
are the set of reflecting surfaces in the receiverghimirhood. Its magnitude tends to be
random and unpredictable, and it can also reach 1-5 cphéses and 10-20 m for code
pseudo-ranges. Multipath can be largely reduced by caefahna location (avoiding
reflective objects) and proper antenna design (e.g., peigreal polarization, choke-ring
or ground plane antennas) (Langley, 1997). A secondary chéhmitigate multipath
effects is the use of digital filtering (Bletzaker, 1985).

2.4.4 Antenna phase center offset

The physical (geometric) center of the antenna usua#g dot coincide with the
phase center (electrical center) of the antenna. dWerethe phase centers for L1 and
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L2 usually do not coincide, and different types of GPSrams also have different

locations of their phase centers. The antenna pleager offset can be divided into two
parts: (1) a constant offset that can easily be takenaccount by performing laboratory

test, and (2) the variation offset, however, that ddpeon the elevation, azimuth,

intensity, and type of the GPS signal. It is importaniention here that the systematic
variation of this offset is difficult to model sincediffers from one antenna to another.
Nevertheless, models for antenna offsets were propbasdd on the azimuth and
elevation of the satellite signal (Schupler et al. 1991)

2.4.51onosphereerrors

By definition, the ionosphere is the atmospheric lagitending for about 50-
1000 km above the Earth’s surface. The ionosphericittmnsl can vary significantly
during the course of the day; the effect of the ionospisekess intense at night. Due to
the presence of free-electrons in this layer, a deldfig GPS code pseudo-range and an
advance in the carrier phase pseudo-range are observedTofdleElectron Content
(TEC), along the GPS signal path, determines the effiette ionosphere. The TEC
depends on an 11-year sunspot cycle (the highest ionos@oeridy for the current
cycle was around Fall 2000), seasonal variations, elevatidrazimuth of the satellite,
and the location of the receiver. Very rapidly dajiag ionospheric conditions might
cause GPS losses of lock, especially on the L2 frequemagr Anti-Spoofing (AS). The
estimated maximum rate-of-change of ionospheric delaydem conditions where
tracking is still possible, is about 19 cm per second, wbachesponds to about 1 cycle
on L1 (Gourevitch, 1996).

Several methods are used to eliminate the ionospheres.erfhe most common
is to use a linear combination of both GPS frequendiésapd L2), for more details
about the so-called ionosphere-free combination initigdesor double-difference mode
the reader is referred to Hofmann-Wellenhof et al. 200dotiAer method used to reduce
the ionosphere errors is based on the broadcast loespparameters. These
parameters model the effect of the ionosphere on ti&<gfmal, but can account only for
~50 % of the total effect.

2.4.6 Troposphereerrors

The tropospheric layer extends up to 50 km above the sanfdce. In contrast to
the ionosphere, troposphere errors are frequency indemendeor this reason, the
elimination of the tropospheric effect by using dual fregyemreceivers is not possible.
Similar to the ionosphere effect, the propagation dela§PS signals depends on the
atmospheric conditions and satellite elevation angleposphere errors propagate into
station coordinates estimates with the point positioaimgjalso relative positioning. The
tropospheric effects can be divided into dry and weacéirity.

The dry component, which is proportional to the densitthefgas molecules in
the atmosphere and changes with their distributionesemts about 90% of the total

11



tropospheric refraction, and it can be accurately neadid about 2-5% that corresponds
to 4 cm in the zenith direction using surface measuremamth as pressure and
temperature (Leick, 1990). The wet refractivity is due ® piblar nature of the water
molecules and the electron cloud displacement. thase difficult to model the wet
atmosphere (even thought it accounts only for 10 % ofotiad éffect) since variations of
the water vapor in time and space are present. Nelesshe@roper modeling has been
derived in order to estimate 90-95 % of this effect (e.gpdified Hopfied Model by
Goad and Goodman, 1974). It is important to mention thatiropospheric refraction as
a function of the satellite’s zenith distance isallguexpressed as a product of a zenith
delay and a mapping function. According to Brunner andst¥el[1993], the lower the
elevation angle of the incoming GPS signal, the niorg affected by the atmosphere.
Therefore, GPS observations from satellites widvation angles below 15 degrees are
usually avoided. The troposphere effects ranges betfvaedelay in the zenith to about
25 m at 5 degrees elevation angle. Use of double differediny can eliminate the
troposphere errors for short baselines. In conti@mstpong baselines the DD tropospheric
errors can be modeled as a part of the estimatiorepsoc

2.4.7 Relativisticerrors

The relativistic effect in GPS is considered twofold. Osealiie to the fact that
the satellite is moving and the gravitational field exertdirect relativistic perturbation
on the satellite orbit. Secondly, the gravity fieldedity affects the satellite clock’s
frequency, at the order of0™. The geometry between the station, satellite and
geocenter is a very important fact to considerdfgramics and propagation of relativistic
errors. Circular orbits are the basis for commutime prevailing portion of the relativistic
errors. It is known that, for single-phase measiergs the maximum effect in the range
is about 19 mm, and it can be significantly reduttethe order of 0.001 ppm for relative
positioning when DGPS is available, Ashby (198Thable 2.1 shows a summary of the
one-sigma magnitudes of the different errors tlitdca GPS observations under the
assumption that SA is not operating (Parkinson. €t996).

Table 2.1: Summary of GPS errors sources with ngp®4ent.

One-sigma error (m)

Error source Bias Random Total
Ephemeris data 2.1 0.0 2.1
Satellite clock 2.0 0.7 2.1
lonosphere 4.0 0.5 4.0
Troposphere 0.5 0.5 0.7
Multipath 1.0 1.0 1.4
Receiver measurement 0.5 0.2 0.5
User equivalent range error (UEREMS 5.1 1.4 5.3
Filtered UERE, rms 5.1 0.4 5.1
VERTICAL ONE-SIGMA ERRORSVDOP =25 12.8
HORIZONTAL ONE-SSGMA ERRORS- HDOP = 2.0 10.2
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As can be seen in Table 2.1, the dominant error is ustredlyonosphere. The
termrms is the statistical ranging error (one-sigma) thairesents the total of all
contributing sources.

If we consider the presence of some of the erroréamqu above, the pseudo-
range equation (2.5) can be rewritten more generallyHasm@ann-Wellenhof et al.
2001):

Rk(t) = plk(t)+ qlgon) + ql(:rop) + ql(:nult) + ﬂdk( y+‘£}k (218)
where R“ is the pseudo-range corrected for satellite clock bjas,is the geometric

distance between the satellite and the receiggy, and df,,

the ionosphere and troposphere respectiv&’txum is the pseudo-range multipath error,

are delays imparted by

c is the speed of lightAd® is the receiver’s clock biag/ is the random noise.

Similarly for the carrier phase, Equation (2.16) camdveritten more generally as
(Hofmann-Wellenhof et al. 2001):

1
(le(t) :;lalk(t)-i_ Nik_qun) + qlﬁ(rop) + ql(lfnult) + kadl(D-i_‘s; k (219)

where ®¥ is the carrier phase observation (in cycles)is the carrier wavelengti\/ is
the carrier phase ambiguity

2.5 GPS coordinate systems

Basic definitions about coordinate systems are needexbtaire the positioning
principles of the GPS system. Since in space geodesyplijects are moving with
respect to the reference frames, and considering theéhfaicframes are also moving in
space, the time information related to the epoch ofrgaten and the reference time at
which the frame is defined, must be specified. For tb&son, it is important to
understand the difference between a reference systéra eeference frame, since these
concepts apply throughout the discussion of coordinateeregs According to the
International Earth Rotation Service (IERS),Reference Systerm defined as the set of
prescriptions and conventions together with the modeliggired to define at any time a
triad of coordinate axes”, and &éference Frameealizes the system by means of
coordinates of definite points that are accessible dyreby occupation or by
observation”. For more information the reader iemefd to“Earth Rotation: Theory
and Observation; by Moritz and Mueller (1987). Two different types of cooede
systems are outlined here: Celestial and Terrestridhe Qelestial (space fixed, or
inertial) is needed to describe the satellite motiorpace. Theélerrestrial (earth fixed)
is used to obtain position coordinates on the ground. &S an Earth-Fixed global
reference frame called World Geodetic System (WGS-84efesence. The WGS84
coordinate system (geocentric) is a conventional teileseference system (CTRS),
which coincides with the center of mass being defined Herwhole earth including
oceans and atmosphere. The WGS-84 is now equivaléme td RFOO, after 1994, 1997
and 2000 refinements of the WGS-84 (adjustment of the fit#éisig 7-parameter
transformation). The geodetic coordinates can be transfbr to Earth
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Centered Earth Fixed (ECEF) Cartesian coordinate syisyehe well-known formula:
X (N+ h)cosg cosl
=| (N+hcosg siv (2.20)
Zlecer || N(1-€)+ h]sing

where¢ is the geodetic latitude, is the geodetic longitude, h is the ellipsoidal height,
is the radius of curvature of the prime vertical, thesellipsoidal eccentricity.

2.6 Differential GPS (DGPS)

DGPS is a real-time or post-processing positioning teclenwvhere a stationary
GPS receiver (base) is placed at a well-known lonatind the relative position of the
rover (or other stationary receiver) with respect to llbse is determined (Hofmann-
Wellenhof et al. 2001). DGPS is applied in geodesy and sumgegnd it usually
involves at least one or more GPS base stations. nAnom approach used to eliminate
or reduce common errors is the formation of linear lwaations of GPS measurements
(e.g., single and double differences). This can be asthiby combining data from two
receivers observing the same satellite a second sathultaneously.

2.6.1 Single-difference observations

Using single difference (SD) observations, two statignj) and one satellite (k)
are involved (Figure 2.2).

&
o 4 satl

ground
receiver i receiver |
Figure 2.2: Single difference observations.

The basic equation of a carrier phase measurement dietive satellite (k) and
the receiver (i), given by (Hofmann-Wellenhof et al. 200t3s obtained and denoted
before by the following equation (2.19):
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(le(t) :%lqk(t)-i_ Nik_qun) + qlﬁ(rop) + ql(lfnult) + kad«D-*_‘s;k

If we substitute (2.14) into the previous equation (2.19) arfirghthe satellite
clock bias (given by 2.3) to the left side of the equatioelsls:

1

(le(t)+ fkak(t) :jlqk(t)-i_ Nik_qé(on) + qﬁkrop) + Q(ﬁﬁult) + fkd(t)-i_‘s;k

or (2.21)
1

SHORR AU :]pik(t)’L N = don) + Qo) * Dy + T (D +5°

Two-phase equations for two points (i, j), are given i2Xp. Differencing these
two equations results in a single-difference equatidheform:

;) :%/’Ilﬁj O+ NT =)+ diop ) * By ¥ 19, (P8 (2.22)
with

N = Ny = N*

0,1)=9{-a)

O (1) = P} (1) - D (D)

Pl ) = M) - R 1)

The Equation (2.22) represents the final form of the siddference equation

(Hofmann-Wellenhof et al. 2001). Here, the satellite kclb@as (0*(t)) has canceled
compared to the phase equation (2.21).

2.6.2 Double-difference observations

Using double-difference (DD) observations, two statiing and two satellites
(k, I) are involved (see Figure 2.3).

sat k sat |
&
‘I.U’ ‘..&
ground
receiver i receiver |

Figure 2.3: Double difference observations.
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Two single-differences according to (2.22) may be forntéofrhann-Wellenhof
et al. 2001):
1
cbik,,' (t) :;pfj (t)+ Nlj _QTiOn )+ QJ!,(t(Op )+ dj!(r(wult )+ fkéj, (D+$j!(
and (2.23)
1
cb:,j (t) :;gl,j (t)+ Nl‘i _qu ion )+ dj,t(op )+ dj, roult )+ fé, (t)+$]
In order to obtain double-differences, the two equatesoted by (2.23) are
subtracted, and also equal frequencie$ £ f') are assumed:; that is:

1
cbikyyil (t) = j Ik,j'I (t) + del - Ciiljll()n ) + dli ’!((op ) + d]( er(uult ) + ‘f:lj(l (224)
with
NG = Ny = N
Ol (1) = O}, (1) - D (1)

']
Pl =0;0-a50
The Equation (2.24) represents the final equation of doulfiereiices
(Hofmann-Wellenhof et al. 2001). Here, the receivericliases §'(t)) cancel out, by
the assumption of simultaneous observations and equglieineies of the satellite
signals.
Furthermore, triple-differences (TD) are used in orttereliminate the time

independent ambiguities (Hofmann-Wellenhof et al. 2001), byereificing double-
differences between two epochis&t,).
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CHAPTER 3

THE GPSRECEIVER AND RANDOM PROCESS

In this Chapter, we provide the background information abwuGPS receivers,
since our stochastic analysis is focused on the perfmenaf six GPS receivers of
different types and makes. An overview of random piE®ss also outlined, where a
description of the stochastic aspects (basis of twhastic analysis) is provided.

3.1 GPSreceiver overview

For the last twenty years GPS instrumentation (foitany and civilians) has
evolved through several stages of design and implemamtatiA very considerable
improvement in the accuracy and reliability of positiowl &ime determination has been
achieved, including a modularization and miniaturizationhef GPS receivers. By far,
the majority of the GPS receivers manufactured today ai the C/A-code, single
frequency type. However, when high precision is requfeeg. geodetic applications),
dual frequency phase observations are standard featuresaddition, GPS World
(January 2001, Vol.12 No.1 pp.32-47) lists 518 different types of @&Svers from 67
manufacturers.

3.2 GPSreceiver performance

In general, the performance of a GPS receiver dependswvenal factors such as,
the number of satellites visible, observation cood#& occupation time, possible
obstructions, baseline length and the atmospheric consli{Brzezinska, 2001). Thus, if
we want to achieve good results from GPS measurememgsmportant to understand
what we can expect under those conditions.

3.2.1 GPSreceiver noise

As mentioned before, the primary consideration behindtingy presented in this
thesis is related to the estimation and interpretatiothe level of measurement noise
(based on SD-residuals) for six different types of G&®ivers. For this reason, GPS
receiver noise characteristics must be taken intowd. It is well known that, due to the
fact that GPS receivers are measuring instrumentse denel of noise is always
associated with them. The most basic kind of noise taftethe GPS receivers is the
thermal noise, which is an electrical current generbtethe electron’s random motion.
A concise overview of the causes and sources of thée rithermal) contaminating GPS
observable is given by (Langley, 1997). The commonly usedsuore of the received
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signal strength is called signal-to-noise-ra(NR). In case of the radio frequency (RF)
and intermediate frequency (IF), the traditionally use@sare of the signal's strength is
the carrier-to-noise-power density ratieC/ N,). The term C/N,) is considered a

primary parameter describing the GPS receiver performandeits values determine the
precision of the pseudo-range and carrier phase measusefBezezinska, 2001).

3.3 Main components of a GPS receiver

As mentioned before, the number of types of GPS receig very large, but one
might still pose a questionAre all the GPS receivers essentially the same, apart from
functionality and user softwareThe general answer is yes; all GPS receivers cooisist
essentially the same functional blocks, even though thglementations may differ
(Brzezinska, 2001).

According to Hofmann-Wellenhof et al. 2001, the primary ponents of a
generic GPS receiver (Figure 3.1) arantenna radio frequency (RF)section
microprocessarcontrol/storage devigeandpower supply.

Antenn:

|

RF
Section

Control I 4 Storage

Device ) Device
Micro-

Processor|

A

A

Power
Supply

Figure 3.1: Basic conceptual architecture of a GPS receiver

! It is defined as a ratio of the received signal’s poBegnd the noise power, n, measured at the same time
and place in a circuit, made on signal at band occupiddebsignal after demodulation.
2t is the ratio of the power level of the signal @rto the noise power in a 1 Hz bandwidth
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3.3.1 Antenna

The antenna’sfunction is to receive the signals (electromagnetwes) arriving
from the satellites and, aftédre received signals are pre amplified they are trateshto
the radio frequency section (RF). GPS antennas aralaiily polarized, because of the
GPS signal structure, and low power. One important palysiharacteristic of the
antenna is its sensitivity to the phase center (redeti@ 2.4.4).

3.3.2 Radio frequency (RF) section

The radio frequency (RF) section is the heart of GRS receiver, and its main
function is to discriminate the signals coming from @aimtenna employing the C/A-codes
(unique for each satellite); this fact can be achievedqsging the incoming signals
using separate channels (Hofmann-Wellenhof et al. 20010thé&n words, the RF section
receives the signal from the antenna, and transldtesatriving (Doppler-shifted)
frequency to a lower one called beat or intermedisgquency (IF), by mixing the
incoming signal with a pure sinusoidal one generated by ta dscillator (Brzezinska,
2000).

The basic components of the RF section are quarstatrgscillator used to
generate a reference frequency, multipliers to obtairhehigrequencies, filters to
eliminate unwanted frequencies, and signal mixers.

3.3.3 Microprocessor

The Microprocessor coordinates and controls the esgrstem and, enables
numerous operations in real-time navigation, such as acguand tracking of the
satellite signal, decoding the broadcast messagekeepég, and range data processing
for navigation, multipath and interference mitigat{étofmann-Wellenhof et al. 2001).

3.3.4 Control device

The control device’dunction is to provide iterative communication with thB %5
receiver. Itis usually designed as a keypad display unit that is tsedput the
commands from the user for selecting different datguisition options (e.g. static and
kinematic) (Hofmann-Wellenhof et al. 2001). In additiomgstnof the GPS receiver’s
posses command display capabilities with extensive nmamdiprompting instructions.

3.3.5 Storage device

The storagedeviceenables the storage of the different types of GPSreddsles
and the navigation message for further processing. In de@G#t8 receivers use internal
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microchips, removable memory cards, cassette drives(ldodmann-Wellenhof et al.
2001). The storage capacity will depend on several aspmath, as the user needs,
length of the data acquisition session, type of obbéven be recorded, number of
channels, etc.

3.3.6 Power supply

The power supplybasically consists of AC or DC (internal rechargealiCd
batteries, or external batteries such as, Lithiumeale®l Lead Acid batteries). The lower
the power assumption of the receiver, the more suireycan be achieved from a single
battery, and the less heavy load on the user going tbelde Moreover, lower power
consumption also increases the life span of therelgict (Brzezinska, 2001).

3.4 GPSreceiver classfication

GPS receivers can be classified in several groups depeadisgveral criteria
(Seeber, 1993; Hofmann-Wellenhof et al. 2001). An earlysifieastion was into code
correlation receiver technology and signal squaring veceiechnology. This
classification separates code-dependent receivers ane fceee@eceivers. However, a
better classification criteria takes into account tgp@s provided by receivers; namely
C/A-code, C/A-code + L1 carrier phase, C/A-code + LXieaphase + L2 carrier phase,
C/A-code + P-code + L1, L2 carrier phase, L1 carriexsgh(not often used), and L1, L2
carrier phase (not often used). Furthermore, an impbdassification is related to the
technical realization of the channels: multi-chanreteiver, sequential receiver or
multiplexing receiver. Last but not least, a classiitca with respect to the user
community: military receiver, civilian receiver, navigaticeceiver, timing receiver and
geodetic receiver, is also quite common.

3.5 Hardwaretested

A brief background information (provided by the manufacturegualbhe GPS
receivers used for the GPS surveys (short/zero basainatlined next:

3.5.1 Trimble 4000SSE GPS receiver

Trimble 4000SSE is a dual frequency geodetic grade GPS recéigeording to
the manufacturer, its performance criteria will dependaspects, such as the number of
satellites visible, occupation time, observation cbods, obstructions, baseline length
and environmental effects (atmospheric conditionsasstimes five satellites (minimum)
are tracked continuously with the recommended static gugy@rocedures using L1 and
L2 signals at all sites. This GPS receiver is suitbdslsurvey and mapping applications.

Some of the principal specifications (provided by the maturfag for Trimble

20



4000SSE are: size-24.8 28 x 10.2 cm, weight-3.1 kg, real-time differential GPS
accuracy of 0.2 m + 1 ppm RMS, L1 C/A code, L1/L2 full-cyckrier and fully
operational during the AS presence. A view of Trimble 40@D8S)iven in Figure 3.2,
courtesy of Angel-GFZ Airborne Navigation and Gravity &nble & Laboratory.

Figure 3.2: Trimble 4000SSE front and rear view.

3.5.2 Trimble 4000SS|I GPS receiver

Trimble 4000SSI is a 9-channel dual frequency geodetic grade &fefvar.
According to the manufacturer, Trimble 4000SSI acquires power satellite signals
better, maintains a firm lock on signals once acquiesd provides superior tracking
under conditions of radio interference, assuming &t Baatellites are visible and PDOP
< 4. This GPS receiver is normally used for post-pracgss land surveys and mapping
applications.

Some of the main specifications (provided by the manufagtdoe Trimble
4000SSI are: size-24.8 28 x 10.2 cm, weight-3.1 kg, real-time differential GPS
accuracy< 1m RMS, full cycle L1/L2 carrier phase, L1/L2 P-codeld.1 C/A code
during AS. Trimble 4000SSI is shown in Figure 3.3 below, ceurtef Trimble
Surveying and Mapping Product#tf://www.trimble.con

Figure 3.3: Trimble 4000SSI.
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3.5.3 Leica SR9500 GPS receiver

This is a 12-channel dual frequency geodetic grade GPS recenardig to
the manufacturer, Leica SR9500 can be used either dsranee station or as part of a
roving unit for detailed surveying or stakeout. Up to 12 seltan be tracked at any
time, and the patented P-code-aided tracking provides thegesisignal for reliable
tracking of satellites even under poor environmental ciomdit It is an ideal receiver for
geodetic and mapping applicatiomstp://leica-geosystems.com

The main tracking specifications (provided by the manufadtui@ Leica
SR9500 are: full L1 carrier phase, P1 code or P-code aideer WS, full L2 carrier
phase, P2 code, or P-code aided under AS, C/A code narrosiation technique, fully
independent L1 and L2 carrier-phase measurements, andndédpendent, L1 and L2
pseudo-range for sub-metre differential positions. A viéthis GPS receiver is shown
in Figure 3.4, courtesy of Leica Geosystems.

Figure 3.4: Leica SR9500.

3.5.4 Topcon/JPS Legacy GPS receiver

Legacy is a dual-frequency, integrated geodetic grade GPS8aredsccording to
the manufacturer, its performance basically dependssamaitking abilities: it provides
40 L1 channels, 20 L1 + L2 channels, and it tracks L1/L2, CARuode and carrier
signals. It is also capable of tracking both GPS andASS (Russia’s Global
Navigation Satellite System) constellations and maist&racking abilities under harsh
field environmental conditions. Legacy is suitable fovagtic and mapping applications
(http://topconps.com

Some of the principal specifications (provided by the nactufer) for Legacy
are: size-22.5 20.5x 3.5 cm, weight-0.7 kg, real-time differential GPS aacyrof 2
ppm RMS, fully operational L1/L2 carrier phase, P1/P2 aauer AS. An example of
how this GPS receiver looks is presented in Figure 3.5texyuof Javad Positioning
Systems.
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Figure 3.5: Topcon/JPS Legacy.

3.5.5 Ashtech Z-Surveyor GPS receiver

The Ashtech Z-Surveyor is 12-channel dual-frequency geodetdegGPS
receiver. According to the manufacturer, accuracy i GPS receiver assumes five
visible satellites (at minimum). High-multipath are&sgh PDOP values, and high
atmospheric effects could affect its performance. it loa configured for a variety of
survey applications including topographic mapping, geodetic ra@pnstakeout or
photogrammetryhttp://www.ashtech.cojn

Some of the main specifications (provided by the manufagtioe Ashtech Z-
surveyor are: size-7.% 18.2 x 20.6 cm, weight-1.6 kg, real-time differential GPS
accuracy of <1 m (2 drms), full-wavelength carrier phaseand L2, uses z-tracking
technique under AS. Ashtech Z-surveyor is illustrated igurfé 3.6, courtesy of
Magellan Corporation/Ashtech Precision Products.

Figure 3.6: Ashtech Z-Surveyor.

3.5.6 Trimble 4700 GPS receiver

Trimble 4700 is a 9-channel, dual-frequency, geodetic grade GESver.
According to the manufacturer, the performance cattar Trimble 4700 depend on the
number of satellites visible, occupation time, obséswmatconditions, obstructions,
baseline length and environmental effects, and are basef@vorable atmospheric
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conditions. It assumes that five satellites (mininamre tracked continuously with the
recommended antenna and that the static surveying procediiasgulLl and L2
signals at all sites are followed. Trimble 4700 is ideala broad range of surveys,
including topographic, stakeout boundary, and seismic and geod=sntrol
(http://www.trimble.con

Some of the principal specifications (provided by the maturfag for Trimble
4700 are: size-11.8 6.6 x 20.8 cm, weight-1.2 kg, real-time differential GPS aacyr
of 0.2 m +1ppm RMS, L1 C/A code, L1/L2 full-cycle carriedafully operational during
the AS presence. Trimble 4700 is shown in Figure 3.7, cudé Trimble Surveying
and Mapping Products.

Figure 3.7: Trimble 4700.

During the static surveys discussed here, different tydesommercial GPS
antennas were used with the GPS receivers (see Chdptatetails).

Figure 3.8: Different type of Commercial GPS AntennasiPl/egAnt zero-centered
with ground plane (upper left), courtesy of Javad Positiodpstems, Trimble Micro-
centered L1/L2 antenna with ground plane (upper right), coudeTrimble Navigation
Ltd, and L1/L2 ground plane Ashtech antenna (below), courtels Magellan

Corporation/Ashtech Precision Products.

24



3.6 Random process
3.6.1 Overview

In order to discuss the stochastic properties of therdnt types of GPS
observable, we provide a theoretical explanation ofamdem process and what it
involves, since we performed some observations (GPSunggasnts), whose errors are
said to be random, after the removal of biases.

A random process is defined as a collection, or ensemiisierete or continuous
of observations (or random variables), which are in génassociated with a
deterministic parameter (i.e. functions of time orcgpeoordinate) (Gelb, 1974; Strang et
al. 1997; Brown et. al. 1992, Jekeli, 20Q0a)

~— 1+ (t)

)

' T
(t,) (t

Figure 3.9: Members of the ensemiit )} .

The variablex(t;) will normally take different values each time thia¢ trials of
the experiment are repeated. Moreover, as forangom variable, the probability that
X(t,) takes values in a certain range is given by théabibty density function (Gelb,
1974): ( )

_ dFIx,,t,

flx.t)= i (3.1)
with its corresponding distribution function:
F(x,t) = Prix(t,) = x]
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3.6.2 Gaussian random process

A Gaussian random process can be defined as one, whgoanit@robability
distribution functions of all orders are multidimessal normal distributions. It is not
sufficient that just the “amplitude” of the processmrmally distributed; all high order
density functions must also be normal (Strang et al., 1988, 1974; Brown et. al.,
1992). The probability density function of the normalriisition can be expressed as
(Gelb, 1974):

p(x) = le% exp[— Ziz (x- u)z} (3.2)

where 1 is the mean valueg is the standard deviation (it measures the spaeaahd
the mean value).
Equation (3.2) is one-dimensional, the joint digition of x(t, ) and x(t,) is the

bivariate normal distribution. On the other hahdyher-order joint distributions are
given by the multivariate normal distribution.

Figure 3.10: Normal density(x) (left) and its cumulative distributiof (x) (right).

The normal densitp(x) (bell-shaped) and its cumulative distributi¢i(x) are
shown in Figure 3.10 (Strang et al., 1997). It amo be seen from this figure that, the
bell-shaped graph is symmetric around the middietpo<=0= ). The width of the
bell-shaped graph is clearly governed by the sepamnametero , which stretches the -
axis and shrinks the y-axis (leaving the total azgaal to 1). On the other hand, the
other graph (right) shows the integral of the Isblped normal density. Here, the middle
point x = hasF =0.50, which means that by symmetry, there is a 50-Zhcé of an
outcome below or above the mean. The interval @ehby the area between—1.960
and ¢ +1.960 is considered as a 95% probability {s less than two deviations from the
mean).

3.6.3 Correlation functions

In the stochastic analysis based on static GPSurerasnts (zero baseline), we
use the SD-residuals that represent random vasiala random process. In order
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to analyze stochastic properties of the random progesseo basic functions,
autocorrelation and cross-correlation are considered taotools. Furthermore, both
of them were constructed here by assuming the randomsgrozdoe stationary; that is,
the density functionsp(x(t)) (statistical properties) describing the process are mntri
under translation of time (Strang & Borre, 1997). A bdekcription of each is given
below.

The autocorrelationwill tell us how the process is correlated withelfs The
autocorrelation function for a stationary randorogass is defined as (Strang & Borre,
1997):

R (1) = E{ X9 Xt+7)"} (3.3)
where:

“Stationarity assures us that the expectation dwgsdepend separately an=t and
t, =t+7, but only on the difference”.

The spectrum of the autocorrelation function is ploever spectral density (PSD)

function, which is given by (Jekeli 2000b):
1

(cbgg)k ZW(GT) k(GT) k (3-4)

where N is the length of the data (e.g. numberpofchs), At is the time interval(ér)’[(

is the complex conjugate Q@r)k.

In other words, the PSD is a transformed repretentaf the autocorrelation
given in the frequency domain, which permits ushewe an interpretation of the
contribution of the frequency spectral componertdhe function. In our case, we need
to analyze the PSD of the SD-residuals and see Hwmsy contribute to the
autocorrelation.

For a stationary process, the properties of auteladion function with zero mean
are (Bona, 2000):

1). R (0) is the variance of the procegs).

2). |R(r)|s R.(0) for all

3). For an ideal noise process the normalized autelation is:

R(r)=1if r=0

R(r)=0,if 7#0

It should also be pointed out here that sometirhescbrrelation properties of a
random process are described by the auto-covariammtion. The main difference
between these two functions is that the mean isided in the autocorrelation and it is
removed from the auto-covariance.

The cross-correlationfunction gives the information about the mutuatetation
between the two random processes. In other wéatas suppose we have two random
processex(t and y(t), their cross-correlation function gives the expdctalues of all

the productsx () y; (t,) . Itis given by (Strang & Borre, 1997).
R, (1) = E{ X} Y t+1)'} (3.5)
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wherer =t, -t,.

In addition, we point out three hypotheses concerningptistive correlation
between L1 and L2 carriers, while analyzing the stoahastiperties of GPS observables
(Bona et. al., 2000a):

1. The correlation can be due to the codeless or sedaless measurement
technique used to circumvent the encryption of the P-code timel&S presence

(refer to Section 2.1).

2. The correlation might result from a coupling of the L&cking loop with the L1
carrier phase.

3. The correlation may be caused by the internal da&xifity (smoothing) that the
receivers apply in order to reduce the measurement noise.
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CHAPTER 4

ZERO BASELINE RESULTS

4.1 GPS survey scenario

The GPS static surveys presented in this chapter weramedan four different
dates: August 27, September 03, October 01, 2000 and June 11, 206fal &tempts
were made in order to perform all the static testsylaat, but due to the fact that some of
the equipment (GPS receivers) was not available handtatic test had to be done in
June 11 of the current year. In this chapter, zero baseliesults are presented and
analyzed in detail. The test area selected for th8 @Pasurements is located at the
parking lot on The Ohio State University West campus. stineounding environment of
the paved parking lot represents rather optimal obseityabdnditions with open sky
and no obstructions within about 100 meters. Howeveredigt poles located close to
the test area could have caused some minor multipath.

The types of GPS receivers tested (zero baseline) isted lin Table 4.1.
Unfortunately, not all the GPS receivers were testetleasame time, since the access to
some of the hardware components was limited. Howemerattempt was made to
perform all the tests in similar atmospheric condio

Table 4.1: Hardware inventory.

Receiver type Quantity Antenna type
Ashtech Z-Surveyor 2 Ashtech L1/L2 with ground plane
Leica 9500 2 L1/L2 LegAnt
Topcon/JPS Legacy 2 L1/L2 LegAnt
Trimble 4700 2 L1/L2 Micro-centered with ground plane
Trimble 4000 SSE 2 L1/L2 LegAnt
Trimble 4000 SSI 3 L1/L2 LegAnt

Preliminary results of the tests of August 27, Septend8grand October 01,
2000, (for zero/short baseline), were compiled and preseoyeD. Brzezinska et al.
2000). The GPS static surveys for zero baselines wefermed using an antenna with
precisely known location. The coordinates of the ramelocation were previously
determined (with a 4-hour GPS survey session), and subgBgqueed as known and
fixed for the single-difference residual computation. [2lllegAnt (zero-centered) with
ground plane, Trimble Micro-centered L1/L2 antenna with gdoplane and Ashtech
L1/L2 with ground plane were the antenna types used for éhe lzaseline surveys.
However, due to the fact that only a single 4-way antepiitier was available, only two
pairs of GPS receivers could be tested at a time doo baseline tests. The main
specifications for the GPS surveys were: elevationkneds10 degrees and sampling
interval of 1 second.
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4.2 GPS stochastic analysis and data processing technique

In this thesis, we will focus our attention on zerodhae test results, since the
prime objective of this research is to perform an amslgf the stochastic properties of
the different GPS observables based on their noisgacteristics. The primary
“‘observable” in our tests are SD-residuals on zero basedinee all primary error
source, like atmosphere, satellite clock, position emacsmultipath are cancelled. Thus
the receiver noise is the primary component of the umeasent residuals and the
receiver clock error can be estimated. Moreover,stiagistics derived based on SD-
residuals can be converted to statistics related to ayeundifferenced) measurements,
which will characterize a single receiver. It should rhentioned that performance
analysis on zero baseline might be too optimisticopgosed to the short baseline
scenario, which provides a full valuation of the prati@formance of the GPS receiver
(Bona, 2000). However, only on zero baseline the noistheo observables can be
assumed as coming from the receiver only. The staclastlysis was based on single-
difference residuals for high and low satellites, sitheeelevation angle is an important
factor to consider with respect to the GPS measurer(ieatsr and Goad, 1991; Tiberius
et al. 1999; Bona, 2000).

GPS measurements were collected for about 4-5 hounsl@r to determine the
exact location of the antenna (zero baseline). Tentéomatics Officavas used to
processhe data collected during the field measurements. Belfiereldta processing all
the data sets were converted to the RINEX format (8urt994).

The receiver noise level is evaluated (quantified) by disstal variance
component estimation technique. Single difference relsidc@aming from the least
squares adjustment are used, as explained below: It sheuttentioned here that the
receiver noise (i.e. observables noise) is measured by stluare root of the
autocorrelation at zero lag.

The linearized Gauss-Markov Model is given by

y=~A{+e (4.1)
where y is the observation vectorA is the design matrix of the partial derivatives
(*Jacobian Matrix”),£is the unknown vectomris the error vector.

Under the assumption that SD-residuals on zero bas#din®t contain satellite
clock errors, atmospheric errors or multipath effe¢ck® single-difference equation,
previously denoted by (2.22), can be rewritten as:

1
P (1) :;pig () + 9, (t) + N, +&f (4.2)
Analogous for pseudo-ranges:
RGM) =050+ (t)+e (4.3)

Then, our system of equations according to our model (4.%gt up using (4.2)
and (4.3) as follows:

* For carrier phases:
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[@7;(t) -—p. H ()]
[®7(t) ——pfj(t])] -NB | 7]
1
910) 3 AN, (0.0
= [T, @+N; J+e
[ (to— P ()] - N .
(7, (t) ~ o 0] -7 | L
[F(t) —%pﬂ(t])] ~ N
—
with Yoa(Ly) Aalt) &at) +e
N = N =N,
I\I'lJZ = N.iz,j - Nllj
NlG - N.6 _ N1

where k =1,---,6 is the number of satellites (the first one is asstii@s base)f is the
nominal frequency { = f*), Y,,(t,) is the “observed minus computed” terms at epoch
(t,): carrier phase and pseudo-range observations,danble difference ambiguities,
which are fixed and knownA,,(t,) is the design matrix of the partial derivatives at

epoch ¢,), ¢,,(t) is the unknown parameters at epoth): (lumped SD-receiver clock
error (estimated on an epoch-by-epoch basis) andr8ibiguity.
» Analogous for pseudo-ranges:

RY () -aht) | [1]
R’ (t) -0 ()
R?,)j (tl)_pi?jj (tl)
Rd,'j (tl)_pi‘j'j (tl)
R?j (tl)_pis,j (tl)
_Réj(tl)_piéj(tl)_ L

~ ~ - A"
Yo (L) =Aa(t) &alt)te
where Y,,,(t,) is the “observed minus computed” terms at epogh pseudo-range
observations, and coordinates of the stations atellites, &, (t,) is the unknown
parameters at epocht, . SD-receiver clock error (estimated on an epoglejoch
basis).

[ f0,(t)]|+e (4.5)

e
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The same block of equations (4.4) and (4.5) is formed epocpdhewith new
receiver clock estimate (per epoch), that is:

L(t) O
)] |20 Y e
: = : O. N O o +e (4.6)
Y., (t ' ' t
6><]_( n) O O Ale(tn) 5]_><]_( n)
\ J — —~— _/ J
6nx1 6nxn nx1

In Equation (4.6) information based on six satellites peclepeas used, and we
solved (separately) for the unknown parameters in Equatbd) and (4.5%() by:

'{nXl = (N]—XangiXGn an)_l(N]—XangiXGnYGnXl) (47)
where Z is the variance-covariance matrix of the obserwatio

In order to solve for the unknowns in (4.7), we had assuno correlation among
the observables. In other words, we define aumatrix as diagonal (i.e. single
difference observations) with the corresponding valdeth® variances for the carrier
phases: o7, =(5.25810°%y §,07,=(8.1910°y ¥y and the pseudo-ranges:
0%, = 0%, =(0.5m) respectively.

Once we estimated the unknowns (lumped receiver clockS&nrdmbiguities),
we compute the SD-residuals (which form the basis of walysis) by:

B=Y-AS (4.8)

It is important to point out that for zero baselinles contribution of the receiver
noise is considered two-fold, due to the fact that teceivers of the same type are
connected to one antenna, we assume that the vareinsiegle differences equal to two

times the variance of one-way observation$, (= 202, ), since SDf; = obs‘ —obs,

assuming that both receivers contribute to a SD-residubaé same way (Figure 4.1).

o

,‘.‘,5_? sat k
5 Mg.
i k
CDJ'

ground

receiver i receiver |

Figure 4.1: Identical receivers on zero baselifie 07 = 037 ., -
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From the Figure 4.1, we can obtain that:
k — k k
O =0 -, qn.
However, since we are dealing with zero baselines, tlséigoo of both GPS
receivers (i and j) is exactly the same, therefoeeagsumed:
O =0 = Oy (4.10)

If we apply the law error propagation according to equatidrgy and (4.10), and
assuming no correlation (identical receivers, but indepedve have that:

2 2 2 —_ 2
USD - [Uone—way + Uone—way} - 20-one—way (4 11)

In addition, the sequence followed for data proogsss illustrated in the
flowchart shown in Figure 4.2.

4-5 hours of GPS

measurements
Trimble Antenna location
Geomatics "| (Fixed and known)

Office

A\ 4
1-hour of GPS
Measurements for
Zero baseline

 —

Least Squares
Adjustment

» SD-residuals

Figure 4.2: Data processing.

The next step is to use the SD-residuals, in thelysis of the stochastic
properties of the different types of GPS observalidme-hour window of the computed
residuals is presented here as a representatiy@esam

33



4.3 Test results
4.3.1. Observability plots

Figure 4.3 shows the observability plots for the diifériypes of GPS receivers;
in these plots the satellite constellation and ttratking phase (L1 and L2) is shown.

It can be observed in Figure 4.3 that, most of the datelin view showed
continuous lock during the data collection for Trimble 4000%8H.1 and L2 carriers
respectively. For Leica 9500 both satellites, PRN 21 (h&gig PRN 5 (low), were
observed without interruptions (continuous lock). Hoerev Trimble 4000SSI
experienced some losses for both satellites (high P&Rahd low PRN 23) on L1 and L2
phases, which could have been caused by a loose splitteg doei data collection. Also
Topcon/JPS Legacy and Trimble 4700 experienced some temposags of lock for
high and low satellites on L2 phase. However, boththef receivers maintained
continuous lock for the rest of the satellites in viekinally, Ashtech Z-S experienced
some short losses of lock for PRN 17 (high), and largesels for PRN 18 (low).
Moreover, it also experienced some short losses tnldoand L2 carrier phases for the
rest of the satellites in view.
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Figure 4.3: Observability plot on zero baseline, first:rdrimble 4000 SSE, second row:
Leica 9500 and second row: Trimble 4000SSI, four row: Topc&nL#gacy, fifth row:
Trimble 4700 with LegAnt antenna (GPS second of week 1077, 1a¥8@82). Sixth
row: Ashtech Z-S, with Ashtech ground plane antenna (&f8nd of week).
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4.3.2. SD-residuals plots

As mentioned before, the least squares adjustment achieved in Section 4.2, was
used to compute SD-residuals. The residuals are plotted (Figures 4.4 to 4.11) for the
different types of GPS observable (L1, L2, P1 and P2) for high and low satellite
respectively, for each type of receiver tested. Tables 4.2 and 4.3 summarize the results of
the SD-residuals plots where the standard deviation, mean, max and min values are
presented.

As can clearly be seen in Tables 4.2 and 4.3, the max and min values indicate how
the SD-residuals are bounded. The variation of the mean (above or below zero) might
indicate the presence of biases. However, no significant biases were discovered in the
data. This indicates that the mathematical model of single difference used is capable of
representing the signal, leaving only the white or random noise in the residuals. All the
receivers showed residuals bounded within (5 mm) for L1 and within (15mm) for L2 on
high and low satellites. Leica 9500 and Ashtech Z-S were the only receivers that showed
residuals bounded within (=20 cm) for P1 on high and low satellites. In addition,
Trimble 4000 was the only receiver that showed residual bounded within (2 m) on P2 for
high and (3.5 m) for low satellite, the rest of the receivers showed residuals bounded
within (~10 cm - ~1m).

Table 4.2: Residual analysis on zero baseline, for Trimble 4000SSE (top), Leica 9500
(middle), and Trimble 4000SSI (bottom) with LegAnt antenna, (GPS second of week

1077-1078).
GPS receivers Satdlite ID Standard Mean (m) Max (m) Min (m)
Deviation (m)
PRN 25 (L1) 0.0003 -0.0002 0.0009 -0.0014
(high) (L2) 0.0017 -0.0005 0.0058 -0.0080
(P1) 0.1156 -0.0272 0.4000 -0.4601
(P2) 04613 0.0751 1.9754 -1.5178
PRN 30 (L1) 0.0004 0.0004 0.0025 -0.0014
4000sse (low) (L2) 0.0027 0.0001 0.0168 -0.0087
(P1) 0.149% 0.0095 0.5733 -0.5904
(P2) 0.7434 -0.0560 2.7959 -3.5388
PRN 21 (L1) 0.0003 0.00003 0.0017 -0.0018
(high) (L2) 0.0014 0.00001 0.0063 -0.0061
(P1) 0.0072 -0.00128 0.0164 -0.0669
(P2) 0.0252 -0.01259 0.0527 -0.1048
Leica PRN 5 (L1) 0.0004 0.00002 0.0019 -0.0013
9500 (low) (L2) 0.0017 0.00004 0.0067 -0.0056
(P1)  0.0097 0.00549 0.0549 -0.0316
(P2) 0.0524 0.02545 0.2219 -0.0683
PRN 29 (L1) 0.0006 0.00015 0.0019 -0.0020
(high) (L2)  0.0007 -0.00005 0.0025 -0.0026
(P1) 0.0850 -0.00977 0.3695 -0.3707
(P2) 01101 -0.00874 0.5248 -0.4441
PRN 23 (L1) 0.0006 -0.00090 0.0022 -0.0035
4000SS! (low) (L2)  0.0008 -0.00090 0.0027 -0.0046
(P1) 0.1363 -0.00841 0.6488 -0.6159
(P2) 0.2076 -0.00838 0.8901 -1.0735
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Table 4.3: Residual analysis on zero baseline, for Topcon/JPS Legacy (top), Trimble
4700 (middle) with LegAnt antenna, and Ashtech Z-S (bottom) with Ashtech ground
plane antenna zero baseline (GPS second of week 1082).

GPS receivers Satellite Standard Mean (m) Max (m) Min (m)
ID Deviation (m)
PRN 29 (L1) 0.0004 0.00002 0.0015 -0.0017
(high) (L2)  0.0005 0.00001 0.0019 -0.0019
(P1) 0.0863 -0.00370 0.2785 -0.3128
(P2) 0.1040 -0.01090 0.3879 -0.3560
Javad/Leg PRN 5 (L1) 0.0006 -0.00002 0.0027 -0.0022
(low) (L2)  0.0009 -0.00004 0.0036 -0.0030
(P1)  0.1549 0.00997 0.5767 -0.5257
(P2) 0.1937 0.02293 0.7396 -0.8313
PRN 29 (L1) 0.0012 0.00005 0.0040 -0.0037
(high) (L2) 0.0021 0.00019 0.0080 -0.0078
(P1) 0.1861 0.01183 0.6543 -0.7285
(P2) 0.1828 -0.00180 0.6786 -0.6886
T4700 PRN 5 (L) 0.0013 -0.00006 0.0045 -0.0057
(low) (L2) 0.0033 -0.00030 0.0122 -0.0144
(P1) 0.2230 -0.00942 0.9405 -0.7920
(P2) 0.1955 0.00189 0.7358 -0.7139
PRN 17 (L1) 0.0002 0.0003 0.0011 -0.0006
(high) (L2)  0.0003 -0.0012 0.0001 -0.0024
(P1) 0.0567 0.0067 0.2197 -0.1637
(P2) 0.1989 0.0006 0.7457 -0.7730
Ashtech PRN 18 (L1) 0.0002 -0.0004 0.0003 -0.0012
(low) (L2)  0.0004 0.0021 0.0037 0.0006
(P1) 0.0592 -0.0156 0.1689 -0.2214
(P2) 0.2629 -0.0015 1.0259 -0.9424

In addition, Figures 4.4 (Trimble 4000sse) and 4.5 (Leica 9500) show that low
satellite displays residuals larger by 25-60% in comparison with the high satellite.
Figures 4.6 (Trimble 4000SSl), 4.7 (Topcon/JPS Legacy) and 4.8 (Trimble 4700) show
that low satellite displays residuals larger by 30-100% in comparison with high satellite.
Figures 4.9 and 4.10 show an example of SD-residual plots for Topcon/JPS Legacy and
Trimble 4700 with Trimble Micro-centered antenna. The results obtained using Trimble
Micro-centered antenna showed a little improvement in residuals (~ 10 %) for Trimble
4700 in comparison with those obtained using Leg Ant antenna. Figure 4.11 (Ashtech Z-
S) show that the low satellite displays residuals larger by 10-50% in comparison with
high satellite.

Figures 4.5 for Leica 9500 show the presence of some unexpected small biases
and drifts on P1 and P2, as did Ashtech Z-S on L1 and L2. These unexpected small
biases and drifts which may require further investigation, for this reason those results will
not be counted in the subsequent stochastic analysis.
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Figure 4.4: L1, L2, P1 and P2 residuals on zero baseline for high satellite (left, elev. 72-
78 deg.) and low satellite (right, elev. 18-38 deg.), Trimble 4000SSE with LegAnt
antenna (GPS second of week 1077).
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Figure 4.5: L1, L2, P1 and P2 residuals on zero baseline for high satellite (left, elev. 68-
86 deg.) and for low satellite (right, elev. 19-28 deg.), Leica 9500 with LegAnt antenna
(GPS second of week 1078).
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Figure 4.6: L1, L2, P1 and P2 residuals on zero baseline for high satellite (left, elev. 60-
70 deg.) and low satellite (right, elev. 12-45 deg.) Trimble 4000 SSI with LegAnt antenna
(GPS second of week 1078).
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Figure4.7: L1, L2, P1 and P2 residuals on zero baseline for high satellite (left, elev. 62-
70 deg.) and for low satellite (right, elev. 22-30 deg.), Topcon/JPS Legacy with LegAnt
antenna (GPS second of week 1082).
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Figure 4.8: L1, L2, P1 and P2 residuals on zero baseline for high satellite (left, elev. 62-
70 deg.) and for low satellite (right, elev. 22-27 deg.), Trimble 4700 with LegAnt antenna
(GPS second of week 1082).
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Figure 4.9: L1, L2, P1 and P2 residuals on zero baseline for high satellite (left, elev. 57-
70 deg.) and for low satellite (right, elev. 20-23 deg.), Topcorn/JPS Legacy with Trimble
Micro-centered antenna (GPS second of week 1082).
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Figure 4.10: L1, L2, P1 and P2 residuals on zero baseline for high satellite (left, elev. 57-
71 deg.) and for low satellite (right, elev. 21-23 deg.), Trimble 4700 with Trimble Micro-
centered antenna (GPS second of week 1082).
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Figure4.11: L1, L2, P1 and P2 residuals on zero baseline for high satellite (left, elev. 25-

82 deg.) and for low satellite (right, elev. 10-45 deg.), Ashtech Z-S with Ashtech ground
plane antenna (GPS second of week).



4.3.3 Histogram plots, based on SD-residuals

Traditionally least squares techniques (used for parametienaésn) do not
consider any underlying assumption related to the noisebdison of the observables.
However, in order to monitor the data quality and integmeyexamined a distribution of
3000 residuals based on histograms plots. In general, aoddag to the assumption
that observation errors in surveying are normally ihsted, it can be observed in
Figures 4.12-4.17 that the observation noise (i.e., SD-résjdsassentially distributed
normally (shows a normal distribution). The histogranprobably the oldest and most
widely used tool to analyze data distribution. For thstogram, the range of
(experimental) outcomes is divided into classes (bind)the observed frequencies, the
cell counts, are presented in a bar diagram. Histogwaars plotted based on Equation
(3.2), and using MathCAD functions as follows:

I. We define the data set to be analyzed (e.g., X)

Il. We define the size, mean, and standard deviationeoflata
Size: n = length of the data (x)

- + X+ +
Mean: E(X) =x= X% %
n

Standard Deviationz, = \/il > (% —x)°
n-1%y
lll. We compute the normal densip¢x), given by (3.2)

Figure 4.12 displays histograms of the SD-residuals for QlleM000SSE and, it
shows the presence of a small bias for L1, L2, P1 andhi@® @nd low satellites),
respectively. Plots for all high and low satellitee® to show a uniform normal
distribution of the residuals. Figure 4.13 displays histogr of the SD-residuals for
Leica 9500 and, it also shows the presence of a smalidri&4 and P2 for high and low
satellites, respectively. As mentioned in the previousmsg some drift can be observed
in the plots for P1 (high) and P2 (low) where the redglillastrated there do not follow
the normal distribution properly. Therefore resulbtamed for P1 and P2 are not taken
into account in the stochastic analysis of this ne$eand they may require further
investigation.

Histograms of the SD-residuals for Trimble 4000SSI, Jaearhcy and Trimble
4700 are shown in Figures 4.14, 4.15 and 4.16. Those experiengeddbrce of a very
small bias for P1 and P2 (high and low satellites), résde Here, all the plots
showed a normal distribution of the residuals for tiféerént types of observables.
Figure 4.17 displays histograms of the SD-residuals fore&shZ-S and, it shows the
presence of a small bias for L1, L2, P1 and P2 (high andsktellites), respectively.
Plots for the carrier phases (high and low sats)litthowed also some drift (refer to
previous section), and all the residuals showed a norstaldition. Similar as for Leica
9500, the results obtained for L1 and L2 are not congidiire stochastic analysis of this
research, and they may require further investigatiargeneral, for all the GPS receivers
most of the plots follow a normal distribution, egtdor: P1 (high) and P2 (low) for
Leica.
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4.3.4 Power Spectral Density (PSD) plots based on SD-residuals

PSD was computed in order to determine the correlation of the residuals at
different frequencies. The computations needed to create these plots were made based on
the following equation, previously denoted as (3.4), since as mentioned before (refer
Section 3.6.3) the spectrum of the autocorrelation function is the Power Spectral Density
(PSD) function.

1

(Poo )i =g Cro(Grde

where N, At and (G,); were defined before.

Figure 4.18 shows that low and high frequency spectral components have the
same contribution to the correlation of the residuals for Trimble 4000SSE on L1 and P1
for PRN 25 (high) and PRN 30 (low). In contrast, plots for L2 and P2 (high and low
satellites) show that only the low frequency spectral components contribute to the
correlation of the residuals.

Figure 4.19 shows that low and high frequency spectral components have the
same contribution to the correlation of the residuals for Leica 9500 on L1 and L2 for
PRN 21 (high) and PRN 5 (low). Low frequency spectral components seem to contribute
only for P1 and P2 (high and low satellites).

Figures 4.20 and 4.21 show that for Trimble 4000SSI and Topcon/JPS Legacy
low and high frequency spectral components have similar influence on L1 for high and
lows, respectively; however, for the rest of the plots (L2, P1 and P2) only low frequency
spectral components contribute to the correlation of the residuals.

Figure 4.22 shows that both low and high frequency spectral components have the
same contribution to the correlation of the residuals for Trimble 4700 on L1, L2, P1 and
P2 for PRN 29 (high) and PRN 5 (low).

Figure 4.23 shows that only low frequency spectral components have contribution
to the correlation of the residuals, for Ashtech Z-S on P1 for PRN 17 (high) and PRN 18
(low). On the other hand, both frequency spectral components (low and high) have
similar contribution to the correlation of the residuals for L1, L2 and P2 for high and low
satellites, respectively.

In general, all the receivers showed that the low and high frequency spectral
components have similar contribution to the correlation of the residuals for L1 (high and
low satellites). Plots for Trimble 4700 indicate that both low and high frequency spectral
components contributed to the correlation of the residuals for all the observables (high
and low satellites). Therest of the plots indicate that for some receiversthe low and high
frequency spectral components contribute together to the correlation of the residuals, and
sometimes only the low frequency spectral components. The observed differences
among the receivers most probably follow from the different codeless or semi-codeless
techniques implemented to recover L2/P2.

53



L1 phase

L1 phase

10

500 1000 1500
ch [sec]
h Q 0
[0} PSD [Cylgj’““ tsec] PSD [W/gj
L2 phase L2 phase

1000 1500 1000 1500
h[sec]
ch ©  psD[oy
@ PSD[(.ylgj och [s=c] [Cysef
P1ran
ge 0 P1 range
[¢) o

500 1000 1500

P2 ran
o P2 range 60 oe
(e}
40 40
o
9]
20
O
0 B
500 1000 1500 1000 1500
o [ses oh [sed
©  psp [oyd™ "™ ®  psD[oyg”

Figure 4.18: Power Spectral Density for L1, L2, P1 and P2 residuals, for high satellite
(left) and low satellite (right), Trimble 4000SSE with LegAnt antenna (GPS second of
week 1077).
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Figure 4.19: Power Spectral Density for L1 and L2 residuals, for high satellite (left)
and low (right), Leica 9500 with LegAnt antenna (GPS second of week 1078).
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4.3.5 Normalized Autocorrelation (correlogram plots) based on SD-resduals

The normalized autocorrelation plots were computed in order to verify if the
different types of GPS observables contain only white noise (i.e., that they are not
correlated from epoch to epoch). The computations needed to create the normalized
autocorrelation plots are described below:

As mentioned in Section 3.6.3, Equation 3.4 (given below) represents the
spectrum of the autocorrelation, which can be obtained by a simple multiplication of the
normalized function with its complex conjugate in the frequency domain.

(Pge)e = mt —~——(G (G,

The inverse of the Fourier transform of the above equation results in the
autocorrelation in the space domain, that is:

F(®,,), =autocorrelation
Then, the computed autocorrelation is normalized by dividing it by its value at
zero lag. By definition, normalizing the autocorrelation leads to its value equal to 1 at

zero lag. The plot of the normailized autocorrelation is called correlogram. In other
words, the normalized autocorrelation portrays the autocorrelation coefficient versus the

time lag (time interval between two samples). The time interval (7.), a which the process

may be considered decorrelated is defined by R(7.) 2% R(0) (Moritz, 1980); in our case

R(0) =1 (at zero lag); therefore, R(7,) 2% :

In order to summarize the results of the autocorrelation analysis, the correlation
time was divided into two classes following classification proposed by (Bona et al.
2000b): (1) short correlation times (<5 seconds), and (2) large correlation times (>5
seconds). Table 4.4 shows the correlation time for the different types of GPS observables
for high and low satellites, respectively. The empty cells refer to the GPS observables
that require further investigation (refer to Sections 4.3.2 and 4.3.3).
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Table 4.4: Correlation time (GPS second of week 1077-1078 LegAnt antennd), and (GPS
second of week 1082 Ashtech ground plane antenna).

GPS receivers Satellite ID L1 L2 Pl P2

PRN 25 1sec 4 sec 1sec 4 sec
(high)

4000sse PRN 30 1sec 4 s=c 1sec 4 s=C
(low)

PRN 21 Tsec Tsec
Leica (high)

9500 PRN 5 1sec 1sec
(low)

PRN 29 1sec 1sec 4 sec 4 sec
(high)

4000Ss| PRN 23 1sec 1sec 4 s=C 4 seC
(low)

PRN 29 1sec 1sec 4 seC 4 sec
Javad/ (high)

Legacy PRN 5 1sec 1sec 4 sec 4 sec
(low)

PRN 29 1sec 1sec 1sec 1sec
(high)

T4700 PRN 5 1sec 1sec 1sec 1sec
(low)

PRN 17 8 e Tsec
Ashtech (high)

zs PRN 18 8 sec 1sec
(low)

Figure 4.24 shows that Trible 4000SSE provides short correlation times (7, =1
sec) on L1, P1 and (7,=4sec) on L2, P2 for PRN 25 (high) and PRN 30 (low),
respectively. However, the biases on L1, P1 and P2 (high and low satellites) may be
removed if we subtract the mean value in the autocorrelation (then auto-covariance)
computations.

Figure 4.25 shows that Leica 9500 provides short correlation times (7, =1 sec) on
L1, L2 for PRN 21(high) and PRN 5 (low).

Figures 4.26 and 4.27 show that Trimble 4000SSI and Topcon/JPS Legacy
experienced short correlation times (7, =1 sec) on L1, L2 and (7, =4 sec) on P1, P2 for

high and low satellites, respectively.

Figure 4.28 shows that Trimble 4700 provides short correlation times (7, =1 sec)
onlL1, L2, P1and P2 for PRN 29 (high) and PRN 5 (low).

Figure 4.29 shows that Ashtech Z-Surveyor provides short correlation times
(7. =1 sec) on P2 and large correlation times (7, =8 sec) on P1 for PRN 17 (high) and
PRN 18 (low).

In general, all the receivers experienced short correlation timeson L1, L2, and P2
for high and low satellites (<5 seconds), which basically means the presence of more
statistically independent observations. In contrast, Ashtech Z-S was the only receiver that
experienced large correlation times on P1 for high and low satellites, respectively. The
presence of large correlation times might indicate the application of some data filtering
(smoothing) inside the receiver. Similar conclusions were given by Bona, [2000].
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Figure 4.24: Correlograms for L1, L2, P1 and P2 residuals, for high satellite (left) and
low satellite (right), Trimble 4000SSE with LegAnt antenna (GPS second of week
1077). 62
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Figure 4.25: Correlograms for L1 and L2 residuals, for high satellite (left) and low
satellite (right), Leica 9500 with LegAnt antenna (GPS second of week 1078).
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Figure 4.26: Correlograms for L1, L2, P1 and P2 residuals, for high satellite (left) and low
satellite (right), Trimble 4000SSI with LegAnt antenna (GPS second of week 1078).
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week).
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4.3.6 Cross-correlation function and cross-correlation coefficient

The cross-correlation function was computed based on SD-residuals, in order to
determine the correlation among the different types of GPS observables as follows:

As mentioned in Section 3.6.3, Equation 3.4 (given below) represents the
spectrum of the auto/cross-correlation.

_ 1 o~ o~

(Pgi )i :m(Gr)k(Hr)k

The inverse of the Fourier transform of the above equation results in the cross-
correlation in the space domain, that is.

F(®,,), =cross—correlation

The results obtained from the auto and cross-correlation functions (derived from
the stochastic analysis) will be used to construct the alternative variance-covariance
matrix, in order to test its impact in positioning estimators (refer to Chapter 6).

On the other hand, the cross-correlation coefficient was computed based on one-
way residuals, in order to determine the amount of correlation between the GPS
observable (L1, L2, P1 and P2) as shown below:

It iswell known that for two sets of random series X, %, ,....., X, and Y;, Y,,....., ¥,
their variances are given by the well-known formulas:

1 -
o7 =1 % x -
n-liz

and
1 ¢ —
gr=——> (Y, - y)?
n—-17
And their covariance
1 & - —
g =— =XV, —
‘y n_liZ:l‘,(x (Y - )
where:

x and y - the mean values for each random series.
Then, the correlation coefficient between the two random series is given by:

g,

px,y \/0')(27@7}2/

Table 4.5 summarizes the cross-correlation coefficients for one-way GPS
observables (high and low satellites). Ascan be seen in Table 4.5, high and low satellites
show a small cross correlation between L1P1, L1P2, L2P1 and L2 P2 (of the order of 1-7
%), except between L1L2 or P1P2, where larger cross-correlation is observed. The GPS
receivers that showed high levels of cross correlation between phases for high and low
satellites were: Trimble 4000SSI (35-37 %), Topcon/JPS Legacy (30-33 %) and Ashtech
Z-surveyor (25-32 %). In contrast, Leica 9500 showed high correlation (33 %) between
pseudo-ranges for low satellite only. From the experiments, the carrier phases always
show a positive cross-correlation, as did the pseudo-ranges. This basically means that,
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both signals experienced the same behavior or tendency. In general the cross correlation
coefficients obtained from all the GPS receivers seem to be consistent with the results
provided in Bona [2000].

Table 4.5: Cross correlation coefficient between L1, L2, P1 and P2 (one-way residuals),
for high and low, first row: Trimble 4000SSE, second row: Leica 9500, third row:
Trimble 4000SS!, fourth row: Topcon/JPS Legacy, fifth row: Trimble 4700 with LegAnt
antenna, (GPS second of week 1077, 1078 and 1082), sixth row: Ashtech Z-S with
Ashtech ground plane antenna, (GPS second of week).

GPS Satellite Cross-correlation coefficient
receivers ID
rLil2 rL1P1 rL1P2 rL2P1 rL2P2 rP1P2

PRN 25 0.06 -0.01 0.00 0.00 0.01 0.13

T4000SSE (high)
PRN 30 0.05 0.00 0.02 0.02 0.01 0.11

(low)
PRN 21 0.10 0.01 0.01 0.01 0.03 0.08

Leica (high)
9500 PRN 5 0.08 0.02 0.01 0.00 0.02 0.33

(low)
PRN 29 0.37 0.03 0.01 0.03 0.05 0.02

T4000SS| (high)
PRN 23 0.35 0.02 0.01 0.04 0.07 0.03

(low)
PRN 29 0.30 0.01 0.01 0.01 0.01 0.03

Topcon (high)
JPS/Legac PRN 5 0.33 0.01 0.01 0.01 0.00 0.03

(low)
PRN 29 0.24 0.00 0.00 0.00 0.00 0.06

T-4700 (high)
PRN 5 0.16 0.00 0.00 0.00 0.00 0.06

(low)
Ashtech PRN 17 0.32 0.00 0.01 0.02 0.01 0.00

z-S (high)
PRN 18 0.25 0.00 0.01 0.03 0.01 0.00

(low)
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CHAPTER 5

AN EXAMPLE OF SHORT BASELINE RESULTS

5.1 An Example of GPS Survey Analysisand Resultsfor 10-m Baseline

As mentioned in chapter four, only zero baseline resultsanalyzed in detail
here, since zero baseline scenario is suitable folyzang the residuals which may
contain only the remaining receiver noise, as explaindderea Our primary goal is to
analyze the noise characteristics of 6 GPS receamishe stochastic properties of GPS
observables. However, under the assumption that onhgtegéver’s noise is the primary
component of the zero baseline measurements, the 1@srbeteeline results, which are
presented as an example may illustrate a more reahisoeof the common receiver
performance.

5.2 The 10-m GPS Static Surveys

The GPS static surveys presented for the 10-m baselerespegrformed on three
different dates: August 27, September 03 and October 01, 200@ tw@st range
established at OSU West Campus (Figure 5.1). There weodbstauctions within 100
meters of the survey, except some light poles, whicitdooause some multipath effects.

Again, Trimble Geomatics Office software was used tx@ss the data collected.
Some of the main specifications for the GPS survegmewelevation mask 10 degrees
and 1l-second time interval. The antennas on the 10-niseedine were placed on 2-
meter fixed tripods.

The GPS static surveys presented here comprise five Hi-baselines (see
Figure 5.1).
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Figure 5.1: GPS receiver configuration for 10-m baseline meam&nts.

Figures 5.2 to 5.7 show examples of SD-residuals obtamddlf L2, P1, and P2
for the GPS receivers tested on 10-m baseline. It eanbberved in Figure 5.2 that,
Topcon/JPS Legacy experiences residuals bounded within j7ominl, and within (11
mm) on L2 for PRN 29 (high) and PRN 5 (low), respectiv@lots for P1 and P2 show
residuals bounded within (1-2 m) for high satellite and wi{B#2.3 m) for low satellite.

Figure 5.3 indicates that Leica 9500 shows residuals boundieid @s6tto 10 mm)
on L1 and L2, and within (10 to 20 cm) on P1 and P2 for PRNhih) and PRN 5
(low), respectively. A very pronounced bias (~5 cm)lsse &een in the plots for P1 and
P2. Drifts can again be observed on L1 and L2 for high@andsatellite.

Figure 5.4 show that Ashtech Z-S provides residuals boundbthwi2 mm) on
L1, L2 for PRN17 (high), within (7 mm) on L1, L2 for PRN 18wpand within (1.4 m)
for P1 and P2 (high and low), respectively. Similaryy laeica 9500, Ashtech Z-S
experiences the presence of bias (~5-10 mm) and driftloand L2 for low and high
satellites.

Figure 5.5 indicates the Trimble 4000SSE provides residuals bduwvitlan (3
mm) on L1, and within (5 mm) on L2 for PRN 25 (high) and PRNlow), respectively.
Plots for P1 and P2 show residuals bounded within (1.4 njigbrand low satellites. A
small bias (~1-3 mm) can be seen in the plots for ldLl#) and a bigger one (~25 cm)
on P1 for high and low satellites.
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Figure 5.6 show that Trimble 4000SSI experienced residuals bouvitted (6
mm) on L1 and L2, within (55 cm) on P1, and within (1.4 m) @nfd? PRN 29 (high)
and PRN 23 (low), respectively. The presence of biasn)lfar carriers, (10 cm) for
pseudo-ranges can also be observed.

Figure 5.7 indicates that Trimble 4700 provides residuals boundaoh {5-11
mm) on L1 and L2, and within (1.2 m) on P1 and P2 for PRN 2%)laigd PRN 5 (low),
respectively. A bias (2 mm) can be seen in the plotkToand L2, and a bigger one (5
cm) for P1 and P2 plots.

The existence of biases, and in some cases the predeaqeossible drift is the
tendency in most of the plots for short baseline tesulhich may indicate the presence
of some systematic effects (multipath and atmosphdreaddition, the results also show
that for most of the SD-residuals (L1, L2, P1, and P@)ldiv satellites display residuals
considerably bigger in comparison with the high satellites

It is important to point out here that the exampteweed (figures 5.2 to 5.7),
clearly indicate that the results obtained for theéSGRatic surveys (considering all the
GPS receivers) for short baseline measurements (10-gelif®) present some
considerable biases in comparison with the results obt@aneero baseline. This could
be attributed to the fact that short baseline includeessyatematic effects not present on
zero baseline measurements, used to estimate the reteiser
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Figure 5.2: L1, L2, P1 and P2 residuals on 10-m baseline for atglite (left, elev. 20-70
deg.) and low satellite (right, elev. 10-18 deg.), TopconAJ&gacy (GPS second of week
1077).
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Figure 5.4: L1, L2, P1 and P2 residuals on 10-m baseline for atglite (left, elev. 15-70

deg.) and low satellite (right, elev. 10-60 deg.), Ashtecdu&/eyor (GPS second of week
1078).
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CHAPTER 6

THE ALTERNATIVE VARIANCE-COVARIANCE MATRIX

6.1 Precise Positioning Estimators Based on the Alternative Variance-Covariance
(V-C) Matrix.

Starting from Equation (4.2), which represents the finahtdation of single-
differences we have:
* For carrier phase observations:

> (1) :%pik,j )+ £, (1) + N

J

(6.1)
where
O (1) = @ (1) - P (1)
INORFAORY-N
0,;(t) = &g (t) — O (1)
N/ =N =N
* For pseudo-range observations:
RS0 =051+ 5 () (6.2)
where
R (1) =R(t)-R(t)
INORFAORY-N
From (6.1), and considering theft‘d ; + N, (lumped receiver clock and SD-

ambiguity) is assumed to be known here from the previoustagent (refer Section 4.2),
we set up our functional model based on carrier phasr\@i®ns as follows:

(Dik,j(t)_(fka—i,j(t)+Nik,J'):Alpik,J(t)+e (6:3)

In analogy to carrier phase observations, we set up aatidmal model based on
pseudo-range observations as follows:

RS- G ,(t)=pf() +e (6.4)
where

20 =[ (X =X (V=Y (25 = 22T [ (X = X) T+ (Y =¥ 2+ (25~ 2) ]

_ oda(=)
="
E==-%,

f*d ;(t) - given in meters here

A

=">o
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Therefore, the linearized Gauss-Markov Model can beemnris:

» For carrier phase observations:

(00" (t) 9Pk (t) Aok (t) |
q)ik,j(tl) fké_i,j(tl) Nik,j(tl) 1 6Xj an azj AX,
)| (| Fha, )] | NS () ool ) 0ok (t,) 9ok (L) || AZ;

S ay, 0z, |

(6.5)

* For pseudo-range observations:

00N (t) 80K (t) 0o (t) ]
lej (tl) f k5i,j (tl) axj an an ij
: - : = : : : AY, |+e (6.6)
RO | | F'a,() | |opl ) aa' () apl ) || AZ,
| 0X, ay, oy, |

In order to solve for the unknowns (coordinates of theer. X,,Y,,Z;) using

carrier phase or pseudo-range observations, we canigstel following equation given
by the linearized Gauss Markov Model:

E=(ATZATAS Yy TP.
where A is the design matrix of the partial derivatives (‘Glaan Matrix”), y is the
vector of the “observed” minus “computed” paramet@rds the variance-covariance
matrix of the observations (diagonal matrix for thedttional approach and full matrix
for the alternative v-c matrix)

In the test presented here, we introduced the alteenatc matrix §) of the
observations, in order to test its effect on positiomsigmators in the computation of the
unknown coordinates. The alternative \3¢ (hatrix was constructed based on the auto
and cross correlation functions of the stochastidyaisapresented earlier:
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_alz_l(ti't:l) Cfl(tl't?) 0L21¢1tn) JLLLZ(tTt]) ailz(tlt) ngJn) q&,@l't:l) q;lPl(tl'tg OLP{tJn) quzFl 0&1@&)2"' aimtzvtn)_

Aty . Tttt . Tapltst) T Tupltuty) T
S | R - R | R A | A
Gtt) qt)] | utt) Gy dat)] | Gamltat) Gpftat)| |defd) qelil)
sz(ti,t]) sz(tiytz) OEZ(tl’tn) JLzm(tlvt]) qa’{tlt) 0 ¢ 1) _0[ 3 i) a », L) - qZPZ(tl'tn)_
Lty . : Toptuty) - : Topitty) . :
: [2] B : k| . : : [9 . :
5= Eoltty) Tt Toptity) Tpftat) | | Gopdlity) T ftat)|
L) Bty - GlL)|  [Fell) Fedlil) - Grfit)]
Gl : Tdtst) . :
: H .o : [lq . :
Gty 1) Galtt)] | Gredtat) Gopdtat )]
Goltyt) Gaftst) - Gfsh)
Bt :
: [4] Lo
Fooltly) Fftt)| |

wheret,,...t : refers to the epoch (e.g=1,...,3000).

It can be seen in the previous equation that tagatial blocks ([1] to [4]) of the
v-c matrix are formed by the autocorrelation fumes based on L1 in cy?), L2
(o7, in cy?), P1 (%, in m*), and P2 g2, in n?) observables, while the rest of the
blocks are formed by the cross correlation funaibased on the following observables:
block [5] on L1L2 (g, , in cy®), block [6] on L1P16,,,, in cycles(in), block [7] on
L1P2 (0,5, in cylm), block [8] on L2P1 ¢ ,,, in cylLm), block [9] on L2P2 §,,, In
cylim), and block [10] on P1P2, ., in n?).

A numerical example of the block [1] for L1 (6.8nd block [5] for L1L2 (6.9) of
the v-c matrix for Trimble 4700 is given below:

0.1294 0.0047 --- 0
SL1= 0.0.047 0.1294. 6.8)
0 | 0.1294
0.0869 - 0.0043--- 0
SL1L 2= —0.(:)043 0.0869 . (6.9)

0 0.0869

The values seen in (6.8) and (6.9) for the v-c matre based on the auto and
cross-correlation functions derived from the ststicaanalysis.
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After we have introduced the v-c matrix of the obsBoves into (6.7) and solved
for the unknowns X,,Y,,Z;), we compute the residual vector given by the following

equation:
B=y-AS (6.10)
Then, we compute the variance component estimate gien
., @37
g, = X6)

n-m
where n is the number of observations, m is thebarrof parameter to determine (3).
The dispersion matrix was computed by:

DE=6,° (A=A (6.12)
Finally we computed the standard deviation a p@siagiven by:
Gapost. =y DE (6.13)

6.2 Analysis and Results

As mentioned earlier, based on the stochastic sisalye proposed an alternative
V-C matrix, in order to test its effect in precpasitioning estimators. Then, we compare
the SD positioning results from the alternative matrix with those from the traditional
approach. It is important to point out here thatoading to the model proposed by Euler
and Goad, 1991, (traditional approach), where thadard deviation is an exponential
function of the elevation angle, the variance c@rare matrix of the observations (i.e.
one way) remains diagonal but the variances may Weom satellite to satellite
(elevation angle dependency). In other wordshéf model is applied to observations
coming from low satellites less weight must be ggpln comparison with observations
coming from high satellites (with larger weightsi-However we decided to compute
coordinates of the different stations (differenpag of GPS receivers) only for high
satellites, assuming the corresponding values efwdriances for the carrier phases
o?, =(5.25810°%y ¥,07, =(8.19010°%y § and (g%, =03, =(0.5m)’) for the pseudo-
ranges.

Those coordinates were computed considering ortbeoGPS receivers as “the
base” and the other one as “the rover”, an exanipiezero and short baseline
measurements is provided. The coordinates oftdtioiss were previously determined in
order to carry out the stochastic analysis; theegfat first instance they were used as
approximated values in order to compute for the frewer” coordinates. It is important
to point out here that the small “biases” obsernweithe SD-residuals from some receivers
(discussed in the stochastic analysis) were remdhedefore, the alternative v-c matrix
does not contain those biases.

As a first step, we determine the coordinates of tkceivers and their
corresponding variance component (standard dewiatiposteriori) using the traditional
approach (diagonal variance-covariance matrix) mssy no correlation among them. In
other words, we provide the solution for each ohthe observables separately. Results
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using the traditional approach for L1 and P1 observablebe&aren in Table 6.1 for zero
baseline measurements, and in Table 6.5 for short (10 $®)if@ measurements. It is
important to mention here that for short baselineasneements (10 m), we provided
results only for T/JPS Legacy as a representative Isands a second step, we compute
the coordinates of the stations and their corresponganince component, using the
alternative v-c matrix. Here, we also provided aisoh based on L1 and P1 observables
(separately). Results using the alternative v-c mare shown in Table 6.2 for zero
baseline measurements, and in Table 6.6 for short (10 mljrigmmeasurements. In both
cases (step one and two), we considered a 50 minutes (306lsepmandow of SD-
observations as a representative sample. The diomemdi the resulting variance-
covariance matrices (traditional approach and altemjaivas 3000x3000. It can be
observed in Table 6.1 (traditional approach) and 6.2 (alteenatc matrix) that the
estimate of the positioning accuracy (given by the standandation a posteriori)
increases according to the type of the observable tirepuh values of the centimeter
level for L1, and in values of several centimeters Rir. In general, in terms of
coordinates they are similar between receivers and s$gpeeof observables for both
cases (traditional approach and alternative v-c matrikhis fact can also observe in
Tables 5.1 and 5.2 where the values of the distancescaemguted with the difference
between coordinates of the receivers. Table 6.1 indicatg Trimble 4000SSE shows
the shortest distance (0.0005 m), which is very closeawdlue of “true distance” (0.0
m); the rest of the receivers show distances irotder of 2-9 mm (for L1 phase). On the
other hand, using P1 code all the receivers show a disb&tweeen 3-4 cm, except for
Ashtech Z-S, which shows the bigger distance 7 cm. Téldeindicates that all the
receivers show distance within 9-22 mm for L1, and within eixbfor P1, except for
Ashtech (11 cm.). In general, the results obtained usiagraditional approach (see
Table 6.1) in terms of distance are better with resjgetite “true value” in comparison

with the obtained using the alternative v-c matrix (Bable 6.2), but they might perhaps
be more optimistic.

Table 6.1: Coordinates using a 50 min observation window (waditapproach).

GPS Obs. Coordinates Standard Deviation. (m) | Distance
Receiver | Type (m)
X Y z X Y z
T4000 L1 592929.5459  -4856724.6309 4078214.8157 0.0013 0.p019 0[0010 0.0005
SSE
P1 592929.5736  -4856724.6513 4078214.7881 0.0711 0J0800 (.0673 0.0382
T4000 L1 502029.5447| -4856724.6329 4078214.8141 0.d011 0.p017 0]0008 0.0024
Ssi P1 592929.5609  -4856724.6697 4078214.8103 0.1031 0J1117 (.0957 0.0414
Leica L1 502029.5485  -4856724.6357 4078214.8159 0.d018 0.p028 0]0009 0.0050
9500 P1 592929.5697 -4856724.6414 4078214.8D02 0.1001 0J1135 (.0996 0.0299
T/Javad | L1 502029.5498  -4856724.6320 4078214.8116 0.d025 0.p036 0]0021 0.0054
L
CO8%Y T p1 | 5929295631  -4856724.6504 4078214.8451 01045 O0/1126 01000  0.0402
T4700 L1 502029.5431] -4856724.6318 4078214.8102 0.0017 0.p026 0[0010 0.0060
P1 592929.5689  -4856724.6516 4078214.8819 0.1116 0J1201 (.1067 0.0346
Ashtech | L1 502039.1977] -4856716.7434 4078221.4689 0.0015 0.p016 0[0014 0.0009
VA P1 592939.1522  -4856716.7807 4078221.5p61 0.0925 0J0997 (.0823 0.0709
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Table 6.2: Coordinates using a 50 min observation window (atieenV-C matrix).

GPS Obs. Coordinates Standard Deviation. (m) | Distance
Receiver | Type (m)
X Y z X Y z
T4000 L1 592929.5316] -4856724.6369 4078214.8199 0.0046 0.0057 0]0080160
SSE
P1 592929.5817  -4856724.6527 4078214.8419 0.1481 0[573 (.1379492
T4000 L1 592929.5311] -4856724.6299 4078214.8007 0.0067 0.0077 0[0069210
Ssi P1 | 5929295499  -4856724.6501 4078214.8631 01511 O0[1623 01409521
Leica L1 5929295354  -4856724.6248 4078214.8151 0.0076 0.0089 0[00@M109
9500 P1 592929.554] -4856724.6605 4078214.8472 0.1660 01757 (.150®438
T/Javad | L1 592929.5299  -4856724.6309 4078214.8002 0.0073 0.0089 0[00680222
Le
93Y T p1 | 5920205799  -4856724.6417 4078214.8395 0.1639 O0/1786 01500428
14700 L1 592929.5401] -4856724.6249 4078214.8175 0.0065 0.0074 00069090
P1 592929.5674  -4856724.6631 4078214.8501 0.1637 0[1808 (.149D516
Ashtech | L1 592939.1919  -4856716.7501 4078221.4600 0.0024 0.0029 0[00010126
zZs P1 592939.1127  -4856716.8206 4078221.4654 0.1417 0[1553 (.12@1154

As third step, we compute the coordinates of the statindsheir corresponding
variance component, using the traditional approach, btitisncase we considered the
total variance-covariance matrix of the observati(aisthe observables). Final results
using the traditional approach are provided in Table 6.3 forlz&seline measurements,
and in Table 6.7 for short (10 m) baseline measurementsallyf- as fourth step,
compute the coordinates of the stations and their comdsgp variance component,
using the alternative v-c matrix (for all the obsdrles), which corresponds to the auto
and cross correlation functions previously determinéithal results using the alternative
v-c matrix are shown in Table 6.4 for zero baseline measents, and in Table 6.8 for
short (10 m) baseline measurements. In this case wademd a 15 minutes (900
epochs) window as a representative sample for each dhe observables, resulting the
dimension of variance-covariance matrices (trad@&loapproach and alternative) of
3600x3600.

It can be observed in Tables 5.3 (traditional approact)Sa (alternative v-c
matrix) similar values for the coordinates betweenivecs, with differences between 1-
2 cm. In general, all of the receivers showed simiddnes for the standard deviation (of
the order of the decimeter) for X, Y and Z, respectivelyable 6.3 indicates values for
the distance within 1-3 cm for all the receivers. O akher hand, Table 6.4 indicates
values within 2.4 and 3.7 cm for the distance.

In general, the results obtained using the traditioppt@ach (see Table 6.3) in
terms of distance are also better with respecheo‘true value” in comparison with the

obtained using the alternative v-c matrix (see Talg ®ut they might perhaps be more
optimistic.
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Table 6.3: Coordinates using a 15 min observation window (waditapproach).

GPS Obs. Coordinates Standard Deviation. (m) Dist.
Receiver | L1, L2, (m)
P1&p2 X Y z X Y z
4000SSE v 592929.5342)  -4856724.6211 4078214.8229 0.0412 .p499 0/0371 0.0173
4000SSI v 592929.5401  -4856724.6417 4078214.8166 0.0528 .0613 0/0478 0.0160
Lei 9500 v 592929.5298  -4856724.6186 4078214.8305 0.0514 .p598 0(0473 0.0271
T/Javad v 592929.5319  -4856724.6431 4078214.8317 0.0492 .0612 0[4105 0.0244
T4700 v 592929.5561  -4856724.6501 4078214.8357 0.0685 .0716 0/0573 0.0293
Ashtech v 592939.2157  -4856716.7563 4078221.4871 0.0576 .p683 0/0507 0.0295
Table 6.4: Coordinates using a 15 min observation window (atieenV-C matrix)
GPS Obs. Coordinates Standard Deviation. (m) Dist.
Receiver | L1, L2, (m)
P1&P2 X Y VA X Y VA
4000SSE v 592929.5609  -4856724.6426 4078214.8001 0.0847 .0934 0|0706 0.0242
4000SSI v 592929.5601  -4856724.6468 4078214.7967 0.1035 1147 0/0960 0.0288
Lei 9500 v 592929.5677  -4856724.6415 4078214.8406 0.1108 1213 0j1042 0.0368
T/Javad v 592929.5614  -4856724.6430 4078214.8324 0.0975 .1168 0/0896 0.0256
T4700 v 592929.5665  -4856724.6502 4078214.7996 0.1j117 .1032 0{1080 0.0314
Ashtech v 592939.1769  -4856716.7583 4078221.4450 0.0981 .1124  0/0900 0.0351

As mentioned earlier, a representative sample is piesefor short baseline

measurements. It can be observed in Table 6.5 (traalig@proach) and 5.6 (alternative
v-c matrix) that the estimate of the positioning accyiacreases according to the type

of the observable, which results in values of the cextemlevel for L1, and in values of

several centimeters for P1.

In general, using the tpproaches, the values of the
coordinates they are similar between receivers and sgraeof observables. Again we
can also observe in Tables 5.5 and 5.6 the values ofistenckes computed with the

difference between coordinates of the receivers. Tableand 5.6 indicate that for the

two approaches the value of the computed distance isclesg to the value of “true

distance” (9.9950 m) for L1 and P1, respectively.

Tables 5.7 and 5.8 indicates that using the two approaghelr values in terms
of coordinates and distances were found; and they duffdy in terms of standard
deviation.
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The results obtained using the traditional approach (sdé#e3 5.5 and 5.7) in
terms of distance are a little better with respedhé “true value” in comparison with the
obtained using the alternative v-c matrix (see Table iid6Table 6.8).

In general, for zero and short baseline examples #aktional approach showed
better results in comparison with the alternative matrix; however, this is a typical case
study and more research is needed in order to revisepfiisazch.

Table 6.5: Coordinates using a 50 min observation window (waditapproach).

Obs. Coordinates Standard Deviation. (m) | Distance
GPS L1 & (m)
Receiver P1
X Y Z X Y Z

L1 592939.4917 -4856723.7999 4078214.2818 0.0216 0.p158 0}0120 9.9985

T/Javad P1 592939.4373 -4856723.3317  4078213.88D56 0.1286 0/1129 (.1106 10.0306

Table 6.6: Coordinates using a 50 min observation window (atieenV-C matrix).

Obs. Coordinates Standard Deviation. (m) | Distance
GPS L1 & (m)
Receiver P1
X Y Z X Y Z

L1 592939.5001 -4856723.8110 4078214.2817 0.0335 0.p302 0}{0298  10.0059

T/Javad P1 592939.4437 -4856723.3410 4078213.8827 0.1503 0[1417 0.1365 10.0354

Table 6.7: Coordinates using a 15 min observation window (waditapproach).

GPS Obs. Coordinates Standard Deviation. (m) Distance
Receiver L1 (m)
X Y VA X Y VA
T/Javad v 592939.4327 -4856723.3527 4078213.8900 0.0571 0.p593 0/0496  10.0221

Table 6.8: Coordinates using a 15 min observation window (atieenV-C matrix).

GPS Obs. Coordinates Standard Deviation. (m) Distance
Receiver L1 (m)
X Y VA X Y VA
T/Javad v 592939.4455  -4856723.3967 4078213.8%23 0.1134 0.1086 0/0975  10.0327
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6.3 Summary and Conclusions

Six pairs GPS receivers, classified as geodetic grades tested, in order to
accomplish the analysis of the stochastic properfigsfferent types of GPS observable.
Based on the results presented for the GPS static ysufzero baseline) it can be
concluded that:

* In general, most of the SD-residuals obtained from zaselme measurements
are smaller for high satellites in comparison with ipavthe order of the millimeter) for
the L1 and L2 carrier phases, this fact can be attridotdue elevation angle dependence
which is expected according to (Euler and Goad 1991; Tiberiis ¢999).

* The SD-residuals derived from zero baseline measurenrenssnaller in
comparison with those showed for the 10-m baselinmpba

* The presence of small biases (of the mm level) wasshn some of the SD-
residuals (zero baseline) for L1 and L2 carrier phasgs$arP1 and P2 (of the cm level),
which might be attributed to some remaining systemé#ects.

* Interms of time correlation it can be concluded tligha receivers showed short
correlation times (<5 seconds); for high and low s#&tetin L1, L2, P1 and P2 except for
Ashtech Z-S which showed large correlation time (>ddsds) only on P1 for high and
low satellite, respectively.

* The only observable that showed no virtual correlatime wvas L1 (1 sec)

Large correlation times indicate significant interdafa filtering inside the receiver.

» The noise level for all the receivers is in the oafedhe millimeter for
carrier phases, and of the order of the decimeter fardpseanges, which is comparable
to those obtained by Bona, 2000.

* From the cross correlation results we can obseatdftthe correlation is
present between L1 and L2 pseudo-ranges or carrier phagsspasitive, which is
comparable to the results obtained by (Bona, 2000). Resaueh as, Trimble 4000SSI,
Topcon/JPS Legacy, Trimble 4700 and Ashtech Z-Surveyor shtiveebig correlation
between carriers phases in comparison with the fdsteaeceivers; here, the ranges of
correlation coefficients for L1 and L2 varies from 0.a®1t37.

* Interms of positioning estimators, it can be concludatfdr zero and short
baselines examples the results obtained using theidradiapproach are more optimistic
in comparison with those obtained using the alternatiee mvatrix that accounts for
empirical correlation among the observable. This faight indicate the importance of
considering the correlation aspects (auto and crosslabon) provided by the stochastic
analysis of the GPS observable. However, this ipigdl/case study and more research
is needed in order to revise this approach.

6.4 Suggestions and Recommendation for Further Research

* Some biases and drifts experienced for Leica 9500 (on LLZnanhd Ashtech
Z-S (on P1 and P2) that may require further investigation.

» The presence of time correlation for the differepety of observables can be an
important fact for kinematic applications (e.g. ambiguggolution problem).
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In practical applications, the data-sampling intervalnether factor to consider
when correlation time is 5 or more seconds, while usisgcond sampling.

* Even though, we introduced an alternative v-c matrpaaisof the stochastic
model for precise GPS positioning (full matrix) for GR&igoning applications, this is a
typical case study and more research is needed in ordevise this approach.

* Analysis of the solution repeatability with traditiogproach vs. alternative v-c
Matrix is another aspect that may be investigated.

* When L5 frequency (second civilian signal) becomesdlaviai (2005), it will be
possible in principle to recover uncorrelated L1 &L2 and CC&
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