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ABSTRACT

ABSTRACT

This project aims to investigate a fast and precise GPS processing aigorithm
suitable for short-baseline static deformation monitoring in short observation time-
span. The slow displacement of static deformation can provide a fairly good a priori
position determined in the previous measurements, which can be used as the
approximate position forl processing the new set of measurements. Ambiguity
Function Method (AFM) is selected as the main data processing engine in this
research. AFM has two advantages when applied to static deformation monitoring.
Firstly, the search volume of AFM can be greatly reduced with a good a priori
position, resulting in higher data processing efficiency. Srecondly, Ambiguity
Function is insensitive to cycle slips and computation of position using AFM does
not require ambiguity resolution. However, AFM may result in an incorrect position
when serious un-modeled errors and biases, such as multipath and ionospheric delay,
are present in the measurements. Another disadvantage of AFM is that it has no
direct and rigorous accuracy assessment for the positioning result.

In thislresearch, two improved AFM GPS data processing algorithms are
proposed to improve the GPS relative carrier phase positioning accuracy. They are
the Combined AFM and Least Squares Method (LSM) with signal-to-noise ratio
weighting (CALMS), and Signal-to-noise ratio Weighted Ambiguity function
Technique (SWAT). Tests have been- done and show that these two processing
algorithms can effectively mitigate specular multipath as well as interference in GPS

relative carrier phase measurements by using signal-to-noise ratio. Investigations
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ABSTRACT

have also been made on an automatic and self-contained integrated GPS date
processing algorithfn, the integration of the above-proposed algorithms with Least-
squares AMBiguity Decorrelation Adjustment (LAMBDA) method. The proposed
integrated GPS data processing algorithm is applicable to process deformation
measurements without a good a priori position. Test results show that integration of
the above-proposed algorithms with LAMBDA can significantly reduce data
processing time and provide extra statistical information on quality and reliability of
processed results.

The proposed processing algorithms have been programmed using Visual Basic
5.0. The programs and test data sets collected on the roof of The Hong Kong
Polytechnic University and in the construction site of the Hong Kong International
Airport at Chek Lap Kok were used for verification of the proposed algorithrﬁs.
Accuracy assessments are compared with pre-defined displacements on a X-Y-Z

stage and results of the same set of data computed using Trimble’s GPSurvey WAVE

baseline processing software.
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1. INTRODUCTION

CHAPTER 1

INTRODUCTION

This prpject aims fo investigate a precise GPS daté processing algorithm suitable
for static deformation monitoring in small area chérége (baselines less than 10 km)
with GPS data cpl]:ec_:tedrin short observétion .tirne-.'

Welsch [1996] _déﬁnes that deformation mﬁnitoring is the measurement of
displacement and distortion of ‘an object, and Uren and Price [1994] state
“deformation surveys can be used to mcésure the amount by which a structure moves
both vertically and h-orizont'ally over ;egular_ time Vin-tervals”. Chen and Chrzanowski
[1986] describe {hat the two main purposes of 4 déform'at'ion monitoring are i) to give
information on the geometrical status of a deformable body, the change in its
_position, shape, ahd dimensions; and ii) to give irnformation on the physical status of
2 deformable body, the status of internal stress, and the load-deformation
- relationship.

Deformation monitoring is important b_ecausé_ it provides useful deformation
information of an object for deformaﬁbn analysis. and forecast. Therefore, necessary
precautions caﬁ be taken to prévenf toss of life and destruction of property due to, for
exarﬁplé, earthquakes, volcanic emptions,' and collapse of structures suéh as dams

~and slopes;

Deformation can be classified by the re_spohse to movement. Welsch [1996]
classifies deforrnatioﬁ into dynamic, static and aﬁ.tohomous. Dynamic deformation is

. defined as the sudden movement of an object caused by accumulation of energy with

1



1. INTRODUCTION

a time delay. Static deformation can be described as the external forces act on an
object'and causing it to move, but the movement stops when a new equilibrium
position is reached. Other deformation, which is not caused by any external forces

but disturbance_ noise, is classified as autonomous deformation.
1.1 Significance of Deformation Monitoring

Statirc. deformation is important for civil engineering construction. Before, during
and after 'cdnstruqtibn, the movement of any structure rﬁust be monitored accurately
and preciéely 0 as to reduce _possibility of collapse of structures such as buildings,
bridges and other man-made structures. In addition to safety issues, deformation
monitoring provides information on the stability of constructed structures and the
suitability of further construction so it can keep the construction progress smooth and
on time, otherwise, it may need more manpower, money and time for remedial work.
Other static deformation monitoring applications include predictioﬁ of earthquakes,
volcanic eruptions and land subsidence; hence we can take suitable safety measures

to save life before accidents happen.

1.2 Deformation Measuring Techniques

It is possible to measure deformation by a number of different methods. The main
measuring methods include:

i) conventional geodetic surveys;
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if)  geotechnical and structural methods; .
- 1ii)  photogrammetry; and
iv)  satellite positioning techniques.

" The selection of deformation measuring techniques is based on the following

| aspects:
i) the magnitude of movement;
ii} the required accuracy;

iii)  the distance between the monitoring Vproints involved;
iv)  the measuring time;

v) the volume or area of the deformable body;

vi}  intervisibility requirements-;

vii)  the deformation monitoring environment;

viﬁ) absolute or relative displacement required;

-ix) points or a network of points required; and

X) economical (cost effective) consideration, -
1.2.1 Conventional Geodetic Surveys

Conventional geodetic surveys employ distances and angles for determining
horizontal movements, and precise levelling for the height movement. These surveys
are the most commonly used to determine deformations. They require line of sight

intervisibility. Accuracy is deteriorated by distance between measuring points due to

atmospheric refraction and instrumental errors such as scale error.
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1.2.2 Geotechnical and Structural Methods

All of the, géotechnical and structural methods are direct measurement methods.
‘They involve determining changes in height, tilt, and length. Geotechnical methods
measure changes in height by heave gaug-es-or settlement gauges, in length by.
extensometers, in porewater pressure by piezometers, and in earth pressure using
earth pressure cells. Structural methods measure changes in strain by a tensioned
invar wire unit, strainmetersr, or strain gauges,_ in inclination by inclinometers, and in
tilt using tilfmeters. These high accuracy methbds can yield millimetre resulfs over

short distances (<1 km) [Krakiwsky, 1986].
1.2.3 Photogrammetry

Photogrammetry is 2 powerful and rapid technigue t.o collect deformation data. It
utilizes metric-calibrated cameras in the te‘rrestrial mode or aerial mode. The term
“close-range photogrammetry” is generally used for terrestrial photographs having
object distances up to about 300 m [Wolf, 1983]. The stereopairs of aerial or
terrestrial - photos contain the common photogrametric control points for
determination of the coordinates of object points.vA(A:c'uracies of a few millimetres

can be achieved over short distances [Krakiwsky, 1986].

1.2.4 Satellite Positioning Techniques
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Deformation monitoring data can be obtained with four satellite systéms: 1) The
depler-Transit System; ii) Satellite Laser Ranging (SLR); iii) Very Long Baseline
Interferometry (VLBI); and iv) Global Positioning System (GPS). Accuracies are
shown in tKrakiwsky, 1986]. SLR and VLBI are high-accuracy but expensive. GPS

is accurate and cost effective.
1.2.5 Summary of Techniques

Aécuracics of the abd\;'e measuring techniques deteriorate with increaéing
baseline-leng‘th. Photogrammetry is powerful over short baselines. Geotechnical and
structural methods are highly accurate over ‘short distances. However, both
photogrammetry and geotechnical and structural methpds may not be suitable for
monitoring large dcformablé bodies such as reclaimred land, or detecting local
deformations inside the déform_able body. Conventional geodetic surveys are next

best over short distances but GPS is best for short baselines [Krakiwsky, 1986].
1.3 Conventional and GPS Technique on Deformation Monitoring

Movements of deformable bodies can be monitored by conventional angular and
distance measurement techniques. These techniques usually require much manpower

and time for observation of the whole monitoring network. Moreover, stations in the
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monitoring nétwérk must be intervisible and therefore oBservation can only be made
under good weather éon;litions.

For deformation surveys, a few millimetres or even less are measufecl and
precisibns of this order réquire the best surveying techniques to be used throughout a
deformation-monitoring. Remondi [1984] investigated us_i;lg the Global- Positioning
System (GPS) for geodesy and found that the accuracy of GPS positioning was
suitable for many surveys.

 The _Gldbal Poé;itioriing System (GPS) was primarily designed by the U.S.
Department of Defense for military navigation, velocity and time determinatilon. The
system consists of 24 operational satellites which can provide 24-hour and all-
weather p‘ositioning capability worldwide above the earth surface.

Standard Positioning Service of GPS is availéble to international civil users and
the use of GPS in surveying is growing rapidly. Application of GPS in Survéying
includes control survey, topographic survey, engineering survey, deformation survey
and so forth. The use of GPS. in deformation monitoring has received considerable
interest in the last few years. Examples of GPS application or research in
deformation monitoring can bé found in [Ayson and Lang. 1996], [Bock et al.,
1990], [Coulon and Caristan, 1990], [DeLoach, 1989], [Dong aq_d' Bock, 1989],
[Hein and Riedl, 1995], [Lindquister et al., 1989] and [Rizo.s et al., 1996].

As GPS can take measurements anytime, anyvfhere and under all-weather
condition, this makes continuous monitoring possible, Moreover, GPS 6bserva[ion
has no limitatipn of inter-visibility between stations that causes problem in

conventional monitoring methods. The size of GPS receivers becomes smaller and
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,..__le_ss power consumption, whichr give extra merif in using GPS for deformation
~* monitoring. Also,_fhe growth bf GPS receivers has high accuracy carrier phase
- _bbservatioﬁ,capability, it makes GPS solution in centimetre accuracy pogsible.
Advantages qf. using GPS over conventional techn.ique in deformation m_onitoringr are

* summarized in Table 1.1.

Table 1.1

‘Advantages of using GPS over conventional technique in deformation monitoring
Conventional technique GPS technique
All weather; anytime | Under good weather condition Yes
Intervisibility between " Required Not required
stations ' |
Instrumental size : Relatively large 2 Relatively small
Manpower More Less (can be one person)
Observation time - Usually longer (reciprocal and | Shorter, can be a few
' ' redundant observations required) | minutes (depends on the
S GPS data processing
, _ ' algorithm)
Automation ' ' No Yes
| Human error : Present Less likely
Power consumption Relatively more Relatively less

GPS is Vnrot without problems and constraints. Satellite 'signals can only be
rec‘eived with a clear view to the sky.‘ And GPS Is an automatic operation system, so
1t causes reliability problems. Moreover, -(-}PS. recéivers are 100 expensive; it is
particularly true when using GPS for defonnation monitoring. Deformation
monitoring may have to be undertaken in very hostile environments. In such
environments, the receivers may be damaged §r lost when there are accidents such as
' collapse of structures. Despite these difficulties, GPS has been increasingly used for

deformation monitoring.
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1.4 Previous Work on Deformation Monitoring

GPS 1s increasingly used for control surveying, engineering surv;reying and
.defor:mation moni’toring'in Hong Kong. Geotechnical Engineering Office (GEO) of
the Hong Kong Government, Survey sectio}l of the Airport Authority Hong Kong
and some private surveying firms have used GPS for control surveying, topographic
surveying, setting out, hydrographic surveying and deformation monitoring. For
example, GEO applies GPS to deformation monitoring of sliding slope; Highways
Department uses GPS for engineering surveying 6f highway constructions and
deformation monitoring of the Tsing Ma Bridge; and Survey section of the Airport
Authority Hong Kong employed GPS for control sprveying, topographic surveying
and setting outl in the construction of the éirport. “Since the Hong Kong International
Ajrport at Chek Lap Kok is built on a reclaimed land and it involved missive
deformation ‘monitoring and building constrﬁcﬁon in this area, the following
discussion will be ‘concentrated on deformation monitoring of this airport
construction project.

Survey section of the Airport Authority Hong Kong used GPS almost for all
surveying work including control surveying, Stake'out, setting out and horizontal
deformation monitoring [Ayson and Lang, 1996]. Vertical deformation monitoring
{or called settlement) wasl th_e deep concern of the Airport Authority Hong Kong as
the Hong Kong International Airport ét Chek Lap Kok is built on a newly reclaimed

istand (see Figure 1.1) [Ayson and Lang, 1996]. However, they did not use GPS for

8
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settlement surveying. 1t is because they thought GPS technique was not reliable and

accurate for vertical deformation monitoring.

H

The newly reclaimed island of the New Hong Korig Airport at Chek Lap Kok

1.4.1 Background of Deformation qui;ﬁring in the Airport

The Hong Kong [nternational Airpqrt at. Chek Lap Kok is built on a newly
reclair_nea' island. The reclamation was designed to ‘e.nsure that permanent structures
would not be ad_vcrse[y affected by settlement or deformation of the platform. To
monim.r this, extensive geotechnical inves[igulions' were undertaken prior o
commencement of the reclamation. Deformation measuremenis of the reclamation
were undertaken during and after construction. The results were compared with

9
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de§ign estimates of settiement and are used (o make accurate prediction of future
settlements. |

There were nearly 2000 settlement markers and‘ geotechnical instruments over the
reclaimed island [A}son and Lang. 1996]. They were measured either weekly or
.mor.llhly by _cdn_ventional precise levelling using high precision and fully digital
le§els. Besides, sﬁable bench marks or datum piles (see Figure 1.2) were built over
the islénd. They were about 1 km apart. Some of them reached down to a depth of 90
m. These important markers helped to determine deformation in all three planes.
Keeping track 6f subsidence in newly reclaimed areas gave great workload to the

surveyors of the authority.

Bench mark and Datum pile, which are firmly anchored in bedrock

The daily responsibilities of the Airporl Authority’s Survev Section were control
surveying, engineering surveying (setting out and check as-built) and settlement

monitoring [Ayson and Lang, 1996}. Settlement monitoring of the authority was

10
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done by precise levelling of various gcbtechnical instruments and settlement
markers. It was hard and inefficiént to run close-loop precise levelling around a
1,248ha island at about 2000 survey points. GPS technology was used for control
surveying, §é__tting-out and checking as-built. They were investigating the possibility
of using GPS for settlement monitoring. So, if there was a precise and rapid GPS
processing algorithm for deformation monitoring, it would not only benefit the
Airport Authority’s Survey Section but aiso all users of GPS deformation monitoring
and height determination.

The positioning accuracy of GPS may be insufficient for deformation monitoring
in centimetre accuracy, espeéially vertical accuracy. Achievable accuracy of the most
accurate relative static GPS obscrvation technique is +5mm, claimed by GPS
receiver manufacturers such as Ashtech, Leica and Trimble. However, it is still far
away from the 0.8 mm minimum ideal accuracyl (IMA) defined and derived in
section 2.3.2. Derivation of the 0.8mm IMA is based on a geodetic receiver capable
to measure thousandth of carrier phase (L1 is about 190 mm and L2 is about 240
rnm) [Lau and Mok, 1999b]. The limitation of GPS-positioning accuracy is mainly
due to multipath effect, ionospheric effect, tropospheric effect and receiver noise.

_ Besidés, signal strength (indicated in signal-to-noise ratio), cycle slip and correctness
resolution of ambiguity will affect the GPS solution. Weak signal strength, cycle slip
and multipath effect may become more significant errc;rs when GPS deformation
_monitoring is carric_ed out in engineering site. Engineering site is always piled with
construction material, vehicles and power generators, Reﬂecti'vity of construction

material (e.g. steel and other metallic substance) and vehicles cause multipath effect

11
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_'for GPS measurement. Power generator and radié' may make noise or interference to
GPS signals; It leads to low signal strength (or SNR) or, even worse, causes cycle
slip. The above problems were unavoidable when using GPS in the ﬁirport
construction si-te; and might worsen because s&;olng radio signal is emitted by the
airport cohfrol centre.

In view of the above background of the airport construction project, the Airport
Authority has established good deformation monitoring network, monitoring stations
(see Figure 1.2) and settlement markers. It was therefore ideal to select the
construction site of the Hong Kong International Airport at Chek Lap Kok as the site

for deformation monitoring'data acquisition in this project.

1.5 Significance of this Project

The improved GPS data processing algorithm makes GPS positioning more
accurate, precise and reliable for high-accuracy GPS surveving such as control
surveying, topographic surveying, setting out, and deformation monitoring in
construction site and urban area. Rapid and precise measurement methodology, and
accurate, precise and reliable GPS data processing algorithm (applied to high-
accuracy deformation monitoﬁng) provide us with ‘accurate and reliable information
for deformation analysis. So we can forecast movements, such as earthquakes and
collapse of structures, and prevent disasters.

When single epoch data are used, the algorithm has great potential for rapid

surveying and even precise vehicle navigation in urban area [Lau and Mok, 1999¢].
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1.6 Objective of this Project

- This p{oject'is to invesfigate into the GPS data processing algorithm applied to
deformation monitoring. It aims to improve the positioning accuracy of GPS for
monitoring deformation in engineering s.ite ‘and other GPS applications, so factors
affecting the'accu.racy are investigated. Since Signal strength (indicated in signal-to-
noise ratio), cycle slip, ;:orrectness resolution of ambiguity and multipath effect will
affect GPS solution for short baselines (Figure 1.3), investigation into the GPS
prdcessing algorithm takes all these factors into account in order to give precise and

reliable information for further deformation analysis.

Signal strength
(SNR)

GPS solution
{for deformation
monitoring)

Correctness
resolution of
ambiguity

Multipath
eifect

Figure 1.3
Factors affecting GPS solution in engineering site

In particular, this research examines the achievable accuracy of GPS for height
determination (settlement monitoring). It aims at developing a technique to improve

the accuracy and reliability of GPS for height determination. The overall objective of

13
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the research is to develep a fast and reliable measererhent Imethodology, a-nd a rapid
and precise GPS prpceseing algorithm for deformation monitoring.

Development of the GPS data processing algorithm is based on Ambiguity
Function Method. (AFM). Programs written in Visual Basic 5.0 are used to
* implement the processmg algorithm. In addition to 1mplementat10n they can validate
the processing algonthm(s) at various stages

Apart from development of methodology fo; fapid and precise measurement and
processing algorithfn, the project develops a GPS qﬁality assurance procedure to
kee.p the result reliable and accurate. Quality assurance procedure is to give
speciﬁcat_ion of measurement, and quality of observation and solution [Mittag and

Rinne, 1993].
1.7 Organization of the Thesis

Chapter 2 is the fundamental of GPS data processing. It briefly describes the GPS
biases, errors, Iimitatio.ns and conditions in general and engineering eite. Moreover, it
describes and discusses the current GPS data processing algorithms and validation
procedures, Chapter 3 investigates into the selected GPS data precessing algorithms
_ AFM and LAMBDA method. Chapter 4 is dedicated to the proposed GPS data
| processing algorithms in this project. It describes the -;.)rinciples and procedures of the
Combined AFM and LSM Method with Signal-to-noise ratio weighting (CALMS),
Signal-to-noise ratio ‘Weighted Amblgulty funcuon Technique (SWAT), and an

mtegrated GPS data processing algorithm. Chapter 5 is the description of test data
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- sets. Chaptgr 6 deafs with the results and .analyées of the proposed processing
| algorithms based on the test data sets. The performances of the algorithms are shown
: in thjschapter. Finally, Chapter 7 concludes the significance of the proposed -GPS
data processing algorithms, describes the limitation of this research, ‘and gives

recommendations for future studies.
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2. FUNDAMENTAL OF GPS DATA PROCESSiNG

.CHAPTER 2

' FUNDAMENTAL OF GPS DATA PROCESSIN G
2.1 Biases, Ei‘rors-, and Limitations of GPS

 Bias is def_inc& as the difference between the value.df the paraxﬁeter and the
~ expectation of the 'cstimratorrand it is equiﬁale_nt*to the term “systematic effect” or
“Systeﬁlatic error” [M-ikhéil, 1976]. Biases of GPé are therefore the systematic error
- of GPS itself, its receiver and observation.

_Welis et al. [1987] classified GPS 5iases into thrée categories. They are satellite
bigses, ,station biéses, and observation dependentrbiase_s. Satellite biases consist of
biases in fhe satellite'ephemeris and satellite ;:loék model. Station biases include
receiv.errclbck biases and reference station coordinates biases. Since this 'project is
foéﬁ_sed on r.elati,ve _positioning_ in small area éoverage, satellite biases ahd receiver
' biases 'b'ecome -relativeiy less important; these lbiasas can be largely reduced or
eliminated throuoh the dlfferencmg techmques (see lsectlon 2.3.1). Only observation
'dependent biases are con51dered here. Observanon dependent biases consist of
ionosphe;ic f.:ffectr, tropospheric effect,r and.carrier 'phase ambiguity. Morgover, GPS
positioning acéuracy ts affected by errors preéént during measurements. These errors
include residual biases, cycle slips, multipéth, antenna phase centre movemelnt, and
random obsewat_ioﬁ error, Only cycle slip ana multipath are considered in the
following .secti'ons' since the other error sources ..are either receiver or hardware

dependent, or unavoidable. Besides, there are some limitations or conditions for GPS
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to achieve geodetic accuracy and resolve ambiguity correctly. They are dilution of
precision (DOP), baseline length, observation time, the number of satellites, satellite

elevation angle and signal strength (indicated in signal-to-noise ratio).

2.1.1 Ionospheric Effect

The ionosphere starts 50 km abbve the Earth and extends in various layers 1000
km or more. Ultra-violet radiation from the sun ionises the gas molecules in this
layer; thereby it is called ion{osphere. The phase refractive index of the ionosphere is
directly related to tﬁe number of free éléctrons along the path of the signal and
inversely proportional to. the square of frequency. Thus ionospheric effect is
dispersive; it depends on the frequency. This characteristic causes code delay and
phase advance when GPS signal passes through the ionosphere. It results in range
EfTOfS. E.xamples and researches in the ionosph;ﬁric effect can be found in [Abdalla
and Fashir, 1991], ‘[Davis- et al.,, 1993], [Jakowski et al.,, 1995], [Komjathy et al.,

1995], [Ou, 1995] and [Wanninger and Jahn, 1991).
2.1.2 Tropospheric Effect

The troposphere is the lower part of the earth’s atmosphere. This layer is
nondispersive, therefore its effect is frequency independent. However, tropospheric
effect is temperature, humidity, and pressure dependent. Troposhere delays both code

and carrier phase measurement. The total tropospheric delay can reach 2.0 to 2.5
17
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metres in the zenith direction, and increases approximately with the cosecant of the
elevation angle [Leick, 1995; Strang and Borre, 1997]. It yields about a 20-28 m
delay at a 5° angle [Leick, 1995]. The nondispersive tropospheric error cannot be

_climinated by dual-frequency observation. [Davis et al., 1995; Geiger et al., 1995;

Oy, 1995]

2.1.3 Carrier Phase Ambiguity

When GPS signal is initially locked by a receive; (Figure 2.1), the receiver
register starts to count the incoming signal.‘The'fractional cycle (;f_\.)\.) of the signal at
the first measurement epoch (t = 1) is .precisely recorded. An arbitrary value (A) is
set at the first epoch (t=1). And then the register counts the‘ integer cycles (I>_ n) and
fractional cycle (f) in the following measurement epochs (time = 2...n).) However,
the initial integer cycles (N) between the satellite S and the receiver R are unknown.

Itis called integer ambiguity of the satellite S and the receiver R.

time = 1 /\/\/\/\/\ Register=N+f+A
R time =2..n \/\/\/\/\/\ Register =N+ I, ,+f+A

Figure 2.1
Carrier phase ambiguity
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' Ambigqity' resolution is the determinatiﬁn of thé'integer value of the ambiguity.
. The resolved ambigqity has included the arbitrary \-/.311.-13“1-‘5;; that is why the ambiguity
may be neigat‘iver(see Table 3.8 and Appendix II.). A similar description can be found
iﬁ [Leick, 19‘_9_5, pp.326] and it states that in the hlryprot_hetical case of no iqnospheric
| ‘and tropospheric delays and the complete absenc.e' of all other errors (including the
“régister setti'ng” of the carrier phase counter of the receivers is zero (Sr an initial
' Constant is subtracted from the carrier phase Qi)sewations during preprocessing), the

computed ambigﬁity would equal the topocentric diéténoe. Once the ambiguity has
' l-)eeh'resolved, high accuracy GPS posi[ioniﬁg becomes theoretically achievable (if a
minifnum of four satellites are available). However, ir}cor;ect resolution of ambiguity
can cause serious positioning error. Han and Rizos [1997a and 1997b] stated that
ambiguity resolution becomes a kéy procedure for centimetre accuracy GPS
positi@ning. Mo;epver, ambiguity resolution is very time-consuming as it may
involve search of possible solutions. Efficiency in ambigﬁity resolution efficiency

has bccbme more crucial for real-time kinematic (RTK) processing algorithms.
-2.1.4 Cycle Slips

Cycle slips would affect the GPS solution because an unknown number of integer
phase cycle‘s will impose on the carrier phase measurement. Cycle slip errors can be
caused by

i)  obstruction of the satellite-to-receiver sigﬁals by, for example, trees,

. _b‘uildings, bridges (Figure 2.2)
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1) low signal-to-noise ratio due to bad'atmo'spl-leric conditions, multipath, or low
elevation satellite - |
iif) sudden and rapid change in velocity

Failure to repair cycle slips will-cause incorrect positioning. Investigation on cycle

slip can be found in [Hilla, 1986; Lichtenegger and Hofmann-Wellenhof, 1990].

?rébeiver

Figure 2.2~
GPS signal tracking problems caused by obstructions

2.1.5 Multipath

Cohen [1996] and Lightsey [1996] expressed that multipath effect accounts for at
least 90 percent of the total error budget in relati\_/e carrier phase measurement.
Multipath effect is therefore a major source of error in GPS positioning. Multipathing
is caused by the mixing of the direct signal with unwanted signals reflected from
surfaces near the receiver site. The reflected signal, also called indirect path or
secondary path, when combined with the direct sign-al, will form a composite signal
(mixing of direct and reflected signal). The change in the phase value of the

composite signal will lead to inaccurate or incorrect positioning results.
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The multipath error can be explained mathematicélly as follows:

The direct signal can be expressed as

AgCosp | (2.1)
The reflected signal (multipath)

BAcos(p+AQ) (22)

When the two signals are combined, the superimposed signal will become

AgCosy + PAgcos(p+Ap) (2.3)

where Ag and @ denote the amplitude and the phaSe of the direct signal, § is the

damping factor and Ag is the.phase shift; the above equations ignored receiver noise.
If M represents the mﬁltipath error caused by a‘s_ing'l.e satellite, reflector and antenna
(as expression (2.2)), then under the conditions that total multipath error for a=1,2,.. j
number of antennae, s=1,2,..k number of satellites in view, r=1,2,_..[ number of
reflectors related to the measurement environment, and r:],?,...i number of

measurement epochs, the total multipath errors can be expressed as

ik

Total multipath error for single epoch = M (2.4)
i i k !

Total multipath error for epochs = 2 2 z M 2.5)

f= g 3=l ra=
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Tﬁe total multipath error on GPS solution is very- complicated since it is different
from site to site, tﬁérefore diffefencing-techniques cannot eliminate this error. In
processing the baseline vector, total multipath error at known (fixed) stati.on will -
transfer to the unknown station. Therefore, the total multipath error of known station

incorporates in that of unknown station, yielding the resultant total multipath error of

df(t) in the general DD phase observation équation:
Qo=@ O-@. O+ NI+ 2@+ {T,’:m rdor gl (2.6)

where N7 denotes the DD integer ambiguify,
15 ft) denote;s the DD ionospheric delay at epoch ¢,
T £%(¢) denotes the DD tropospheric delay at epoch ¢,
2(t) denotéé the resultant or net multipath error after DD at epocht,
ef? is the random carﬁer phase measurement noise, and

Qr (t) and @} (t) denote between-receiver single-differenced carrier

phase data.

Multipath effect is a random process [Strang and Borre, 1997) and has a non-zero
mean [Van Nee, '1992], therefore smoothing and averaging of measurements cannot
effectively réduce this type of error. Due to the above multipathing properties,
investigati'ng a ﬁethod to reduce the multipath errors existing in the GPS data is

needed.
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*2.1.6 Limitations and Conditions of GPS positioning

In addi}i_on to the errors andl biases, GPS positioning is also subject to some
.Iimitat-ions and conditions that would affect the accuracy, correétncss and reliability
of ambigqity resolution. They are Dilution Qf Precision (DOP), baseline length,
observation time, the number of satellites, Vsatellitc elevation angle, and signal

strength (indicated in signal-to-noise ratio).
- 2.1.6.1 Dilution of Precision (DOP)

DOP is the purely geometrical contribution to the uncertainty in a position fix
[Strang and Borre, 1997]. It indicates the effect of the satellite-receiver geometric
distribution on the accuracy of the code solution. DOP values are simple functions of

the'diagonal elements of the covariance matrix of the adjusted parameters [Leick,

1995]:
- :
O« O-).;r Ox Ouxn ' '
' 1
Qx = MTA)V = O‘XY O-Y O-g[ O-Y( (2.7)
Oxx Opw O; O

O« Ow Ou O]
Geometric dilution of precision, GDOP = o + g+ g+ o~ (27.1)
Position dilution of precision, PDOP = i + 5 + o (272)
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For definition of the other DOPs, please refer to [Hofmann-Wellenhdf et al., 1994,
Pp. 253 and Leick, 1995, pp 253].

Measuréments with the‘DOP less than eight are normally conéidered as an
acceptable level. Many receiver manufa_cturers advise users to stop taking
measurement when DOP (GDOP or PDOP) is greater than eight because
measurements. with DOP higher than this thrgshold will yield relatively weak
geometry, thus affecting the pﬁsitional accuracy o, which is the function of the DOP

“and the measurement accuracy [Hofmann-Wellenhof et al., 1994, pPp. 253 and Leick,

1995, pp 253]:
o =0 ,DOP (2.8)

where ¢ is the standard deviation of the position or the positioning accuracy,
o, 18 the standard deviation of measurement or measurement accuracy, and

DOP is the dilution of precision

2.1.6.2 Baseline Length

Baseline length is another factor that affects the positioning accuracy. It is
because the advantage of using differencing techniques to reduce ionospheric and
tropospheric effects will deteriorate with the increase in baseline length. If the height

variation between two stations is not great, and the baseline length is within 10km,
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the ionospheric and tropospheric error can be greatly reduced du.e to the simil'arity of
these effcds at both stations. When the baseline is longer than about 10 km,
.io-pos;)heric and tropospheric corrections may be applicable but it has the risk of
having big modelling error. Therefore for long baseline it is advised to use
ionospheric-free solution or ionospheric solution [Mader, 1992]. -In addition to
ionospheric and tropospheric effect, reference frame and orbital errors are the

dominant error sources for the baseline range from 10 to 10° km [Bock, 1998).
2.1.6.3 Duration of Observation

Short observation period can affect the correéinéss of ambiguity resolution and
significantly affect the effectiveness of reduéing ~multipathing by averaging or
estimation. Even though reduction of multipath effect of data observed in short time
- Span may be achieved by, for example, choke ring antenna or modelling of the
multipéth effect, the observation period must be ldng enough for correct ambiguity
resolution. Lau [1995] .carried out a test on the effect of observation period on GPS
positibning with Leica GPS System 300 and SKI GPS data processing software
version 1.09. According to this test, ambiguity resolutién generally requires at least 2
minutes data in 15 seconds measurement interval. It is of course subject to many
factors such as the baseline length and number of s_étellites. Once the ambiguities
have been correctly determined, centimet;e-accurac.y positioning results can be
achieved. Before the minimum observation time is re.ached, sub-metre accuracy can

be achieved using the float solution. Tt was also found that the longer the observation
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-period, the higher the accuracy, because of the significant change in satellite

geom-etry and in-view satellites.
2164 Elevation Angle

| GPS data quallty would be affccted by the incident angle of the satellite signal.
Flrstly, 1onospher1c effect and tropospheric effect become unstable, therefore it is
dlffzcult to -predlct when the elevation angle is-low. Secqndly, the multipath effect
fbecorﬁes serious whérll‘low elevation satellite is obser#edr. Therefore it is generally
advised that at least 10° to 15° of elevation 'anglé (mask an.gle) should be configured

| in the GPS receiver hardware.
2.1.6.5 Signal Strength

Hatch [1991] states that the noise ievel of the measurements is very important to
the number of potential solutions -m amblgulty regolutLOn High noise level data may
cause less accurate or even incorrect _solutlon,_ and reduce the .data processiﬁg
efficiency.‘

Noise can be divided into énvironmental noise and receiver internal noise. High
- moise level implies low signal-to-noise ratio‘(SNR). _qu_ SNR may stem from bad
weather condiﬁon such as the effect of thundéréltorm,- sirohg multipathing, man-made
noise such as noise f;on.i qearby_ engine and radio signals, and the effects of

troposphere and ionosphere. Lau [1993] carried out an experiment to investigate the
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'effect of weék éignél Vstrength on GPS positioning. A Leica System 200 GPS
recelver was set ﬁp under a tree and GPS data was collected. His results showed that
the GPS positioning accuracy was significantly affected by low SNR GPS
observations. |

Besidcé, SNR ratio is almost directly proportional to elevation angle if the
environment does not cause too much noise [Lau and Mok, 1999a]. Sieewaegen
[1997] shows that there is a linear relationship between standard derivation of
multipath and satellite elevation angle. He also relates phase multipath ana SNR by
their standard deviation. Investigation on the relationship between signal-to-noise
ratio and multipath can also be found in Comp and Axelrad [1996], Langley [1997],
and Lau and Mok [1999a].

Johannessen [1997], and Spilker and Natali [1996) aiséussed the sources of
interference, and concluded that interference of signél is indicated in the signal level
or SNR. Moreover, Comp and Axelrad [1996], Langley [1997] and Sleewaegen
[1997] described in detail the relationship between multipath and SNR ratio.
Hartinger and Brunner [1998] and Talbot [1988]l used SNR ratio to mitigate
multipath error. Based on their investigation results, SIGMA-¢ and PC-PHASER

models were introduced respectively.

2.2 Relatlonshlp among Signal-to-Noise Ratlo Carrier-to-Noise
Ratio and Multipath Effect :
This section describes the relationship- between signal-to-noise ratio and carrier-

to-noise ratio, and how they relate to multipath.

27



2. FUNDAMENTAL OF GPS DATA PROCESSING

2.2.1 Signal-to-Noise Ratio and Carrier-to-Noise Density Ratio

Signal-to-noise ratio is the ratio of signal power to noise power at the receiver
| output. It is sometimes referred to as the post detector or destination signal-to-noise

ratio. SNR can be expressed as,

S/N = PS/PN (2.9)

where Ps is the signal power in watts, Py is the noise power in watts and S/N is the
signal-to-noise ratio.
‘Carrier-to-noise density ratio (C/Np) is the ratio of carrier power to noise power at

the demodulator input so it is the real power ratio received at the GPS antenna.
C/No = Pc/Px (2.10)

where Pc is the carrier power in watts, Py is the noise power in watts and CINg is the

carrier-to-noise ratio.
2.2.2 Relationship between CNR and SNR

Carrier-to-noise ratio and signal-to-noise ratio are related through the receiver

processing gain; Roddy [1995] expressed this relationship in decibel form as:
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-1019g10% = 1010g10—&c—- +10logioKr - (2.11)

o

where S/N is the SNR, C/N, is the CNR and Ky, is the receiver processing gain.
For a Costa loop (frequency multiplication avbided) GPS receiver, Langley

[199_7] expressed jitter in carrier-tracking loop (or Phase Lock Loop, PLL) as:

Br 1 A
= 1+ — 2.12
7oL \/c/no [ 2TC/Y!0] 2r (2.12)

where op is the jitter in PLL (mm), Bp is the equivalent phase lock loop bandwidth
(Hz), T is the predeteétiou integration time (sec.)', c/ng is the CNR and A is the
wavelength of the carrier (m).

For normal signal strength (C/No = 35dB-Hz, where C/Ny is the signal strength in

dB-Hz):
[ Br A | 2.13)
OpLL = Py '
PLL C/h’.o 27[
¢/ n = 10\C1 M0N0 (2.14)
¢/ no — 1060 (2.15)

Br
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~S/IN =10-log(””") | (2.16)

Be

Eqn. 2.16 shows ihe relationship between SNR and CNR where S/N is the SNR, ¢/ng
is the CNR a-n.der is the carrier loop noise bandwidth (Hz).

According to the rélationship between SNR and CNR in eqn. 2.16, using either
SNR or CNR for weighted least squares method described in Chapter 4 w1ll have the
same effect on the solution, prov1ded that Ll and L2 signal processor have the same
Bp. It is common for most GPS receivers to have the same Bp on L1 and L2 signals.
For example, Trimble 4000SSi recei.ver has 10 MHz Bp for both L1 and L2. SNR is
readily ayailable to users through GPS rcceivér display or NMEA-0183 GSV output

format, therefore it is practically feasible to be used for weighting the data quality.
2.2.3 Relationship between Multipath and Signal-to-Noise Ratio

It was discussed in section 2.1.5 that noise due to multipathing would cause phase

delay (Ag), changes in amplitude and f;equency'df the direct signal. The strength of
the signal with respect to the noise is the signal-to-noise ratio. If multipath is the |
dominant noise, this ratio is called the signal—to-lﬁultipath ratio (SMR). Obviously,
the larger the SMR, the stronger is the signal.

Section 2.1.6.5 described the relationship between multipath and SNR. Further
discussions can be found in [Sleewaegen, 1997}, {Comp and Axelrad, 1996],

[Langley, 199‘7-],7 and [Lau and Mok, 1999a].
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! 2.3 GPS O_bservablés

GPS _*(‘))bservables ﬁre the pseudoranges and carrier phases. Due to the 1 to 5
r'netrés achievable accuracy for Differential GPSrﬁs'ing pseudorange data, this type of
-obs'ervabie is horrnally applied for marine navigation and other positioning
applications, v;fhere the positioning accﬁracy requirement is low. High accuracy
positioning can only be achieved by ﬁsing carrier phase measurements. The
- achievable positioning accuracy using carrier phase observable is about 5 mm, which
" is subject to baseline length, satellite-to-receiver geometry, the nufnber of in-view

satellites, types and level of errors exist in the data, observation and sampling period.

© 23.1 Double Differenced Phase Observable

Assuming the two receivers £ and m observe to the two satellites p and g at the

same time (see Figure 2.3), the DD phase observable is:
ol =0f, 008, O+ NI+ P30+ L1105 apr0 v epl  @17)

where ¥ £4 is the DD integer ambiguity,
IR is the DD ionospheric delay at epoch ¢, |

T£4(t)is the DD tropospheric delay at epoch ¢,
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d £7(¢)is the DD multipath at epoch 7, and -

ef£7 is the DD random carrier phase measurement noise.

reference satellite P q

vector

base station k Toving station m

Figure 2.3
The double difference

DD integer ambiguity is very important because it reduces the number of
ambiguities to be resolved. Moreover, DDlrtec.h.nique can effectively reduce common
biases during measurement such as satellife clock bias, receivér' clock bias,
ionospheri‘c effect and tropospheric effect in short baseline. Therefore DD_ technique
is commonly employed in GPS data processing software and GPS data processing
- algorithms. DD technique is used in the proposed algorithms to be described in

. Chapter 4.

© 2.32 Ideal Minimum Accuracy (IMA) for Carrier Phase Data

GPS positioning accuracy is subject to the presence and effect of biases, errors
and other factors, as described in Section 2.1, during measurement. In order to derive

the achievable positioning accuracy of GPS DD -carrier phase measurement in a
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hypothetical case of the ;:omplete absence of all biases and errors, the author would
like to propose a term “Ideal Minimum Accuracy (IMA)”. The followix;g discussion
aims to show the IMA of relative positioning in the hypothetical case and coﬁlpare
~ the real and hypothetical a;:hievable accuracy.

: lIMA is defined as the minimum achievable accuracy for carrier phase data in-the
vacuum ideal (complete bias and error free) environment, without any obstruction,
and that the receivers have no internal noise. Under this 1deal environment, blases or
errors (as described in session 2.1) will not affect the quality of GPS data used to
determine positions. IMA is therefore directly related to the tracking precision of
receivers’ signal processing system. If the tracking precision of a receiver is in the
order of 107, the ideal minilﬁum accuracy of a topocentric distance measured by

carrier phase will be about = 0.2 mm (or more precise} L1 will be £0.19 mm and L2
Vwill be +0.24 mm). Figure 2.4 shows the principle 6f IMA. In Figure 2.4(a), the
accuracy of the measured topocentric distance under the ideal condition would be
* 0.2 mm, that is +/- 0.2mm from the “true” position at the centre of the circle in the
figure. When more than one satellites are‘availab]e. (Figure 2.4(b)), the distance
between the best intersecting point and the “true” position would be less than = 0.2

mm. Therefore, it is called the minimum accuracy.

“(0.2mm

A .
AVC\VI 0.2mm
\'A‘IA\

=¥—=_%,_possible
solutions

Centre The
“True” position

The best
inlersecting
point

@ - Figure 2.4 (b) -
Ideal Minimum Accuracy (IMA) _ 33
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How is the ideal r_hinimum_accpracy related to the- tracking precision? Acco.rding
1o Al_lan [71‘993-]-, precision is defined as “the degrée of agreement betv;veen the
. 7 measureé, and accuracy as tﬁe difference between the best estimate and the true
'val:ué”; Leick [1995] defihes precision as the closeness of the observations to the true
yalut, an;I accuracy as the closeness of repeated Qbservations to the sample mean:
- Relative po's_itio'ning'is our major concern, thercby the cbordinates of one site are
| ‘known and thé boéitidn of the other site is to. be determined rélativeiy to the known
Sife [Hofmann-Wéllcnhof et al;, 1994, pp..130]. In the ideal case of IMA, the “true’_’
position of the ~u_nkn0Wn point would be only relative to the known Vpoint (Figure
2.5, therefé;é the positionihg accuracy of the unknoWn point would be determined
by :the accuracy of the baseline vector from the known point to the unknown. The

accuracy of the relative baseline vector would purely depend on the precision of

carrier phase observable in the ideal case.

7 . baseline vector
known point k unknown point m

~ Figure 2.5
Relative positioning technique

Let ﬁs.derivc the IMA for DD according to the “Uncertainty in sums and

Differences (Provisional Rule)” in [Taylor, 1997, eqn. (3.4) on pp. 50 and section
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3.5 in pp. 57-60]; the error propagation law is not applicable since the = 0.2 mm

precision is neither a random variance nor a standard error.
If carrier phase datag! and@/ has a range error of =02 mm, then for a single-

differenced observables qu ,
k
ofi=0f -9} (2.18)
the uncertainty (or maximum error) of single-differenced observable becomes
P9 P q o
5§0k = 5¢k qupk = 0.4mm (2.19)

and the uncertainty of DD phase observable:

DD phase: Pid=pfl- ok (2.20)
DD uncertainty: Spil=5pfi+85phd (2.21)

5;0!{’? =3P =0.4mm

5(9;‘23 = 0.8mm

The achievable positioning accuracy for DD carrier phase data of most high

precision GPS recei've,rs is-about 5 mm, which is far from the IMA — 0.8 mm. It is
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due to the satellite geometry and the presence of biases and errors. The major factor
affecting GPS positioning accuracy is believed to be the multipath effect, and this
type of error cannot be eliminated or reduced using the differencing techniques. |

| In ‘reality the ide.a] cﬁse of IMA never exis_ts,‘ therefore IMA can never be
- achieved. If ideal conditions were present, relative positioning technique would not

exist!

2.4 Linear Combination of Carrier Phases

Generally, the linear combination of two carrier phases @, and @, is defined

by

qpr.c . niqo“ * 1, ¢L2 ' (2.22)

where gplc is the linear combined phase, and

H,» N, are atbitrary numbers.

The substitution of 'dif-ferent n, and A, will resuit in different linear combined

wavelengths. For example, linear combination of carrier phases, according to

[Teunissen, 1995}, can be formed by analog

Pra(_[1 1][ewu (2.23)
P-1| (1 -1flera] |

where ¢, denotes L1 carrier phase observable,
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@ denotes L2 carrier phase observable,

-9y denotes narrowlane linear combination of carrier phases observable
(wavelength = 10.7 cm), and
¢1.i denotes widelane linear combination of carrier phases observable

(wa-velength- = 86.2 cm).

Widelane observable has a reIatively longer w.avelength of about 86 cm. It is
useful to speed up ambiguity resoiution or search in position domain. Hofmann-
Wellenhof 'et' al. [1994, pp. 214] states that the _increased xvideiane wavelength
‘provides an increased ambiguity spacing and this is the key to easier resolution of the
integer ambiguities. Moreover, this obse,rvable. has relatively low noise behaviour,
and reasonable small ionospheric effect [T eLinissen, 1995a). However, widelane (and
other linear combination of carrier phases) observable may amplify multipath effect
and therefore lower the accuracy of solutions_ [Hofmann-Wellenhof et al., 1994, pp.
127]. Another disadvantage of linear combination is that the linear combined
ambiguity may no longer an integer. | |

In addition to the above linear combinations of carrier phases observables, Mok
[1998] described other possible linear combinations of carrier phases observables.
Teunissen [199521] suggested that linear combinations should preserve the
informatibn content of the original L1 and LZ carrier i)hase observables by proposing
the use o.fw invertible integer linear combination of carrier phases. It is very important

since it can preserve the integer property of ambiguities after linear combination or
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transformation, and it guarantees a one-to-one correspondence between the original

and transformed ambiguities.

Linear combination of carrier phases can be used to solve the ionospheric effect.

The ionospheric-free linear combination of carrier phases data is [Leick, 1995]:

2

' f1 ' flfz
ofirO) s —=——=0f (-2 0P (1) (2.24)
k,IF f]z_f% k1 flg_fg k2 |

where P () denotes ionospheric-free linear combination of carrier phases
P IF p p

Dbetween the satellite p and the receiver k at epoch ¢,

@ f 1(t) denotes L1 carrier phase observable between the satellite p and the

receiver k at epoch ¢,

@ f ,(f) denotes L2 carrier phase observable between the satellite p and the
receiver k at epoch ¢, and

fiand f> are the frequencies of L1 and L2 carrier phase respectively.

Eqn. 224 is a very useful expression to eliminate 1onospheric effect

mathematically,

2.5 GPS Data Processing Algorithm
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GPS dafa processing algorithms can be leIdEd into search in the amb1gu1ty
domam and search in the position (physical) domain. Ambxguuy search algonthrns
aims t_o solve integer ambiguities before posmon determination. Physical domain
search aléor_ithm usualiy refers to the Ambiguity Function Search Method (AFM),
which will be discussed in more details in section 3.1. Basically speaking, AFM does
not need to fix. the ambiguities. Position detérmingtibn is achieved by searching the
correct pdsition among alset of trial posifions within a defined search volume.

There are many GPS data processing algorithms presented by various authors,
examples can be found in standard textbooks iike‘:[Hofménn-Wellenhof et al.,, 1994]
and [Leick, 1995]. Several approaches are brieﬂy described here as far as their
capabilitiés in static and kinematic observation. Most of them are based on DD phase

observable (described in section 2.3.1) [Remondi, 1985; Dong and Bock, 1989].

'2.5.1 The Classical GPS Data Processing Procedure

Classical processing  procedure is typically based on four steps. They are

summarised below,

(1) Estimation of initial ambiguity parameters as real values in a least squares
float solution.
(i)  Fixing initial real ambiguities to integer values based on their estimated

. accuracy or by general ordering search strategy. -
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(il))  Introduction of ambiguity parameters as known quantities fntd the least
‘squares observation equation to perform a fixed solution.
(iv) Validaiion by evaluating the adjusted results and the a posteriori

statistical quantities, such as residuals and variance-covariance matrix.

A variéty‘ of .methods have been developed to fix reﬁl-valued estimates to integer
q_uantities.j The .correctness.‘and efhciency of these techniques based on ordc_ring
search strategy are mainly dependent on the number of fixed ambiguity sets

cvaluatt_:d_'to make the final choicer. A full search over all possible combinations is
" ”opti_mal- as far as reliability is c'onc'jc:rned but itris deﬁnitely not efficient. Evaluation
of only a' few sets will take a risk that the correct set has not -been selected. This
'(ﬁlassilca], approach éan be improved by using’ the statistical and geometrical
:informz-ition _no'rmaliy ‘available during_ GPS data processjng. Eprles_include the
al-goritlimlprép-osed by [Beutler-let al., 1984] and [Bock et al., 1986], the Fast
Ambiguity Resolution ApprdaCh (FARA) [Frei, 1991; Frei and Beutier, 1990]', the
Least Squarels; Ambiguity Search Tecﬁnique (LSAST) [Hatch, 1991} and the Least
E sqﬁar'es AMBig'uity Decorrelation Adjuétment '(LAMBDA) method [Teunissen,

1995b].
2.5.2 Fast Ambiguity Resolution Approach (FARA)
This techniqu'e-is based on the information provided by an initial édjustment. The

~ information are coordinates, real-valued ambiguity estimates and the corresponding
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variance-covariance matrix. For the details of FARA, please see [Frei and Beutler,
1.989; Frei and Beutler, 1990; Frei, 1991; Erickson,.1992].

The FARA ambiguity resolution method is summarised below:

(1) to select the,l search fange by using ;taﬁstical informatibn from initial
adjustment

(i)  to reject ambiguity sets by analysing variances and covariances and to
perform statistical test

- (i)  to select the correct set of integer ambiguities by statistical hypothesis test

FARA nonnall-y.reqi}ires five minutes of observations. Lau [1995] s.howed that
FARA could resolve ambiguities successfully using t-wo minutes of L1 and L2
measurements, with the baseline within about 10 km, the averag,;e GDOP equal to
' 4.5, and five in—view-satellites. This investigation shows that FARA can perform
. correct ambiguity resolution using data observed in shortr time span, say about 5
mi_nutes, but it may not be able- to effectively solve for ambiguities if only a few
epochs of | observations are available. 'I\./Iore'over,' the prlocessing time will
dramatically increase when only single frequency measurements are available

because of the increase in the number of possible ambiguity sets [Han and Rizos,

1997a).

2.5.3 Least Squares- Ambiguity Search Teéhnique (LSAST)
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Hatch [1991] descrtbed the Ieast squares amblgmty search technrqtre to solve
‘ amblgumes in kinematic mode This method of course can be applred to statlc case.
_rThe techn_rque is drvrded into three procedures. Firstly, the m1t1a1 posrtron and
stdndard devratron of differential code range measurements are deterrmned by the
: :least squares method The search volume is then estabhshed by defining the
"-uncer't'ainty region around the initial position. The primary group of four satellites
: with reasonably good GDOP is used to gerterate a set of'po‘ten_tial ambiguity
so-lutions. Finally, the _rernaining sotellite group is used to eliminate the incorrect
- potential solutions [Hatch, 1991]. |
LSAST was 'proposed for instantaneous_._atrnbiguity' resolution,. however, its
* processing time is about a few seconds to a few tens of seconds [Han and Rizos,
1997a). It was expected that the increase in the number of redundant satellites should
" reduce the number of potentiai solutions, hoizteiter Han ahd Rizos [1997a] showed
that there was a great increase in the numbe’r of cahdidates and processihg time under
-this cortdition' -
The author doubts the rehabllrty of the LSAST solution, LSAST assumes that the
~ correct set of ambtgurtres must be contained in the potentlal solutions. If the potential
. solutions generated by the primary group does not contarn the correct amblguuy s'et
,then the test of secondary group will become meamncrless as the final solution will
be incorrect. The selection of primary group of s‘atellites is therefore very crucial.
From'the point of triew of the adthor, the redundoht sateltites should not. be used
. to elir‘nihate'the incorrect potential sotutiohs,only. The redundant satellites should act

as redu'ndarrt measurements (more degree of freedom) to strengthen the solution.
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' _Beside"s,‘ the low accuracy code solution (the first procedure of LSAST) will increase
: ‘the search volume and the number of potential solutions genefatéd by primary group

of satellites, and thué increase the processing time.
- 2.5.4 LAMBDA Method

A .'pr_océssing- “algorithm, ﬁame}y L.east-équares- AMBiguity Decorrelation
Adjustment (LAMBDA) was developéd by _Teu'n_issen [1995bj. The algorithm
génerally follows the following three steps (the détails of LAMBDA method will be
described in Chapter 3): o | | |
) float solq_tion,

(i)  integer afnbiguity estimation and

- (i) _ﬁxéd_solution. |

Theinéin characteristic of the aigorithm 1S the ef'ficilerit integer ambiguity estimation

b_y:LAMBDA method. The LAMBDA method consists; of:

(i) . the decorrelation of the arﬁbiguities’. by a repafametrization of the original
aﬁlbiguit_ies to new ambiguities, and

(if)  the actual ambiguity estimation

The high efficiency of LAMBDA method comes frorﬁ the decorrelaﬁon step (see

. Figure 2.6) [Jonge_and Tiberius, 1995; Pachelski, 1995; Teunissen, 1995¢]. This step

transforms the originai'ﬁmbiguities to the les_é corré_lated new ambiguities.. The
-ambigﬁity search space is forced to become more ,sphere-.like and the transformed
' ambiguities are mér’e precise than the ofjginal ambiguities.
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Decorrelation

(a)'Orjginal Ambigﬁity Search Space, (b) Transformed Ambiguity Search Space

LAMBDA_ method'can resolve ambiguit.ie‘s. in less than a second or a few

seconds. The processing time depends on the number of ambiguities, the searching

bounds 7°, and the inputted maximum number of cahdidates;. the details of these
factors will be desc:ribecli' in Chapter 3 and _can-be found in V[Jonge and Tiberius,
1996]. The number of measurements does not affect the pfocéssing time of
'.LAMBDA sinée the ambigﬁity traqsformation step and integer ambiguity estimation
by search step cons-ider the ambiguiiy parame‘térs and its variance-covariance matrix
ohly1 From .the-point of view of the author LAMBDA is currently the most efficient
ambiguity resolution fechnique, however, it is n:ot- quite suitable tlo'c':orrectly resolve
_ambiguities if only one or a few epoché of data is available. It is becﬁuse a few
measurements can only give very littlg informaﬁon for LAMBDA to decorrelate and

resolve the ambiguities successfully.
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_,2_,5.5 Ambiguity Function Method (A_F_M)_ :

Ainbiguity Function Method (AFM) was first i.ntroduced by Counselfnan and
Gourevitch [1981]. Remondi [1984] anci Mader [1992] further investigated this
technique. This method is not mainly used for solving ambiguities, even though iﬁ
can serve such purpose (will be described in section 3.1.4). The correct set of
‘ambiguities can-be computed after the cérrgcf position has been determined by
séarch in the coordiﬁate space.

AFM determines the solution by searching fof the trial position with maximum
Ambiguity Function Value (AFV) within a search volume (see Flgure 2.7). AFV is a
function of phase re51dual which will be described in sectlon 3.1. In terms of the DD

observables, it is expressed as

AFXY,Z)= 3 5 S cos{zfr[—p,f,?,c<z) off,, O (223
L=1R=15=1

where AF(X,Y,Z) is the ambiguity function of the trial position X,Y,Z,

f isthe carrier frequency,
PPl (¢) denotes computed DD geocentric range at epoch ¢,

@il () denotes observed DD carrier phase measurement of L1 or L2 at
epoch ¢,

¢ is the velocity of light,
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‘ ~ L is the number of carrier phases,
R is the number of receivers from 1 to i,and

S 1s the number of satellites in view from 1to j.

 Details on the AFM algori_thm can be found in Mader [1992], Mok and Cross~[1996],l

Lau [‘_1997] and the next chapter.

Trial position s A priori position

s.\_
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Figure 2.7
Search volume of ambiguity function method

| According to recent investig.ations, AFM éan be used to process short observation
iime-spaﬁ measurements and-_eveﬁ singlg-epoéh meaéurement. Remondi {1991] used
AFM for pseudo-kinematic GPS witholut static initialization. Corbett and Cross
[1995] and Mok [1998] applied AFM for single-epoch solution. When qsing AFM to
procesé more than one epoch measurements, it has an advantage of the 'inSensitivity
to iﬁteger cycle slips. However, AFM requires a good a p}'iori position to construct a-
search volume and it has no qﬁality measure to the sblution. The processing time of
AFM depends on the size of search volume and the number of measurements; it is

' not efficient. Investigation on AFM will be shown in the next chapter.
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2.5.6 Validation Criteria

To ensure that the ambiguities or position Vdetermined' is correct, validation
criteria for the solution should be set in the quality assurance procedure. There are
‘many quality assurance approaches proposed by different 'authors-, and some general
aiaproaches are described here.

In ambiguity float solution, the test of complete sets of ambiguities can be

applied, according to [Leick, 1995] as

AVIPYV n-u
vIPV s

- Fs,n—u,a (2.24)

where V denotes the residual vector of the float solution,
P denotes the weight matrix of the float solution,
(n-u) denotes the degree of freedom of the float solution,

s denotes the number of ambiguities of the float solution, and

F 5 n-y o denotes the corresponding F distribution.

Many GPS p'ost-processing software packages (e.g. Leica’s SKI and Trimble’s
GPS'urvéy) test the ratio of the best to the second best solution against the F-

distribution, or a critical value,

47



2. FUNDAMENTAL OF GPS DATA PROCESSING

VTPV dBest

Ty > Famima or critical value - (2.25)
v . : _

‘Best

where V d’e;n_btcs the residual vector of the fixed golutrio_n,
P'deﬁotes the w:cight matrix of the fixed Solution,.
~m1 and m2 denotes the degree of freedorr.x- of %l\w-ﬁxed best and second best
$olution 'respéct_iveiy, and |

" F o, m1,m2 denotes the corresponding F distribution.

- In-other GPS data processing algorithms involving :ambiguity' function method,

the following ratio test may be applied '

Al ndbar , p o | (2.26)

AF Max

where AF 2nduMax denotes the second maximum.ambiguily fuqctidn yielded by the
| second bes'tlposition,
AF Max denotes the m-aximum ambiguity. function yielded by the best
position,-
.m1 and m2 denétes the degree of freedom 0f 'th_e best and second best position
respectively, and

 Fa,ml m2 denotes the corresponding F distribution.
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-' 2.6 Amblgulty F unction Method Applled to Deformatlon
Momtorlng '

-Different GPS data processing algorithms have been described in last section. -

' They' ha\}e advantage's.;' and disadvantages for different applications. In order to tailor

the processmg algonthm for deformation monltormg, the processmg algonthm must

make good use of the features of deformatlon momtormg

Features of deformatlon momtorlng are apphed to the GPS processing algonthm

in this pro;ect By takmg these advantages, the processmg algorithm can be faster

G

and more precise to find the solution. The advantages are:

(f? |

For deformation monitoring in engineering site, the reference station is.

always close to the monitoring markers (reving station). Since GPS satellites

~are at the altitude of about 20,200 km and the receivers are only a few

kilometres apart, the two signal paths of a satellite reaching the two receivers

of relative positioning would be very similar. Therefore, the effects of

ionosphere and troposphere on the two receivers are very close and can be

greatly reduced by differential positioning,

'~ Taking observations of a monitoring station at the same time can greatly

reduce multipath effect. Tt is because the similar satellite geometry at same
observation time (sidereal time) and similar position of the maonitoring

marker and reference station (receiver locations) would have similar

: multipath effect on the antennas. This is the sirniIa_r satellite-antenna-reﬂector

| geometry, So relative dlsplacement between observanon epochs. would be

cIose to the real movement Of course 1t is only true for deformation
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monitoring. However, it may not be practiCaI. This project aims to find other
solutions to reduce multipath effect. | |

(lii) -- For static deformation in reclaimed ared, the magnitude of displacement is
likel.}'a to be l'lttle and slow. Thus, after the ﬁrst measurement of a monitoring
' statlon; the determined position of the statibh can act as a priori position for
the processing of next measurement. The a priori posrt1on can narrow down
the search volume of ambiguity functron and other ambrgurty resolutlon
techniques. The smaller the search volume, thc faster the processing
'algorit_hm for GPS solution. .

In v1ew of the above advantages-and the present GPS processmg algonthm
ambrgurty function method is adOpted as the engrne for developing GPS processing
' algorithm i_n this project. |

The concept of am.biguity function is that it computes the AF values of the trial
positions within the search volume; when the. correct posrtlon is reached it would’
yleld the mlmmum resrduals which are maxrmrzed by cosine of the resrdoals The
correctjposition, in theory,_ would yield the maximum AF for all measurements,
wh1ch are DD observations in this project. Ambrgmty function method has the
advantaoe of not bemo affected by cycle shp and mteger ambiguities do not have to
find. The posrtlon yielding the maximum AF is the most possible correct position.
However, even at the correct position, AF is only close to an integer becatrse the
small DD ionospheric delay, tropospheric delay, and multrpath are present but they

are not listed in eqn. 2 23
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The advantages of adopting ambiguity function method for static deformation

" monitoring:

(i)

(i)

(iii)

although ambiguity function method does not take the bias of 1onospheric

effect and tropospheric effect into account, it will not introduce too much

bias to the AFM solution in this project since this project does not need to

take these biases into account; it is because these un-modelled bias of

1onospheric effect and tropospheric effect are greatly reduced by DD in short

baseline.

a priori posftion, determined by soluti-on.lof the last measurement, is a good

estimate position of the new measurement; it narrows down the search -
volume, rﬁaking fast and precise processing algorithm possible.

ambiguity function method is insensitive to cycle slips; it is important to

rapid processing algorithm because-it saves the time for cycle slip detection

and correction.

However, ambiguity function method does have disadvantages in general. The

disadvantages are:

(0
iy

(iii)

solution of incorrect position may occur when serious un-modelled errors are
present on the measurements.

the correct position must be contained in the search volume, otherwise, no

solution can be found.

each trial position must be taken into computation; it is inefficient.

Despite the disadvantages of anﬁbiguity function method, it is very beneficial to

adopt the method as the engine of the deVeloping processing algorithm. It is because
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that‘aﬁlbig.uity. function method has the capabilif.y of single epoch _solﬁtion that is
very useful for f;;lst' deformation monitoring [Mok, 1998].

'Based on the disadvantages, the project is going to find solutions or strategies to
0§ercomé them, e.g., early exit strategy and more accurate a priori position can
overcomé the disadvantage (iii). It concentrates more on the disadvantage (iii} since
the general diéadvantages of ambiguity function method (i) and (ii) are overcome by
the -aanntages of adopting ambiguity function method for static deformation

monitoring (i) and (ii) respectively.
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CHAPTER 3

A CRITICAL ANALYSIS OF GPS PROCESSING ALGORITHMS

3.1 Investigation into Ambiguity Function Method

Anii)iguity Function Method (AFM) was first introduced by Counselman and
Courevitch [1981]. Rcﬁlondi {1984] and Mader [1992] further investigated this
technique. AFM is a position domain algorithm; the solution is determined by
search-ing the trial positions in a defined search volﬁme with the GPS carrier phase
measﬁquﬁenté;_. The principle of AFM is descr_ibed below.

The obsefvable used in this i)roject is DD carrier phase measurements (eqn. 3.1),
-so the following derivation and description of AFM wil_l be based on DD carrier
phas'e_‘ measurement. Let-DD ion05ph§ric e_ffe.c.t, tropospheric effect, multipath and
' measuremenf noise be DDS (double-differenced biasés and errors),. and convert the
two single-differenced carrier phase measurements to DD topocen_tric distance,: then

rewrite eqn. 3.1 to eqn. 3.2 with replacing the dimension cycle by radians.

Pl () = 0f, () =0, () + N PG+ 102 () + {rgg (1) +dfa(e)+gfd (.1
: f Pq |
2l =2x|~p () +NPI+8LA() _ (3.2)
C km IR
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in -Figuré 3;1, a search volume is constructed by defining trial positiéns around
the é_ priori position, which can be determined by code solution, float solution, or
input by user. Search volume can be a cube or an ellipsoid. The size of search
volume can be defmed by variance of initial solution or pre-defined by ﬁxed distance
from _the é pnqu position. Space between the trial‘ positions is search resolution or
interval. The search resolution can be determined by initial solution or fixed to a
value. The.refore, the coordinates of all trial positions are knowﬁ.

Trial position A priori position

Search l'eSOhlth

Figure 3.1
Search volume of AFM

Since the coordinates of trial positions are known, the topocentric distance can be
computed from known reference station and satellites. Assuming point & as a known
reference point and m as a trial position, and putting the known terms to the left-hand

side of the eqn. 3.2, it gives:

2Pl - ”f p (:) ZJrNﬁg+27r§f‘?(r) (3.3)

‘Since ¥ £7 is an integer, applying cosine or sine function to 27 N £ will cause a

special character of AFM. Therefore, eqn. 3.3 is placed into the complex plane by
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' ralslng the whole equation to the exponential functlon ¢' where / is the lmagmary

unit:

{2m;p -2 pmm} '{erN,f,ﬁﬂﬁéﬁ(u} - (3.4)
- which may be written as

{zx(pkm(:) Z’U'pﬁg(x)} zZ:erﬂ‘nT 1235 91) A - (3.5)

Eqn. 3.5 can_-be expressed in an Argand diagréin:

Imaginary axis
unit circle : Phasor

éi 2z5£9()

Real axis

efZ:errg

Figure 3. 2
Argand dlabram unit vector in the complex plane

Since Euler’s formula defines:

e'% = cosa + ising ' (3.6)

the .integer ambiguity term in eqn. 3.5 becomes:
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efoNf,ﬁ = cos(27 NED +isin2aNpD =1+i-0 (3.7

~The result in eqn 3.7 is due fo that the cosine of an mtcger ambiguity equals one, and

the sme of-an mteger equals zero, and 27 is a complete revolution on the Argand
dlagram

Hence, substituting result of eqn. 3.7 into eqn. 3.5 gives:

{27:%(:) 2q p,m,m} JuShn - (3.8)

- The left-hand side of eqn. 3.8 is defined as an ambiguity function of a DD carrier
'phase rneasufement.

. ) when applyj‘qg Euler’s formula (eqn. 35) :t('). th:e léft-han-d side of eqn. 3.8:
cos(2x o o- L pga0)+ isini2r pft 0 - 27 B0l 69
t?le real function of the ?mit vrector in the complex'p].ane bec.:omes.:
cos[zwfg(z)_z—:f- PP | (3.10)
'therefqre, the -arnb'igu'ity function for a DD carri.ef_phase measurement is:
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AF = cos[2x " (t)—-—pkq(t)] E - (3.11)
Finally, factorizing eqn. 3.11 becomes:
AF = oS Zir[gaf’g - {-pf}"i(:)] ' (3.12)

It is the ambiguity function of a DD carrier phase measurement When considering
all DD camer phase measurements at epoch t, a general expresswn for amblguxty

functlon 1s obtained:

' 2 i f o
AFXY,2)= 5 3 3 cos{zfr[~pf,z DLl 1)
L=1R=1§1 _ _
where AF(X.)Y,Z ) is the ambiguity function value (AFV) of the trial_position ~
X,Y,Z,
f 1 1s the carrier frequency,

o34 km . (t) denotes computed double dlfference topocenmc range atepoch ¢,

ga fn‘f (1) denotes observed double difference carrier phase measu're:rnent of
- LlorL2atepoch ¢,
¢ is the velocity of light,

L s the number of carrier phases,
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R is the number of receivers from 1 to I,and

S is the number of satellites in view from 1 to J.

.

Note that the phase residual [-J%’: p,f:ﬁ;c (r)—gazﬂq,;’b (t)]of eqn. 3.13'is (computed —
observed) while that of eqn. 3.12 is (observed — computed); it has no difference since
the cosine of a positive or negﬁtive number is the same.

AFM determines the maximum AF Vs (iocal Ar_naxima) of the trial positions within
a search volume (see Figure 3.1 and.3.3).._A trial position yielding the maximum
AFV (global maximum) is considered as the “cofrect”. position (see eqn. 3.13). This
global maximum AF_V is the maximum value of cosine function of the .phase
residualsz aftér conversion io cycles [Cbunsélmaﬁ and Gourevitch, 1981; Mader,

1992; Remondi, 1984].

Resolution: 1 cm
. _

" Reference station
Second best

position Tr—— | ' / ’\

(\ ‘_
T~ True position

7 / ™ of unknown
T station

Best position

"~ Trial
| positions

Figure 3.3
2-D representation of an AFM search volume
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In Figure 3.3, the phasor (phase residualr in AFM) computed with the best
' position is close to the real axis of Argand diagram (sée Figure 3.2), which is shown
in‘Fi'gure 3.4(a). However, the phasor computed with the second best position i§ less
close to the real ﬁscis of Argand diagram, which is shown in Figure 3.4(b). The phase’
. residual of the best position will Vbe smaller than that of the second best position
‘theoretically. Therefore, the AFV of the best position will be greater than that of the
: sécond best position. It is because the cosine function of a smaller phase residual
Cyields a gréater AFV. In theory, the AFV equals one when a trial position reached the
true position (the phasor is on the real axis of Argand diagram). However, the
Vmaximum AFV may not-cqual one in practice since there are some un-modelled
- biases or errors. AFM does not take ionospheric effect, tropospheric effect, n'mltipalh
effect and random measurement noise into aécount. It is the reason for using DD

carrier phase measurement in this AFM based project.

Imaginary axis ' Imaginary axis
A A
Phasor
Phasor f
p Real axis K » Real axis
(2) __ (b)
Figure 3.4 :

(a): phasor of the best position, (b): phasor of the second best position
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" The solution of AFM’can be strengthened when more satelIites,' :receivers, carrier
frequencies and 'measurexhehf epochs are (-)bserved.rlt 1s because the possible
:_“correct” positions _(intersecting points in Figure 3.5) have to fulfil the additional
meesurements For example three satellites’ data yield nine possible solutions in
'Flgure 3.5a, however the number of possible SOlUthHS reduces to four when
obsérving to one mere satellite in Figure 3.5b. The effect of more receivers, carrier

fréquencies and measurement epochs is analogous to the effect of more satellites.

@ - ®)

Flgure 3.5
(a) nine possﬂ)]e solutions when observing to three satellnes (b) four possible
solutions when observmg to four satellites.

Therefore, the more unique AFM solution can be found by:

i

h o
RS TE cos{zfr[f—p 00, O (314
t=] L=1R=15=1

where AF(X,Y,Z) is the AFV of the trial poeition X,Y,zZ,
f isthe carrier frequency,
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pfg,c(t) denotes computed double difference topocentric range at epoch ¢, |

@ fg’ L »(f) denotes observed double difference carrier phase measurement at

epoch ¢,

¢ is the velocity of light,

L isthe nurﬁbei of carrier phases from 1to A,

R is the number of receivers from 1 to i,

S is the number of satellites in view from 1to j, and

t is the measurement epochs from 1 to g.

AFVs of each trial position are computed by eqn. 3.14 during data processing by
AFM. An example of AFVs of 1 m® search volume and 1mm resolution is shown in
Figure 3.6; it is generated by data collected from seven satellites, 15 second
measurement interval, 15° mask angle and 3 m baseline. In the example, there are 1
million tria.l positions. The central local maximum is considered as the correct
maximum, which contains the correct position, since it is prominent to the other local
maxima. At the correct position, all measurements yield their maximum AFV

theoretically and sum up constructively, thus normalized AFV:

S '.jicos{zfr[%pi‘:_( CRMRO)

I hoi
& A
I= =l K=l Sl

will be clearly greater than the other trial positions. The effect of measurements at

Normalized AF(X)Y,Z)= (3.15)

the correct position and a Lrial position on AFVs is shown in Figure 3.7.
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x
ﬁ-)aotz fixed )

-2, 4181 %10 .
L 41812310 .
-1 41811XL0

X va AT ¥ wvi A 1

§, 265 9010"
5,248

s 18alaet
5 3853100

. N N -t atsaaxiot
~EALLE® op atadedo® -r, asLxte® <2 a141850° 5.20590a0% € 059LxLo® £ ansaixie® 5. 2059Lx20"

X ¥

Figure 3.6
Example of AFVs of trial positions in a search volume
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\ + _"
/ \ . ~
/\ - B
AFV of Measurement 1 AFV of Measurement 2 Resultant AFV
Figure 3.7

Top: Constructive AFV at the correct position; Middle: Partial constructive AFV in
the correct local maximum; Bottom: Destructive AFV at the incorrect trial position
In theory, the .more GPS measurements for data processing the more reliable the
AFM solution. More measurements can be achieved by more observing satellites,
more receivers and more carrier phase observable.
More observing satellites can be done by lowering the mask angle (less than 15°),

however, low elevation satellite may cause problem to AFM. At low elevation,
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where atmospheric condition is unstable, biased measurements may yield lower AFV
even at the correct position. It may cause wrong solution. Besides, two or more
reference receivers can increase measurements, which may strengthen AFM solution.

It is multiple baseline solution.

. Reference station 3
Unknown station

Reference station 1

Reference station 2

Figure 3.8
Multiple-baseline technique

Increasing carrier phase observable is impossible in user segment because of the
hardware of GPS. Linear combination of L1 and L2 (widelane or narrowlane) may
be considered as the additional observable, however, Chen (1996) stated that linear
combination of L1 and AL2 would enlarge multipath effect and measurement noises.
Undoubtedly, linear combination of L1 and L2 (widelane} can increase the speed of
searching when dealing with large search volume of AFM. Carrier phase observable
may be increased in the future. Divis (1997) stated that the Department of Defense
(DoD) and the Department of Transportation (DoT) agreed to develop a second
frequency with coarse-acquisition code and navigation message for civil use. L5 or
even LM, which may be the new military signal, will be usable as an additional

carrier phase observable.
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As stated above, AFM has to search all trial positions inside search volume; it is
very lime-consuming. It is because AFM requires trial and error to determine the
correct position. Computation of all observations and trial positions will take a long
time to complete. Since most of trial positions are far from the “correct” position (see
Figure 3.6), it is possible to speed up the search process by using combination of
coarse and fine search volumes, ambiguity function threshold test and using linear
combination observables such as widelane observable. Search by using combination
of coarse and fine search volumes and linear combination observables are
investigated in Section 3.1.1 and 3.1.2, respectively. However, the ambiguity
function threshold test does not discuss or apply in this project. It is because that
even one bad DD measurement (from one satellite at an epoch), which may be
caused by ionospheric effect, multipath and low elevation satellite, can cause a low
AFV that cannot pass the threshold test and finally may reject the “correct” position.
The detailed description on the ambiguity function threshold test can be found in

[Leick, 1995, pp. 377] and [Mok and Cross, 1996].
3.1.1 Search by Coarse and Fine Resolutions

Search interval is the spacing between the neighbouring trial positions inside a
search volume, it always sets to uniform among the whole search volume (see Figure
3.1 and 3.3). Search interval is very important for correct and accurate AFM solution
since the positioning accuracy is directly related to it. The smailer the search interval

(high resolution) will yield higher positioning accuracy. Figure 3.9 shows two cases
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of search resolutions; one is 1 cm interval (solid line), another is 2 cm interval
(dotted line). It is obvious that the distance between the true position to the best
position of the 1 c¢m search resolution is less than that of the 2 cm one. Thus, the 1

cm search resolution (fine) has higher accuracy than the 2 cm search resolution

(coarse).
Resolution: 1 cm
T T T T T T T T T T 1T T T 7} Reference station
True position : I
of unknown \
station [~ : :
. ” i .
Trial position | \ | Best position
of 1emand 2 —] | I — of 2 cm search
cm search o e e —— —— e i e e e | esolution
resolutions |
| |
e i |
Best position | . Trial position
of 1 cm search | I — of 1 cm search
resolution I I resolution
L ___d___ 1 ___] only

Resolution: 2 cm

Figure 3.9
Effect of the AFM search resolutions

Although coarse searching solution is less accurate, it requires less processing
time. Coarse searching solution can therefore act as a good approximate for fine
search to speed up AFM process. Combined coarse and fine search technique finds a
local maximum, which can be separated from the other local maxima by the search
interval, by coarse search first. Fine search is then carried out in the local maximum
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for further refinement. For example, a local maximum is isolated from the other local

maxima in Figure 3.10; the local maximum is extracted for fine search.

True position
True position AFVa : } \  AF=1
i . ] )
AFV . A
] [}
A —> P
) ) 1 [
¢ 1 1
i . i i
1 1 ) 1 I
oo b >
1 : > - . Trial
i Trial Fine search  Positions
i positions resolution
P
1 1
Coarse search
resolution
Figure 3.10

Combined coarse and fine search technique

Three-stepped searching of cubic volumes is investigated in this section. The
search volumes are set to different sizes and searching intervals. The different
combinations of search volumes and intervals will vary the processing time because
of the different number of trial positions. The search interval should be selected as
small as possible since it affects the accuracy of the determined position.

Different combinations of search volumes and resolution were tested, and the
results are shown in Table 3.1. They yielded about the same position with respect to
their search intervals. In order to get the same accuracy of Imm, the third searching
were carried out in combination 2,5,6 and 7. After the third searching, they all came

up with the same position. The third searching does not affect the processing time too
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much because it searches a very small cube only. Therefore, the combination 6 is

selected as the setting of AFM in this project. This test was performed in a 133 MHz

computer. The baseline length is about 2.2 km, the measurement epochs are six.

Table 3.1

"Combinations of search volume and resolution

Length of a Total no. of
side of the trial Processing
cube Resolution | positions AF value time (sec.) | Remark
1
First searching im 2cm
Second searching 4cm 1mm 189,000 | 0.9747533262 >240
2
First searching im 2cm :
Second searching 4cm 2mm 133,000 | 0.9747533261 70
3
First searching im icm
Second searching 2cm imm 1,008,000 | 0.9747532257 180
4
First searching m icm
Second searching 4cm 1mm 1,064,000 | 0.9747533261 >240
5
First searching im 2cm
Second searching 4cm 4mm 126,000 | 0.9747533246 30
6
First searching im 2cm
Second searching 4cm Smm 125,512 | 0.9747533264 20 Fastest
7
First searching im 2cm
Second searching 5cm 5mm 126,000 | 0.9747533256 23

A 1 m" search volume with the a priori position as the centre of the search cube is

constructed first. In the first stage searching, the resolution is set to 2 cm. The correct

position, which produces the highest AFV in the first searching, acts as the centre of

the second search volume (as in Figure 3.10). For the second stage, the search
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volume is 6.4E-5 m® and the resolution is 5 mm. Search volume and resolution of the

third searching are 1E-6 m® and 1 mm respectively.

Test on accuracy of the adopted combination of coarse and fine AFM searching

Table 3.2 shows lhé comparison of six-epoch solution (10 seconds measurement
interval and 10° mask angle) of the AFM to solutions (10° and 15° mask angle, 6 and
1392 epochs’ data) of Trimble GPSurvey software. The selected baseline is about 2.5
km in the new airport. 10 seconds measurement interval and 10° mask angle were set

in the field. The differences in plane coordinates system are shown in Table 3.2.

Table 3.2
Difference of the processing algorithm solution from Trimble GPSurvey solution

1392 (about 1392 (about
Epochs 4 hrs) 6 (60 sec.) 4 hrs) 6 (60 sec.)
Mask angle {degree) 15 10 10 15
&N (mm) -15 -5.6 -16 -5.6
3E (mm) -6.5 -7.5 6.7 -7.5
8H (mm) 0 -7 2 -7

Moreover, 14 six-epoch measurements were extracted from about 4 hours of
observations, at 15 minutes intervals, and were processed with the AFM. The results
were compared with the Trimble GPSurvey software’s solution, which processed all
measurements above 15° elevation angle, and to its mean. The coordinate differences
from Trimble GPSurvey’s solution in millimetre are shown in Table 3.3 and Figure

3.11, and the standard deviations of different epochs are shown in Figure 3.12.
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Table 3.3

Coordinate differences of different epochs

Time{min) 15| 15| 30| 45| 60| 75| 90 | 105|120 135[ 150} 175 190 | 205
AN (mm) | -16 [-9.7]-8.3]-2.6] -14| 3.8 [-3.1|-14|-13]-45]|-.18[ 42| 5 |03
AE{mm) | -65]|-59| 78 -19]|-16| 0.1 |-58]| -9 |-39}-95[-12[0.7[-95] 1.7
AH(mm)| O | 26 | 22| 8 -3 6 9 -6 8 [39]-20[18|-10]| #1
f:s
T 30 i g
= 20 Q{i DN (mm)
3 10 d ~-.~DE (mm)
[ =y Loy
: 0 A e
£ o - ﬁéﬁ%% o
-20
-30
Figure 3.11
Coordinate differences of different epochs
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Figure 3.12
Standard deviation of the different epochs
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In Figure 3.12, the differences range from approximately + 10 mm in horizontal, to
approximately + 30 mm in vertical. The dramatic changes at and after 135 minutes
are due to decrease in the number of satellites by one.

Tests and examples are then extended to different baselines. Details of the

baselines are shown in Table 3.4 and results of the baselines are shown in Table 3.5.

Table 3.4
Information of samples
File numbs_.'r of | number of number of DL baseline PDOP
satellites epochs measurements length

H1021 & 6 30 am 3

H202 7 6 36 3m 3

H206 6~7 6 32 3m 3

AA1B 6 6 30 ~1.6km 3

AAZY 7 6 36 ~-2.2km 3

«YC10 4 6 18 ~10.6km 3]

KYCT1 6 6 30 ~10.8km 3

Table 3.5
Processing result of samples
number of 1st Final
File candidates | Max. Max. | 1st AFR}|2nd AFR]| 3rd AFR dX dy dZ
(1st search) | AFV AFV

H1021 16 0.9936 | 0.9952 4.2816 | 1.1391 { 1.0061 | 0.0000 | 0.0060 | 0.0060
H202 10 0.9616 | 09827 | 1.0722 | 1.0930 | 1.0042 | -0.0030 | -0.0030 | -0.0020
H206 14 0.8807 | 0.9899 | 1.7957 | 1.4509 | 1.0117 | -0.0120 | 0.0280 | 0.0030
AAIG 5 0.92251 0.9299 | 1.0070 | 1.0085 | 1.0011 | 0.0159 | -0.0263 | 0.0326
AA22 4 0.9332| 0.9418| 1.0507 | 1.0144 | 1.0004 | 0.0060 | 0.0130 | -0.0130
KYC10 7 0.9223 | 0.8253 | 1.0140 | 1.0058 | 1.0021 | 0.6270 | 0.6640 | 1.0860
KYC11* 62* 0.9095| 0.9191 | 1.0827 | 1.0042 | 1.0012 { 0.1270 | 1.0810 | -0.1800

Note that “*” in file KYC11 means no solution found in the first 1 m” search volume, therefore the
search volume was doubled to 8 m” search volume and a trial position vields AFV greater than 0.5 is
considered as a candidate.

Processing results of the combined coarse and fine search technique on the
baselines listed in Table 3.4 are shown in Table 3.5. The column “number of
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candidates” in Table 3.5 is the number of local maxima with AFV greater than 0.9 in
a given search volume. The 1% Max. AFV denotes the maximum AFV after the
coarse searching in the first stage, and the Final Max. AFV is the maximum AFV
obtained after the search using the fine resolution. AFR is the ambiguity function
ratio described in section 2.5.6. AFRs obtained in the three searching stages are
shown in columns fivé to seven of Table 3.5, Differences of the AFM positions from
the GPSurvey solutions (processed with 30 minutes or more measurements) are
shown in the last three columns of the table. The large differences of KYCI10 and
KYC11 are probably due to the un-modelled atmospheric effect. The three-
dimensional plots of AF and the trial posittons are shown in Figure 3.13, which the Z

coordinates are fixed. The figure shows that a correct local maximum is prominent to

the other local maxima in each plot (except the long baselines KYC10 and KYC11).

(@) (b) cont.
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cont.
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Figure 3.13
AF vs the trial positions in search volumes, (a) 3 m baseline of H1021; (b) 3 m
baseline of H202; (c) 3 m baseline of H206; (d) 1.6 km baseline of AA16; () 2.2 km
baseline of AA22; (f) 10.6 km baseline of KYC10; (g) 10.8 km baseline of KYC11
(8 m” search volume)

The above results (see Table 3.1-3, 3.5) show that the combined coarse and fine
search technique can greatly reduce the processing time of AFM and successfully

isolate the correct local maximum from the other local maxima in short baselines.
3.1.2 Search by Linear Combination of Carrier Phase Data

Linear combinations of carrier phases can increase the efficiency of AFM search
by reducing the number of measurements to a half (the original L1 and 12
observables are linear combined to one observable). Linear combinations of carrier

phases are briefly described in section 2.4, Widelane linear combination of carrier
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phases is tested in this section because of the reduced number of measurements and
its long wavelength. The 86.2 cm long wavelength widelane makes ambiguity
resolution easier to achieve since the chahge of widelane ambiguity value becomes
noticeable. What would be the effect of widelane observable applied to AFM?

The 2.2 km basc_line in the new airport (see Table 3.4: AA22) was selected to test
the effect of widelane‘observable to AFM solution. The widelane processing result
was compared with the AFM result of the original L1 and L2 carrier phase

observables in Table 3.5. The results are summarized in Table 3.6. '

Table 3.6
Comparison of widelane and the original L1 and L2 AFM processing results

original L1 and L2 observables{ widelane observable
number of candidates
(AF>0.9) 4 802
First maximum AF 0.9332 0.9902
Final maximum AF 0.9418 0.9922
First AFR 1.0507 1.0064
Second AFR 1.0144 1.0121
Third AFR 1.0004 1.0008
Coordinate differences
from known (in meter)
X 0.0060 - 0.1110
Y 0.0130 0.0780
Z -0.0130 -0.1860
Processing time 1in sec. i
(without threshold test) 678 391

1llustrations of ambiguity function of the two observables over the same 1 m’

search volume and 20 mm search resolution are shown in Figure 3.14.
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cont.
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Tvw & Y v N

Figure 3.14
[llustrations of ambiguity function over the same 1 m’ search volume by using the
original L1 and L2 carrier phase observables (left-hand side), and widelane linear
combination of carrier phases (right-hand side).

The test shows that the long wavelength property of widelane has significant
improvement in the AFM search efficiency. If reduces about 13 percent of the
processing time. The processing time of large AFM search volume with widelane
observable may be further reduced by lowering the search resolution. Nevertheless,
the number of candidates with AFV>0.9 significantly increases from 4 to 802 (see
Table 3.6). These candidates form a wide-spreading local maximum (see the right-
hand side of Figure 3.14) so it lox;vers the ambiguity function ratio (AFR) between
the best position and the second best position (see Table 3.6) that makes validation
less confident. Moreover, the positioning accuracy is seriously decreased when

comparing the AFM processing result of widelane with that of the original L1 and L2

carrier phases. It is easy to see that the maximum in the left-hand side of Figure 3.14
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is a little bit shifted to the right when using widelane observable, it can be seen in the
right-hand side of Figure 3.14. The lower positioning accuracy of widelane
observable is probably due to the fact that the linear combination of carrier phases
amplified the un-modelled biases and errors such as multipath error and

measurement noise [Hofmann-Wellenhof et al., 1994, pp. 96 and 127].
3.1.3 Validation Criteria

Validation of AFM can be done by comparing of the maximum normalized AFV
(AFVanamax) produced by the second best position with the maximum normalized
AFV (AFVy,,) produced by the best position. It is called ambiguity function ratio

(AFR):

AFR = AFVanae (3.16)
AFVMM

The numerator AF ;.. 15 less than the denominator AFyy,,, the AFR is therefore
larger than one. If the AFR is significantly larger than one, the second best position is
then considered to be further apart from the best position. Acceptance of the best
pdsitiou is decided by the test stat.istic of AFR against the tabulated value of F
distribution. The F-test is then used to decide whether the best position can be
distinguished from the other candidates, especially the second best position.

The null hypothesis is
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Ho:AFR =1 (3.17)
The alternative hypothesis is
H,: AFR>1 (3.18)

If the null hypothesis is accepted, it is concluded that the best position may not be
distinguished from the second best position and other candidates. The “correct”
position is obtained when the AFR has passed the F-test at a specified confidence

level, i.e.:
AFR>F o mm (3.19)

where AFR is the ratio of the second maximum AFV to the maximum AFV, and
F o, mi,m: 18 the F-value of specified significance level with m; degree of freedom for

the position of the second maximum AFV and m; degree of freedom for the position
of the maximum AFV. ¢ is normally taken as 0.05, it represents 95% confidence
level.

This project uses six-epoch double difference (DD) measurements and here
assumnes the number of satellites as 6. The degree of freedom is 27 (6 epochs x 5 DD
measurements — 3 positioning parameters). Therefore, the tabulated (with

interpolation) F value in 95% confidence from [Wolf and Ghilani, 1997] is 1.905.
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However, most AFRs in Table 3.5 are less than the critical F value 1.905. It means
that the best position is not significantly distinguished from the second best position.
This is not true since the search resolution may be too fine and thus the best position
and the second best position are in the same local maximum. As described in section
3.1.1 (pp. 68), the first search resolution is 20 mm, the second search resolution is
5Smm and the final search resolution is 1mm. The second best position may be only
20 mm apart from the best position in the first search. Therefore, the AFVs of the
two positions are very close, which lower the AFR. The AFRs of the second search
and the third search are not important for validation because the Eest positions and
the second best positions of the second search and the third search belong to the same
local maximum in the range of +5 mm. However, they can give some quality
information about the second and the third searchgs. The greater the AFR the better
its quality.

The first search is very important since it separates the best local maximum from
the other local maxima in the whole search volume so that fine search can be carried
out in this local maximum. Since the first search resolution may be too high, so the
best position and the second best position belong to the same local maximum that
makes ratio test not sound, which the AFRs (see Table 3.5) are less than the critical F
value. In order to make ratio test meaningful, the first search resolution is changed to
50 mm. It will not miss the “correct” local maximum because six epochs’
measurements should sufficiently suppress the wrong local maxima and
constructively produce the “correct” local maximum. Table 3.7 shows the results of

first search with 50 mm and 20 mm search resolutions. Illustrations of the local
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Table 3.7

Figure 3.15. The “correct” local maximum has not missed.

AFM processing results of the 5 cm and 2 cm first search resolutions

5 cm search resolution

2 ¢m search resolution

Number of candidates ] 4
(AF>0.9)

First AFR 1.2477 1.0507
Second AFR 1.3325 1.0144
Third AFR 1.0144 1.0004
Forth AFR 1.0004 —_—
First Max. AF 0.9081 0.9332
Final Max. AF 0.9418 0.9418
Processing time in sec. 93 678

Avs A

- maxima of the two search resolutions in the same 1 m’ search volume are shown in

cont.
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Y v AP Yw AF

3.5 /

3.05% /

LI . / . A ) /
N \ .

Figure 3.15
Illustrations of ambiguity function over the same 1 m’ search volume by using the 5
cm search resolution (left-hand side), and 2 cm search resolution (right-hand side).

The profiles of the two search resolutions are very similar, the difference is the
separation between candidates, i.e. in 5 cm search resolution, the neighbour
candidates are 5 cm apart, the neighbour candidates are 2 cm apart in 2 cm search
resolution. The best position is therefore at least 5 cm apart from the second best
position in 5 cm search resolution. It yields the greater first AFR when comparing
with the 2 cm search resolution, it cén be found in Table 3.7. However, this first AFR
of 1.2477 is far from the critical F value 1.905. Teunissen [1998) pointed out that this
kind of test statistic does not have an F-distribution since the nominator and

denominator of the test statistic are not independent.
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Validation of AFM solution can be done by least squares adjustment of the best
position and the second best position [Co;bett and Cross, 1995]. Before carrying out
the least squares adjustment, the integer ambiguities must be computed using the best
position determined by AFM; this ambiguity resolution by AFM will be described in
next section. The computed ambiguities are applied to the measurements. Least
squares adjustments are then carried out using the best position and the second best
position as known parameters. Carrier phase fixed solutions of the two positions are
solved and a posteriori variances (of the best position and the second best position)
and the best estimated positions are determined. Ratio of the a posteriori variance
determined by the second best position to the a posteriori variance determined by the
best position is validated by F-test.

'The null hypothesis is:

Ho ' Ghimicy = 53(2::4 min) (3.20)
with the alternative hypothesis:
H g 68min) < C(2nd min) (3.21)
where
&%= (:T_u::) (3.22)
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where & is the a posteriori variance,
v is the residual vector,
W is the weight matrix, and

(n-m) is the degree of freedom.

The test statistic (ratio of the second minimum a posteriori variance to the minimum

a postertori variance) is:

~2
P < 9 0(2nd min)
a,mi, T2
mhm U(%(min)

(3.23)

Where F g m; m, 18 the F-value of specified significance level with m, degree of

freedom for the second best position and m; degree of freedom for the best position.
If the solution has passed the F-test, the best position is accepted. It implies the best
position can be distinguished from the second best position and the other candidates.
Validation by F-test is verified using the 2.2 km baseline in the new airport (see
Table 3.4), which is the same baseline used to verify the AFR (ambiguity function
ratio} test in pp. 78-82. Least squares adjustment on the baseline was carried out. The
minimum and the second minimum a posteriori variance are determined as
2.604817129 and 2.604817186 respectively. The variance ratio is therefore about
one. Even the search resolution is 5 cm, which the best position and the second best

position are separated at least 5 cm, the test statistic is still very close to one. It is
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probably due to the low degree of freedom of the six-epoch measurement. F-test is
therefore too tight for validation of the short observation time-span’s solutions.
Besides, Teunissen [1998] pointed out that this kind of test statistic does not have an
F-distribution since the nominator and denominator of the lest statistic are not

independent.

3.1.4 Integer Ambiguity Resolution and Cycle Slip Correction

Lacking statistic information available for quality assurance is one shortcoming
of AFM. It can be solved by applying least squares adjustment after AFM
processing, which has been described in previous section (pp. 83-85). However, this
process requires fixing the integer ambiguities and cycle slips prior to the least
squares adjustment. Integer ambiguities can be computed by the correct position,
determined by AFM. It is ambiguity resolution (AR) by AFM. The following real
example shows how AFM is used for ambiguity resolution and cycle slip correction.
Integer ambiguities of each DD observations in all measurement epochs are
computed (see Table 3.8) using the “correct” position determined by AFM. It does
not like the conventional method of initial integer ambiguity resolution. It has an
extra benefit of absorption of apy cycle slip, so applying the computed integer
ambiguity to all DD observations V;r'il] repair any cycle slip as well.

Cycle slip simulation has done by manually editing of a DD observation. In Table
3.8, the first L1 DD observation of the forth epoch (highlighted in the column L1 of

Table 3.8) has changed from “-238502.485” to “-238505.485" (highlighted in the
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column L1 of Table 3.9). A cycle slip of 3 cycles is imposed on the DD observation.
The computed DD integer ambiguity changed from “-238521.0” to “-238524.0”
(highlighted in the column Integer ambiguity of L1 of Table 3.8 and Table 3.9) after
cycle slip simulation. However, the DD observation without ambiguity (highlighted
in the column N corrected DDL1 of Table 3.8 and Table 3.9) remains unchanged.

That shows integer ambiguity absorbs any cycle slip.
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Table 3.8

Real example on ambiguity resolution by AFM

Correct position:

-2418121.582

5385913.609

2405587.207

Epoch

L1

L2

N(LD)

Integer
ambiguity
of L1

N (L2)

Integer
ambiguity
of L2

N corrected
DDLIWDD L2

1

-238502.431

-88268.496

-238521.018

-238521

-88282.979

-88283

18.569(14.504

-259412.861

109963.428

-259406.994

-259407

109968.000

109968

-5.8611-4.572

-217168.623

-114791.663

-217186.970

-217187

-114805.959

-114806

18.377|14.337

-915124.358

-683084.172

-915154.971

-915155

-683108.026

-683108

30.642|23.828

-340283.686

-258608.088

-340277.059

-340277

-258602.924

-258603

-6.686(-5.088

-572491.861

-378392.875

-572501.005

-572501

-378400.000

-378400

9.139| 7.125

-238502.446

-88268.523

-238521.017

-238521

-88282.994

-88283

18.554|14.477

-259412.841

109963.450

-259406.984

-259407

109968.014

109968

-5.841| -4.550

-217168.596

-114791.653

-217186.975

-217187

-114805.974

-114806

18.404|14.347

-915124.347

-683084.159

-915154.983

-915135

-683108.031

-683108

30.653|23.841

-340283.6%94

-258608.100

-340277.051

-340277

-258602.924

-258603

-6.694|-5.100

--572491.838

-572501.004

-572501

-378400.011

-378400

9.162 | 7.131

-378392.869

-238502.461

-88268.528

-238521.013

-238521

-88282.984

-88283

18.539/14.472

-259412.838

109963.463

-259406.996

-259407

109968.015

109968

-5.838]-4.537

-217168.570

-114791.619

-217186.981

-217187

-114805.965

-114806

18.430|14.381

-915124.340

-683084.091

-915154.993

-915155

-683107.977

-683108

30.660|23.909

-340283.712

-258608.085

-340277.052

-340277

-258602.896

-258603

-6.712|-5.085

-572491.817

-378392.842

-5725(:1.006

-572501

-378400.003

-378400

0,183 | 7.158

CORTEIPEH

-259412.819

-88268.545

-238521.025

109963.475

-259406.995

2259407

-88282.992

-88283

AR 515 14.455

Py rie

109968.013

109968

-5.819(-4.525

-217168.543

-114791.602

-217186.980

-217187

-114805.969

-114806

18.457/14.398

-915124.309

-683084.137

-915154.983

-915155

-683108.039

-683108

30.691|23.863

-340283.740

-258608.112

-340277.064

-340277

-258602.910

-258603

-6.740(-5.112

-572491.801

-378392.836

-572501.009

-572501

-378400.011

-378400

9.199| 7.164

-238502.492

-88268.561

-238521.013

-238521

-88282.993

-88283

18.508]14.439

-259412.809

109963.489

-259406.996

-259407

1(9968.018

109968

-5.809] -4.511

-217168.521

-114791.567

-217186.990

-217187

-114805.959

-114806

18.479|14.433

-915124.278

-683084.099

-915154.969

-915155

-683108.014

-683108

30.722)23.901

-340283.753

-258608. 105

-340277.064

-340277

-258602.893

-258603

-6.753]-5.105

-572491.783

-378392.821

-572501.010

-572501

-378400.011

378400

92171 7.179

-238502.510

-88268.578

-238521.009

-238521

-88282.993

-88283

18.490|14.422

-259412.798

109963.494

-259406.999

-259407

109968.013

109968

-5.798]-4.506

-217168.495

-114791.556

-217186.985

-217187

-114805.964

-114806

18.505]|14.444

-915124.280

-683084.113

-915154.988

-915155

-683108.042

-683108

30.720(23.887

-340283.772

-258608.139

-340277.058

-340277

-258602.907

-258603

-6.772]-5.139

-572491.755

-378392.801

-572501.004

-572501

-378400.008

-378400

9.245] 7.199

87



3. A CRITICAL ANALYSIS OF GPS PROCESSING ALGORITHMS

Table 3.9
Real example on ambiguity resolution and cycle slip correction by AFM

Correct position:

-2418121.582

5385913.609

2405587.207

Epoch

Li

L2

N (L1)

Integer

ambiguity

of L1

N(L2)

Integer
ambiguity
of L2

N corrected

DDLI\DD L2

1

-238502.431

-88268.496

-238521.018

-238521

-88282.979

-88283

18.569]|14.504

-259412.861

109963.428

-259406.994

-259407

109968.000

109968

-5.8611-4.572

-217168.623

-114791.663

-217186.970

-217187

-114805.959

-114806

18.377|14.337

-915124.358

-683084.172

-915154.971

-915155

-683108.026

-683108

30.642|23.828

-340253.686

-258608.088

-340277.059

-340277

-258602.924

-258603

-6.686| -5.088

-572491.861

-378392.875

-572501.005

-572501

-378400.000

-378400

9.139] 7.125

-238502.446

-88268.523

-238521.017

-238521

-88282.994

-88283

18.554]14.477

-259412.841

109963.450

-259406.984

-259407

109968.014

109968

-5.841(-4.550

-217168.596

-114791.653

-217186.975

-217187

-114805.974

-114806

18.404(14.347

-915124.347

-683084.159

-915154.983

-915155

-683108.031

-683108

30.653|23.841

-340283.694

-258608.100

-340277.051

-340277

-258602.924

-258603

-6.694]-5.100

-572491.838

-378392.869

-572501.004

-572501

-378400.011

9.162 | 7.131

-378400

-238502.461

-88268.528

-238521.013

-238521

-88282.984

-88283

18.539,14.472

-259412.838

109963.463

-259406.996

-259407

109968.013

109968

-5.838|-4.537

-217168.570

-114791.619

-217186.981

-217187

-114805.963

-114806

18.430]14.381

-915124.340

-683084.091

-915154.993

-915155

-683107.977

-683108

30.660{23.909

-340283.712

-258608.085

-340277.052

-340277

-238602.896

-258603

-6.712]-5.085

-572491.817

-378392.842

-572501.006

-572501

-378400.005

-378400

0.183 | 7.158

TR

-88268.545

238521.025

-88282.992

-88283

TB515]14.455

-259412.819

109963.475

-259406.995

-259407

109968.013

109968

-5.819/-4.525

-217168.543

-114791.602

-217186.980

-217187

-114805.969

-114806

18.457|14.398

-915124.309

-683084.137

-915154.983

-915155

-683108.039

-683108

30.691|23.863

-340283.740

-258608.112

-340277.064

-340277

-258602.910

-258603

-6.740]-5.112

-372491 801

-378392.836

-572501.009

-572501

-378400.011

-378400

9.199| 7.164

235502.492

-88268.561

-238521.013

-238521

-88282.993

-58283

18.508|14.439

-259412.809

1049963.489

-259406.996

-259407

109968.01%

109968

-5.809|-4.511

-217168.521

-114791.567

-217186.990

-217187

-114805.959

-114806

18.479{14.433

-915124.278

-683084.099

-915154.969

-915155

-683108.012

-683108

30.722(23.901

-340283.753

-258608.105

-340277.064

-340277

-258602.892

- 258603

-6.753-5.103

-572491.783

-378392.821

-572501.010

-572501

-375400.01

-378400

92171 7.179

-238502.510

-88268.578

-238521.009

-238521

-88282.992

-88283

i18.490|14.422

-259412.798

109963.4%4

-259406.999

-259407

109968.013

109968

-5.7981-4.506

-217168.4935

-114791.556

-217186.985

-217187

-114805.96-

-114806

18.505]14.444

-915124.280

-633084.113

-915154.988

-915155

-683108.0-2

-683108

30.720]23.887

-340283.772

-258608.139

-340277.058

-340277

-258602.90°

-258603

-6.772{-5.139

-572491.755

-378392.5801

-572501.004

-572501

-378400.008

-378400

9.245( 7.199
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3.2 Investigation into LAMBDA

Teunissen [1995b] developed a processing algorithm which uses Least-squares
AMBiguity Decorrelation Adjustment (LAMBDA) method to improve the efficiency
of ambiguity resolution. This algorithm followed the steps, i) float solution, ii)
integer -ambiguity estimation and iii) fixed solution. These steps are similar to classic
static approach described in section 2.5.1. The main characteristic of the algorithm is
the integer ambiguity estimation by LAMBDA method. The LAMBDA method
consists of:

(i) the decorrelation of the ambiguities by a reparametrization of the original
ambiguities to new ambiguities; and
(ii)  the actual ambiguity estimation

Lambda method requires the variance-covariance matrix of ambiguities and the
approximate values of ambiguities derived from the least squares float solution. The
variance-covariance matrix provides information for decorrelation of ambiguities,
and the épproximate values of ambiguities are used to transform to the less correlated
ambiguities for performing the actual ambiguity estimation. The decorrelation
process involves decomposition of the variance-covariance matrix of ambiguily
parameters and Z-transformation Qf t-he original ambiguities « to the less correlated
transformed ambiguities z. The integer ambiguity estimation is then done by search
of the integer transformed ambiguities in a less correlated bounded search volume.
Finally, the estimated integer transformed ambiguities Z are inversely Z-transformed

to the original least squares ambiguity vector & for least squares fixed solution.
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Jonge and Tiberius [1996] suggested many computational schemes for Lambda
method. In this research, the author adopts a procedure that is relatively simple and

efficient. The procedure is outlined in Figure 3.16.

Fioat solution -

Partition l l

oL A
decomposition

ke o
[~
M
=

M L
Z-transformation < T A
M
B
A\ D
| Z 17 D% A
Integer transformed
ambiguity estimation
by search
z
bovr v b

Fixed solution b-Qps LDLT(z-%)
b
Figure 3.16
Outline of LAMBDA method
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Approximate position parameters b, approximate real ambiguity 4 and
variance-covariance matrix of parameters are determined in the least squares float
solution. This information is input to LAMBDA procedure as listed in Figure 3.186,
and the best estimated position parameters and integer ambiguities are determined.

The following sections will investigate the principle, efficiency and accuracy of
the LAMBDA method with a worked example. Measurement of an about 10 km
baseline (KYC10 in Table 3.4) was selected as the worked example because of its
highly correlated DD ambiguities. Six epochs of measurement are used. Because of
this short observation time, the spectrum of DD ambiguity conditional variances will
always show a discontinuity when passing the third conditional variance (see
Appendix II) [Teunissen, 1998]. In the example, only four satellites and L1 carrier
phase data are available. Such condition reduces the number of very small

conditional variances and thus the transformed spectrum is not flat already.
Variance-covariance matrix of the unknown parameters ¥, is determined by the

combined code and carrier phase float solution:

[ 0.4666 -0.2477 -0.1515| 1.6992 -0.3927 -0.7749]
-0.2477 06117 03206 | -1.0690 -1.3443 (.2023
-(0.1515 03206 04214 | 00930 03192 0.8572
16992  -1.0690 0.0930 | 83520 19074 -0.6973
-0.3927 -1.3443 03192 | 19074 9.0707 4.0560
-0.7749 02023  0.8572 | -0.6973 4.0560 3.3790 _

Ty (3.24)

and the approximate ambiguities are determined as:
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@ =[-4581612.6609 -35106603.4968 -6024070.0418]  (3.25)

Given that variance-covariance of parameters ¥z is:

%= [95 Q’;‘i] (3.26)
Qs Ca
where Qp denotes the variance-covariance matrix of position parameters (X, Y and
Z),
Qp; denotes the variance-covariance matrix of position parameters and DD
ambiguities,
Qp denotes the variance-covariance matrix of DD ambiguities and position

parameters, and

Q; denotes the variance-covariance of DD ambiguities.

The corresponding variance-covariance matrix can be partitioned from the variance-

covariance matrix of parameters as:

0.4666 —02477 -0.1515
Q; =|-02477 06117 03206 (3.27)
-0.1515 03206 0.4214
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1.6992 -0.3927 —-0.7749
Qs =[-10690 -13443 02023 (3.28)
0.0930 - 03192 0.8572

8.3520 1.9074 -0.6973
Q;=| 19074 90707 4.0560 (3.29)
-0.6973 4.0560 3.3790

where the determinant of Q 5 18 91.0955.
With the variance-covariance matrix of position parameters Qp, position
parameters and DD ambiguities Qp-, DD ambiguities, and the approximate DD

ambiguity vector @, the integer ambiguity estimation by LAMBDA method can now

proceed.
3.2.1 L'DL Decomposition

Z-transformation matrix is required to decorrelate the DD ambiguities. Formation
of Z-transformation matrix is based on the lower triangular matrix L and diagonal

matrix D of the variance-covariance matrix of DD ambiguities. Since the variance-

covariance matrix of DD ambiguities O - is a positive definite matrix ~ can be
o a p ? a

factorised into a product 1.7 DL, where L is lower triangular matrix with 1’s along

the diagonal and D is a diagonal matrix whose diagonal entries are all positive:
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Q,;=LTDL (3.30)
this decomposition gives,
1 c 0
L=|06531 1 0 (3.31)

-0.2064 1.2003 1

6.4156 0 0
D= 0 4.2021 0 (3.32)
0 0 3.3790

Once the L and D have been determined, Z-transformation matrix can be computed.
3.2.2 Ambiguity Transformation

This is the most critical part of LAMBDA method since the efficiency of the
method relies on this decorrelation step. The decorrelation is done by Z-

transformation of the original ambiguities to Iess correlated transformed ambiguities:

z=27a (3.33)

where z is the transformed ambiguity vector, Z is the Z-transformation matrix, and a

is the original ambiguity vector.
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And the variance-covariance matrix of ambiguities is transformed by:

0;=270;Z (3.34)

where O 5 denotes the transformed variance-covariance matrix of ambiguities,

Z denotes the Z-transformation matrix, and

0 denotes the original variance-covariance matrix of ambiguities.

The Z-transformation matrix is determined by the integer Gauss transformation
and the conditional variances are reordered by permutation matrix to mitigate the
discontinuity when passing the conditional variance. Teunissen [1998] described the
location and/or size of the discontinuity depends on the model of observation
equations and observation time-span.

The Z-transformation matrix of the example is:

0

0 (3.35)
1

Therefore, the approximate ambiguity vector (eqn. 3.25) is transformed by the Z-

transformation matrix (eqn. 3.35) according to eqn. 3.33, and yields:

Z = [24500920.7941 -29082533.4550 -6024070.0418]7 (3.36)
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where Z is the real transformed ambiguity vector.
And the variance-covariance matrix of ambiguities Q- (eqn. 3.29) is transformed by

eqn. 3.34:

74802 -1.7329 -1.3743
Q;=|-17329 43377 06770 (3.37)
-1.3743 06770 33790

where Q- denotes the transformed variance-covariance matrix of ambiguities. The
determinant of Q: equals 91.0955, it is the same as the determinant of Q. The
identical determinant of Q> and Q- is due to the volume-preserving property of Z,

which the determinant equals one.
In order to investigate the decorrelation effect, the standard deviation o of the
original and transformed ambiguities, as well as the correlation coefficient p are

determined. The correlation coefficient Pii is a standardized covariance that never

exceeds 1 [Strang and Borre, 1997]:

Js1 (3.38)

Recall eqn. 3.29:
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8.3520 19074 -0.6973
Q=] 19074 9.0707 4.0560
-0.6973 - 4.0560 3.3790

The standard deviations and correlation coefficients of (), are:

ogz2=3.012 Pz1a3= -0.366

os3=1.838 P z253= 1.200
After the decorrelation process:

TgE= 2.083 pflff} =-0.184

o33= 1838 psyzy=0.200

(3.29)

The result shows the transformed ambiguities are less correlated than the original

ambiguities. However, its effect is not as significant as in [Teunissen, 1995b; Jonge

and Tiberius, 1996; Teunissen, 1998]. It is because that the float solution (see pp. 91)

includes pseudorange data, which flattened the transformed spectrum, and the

baseline is quite long, which biased by atmospheric effect.

After this procedure, the less correlated real transformed ambiguities are then

delivered to a bounded search volume for integer transformed ambiguity estimation.
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3.2.3 Integer Ambiguity Estimation

This procedure aims to find the most likely integer candidates for the transformed
ambiguities by means of a sequential conditional least squares estimation. The

candidates are determined by search in a bounded volume, which satisfies:

E-2)7 0zl (z-2) = 22 (3.39)

where z denotes the real approximate transformed ambiguity vector,

z denotes the integer estimated transformed ambiguity vector,

Q- denotes the transformed variance-covariance matrix of ambiguities, and

,1‘2 denotes the bounds, not chi-square in standard statistic textbook.

For the computational details of this step, please refer to [Jonge and Tiberius,
1996; Teunissen, Jonge, and Tiberius, 1996]. A candidate fulfils the transformed

integer minimization of eqn. 3.40 is considered as the best estimate.
o T lom .
(z-2)" @5 (Z-2z)=min (3.40)

The best and the second best estimated integer transformed ambiguity vectors of

the example have been determined as:
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71=[24500921 -29082533 -6024070)" (3.41)

72=[24500021 -29082534 -6024070] (3-42)

Note that the bes; estimated integer transformed ambiguities are equal to the nearest
integers of the approximate real transformed ambiguities (see eqn. 3.36) in the
example. It means that by setting the approximate real transformed (decorrelated)
ambiguities to the nearest integer in ambiguity transformation step has the same
solution as the best estimated integer transformed ambiguities in the step of integer
ambiguity estimation by search.

Once the transformed integer minimization problem has solved, the best
estimated position parameters (X, Y and Z) can be determined by fixed solution in
the last step of Figure 3.16, or by ordinary fixed solution with the back transformed
ambiguities. The later approach is more common in practice. It is to transform the
best estimated (and second best estimated) integer transformed ambiguity vector Z

back to the best estimated original DD integer ambiguity vector a:

a=(z" (3.43)

and then perform least squares fixed solution,
The best and second best estimated original DD integer ambiguity sets of this

example are listed in Table 3.10. In the table, another two ambiguity sets determined
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by GPSurvey are also presented for comparison. These ambiguities are computed by
the determined position of GPSurvey’s solution. The fourth column is based on about
30 minutes’ observation, whereas the fifth column is determined based on six-epoch
measurement, which is the same observation time as the example. Moreover, the
original DD ambiguities determined by the combined code and phase float solution

are set to the nearest integer and shown in the sixth column.

Table 3.10
Comparison of integer ambiguity sets determined by LAMBDA to GPSurvey

LAMBDA GPSurvey Combined code and phase

Ambiguitie]  Best 2 Best | ~30 min. | 6 epochs | sofution (nearest integer)
a4 -4581612 | -4581613 | -4581611 | -4581602 -4581613
ay -35106603 | -35106604 | -35106603 | -35106594 -35106603
as -6024070 | -6024070 | -6024071 | -6024066 -6024070

The best estimated ambiguities a; and a3 determined by LAMBDA are different
from the GPSurvey’s solution with about 30 minutes’ observation by one cycle,
however, the other solutions are a few cycles different. The coordinate differences to

the GPSurvey’s solution with about 30 minutes’ observation are presented in Table

3.11.
Table 3.11
Coordinate differences
Position LAMBDA GPSurvey | Combined code and
phase solution
parameters Best 2™ Best 6 epochs {neares! inleger)
X -0.3399 -0.5320 0.778 -0.4574
Y 0.4673 0.8445 -0.864 0.6330
Z 0.4111 0.5404 1.614 0.4327
100
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The large differences in Table 3.11 are probably due to the atmospheric effect of
the 10.6 km baseline and only four obse.rving satellites; the solution of GPSurvey is
L1 ionospheric-free fixed solution with Hopfield tropospheric model. The test
indicates that the best estimated position by LAMBDA is the best solution (see Table
3.10 and 3.11). LAMBDA is also considered as a very efficient method, as it requires
a few millisecond processing time in the example. Another example on LAMBDA
method can be found in pp. 171-172 of Appendix II, which the baseline length is 1.6
km but the variance-covariance matrix of ambiguities has already flattened by the

combined code and carrier phase float solution.
3.2.4 Validation Criteria

According to [Teunissen, 1995; Jonge and Tiberius, 1996; Teunissen, Jonge, and
Tiberius, 1996; Teunissen, 1998], the LAMBDA method has no standard way to
validate the solutions. They only suggest finding the best and second best estimates,
which yield the minimum and second minimum residuals respectively, but haven’t
investigated any variance ratio test or other validation procedure for LAMBDA. In
this stage, validation can therefore be done by variance ratio test or eqn. 2.25.

Variance ratio of the above example is 1.0557, however, the tabulated value of F
distribution in 95% confidence is 2.403. Again, the F-test may not be suitable if the
degree of freedom is low, due to short observation time-span and few observing

satellites (only four in the example). Teunissen [1998] stated that this kind of test
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statistic does not have an F-distribution since the nominator and denominator of the

test statistic are not independent.
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CHAPTER 4

THE IMPROVED GPS DATA PROCESSING ALGORITHMS

Three improved GPS data processing algorithms are proposed in this chapter.
They are Combined Ambiguity Function Method and Least Squares Method with
Signal-to-Noise Ratio Weighting (CALMS), Signal-to-Noise Ratio Weighted
Ambiguity Function Technique (SWAT), and integrated LAMBDA and CALMS
algorithm. CALMS and SWAT algorithms aim to improve the GPS positioning
- accuracy. The integrated LAMBDA and CALMS algorithm is proposed to improve
data processing efficiency as well as to process GPS data without a priori position of

roving receiver.

4.1 Concepts of the Proposed GPS Data Processing Algorithms

The three processing algorithms are based on AFM because of its advantages of
AFM applied to deformation monitoring discussed in section 2.6. The concept of
AFM is described and investigated in section 3.1 in details.

As described in section 2.1.5, multipathing is the major source of error in relative
positioning and cannot be eliminated by differencing techniques. CALMS and
SWAT are derived with the relationship between multipath and SNR described in
section 2.2. They use SNR to form a stochastic model for mitigation of multipath
error and therefore improve GPS differential positioning accuracy in both horizontal

and vertical components. CALMS applies the stochastic model in weight matrix of
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least squares adjustment while SWAT applies the model as a multiplying factor in
AFM. The details of CALMS and SWAT are described in section 4.2 and 4.3.
Moreover, the efficient LAMBDA method is integrated with the CALMS method.
Solutions of LAMBDA and CALMS may be used as independent check and
vahidation of solution. The integrated algorithm therefore improves GPS data
processing accuracy, efficiency and reliability. Its procedure is described in section

44.

4.2 Combined Ambiguity Function Method and Least Squares
Method with Signal-to-Noise Ratio Weighting (CALMS)

A flowchart of the main steps involved within the CALMS {Combined AFM
(Ambiguity Function Method) and LSM (Least Squares Method) Method with
Signal-to-Noise Ratio (SNR) weighting) GPS processing algorithm is presented in

Figure 4.1.

A Priori
——) 3 . .
AFM <Correct Position C—

¥
Cycle Slip and
Ambiguity Fixed

SNR
Weighted DD

' Weight Matrix DD Observable
Best Estimate
Position and Yes >
Statistical Result SNR Weighted

Least Squares

Rejected

Figure 4.1

Outline of the CALMS GPS data processing algorithm
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The first part of CALMS processing algorithm uses AFM to process DD
measurements of L1 and L2, as described in section 3.1. A priori position for AFM is
first determined from the last deformation monitoring solution. Then AFM is carried
out to determine a very good “correct” position. This position is used as a priori
position for SNR weighted least squares adjustment. The “correct” position is also
employed in ambiguity resolution and cycle slip correction. The details of this
procedure are described in [Lau, 1997] and section 3.1.4.

The second part and kernel of CALMS is the SNR weighting least squares of the
carrier phase measurements. As described section 2.2, the SNR determines how well
the carrier-tracking loops in the GPS receiver can track the signals and hence the
precision of the carrier-phase measurements. Introduction of SNR weighting
variance into least squares adjustment is similar to that of distance in a levelling
network and elevation angle in GPS data processing algorithms.

CALMS is based on DD carrier phase observations, which can significantly
reduce common biases of both receivers in short baselines, for example, satellite
orbit bias, satellite clock offset, receiver clock offset, and part of ionospheric and
tropospheric delay. Both L1 and L2 DD carrier phase measurements are used in the
SNR weighted least squares adjustment. Unlike GLONASS, GPS has the same L1
and L2 frequencies for all satellites. The benefit of taking both L1 and L2 into SNR
weighted least squares adjustment .is that the CALMS takes interference into account
and allocates suitable weight for interfered band. However, experimental result

shows that L1 and L2 SNR weighted least squares have the same result as using L1
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only. This is because both L1 and L2 have about the same signal-to-noise ratio
during observation, which means no interference in either frequency.

As described in section 2.1.5 (eqn. 2.4 and 2.5), multipath is related to each
receiver and satellite in view; SNR weight is applied to each receiver and satellite,
therefore four SNRs are taken into account for each DD observation. This is done by
the procedure similar to the formation of DD observation. Instead of undifferenced
phase observation, the SNR matrix is obtained by multiplication of modified DD
operator (called SNR operator below) and SNR of all satellites in view for both
receivers in epoch(s). The SNR operator is formed by changing the differencing
operators of double difference (DD) operator to positive, i.e. -1 to 1. This is because
multipath error is not common for both receivers of a baseline so it cannot be
eliminated. Therefore, SNR weight of a DD measurement must take all constituent
SNRs into account, that is, four SNRs for a DD measurement (two satellites and two
receivers). Besides, the matrix multiplication in the formation of an SNR matrix is
modified; in constituent SNRs of a DD measurement, the dot product is obtained by
multiplication rather than addition of multiplied elements. This adaptive matrix
multiplication procedure can easily eliminate the loss of lock and zero SNR
measurement during processing and effectively reflects the weight of DD

measurement. The SNR matrix is expressed as
E.&wn =D-5 4.1

where ¥y, is the SNR matrix,
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D is the SNR operator, and

S is a column matrix with all SNRs arranged in the sequence as undifferenced

phase measurements.

To determine the correlation, the variance-covariance propagation law is applied,

leading to

Q=0 on Do 4.2)

where Qo is the SNR cofactor matrix,

2. .. . .. .
o s the a priori variance; it 1S taken as unity, and

Ssve is the SNR matrix.

An example of a single epoch SNR cofactor matrix is given below. It is a real
data set observed at two stations on the roof of The Hong Kong Polytechnic
University on 5/20/98; the mask angle was set to 10°, which was intended to show

the SNR of a low-elevation angle satellite clearly:

o o O =

SNR operator (D): 4.3
p )

o o o~ O O o o
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S matrix with the reference satellite at first for both receivers (9 satellites for each

receiver):

[27 11 27 11 24 15 14 18 20 26 10 26 11 23 14 13 15 22]T

(4.4)

15963 38054 6559 29.923 11.384 9.866 14.636 23.852]
38.054 242.860 41.860 190.960 72.649 62.963 93.406 152.220
_ 6559 41.860 7215 32.915 12.522 10853 16.100 26.237 o
SNR cofactor malrix: | )0 055 190,06 32.915 150160 57126 49.509 73448 119.690] %10
11384 72.649 12.522 57.126 21733 18.835 27.942 45.535
9.866 62963 10.853 49.509 18.835 16.324 24216 39.464
14.636 93406 16.100 73.448 27.942 24.216 35925 58.545

23.852 152.220 26237 119690 45.535 39.464 58545 95.407 |

(4.5)

Element (2,2) has the largest SNR variance as it is the product of the reference
satellite (SNR=27 for reference receiver and SNR=26 for roving receiver) and the
third satellite (SNR=27 for reference receiver and SNR=26 for roving receiver). It
reflects that the corresponding DD measurement has the largest weight for least
squares adjustment.

The SNR cofactor matrix is closely related to the elevation angle since SNR is
almost directly proportional to elevation angle in not too noisy environments.

Sleewaegen [1997] has shown this linear relationship between standard derivation of
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multipath and satellite elevation angle. The elevation angle of satellites and the

corresponding SNRs of the above example are shown in Table 4.1.

Table 4.1
Elevation angle of satellites and SNRs

SV # |Elevation angle {°)| SNR of L1{reference receiver, roving receiver)
2 ' 17 11,10
4 48 27,26
5 21 11, 11
7 55 27,26
10 40 24,23
13 25 15, 14
16 22 14, 13
18 30 18, 15
24 39 20, 22

The SNR cofactor matrix is a symmetric matrix where the elements are variances

or covariances of double-differenced SNR. The full SNR cofactor matrix for all

epochs is a block diagonal matrix since SNRs are correlated in the same epoch but

uncorrelated to other epochs. 1t is exactly the same dimension as DD cofactor matrix

and DD weight matrix. The SNR weighted DD weight matrix is formed by

multiplication of corresponding variance or covariance between SNR cofactor matrix

and DD weight matrix.

O,
g,

DD weight matrix=Q"' = | &,

C:0,

0.0,

o

>

o

o0, 0.0,
o o
o 0.0,
o o.

c.C o.

(4.6)
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t is the a priori variance of the GPS relative phase measurement (most

whete o

geodetic receiver manufacturers claim it as (5 mm)®),

o is the variance of DD measurements,

is the covariance of DD measurements and
Tia1n G jutn

n is the number of satellites at the epoch.

[ 12 12 12 13 12 1A
0120 01r0n 0u0n
13 12 13 [X] 13 1n

SNR cofactor matrix = 0-13_0-‘2 O-”.O'l? O-IZ_O-'?- 4.7)

1n 12 In 13 1n in
01200 0n0On 00|

where 5" 5" is the covariance of SNR measurements of the two (reference and

roving) receivers of a baseline, and

n is the number of satellites at the epoch.

Taking elements in SNR cofactor matrix as S with reference satellite denoted as
("}, reference receiver denoted as (1), and roving receiver denoted as (;) omitted; eqn.

4.7 becomes:

SNR cofactor matrix = S S'“ - S (4.8)

Srr Sn‘! Sun
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2 2 2
Ty ~22 a P} o 2a
p —S )
O, O, qz G0
2 . 2
SNR weighted DD weight matrix = | _ O $” Coon . _Ov s* (4.9)
)
O-Z o-] 0-2. O-Z O-.n—l
2 z: z:
O-g Su2 O-O S n3 . O;o nn
| 010 [0 2 0 2 T

This SNR-weighted DD weight matrix is the weight matrix for least squares
adjustment of DD measurements. The full SNR-weighted DD weight matrix for n

epochs is a block diagonal matrix:

w, 0 0 0
0 . 0
0 0 0

where .., are the block matrix as shown in eqn. 4.9.

SNR-weighted least squares is performed as usual:

A

x= (A WA AW ol (4.11)

where x is the best estimates,

A is the design matrix,

Wsyr is the SNR-weighted DD weight matrix, and

{ is the vector of observational residuals.
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This algorithm is derived for short-baseline (<10 km) application; however, it can
easily be modified to provide the ionospheric-free solution for long-baseline
processing. The formation of ionospheric-free observable can be found in [Leick

1995] or eqn. 2.24.

4.3 Signal-To-Noise Ratio Weighted Ambiguity Function Technique
(SWAT)

A flowchart of the main steps involved in the SWAT (Signal-to-noise ratio
Weighted Ambiguity function Technique) GPS processing algorithm is presented in
Figure 4.2. Although this algorithm is also derived for short-baseline data processing,
SWAT can easily be modified to include ionospheric correction; Mader [1992]

describes the formation of equivalent ionospheric-free observable for AFM.

A Priori
Position

No

Signal-to-Noise

Ratio Weighted
Ambiguity
Function Method
SNR )
Weights “Correct”
Position

Figure 4.2

Outline of the SWAT GPS data processing algorithm 2
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The a priori position is used to construct a search volume for the SNR weighted
ambiguity function search. An example of a search volume is shown in Figure 4.3. In
Figure 4.3, the a priori position, which was determined by the solution of last
measurement, becomes the a priori position of AFM, which is the centre of the

search volume.

A priori position
Trial position priori po

Search resolution

Figure 4.3
Search volume of AFM

Lau [1997] stated that incorrect position might be obtained by AFM when serious
un-modelled errors are present in th'f: measurements. Therefore, SWAT GPS data
processing algorithm uses the SNR weighted AFM to mitigate multipath as well as
interference. SWAT is the modification of the original AFM formula presented in

eqn. 3.13 to

2 i
AFXT,Z)= T 3§ ScosallLpfl 0-pf1 01 (@12)
L=1R=15=1 c 5

where § is the SNR factor and the other notations are the same as eqn. 3.13.
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SNR factor (S) is a multiplying factor. It determines the weight for ambiguity
function of each measurement to the AFV by the measured SNR. S factor is direct

and linear related to the measured SNR in the specific bounds:

_ DSNR - refSNR’
USNR* - refSNR*

S x0.2+1 (4.13)

where DSNR is the SNR of the DD measurement,
refSNR is the reference SNR,
USNR is the upper bound of SNR, which is receiver dependent,
0.2 is the SNR interval between the USNR and refSNR , and

1 is an additive constant that equals the theoretical maximum of AFV.

Graphical representation of eqn. 4.13 is shown in Figure 4.4. The power of four
in eqn. 4.13 is because that a DD measurement contains four SNRs (from the
reference satellite and a satellite to the reference receiver, and the reference satellite

and a satellite 1o the roving receiver).

SNR factor
1.2 B |
|
1
!
1.0 i
|
:
P SNR
refSNR’ USNR'

Figure 4.4
Interpolation of the SNR factor 114
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Moreover, DSNR is obtained according to Lau and Mok [1999a] and the above

section by:
Sswe=D"S (4.14)

where ¥ gye is the column SNR matrix,
D isthe SNR operator, and

S is a column matrix with all SNRs arranged in the sequence as

undifferenced phase measurements.

The clements of the SNR matrix are the corresponding DSNRs. Details and
principle for the formation of SNR matrix (eqn. 4.14) are described in [Lau and Mok,
1999a] and the above section. The procedure of SWAT is the same as that of AFM
described in section 3.1. “Correct” position is obtained when the AF ratio of the best
position (maximum AF) and the second best position (second maximum AF) passed
F-test, which was described in section 3.1.3 and [Han and Mok, 1997; Lau and Mok,

1999a].
4.4 Integrated GPS Data Processing Algorithm

Frei and Beutler [1989] stated that optimized GPS data processing algorithm

should be fast, reliable, self-contained, flexible, self-controlled and automatic.
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However, the above two GPS data processing algorithms rely on the a priori
position, which is determined in the solution of last measurement, to construct an
AFM search volume. Besides, the algorithms require the input of signal-to-noise
ratio for each measurement (satellite and epoch) in order to form a stochastic model.
It does not mean that the algorithms are not self-contained and automatic since
RINEX Version 2.0 format ought to have signal strength provided, ranging from 0 to
9 [Strang and Borre, 1997, pp. 593]. Moreover, the receiver manufacturers can add
the signal-to-noise ratios in their in-house observation file. Therefore, the processing
algorithms can read the observations as well as signal-to-noise ratios and apply them
into processing. The processing algorithms become self-contained and automatic.

In order to make a processing algorithm really self-contained, self-controlled and
automatic, the a priori position for CALMS search volume should be determined by
the observations. It means that no a priori position, which is determined by the
solution of previous measurement, is required to input. It can be done by carrying out
code solution and/or float solution before CALMS procedure. Since the processing
time of CALMS depends on the search volume (see section 3.1), the accurate a
priori position can greatly reduce the CALMS search volume and so lessens the
processing time. It is necessary for fast and precise GPS data processing algorithm.,

LAMBDA method is selected as a part of the integrated GPS data processing
algorithm to provide an accurate @ priori position for CALMS searching. The reason
for using LAMBDA is that, LAMBDA is considered to be an efficient GPS
processing method suitable for processing ciata observed in short time. Since

LAMBDA method requires an approximate coordinates of the unknown point,
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approximate values of integer ambiguities, and the variance-covariance of unknown
parameters (see in section 3.2), a float solution is hence required to perform prior to
the use of LAMBDA method.

The integrated processing algorithm contains two stand-alone processing
methods, they are. LAMBDA and CALMS method. The incorporated LAMBDA
metﬁod not only increases the processing efficiency but also serves as an
independent solution for validating the position determined by CALMS that
increases the reliability. As a result, this integrated GPS data processing is fast,

reliable, self-contained, flexible, self-controlled and automatic.
4.4.1 Outline

The main steps for the integrated GPS data processing algorithm is shown in
Figure 4.5. The algorithm consists of five processing steps, shown as the square

boxes with numbers in Figure 4.5. The five processing steps are

1) Initial position determination by DD C/A code solution,

2) Carrying out combined of C/A code and L1 carrier phase float solution,
3) Position determination by LAMBDA method,

4) Position determination by CALMS method, and

5) Validation of positioning result using F-statistical test.
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Figure 4.5
Outline of the integrated GPS data processing algorithm
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4.4.2 C/A Code Solution and Combined C/A Code and L1 Carrier
Phase Float Solution

The first part of the integrated processing algorithm is the DD C/A code solution.
This part is to find the initial position of the unknown point and the a posteriori
variance of DD C/A code solution by least squares. The next step is the combined
C/A code and L1 carrier phase float solution. Model of the float solution is shown
below.

Linear observation equations of relative code and phase measurement [Hofmann-

Wellenhof et al., 1994] are shown in eqn. (4.15) and (4.16) respectively:

W-Xs X'(O)-X, YO -Ys YP()-Y,
PR ) -pr () = |- X D= Xn Axy-]- . AY,
e [ p5(0) i) A
Z%0~ZB+ZU)-ZBA
-1- 74 (4.15)
A0, piey | 7
e o X' -Xs XT()-X4 YO -Y, YP()-Y,
A Al t)—P,m(f)= - + A ol + p Ay,
punt Pu(t) AG ] P (0) £ ()
_ _Z%O—ZH+ZU)—ZHAZR+4Nﬁ (4.16)

Py (1) LAY

where p77(r) denotes the measured DD pseudorange at epoch ¢

P (1) denotes the computed DD topocentric distance.
X, Y and Z denote the Cartesian coordinates,
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po5(t) and pi(¢r) denote the topocentric distance from the unknown point B

to the satellite p and g respectiveiy,

AXy, AYy, AZ; denote the corrections in Cartesian coordinates of point B,

A denotes the carrier wavelength,
@% (t) denotes the DD phase measurement at epoch ¢, and

N#% denotes the DD integer ambiguity.

Design matrix (A):
[a'%(r)  aya(n)
a?s (1) a%% (&)
alﬁa (t) a%ﬁ‘a (43)
a!?(SB (t1) a%’SB (t1)
alxzﬂ (tl) a%ﬂza (fl)
13 13
axslt) ava(t)
a!’?B (1) a]y% (1)
atA"gB (h) a%% (fl)
alkgﬂ (ln) a}’zﬂ (In)
a¥s(te)  abh(ts)
angB (In) fi;f'zB(in)
_aleB (ln) a{’SB (tn)

a}:za (1)
0}533 (Il)

a‘z“a (&)

alzfs (1)

alzza (1)
13

azs(t1)

alzjs ()
alzss (Il)

alZEB (ln)

alj} ([n)

alz?b ([n)

as(tn)

O O 0O 0 0 O O C O

OO0 0 O o O O O O

(o B on B e B o B o B e B e R N = -

[a=}

o o0 o0 o o o -

O O O O O O O O 0O

S o Qo -

(4.17)

where axp, ayp and ayzs are the partial derivatives with respect to the receiver

positions (shown inside the square brackets in eqn. 4.15), .
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1 denotes the reference satellite in double difference,
S denotes the number of satellites, -
t is the measurement epochs from 1 to n, and

A is the wavelength of L1 carrier phase.

A x,]
AYs
AZp
Unknown vector (X): | N'3 (4.18)

13
Nis

| Vs |
Misclosure vector:

155 ()]
) 1A3B (¢
g (1)
1155 (e1)
{ }42_3 (e

{ }433 (¢1)
! }443 (t1)

[}453 (t1)
13423 (tn)
1‘1453 (tn)

f}ng (tn)
: (4.19)
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and the weight matrix (W): |

[ 1212 Ay
W!ti;',:,: W}&Hl W}vlzfilil W}&Zbl.}.l 0 0 ¢ 0 0 0 0 0
13,12 1313 3, 1318
WAkLl WAkt WAALL wikis O 0 0 0 0 0 0 0
4 4 : ;
W.lwl,%l W.lfﬂlil eril,u wl;ffl,il 0 0 0 0 0 0 0 0
: ; o : 0 0 0 0 i} 0 0 :
Wikl WARTI WagiL o wadn ¢ 00 0 0 0 0 0
1212 1213 12,14 . 12,18
0 0 0 o 0 WAl e wAb,C WA[],C WAl € 0 0 0 0 0 0 0
1312 1313 13,14 3,18
0 0 0 0 0 Wik Wikt wipe o Wlai}.c 0 ] ] 0 0 0 0
14,12 4,13 1414 ... 1415
0 0 0 0 0 whie W'A,,,C Wk wape © 0 0 0 o 0 0
0 0 6 0 0 : : : o0 0 000 6 0 o0
9,12 15,13 sS4 15,15
0 0 0 0 0 whyt waie W'M.C whie 0 0 0 0 0 0 0
0 0 o a0 0 0 0 6 0o o : 0o o0 0 ¢ 0
2 2,15
0 0 0 o 0 0 0 0o 0 0 T WS, 0 0 0
0 0 0o 0 0 0 0 0 0 0 0 : 0 0 0
1512 15,18
0 0 0o 0 0 0 0 0 0 0 0 Wy} wigd, o0 o 0.
0 0 0 0 0 0 0 o 0 o o0 0o 0 0 WL Wi
0 0 0o 0 0 0 0 ¢ 0 © 0 0 0 O : o
1512 1518
a 0 0 0 0 0 0 0 0 0 0 0 0 0 WHZ . N
(4.20)

where L1 denotes L1 carrier phase observable and C denotes C/A code observable.

Eqn. 4.20 can be simplified as a block matrix:

(Wi O 0 0 0 0 0
0 We O 0 0 0 0
o 0 wp ©0 0 0 o0
wW=|0 0 0 We O 0 0 (4.21)
0 0 0 0 0 0
0 0 0 0 wy O
| 0 0 0 0 0 0 we
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The initial position of the code solution becomes the approximate position of the
combined C/A code and L1 carrier phase float solution. Moreover, the a posteriori
variance of DD C/A code solution becomes the a priori variance of code
measurements in combined code and carrier phase float solution. For more about a
priori variance and a posteriori variance, please see Allan {1993] and Mikhail
[1976]. On the other hand, the a priori variance of DD carrier phase measurements is
2.5E-5, which is the square of standard error (+ 5 mm) of carrier phase measurement.

The weight of measurement is:

weight = L (4.22)
Co

where g2 is the a priori variance of the measurements.

The relative weight between DD code measurement and DD carrier phase
measurement is very important as it would affect the accuracy of the estimated
unknown point in combined code and carrier phase float solution. Strang and Borre
[1997] have given an example for the weights of code and carrier phase
measurements. They take the standard error of code measurement as + (0.3 m and
carrier phase measurement as :3 mm. On the other hand, Trimbte Navigation
Limited stated that the standard errors of code and carrier phase for 40008Si receiver
are +0.5 m and =5 mm respectively. However, the standard error of code
measurement in short observation time-span (six epochs’ measurements - one

minute’ measurements with ten second measurement interval) is different. A
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versatile method is adopted in this algorithm, the standard error (or a priori variance)
of code measurement is obtained from the a posteriori variance of code solution. The
products of the combined C/A code and L1 carrier phase solution are the
intermediate position (X, Y and Z) and the DD ambiguities. Experimental result
shows that the accuracy of the intermediate position in the six-epochs’ combined
C/A code and L1 carrier phase solution ié about 0.1 m for a 2.2 km baseline,
however, ils positioning accuracy depends on the satellite geometry, and the effect of
multipath and other biases and errors.

The least squares float solution is carried out by:

Z=(ATW A) 1 ATwi (4.23)

Eqn. 4.23 is linearized by iteration until the AYTWV is less than a very small

positive critical value (1E-16 is selected in the project) [Leick, 1995, pp. 114].
Outputs of the combined C/A code and L1 carrier phase float solution are

intermediate position, approximate DD ambiguities and variance-covariance matrix

of parameters.
4.4.3 Position Determination by LAMBDA

Input parameters for this step are:
i) the approximate position of the unknown,

ii) the approximate DD ambiguities, and
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iti) the variance-covariance of DD ambiguities, which are determined by the
combined C/A code and L1 carrier phase float solution.

Details of this procedure can be found in section 3.2. OQutputs are the best estimated
DD ambiguities and position of the unknown point. The final solution (best estimated
position) of this step is based on integer ambiguity estimation and fixed solution. It is
therefore more precise and accurate than the combined C/A code and L1 carrier
phase float solution. The precise and accurate position determined by LAMBDA
method can hence reduce the search volume of the following step — CALMS method.
The smaller CALMS search volume will have less trial positions and thus reduces

AFM processing time.
4.4.4 Position Determination by CALMS

The integrated processing algorithm adopted CALMS method rather than SWAT.
[t is because that CALMS method is a combination of position and ambiguity
domain processing algorithm, which the integer ambiguities are constrained [Han
and Rizos, 1997a].

The procedures for this step are the same as that described in section 4.2. The
position determined by the LAMBDA method is used to construct a search volume to
be processed by CALMS method. The position determined by LAMBDA method
becomes the a priori position of CALLMS method.

As described in the introduction (Chapter 1), the project is constrained to short

baseline. The integrated processing algorithm does not need to incorporate any
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ionospheric-free solution and tropospheric model or correction. However, it can be
easily modified to include ionospheric-free solution (see [Leick, 1995; Mader, 1992]
or eqn. 2.24) when processing long baseline, provided that dual-frequency

observables are available.

4.4.5 Validation of Positioning Results

Step 5 is the validation of solutions determined by CALMS and LAMBDA using
F statistical test. AFR of the CALMS solutions in the integrated processing algorithm
is computed based on the recommendation of Han and Mok [1997] and Mok [1998]

as:

i j ok 1
S 3 3 S1-AFV

AFR = T=iIL=j1R-—}clS=ll 2ndMax (4.24)
S 33 S1-AFY

T=1L=1R=15=1 Max

where AFR is the ratio of the second maximum AFV to the maximum AFV,
L is the number of carrier phases from 1 to j,
~ Rs the number of receivers from 110k,
S is the number of satellites from 1 to /,
T is number of measurement epochs from 1 to i,
AFVouamer 18 the second maximum AFV of all measurements at a trial

position,
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AFVjy,, is the maximum AFV of all measurements at a trial position, and

1 is the theoretical maximum AFV of each measurement.
with the null hypothesis is
Ho: AFR =1 (4.25)
and the alternative hypothesis is
H, :AFR >1 _ (4.26)

The solution is accepted when the AFR has passed the F-test at the 95% confidence

level, i.e.:
AFR > F, mim: (4.27)

Validations of LAMBDA ambiguity fixed solution and CALMS ambiguity fixed
solution are done by ratio test between the best and the second best solution against F

distribution or a critical value. The ratio test is:

VTPV RndBest

TPV > Fa.m].m2 (428)
4

Best
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where V denotes the residual vector of the fixed solution,
P denotes the weight matrix of the fixed solution,
ml and m2 denotes the degree of freedom of the fixed best and second best
solution respectively, and

F a,m1,m2 denotes the corresponding F distribution.

In addition to the above validation procedures, another ratio test is performed
between the a posteriori variance determined by the LAMBDA integer ambiguity
fixed solution and the @ posteriori variance determined by CALMS integer

ambiguity fixed solution. This test validates the equality of the variances of two

populations on the basis of the ratio between sample variances. Let 5% with m;

degree of freedom be the a posteriori variance from the LAMBDA integer ambiguity

fixed solution, and &% while m; degree of freedom be the a posteriori variance from

the CALMS integer ambiguity fixed solution. The F value is determined as:

(4.29)

Q \Ql
Ty b

le,mz

Test the hypothesis that 5—% = 5% against the alternative that 5—% = 5—% using the

level of significance of 0.05. It is a two-tailed test since the only concern is whether

the two @ posteriori variances are statistically equal. The null hypothesis is accepted

if F riymo computed is close to one, This F-test let us know the agreement of the
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LAMBDA solution with the CALMS solution. If alternative hypothesis cannot be

rejected (F is significantly greater or less than one), the solution of the

mpm3

integrated processing algorithm is considered as unreliable.
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CHAPTER 5

EXPERIMENTAL TESTING

5.1 Purpose of Test

Experimental testing aims to verify the improvement of the proposed GPS data
processing algorithms on accuracy, reliability and efficiency. It can also be used as a
calibration test to examine the performance of the processing algorithms applied to

deformation monitoring.

5.2 Testing Sites

5.2.1 Campus of The Hong Kong Polytechnic University

The roof of core H inside the Hong Kong Polytechnic University is selected as a
site for test data collection. The collected data are utilized to test the accuracy and
reliability of the processing algorithms. Identification of this site is HKPU in the
following description.

To assess the effectiveness of CALMS and SWAT, a site in a severe multipath
environment was deliberately selected. A set of data was collected in HKPU in order
to verify that the test site has severe multipath effect. The data were processed using

GPSurvey. Figure 5.1 shows the L1 phase residual of SVN 4 (Figure 5.1(a)) and 24
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(Figure 5.1(b)) for two consecutive days. The phase residual patterns of the two
satellites in the two days are very similar. The high correlation in the phase residual
patterns has obviously shown the presence of multipath at this site. Figure 5.1 is
extracted from the processing report of GPSurvey.

Day 1 Day 2 -

-
-«

Jev.= 0.005330 Min. = 0016925 Max. = 0016497

¥

i
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®

Figure 5.1
Highly correlated phase residual of two consecutive days showing the presence of

multipath
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5.2.2 Construction Site of the Hong Kong New Airport at Chek Lap
Kok

The new airport is built on a newly reclaimed island. The Airport Authority (AA)
has therefore established good deformation monitoring network, monitoring stations
and settlement markers to perform deformation monitoring in this reclaimed area.
Background of deformation monitoring in the new airport can be found in section

1.4. Engineering site in the new airport was selected for collection of testing data.

Figure 5.2
Fieldwork in the new airport

5.2.3 Construction Site of MTRC in Tseung Kwan O

Tseung Kwan O is also a reclaimed area: some locations in this area have
recorded about 85 cm settlement recently.
Mass Transit Railway Corporation (MTRC) is building  railway and depot in

this area (see Figure 5.3). Deformation monitoring and other construction activities
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are massively carried out in this engineering site. A set of test data is collected in this

site. [dentification of this site is TKO in the following description.

Figure 5.3
Construction site of MTRC in Tseung Kwan O

5.3 Facilities Used for Test

Trimble 4000581 geodetic receiver was used for test data collection This recetver
has 12 channels and is able to track dual frequency (L1 and L2) carrier phases, P
code observations on L1 and L2 frequencies, and C/A code observations on L1. It
was connected with Trimble compéct L.1/L.2 antenna with groundplane.

GPSurvey, Trimble commercial GPS data processing software, is used to process
the collected measurements and determine the solutions. These solutions are

employed to verify the solutions of the processing algorithms.
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5.4 Design of Experiment

The test data collected in the three sites are processed by the proposed processing
algorithms and GPSurvey. Six-epoch solutions of the processing algorithms are
compared with GPSurvey’s solutions of abéut an hour observation in order to find
out the positioning accuracies of the processing algorithms and reliabilities.
Moreover, CALMS and SWAT solutions are compared with their original non-SNR
weighted solutions for determination of the improvements on positioning accuracies
and rel-iabilities.

To have a more independent and thorough investigation on the positioning
accuracy and reliability of CALMS and SWAT method, a X-Y-Z stage (see Figure
5.4) was used. The X-Y-Z stage can shift in X, Y and Z direction in 0.1 mm
precision. This test can be a simulatibn of deformation monitoring or calibration of
the methods. It was done by taking measurements in a position (Position 1) for an
hour and then moving to another position (Position 2), which has no movement in X,
Y direction and 1.5 cm in Z direction. The computed shifts of CALMS and SWAT
were compared with the known shifts, i.e. 0 cm in XY and 1.5 cm in Z. This
difference can be described as “absolute” difference. Besides, the integrity of
CALMS and SWAT were tested with sidereal day-to-day repealtability; the Positions
1 and 2 of core H at HKPU were observed in two consecutive days at the same

sidereal time.
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igure 54
X-Y-Z stage

5.5 Description of Test Data Sets

The length of the baseline in core H is about three metres. Data set collected in
core H was observed in ten seconds interval for an hour and the mask angle was set
to 15°. Trimble 4000SSi was used to collect test data in core H. The GDOP was
about two and the number of satellite was six to eight. The six-epoch processing
results of CALMS and SWAT were compared with Trimble GPSurvey’s resull,
which was observed for two days.

Another data set was cotlected in The Hong Kong New Airport at Chek Lap Kok
(Figure 5.2); the length of the baseline is about 1.6 km and the receiver setting is the
same as in core H. The number of sarellites and GDOP were six to eight and two to
three, respectively. The six-epoch processing results of CALMS and SWAT were

compared with GPSurvey solution of about an hours’ observatton.
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Two baselines in MTRC construction site in Tseung Kwan O were selected for

testing the processing algorithms. One baseline length is about 3.3 km and the other

one is about 4.5 km. Testing data sets in this site were observed to satellites with 15°

mask angle and in ten seconds measurement interval for about an hour. Test data set

of the 3.3 km baseline, called TKO33, was observed to 6-7 satellites with GDOP

ranging from three to four. Test data set of the 4.5 km baseline is called TKO45. It

was observed to 6-7 satellites with GDOP ranging from three to four.

The test data sets include different satellite geometry and environments. They are

summarized in Table 5.1. The tests and comparisons performed on the test data sets

are surﬁmarized in Table 5.2.

Table 5.1
Summary of test data sets
Site/Baseline | Observation date | Baseline Mask | Measurement | No. of
name (dd/mm/yy) |length (km)| angle (°) | interval (s) |[satellites| GDOP
HKPU 16,17/06/98 0.003 15 10 6-8 2-3
new airport 20/06/98 1.6 15 10 6-8 2-3
TKO33 21/07/99 3.3 15 10 6-7 3-4
TKO45 23/07/99 4.5 15 i0 6-7 3-4
Table 5.2
Tests and comparisons performed on the test data sets
Test on 8 Baseline name
comparsion with HKPU | new airport | TKO33 | TKO45
GPSurvey's solution v v v v
known shifts on X-Y-Z stage v v
sidreal day-to-day repeatability's solution|
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CHAPTER 6

RESULTS AND ANALYSES

6.1 Combined Ambiguity Function Method and Least Squares
Method with Signal-to-Noise Ratio Weighting (CALMS)

Figure 6.1 shows the differences (in plane coordinate) of the known 3m baseline
in HKPU at Position 1; differences at Position 2 (next sidereal day) are shown in
Figure 6.2. In the following presentation, LS means conventional least squares,
CALMS is the combined AFM with SNR weighted least squares method, and
GPSurvey is the GPS processing software of Trimble. The results are summarized in

Table 6.1 and 6.2.
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Figure 6.2
Differences of Positton 2 in HKPU

Table 6.1
Summary of differences of processing algorithms at Position 1 in HKPU

Mean dN (m) dE (m) dH (m)
LS -0.00092 -0.000186 0.009
CALMS 0.00092 0.00263 0.008
GPSurvey (1 min,)| -0.00031 0.00067 0.006

RMS
LS 0.00447 0.00397 0.01175
CALMS 0.00793 0.00425 0.01147
GPSurvey (1 min.} |  0.00387 0.00238 0.00806
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Table 6.2
Summary of differences of processing algorithms at Position 2 in HKPU

Mean dN (m) dE (m) dH (m)
LS -0.00262 -0.00079 0.008
CALMS -0.00043 0.00139 0.006
GPSurvey (1 min.) | 0.00023 -0.00166 0.0126

RMS
LS ' 0.00569 0.00281 0.00959
CALMS 0.00662 0.00276 0.01086

GPSurvey (1 min.) 0.00441 0.00275 0.00561

Figure 6.3 and 6.4 show the differences in plane coordinate (cofnparcd with 49
minutes solution of GPSurvey) of the about 1.6 km baseline in the new airport at

Position 1 and 2 respectively. The results are summarized in Table 6.3 and 6.4.
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Table 6.3
Summary of differences of processing algorithms at Position 1 in the new airport
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Table 6.4
Summary of differences of processing algorithms at Position 2 in the new airport
Mean dN (m) dE (m) dH (m)
LS -0.00283 -(0.00031 0.006
CALMS -0.00218 0.00006 0.002
GPSurvey (1 min.) | -0.10294 0.07844 -0.0085
RMS
LS _ 0.01423 0.00793 0.0355
CALMS 0.01434 0.00981 0.0303
GPSurvey (1 min.) |  0.99722 1.40386 2.004

Table 6.5 and 6.6 show the mean of determined shift in HKPU and the new
airport. It can check the processing result more independently because it considers

the relative positions only.

Table 6.5
Determined shifts of processing algorithms in HKPU
Mean shift N(m) | shift E(m) | shift H(m)
LS -0.002522 | -0.000604 0.014
CALMS -0.001353 | -0.001245 0.013
GPSurvey (1 min.) |  0.00054 -0.00233 0.0065
Known 0.000 0.000 0.015
Table 6.6
Determined shifts of processing algorithms in the new airport
Mean shift N(m) | shift E(m) | shift H(m)
LS 0.017933 -0.002911 0.013
CALMS 0.014734 | -0.001714 0.015
GPSurvey (1 min.) | -0:10856 0.28624 0.077
|GPSurvey (49 min.) | ©.020055 0.000487 0.040
Known 0.000 0.000 0.015

Table 6.7 and 6.8 show the mean “absolute” differences in HKPU and the new

airport.
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Table 6.7
“Absolute” differences of processing algorithms in HKPU
Mean "absolute" difference N (m) E (m) H (m)
LS -0.002522 | -0.000604 0.001
CALMS -0.001353 | -0.001245 -0.002
GPSurvey (1 min.) 0.00054 -0.00233 -0.0085
Table 6.8
“Absolute” differences of processing algorithms in the new airport
Mean "absolute” difference N (m) E (m) H (m)
LS 0.017933 | -0.002911 -0.002
CALMS 0.014734 | -0.001714 0.000
GPSurvey (1 min.) -0.10856 0.28624 0.062
- |All observation
GPSurvey (49 min.) 0.020055 0.000487 0.025

Table 6.9 and 6.10 show the differences in northing, easting, and height of the

baseline TKO33 and TKO45, respectively.

Table 6.9

Summary of differences of the processing algorithms in TKO33
Mean dN (m) dE (m) dH (m)
LS -0.00078 -0.00285 0.004
CALMS -0.00032 -0.00225 0.003
GPSurvey (1 min.) 0.00122 0.00476 -0.017
RMS :
LS 0.01960 0.01711 0.02928
CALMS 0.01515 0.01402 0.02243
GPSurvey (1 min.) 0.00598 0.02612 0.13726
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Table 6.10
Summary of differences of the processing algorithms in TKO45
Mean dN (m) dE (m) dH (m)
LS -0.00122 0.00385 0.006
CALMS -0.00582 (0.00291 0.004
GPSurvey (1 min.)} | 0.00180 0.00807 -0.035
RMS
LS 0.02805 0.02103 0.05360
CALMS 0.01644 0.02005 0.02698
GPSurvey (1 min.) | 0.00643 0.04916 0.17554

The “absolute” differences in HKPU determined by LS and CALMS agreed in
about 1 mm level (shown in Table 6.7). It is because that the environment of the two
receivers for the 3 m baseline is about the same, as is the multipath. Most multipath
may be eliminated by double difference for such short baseline. It cannot show the
improvement of CALMS clearly. However, it shows the integrity of the technique as
the “absolute” differences are 1mm in horizontal and 2 mm in vertical (shown in
Table 6.7) for sidereal day-to-day repeatability result. The small differences may be
due to slightly different weather and the sidereal day-to-day repeatability is not
exactly 4 minutes in advance for the next day.

In the new airport’s “absolute” result (Table 6.8). CALMS shows an 18%
improvement in northing, a 41% imbrovement in easting, and a 15% improvement in
height when comparing to conventional least squares.

From the result of TKQ33 (Table 6.9), CALMS shows a 39% improvement in
northing, a 21% improvement in easting, and a 30% improvement in height when

comparing to conventional least squares.
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According to the result of TKO45 (Table 6.10), CALMS shows a 52%
improvement in northing, a 24% improvement in easting, and a 25% improvement in
height when comparing to conventional least squares.

From the above results, the signal-to-noise ratio weighted least squares processing
algorithm (CALMS) does improve the positioning accuracy even using 1 minute of
data (6 epochs) in strong multipath environment. CALMS is a versatile algorithm
which is not dependent oﬁ surveying environment, receiver type and number of
receivers. Moreover, it is sﬁitable for short observation time-span since the stochastic
model of CALMS modelled the multipath error so that long observation time-span
for z;weraging or smoothing multipath error is not required. The above result shows
that the solution of CALMS is better than that of GPSurvey, which is processed with
30 to 49 minutes’ observation.

The advantage of CALMS is that it would not be limited to the mentioned

multipath properties such as non-Gaussian and measurement environment dependent.

6.2 Signal-to-Noise Ratio Weighted Ambiguity Function Technique
(SWAT)

Figure 6.5 shows the differences in northing, easting and height of the known 3m
baseline in HKPU at Position 1; differences at Position 2 (next sidereal day) are
shown in Figure 6.6. In the following presentation, AFM means Ambiguity Function
Method, SWAT is Signal-to-noise ratio Weighted Ambiguity Function Technique,
and GPSurvey is GPS processing software of Trimble. The results are summarized in

Table 6.11 and 6.12.
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Table 6.11
Summary of differences of processing algorithms at Position 1 in HKPU
Mean dN (m) dE (m) dH {m)
AFM 0.00175 -0.002 0.01
SWAT 0.00126 -0.00185 0.01
GPSurvey (1 min.) | -0.00031 0.00067 0.006
RMS
AFM 0.0038 0.00259 0.00947
SWAT 0.00362 0.00249 0.00781
GPSurvey (1 min.) | 0.00387 0.00238 0.00806
Table 6.12

Summary of differences of processing algorithms at Position 2 in HKPU

Mean dN(m} dE(m) dH(m)
AFM 0.0001% -0.00225 0.0094
SWAT 0.00025 -0.00219 0.0095
GPSurvey (1 min.) 0.00023 -0.00166 0.0126

RMS :
AFM 0.00488 0.00117 0.00832
SWAT 0.00503 0.00115 0.00836
GPSurvey (1 min.) 0.00441 0.00275 0.00561

Figure 6.7 and 6.8 show the differences in northing, easting and height (compared
with 49 minutes solution of GPSurvey) of the about 1.6 km baseline in the new

airport at Position 1 and 2 respectively. Table 6.13 and 6.14 summarized the results.

Table 6.13
Summary of differences of processing algorithms at Position 1 in the new airport
Mean dN (m) dE (m) dH (m)
AFM 0.01249 -0.00498 -0.0128
SWAT 0.01238 -0.00484 -0.0123
GPSurvey (1 min.} [ 0.00562 -0.2078 -0.0708
RMS
AFM 0.02076 0.01021 0.0675
SWAT 0.01999 0.01011 0.0663
GPSurvey (1 min.) | 0.92386 1.34206 2.6464 145



6. RESULTS AND ANALYSES

Table 6.14
Summary of differences of processing algorithms at Position 2 in the new airport

Mean dN(m) dE(m) dH(m)
AFM 0.01614 0.00073 0.0184
SWAT 0.01415 -0.00035 0.0177
GPSurvey (1 min.){ -0.10294 0.07844 -0.0085

RMS
AFM 0.01255 0.00935 0.0608
SWAT 0.01137 0.00747 0.0516
GPSurvey (1 min.} | 0.99722 1.40386 2.004

Table 6.15 and 6.16 show the mean of determined shift in HKPU and the new
airport. It can check the processing result more independently because it considers

the relative positions only.

Table 6.15
Determined shifts of processing algorithms in HKPU
Mean shift N (m) | shift E(m) | shift H(m)
AFM -0.00155 -0.00025 0.0149
SWAT -0.00101 -0.00034 0.0142
GPSurvey (1 min.) | 0.00054 -0.00233 0.0065
Known 0.000 0.000 0.015
Table 6.16
Determined shifts of processing algorithms in the new airport
Mean shift N (m) | shift E(m) | shift H(m)
AFM 0.00365 0.00571 0.046
SWAT 0.00177 -0.00449 0.044
GPSurvey (Imin) | -0.10856 0.28624 0.077
GPSurvey (49min) | 0.020055 0.000487 0.040
Known 0.000 0.000 0.015
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Table 6.17 and 6.18 show the mean “absolute” differences in HKPU and the new

airport.

Table 6.17

6. RESULTS AND ANALYSES

“Absolute” differences of processing algorithms in HKPU

Mean "absolute” difference N (m) E (m) H(m)

AFM -0.00155 -0.00025 -0.0001

SWAT -0.00101 -0.00034 -0.0008

GPSurvey (1 min.) 0.00054 -0.00233 -0.0085

Table 6.18

“Absolute” differences of processing algorithms in the new airport
Mean "absolute” difference N (m) E (m) H (m)
AFM 0.00365 0.00571 0.031
SWAT 0.00177 -0.00449 0.029
GPSurvey (1min) -0.10856 0.28624 0.062
All observation
GPSurvey (49min) 0.020055 0.000487 0.025

Table 6.19 and 6.20 show the differences in northing, easting, and height of the

baseline TKO33 and TKO45, respectively.




Table 6.19

6. RESULTS AND ANALYSES

Summary of differences of the processing algorithms in TKO33

Mean dN (m) dE (m) dH (m)
AFM -0.00076 | -0.00319 0.004
SWAT -0.00033 | -0.00272 0.003
GPSurvey (1 min.) 0.00122 0.00476 -0.017
‘RMS
AFM 0.01978 0.01782 0.02989
SWAT 0.01460 0.01420 0.02407
GPSurvey (1 min.) 0.00598 0.02612 0.13726
Table 6.20
Summary of differences of the processing algorithms in TKO45
Mean dN'(m) dE (m) dH (m)
AFM -0.00128 | 0.00446 0.006
SWAT -0.00051 | 0.00311 0.006
GPSurvey (1 min.) | 0.00166 0.00755 -0.022
RMS
AFM 0.02089 0.01850 0.05579
SWAT 0.01696 0.02628 0.03244
GPSurvey (1 min.) 0.00699 0.03562 0.18247

The “absolute” differences in HKPU determined by AFM and SWAT agreed in
about 1-mm level (shown in Table 6.17). It is because the environment of the two
receivers for the 3 m baseline is about the same, as is the multipath. Most multipath
may be eliminated by double differénce for such short baseline. It cannot show the
improvement of SWAT clearly. However, it shows the integrity of the technique as
the “absolute” differences are 1 mm in horizontal and vertical (shown in Table 6.17)

for sidereal day-to-day repeatability result. The small differences may be due to
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slightly different weather and the sidereal day-to-day repeatability is not exactly 4
minutes in advance for the next day.

In the new airport result (Table 6.18), SWAT shows 52% accuracy improvement
in northing, 21% in easting and 13% in height when comparing to conventional
ambiguity function method (AFM) and known displacements on the X, Y, Z stage.
Besides, the reliability of SWAT is increased by about 15%, which shows in RMS
errors of Table 6.13 and 6.14.

From the result of TKO33 (Table 6.19), SWAT shows a 55% improvement in
northing, a 15% improvement in easting, and a 14% improvement in height when
comparing to AFM.

According to the result of TKO45 (Table 6.20), SWAT is determined to have a
60% improvement in northing, a 30% improvement in easting, and a 9%
improvement in height when comparing to AFM.

From the above results, the signal-to-noise ratio weighted ambiguity function
technique processing algorithm (SWAT) does improve the positioning accuracy even
using 1 minute of data (6 epochs) in strong multipath environment. SWAT is a
versatile algorit’hm that is not dependent on surveying environment, receiver type and
number of receivers. Moreover, it is suitable for short obsenvation time-span since
the stochastic model of SWAT modelled the multipath error so that long observation
time-span for averaging or smoothing multipath error is not required. The above
result section shows that the solution of SWAT is better than that of GPSurvey,

which processed with 30 to 49 minutes’ observation.
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6.3 The Integrated GPS Data Processing Algorithm

It was tested with the 1.6 km baseline in the new airport. The differences from the
GPSurvey’s solution (49 minutes observation time) in WGS-84 Cartesian coordinate
system are shown in Figure 6.9. Figure 6.9 shows how the processing steps, which
are code solutioﬁ, combined code and carrier phase float solution, LAMBDA and
CALMS, converge the solution. Finally, the solution (in plane coordinate system) is
the same as shown in Figure 6.4 because the same tc-st data set was used and the final
step of the integrated processing algorithm is the same —~ CALMS.

In Figure 6.9, the solutions o‘f LAMBDA are not always better than the combined
code and carrier phase float solutions. Since LAMBDA method is an ambiguity
domain processing algorithm (it is similar to the other ambiguity domain processing
algorithms such as FARA and the classic approach described in section 2.5), a few
measurements may result in incorrect ambiguity resolution. It can be seen in Table
3.10 and 3.11, Table 6.8, and Table 6.18, the commercial package GPSurvey also
yields low positioning accuracy when processing six epochs’ measurements. Tiberius
and de Jonge [1995] have shown that correct ambiguity resolution (100% successful
rate) by LAMBDA mcihod for a 2.2 km baseline can be achieved with single-epoch
dual frequency phase and code data from seven satellites. However, Tiberius et al.
[1997] reported, “In all cases the standard deviations are far larger than the one cycle
level”. They tested the reliability of LAMBDA method for ambiguity resolution
(AR) using single-epoch dual frequency and single frequency phase and/or code data

from four to seven satellites, and found that all the AR results have greater than one
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Differences and convergence of coordinate by the processing steps of
the integrated GPS data processing algorithm
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cycle standard deviation. They also tested a discrimination test, which is similar to
eqn. 4.24 but they used a constant critical value 1.44 (lower than F-.value for six-
epoch solution of this project), and found that only 38% of cases resolved integer
ambiguity correctly and passed the discrimination test even when using more than 31
epochs’ data. Moreover, they discovered that 55% of the cases were accepted by the
discrimination test, although the correspondihg integer ambiguity solution disagreed
with the “true value”. In my test, the successful rate of LAMBDA is about 40%
when using six-epoch single frequency code and phase data from six satellites.
Goodness of LAMBDA solution depends on the correctness AR. Therefore, the final
validation test of the integrated processing algorithm (see eqn. 4.29) seems not
sound; the successful rate of the final validation test is about 33%. Since the above
discussion showed that LAMBDA method cannot hundred percent resolve the
integer ambiguity correctly in short observation time-span measurements, a position
| domain AFM (of CALMS) is required to overcome the correctness AR problem. The
advantages of AFM have been discussed in section 2.6 and 3.1.

In the test, the LAMBDA solutions can still provide a correct AFM search
volume (1 m® or doubled to 8 m’) for CALMS. In fact, LAMBDA solution will not
be apart from the correct solution by two metres (the extended 8 m®> AFM search
volume). Therefore, the final solution of CALMS is still reliable and éccurate. It is
due to thé advantage of the combined AFM and LSM solution of CALMS that also
constrained the ambiguity to integer. On the other hand, the processing time of the
various processing steps in the integrated GPS data processing algorithm can be

found in Appendix I.
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CHAPTER 7

CONCLUSIONS
7.1 Summary of the Thesis

This thesis described the types of deformation and the importance of deformation
monitoring in Chapter 1. Geo-technical and land surveying techniques of
deformation monitoring were reviewed. Moreover, the state of the art of using GPS
for deformation monitoring in Hong Kong was presented. Having discussion on the
biases and errors of GPS and the present GPS data processing algorithms in Chapter
2 and 3, three improved processing algorithms were proposed in Chapter 4. They are
the CALMS, SWAT, and an integrated algorithm. The proposed algorithms were
tested with real data collected in the campus of the Hong Kong Polytechnic
University, the construction site 6f the new Hong Kong International Airport, and
Tseung Kwan O construction site of the Mass Transit Railway Corporation of Hong
Kong. Details on the test data sets were described in Chapter 5. The test results were
shown and analysed in Chapter 6. The improvement of the GPS data processing

algorithms using six-epoch observation for the short baselines was presented.
7.2 Discussion and Conclusion

The proposed CALMS and SWAT are the GPS data processing algorithms

applying Ambiguity Function Method (AFM) for static deformation monitoring.
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They use the signal-to-noise ratio to improve the GPS positioning accuracy. CALMS
uses SNR weighted least squares adjustment and SWAT uses SNR weighted
ambiguity function technique. Test of the processing algorithms in Chapter 6 shows
the effective improvement of positioning accuracy. It is demonstrated more
precisely, accurately, and independently with the real data collected from simulated
deformation monitoring (known shifts of X-Y-Z stage) in the new airport
construction site. In fact, CALMS is more accurate and reliable than SWAT because
CALMS has constrained the ambiguities to integer, which is contributed by the least
squares adjustment (fixed solution) of CALMS. The fact is shown in the results of
section 6.1 (Table 6.8) and 6.2 (Table 6.18).

The advantage of CALMS and SWAT is that they are not limited to the multipath
properties described in section 2.1.5 such as non-Gaussian and measurement
environment dependent. However, CALMS and SWAT require a good a priori
position, it makes CALMS and SWAT not self-contained and automatic.

The integrated GPS data processing algorithm uses the information given in
observation file to determine solution. It is therefore self-contained and automatic.
The processing steps of the integrated processing algorithm converge the
approximate solution to the best estimated solution step-by-step. The various
processing steps are lo optimize the processing time. The processing time for a 6-
epoch observation is less than 90 seconds; the processing time depends on the
nurﬁber of measurements (satellites). Examples of processing time are shown in

Appendix [. CALMS takes most of the processing time since it has to search all the
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trial positions in a given search volume (1 m® or double to 8 m” in case of no solution
found in 1 m®) by trial and error process.

The quality assurance procedure is done by variance ratio test of the different
processing steps (the LAMBDA fixed solution and CALMS fixed solution) against
F-distribution. Although the experimental result in section 6.3 showed that this final
validation test is biased to the unreliable LAMBDA solution, it can still provide us
information about the quality (agreement) of solutions. Therefore, the final validation
test will not reject the failed solutions, the final solution is given by the more reliable
CALMS solution, which does not require ambiguity resolution. Reliability of the
solution can also be found in the AFR and variance ratio between the best and second
best solution of LSM (in CALMS) and LAMBDA method if the second best solution
is available, LAMBDA method has only the best solution sometimes since the
transformed spectrum has already been flattened by short-baseline constraint and the
combined code and carrier phase sdlution [Teunissen, 1998]. An example of the
variance ratio test can be found in Appendix I. In the example, the a posteriori
variance of LAMBDA solution is 1.63002056184705 and that of CALMS solution is
1.63002053317381. The variance ratio is obviously very close to one, which means
the solutions by LAMBDA and CALMS come from the same population in statistic
point of view.

The integrated processing algorithm can be used to process single frequency data
and single-epoch measurement. Because of short-baseline constraint, the processing
algorithm does not need dual frequency data for ionospheric-free solution. The

observables for the integrated processing algorithm are L1 phase and C/A code; it
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does not need dual frequency data for any linear combination of carrier phases.
However, the available dual frequency data can improve the positioning accuracy
and reliability indeed.

The float solution, the second processing step of the integrated processing
algorithm, has used the combined code (C/A) and carrier phase (L1) data. Moreover,
all other least squares adjustments (in LAMBDA and CALMS) have constrained the
ambiguities to integer and processed them as known parameters (fixed solution), the
integrated processing algorithm therefore has the capability for single-epoch
solution.

In conclusion, the integrated GPS data processing algorithm is:

self-contained

- automatic

- self-controlled

- reliable

- fast and precise

- short observation time-span required (6-epoch observation in 10 or 15
seconds measurement interval)

- Integer ambiguity constrained

- short baseline constrained

- change in satellite geomelfy constrained (very little or no for 6-epoch
observation).

These factors are described as essential for GPS data processing algorithm according

to Frei and Beutler [1989] and Han and Rizos [1997a]).
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7.3 Limitation of this Research

The proposed GPS data processing algorithms were investigated for short
baseline (<10 km) only. They have been tested with less than 5 km baselines.
However, baseline length should not affect the effectiveness of multipath mitigation
of the proposed algorithms since multipath effect is environment dependent and
independent to length of baseline; the problems of long baseline on GPS data
processing are ionospheric effect, tropospheric effect, and orbital errors.

CALMS and SWAT methods require a good a priori position, which is always
available in static deformation monitoring.

The proposed processing algorithms use signal-to-noise ratio to model multipath
effect, however, signal-to-noise ratio is not available in RINEX file. RINEX 2.0
format ought to provide signal strength which ranges from 0 to 9,.but most receiver
manufacturers’ utility programs that convert their code to RINEX do not provide
signal strength. If signal strength is available in RINEX file, it is still not suitable or
effective to model multipath effect. It is because the short range of signal strength (0-
9) is not fine enough to model mulitpathing. Most receivers have SNR ranging from
0 to 30-50 displayed in receiver panel or output to NMEA-0183 GSV output format
(adopted in this research). Therefore, the signal strength of RINEX format should be

modified for better representation of the real signal-to-noise ratio.

7.4 Recommendation for Future Research
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This research demonstrates the postprocessing of static data sets. However, the
proposed processing algorithms can be applied to real-time kinematic (RTK)
measur.ements. The single-epoch solutions with the proposed processing algorithms
are worth investigation.

The proposed algorithms can be investigated for long-baseline applicatioh since
the GPS biases and errors in long baselines, described in Chapter 2, can affect the
effectiveness of ambiguity resolution in the integrated algorithm and AFM searching
in the CALMS and SWAT method.

The third carrier phase observable will be available to civil user in the coming
future. Advantages and disadvantagesrof the additional observable on ambiguity
resolution, AFM searching, positioning accuracy and ionospheric correction should
be investigated. Development of GPS data processing algorithm using the three

carrier phase observables is necessary.
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1.6 km baseline I. PROCESSING REPORTS

Process Time : 5:18:47 PM 3/29/99(Local Time)

Reference Station Observation File:  k:\Data-BackUp\CALMS-AAresul\Aa-P2162051711.98x

Unkouwn Station Observation File :  k:\Data-BackUp\CALMS-AAresult\Aa-P214134171101.98x

KEFERRELERS A RSB kXA R R kR F SR L EREEER N

Base Station WGS84 Cartensian Coordinates

EEFEEXEXXRRFAERE R IR XA AKEFREX X R E TR TS

X: -2395455.378
Y: 5395829.342
Z: 2405930.346 .

FEFXFEERREEREREFL A XXX R F R B R AR XEEF XX R X ERE XX B XTI XXX IR R R R R R KK

A Priori Position of Unknown Station in WGS84 Cartensian Coordinates

EEEEERF SRR R AR R R R RNk R kR ARk Rk kb bk rkkkkE S

X: -2395802.436
Y: 5395061.725
Z: 2407295.140

FEEERERRREFEEREEREE

Processing Information
LR SRS SRS E 2D

Reference satellite : 10

Number of satellites 16

Number of Epoch(s) : 6

Measurement Interval (seconds) : 10

Occupation Time : 1 minute(s) 0 scconds

EEFRREEEETREREREARERREREEFERR

*** Initial Unknown Position ***
il By Code Solution i

EHREEEREFEREE RS EE AR RER SRR KL R

X: -2395793.8265
Y: 5395067.4878
Z: 2407296.0786
Number of Iieration : 3

A Posteriori Variance of Code Soultion : 0.1580478

LR RS 2 S 2R R s R R s LR R Rl R iR R RS S

k¥ Intermediate Unknown Position’ *re

*** Combined Code and Carrier Phase 'Float' Solution ***

I T T oo

X -2395793.8223
Y. 5395067.4862
Z: 2407296.0622
Number of Iteration : 2

A Posteriori Variance of Combined Code and Carrier Phase Float Soultion :

2.640162E-05
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1.6 km baseline

EXXRBREEERREAEARAEEELEEAXSRRE R R RELXXXRRERRRRERE U RS

i LAMBDA b
¢+ Combined Code and Carrier Phase 'Fixed' Solution ***

SRNFRREEZERELARXRAAAIREXKRREEEFELRIRREEEFRERRRRER SRR

X: -2395793.7931
Y: 5395067.0775
Z: 2407296.1640

A Posteriori Variance:  1.63002056184705
Variance Ratio: 0 (na second best soluton)

BEREEEEREE R R AR RERERRER TR E T E RS

*** Ambiguity Function Validation ***

IR R R SRS RS RS2 R 2 2R R 22t

[. PROCESSING REPORTS

Number of Local Maxima [AF of Candidates > 0.9 {or 0.8 if Warning Appears Above)]: 2

10 Maximum Candidates with AFV > 0.9 (or 0.8 if Warning Appears Above)

0.917404755015253
0.903515859503956

COODOOOQ

10 Minimum A Posteriori Variance

1.63002046450907
1.63002048360281

cCCoOOooCoo@

AEEFEREERFARRRRFRERF &N

Ambiguity Function Result

LEEE L AR RS IR S L E D]

First AFR : 1.168156
Second AFR : 1.14885

Third AFR ¢ 1.009728
Final AFR : 1.000183

Maximum AF : 0.9477
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1.6 km baseline I. PROCESSING REPORTS

WGS84 Cartensian Coordinates of Unknown station

X: -2395793.7950
Y: 5395067.0930
Z: 2407296.1780

XX EEREEEERSE

Statistical Result
LES SRR TR 2 200

Number of Observations . : 30

Number of Parameters 0 3

A Posteriori Variance of unit weight : 1.63002053317381
Number of Iteration(s) : 3

F-test (at 95.0% confidence) : Passed

AE2EREERERFEREREERN A AR Rk kxR Rk kh ok kE

A Posteriori Variance-Covariance of Parameters
AEERRRE RN EEERE Rk kR kR R RN R AR EXXE LTS %L

1.820408E-05 -2.518228E-05 -1.219756E-05
7.592419E-05 2.878107E-05
2.386704E-05

EEREREERKRRE SRR

L2 X ] CALMS k%
Least Squares Result

EEEXBAERER TR I L EX

X -2395793.7951
Y: 2395067.0935
Z: 2407296.1780

WGS84 Geographic Coordinates of Unknown station

Lat T 22 19 14.2517257

Long : 113 56 40.6591849

Height :  5.958

Baseline slope distance (in metres) : 1600.322  Standard Deviation (m): 0.006384

Baseline Components (m): dx -338.415127 dy -762.264537 dz 1365.817954

Standard Deviations (m) : 0.004267 0.008713 0.000024
dn 1475914839 de 618.628446 du 1.113429
0.003005 0.003277 0.009911
Solution Type : L1 fixed double difference
Code Solution Processing Time 0.1601563 seconds
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1.6 km baseline . PROCESSING REPORTS

Float Solution Processing Time : 0.4375 seconds
LAMBDA Processing Time : 0.0625 seconds

AFM Processing Time : 1 minutes 7.609375 scconds
Total Time : 1 minute(s) 10.69141 seconds
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10.6 km baseline I. PROCESSING REPORTS

Process Time : 00:38:13 29/03/99(Local Time)
Reference Stalion Observation File:  h:\Data-BackUp\Swat1\981222A211.txt
Unkouwn Station Observation File :  h:\Data-BackUp\Swat116205356111.txt

REEXARRREE XX R EETRABRAXREREXIREREEEERS

Base Station WGS84 Cartensian Coordinates

EEKEXKRERFREEEXRFEEXRRREXRRE R RO REkE

X: -2408856.098
Y: 5391044.469
Z: 2403591.685

ERRREARER KRR AR R R R R AR RN R R R H LI IR RN R E R LR

A Priori Position of Unknown Station in WGS84 Cartensian Coordinates

EXXXEREERR AN RSB TR ETHE R AR AR A MR RS T AR E XX EF X F XA RRERTEEREES

X: -2418124.779
Y: 5386031.259
Z: 2405095.124

FERRREEEEREAXRERETE

Processing Information
L2 EEES IS L2 L L]

Reference satellite : 3

Number of Epoch(s) : 6

Measurement Interval (seconds) : 15

Occupation Time : 1 minute(s) 30 seconds

EES I EE RS2 222222 222 22 R

*** Initial Unknown Position ***
bl By Code Solution bl

EERRFAEREEER A EXREFEEREREEER XL

X -2418146.0571
Y: 5386069.9586

Z: 2405111.5935
Number of Ieration ; 4

A Posteriori Variance of Code Soultion : 8.720272

kkkkokokd Ak FE kb kxRN kR Rk Rk kR Rk Rk ko R Rk kR

ok Intermediate Unknown Position *Ex

***  Combined Code and Carrier Phase ‘Float' Selution ***
S ok Mk kR ok ok ok Rk ok 3k ok ok ok ok e ok o o e A ok b 3k e ok ok o ok ok ok s ok ok ok ok ok ok sk b kb ckok kR

X: -2418145.6424
Y: 5386068.5540
Z: 2405111.2707
Number of lteration : 3

A Posteriori Variance of Combined Code and Carrier Phase Float Soultion ; 2.689561E-05
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10.6 km baseline I. PROCESSING REPORTS

*t****i'#**#t*******t“#******iiitft****ttt“‘t“t

i LAMBDA *E%
*++ (Combined Code and Carrier Phase 'Fixed' Solution ***

EERERRRRFERERRRRE R AR hkAERRRER ARk kR k bk hrkhhks

X: -2418145.5249
Y: 5386068.3883
Z: 2405111.2491

A Posteriori Variance: 1.196881206243
Variance Ratio: 1.05574129419642

AERKEERRERERRAKSFFFEEREERRFRREEXT RN

***  Ambiguily Function Validation ***

AKX EXBEEAEXEEXEESEREAERFEERERD

Number of Local Maxima [AF of Candidates > 0.9 (or 0.8 if Warning Appears Above)]: 3
10 Maximum Candidates with AFV > 0.9 (or 0.8 if Warning Appears Above}
0.930902687919496

0.919801867762175
0.905056492832757

SO0 oO0

10 Minimum A Posteriori Variance

1.19714986126418
1.19008236264193
1.19008252273458

DO OO

kkkkE kXX EFREFRELXERF

Ambiguity Function Result

FEEFKEFEXFEERXREXETR K

First AFR : 1.160655
Second AFR  : 1.002868
Third AFR : 1.009497
Final AFR 1000467

Maximum AF : 0.9284
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10.6 km haseline . 1. PROCESSING REPORTS

WGS84 Cartensian Coordinates of Unknown station

X: -2418145.3540
Y: 5386068.4320
Z: 2405111.40%0

kkEkkEEEERKEXE

Statistical Result

LR RS E L 2L X
Number of Observations . 18
Number of Parameters 03

A Posteriori Variance of unit weight :  12.7018900531352
Number of Iteration(s) 2

F-test (at 95.0% confidence) : Passed

KEREERERRNEB LR RN E R R e bRk kxR b kk kX

A Poslteriori Variance-Covariance of Parameters
kkk kb ER Rkt k kN STk d bk kkkkkkkkkkEkkkkk

2.168468E-04 -3.098848E-04 -2.845684E-04
1.248948E-03 1.304588E-03
1.728018E-03

EEREEEERERRRKEL R R

Least Squares Result

HEEEERRREEREEEEEE

X: -2418145.2800
Y: 5386068.2118
Z: 2405111.1717

WGS84 Geographic Coordinates of Unknown station

Lat : 22 17 57.47487209

Long : 114 10 41.93554464

Height :  5.5285

Baseline slope distance {in metres) : 10647.107 Standard Deviation (m): 0.017820

Baseline Components (m): dx -9289.181979 dy -4976.257161 dz 1519.486735

Standard Deviations (m) : 0.014726 0.035340 0.001728
dn  1688.288719 de 10511.695997 du -112.421643
0.012573 0.027389 0.047808
Solution Type : Ionospheric-free double difference
Code Solution Processing Time 5.004883E-02 seconds
Float Solution Processing Time 0.2800293 seconds
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10.6 km baseline 1. PROCESSING REPORTS

LAMBDA Processing Time : 0.050048828125 seconds
AFM Processing Time : 47.06982 seconds
Total Time : 48.11011 seconds
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APPENDIX 11

LAMBDA PROCESSING LOG FILES
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1.6 km baseline

Variance-
covariance
matrix of
parameters

Variance-
covariance
matrix of
ambiguities

L matrix

D matrix

Complete

Criginal
arnbiguities

Z matrix

Complete
Complete

II. LAMBDA PROCESSING LOG FILES

7.20E-03] -9.91E-03] -4.82E-03] 3.41E-02] 9.98E-03] -3.88E-03( -6.62E-03] 7.12E-03
-9.91E-03] 3.00E-02] 1.13E-02] -5.72E-02| -6.92E-02{ -1.77E-02] -9.98E-03| -1.65E-03
-4.82E-03] 1.13E-02| 9.51E-03] -2.80E-02| -4.20E-02| -9.11E-03| -7.51E-03] -3.41E-02
"3.41E-02| -5.72E-02] -2.80E-02] 0.16839] 9.28E-02[ -3.10E-04] -1.51E-02| 4.33E-02
9.98E-03| -6.92E-02| -4.20E-02] 9.28E-02| 0.277018] 9.21E-02 8.02E-02| 0.106739
-3.88E-03| -1.77E-02] -9.11E-03] -3.10E-04| 9.21E-02| 3.97E-02| 3.67E-02| 1.75E-02
-6.62E-03] -9.98E-03| -7.51E-03] -1.51E-02| 8.02E-02 3.67E-02| 0.036645| 2.56E-02
7.12E-03| -1.65E-03| -3.41E-02| 4.33E-02} 0.106739[ 1.75E-02| 2.56E-02| 0.214823
0.16839} 9.28E-02| -3.10E-04| -1.51E-02| 4.33E-02
9.28E-02| 0.277018| 9.21E-02| 8.02E-02| 0.106739
-3.10E-04| 9.21E-02| 3.97E-02] 3.67E-02| 1.75E-02
-1.51E-02| 8.02E-02| 3.67E-02| 0.036645| 2.56E-02
4.33E-02| 0.106739] 1.75E-02] 2.56E-02| 0.214823
L 0 0 0 0
1.411452 1 0 0 0
6.610616 | 5.352093 1 0 0
-0.604354} 2.007524 | 1.031181 1 0
0.201732| 0.496872 | 8.16E-02 | 0.119217 L
5.41E-03 0 0 0 0
0 1.46E-02 0 0 0
0 0 2.58E-03 0 0
0 0 0 3.36E-02 Q
0 0 0 0 0.214823
LTOL
10642143
-1108689
247483.8
3764753
14633833
1 -1 -1 1 0
-3 2 1 -1 0
10 -3 1 -1 1
-4 -2 -3 4 -1
L 0 0 0 0
Z-Transform
Search  (Five candidates)
16017868.38
-21131478.74
-22797607.25
26562360.2
-3517269.19
[ 16017869.38 |
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Best

Second

Back
transformed
ambiguities

Back
transformed
ambiguities
in original
order

End

-21131478.74

-22797607.25

26562360.2

-3517269.19

16017869.38

-21131478.74

-22797607.25

26562360.2

-3517269.19

16017869.38

-21131478.74

-22797607.25

26562360.2

-3517269.19

16017869.38

-21131478.74

-22797607.25

26562360.2

-3517269.19

set

16017869

-21131479

-22797607

26562360

-3517269

best N

o|o|c|o

0

Best 2nd best

3764753

-1108689

14633831

247484

10642143

(=] el ] fon) Fon)

10642143

-1108689

247484

3764753

14633831

Lambda

set

I, LAMBDA PROCESSING LOG FILES



10.6 km baseline

Variance-
coariance
matrix of
parameters

Variance-
coariance
matrix of
ambiguities

L matrix

D matrix
Complete

Original
ambiguities

Z matrix

Complete
Complete

II. LAMBDA PROCESSING LOG FILES

0.466569

-0.247674

-0.151531

1.699239

-0.392739

-0.774919

-0.247674

0.611658

0.32057

-1.069011

-1.344302

0.202257

-0.151531

0.32067

0.421397

9.30E-02

0.319205

0.857243

1.699239

-1.069011

9.30E-02

8.352007

1.907424

-0.697339

-0.352739

-1.344302

0.319205

1.907424

9.070673

4.0560086

-0.774819

0.202257

0.857243

-0.697339

4.056006

3.379042

8.352007

1.907424

-0.697338

1.907424

9.070873

4.056006

-0.697339

4.056006

3.379042

1

0

0

0.663121

1

-0.206372

1.200342

1

6.415625

0

0

0

4.20208

0

0

0

3.379042

LTDL

-4581612.661

-35106603.5

-6024070.042

i

o

-1

1

Z-Transform
{Five candidates)

Search

24500921

-29082534

-6024070

24500920

-29082533

-6024070

24500922

-29082534

-6024070

24500820

-28082534

-6024070

24500921

-29082533

-6024070




Best

Second

Back
transformed
ambiguities

Back
transformed
ambiguities
in original
End

N set

24500921

-29082533

-6024070

best N

24500921

-29082534

-6024070

Best

set

2nd best

-4581612 .

-4581613

-35106603

-35106604

-6024070

-6024070

-4581612

-35106603

-6024070

Lambda

II. LAMBDA PROCESSING LOG FILES
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