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ABSTRACT 

Multipath is a major sidereally-repeating error affecting GPS. The repetition of 

satellite-receiver geometry approximately every sidereal day enables filtering to 

minimize multipath. Computing the exact error repeat interval using the day-to-day 

autocorrelation with a 10-hour window yields a consistent and steady value of 

23h 55m 54s. A 2-hour window gives fluctuating lag values with >97% of the optimal 

lag's correlation, suggesting little advantage in using a satellite-specific or time- 

varying lag in double-difference processing. 

GPS data are filtered by stacking at the optimum lag, and applying, either coordinate 

residuals ("coordinate filtering"), or double-difference carrier phase residuals 

("observation filtering"). Coordinate filtering yields better coordinate repeatability 

than observation filtering, but with similar hour-to-hour consistency. The variance 

reduction in a high multipath environment over a 24-hour dataset reaches 73%, using 

a 3-day coordinate-filter in a high multipath enviromnent. However, observation 

filtering requires less processing time to generate and apply the filter. 

As the time gap between the days generating the filter and the applied day increases, 

the variance reduction worsens gradually, reaching zero at a gap of -30 days. The 

optimal variance reduction (61% in a low multipath environment) is achieved by 
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stacking seven days immediately before the applied day, but a stack of 3-9 days is 

acceptable. 

A switched-antenna array system may be adopted instead of continuous GPS for cost 

minimization. According to the used receivers' hardware, the optimum session 

interval to use is 119 seconds, which provides sufficient usable epochs per switch 

interval and is synchronized with the "sidereal" lag. Semi-continuous sidereally- 

filtered GPS is efficient in detecting horizontal and vertical deformations in near- 

static enviromnents with high multipath to the millimetre level. In addition, the 

precision of the deforming stations improved, reaching to a precision better than 5 

mm and 8 mm in the horizontal and vertical plane respectively. Hence, this provides 

the capability of monitoring slow moving deformations using a quick, cost-effective 

and precise GPS technique. 
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CHAPTER ONE 1 

INTRODUCTION 

Monitoring of natural and structural deformations is a vital procedure with many 
benefits, starting with assuring the performance of any structure against its design 

criteria, identifying any abnormalities in the structure's behaviour, or warning against 

geohazards and natural displacements. Also it could be useful for calibration purposes 
to be used later for structural design codes (Ogaja et al. 2001). Structural 

deformations occur either rapidly due to wind or seismic forces, or in the form of 
long-term deformations due to overloading or change in water levels, etc., as in 

deformation of buildings, bridges, dams, reservoirs and embankments. 

Of course, regardless the type of structure, deformation monitoring is often required 

to be carried out as quickly as possible, that is in real time or near real time, for safety 

and stability purposes. This is to avoid collapse of defective structures causing high 

financial liabilities and severe environmental damage (Rutledge et al. 2001). Sudden 

failure of engineering structures will cause major catastrophes, whether economic or 
death of civilians. 

In most cases, the nature of the monitored structure, required accuracy and 

environmental conditions will define the deformation methodology as well as the 

instrumentation used. Several factors have to be taken into consideration regarding 
instrumentation, starting with the required equipment and material, dealing with 

monumentation and how to protect it, in addition to the locating, operation and 

maintenance of the monitoring points (Ali 2003). 
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1.1 SensorsforDeforinationMoiiitoritig 

A wide range of sensors are used for monitoring deformations, which could vary 

according to the scale of the project, density of test stations, cost, manpower required, 

etc. , 
Generally, deformation monitoring sensors can be characterized as 

meteorological, geotechnical and surveying (geodetic) sensors (Hill and Sippel 2002). 

Meteorological sensors are the kind used mainly for the calibration of the other two 

kinds of sensors and not for monitoring structural deformation itself. They are also 

used to monitor atmospheric change, such as temperature, pressure, humidity, etc. 
Geotechnical sensors provide defonnation monitoring in one dimension only, e. g. tilt 

meters, accelerometers, micrometers and plumb lines. The main focus here is on the 

third type of sensor, namely geodetic sensors. These sensors could be categorized by 

their measurement type such as angle, distance and angle-distance, or by the adopted 

technique such as levelling, photogrammetry, laser scanning, Interferometric 

Synthetic Aperture Radar (InSAR), Pseudolites or the Global Positioning System 

(GPS). 

Comparing the efficiency of geotechnical and geodetic sensors, the former are easy to 

adapt for automatic and continuous monitoring. However, they provide localized 

information that needs to be compared to other independent measurements, resulting 
in relative deformation measurements within the deformable object and its 

surroundings. On the other hand, geodetic sensors provide sufficient redundancy 

required for quality statistical evaluation and detection of errors. They can be used to 

determine absolute displacements relative to a stable reference station or network 
(Erol et al. 2004). 

Angular sensors are mainly electronic theodolites measuring horizontal and vertical 

circle reading (directions) leading to the calculation of horizontal and vertical angles. 

The accuracy here depends on the accuracy of the horizontal and vertical circles, 

which could reach 0.5-1 second. Distance sensors used for monitoring deformations 

are the Electronic Distance Measurement (EDM) devices transmitting visible or near 

infrared radiation to calculate slope distances. The accuracy of the EDM may reach I 

mm +I ppm for short baselines. Lower accuracy is achieved for longer baselines, 
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mainly due to the difficulty in determining the refractive index of the travelling 

media. On the other hand, one type of EDM used to monitor crustal deformations and 

called the two colour (blue and red) EDM, reaches a precision of 0.5-1 mm. The 

difference in travel time between both wavelengths is used to calculate the refractive 
index, which can then be used to calculate the distance from the travel time of one of 
the colours (US Geological Survey 2007). 

The most common type of angle-distance sensor is the total station, which is in 

principle an electronic theodolite and an EDM combined together, fitted with a 

computer, with internal and external memory. The measured horizontal and vertical 
directions, as well as the slope distances, are transformed into three dimensional 

coordinates, which could be related to pre-deformation coordinates and thus produce 

an interpretation of the deforming structure. Another type of these sensors is the 

survey robot, which is generally a total station programmed for continuous 
deformation monitoring. The observed directions and distances are transmitted to an 

office computer through a telemetry link. These sensors are beneficial near high walls 
in open pit mining and slope stability studies, but possess lower accuracy when 

compared to regular total stations. Principally, this is due to the lower accuracy of the 

self-pointing of the device and lack of observation time tagging, which causes 

problems during processing (Radovanovic and Teskey 2001). 

Note that these kinds of angle and/or distance sensors require the formation of some 

sort of frame or reference network, in addition to the test points. Tbdse networks 

provide redundant observations leading to a more reliable least squares adjustment 

and hence achieve high accuracy for monitored points. However, in contrast, these 

sensors are skill and labour intensive with a limited observation rate, and are affected 
by atmospheric refraction. Most importantly, they require intervisibilty between 

reference and monitored test points for pointing purposes. This will confine the 

distribution criteria upon which the choice of reference and monitored points are 
based. In addition, as the use of these conventional sensors generally requires 
intensive post-observation calculations, they are inappropriate for real time 

deformation monitoring applications, which is considered a major drawback. Finally, 
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these sensors require good weather and sometimes daylight to perform properly and 
thus are not suitable for all seasons or even every-day purposes. 

Another type of geodetic sensor is the precise level, which is the most common 

example of a levelling sensor, measuring height differences for deformation test 

points relative to a known elevation benchmark. There are two types of precise level 

used for deformation monitoring, namely the optical and digital levels. The former is 

the old-fashioned type of level but still the most reliable and accurate method, 

observing staff readings relative to a horizontal plane. For approximately 20 rn setups 
between the instrument and the staff, an accuracy of 0.01 mm. can be achieved 
(Schofield 2001), depending on the minimum division of the staff used and the 

magnification of the parallel glass plate of the micrometer., This accuracy degrades for 

longer levelling loops and distance between level and staff. Another helpful factor in 

increasing the reliability of the solution is the material used for the staff, having high 

temperature resistant coefficient, e. g. invar. Recent types of precise level perform an 

automatic levelling process through height and distance readings from encoded 
levelling rods. This, of course, boosts the speed of the process and reduces the need 
for manpower; however there still exists some debate about the obtained accuracy due 

to systematic deviations of the levelling components (Ali 2003). 

Photogrammetric techniques are cost effective in deformation monitoring when large 

areas are to be observed. Aerial photogrammetry is widely used in detecting ground 

subsidence, while terrestrial photogrammetry is used for monitoring the deformation 

of large structures. These techniques have the advantage of monitoring an unlimited 

number of points, providing high density coverage - as is the case with laser 

scanning - in addition to a significdnt reduction in fieldwork time, along with high 

accuracy (US Army Corps of Engineers 2002). Nevertheless, these sensors are not 

suitable for small-scale (limited area) projects, as they will produce a major financial 

burden due to the high cost of the flight mission in the case of aerial photogrammetry 

or even the production of photos. New photogrammetric digital cameras now have a 

GPS receiver fifted, and thus provide coordinated imagery of monitored points in real 

time without the need of photographing ground stations for coordinate referencing. 
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This will decrease the overall cost of the process, due to the reduction in the number 

of photos produced (RICOH 2007). 

InSAR is now a common cost-effective technique used for monitoring deformations. 

It is a remote sensing technique utilizing radar satellite images, used mainly for 

measuring ground movements. The main methodology is to compare the variation of 

the radar signal phases of two epochs covering the same portion of the Earth. This 

will reveal any terrain surface subsidence in the direction of the line of sight occurring 
in this period of time, providing centimetre level of accuracy (Crosetto et al. 2003). 

In brief, GPS is a Global Navigation Satellite System (GNSS) consisting at the 

moment of 31 Space Vehicles (SV) (satellites) transmitting microwave radio signals 

to be observed by GPS receivers (sensors). The main advantage of GPS sensors is that 

station-station intervisibilty is unnecessary and thus there is more flexibility, 

especially in the location of reference stations that need to be in the most stable areas. 
GPS sensors also have the ability to continuously observe night and day, all year long, 

under any weather conditions. In addition, GPS sensors provide three-dimensional 

coordinates with respect to a global reference frame, achieved in real time or near real 

time with less labour. In consequence, GPS can provide fast and continuous 

automated deformation monitoring, in addition to the ability of full integration with 

other sensors. 

Unfortunately, GPS has its drawbacks in deformation monitoring, as false movements 

are detected from time to time due to GPS noise, as well as the resistance facing 

continuous high precision monitoring due to the major sources of errors in GPS in the 

form of cycle slip and multipath error (Roberts et al. 2001 a, b). Slope deformation 

monitoring, e. g. in landslides or open pit mines, is challenged by cycle slips and 

multipath in achieving centimetre level accuracy. This is due to the existence of 

reflecting surfaces near to the monitoring area causing multiple paths for the reflected 
GPS signals, as well as frequent loss of lock on satellites. In addition, sometimes long 

or high rate continuous GPS sessions are required to monitor movements such as 

settlement of buildings, which will lead to higher operational cost. 
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Accordingly, several applications have investigated how to overcome those 
drawbacks, as in Rutledge et al. (2001) where adaptive Kalman filtering was used to 

decrease random noise attributed to GPS observations to monitor landslides, while 

providing a comprehensive internet enabled automatic monitoring system. Teferle et 

al. (2003) investigated the effect of radio frequency interference and multipath on the 

monitoring of land movements at tide gauges in UK harbours. Forward et al. (2001) 

used a multi-antenna array system (connecting multiple antennae to one receiver) to 

monitor steep wall deformations while reducing the overall running cost. 

In general, the GPS monitoring methods differ depending on the monitored structure. 
For bridge monitoring, dual frequency receivers combined with high speed processing 

and Ultra High Frequency (UHF) data links provide real time processing and 

navigation, reaching centimetre accuracy, as in the case of cable suspension bridges. 

Gen-you et al. (2005) applies a single epoch GPS technique, utilizing low cost single 
frequency receivers for monitoring large landslide displacements, reaching centimetre 
level coordinate accuracy as well. Concerning dam monitoring, several studies, as in 

Bock et al. (2001) and De Jonge et al. (2000), were performed, possessing high 

precision but with high cost. The feasibility of the use of GPS for dam deformation 

monitoring will depend on the budget, scale and importance of the project. On the 

other hand, monitoring building deformations is often investigated using geotechnical 

sensors such as accelerometers or terrestrial photogrammetry for large-scale 

structures. 

Lately, the extensive use of GPS in daily life has tempted GPS users and geodesists to 

utilize GPS sensors either as a stand-alone tool or in conjunction with other sensors to 

monitor different types of deformations, e. g. tall buildings under rapid or vibrating 
forces such as wind or earthquakes for long time periods (Ogaja et al. 2000). GPS 

usually provides lower accuracy in vertical positioning than horizontal, although it 

can be efficiently utilized when integrated with other sensors, such as precise levels, 

Pseudo-satellites (Pseudolites) or precise accelerometers. This will enhance the 

deformation monitoring process due to the omission of different types of errors. 
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Pseudolites are ground based transmitters of GPS-like signals, with their location 

being carefully selected. They are used to enhance the satellite geometry constellation 

required to improve the integrity of monitoring deformations where visibility of 

satellites is poor or the satellite geometry is weak, especially in the case of monitoring 
in valleys or deep open-cut mines. Barnes et al. (2003) augmented GPS with 
Pseudolites in order to improve geometrically weak satellite constellations for the 

purpose of monitoring bridge deformations to the sub-centimetre level in both the 
horizontal and vertical components. Erol et al. (2004) used GPS with precise levelling 

measurements to monitor and analyse deformations of a large viaduct. Meng (2002) 

used an integrated sensor system comprising GPS and triaxial accelerometers to 

monitor long term and short-term dynamic deformations, achieving centimetre level 

accuracy. 

The new invention in modem surveying is the smart station, which is simply a GPS 

receiver mounted on a total station. The advantage of using this station is that there is 

no need for terrestrial reference stations to observe and relate the measurements to, or 

even the formation of any kind of network or traverse, as the GNSS/GPS receiver 

provides instantaneous coordinates for all monitored points. Accordingly, the 

monitoring process becomes easier with fewer instrument setups, reducing the time of 
field observations by up to 50%, while reaching sub centimetre or even millimetre 

relative accuracy. However, it must be kept in mind that this station combines the 

characteristics of the total station and GPS along with their attributed advantages and 
disadvantages (Leica Geosystems 2007). 

1.2 State of the Art in GNSS 

GPS is a promising and widely used tool in many engineering projects, mainly due to 

its reliability, accuracy and 24-hour availability. GPS is now a famous utility among 

geodesists and often users, utilizing the non-precise form in navigation and day-to-day 

activities, especially in-car navigation. GPS is highly automatic and not labour 

intensive (Chen et al. 2000). The accuracy of GPS depends upon many factors, e. g. 

the resolution of the unknown integer phase ambiguities (N), in order to obtain 

accurate and reliable phase measurements. Of course, these measurements will still - 
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contain various kinds of systematic and random errors (Leick 2004). On the other 
hand, the main disadvantage of GPS is its high cost and low accuracy in real time 

positioning, although nowadays several investigations are being undertaken in order 

to overcome this latter drawback. 

Due to the continuous need for precision and reliability improvement, frequent 

updates are being introduced in GPS in particular and the Global Navigation Satellite 

System (GNSS) as a whole, aimed at easing the use and improving the accuracy of the 

system. In GPS, new signals are being introduced and codes are being modernized. In 

addition, the new European Galileo system, expected to be fully operational by the 

year 2012, will offer an increase in the number of satellites and new frequencies. The 

Russian GLObal NAvigation Satellite System (GLONASS) is also continuously 

updating with new satellites, leading to more satellites'being available for the user 
(Kaplan and Hegarty 2006). 

A recent newcomer to the GNSS family is China, which launched its new satellite 

navigation system, called Beidou/Compass, in 2000. China is currently developing its 

system to be called Beidou 2 or Compass Navigation Satellite System (CNSS), which 
is expected to be fully operational by 2008. Recently, the first Compass M-1 satellite 

was launched, having similar characteristics to GPS and Galileo satellites in terms of 
frequency bands (Chen et al. 2007). The Quasi-Zenith Satellite System (QZSS) is a 

new GNSS system developed by the Japanese, covering East Asia and centred on 
Japan. It is mainly designed to enhance GPS services regarding satellite availability 

and accuracy. The first QZSS satellite is scheduled to be launched in 2009 (GPS- 

QZSS Technical Working Group 2007). Lately, India has revealed it may launch its 

own satellite navigation system as well. 

All these modifications and updates will definitely enrich the satellite navigation 

system in different aspects, which will in turn bring increased benefit to the civilian 

user in particular (Lavrakas 2007). Lavrakas recently looked into the future of GNSS 

in 2017 by setting different predictive scenarios. Under the most pessimistic scenario, 

the hybrid user (using all available systems) will not rely permanently on GPS. A rich 
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global capability for positioning, navigation and timing will be available, having 

about 20 satellites in view at any time over all the Earth. 

1.3 Research Motivation 

One of the major uses of GPS is its application in deformation monitoring in various 

aspects, adopting several GPS observation methods. The traditional method is 

continuous static GPS, in which GPS receivers occupy all monitoring stations, while 
logging data continuously for long periods of time. A special case of continuous static 
GPS is episodic GPS, where data is logged per station for a certain time interval e. g. 
few minutes. Then this process is repeated every short time gap, thus ending up with 

semi-continuous GPS data per station. Campaign GPS is also a popular technique 

utilized in monitoring structural defon-nations, where by the data collection and the 

monitoring process for the site area is undertaken for a specific time interval e. g. few 

hour s, and repeated every long period of time e. g. yearly. This is to detect any 

movements or deformations occurring with time, in order to asses on the behaviour of 

the structure. On the other hand, kinematic GPS allows logging of data while moving 

the receiver to different stations, and thus maintaining instantaneous GPS positioning 

at each station. 

In order to accurately monitor deformations, many factors must be considered. The 

first is to use a quick ambiguity resolution technique for instantaneous resolution at 

the desired test deformation points. A single epoch ambiguity resolution technique is 

preferable. Some other previous investigations utilized epoch-by-epoch positioning to 

provide viable alternative to traditional GPS batch processing with a better insight in 

to GPS error sources. Bock et al. (2000) used instantaneous positioning through the 

Geodetics Real Time Dynamic Network software (RTDNet) to resolve the integer 

phase ambiguities using a single epoch of data every 30 seconds, with the ability to be 

used with higher sampling rates reaching to 10 Hz. Thus three-dimensional relative 

coordinates as well as atmospheric zenith delay parameters are estimated over a 12- 

week period for various baseline lengths (50m, 14 km and 37 km). A precision of 

about 10 mm and 75 mm in the horizontal and vertical direction respectively is 
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reached for the 50 m baseline, while the corresponding counterparts are 15 mm and 
I 10 mm for the longest baseline i. e. 37 km. 

De Jonge et al. (2000) further augmented the previous investigation with I Hz GPS 

data achieving similar horizontal and vertical precision. Bock et al. (2001) used a 

more robust epoch-by-epoch software called Continuous Reference Network (CRNet) 

with a2 second sampling interval to reach a horizontal precision of 10 mm and 

vertical precision of 50 mm over an 8 km baseline. This precision can be further 

improved to 4 mm horizontally and 10 mm vertically for baselines less than I kin. 

The approach used in the current research builds on previous studies and uses, like 

RTDNet and CRNet, the double difference observable. The approach applies a 

technique that forms a search volume of possible trial positions, seeking for the 

correct ambiguity set at each epoch independently from any previous epochs. All 

mathematical procedures and methodologies are executed through a previously 

prepared ambiguity software called GPS Ambiguity Search Program (GASP) 

(Corbett 1994; Al-Haifi 1996; Gunasingam. 2003) (see Section 2.6). 

Secondly, although most of the errors affecting short-baseline GPS are eliminated or 

minimized by differencing techniques (Leick 2004), multipath error will remain due 

to the highly site-specific nature of the reflection of GPS signals from nearby 

surfaces. Hence, multipath is often considered the most limiting factor in precise GPS 

positioning, especially in deformation monitoring (e. g. Lau and Mok 1999; Axelrad et 

al. 1996). Short-term positions will be subject to quasi-periodic errors with 

characteristic timescales varying from seconds to minutes depending on the satellite- 

reflector geometry (e. g. Barnes 2000). Long-term position monitoring is also affected: 
if GPS data are processed in 24-hour batches, as is often the case, multipath error 

occurring at the satellite geometry repeat interval can alias into periodic errors close 

to annual and semi-annual periods (Penna and Stewart 2003). 

Fortunately, due to the nearly exact repetition of satellite geometry in the sky above a 

site every sidereal day (nominally 23h 56m 04s), multipath and many other geometry 

repeating errors are highly correlated across subsequent days. This is, of course, valid 

providing the same antenna and reflector environment are maintained. Consequently, 
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it is possible to apply "sidereal filtering" techniques to mitigate this error (Genrich 

and Bock 1992; Nikolaidis et al. 2001). Essentially, these methods subtract a filter 

value from the site coordinates at each epoch. The filter at a given epoch is composed 
from the coordinate residuals of the long-term mean position, at an epoch separated 
by a multiple of the near-sidereal error repeat interval (a multiple of the nominal lag 

86164s). To improve the precision and robustness of the filter, residuals may be 

stacked (averaged) over several sidereal days. 

Recent investigations based on satellite orbit analysis (Choi et al. 2004) have shown 

that the actual satellite geometry repeat interval ("sidereal lag") is slightly less than 

the nominal sidereal period used in earlier sidereal filtering studies. In addition, 
Larson et al. (2007) have discussed the use of cross correlation within the coordinate 

residuals to determine the overall multipath-repeat lag, which was confirmed to match 

the actual satellite geometry repeat interval. Agnew and Larson (2007) computed the 

GPS satellite constellation repeat time using the orbital period or the topocentric 

positions of satellites. The former utilizes the semi major axis parameter and the 

correction to the mean motion in the broadcast ephemerides to calculate the orbital 

repeat time. The latter calculates the period at which the satellite has nearly the same 
direction vector with the observing station using polynomial interpolation. Both 

techniques confirmed, with slight differences, the average sidereal lag being less than 

the known nominal one, fluctuating at the few seconds' level across the constellation, 

with polar observing stations showing greater inter-satellite variability than equatorial 

ones. Interestingly, this work suggested that the multipath signal is most similar only 

on adjacent sidereal days, tending to differ as the time separation increases, and thus 

not repeating endlessly. This criterion is investigated and confirmed later in the 

current study as part of the filter lifetime analysis (Chapter 4). 

Finally, using GPS for monitoring deformations, especially continuous GPS, is of 
high cost, which is basically due to the capital cost of the GPS equipment. 

Accordingly, this was the main motive behind the desire to utilize an alternative 

technique with moderate expense, which could be achieved using episodic GPS in the 

form of a switched multi-antenna array. This procedure has the advantage of 

combining some characteristics of both the static and rapid static techniques. GPS 
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data are not collected continuously at previously fixed points, but for a certain time 

interval at fixed antennae connected to one receiver, without the need to move a rover 

receiver through the monitoring points. 

1.4 Other Multipath Mitigation Techniques 

Several algorithms have been used for the reduction of multipath. At the point of 

measurement, the use of choke ring antennas or special architecture receivers with 
built-in multipath mitigation techniques eliminate much of the code multipath. 
However, carrier phase multipath will still be dominant, as it is more embedded and a 
harder-to-mitigate source of error (Philippov et al. 1999; Van Dierendonck and 
Braasch 1997). Other mitigation techniques reduce the multipath error at the post- 

processing stage. Both code and phase multipath can be minimized through the 

preparation of multipath maps of the GPS antenna environment, provided that this 

environment remains unaltered. These maps contain the multipath corrections for 

each satellite signal depending upon its elevation and azimuth (Cohen and Parkinson 

1991; Haji 1990). Recently, some other techniques have been developed to reduce 

multipath using either wavelet analysis (Satirapod and Rizos 2005), a Vondrak filter 

with cross-validation (Zheng et al. 2005), or weighting the data using the observed 

signal-to-noise ratio (SNR) (Lau and Mok 1999). 

The first technique (Satirapod and Rizos 2005) applies wavelet decomposition to GPS 

double difference residuals in order to extract multipath from GPS carrier phase 

observations. Such multipath signatures are then directly applied to GPS observations 

in subsequent days to correct for the multipath effect, thus giving the best unbiased 

least squares solution. The basic concept is the multi resolution analysis of GPS 

signals at different scales by using filters of different cut-off frequencies. Through 

setting a zero baseline (two receivers and one antenna), double difference residuals 

are produced for all satellite pairs representing true GPS observation noise. Such 

residuals are decomposed into low frequency bias and high frequency noise through 

wavelet transformation using three levels of decomposition. Then; the F-test is used to 

compare the standard deviation of real GPS observation noise and those calculated 

from extracted noise components at each decomposition level. The first level of 



1. INTRODUCTION 13 

wavelet decomposition produces the best fit to the multipath disturbance signal, 

reducing carrier phase multipath and leaving behind GPS noise. 

The second methodology (Zheng et al. 2005) separates signals from noise at different 

noise levels wherever the noise level is lower than the magnitude of the signal. The 

Vondrak filter produces filter values based on different smoothing factors, while cross 

validation determines the optimal smoothing factor. This removes noise properly from 

useful signals giving the least variances among Easting, Northing and Up station 

coordinates. Both techniques together give a balance between data fitting and 

smoothing. Actual and simulated GPS data 'are used in the filtering process. The 

larger the smoothing factor, the rougher the filtered curve will be and thus more high 

frequency signals remain in the filtered curve. Reliable GPS multipath models are 

produced to reduce multipath effects in subsequent days through day-to-day sidereal 
filtering, resulting in an improvement in the accuracy of about 20-40% of RMS 

values. This technique has the disadvantage in the case of high noise level, where high 

frequency signals tend to be filtered out. 

The main idea of the third technique (Lau and Mok 1999) is to Combine the 

Ambiguity Function Method (AFM) with Signal-to-noise ratio in a Least squares 
Method called CALMS in order to model noise in each observation for multipath 

mitigation. The use of SNR is due to the fact that it determines how well the carrier 
tracking loop in the GPS receiver can track the signals and hence determines the 

precision of carrier phase measurements. Double difference Ll and L2 phase residuals 

are obtained through the AFM, in which the correct position obtained, will act as an a 

priori position for SNR weighted least squares of carrier phase measurements. SNR 

weighting is applied to each receiver and satellite, thus producing the so-called SNR 

cofactor matrix, which is the Variance-Covariance (V-C) matrix of double difference 

SNRs. From such a matrix, the SNR weighted double differences are obtained to be 

used as the weight matrix in the least squares adjustment. A certain shift in the Z- 

direction is embedded to simulate deformation monitoring and calibration of the 

technique, and thus the results of CALMS are tested and compared, as well as its 

integrity through sidereal day-to-day repeatability. CALMS improves the accuracy 

even with a small data set without any averaging or smoothing of the multipath error. 
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However, some differences occurred during results comparison, and it was suspected 
these were either due to weather or the actual lag not being exactly what was used 
(86160s). The main disadvantage here is that the SNR information is not always 

present in a RINEX observation file, which makes it practically inapplicable in all 

cases. In addition, this technique is only suitable for static platforms in severe 

multipath environments, observing short baselines. 

1.5 Research Objectives and Methodology 

Although previous applications used for deformation monitoring were successful and 

accomplished certain goals, most of the results were achieved in a post-processing 
batch mode, where a solution is obtained every certain time period. Thus, these 

techniques required relatively long observatio 
' 
nal periods (24 hours) in order to obtain 

the results and assess them, only after which any action could be taken. Keeping in 

mind the main disadvantages of GPS sensors, the research aim in this thesis will focus 

on using a fast, and more importantly accurate, GPS technique, utilizing a single 

epoch processing approach (cycle slip free), along with sidereal filtering (trying to 

minimize the most limiting factor of multipath error), through which the switched 

antenna array procedure is adapted (reduction of cost with reliable precision), for the 

sake of monitoring structural deformations. This combined methodology could lead to 

the optimum criteria of using GPS in a reliable, precise and cost effective manner for 

monitoring deformations. Accordingly, the current research aims to improve the 

precision as well as reduce the cost of semi-static monitoring of engineering 

structures. 

The first objective arises from the high effect of sidereally repeating errors (mainly 

multipath) on GPS observations. Such consideration of signal multipath is essential, 

especially near buildings, as it is one of the major errors attributed to GPS 

measurements, affecting coordinate precision. At first, it is important to assure the 

value and consistency of the sidereal lag by analysing the periodicity of the coordinate 

and phase residuals in single epoch positioning. Secondly, one must establish whether 

filtering at the coordinate or carrier phase observation level is the most beneficial. It is 

also necessary to check the validity of applying previously obtained sidereal filters in 
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enhancing the coordinate precision of any data set some days later, as well as 
identifying the optimum number of days to stack and apply, in order to produce the 

highest coordinate precision. In deciding the optimal filtering method, one must 

consider not only the improvement in short-term coordinate precision, but also the 

consistency of improvement and the processing time necessary to achieve final 

filtered coordinates. For near-real-time applications, such as landslides, geohazards 

and monitoring of civil engineering structures, these additional criteria are important. 

In addition, one aims to merge both the single epoch processing and sidereal filtering 

technique, in conjunction with a switched antenna array, for monitoring deformations, 

aiming to reduce the overall monitoring cost while achieving reliable precision. The 

switched antenna array technique provides periodic GPS observations from multiple 

GPS antennae. Through a manual or automated switch, one could control (switch) the 

GPS data stream from each antenna every specified time interval. Thus, a reliable 

solution could be obtained using this technique with relatively low cost, satisfying 
both applicability and effectiveness. Accordingly, the switched antenna array can be 

easily adopted for monitoring deformations through the fixation of the required test 

points, upon which multiple GPS antennae - connected to one receiver - are 

mounted. This of course can be efficiently utilized for the assessment of the stability 

of the applied structure (Forward et al. 2001). 

The GPS processing software GASP (Corbett 1994; Al-Haifi 1996; Gunasingam 

2003) operates in a single-epoch mode, unlike the batch mode, and thus would be 

very useful in near real time applications. Each epoch is treated as an entirely 

independent measurement, while conducting a search in ambiguity space for the 

optimal integer values of the ambiguity parameters, using the Ll and L2 phase 

observables. As each epoch is treated separately, there is no possibility for common 

parameters to affect the level of multipath error. GASP processes baselines, either in 

the fully-kinematic mode in which the coordinates of the "fixed" site are determined 

by a code pseudorange solution at each epoch, or in the fixed-base mode in which the 

coordinates of the "fixed" site are specified a priori. The latter mode of operation is 

the one used in the current research. Of course, such a program is updated from an 

older version with certain modifications in order to cope with the nature and objective 
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of this thesis. This single epoch ambiguity resolution technique utilized in GASP has 

the advantage of not requiring long GPS sessions or initialization, as well as 

eliminating the effect of cycle slips and the necessity of continuous lock on satellites 
(Corbett 1994; Al-Haifi 1996; Gunasingam 2003). 

It should be mentioned here that in order to fulfil these objectives efficiently some 

modifications needed to be made to the GPS processing GASP software. The first and 

major modification was the conversion of the program to read RINEX (Receiver 

INdependent EXchange format) data directly instead of reading NXF (Newcastle 

eXchange Format) data. This in turn required the running of a certain previously 

made utility program called RINTONXF (RINex TO NXF) to transform the 

observational data file from the RINEX version to the NXF version, which consumes 
time. Nowadays, RINEX observational data is the most commonly used among a 

wide variety of receiver manufacturers. 

As a further modification, Phase Centre Variation (PCV) corrections are applied 

optionally to all the antennae used, whether these corrections are applied as a fixed 

value to the antenna offset or a variable correction to be subtracted from the phase 

observations depending upon the elevation angle of each satellite. Such variations are 

modelled using the US National Geodetic Survey calibration values (National 

Geodetic Survey 2005). More details on antenna PCV correction can be found in 

Section 2.6.1. In addition, a more precise tropospheric model using the updated 
Saastamoinen model with Niell's mapping functions is inserted, in order to minimize 

the tropospheric error as much as possible. Mathematical expressions and detailed 

explanation about this model can be found in Section 2.6.3. Other modifications were 

applied to the GASP software in order to utilize the single epoch processing 

methodology with the sidereal filtering technique. Detailed explanation of such 

updated software is given in Section 2.6. 

Accordingly, the current research investigates two main topics. The first considers 

sidereal filtering of data, in order to help in the mitigation of the multipath error, 

which will eventually increase the precision of the final obtained point coordinates. 

Tbus, instead of comparing the coordinates of successive epochs, it is possible to 
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compare and study the autocorrelation of point coordinates in each processed epoch 

with its counterpart one sidereal day before. But, of course, this will be done after 

several investigations are undertaken in order to determine first the optimum value of 

the sidereal lag period. Thus, various trial lags are considered ranging around the 

known nominal value of 23 hours and 56 minutes. As closure to this part, the ageing 

of any sidereal filter is investigated using different batches of multiple days, as well as 

the determination of the best possible combination of days to use and form the filter, 

in order to obtain maximum precision for the filtered coordinates. 

For this purpose, two newly established programs are introduced. The first is the GPS 

Autocorrelation Sidereal Filtering (GASF), which is used to determine the optimum 

sidereal lag period based on the maximum value of autocorrelation between 

subsequent epochs. The second program, called Filter Application Program (FAP), 

uses the optimum sidereal lag period obtained from the first program in order to filter 

the coordinates from the multipath error and obtain the final accurate coordinates. In 

addition, the sidereal filtering process is also discussed, while comparing the raw 

phase data of GPS observations between epochs separated by one sidereal day, rather 

than comparing the coordinates themselves. 

The second part of the research deals with the switched antenna array. The 

investigation concerned here is to determine the most appropriate observation session 
length per each fixed antenna before switching to the next one. This is employed 

while considering three main factors. The first is efficiency; that is using a short but 

still reliable session length. The second is how to implement sidereal filtering with 

switched antennae; that is synchronizing the used session length with the optimum 

sidereal lag obtained; and thirdly, to acquire at the end the best possible precision for 

station coordinates. This specific investigation of switch session length is vital, in 

order not to confuse structural deformation with observational errors, which will lead 

to inaccurate interpretation of the obtained results. In the end, after the 

accomplishment of the previous two main research objectives, the reliability and 

efficiency of sidereal filtering was investigated for improving the coordinate precision 

while detecting simulated deformations, using a dual antenna switch array, processing 
I Hz GPS data. 
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Note that due to the high precision required, the use of the navigation message 
broadcast along with GPS signals will be inapplicable, and thus more precise orbits 

must be used. In this case, final precise orbits could be used with an orbital accuracy 
less than 0.05 m but with 13 days latency or even the quicker rapid precise orbits with 

similar accuracy but only 17 hours latency. In addition, half observed ultra rapid 

precise orbits are available with similar accuracy within only three hours, which could 
definitely be regarded as a near real time application. Half predicted ultra rapid 

precise orbits could be also used for real time applications with 0.1 rn orbital accuracy 
(Gledan 2004). For the current study, we use the International GNSS Service (IdS) 

precise orbits, which can be easily downloaded from the IGS website (International 

GNSS Service 2007; Neilan et al. 1997). 

Finally, the current research will adopt several methodologies in order to assess the 

obtained results, s uch as (i) the obtained coordinate accuracy relative to previously 
known static coordinates; (ii) the repeatability (precision) of station coordinates over a 

certain time interval; (iii) the F-test statistic applied to the goodness of fit of the 

residuals to the phase observations (; r'); and (iv) the efficiency of the used technique 

from the precision and processing time point of view. 

1.6 Thesis Outline 

This thesis consists of seven chapters and five appendices, briefly detailed as follows: 

Chapter one introduces first the different sensors used for monitoring deformations, 

followed by the current situation of GNSS. The motivation behind the current 

research is outlined, and then pursued by the different techniques used for multipath 

mitigation. The chapter concludes with the main research objectives and adopted 

methodology. 

Chapter two gives a brief introduction to GPS and its constellation, error sources and 

observables. Differencing GPS techniques and ambiguity resolution techniques are 

given next, ending with a detailed description of the utilized GPS software and 

adopted ambiguity resolution technique in the current research. 
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Chapter three provides a full illustration of the two programs used for sidereal lag 

determination and filter application and conclude with the actual geometry repeat lag 

investigations. 

Chapter four introduces the main concept behind sidereal filtering using coordinate or 

carrier phase residual stacking. The actual application of the filter is fully illustrated 

together with a comparison of the two filtering techniques used, as well as an 
investigation into the effect of sidereal lag variations. Finally, investigations into the 

optimum number of days to stack and the sidereal filter lifetime are given. 

In Chapter five, the mechanism of the multi-antenna array system is described. 

Various multi-antenna array system applications are briefly outlined, and then the 
development of the dual antenna switching device is explained. This is followed by 

the optimum session observation interval investigations. The Chapter ends with 

sidereal filter application on periodic GPS data, while considering various precision 
limits. 

Chapter six involves the practical application of the single epoch sidereally filtered 

GPS utilizing a dual antenna switch array for monitoring deformations. The used 

simulating deformation platform is shown first. After that, the application of sidereal 
filtering on periodic GPS data sets, while considering implemented deformations, is 

fully described. 

Chapter seven summarizes the work done throughout the research and the conclusions 

extracted from the results, in addition to the suggestions and recommendations for 

future research in the subject area. 

GASP and GASF initial files are given in Appendix A and B, respectively. Additional 

sidereal filter analysis tables and plots are illustrated in Appendix C and D, 

respectively, while web resources are outlined in Appendix E. 
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GPS 0 VER VIE WAND 

PROCESSING SOFTWARE 

21 Introduction 

Currently, GPS is the dominant fully operational GNSS used for engineering 

surveying and geodetic applications. Although detailed explanations of GPS can be 

found in many publications, this chapter gives a brief background to GPS. At the start, 

a brief introduction to the GPS constellation and its various segments is given, 
followed by an outline of all major attributed errors in GPS positioning. The two main 
GPS observables are explained next, namely the code and carrier phase observables, 

accompanied by their mathematical expressions, after which the three GPS 

differencing techniques are illustrated. A concise overview of the different ambiguity 

techniques is presented. Most importantly at the end, the, main GPS processing 

software used in the current research is fully described. 

2.2 GPS'Constellation 

GPS consists of three segments: the space segment, control segment and user 

segment. The space segment includes the space vehicles (satellites) and the rockets 

used for launching the satellites. The constellation of GPS satellites today consists of 
31 satellites (block II/lIA, IIR and IlR-M satellites), of which some are spare, to be 

used in the case of malfunction of any of the operational satellites. All satellites orbit 

the earth at a nominal altitude = 20,200 km, distributed in six near-circular orbits, 

each inclined at 550 to the equatorial plane, having the earth's centre at one of its foci. 

This inclination is chosen to ensure that the constellation of satellites covers the polar 
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regions. The satellites orbit the earth twice a day, that is, one complete revolution 

approximately every 12 hours (Leick 2004). 

The current satellites transmit radio signals on two carrier frequencies LI and L2, 

having frequencies of 1575.42 MHz and 1227.60 MHz respectively. The wavelength 

of LI= 19 cm, while for L2 = 24 cm. Dual frequency receivers receive both LI and L2 

frequencies, while single frequency receivers deal with LI only. These two carrier 
frequencies are modulatýd with Pseudo-Random Noise (PRN) codes and navigation 

messages. The first code is the Coarse/Acquisition code (C/A-code), which is unique 
for every satellite, encoding the transmission time of the signal according to the 

satellite atomic clock. This code is modulated on the LI frequency only, and repeats 
itself every 0.00 1 second. 

The second code is the Precise code (P-code), modulating both frequencies, so that it 

can be used for ionospheric corrections, repeating every week. This code length is 38 

weeks, divided into seven day segments, where each week segment is given a PRN 

number, which is then designated to one of the GPS satellites. Consequently, the P- 

code is unique for every satellite (Hofmann-Wellenhof et al. 2001). The P-code has 

the same information as provided by the C/A-code but with ten times the resolution 
(Johnson 1997). However, due to anti-spoofing (Section 2.3.1), the P-code is 

encrypted with the W-code (a special encryption sequence), generating what satellites 

actually transmit which is the Y-code (or sometimes referred to as P(Y)-code), 

modulated also on LI and L2 frequencies. Finally, both carrier frequencies are 

modulated with the navigation broadcast message containing satellite information, 

such as orbital elements, clock error correction, etc. 

Note that since late 2005, a programme of modernizing GPS has been taking place 

called GPS III. All GPS III satellites will not carry the degradation capability, known 

as Selective Availability (SA). Although, this degradation was stopped back in May 

2000, this new action eliminates a source of uncertainty in GPS performance 

concerning civil GPS users worldwide (Partyka 2007). Currently, block IIR-M 

satellites (and all future block IIR-M and IIF satellites) transmit the new L2 civil 

signal called L2C, aimed at eliminating the need for semi-codeless tracking 
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techniques to acquire L2 measurements. The L2C signal is easier to track than the P- 

code and thus improves the accuracy of navigation. This signal could become the 

most widely used GPS signal, used for indoor positioning, low cost consumer 

applications and in forest areas (Fontana et al. 2001). This signal has two PRN codes 
imposed on it: the first is the Civil Moderate (CM) code modulated with the Civil 

Navigation message CNAV and the second is the dataless Civil Long (CL) code. The 

CNAV message is an upgraded, more compact and flexible version of the NAV 

message. It has higher precision representation enabling extended week number 

calculation as well as the capability of supporting double the number of satellites than 

the current NAV message. The former message has a new flag to distinguish 

untrusted satellites, important for safety of life applications. 

In addition, since the end of 2006, the new military code (M-code) has been 

transmitted on both Ll and L2 frequencies of block IIR-M satellites, modulating the 

Military Navigation message MNAV. The purpose of this code is, to provide better 

performance. and flexibility than the Y-code, while protecting the military utility of 
GPS (Barker et al. 2000). It is expected that by 2008 the safety of life civil signal LC5 

will be transmitted on the newly launched block IT satellites with a new third 

frequency of 1176.5 MHz. This signal is imposed by two PRN codes, the in-phase 

code (15-c6de) and the Quadra-phase code (Q5-code). It has an improved noise 

performance at the receiver level as well as signal structure of higher power and wider 
bandwidth with an aeronautical radio navigation service band (Pullen and Enge 2004). 

Also, the Ll civil signal LIC will be transmitted on the Ll frequency in the future. 

Certainly, this multiplicity of signals will allow a new level of accuracy e. g. offering 

new techniques in removing the ionospheric delay (Enge 2003). However, it is 

expected that not until 2011 will manufacturers' receivers be able to track the L2C 

signal and the M-code in full on all available satellites, while it is anticipated that LC5 

signals will be transmitted on all satellites by 2015. 

The second segment of the GPS system is the control segment. Recently in September 

2007, the US Air Force underwent a major upgrade of the GPS control segment, 

referred to as the Architecture Evolution Plan (AEP). This is aimed to modernize the 

control stations with new technology, in order to implement new capabilities, such as 
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the next generation of block IIF satellites (US Coast Guard 2007). The control 

segment consists of one master control station, four monitor stations and ground 

antennae, as well as six newly installed National Geospatial-intelligence Agency 

(NGA) monitor stations. The master station is located at Falcon Air Force Base in 

Colorado Springs, Colorado. It is mainly responsible for the overall management of 
the whole system, maintaining the functionality of the system and transmission of 
data to satellites. Other monitoring stations are located at Hawaii, Ascension Island in 

the Atlantic Ocean, Diego Garcia Atoll in the Indian Ocean and Kwa alein Island in 

the South Pacific Ocean. The role of these monitoring stations is to determine the 

position and health of all satellites in their respective orbits. Then all this information 

is sent to the master control station, to calculate the orbital elements and clock 

corrections and upload the data to the satellites. 

Finally, the third GPS segment is the user segment. This segment is considered as the 

most influential segment because it is user interactive. It consists of either fixed or 

moving GPS antennae connected to receivers, utilized by the user and located at 
desired points for position determination. The term user includes both military and 

civilian users, where military users have the advantage of accessing higher accuracy 

than their civilian counterparts. That is to say, military users have full access to the 

C/A-code and the highly accurate P-code, while civilian users can fully access the 
C/A-code only, while accessing the P-code with degraded signal to noise ratio. 
Interaction between the user segment in terms of the civil user and the control 

segment in terms of the United States (US) GPS authorities is possible through the 
Civil GPS Service Interface Committee (CGSIC). This is a recognized worldwide 
forum, part of the US Department of Transportation (DOT), comprising members 
from the civil sector, government, and industry. The responsibility of this committee 
is to exchange GPS information with the civil GPS user community, concerning 

navigation, timing, and positioning (US Coast Guard 2006). 

2.3 GPS Errors 

The journey of the GPS signal, starting from the satellite and ending at the GPS 

receiver, is subject to different kinds of errors. The main sources of GPS errors may 
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be due to the control segment (such as: anti-spoofing), the space segment, (such as: 

satellite clock errors, orbital errors, system delays, etc. ), the user segment, (such as: 

receiver clock error, phase centre variation, measurement noise, receiver delays, etc. ). 

Errors can also result due to the atmosphere through which the signal propagates, (e. g. 
troposphere and ionosphere). In addition, the observing environment will also affect 
the GPS signals (e. g. multipath). Some of those errors can be eliminated by 

mathematical models. Others can be eliminated or at least minimized by using certain 

observation techniques such as relative positioning. However, some-effors will still 

remain and propagate into the observations. The following three subsections will give 

an explanation of the types and sources of errors in GPS observations, which are 

classified as satellite, receiver and atmospheric errors. 

2.3.1 Sat'ellite Errors 

Anti spoofing was implemented on 31' of January 1994, whereby flie characteristics 

of the P-code are changed by mixing it with the 50 bit per second (bps) eijcrypted W- 

code, resulting in the Y-code. This security encryption denies receivers full access to 

the P-code measurements. However, many receiver manufacturers have developed 

proprietary techniques, providing GPS receivers with special decryption circuitry to 

make P-code measurements possible with only a small addition of noise (Leick 2004). 

Orbital errors are basically the differences between the predicted brcadcast satellite 

orbits and the actual perturbed orbits. Those errors are caused by the non-spherecity 

of the Earth (i. e. oblateness), additional gravitational forces by the sun and the moon, 

solar radiation pressure, etc., causing the deviation of the satellite from its orbit (Leick 

2004). This error cannot be entirely eliminated by relative positioning and its effect 
depends mainly on the baseline length. The reason behind this fact is that a different 

component of the orbital error will be embedded in the measurement at each end of 

the baseline. Accordingly, the difference between these components increases as the 

baseline increases, causing a greater effect from this error source. An error of I rn in 

the satellite's estimated position produces an approximate error of 0.05 ppm in the 

baseline (Leick 2004). Note that the precise orbits are the ones used in the current 

research, which are similar in principle to the broadcast orbits. but with higher 
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accuracy, where this error - although existing - is negligible, for applications 
discussed here. 

Satellite clock error is due to the imperfection of the atomic clock in the satellite, 

causing error in the calculated time and consequently in the obtained range. In GPS 

point positioning, this kind of error can be modelled to within one nanosecond using 

the clock parameters included in the broadcast ephemerides (Leick 2004). In addition, 

this error can be almost eliminated by adopting differencing techniques. 

The satellite configuration error, or in other words, the geometric configuration of 

satellites with respect to the GPS antenna, is measured by the Dilution of Precision 

(DOP). In general, the smaller the value of DOP, the better the configuration of 

satellites, leading to higher observational accuracy, and vice versa. One aspect of 

DOP is the Geometric Dilution of Precision (GDOP), which is a measure of the 

geometric configuration (Figure 2.1 ). 

Figure 2.1 Good and poor geometric configuration of satellites. 

By definition, GDOP is the ratio between the positional accuracy and the 

measurement accuracy, i. e. the accuracy in the geometrical position (3D position and 

time), and is given through the following expression: 
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where a, a, a,, are the formal errors of the receiver coordinates in the local system 

e, n, u, respectively, and is calculated through mathematical manipulation from the 
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actual receiver coordinates x, y, z and time t. c is the speed of light in vacuum, 

which is equal to 299792458 m/s, while a, and or, are the formal errors of the 

receiver clock bias estimate and measured range. 

Another measure of the quality of the geometry of satellites surrounding the antenna 
is the Positional Dilution of Precision (PDOP), defined as the accuracy of the three 

dimensional position, and is given by the following equation: 
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As the value of the PDOP decreases, the positional formal errors also decrease, which 

means an improvement in the positional accuracy. It should be mentioned here that 

the impact of the satellite geometry is of more concern in navigation and kinematic 

surveying than in static positioning. These geometry effects could be minimized by 

averaging in static positioning. In most GPS receiver manuals, satellite geometry 
having a GDOP or PDOP value of less ýhan 6 is acceptable while greater than 10 is 

considered very poor; however, a value of less than 5 or 4 is always desirable for 

precise GPS positioning (US Army Corps of Engineers 2003). 

23.2 ReceiverlAntenna Errors 

Receiver clock error is caused by the lack of synchronization between the receiver 

clock and GPS time due to the low accuracy of the quartz clock used in receivers. 

This kind of error can be estimated as an additional parameter or mostly eliminated 

through differencing techniques. 

The reason for the antenna phase centre variation is the non-coincidence of the 

electrical phase centre of the receiver antenna to which the radio signal is referred and 

the actual physical antenna centre due to the non-spherical pattern of the antenna, 

reaching as much as several centimetres (Leick 2004). This offset is not constant, as 

the antenna's sensing point location will vary according to the direction of the 

incident signal depending on the azimuth and elevation of the observed satellite. This 

error can be modelled by applying certain satellite elevation dependent corrections to 
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the observed phases, and varies according to the type of antenna used (National 

Geodetic Survey 2005). 

Electronic measurement noise results from imperfect generating and recording 

mechanisms in the receiver. The value of the measurement noise error ranges between 

1-3 m for C/A-code, 10-20 cm for P(Y)-code and 3-10 mm for the carrier phase 

noise (Lachapelle et al. 1992). These errors are random and thus can be estimated 

through various tests, such as the zero baseline test (two receivers and one antenna). 

Multipath error (Figure 2.2) occurs due to the existence of reflecting surfaces near the 

receiver causing the arrival of the signal via more than one path. The resulting signal 

will be a combination of the direct signal from the satellite and the signal reflected 

from nearby surfaces (Pratt 1991). The reflected signal arrives at the antenna with a 

phase delay relative to the direct signal, due to the extra path travelled, causing 

distortion of the signal's amplitude and phase, depending on the wavelength of the 

signal. The reflected signal is always weaker due to the attenuation at the reflector. 

This attenuation will depend upon the nature of the observing environment, in terms 

of the height of the antenna above the ground or its distance from any vertical barrier. 

material of the reflector, the incident angle of reflection, polarization and the receiver 

hardware and firmware (Lau and Cross 2007). 

GPS sateRite 
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Figure 2.2 Multipath error. 


