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PhD Thesis  Abstract 

 

Abstract: This thesis focuses on implementing Locata positioning system for displacement 

monitoring of structures, with emphasis on different LocataNet network configurations and 

their impact on positioning quality and ability to detect sub-centimeter level displacements. For 

the purpose of displacement monitoring, a software for simulation of different LocataNet 

configurations has been developed. The developed software was used to analyze a priori 

positioning quality in different LocataNet configurations, which provided the recommendations 

to be used in the establishment of LocataNet networks. Precision and accuracy of Locata single 

difference (SD) and double difference (DD) carrier phase measurements were estimated on the 

basis of experimental test measurements. The achieved precision of SD carrier phase 

measurements was 0.036 cycles, which equates to 4.3 mm, while the achieved precision of DD 

carrier phase measurements was 0.028 cycles, which equates to 3.4 mm. The achieved accuracy 

of both SD and DD carrier phase measurements was approximately 0.06 cycles which 

corresponds to 7 mm. There were two cases tested for displacement determination using Locata 

stan-alone without additional signals from GNSS satellites. In order to determine continuous 

displacements, the least square estimation (LSE) of positioning solution for each measurement 

epoch was used. For periodical determination of displacements, batch least square (BLS) 

estimation of position solutions was used. LSE show the capacity to determine a centimeter 

level horizontal displacement using SD carrier phase measurements and sub-centimeter level 

horizontal displacements using DD carrier phase measurements. BLS estimation showed the 

capacity to determine the centimeter level displacements either using SD or DD carrier phase 

measurements. Locata positioning system was applied for displacement measurement on the 

railway bridge “Sava” in Zagreb, where centimeter level vertical displacements were detected. 

 

Keywords: displacements, Locata, LocataNet, optimization, simulation 



PhD Thesis  Abstract 

Sažetak: Istraživanje doktorske disertacije je usredotočeno na primjenu Locata sustava 

pozicioniranja za potrebe praćenja pomaka različitih građevina, s naglaskom na analizu 

utjecaja različitih konfiguracija LocataNet mreža na preciznost pozicioniranja i mogućnost 

određivanja sub-centimetarskih pomaka. Za potrebe određivanja pomaka razvijen je program 

za simulaciju različitih konfiguracija LocataNet mreža. Razvijeni program je primijenjen za 

analizu a priori preciznosti pozicioniranja u LocataNet mrežama različitih konfiguracija, na 

temelju čega su dane preporuke prilikom uspostave LocataNet mreža. Preciznost i točnost 

Locata jednostruko diferenciranih (SD) i dvostruko diferenciranih (DD) faznih mjerenja je 

analizirana na temelju eksperimentalnih mjerenja. Ostvarena preciznost SD faznih mjerenja 

iznosi 0.036 faznih ciklusa, što odgovara 4.3 mm, dok ostvarena preciznost DD faznih mjerenja 

iznosi 0.028 faznih ciklusa, što odgovara 3.4 mm. Jednaka točnost je ostvarena za SD i DD 

faznih mjerenja i iznosi 0.06 faznih ciklusa, što odgovara 7 mm. Testirana su dva načina 

određivanja pomaka pomoću Locata sustava bez korištenja dodatnih signala GNSS satelita. Za 

potrebe kontinuiranog mjerenja pomaka korišteno je izjednačenje mjerenja u kontinuiranim 

epohama mjerenja (LSE). Dok je za potrebe periodičnog mjerenja pomaka korišteno skupno 

izjednačenje mjerenja (BLS). LSE metoda se pokazala pogodnom za određivanje horizontalnih 

pomaka centimetarskog iznosa korištenjem SD faznih mjerenja, te sub-centimetarskih pomaka 

korištenjem DD faznih mjerenja. BLS metoda se pokazala pogodnom za određivanje 

horizontalnih pomaka centimetarskog iznosa bilo korištenjem SD ili DD faznih mjerenja. 

Locata sustav je primijenjen za potrebe određivanja pomaka željezničkog mosta „Sava“ u 

Zagrebu pri čemu su detektirani i određeni vertikalni pomaci centimetarskog iznosa. 

 

Ključne riječi: Locata, LocataNet mreža, optimizacija, pomaci, simulacija 
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1. INTRODUCTION 

Complex structures, like bridges, dams and tall buildings must be monitored periodically 

or permanently in order to react in time and rehabilitate the construction to prevent both material 

and nonmaterial damages if significant displacements and deformations of structure should 

occur. The application of geodetic measurement sensors and systems in complex structure 

monitoring systems provides so called preventive maintenance of buildings and transition from 

reactive maintenance when damages have already occurred and costs are high, causing social 

and economic damages, and could potentially result in human casualties (Paar, 2010). Most 

commonly used geodetic systems for displacement and deformation measurements include total 

stations, levels and more often GNSS (Global Navigations Satellite System). The main 

disadvantage of GNSS is the accuracy limitation of kinematic positioning and the influence of 

satellite geometry on positioning accuracy in places with considerable signal shading caused 

by the obstructions created by surrounding objects.  

In order to avoid the above-mentioned shortcomings of GNSS positioning in displacement 

monitoring, many researches supplemented GNSS with pseudolites (Dai, et al., 2002a; Meng, 

et al., 2004; He, et al., 2006; Chen & He, 2006; Yang, et al., 2010; Wang, et al., 2010). 

Pseudolites are terrestrial transmitters of GPS-like signals that provide extra positioning signals 

or can even completely replace GPS satellite constellations. However, pseudolites have specific 

technical shortcomings that are very hard to overcome (Cobb, 1997): near/far problem (Stansell, 

1986), multipath (Brenneman, et al., 2007; Kurz, et al., 2013), interference with GPS signals 

(Stansell, 1986), pseudolite pole (Badea & Eriksson, 2005), pseudolite “ephemerides” error 

(Morley, 1997; Wang, et al., 2000; Kee, et al., 2003a), and most importantly, they work in 

unsynchronized mode (because they use low cost crystal oscillators compared to atomic clocks 

in GNSS satellites) (LeMaster, 2002; Kee, et al., 2003b; Guo, et al., 2015; Guo, et al., 2018). 

Locata is a pseudolite-based positioning system with centimeter level accuracy designed 

to supplement GNSS RTK positioning method in GNSS unfavorable environments (Rizos, et 

al., 2003; Barnes, et al., 2003a); it relies on the network of wirelessly time synchronized (Small, 

2002) pseudolites.  

The research on displacement and deformation measurements using Locata began already 

after the development of the Locata prototype system. The first displacement measurements on 

Parsley Bay pedestrian bridge in Sydney showed the potential of Locata positioning system in 

the determination of centimeter level displacements (Barnes, et al., 2004a). After the new 

generation of Locata system had been developed, the ability of detecting centimeter level 

displacement was confirmed by means of detecting simulated displacements (Barnes, et al., 
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2007a; Barnes, et al., 2007b; Barnes, et al., 2007c). In 2009, the University of New South Wales 

began to develop a monitoring application based on Locata measurements (Choudhury, et al., 

2009a; Choudhury, 2012) that was tested through 24 hours long  monitoring of Tumut Pond 

dam (Choudhury, et al., 2010a; Choudhury, et al., 2010b; Choudhury & Rizos, 2010). Further 

research on using Locata positioning system for displacement and deformation measurements 

can be found in (Choudhury, et al., 2011; Bonenberg, 2014). 

This thesis focuses on the application of Locata positioning system in displacement 

monitoring with the emphasis on different LocataNet network configurations and their impact 

on positioning quality and ability to detect sub-centimeter level displacements. 

1.1. Motivation and research hypothesis 

Locata positioning system was provided and applied for the first time in Croatia within 

scope of the project “Wearable outdoor augmented reality system for enrichment of touristic 

content” in December 2015. After the project had been completed, the Faculty of Geodesy at 

the University of Zagreb and Polytechnic from Međimurje (the owner of the provided Locata 

positioning system) signed an agreement that allowed the relocation and use of the system by 

the Faculty of Geodesy for research purposes. This enabled the research of the Locata 

positioning system with the aim to apply the Locata positioning system in monitoring the 

displacement of structures in the future. 

Despite the fact that Locata positioning system was extensively researched for the purposes 

of displacement monitoring, the research on optimization of LocataNet network configuration 

was never addressed, therefore the research in this thesis if focused on the influence of 

LocataNet configuration on positioning quality. 

Another subject of the thesis is the utilization of relative positioning since the results of 

previous testing indicated it could significantly increase positioning precision. Therefore, the 

quality of relative positioning using double difference carrier phase measurement is compared 

in the research with the quality of absolute positioning using single difference carrier phase 

measurements (which has been used in all previous researches and applications of the Locata 

positioning system). 

Therefore, three hypotheses have been put forward in this research: 

1. The usage of Locata system as an independent positioning system or integrated with the 

existing geodetic measurement systems in structure monitoring can increase accuracy and 
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reliability of determining the displacements of structures unlike the usage of only GNSS 

methods that are most frequently applied. 

2. In all phases of the LocataNet establishment (project, execution and analysis), especially 

by means of network optimization using network simulation in the project phase, it is possible 

to optimize LocataNet configuration in order to increase the precision of positioning and to 

determine displacements in characteristic points of structures and in the directions of expected 

displacements. 

3. The principle of relative positioning using double difference carrier phase 

measurements will provide significant reduction of noise in measurements and help to increase 

the positioning precision to sub-centimeter level, which may enhance the possibility to detect 

sub-centimeter level displacements. 

1.2. Contribution 

Scientific contributions of the thesis are as follows: 

1. Analysis of the accuracy of Locata positioning system and testing the capabilities of 

determining sub-centimeter level displacements. 

2. Recommendations for choosing optimal LocataNet configuration to maximize 

positioning accuracy in a specific point or area within the LocataNet in order to increase the 

possibility of detecting sub-centimeter level displacements. 

3. Increasing the accuracy of positioning and the possibility of detecting sub-centimeter 

level displacements by applying relative positioning using double difference carrier phase 

measurements. 

1.3. Outline of dissertation 

Chapter 2 describes the technology behind pseudolites, since Locata positioning system is 

based on pseudolite technology. Chapter 3 describes Locata positioning technology, history of 

the development of the Locata positioning system, previous applications of the Locata 

positioning system. Chapter 4 elaborates the calculation of a priori positioning quality 

indicators for different positioning algorithms. Chapter 5 describes the software developed for 

a priori simulation of different LocataNet configurations presenting the results of simulations 

and recommendations for LocataNet configurations. Chapter 6 describes the establishment and 

analysis of the first LocataNet in the Republic of Croatia. Chapter 7 presents the analysis of 

Locata measurements, different Locata positioning solutions, and testing of determination of 
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simulated displacements. Chapter 8 describes the application of the Locata positioning system 

in displacement measurements of the bridge. The conclusions are given in Chapter 9. 
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2. PSEUDOLITES 

As Locata positioning technology was developed from pseudolites, this chapter will 

explain the pseudolite technology and its technical challenges. The first pseudolites were 

developed even before the first GPS satellites were launched. On the test area in Army Yuma 

Proving Ground, Arizona, USA, a network of four pseudolite transmitters was established for 

testing of the GPS positioning technology before launching of the satellites (Harrington & 

Dolloff, 1976). 

After the GPS constellation was deployed the, pseudolites found its application in different 

areas of positioning either to complement GPS and other GNSS to increase positioning 

accuracy, or to work as independent system where GNSS signals are not available. Previous 

research and applications of pseudolites in deformation monitoring can be found in (Dai, et al., 

2002a; Meng, et al., 2004; He, et al., 2006; Chen & He, 2006; Yang, et al., 2010; Wang, et al., 

2010). The pseudolites are also applied in aircraft landing which requires positioning accuracy 

of 0.6 m vertically and 4 m laterally, and extremely high level of reliability (the probability of 

missed detection of failure cannot exceed 90.5 10− ) where the pseudolites are used to augment 

the GNSS as integrity system (Pervan, et al., 1994; Cohen, et al., 1995; Pervan & Parkinson, 

1997; Bartone, 1998; Lee, et al., 2008). The pseudolites can also be used to augment the GNSS 

for a marine navigation to meet the required accuracy, integrity and availability, especially in 

the narrow channels and harbors (Morley, 1997; Dixon & Morrison, 2008). LeMaster proposed 

the concept of using pseudolites to provide a centimeter-level positioning for the future Mars 

rovers. The proposed system would form a self-calibrating pseudolite array which would not 

require other measurements to determine the positions of pseudolites (LeMaster, 2002; 

LeMaster & Rock, 2003). 

2.1. Pseudolite observation model 

The receiver can observe the code pseudorange and carrier phase measurements by means 

of pseudolite signal, just like in the case of GNSS signals. Code pseudorange is the distance 

derived from measuring the travel time of signal between the pseudolite and receiver. This time 

measurement is achieved through maximum correlation analysis of the receiver code and 

pseudolite signal, therefore they are called “code measurements”. The concept of pseudorange 

results from the fact that measured distance differs from geometrical distance between 

pseudolite and receiver because of pseudolite and receiver clock errors. Code pseudorange 
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measurement, in meters, between pseudolite p and receiver r in epoch it  can be modeled as 

(Ning, et al., 2004): 

 ( ) ( ) ( ) ( ) ( )r r r

p i p i p i i tropo iR t t c t t t t t     = +  − + +  ,  [2.1] 

where 
r

p  is the geometrical distance between pseudolite p and receiver r, c is the speed of light, 

pt  is the clocks error of pseudolite p, rt  is clock error of receiver r (being a common 

unknown for pseudoranges from all pseudolites in each epoch), tropo  is the tropospheric delay 

(that can be modelled) and   contains the remaining unmodelled errors. 

Precise centimeter-level positioning is possible only if carrier phase measurements are 

used. Carrier phase is a measure of the phase of the received signal relative to the receiver 

generated carrier phase at the reception time. Carrier phase observation consists of a fractional 

phase and an integer number of full cycle changes from initial signal acquisition, while number 

of full cycles in the moment of initial signal acquisition is unknown. Carrier phase 

measurement, in cycles, between pseudolite p and receiver r in epoch it  can be modeled as 

(Ning, et al., 2004): 

 ( ) ( ) ( ) ( ) ( )
1 1r r r

p p i p i i tropo i pi t f t t t t t N    
 

  =  +  + +  + +  ,  [2.2] 

where f  and   are the signal frequency and wavelength, pN  is the integer number of full 

cycles (ambiguity) at the time of initial signal acquisition and other terms are the same as in the 

equation [2.1]. 

2.2. Challenges of using pseudolites 

Although pseudolites use the same type of measurements (i.e. code pseudorange and 

carrier phase measurements) like GNSS, the error sources and the way errors influence the 

measurements are different compared to GNSS. New error sources and challenges that occur 

when pseudolites are used are: 

• time synchronization between pseudolites, 

• near/far problem, 

• multipath of signals from low elevation angles, 

• pseudolite pole, 

• pseudolite “ephemerides” error and 

• tropospheric delay. 
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2.2.1. Time synchronization 

Pseudolites use pulsed signals to mitigate the near/far problem. The difficulty related to 

pulsed signal when using more than one pseudolite is associated with time synchronization 

between pseudolite transmitters. Since the pseudolites use a temperature-compensated crystal 

oscillator (TCXO) clock as opposed to the atomic clocks in GNSS satellites, their times are not 

synchronized. Unsynchronized pulses of the pseudolites can overlap, which than increases the 

probability of interference between signals, as well as the measurement noise, or can even entail 

the  loss of the signal by the receiver (LeMaster, 2002). 

When relative positioning is used, it is necessary for signals to be received at the same time 

by both the base and rover receivers. With GPS, both receivers can synchronize their time with 

the GPS time. On the other hand, the pseudolites are not time-synchronized and receivers cannot 

take measurements at the same time yielding a problem called “time-tag”. It can be solved by 

choosing one master pseudolite with the sampling time being synchronized with it. If the 

sampling error is kept below 1 μs, the time-tag range error is below 0.6 mm at worst (Kee, et 

al., 2003b). 

Pseudolite clocks can be synchronized or unsynchronized. High precision time 

synchronization (synchronization better than 1 ns) between pseudolite clocks eliminates 

interference between different pseudolite signals, enables increasing pulse duration of each 

signal and enables usage of a larger number of pseudolites at the same location. High precision 

time synchronization enables single point positioning using carrier-phase measurements 

without the need for reference base receiver. The precise time synchronization between 

transmitters can be achieved by sharing one time source for all transmitters (Guo, et al., 2018) 

or by wireless time synchronization (Guo, et al., 2015).  

Cost increase and complexity of pseudolites are the only disadvantages of the time- 

synchronized pseudolites. 

2.2.2. Near/far problem 

One of the basic challenges when using the pseudolites is a near/far problem that is caused 

by different distances from a receiver to pseudolites. When using GNSS, all satellites are 

approximately at the same distance from the Earth surface, and the signals from each satellite 

have approximately the same power. However, when the pseudolites are used, they are located 

at different distances from a receiver, and the closer the receiver is to the pseudolite, the greater 

is the signal power, and vice versa. When the receiver is too close to one of the pseudolites, the 
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signal of that pseudolite is so strong that it jams the signals from the satellites and other 

pseudolites, which is called “near problem”. The opposite of the “near problem” is “far 

problem” that occurs when the receiver is too far from the pseudolite, its signal power is too 

weak and cannot be tracked by the receiver (Figure 2.1).  

 

Figure 2.1 Near/far problem when combining pseudolite and GNSS signals (Cobb, 1997) 

The ratio of the radii of the near and far zones is in the order of 1:10, which is very 

restrictive. To mitigate this issue, various signal processing techniques are used (Morley, 1997): 

1. use of alternative codes – Code Division Multiple Access (CDMA), 

2. use of a frequency offset – Frequency Division Multiple Access (FDMA) and 

3. use of a pulsed signal – Time Division Multiple Access (TDMA). 

GPS already uses CDMA technique by modulating different pseudo-random noise code to 

each satellite. It is possible to reduce cross correlation between pseudolite and satellite signals 

by using more powerful coarse/acquisition (C/A) code for pseudolites. This method would 

require a much longer code that must be clocked then at much higher rate compared to GPS 

C/A code, which would reduce compatibility with the GPS signal structure and increase 

receiver costs. 

FDMA technique is used in GLONASS GNSS that applied this technique to distinguish 

the signals from different satellites. The simplest example of using this technique in order to 

mitigate the near/far problem would be to make an offset of the pseudolite signal frequency 

compared to the GPS signal frequency. This again would reduce compatibility with the GPS 

signal structure and increase receiver costs. 

The most frequently used technique for mitigating the near/far problem of the pseudolites 

is TDMA where signals are transmitted in frequent, short, strong pulses. The pseudolites do not 

transmit signals continuously in this case, but each pseudolite transmits signals within quick 

random duty cycles. This duty cycles are so fast that a receiver can track such pulsed signal as 

a continuous signal, and at the same time, it highly reduces the interference with signals from 
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satellites and other pseudolites, which lessens the near/far effect. The idea behind using pulse 

signal is that pseudolite transmits only 10% of the time, while the other 90% of the time, the 

receiver tracks only satellite signals, and in such conditions, the receiver can continuously track 

both satellite and pseudolite signals (Cobb, 1997). The detailed recommended pseudolite pulsed 

signal structure is described in RTCM-104 (Stansell, 1986). 

2.2.3. Multipath 

Multipath effect is the phenomenon when a signal emitted from satellite arrives to the 

receiver via more than one path (Figure 2.2). There are two ways how multipath can influence 

the measurement:  

1. when a signal that is registered by the receiver is not propagated on a direct line of sight 

between transmitting and receiving antenna, and  

2. when reflected signal interferes with direct signal, which can increase signal noise or 

even completely black out the signal.  

The techniques for multipath mitigation include the changing of antenna gain pattern, using 

polarized antennas or increasing signal diversity in a spatial or frequency domain. 

Multipath effects of satellite signals can be mitigated by applying elevation mask where 

the receiver’s antenna gain pattern is adjusted (i.e. blocking all signals that approach from low 

elevation angles). It is not applicable when using pseudolites, since pseudolite signals approach 

mainly from low (or even negative) elevation angles because they are placed on the Earth’s 

surface. 

 

Figure 2.2 Multipath effect (Hofmann-Wellenhof, et al., 2008) 

Multipath effect can be reduced by applying right hand circular polarized (RHCP) antennas 

which can eliminate the reflected signal because RHCP signals change their polarization to left 
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hand circular polarization after the reflection. The problem of this technique is that it does not 

eliminate multiple reflected signals. 

When using the helix antennas that have narrower gain patterns compared to the usually 

applied patch antennas, signal reflection of the surfaces near transmitting pseudolite antenna 

can be reduced, which is convenient for the indoor use (Figure 2.3).  

 

Figure 2.3 Mitigation of multipath using helix (right) compared to patch antennas (left) (Kee, 

et al., 2003b) 

The signal diversity in spatial domain implies the addition of an extra transmitting antenna, 

while the signal diversity in frequency domain is achieved by transmitting on more than one 

frequency. 

Different algorithms for mitigating multipath effects have been developed over time that 

are applicable for GNSS and/or pseudolite positioning. Multipath can be mitigated by utilizing 

dual circularly polarized antenna (Brenneman, et al., 2007). It is also possible to use receiver’s 

positioning solution to detect potential multipath effected measurements which can help to 

detect and mitigate the influence of multipath on measurements (Kurz, et al., 2013). 

2.2.4. Pseudolite pole 

When a pseudolite is initially started, its internal components have temperature of the 

surrounding environment. During the operation time, the components start to heat up causing 

the change in the TCXO clock frequency. By regulating the internal temperature using fans and 

heat sinks, and recalibrating the system within a short interval, this problem can be solved, and 

the clock biases assumed to be constant (Badea & Eriksson, 2005). 

2.2.5. Pseudolite “ephemerides” error 

In case of relative positioning by means of GNSS, the satellite orbital errors cause 

measurement errors with a similar characteristic on both receivers, thus orbital errors are highly 

reduced when measurements are differenced between two receivers (Hofmann-Wellenhof, et 
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al., 2008). In the case of double differencing measurements, a 20 m orbital error results in about 

1 ppm error in a baseline vector solution (Wells, et al., 1999). The influence of satellite orbital 

error on relative positioning baseline is approximately estimated by the “rule-of-thumb” 

formula (Wang, et al., 2000): 

 
db dr

b r
= , [2.3] 

where db  is the baseline error, dr  is the orbital error, b  is the baseline length and r  is the 

distance between satellite and receiver. 

In relative positioning with pseudolites, transmitters and receivers are relatively close to 

each other, and the error in pseudolite position can have big impact on a single difference 

measurement depending on the geometrical configuration between pseudolite and receivers. 

The extreme case of pseudolite configuration is explained by (Morley, 1997), where 

differencing measurements double the size of the pseudolite position error if pseudolite 

transmitter is located between two receivers. Having that in mind, it is necessary to choose 

optimal locations for pseudolites to minimize the pseudolites’ position errors in final 

positioning solutions (Wang, et al., 2000). 

In contrast to orbiting satellites, pseudolites remain fixed on the same location, which 

enables the elimination of pseudolite positioning error by precisely determining its position a 

priori, which is often called the calibration of pseudolite system. Pseudolite systems are usually 

calibrated by means of precise total station or GNSS measurements. (Kee, et al., 2003a) 

proposed calibration procedure where carrier-phase measurements collected at the known 

calibration points are used. 

2.2.6. Tropospheric correction 

Pseudolite signals propagate through a low troposphere, and it is necessary to correct 

measurements for tropospheric delay. Radio wave tropospheric delay can be described as a 

function of temperature, pressure and humidity and is usually divided into a dry and a wet 

component. The models for the dry and wet troposphere delay can be calculated by means of 

the first calculating refractivity (N) for both dry and wet components (Hofmann-Wellenhof, et 

al., 2008): 

 
1

2 3 2

,

,

dry

wet

p
N K

T
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N K K
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  [2.4] 
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where p  is the atmospheric pressure in hectopascals (hPa), T  is the temperature in kelvin (K), 

e  is the partial pressure of water vapor in hPa, 1K , 2K  and 3K  are empirically determined 

constants. The evolution of these constants trough time can be found in (Smith & Weintraub, 

1953), where the proposed constants are 
1

1 77.6 K Kmb−= ,  
1

1 6 K Kmb−= −  and 

5 2 1

1 3.75 10  K K mb−=  . The total refractivity is than equal to the sum of dry and wet refractivity: 

 dry wetN N N= + .  [2.5] 

From refractivity. it is possible to calculate refractivity index (n): 

 
-610 1n N=  + ,  [2.6] 

and tropospheric delay of a signal: 

 
610tropo N D −=   ,  [2.7] 

where D is the geometric distance between signal transmitter and receiver. 

Unlike the signals propagated from GNSS satellites, the signals from pseudolites propagate 

only through the bottom part of the atmosphere. Therefore, the models for calculation of the 

refractivity for GNSS signals are not applicable to pseudolite signals.  

Radio Technical Commission for Aeronautics (RTCA) defined a tropospheric delay model 

to be used with Local Area Augmentation Systems (LAAS) like pseudolites that take into 

account transmitter and receiver heights. The defined tropospheric model consists of a dry and 

a wet component (So, et al., 2013): 

 6

0, 0,

1 1 10RTCA

tropo dry wet

dry wet

h h
N N D

h h
 −

     
= − + −        

    

,  [2.8] 

where h  is the height difference between signal transmitter and receiver, while 0,dryh  and 

0,weth  are the scale heights for the dry and wet component of the delay. The scale height is equal 

to 42 700 m for the dry component, and 12 000 m for the wet component (Wang, et al., 2005). 

Dry and wet refractivities are calculated as: 

 
( )7.4475 273
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2
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 [2.9] 
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2.3. Pseudolite configurations 

According to (Dai, et al., 2001), there are three general classes of pseudolite configurations 

(Figure 2.4): 

1. GNSS augmented by pseudolite(s), 

2. pseudolite-based positioning systems, 

3. pseudolite-based “inverted” positioning system. 

The augmentation of GNSS system is the most common application of pseudolites. It is 

suitable in the areas of poor satellite geometry, like urban environments, valleys and deep open 

pit mines where the number of GNSS satellites is limited. It is possible to improve satellite 

geometry by carefully choosing the pseudolite location and based on desired positioning 

accuracy and any number of pseudolites. The augmentation of GNSS with pseudolites can 

enhance positioning performance in a number of ways, including the improvement of accuracy, 

integrity, availability and reliability of the final solution (Dai, et al., 2001). 

 

Figure 2.4 Pseudolite configurations: GNSS augmentation (left), standalone pseudolite 

system (center), inverted system (right) (Dai, et al., 2001) 

In the areas where satellite signals are completely blocked, like underground, in tunnels or 

indoors, pseudolites can completely replace satellite constellation. In that case, pseudolites can 

be optimally placed to achieve desired positioning quality. 

Pseudolite-based “inverted” positioning system consists of receivers that are static on 

known positions, while the pseudolite whose position needs to be determined is on the move. 

In this configuration, the position of moving pseudolite is determined by double difference 

carrier phase measurements where reference signal comes either from one static base pseudolite 

or from one satellite (Raquet, et al., 1996). The static positioning by means of an inverted 

pseudolite system for the deformation monitoring purposes was tested using both reference 

signals from the other pseudolite or from satellite (Dai, et al., 2002b). An inverted pseudolite 

system was also tested for the positioning of high altitude platform systems (Tsujii, et al., 2002). 
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3. LOCATA POSITIONING SYSTEM 

Although Global Navigation Satellite Systems (GNSS) are widely used in many areas of 

positioning and navigation, the technology behind it has its own limitations; mostly in the 

unfavorable environments with high buildings and vegetation where GNSS signals (Figure 3.1) 

are obstructed which causes blockage or reflection of GNSS signals leading either to a poor 

satellites-receiver geometry or, in extreme cases, to the lack of sufficiently valid signals needed 

to determine the receiver position. In order to resolve the limitations of the GNSS, many 

researchers complement GNSS with other sensors like inertial navigation systems (INS), 

mobile lidars, cameras for a vehicle navigation. Furthermore, the above-mentioned limitations 

can also be resolved by using different positioning methods (e.g. positioning with total station) 

or introducing additional signals from terrestrial transmitters of GNSS-like signals that are 

called pseudolites.  

 

Figure 3.1 GNSS signal blockage in urban environment 

The use of pseudolites can be tracked back to early 1970’s, even before the launch of the 

GPS satellites, considering that they had been used to test the initial GPS user equipment 

(Harrington & Dolloff, 1976). The main advantage of introducing additional positioning signals 

from pseudolites refers to the fact that that it theoretically does not require the change of 

hardware in the receiver of the positioning system since the existing GNSS receiver can receive 

pseudolite positioning signals and use the existing positioning algorithms to determine its 

position. 

Despite their advantages related to the possibility to complement GNSS, pseudolites have 

some technical challenges (described in chapter 2) that are very difficult to overcome in 

practice. The main shortcoming of pseudolites is that they use low cost temperature-
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compensated crystal oscillator (TCXO) clock compared to atomic clock of GNSS satellites. 

Therefore, the pseudolites operate in an “unsynchronized” mode, and centimeter level 

positioning precision requires using of the base station which sends the data to a mobile rover 

via the radio modem.  

Locata positioning system tackled this problem by inventing a new technology of time 

synchronization between the signal transmitters, called TimeLoc, which enables a centimeter 

level positioning accuracy using one receiver, without the base station (Rizos, et al., 2003). 

Locata positioning system is designed to enhance and improve GNSS in difficult environments 

and indoors (Barnes, et al., 2003a). Locata is a terrestrial based positioning system that consists 

of a network of ground-based signal transmitters, and it functions as a “local ground-based 

replica” of GPS. 

A network of time synchronized signal transmitters (called LocataLites) form a Locata 

positioning network or abbreviated LocataNet. Each LocataLite generates and transmits C/A 

code pseudorange and carrier phase signals at the known frequency. A Locata receiver (or 

rover) then receives the signals from the LocataLites and uses them for determining its position.  

3.1. Main components of Locata positioning system 

The main components of the Locata positioning system are signal transceivers called 

LocataLites, and a signal receiver called Locata rover. The biggest achievement of Locata 

positioning technology is wireless technology of time synchronization between LocataLites 

called TimeLoc. 

 

Figure 3.2 LocataLite transceiver and Locata rover (left) and LocataLite transmitting and 

receiving antennas (right) 
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Unlike pseudolites that are only signal transmitters, LocataLite consists of both a 

transmitter and a receiver and it is therefore connected to two separated antennas (one receiving 

and one transmitting antenna). Both receiver and transmitter of one LocataLite share the same 

TCXO clock. The receiving part of LocataLite is a novelty that enables wireless time 

synchronization between LocataLites.  

Locata rover can receive signals transmitted by the LocataLites and use carrier phase 

and/or code pseudorange measurements to determine its own position.  

3.2. TimeLoc 

The time synchronization between signal transmitters makes it possible for the receiver to 

carry out carrier phase positioning without the data from base station. The level of time 

synchronization between signal transmitters is extremely high, since the error of 1 ns in time 

generates linear error of approximately 0.3 m. The wireless time synchronization of clocks 

between signal transmitters was patented by David Small assigned by Locata Corporation 

(Small, 2002). 

The time synchronization procedure between two LocataLites can be described in six steps 

(Figure 3.3). If there is LocataLite “A” and LocataLite “B”, the process of time synchronization 

of LocataLite “B” to LocataLite “A” involves the following steps (Rizos, et al., 2003): 

1. LocataLite A generates and transmits a C/A code and carrier signal on a particular 

pseudo-random-noise (PRN) code. 

2. The receiver of LocataLite B acquires, tracks and measures the signal (C/A code and 

carrier phase measurement) generated by LocataLite A. 

3. LocataLite B generates its own C/A code and carrier signal on a different PRN code. 

4. LocataLite B calculates the difference between the code and carrier of the received 

signal, and its own locally generated signal. Ignoring propagation errors, the 

difference between two signals is due to the difference in clocks between two 

LocataLites, and geometric separation between them. 

5. LocataLite B adjusts its local oscillator using Direct Digital Synthesis (DDS) 

technology to bring the code and carrier phase difference between itself and 

LocataLite A to zero. The difference between code and carrier phase differences 

between two LocataLites are continually monitored to provide that they remain zero. 

In other words, the local oscillator of LocataLite B precisely follows the local 

oscillator of LocataLite A. 
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6. The final stage of time synchronization is to correct for the geometrical separation 

between LocataLite A and LocataLite B using the known coordinates of LocataLites. 

Subsequently, LocataLites are time synchronized, i.e. TimeLoc is achieved. 

 

Figure 3.3 Time synchronization procedure (Barnes, et al., 2003a) 

In a network of LocataLites, it is necessary to choose one “Master” LocataLite that all 

other LocataLites in the network should be time synchronized with. In theory, there is no limit 

to the number of LocataLites that can be synchronized together by means of this procedure. For 

example, if one LocataLite in the network cannot receive a signal directly from “Master” 

LocataLite, it can be synchronized with any LocataLite that has been previously time 

synchronized with “Master” LocataLite. This procedure is called cascade time synchronization.  

The performance of the Locata time synchronization in the prototype system was 

investigated by analyzing single difference carrier phase measurements. Choosing one 

LocataLite signal as reference and subtracting its carrier phase measurements from carrier phase 

measurements of the other signals yield single difference measurements. The characteristic of 

single difference carrier phase measurements is that receiver clock error is eliminated, and the 

remaining noise is due to unmodelled errors and error in time synchronization between 

LocataLites. Single difference carrier phase measurements of the prototype system did not show 

any long-term drift with standard deviations under 1 cm, which corresponds to 33 picoseconds 

of time error (Rizos, et al., 2003; Barnes, et al., 2003b), indicating thus a high level of time 

synchronization between LocataLites. 
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The research of Locata time synchronization accuracy over long ranges was carried out by 

(Gauthier, et al., 2013). The research showed the accuracy of time synchronization with 

standard deviation of 300 ps indicated for the observed distance of 56 km. A drift occurred in 

synchronization that was highly correlated with the change of meteorological conditions, 

meaning that the drift would be reduced and the synchronization accuracy reduced if 

tropospheric delay was applied dynamically. Time difference between two time synchronized 

LocataLites (one master and one slave) was analyzed by (Powers & Colina, 2016). In different 

tests, slave LocataLite was time synchronized with the master LocataLite directly and in 

cascade mode with different nodes. The research showed the synchronization accuracy with 

standard deviation of 50 ps in time synchronization directly with master LocataLite on a short 

distance. Standard deviation increased by approximately 25 ps for each LocataLite node added 

in cascade mode of synchronization, while the increasing the distance between LocataLites did 

not have any significant impact on time synchronization accuracy. In all above-mentioned 

results, the standard deviations includes time synchronization noise and all other unmodelled 

errors. 

3.3. LocataNet 

A network of at least four time synchronized LocataLites form a Locata positioning 

network called LocataNet. Within the LocataNet, a Locata rover can determine its own position 

without any additional information or correctional data. There are two basic considerations for 

the position of the LocataLites in LocataNet. First, all LocataLites must be able to receive a 

signal from at least one other LocataLite enabling thus the time synchronization of all 

LocataLites in the LocataNet. The second consideration is related to the fact that geometry of 

the network must be suitable for the positioning precision requirements (Barnes, et al., 2003a). 

LocataLites were designed in order to provide the establishment of LocataNet as an  

autonomous process where LocataLite can perform a self-survey using GPS signals whereupon 

it starts to transmit its own signal (Figure 3.4). After the first LocataLite starts to transmit signal, 

the second LocataLite performs the self-survey using GPS signals and the signal from the first 

LocataLite, and then it synchronizes the time with the first LocataLite, after that it starts to 

transmit its own signal (Figure 3.5). This process is repeated until all LocataLites are self-

surveyed (Figure 3.6). After at least four LocataLites are deployed, it is possible to add 

LocataLites in places where there is no GNSS signals, and LocataLite will perform the self-

survey using only Locata signals (Figure 3.7). After LocataNet is deployed (all LocataLites are 
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time synchronized and transmitting signals), LocataLite signals can be used to complement 

GPS, or used independently indoors, where GPS signals are blocked (Figure 3.8). 

 

Figure 3.4 Self-survey of the first LocataLite in LocataNet using GPS signals (Barnes, et al., 

2003a) 

 

Figure 3.5 Adding the second LocataLite to LocataNet by self-survey using GPS signals and 

signal from first LocataLite (Barnes, et al., 2003a) 

 

Figure 3.6 Establishing the LocataNet of four LocataLites using self-survey signals (Barnes, 

et al., 2003a) 

 

Figure 3.7 Adding LocataLite where GPS signals are blocked (Barnes, et al., 2003a) 
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Figure 3.8 Outdoor and indoor positioning of Locata rover signals (Barnes, et al., 2003a) 

In case of indoor LocataNet, it is not possible for LocataLite to perform self-survey 

because of GPS signal blockage, but it is possible to presurvey LocataLite positions by means 

of other surveying techniques. Afterwards, for practical reasons, Locata operating frequency 

has been changed. Therefore, self-survey of LocataLite using GPS signals requires each 

LocataLite to be connected with an external GPS receiver.  

3.4. Locata navigation solution 

Locata, just like GPS and pseudolites, utilizes code pseudorange and carrier phase 

measurements. Locata measurement models are very similar to the pseudolite measurement 

models described by the equation [2.1] for code pseudorange measurements and the equation 

[2.2] for carrier phase measurements. Centimeter level positioning is possible only by using 

carrier phase measurements, so only its measurement model will be described in detail. 

Measurement model of Locata carrier phase measurements is equal to (Rizos, et al., 2003): 

 ( ) ( ) ( ) ( )
1 1r r r

LLi i LLi i i tropo i LLit t f t t t N   
 

 =  +  +  + + ,  [3.1] 

where ( )r

LLi it  is the carrier phase measurement between the LocataLite LLi and the Locata 

rover r in epoch it ,   and f  are the wavelength and the frequency of a carrier signal, ( )r

LLi it  

is the geometrical distance between LocataLite LLi and rover r in epoch it , ( )r

it t  is the 

receiver’s clock error in epoch it , ( )tropo it  is the tropospheric delay,  LLiN  are integer 

ambiguities, and   contain other unmodeled errors. In Locata measurement model there is no 

pseudolite (LocataLite) clock error term since LocataLites are time synchronized (Rizos, et al., 

2003). The tropospheric delay can be modeled from meteorological data and will depend on the 

distance between the LocataLite and the Locata rover. The unknown parameters are the receiver 

clock error and the coordinates of the Locata rover in the epoch it  ( ) ( ) ( ), ,r i r i r iX t Y t Z t    that 

are contained in geometrical distance between the LocataLite and the Locata rover: 
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 ( ) ( ) ( ) ( )
2 2 2r

LLi i r i LLi r i LLi r i LLit X t X Y t Y Z t Z = − + − + −           .  [3.2] 

Another unknown parameter is LocataLite ambiguity N (the number of full carrier phase 

cycles) at the moment of signal acquisition. In GNSS carrier phase positioning, ambiguities are 

solved by multi-epoch measurements, which depends on the change of geometry between 

satellites and receiver due to satellite movements. In a case of the Locata positioning system, 

LocataLites are fixed on the ground, and when the receiver is static, there is no change of 

geometry between Locata rover and LocataLites, thus it is not possible to determine the 

ambiguities. In the Locata prototype system, the ambiguities are solved by static initialization 

of the Locata rover on a known point (known point initialization – KPI). The problem of the 

initialization at a known point is related to the fact that it is not possible to distinguish the 

ambiguity term from the receiver clock error at the moment of initialization. With KPI in 

initialization epoch, both ambiguities and the initial clock error, together referred to as initial 

bias 
r

LLiB , are calculated as (Rizos, et al., 2003): 

 ( ) ( ) ( )0 0 0

1 1r r r

LLi LLi LLi tropoB t t t 
 

=  −  −  ,  [3.3] 

where ( )0

r

LLi t  is the carrier phase measurement in the initialization epoch 0t , ( )0

r

LLi t  is the 

geometrical distance between LocataLite LLi  and known initialization point, and tropospheric 

delay term is modeled. The initial bias is also called float ambiguity, since it contains the integer 

number of ambiguities and float number of initial receiver clock error. After initial bias (float 

ambiguities) has been determined by KPI, the carrier phase measurement model for determining 

the Locata rover position is equal to (Rizos, et al., 2003): 

 ( ) ( ) ( ) ( )
1 1r r r r

LLi i LLi i i tropo i LLit t f t t t B   
 

 =  +  +  + + ,  [3.4] 

where the only difference compared to the equation [3.1] is related to the fact that the term 

( )r

it t  now represents the change of receiver clock error with respect to the error at the 

moment of initialization, and the unknown integer ambiguity term lN  is replaced by the float 

ambiguity term 
r

lB  that is determined within the KPI procedure. The only unknown parameters 

are three coordinates of Locata rover and rover clock error. Therefore, at least four LocataLites 

are required in a LocataNet to determine four unknown parameters in each epoch that can be 

solved by least square estimation. 
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Precise point positioning with Locata requires the carrier phase measurements to be 

corrected for the delay. The existing GNSS tropospheric delay models are not applicable to 

terrestrial positioning systems like Locata, so a different tropospheric model is used. The Locata 

tropospheric delay model is based on the length based tropospheric model. In the length based 

tropospheric model, tropospheric delay is calculated from the equation (Choudhury, et al., 

2009b; Politi, et al., 2009): 

 
610tropo N D −=   ,  [3.5] 

where D  is the distance between the LocataLite transmitter and Locata rover, while the 

refractivity N  is calculated from  (Choudhury, et al., 2009b; Politi, et al., 2009): 

 
2

77.689 71.2952 375463
dry wet wet

P P P
N

T T T
=  +  +  ,  [3.6] 

where dryP  is the partial pressure of dry air in hectopascals, wetP  is the partial pressure of water 

vapor in hectopascals and T  is the air temperature in Kelvins. The partial pressure of water 

vapor wetP  can be calculated as (Choudhury, et al., 2009b; Politi, et al., 2009): 

 
'

wet wetP E f=  ,  [3.7] 

where f  is a relative humidity, and the coefficient 
'

wetE  can be calculated from the equation 

(Choudhury, et al., 2009b; Politi, et al., 2009): 

  
( )

( )
'

17.269 273.15
6.1078 exp

237.30 273.15
wet

T
E

T

  −
=    + − 

, [3.8] 

finally, the partial pressure of dry air can be calculated as (Choudhury, et al., 2009b; Politi, et 

al., 2009): 

 dry wetP P P= − ,  [3.9] 

where P  is the air pressure in hectopascals. 

3.5. Development of Locata positioning system 

In order to demonstrate the proof-of-concept of the time synchronized pseudolites, Locata 

Corporation built a prototype system in 2002. The prototype of Locata system was developed 

over time, which resulted in: 

• change of transmitting frequency,  

• dual frequency transmission,  

• adding extra transmitting antenna and on-the-fly ambiguity resolution.  
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3.5.1. Locata prototype system 

The prototype system (Figure 3.9) is described in details in (Rizos, et al., 2003; Barnes, et 

al., 2003b; Barnes, et al., 2003c). The prototype LocataLite is described as an intelligent 

pseudolite transceiver (consisting of transmitter and receiver). The transmitter hardware used 

was designed with the possibility to have the intelligence of the unit integrated in the software, 

which allows major design changes without the requirement of installing a new hardware. The 

receiver part, of both LocataLites and Locata rover, was based on an existing GPS receiver 

chipset. Instead of designing and building GPS receiver hardware suitable for outdoor use, the 

existing Canadian Marconi Corp Allstar GPS receiver was modified. The modifications were 

related to the signal acquisition, tracking loops and navigation algorithm. The receiver and 

transmitter of a LocataLite shared the same TCXO clock. The transmitter generated code 

pseudorange and carrier phase signals on GPS L1 frequency of 1575.42 MHz. The signal was 

generated digitally and could operate in a pulsing mode with different duty cycles, power 

output, and any PRN code could be generated. Commercial GPS patch and custom-built 1/4 

wave antennas were used as LocataLite transmitting and receiving antennas, while commercial 

patch antenna was used for Locata rover. 

 

Figure 3.9 Prototype LocataLite transceiver (left) and Locata rover (right) (Rizos, et al., 

2003) 

The prototype system was built to prove the theory behind the positioning using the time 

synchronized pseudolites. The prototype system was tested for both static and kinematic 

positioning in both indoor and outdoor environment. 

The first test LocataNet consisting of five LocataLites was established outdoors on the 

surface of approximately 200 by 60 m. Master LocataLite was in the middle of the test network 

and other four LocataLites were time synchronized with the master LocataLite. Locata rover 

was initialized on a known point to determine carrier phase float ambiguities. After the 
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initialization, the same point was occupied for approximately 35 minutes where its coordinates 

were calculated independently by Locata in real time. Low elevation angles from all 

LocataLites led to poor vertical precision, as it was to be expected, hence, only horizontal 

accuracy of positioning was analyzed. The deviations from the true value (Figure 3.10) were 

less than ±1 cm in 93% of positioning solutions, with the root mean square error values less 

than 6 mm (Rizos, et al., 2003; Barnes, et al., 2003b).  

 

Figure 3.10 Positioning errors of the Locata prototype positioning solution for an outdoor 

static test (Barnes, et al., 2003a) 

In order to analyze the stability of time synchronization between the LocataLites, the single 

difference carrier phase measurements between the LocataLites were calculated. In the single 

difference measurement model, Locata rover clock error was eliminated, and the remaining 

deviations in the measurements were due to the error of time synchronization between 

LocataLites and the remaining unmodeled errors. The single difference measurements did not 

show any long-term drifts with standard deviations under 1 cm (which equates to 33 

picoseconds of time error) (Rizos, et al., 2003; Barnes, et al., 2003b). 

The analysis of cascade time synchronization that is used when one or more LocataLites 

cannot receive signals from master LocataLite, is presented in (Barnes, et al., 2003a), where the 

increase of noise was noticed in both single difference measurements and positioning solutions 

when using cascade time synchronization compared to the previous case (when all LocataLites 

are time synchronized directly with one “Master” LocataLite), however, the standard deviations 

of horizontal positioning solutions remain less than 1 cm. 

Kinematic outdoor positioning was tested by mounting Locata rover on a rotating platform 

with the radius of approximately 70 cm. In order to assess the precision of kinematic 

positioning, there were the residuals of positioning solutions obtained from the best fit circle 

calculated (Figure 3.11), where the standard deviation of residuals was 1.6 cm, while 82% of 

residuals were less than ± 2cm (Rizos, et al., 2003; Barnes, et al., 2003b). 



  Locata positioning system 

 

  25 

 

 

Figure 3.11 Horizontal positioning solutions of kinematic measurements (left) and residuals 

from the best fit circle (right) (Barnes, et al., 2003b) 

The testing of the prototype system for indoor positioning was carried out in the Locata 

Corporation offices. The analysis of the static and kinematic indoor positioning test is described 

in details by (Rizos, et al., 2003) and (Barnes, et al., 2003c). The LocataNet of five LocataLites 

was established on and around the office building. The initialization of the rover was done by 

KPI on the point with known coordinates inside the building. The Locata rover had a direct line 

of sight to only one LocataLite, while the signals from other LocataLites had to pass through 

the walls. The static accuracy test was first carried out by occupying a known point for 42 

minutes after initialization. The analysis of horizontal positioning solutions of the static 

occupation showed slightly better results compared to the outdoor test, and the deviations from 

the true value were less than ±1 cm in 99% of positioning solutions, with the root mean square 

error values less than 4 mm (Figure 3.12). 

 

Figure 3.12 Positioning errors of the Locata prototype positioning solution for an indoor 

static test (Barnes, et al., 2003c) 
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The indoor kinematic test of the prototype system was performed without a true kinematic 

position, however, indoor path of moving Locata rover was restricted by internal walls of the 

building. Carrier phase biases (float ambiguities) were first determined by KPI. Afterwards, the 

rover was carried around the offices and at the end returned to starting known point. In the test, 

the coordinates of trajectory calculated by the Locata rover followed the interior wall structure 

(Figure 3.13) demonstrating sub-meter precision, while the final position of the rover differed 

by less than 20 cm compared to the known coordinates (Rizos, et al., 2003). 

 

Figure 3.13 Trajectory of indoor kinematic test of the Locata prototype (Rizos, et al., 2003) 

The indoor positioning of the prototype was also tested in crane tracking at the BlueScope 

Steelworks steel warehouse to assess the performance in a harsh multipath environment. 

LocataNet of four LocataLites was established in the area of approximately 50 m by 50 m. The 

coordinates of LocataLites were determined using the measurements with total station. The 

Locata rover was mounted on a crane together with the prism for total station measurements. 

After KPI of the rover, nine different points were occupied by the crane, each for one minute, 

and their true positions were determined using total station measurements. All mean error 

values were less than 2 cm, while standard deviations were up to 6 mm. Such sub-centimeter 

precision and centimeter-level accuracy proved the potential of the Locata in extremely harsh 

multipath environment (Barnes, et al., 2004b). 

The prototype Locata positioning system was built to demonstrate the proof-of-concept of 

stand-alone positioning using carrier phase measurements with time synchronized signal 

transmitters. The results of prototype testing showed the capabilities of both static and 
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kinematic positioning in both indoor and outdoor environments. After successful testing of the 

prototype, the system was further developed. 

3.5.2. Development of Locata signal  

Based on the proof-of-concept of the Locata positioning technology, a new system has 

been designed and built. The differences of the new Locata system compared to the described 

prototype are explained in detail by (Rizos, 2005). 

The main difference compared to the prototype can be observed in transmitting frequency. 

The prototype system transmitted signals on GPS L1 frequency. It was decided to transit to 

frequency for the new system within 2.4 GHz Industrial Scientific and Medical (ISM) band 

being a global, license-free band. The main reason for abandoning GPS L1 frequency is related 

to the fact that the rules for transmitting signals on GPS frequency are different around the 

world, and it would be extremely difficult to obtain license for worldwide deployment. Even if 

the license was obtained ensuring that there was no GPS signal degradation, the Locata 

capability in terms of transmitting power would be limited. A new LocataLite transceiver and 

Locata rover (Figure 3.14) were designed on field programmable gate array (FPGA) devices 

from Xilinx that provide configurable logic on-chip memory and digital signal processing 

capabilities. This allowed implementation of design changes without the necessity to change 

the hardware. The hardware of new Locata system is described in detail by (Barnes, et al., 

2005). 

 

Figure 3.14 Interior of LocataLite transceiver (left) and Locata rover (right) designed on 

Xilinx FPGA device (Barnes, et al., 2005) 
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The transmitting power of LocataLites is limited to maximum of 1 Watt to meet Federal 

Communications Commission (FCC) regulations, although the hardware design allows much 

higher transmission powers. New Locata rover was able to stream out in real time or record raw 

measurement data for post processing with the registration rates up to 25 Hz, while real time 

positioning rate was 1Hz. Today, real time positioning rate is up to 10 Hz. The real time 

positioning solution with 25 Hz is possible by streaming raw measurement data to Locata 

Integrated Navigation Engine (LINE) application that runs on PC or laptop. 

For the purpose of further testing and research of the Locata positioning system, Locata 

Corporation has established a test facility. On the test facility, the LocataNet of five LocataLites 

was established on the surface of approximately 2.5 km by 1 km (Figure 3.15 left). The 

performance of the new Locata positioning system was tested by tracking the position of a 

moving vehicle within the LocataNet. True positions were determined by two GPS devices. 

Locata rover antenna was placed between the two GPS antennas (Figure 3.15 center) and the 

true position was determined as the average of GPS positioning solutions of two GPS receivers. 

The difference between the Locata positioning solutions and true positions is displayed on the 

right side of the Figure 3.15. The analysis of the results showed centimeter level of agreement 

between Locata and GPS kinematic positioning solutions with a standard deviation of 0.6 cm, 

and a maximum difference of 3.2 cm. 

 

Figure 3.15 LocataNet on test facility (left), test GNSS and Locata rover antennas (center), 

differences between GNSS and Locata positioning solutions (right) (Barnes, et al., 2005) 

Multipath is one of the toughest challenges when using ground base positioning systems 

like pseudolites or Locata. As explained in chapter 2, multipath can be mitigated in three ways:  

1) using antennas with appropriate gain patterns,  

2) utilizing signal diversity in spatial domain, and  

3) utilizing signal diversity in frequency domain.  
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Although the new Locata system used first only one transmitting antenna and generated 

signals on only one frequency, it was designed with ability for signal diversity in both spatial 

domain (transmitting signals from two different antennas) and frequency domain (transmitting 

on two different frequencies).  

The test of signal diversity in spatial domain using two separated antennas is described in 

detail by (Barnes, et al., 2006a) and (Barnes, et al., 2006b). The test of spatial diversity was 

carried out on the Locata test facility. In the first test, one LocataLite was connected to two 

transmitting antennas where one of the antennas (Tx1) was fixed, while the other antenna (Tx2) 

was moved vertically to achieve different separations (up to 4 meters) between antennas (Figure 

3.16 left). Locata Signal Strength (LSS, similar to Signal-to-Noise Ratio in GNSS) of both 

antennas was analyzed for different positions of movable antenna (Figure 3.16 right). The figure 

shows the increase of LSS values for the antenna Tx2 when it is raised, which then increases 

the quality of the measurement. 

 

Figure 3.16 Test of LocataLite antenna spatial diversity: moveable LocataLite antenna (left) 

and LSS values for different antenna separations (right) (Barnes, et al., 2006a) 

The analysis of LocataLite signal quality and its availability in kinematic positioning of 

vehicle was also carried out. The analysis showed significant increase in signal quality and 

availability when utilizing two physically separated antennas at each LocataLite. In the 

conducted test, the signal availability of LocataLites was 70% to 90% when using only one 

antenna,  and it was 99.6%  when using both antennas (Barnes, et al., 2006a). The test results 
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have shown that multipath effects can be significantly mitigated by separating the transmitting 

antennas by 1 to 2 m for distances up to 2 km (Barnes, et al., 2006b). 

Dual frequency signal transmission was introduced later, which also helped in the 

multipath mitigation. Current Locata positioning system transmits on dual frequencies within 

ISM band with wavelengths between 12.12 and 12.43 cm. It is possible to choose two 

transmitting frequencies out of six frequencies in the Locata frequency plan (Table 3.1).  

Table 3.1 Available Locata carrier frequencies (Locata Corporation, 2015) 

Frequency plan 

number (n) 

Carrier frequency 

[MHz] 

Wavelength 

[m] 

02 2411.211 0.1243 

05 2414.280 0.1242 

25 2434.740 0.1231 

52 2462.361 0.1218 

55 2465.430 0.1216 

62 2472.591 0.1212 

 

Carrier frequency in MHz of any frequency plan can be generally calculated from 

frequency plan number n as (Locata Corporation, 2015): 

 2409.165 1.023nf n= +  .  [3.10] 

By changing the transmitting frequency from GPS L1 to ISM band, the problem of 

interference with GPS signals is eliminated. However, ISM band is widely used by many 

technologies, such as Bluetooth or Wi-Fi, which introduces the new problem of signal 

interference. The main sources of interference are Wi-Fi signals which are most commonly 

used in the environments where Locata technology can be applied (like indoor or urban 

environments). The research of Locata signal tracking performance with and without Wi-Fi 

signal interference has shown possible loss of signal tracking in the presence of Wi-Fi 

interference, which then causes the loss of TimeLoc (Abello, et al., 2007). In order to reduce 

the interference with a Wi-Fi signal, a time-sharing scheme between Locata and Wi-Fi signals 

was proposed by (Khan, et al., 2008a). The proposed scheme takes advantage of Locata system 

design and time synchronized signals of LocataLites to divide transmitting time slots between 

Locata and Wi-Fi signals. Later research showed the improvement with respect to Wi-Fi signal 

interference with Locata (Khan, et al., 2008b). 

The influence of Wi-Fi signal interference on the obtained Locata measurements and 

positioning solutions was analyzed by (Khan, et al., 2010). The analysis of double difference 

carrier phase measurements (with respect to two carrier signals and between two consecutive 
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epochs) showed significant increase of noise in measurement in the presence of Wi-Fi 

interference that could lead to cycle slips depending on the power of interference signal. The 

analysis also showed that Locata signal interference with Wi-Fi signal causes a decrease in Wi-

Fi data rate. Since each LocataLite transmits four signals on two different frequencies, (Khan, 

et al., 2009) proposed the measurement weighting scheme based on total phase jitter which 

gives the best quality of positioning solution. The algorithm for more efficient tracking of 

Locata signal that can be used to reduce overall computational load, lower the mean signal 

acquisition time and improve receiver sensitivity was proposed later on by (Khan, et al., 2011). 

The improvement of Locata signal quality was proved by testing different versions of Locata 

firmware in different conditions by (Montillet, et al., 2014). 

3.5.3. Ambiguity resolution and navigation solution development 

In carrier phase single point positioning, it is necessary to first determine the float 

ambiguity value for each LocataLite signal. At first, it was achieved through KPI at the 

beginning of measurement as described previously. But it is not always possible to occupy a 

known point before the beginning of measurements. 

In order to avoid KPI, for practical reasons, (Amt, 2006) used batch least squares (BLS) 

estimation in post processing to determine both receiver float ambiguities and positions in 

multiple epochs simultaneously. The float ambiguities estimation relies on geometry change 

between the Locata rover and the LocataLites. Locata measurements were conducted while the 

rover was moving within LocataNet, which caused the change in geometry. In the post 

processing, the predefined number of epochs in all measurements was chosen for BLS 

estimation of float ambiguities instead of using all measurements to determine ambiguities. 

After all ambiguities had been estimated, a positioning solution for each epoch was calculated. 

The method of float ambiguity estimation in post processing was also used for positioning of 

an unmanned aerial vehicle (UAV) by (Amt & Raquet, 2007) since it was not possible for  UAV 

to occupy a known point in flight. 

On-the-fly (OTF) ambiguity resolution based on the concept of BLS, used by (Amt, 2006) 

was proposed by (Bertsch, et al., 2009). In the proposed OTF ambiguity resolution method, 

there were single difference (SD) carrier phase measurements used. When a signal from one 

LocataLite is chosen as a reference (LL1), based on equation [3.1], SD carrier phase 

measurement can be modeled as: 

 ( ) ( ) ( )
1 1r r

LLi i LLi i tropo i LLit t t N  
 

 =  +  +  + ,  [3.11] 
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where LLi goes from LL2 to LLn, since LL1 is the reference LocataLite, and n is the number of 

LocataLites in the LocataNet. 
r

l  is SD carrier phase measurements between LocataLite LLi 

and the reference LocataLite, ( )r

LLi it  is the difference in geometrical distances from the 

Locata rover to reference LocataLite and LocataLite LLi, LLiN  is the difference of ambiguities 

of the reference LocataLite and LocataLite LLi: 

 ( ) ( ) ( )
1

1

1

r r r

LLi LL LLi

r r r

LLi i LL i LLi i

LLi LL LLi

t t t

N N N

  

 =  − 

 = −

 = −

.  [3.12] 

In the equation [3.11], the receiver clock error is cancelled, and SD ambiguities LLiN  are 

considered as integer values being the reasons to use SD carrier phase measurements. 

In (Bertsch, et al., 2009), simulated Locata carrier phase measurements were used to 

demonstrate BLS OTF ambiguity resolution technique. The simulated measurements were 

assumed free from unmodeled systematic biases, affected only by white noise of 3 mm in carrier 

phase measurements and 1 m in code pseudorange measurements. The measurements were 

simulated for LocataNet consisting of five LocataLites, each of them transmitting from two 

separated antennas and on two different frequencies. This led to 20 carrier phase measurements 

in total for each measurement epoch, or 18 SD carrier phase measurements since one reference 

measurement was defined for each frequency. There were 25 approximately evenly spaced 

points used for ambiguities resolution. First, float ambiguities were estimated by BLS. After 

that, the least squares ambiguity decorrelation adjustment (LAMBDA) method (Teunissen, 

1994) was used to estimate an integer number of ambiguities. Network geometry and the size 

of initializing trajectory play a significant role in BLS OTF ambiguity resolution, while the 

number of measurement epochs along the trajectory is less important (Politi, et al., 2009). 

Although the Locata system was capable only to estimate float ambiguities at that time, as well 

as today, the future development plans involve the possibility to estimate the integer value 

ambiguities, which would increase the positioning accuracy. 

Jiang et al (Jiang, et al., 2013a) proposed OTF ambiguity resolution using Extended 

Kalman Filter (EKF) with SD carrier phase measurements. In the proposed system, a separate 

measuring device for determining height was used because of poor geometry for determining a 

vertical component. In order to validate the proposed OTF ambiguity resolution algorithm, the 

measurements were conducted within LocataNet established around the Sydney Harbour. 

Locata and GNSS measurements were conducted simultaneously, and post-processed to get 
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independent positioning solutions. GNSS integer-fixed differential carrier phase positioning 

solutions were used as the reference. Locata positioning solutions using KPI and proposed OTF 

ambiguity resolution were calculated and compared to GNSS positioning solutions (Figure 

3.17). The analysis of proposed OTF ambiguity resolution method showed better positioning 

accuracy compared to KPI ambiguity resolution. 

 

Figure 3.17 Comparison of positioning solution errors using OTF and KPI ambiguity 

resolution (Jiang, et al., 2013a) 

When using Locata positioning system, all signals come from low elevation angles causing 

poor network geometry for determining a vertical component of positioning solutions. Poor 

network geometry could lead to degraded accuracy of the vertical component of positioning 

solution, which can consequently affect the horizontal positioning solutions, or it might 

exceptionally result in the singularity of a configuration matrix in least squares estimation. To 

tackle this problem, (Amt, 2006) proposed the use of the predetermined elevation model (digital 

terrain model) of the measurement area to aid positioning in flat Locata networks. The ability 

of using digital elevation model for real time 3D positioning within LocataNet was later 

implemented in the Locata positioning system. 

3.5.4. Possibilities of integration with GNSS 

The characteristics of the Locata positioning system make it suitable for integration with 

the GNSS in the area where there are not enough signals received from satellites needed for 

accurate positioning. In such scenarios, it is possible to get extra positioning signals from Locata 

to estimate users’ position. 
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The first research of the GNSS and Locata integration was conducted to assess the 

feasibility of the integration for the navigation of mining machines in open pit mines. The first 

tests made in ideal conditions show that Locata positioning accuracy is comparable to the GPS 

RTK (real time kinematic) accuracy (Barnes, et al., 2006c). Similar results were obtained later 

in LocataNet established at the DeBeers Venetia diamond mine in South Africa (Barnes, et al., 

2007d) and at the Newmont Boddington Gold Mine in Western Australia (Rizos, et al., 2011). 

The research led to the development of the Leica Jigsaw Positioning System which combines 

positioning solutions of GNSS and Locata positioning system, in loosely coupled integration. 

This integration significantly improved positioning solution availability compared to using only 

GNSS solutions (Rizos, et al., 2013). 

The algorithm for tightly coupled integration of GNSS and Locata where an integrated 

positioning solution was calculated from raw measurements collected simultaneously from both 

systems was proposed by (Bonenberg, et al., 2010). The proposed integration algorithm was 

tested on simulated data and showed promising results with OTF ambiguity resolution of Locata 

carrier phase measurements (Bonenberg, et al., 2011). The analysis of tightly coupled 

integration of GNSS and Locata showed that the integrated system can provide greater 

confidence in position estimation and detection of gross errors (Yang, 2013). 

The concept of triple integration of GNSS, INS and Locata system showed that Locata can 

support the navigation in environments where GNSS signals are not available (Rizos, et al., 

2008), (Rizos, et al., 2010a). The test of GNSS//Locata/INS integration using only code 

pseudorange measurements showed the feasibility of using such an integration for navigation 

purposes where different integration algorithms were proposed by (Jiang, et al., 2013b) and 

(Zhou, et al., 2013). Different algorithms for navigation with GNSS/Locata/INS integrated 

system using carrier phase measurements was researched by (Jiang, et al., 2015). 

GNSS/Locata/INS integrated system for navigation in both indoor and outdoor environments 

was proposed by (Jiang, et al., 2017). Even a quadruple integration of GNSS, INS, Locata and 

terrestrial laser scanner was researched for navigation in GNSS challenging environments by 

(Grejner-Brzezinska, et al., 2011). 

3.5.5. TimeTenna technology for indoor positioning 

As mentioned before, multipath is one of the most difficult problems to tackle when using 

a ground-based radio frequency positioning system, since the signals comes from low elevation 

angles.  
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In order to overcome a multipath problem, especially for indoor positioning, a multipath 

mitigating antenna technology, known as TimeTenna, was developed by Locata. Utilizing and 

array of antenna elements and taking advantage of Locata signal structure and time 

synchronization, the TimeTenna tracks only direct line-of-sight signals (Rizos, et al., 2010b).  

TimeTenna technology utilizes beam-forming method that creates beams by sequentially 

switching through each element of an antenna array. To mitigate the multipath, the beams 

formed at the receiver must be pointed in the directions of the LocataLite transmitters. The 

position of the LocataLite is known, so each direction of a beam depends on the position and 

orientation of the rover. The receiver initially sweeps the beams and finds direction of 

maximum signal power. Once the direction of the beam is determined, the angles of signal 

arrival are used to estimate the approximate position and orientation of the rover (Rizos, et al., 

2014).  

Locata antenna that utilizes TimeTenna technology is called V-Ray antenna. In the course 

of development, different prototype antennas were designed and tested (Figure 3.18). 

 

Figure 3.18 Different types of V-Ray antennas (Rizos, et al., 2014) 

3.6. Applications of Locata positioning system 

Locata positioning technology has been gradually researched and applied for different 

positioning and navigation tasks worldwide. This chapter briefly describes the applications of 

Locata positioning technology in navigation of a different type of vehicle in different 

environments, and previous research of using Locata for deformation monitoring. 

3.6.1. Locata for tracking and navigation 

Locata positioning system was first used for navigation of machines in open pit mines. The 

first tests were conducted at Locata test facility (Barnes, et al., 2006c). After successful testing 

on the real open pit mines described by (Barnes, et al., 2007d) and (Rizos, et al., 2011), Leica 
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Geosystems and Locata Corporation developed and integrated GNSS and Locata system for 

navigation of machines, called Leica Jigsaw Positioning system (JPS).  

Leica JPS system was installed and tested on the Newmont Boddington Gold Mine in 

Western Australia where overall navigation solution availability increased from 92.3% (Figure 

3.19 top left) to 98.8% compared to the GNSS only solution (Figure 3.19 top right), and from 

75.3% (Figure 3.19 bottom left) to 98.7% (Figure 3.19 bottom right) in the areas of poor GNSS 

satellite visibility (Rizos, et al., 2013).  

 

Figure 3.19 Navigation solution availability  without (left) and with (right) Leica JPS: overall 

(top) and in areas of poor GNSS visibility (bottom) (Rizos, et al., 2013) 

GNSS is not suitable for indoor positioning and navigation because the signals from the 

satellites are too weak to penetrate through the building walls. On the other hand, it is possible 

to design a LocataNet by optimizing positions and signal strengths of LocataLites in such a way 

that the signals are strong enough to penetrate through building walls enabling indoor 

positioning. The testing of the Locata positioning system for indoor positioning and navigation 

started already after the first prototype of the system was built and showed promising results 

(Rizos, et al., 2003; Barnes, et al., 2004b).  
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When a signal penetrates through the wall, there is a delay causing the measurement of 

pseudoranges being longer than they really are. The testing showed that the errors in 

measurements caused by signal propagation through different materials can be up to a decimeter 

level (Politi, et al., 2007). For the purpose of precise indoor positioning, it is necessary to know 

how the penetration trough different types of material affects the Locata signals. The correction 

of measurements can thus be provided, and the accuracy of positioning improved (Tambuwala 

& Jamaluddin, 2007).  

One of the biggest challenges in indoor positioning by means of Locata is signal multipath. 

To address this problem, the TimeTenna technology described in chapter 3.5.5 has been 

developed. The first tests of Locata positioning accuracy using TimeTenna technology was 

conducted inside a large metal shed at Locata Numeralla Test Facility (Figure 3.20 left). Within 

the established LocataNet, nine test points arranged in a regular grid (Figure 3.20 right) were 

measured using the Locata and the total station. The analysis of the positioning accuracy 

showed the capabilities of centimeter level positioning using developed TimeTenna in such 

multipath challenging environment (Rizos, et al., 2010b). The integration of Locata with INS 

for the purpose of indoor positioning showed the ability to provide an accurate navigation 

solution (position with accuracy <0.1 m, velocity with accuracy <0.1m/s and attitude with 

accuracy <0.5°) in the areas where there is no GNSS signals available (Jiang, et al., 2012; Jiang, 

et al., 2017).  

 

Figure 3.20 Tests of indoor positioning using TimeTenna (left) and points used for static 

indoor test (right) (Rizos, et al., 2010b) 

The carrier phase measurements might not be usable in indoor positioning if Locata signals 

must penetrate through the walls (Figure 3.21),  but it is possible to apply a fingerprinting 
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method that was initially developed for indoor positioning by using Wi-Fi signals. Meter level 

of positioning accuracy is achievable by using the fingerprinting method with Locata signals 

that is at the same level as fingerprinting positioning using Wi-Fi signals (Jain, et al., 2007). 

 

Figure 3.21 LocataNet established for indoor positioning using fingerprinting method (Jain, 

et al., 2007) 

Locata is is also used for positioning and navigation in urban canyons. At the University 

of Nottingham, (Montillet, et al., 2007) and (Montillet, et al., 2009) tested Locata system for  

positioning in urban environments where GNSS accuracy can degrade due to obstructed 

skyline. Their research pointed out some challenges for the Locata system in an urban 

environment, like signal interference and multipath. Despite mentioned challenges, the 

achieved Locata standalone positioning accuracy was at a centimeter to a decimeter level. 

The Advanced Navigation Technology Center of the Air Force Institute of Technology 

started to research the use of the Locata positioning system as a replacement of GPS in aircraft 

navigation in the event of GPS signal jamming. The first tests for this purpose were conducted 

by positioning an unmanned aircraft in a smaller LocataNet (Amt & Raquet, 2007). A larger 

LocataNet was established later  in the area of approximately 44 km by 48 km for the purpose 

of testing the Locata performance in more realistic conditions (Trunzo, et al., 2011). The final 

product of this research was LocataNet established at the White Sand Missile Range (Figure 

3.22) as a part of the Ultra High Accuracy Reference System of US Air Force (Craig, et al., 

2012). 
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Figure 3.22 LocataNet established at White Sands Missile Range (Craig, et al., 2012) 

Locata positioning technology has found its application in the first fully autonomous 

robotic testing in vehicle collision avoidance system developed by Vehicle Research Center 

(VRC) in Virginia, USA. A part of VRC facility is a vehicle test track that includes open air 

and covered (indoor) area for testing. Locata technology is utilized within covered area where 

GPS positioning is not possible or is not enough reliable (Perrone, et al., 2014).  

The integration of Locata with other sensors for navigation in a marine environment has 

been researched lately. This integration can find its application in port areas and in constricted 

waterways where a high level of navigation performance is required (in terms of robustness, 

accuracy, integrity and availability). In order to test the Locata performance is such areas, the 

LocataNet consisting of eight LocataLites was established around the Sydney Harbour (Figure 

3.23). The analysis of the test measurements showed that Locata integrated with INS can 

significantly improve the accuracy of determining both position and velocity of the vessel in 

such areas (Jiang, et al., 2013a).  

Within the same LocataNet, the test of triple integration of GNSS, Locata and INS showed 

that Locata could adequately replace GNSS measurements during the GNSS signal outage 

(Jiang, et al., 2013c). Since the reliability of navigation solution is important for navigation in 

such areas, Yang et al analyzed the accuracy and reliability of the LocataNet established around 

the Sydney Harbour (Yang, et al., 2015). The analysis showed that the established LocataNet 

gave the best performance within the area near the shore (surrounded by LocataLites LL1 to 
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LL5). The measurements made by far away LocataLites (LL7 and LL8) had much poorer 

reliability, and therefore, it was difficult to detect potential errors in their measurements, which 

might result in biased navigation solutions. 

 

Figure 3.23 LocataNet established at Sydney Harbor (Jiang, et al., 2013a) 

3.6.2. Locata for deformation monitoring 

The testing of the Locata positioning system in deformation monitoring started already 

after the prototype of the system was built. The first test measurements were conducted on the 

Parsley Bay suspension footbridge (Figure 3.24 left) located on the east side of Sydney Harbour. 

LocataNet consisting of four LocataLites was established around the bridge (Figure 3.24 right) 

and the displacements were measured in the middle of the bridge span. 

 

Figure 3.24 Parsley Bay footbridge (left) and configuration of established LocataNet (right) 

(Barnes, et al., 2004a) 
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The displacements were induced by intentional rocking of the bridge in the direction 

perpendicular to the longitudinal axis of the bridge. Figure 3.25 shows the determined 

displacements of the bridge during the bridge rocking where maximum displacements were in 

the direction perpendicular to the longitudinal axis of the bridge, as expected. The analysis of 

the measurements at Parsley Bay bridge showed sub-centimeter level of positioning precision 

that allows the detection of centimeter level displacements (Barnes, et al., 2004a).  

 

Figure 3.25 Measured displacements of the bridge (Barnes, et al., 2004a) 

After successful testing of the prototype for displacement measurements, Locata system 

has been tested further for the purpose of displacement measurement and structural deformation 

monitoring. Long term stability of Locata positioning solution was tested during the time period 

of 13.5 hours within LocataNet consisting of ten LocataLites. During the period of 13.5 hours, 

the  positioning solution did not show any drift, with standard deviations of positioning solution 

of 2.1 mm in East and 1.5 mm in North direction, while the mean errors compared to the true 

position were less than 1 mm in both East and North directions (Figure 3.26) (Barnes, et al., 

2007a). During the testing procedure, there were approximately 48 600 measurement epochs 

collected, and only 7 positioning solutions were detected as outliers that could easily be 

removed by filtering or using data snooping (Barnes, et al., 2007b; Barnes, et al., 2007c). 

More extensive research on long term Locata positioning solution stability was conducted 

in a five-day long monitoring scenario at the University of Nottingham (Bonenberg, et al., 

2013). During the five-day long test, the drifts in Locata positioning solution occurred due to 

undetected fractional cycle slips and multipath influence. The research yielded the proposal of 

an additional quality control mechanism which should lead to improved Locata positioning 

solution accuracy. 
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Figure 3.26 Locata positioning solutions during 13.5 hours long-term static test (Barnes, et 

al., 2007a) 

Simulated displacements were measured in the LocataNet consisting of five LocataLites. 

The displacements were simulated using HP XY plotter table. Locata rover antenna and GNSS 

antenna were mounted to the plotter printing head, which enabled the comparison of the results. 

The printing head was moved in West/East direction with 1 cm increment and each position 

was occupied for one minute. All Locata positioning solutions during the test are presented in 

Figure 3.27. The left side of the figure shows that antenna was moved in West/East direction 

three times to a maximum displacement of +/-12 cm, whereas there were no movements in 

North/South direction. 

 

Figure 3.27 Locata positioning solutions of measured simulated displacements – all epochs 

(left), zoomed first 1600 epochs (right)  

It is easy to detect every displacement of antenna in the first 1600 Locata positioning 

solution zoomed (Figure 3.27 right). In order to compare the quality of the positioning solutions, 

standard deviations of each one-minute static occupation were calculated separately for Locata 

and GNSS positioning solutions (Figure 3.28). The Figure shows that the standard deviations 

of Locata positioning solutions are constant during the measurements, while the standard 
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deviation of GNSS positioning solutions varies due to the change of the satellite geometry. The 

conducted test shows that Locata positioning system can easily detect centimeter level 

displacements (Barnes, et al., 2007a). 

 

Figure 3.28 Standard deviations of Locata (left) and GNSS (right) positioning solutions for 

each one minute occupation (Barnes, et al., 2007a) 

In 2009, a prototype software called Locata Deformation Monitoring System (LDMS) was 

developed at the University of New South Wales. The detailed description of developed LDMS 

can be found in (Choudhury, 2012). LDMS was first tested by introducing simulated centimeter 

to sub-centimeter displacements in Locata measurements artificially (Choudhury, et al., 2009a). 

Afterwards, LDMS was tested at the Tumut Pond Dam near Cabramurra, New South Wales, 

Australia. LocataNet consisting of four LocataLites was established around the dam, and the 

Locata rover was placed in the middle of the dam (Figure 3.29).  

During the 22-hour monitoring, the total of 15655 measurement epochs were collected. 

The displacements were detected in only 606 measurement epochs that were not continuous 

(Figure 3.30) (Choudhury, et al., 2010a; Choudhury, et al., 2010b). After smoothing the noise 

of positioning solutions by applying a Kalman filter, there was no statistically significant 

displacement detected during this trial (Choudhury & Rizos, 2010). 

 

Figure 3.29 LocataNet at Tumut Pond Dam established for displacement monitoring 

(Choudhury, et al., 2010a; Choudhury & Rizos, 2010; Choudhury, et al., 2010b) 
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Figure 3.30 Measured and detected significant displacements (Choudhury, et al., 2010b) 

Adaptive Fading Kalman filter (AFKF) was later proposed as a better solution for 

displacement measurement (Choudhury, 2012). The displacement determination based on 

AFKF Locata positioning solutions was researched in (Choudhury, et al., 2011) and 

(Choudhury, 2012). 

3.7. Locata in Croatia 

Within the project “Wearable outdoor augmented reality system for enrichment of touristic 

content”, code-name “Project Wonderland”, funded by the European Union - European 

Regional Development Fund, and co-founded by the Polytechnic of Međimurje in Čakovec, the 

company Infigo IS Ltd. and the Republic of Croatia, Locata equipment was purchased and 

applied for the first time in Croatia in December 2015.   

The goal of the project was to develop augmented reality (AR) systems that make it 

possible for users to see the real world around them with embedded virtual objects. The 

developed AR system consists of two high-resolution cameras (simulating user eyes) mounted 

on the Oculus rift that emits camera images to the user eyes. In order to embed virtual objects 

to emitted images, it is necessary to define the spatial relationship between real world 

coordinate system and coordinate system of virtual objects.  

This spatial relationship is defined by determining the real world spatial coordinates 

(North, East, Down) and orientation parameters (roll, pitch and yaw) of the cameras. In order 

to make it possible while the user is moving, the AR system needs to know its exact real time 

position at every moment within centimeter level accuracy. Simultaneous multiple users of the 
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AR system require multiple target tracking positioning system. Locata positioning system that 

fulfils such conditions, is chosen for mastering the positioning tasks inside the AR system.  

The equipment consists of six LocataLite transceivers, eighteen antennas Aero Antenna 

Patch AT 2400 – three for each LocataLite, two Locata receivers and two 2.4 GHz/900 MHz 

3dBi Dual Band Omni Antennas with magnetic mount. Six LocataLites with eighteen antennas 

provide for the LocataNet configuration to consist of up to six transmitters, while two Locata 

receivers with two antennas provide two rover setups (Figure 3.31). 

The company Poljoopskrba Ltd (today renamed to KREA.TECH Ltd), is the first company 

with the headquarters in Europe that has a certificate for “Locata Technology Integrator” (URL 

1). With the help of the Locata Ltd. experts, the implementation of the Locata positioning 

system and knowledge transfer to the local experts (experts on “Project Wonderland”, and the 

researchers at the Chair of Engineering Geodesy at the Faculty of Geodesy in Zagreb, 

University of Zagreb)  was performed  in December 2015. 

 

Figure 3.31 Locata receiver and LocataLite transceiver (top left), three Aero Antenna Patch 

AT 2400 mounted on a pole (top center), LocataLite transceiver with power transformer 

inside an enclosure (bottom left), 2.4 GHz/900 MHz 3dBi Dual Band Omni Antenna (bottom 

center), Locata rover setup and LocataLite transceiver in an enclosure (right) 
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4. A PRIORI ANALYSIS OF LOCATA POSITIONING QUALITY 

When setting up a LocataNet, it is necessary that the geometry of the network is suitable 

for the required positioning precision. To get insight into achievable positioning precision 

within LocataNet, it is desirable to calculate different a priori indicators of positioning 

precision. The basic a priori indicator of positioning precision, inherited from a priori analysis 

of GNSS positioning, is a dilution of precision (DOP) value. More detailed insight of horizontal 

precision can be presented by error ellipses. Furthermore, a priori analysis can be extended by 

determining the reliability of measurements. 

4.1. Dilution of precision 

Just like GNSS, Locata uses code pseudorange and carrier phase measurements to 

determine the position of the receiver with carrier phase measurements being more precise than 

pseudorange measurements. The model of Locata carrier phase measurement between the 

LocataLite LLi and the receiver r is given in the equation [3.1] 

Once the float ambiguities have been estimated with a certain level of accuracy, they can 

be treated as known parameters (Jiang, et al., 2013a). The remaining unknown parameters 

(position of receiver in 
r

LLi  and receiver’s clock error rt  in the current epoch ti) can be 

solved by least square estimation. The linearization of the measurement model of n carrier phase 

measurements results in geometry matrix: 

 

1 1 1

2 2 2

1

1
1

1

r r r

LL LL LL

r r r

r r r

LL LL LL

r r r

r r r

LLn LLn LLn

r r r

E N H

E N H
G

E N H

  

  



  

   
 

   
   
 

   
= 

 
 
 
 

   
    

.  [3.13] 

The elements of geometry matrix G  are calculated as: 

 

r

LLi r LLi

r

r LLi

r

LLi r LLi

r

r LLi

r

LLi r LLi

r

r LLi

E E

E

N N

N

H H

H













 −
=



 −
=



 −
=



 [3.14] 
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Assuming that all carrier phase measurements are measured with the same standard 

deviation and are uncorrelated, the covariance matrix of least square estimation will be equal 

to: 

 ( )
1

2 2 2

0 0 0

EE EN EV ET

EN NN NV NTT

xx xx

EV NV VV VT

ET NT VT TT

q q q q

q q q q
G G Q

q q q q

q q q q

  
−

 
 
  =   =  = 
 
 
 

,  [3.15] 

where: 
2

0  is the variance of referent measurement and xxQ  is the cofactor matrix of estimated 

rover position. Diagonal elements of the cofactor matrix xxQ  contain the information about 

DOP values of estimations. DOP values are the quantities that specify the standard deviation of 

estimation when multiplied by standard deviation of referent measurement: 

 0x xDOP =  .  [3.16] 

In the equation [3.15], the variance of referent measurement 
2

0  is defined in [cycles2], 

while the elements of covariance matrix xx  are  in [m2]. It is therefore necessary to know a 

priori standard deviation of referent measurement in order to calculate a priori standard 

deviation of estimation. Note that if a priori standard deviation is known in meters, it is 

necessary to convert it to cycles by means of dividing it by the signal wavelength (see Table 

3.1). 

According to  DOP values defined in the equation [3.16] and the cofactor matrix xxQ  

defined in the equation [3.15], DOP values of the position (East [E], North [N] and Height [V] 

coordinates), and receiver clock error [T] will be equal to: 
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= 
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= 

= 

 [3.17] 

Furthermore, the horizontal dilution of precision (HDOP) is defined as: 
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2 2

1
EE NNHDOP q q

EDOP NDOP


=  +

= +

 [3.18] 

the position dilution of precision (PDOP) is defined as: 

 
2 2 2

2 2

1
EE NN VVPDOP q q q
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=  + +

= + +

= +

 [3.19] 

and the geometric dilution of precision (GDOP) is defined as: 
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 [3.20] 

Today, Locata utilizes single difference (SD) carrier phase measurements for the 

estimation of position. For the purpose of single difference carrier phase measurements, the 

measurement of signal from one of the LocataLites in the LocataNet is taken as reference 

measurement and it is subtracted from all other carrier phase measurements. The reference 

LocataLite is marked as LL1, whereafter the SD carrier phase measurement model between the 

LocataLite LLi ( 2,3,...i n= ) and the receiver r is given in equation [3.11].  

Once the float ambiguities have been estimated with a certain level of accuracy, they can 

be treated as known parameters (Jiang, et al., 2013a). The position of receiver in current 

measurement epoch, contained in 
r

LLi , can be solved by least square estimation. The 

following geometry matrix is derived by linearization of the measurement model of n carrier 

phase measurements: 
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.  [3.21] 

The elements of geometry matrix of single difference measurements SDG  are calculated as: 
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 [3.22] 

The covariance matrix of least square estimation will be equal to: 
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.  [3.23] 

At this point, it is important to take into account a weight matrix of SD measurements  

(
SDP ) because they are correlated. If all carrier phase measurements are measured with the same 

standard deviation and if they are uncorrelated, it is possible according to the law of the 

propagation of errors to calculate weight matrix of SD measurements as: 

 

1

1

2 1 1 1 1 1

1 2 1 1 1 11

1 1 2 1 1 1

SD SD

n

n
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n

−

−

− − −   
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   = = = 
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,  [3.24] 

where n  is the total number of carrier phase measurements.  

The cofactor matrix of the coordinates estimated by SD measurements (
SD

xxQ ) is the 

submatrix of cofactor matrix 
xxQ  calculated from carrier phase measurement in the equation 

[3.15]. Bearing that in mind, this matrix can be used to calculate EDOP, NDOP, VDOP, HDOP 

and PDOP values from cofactor matrix 
SD

xxQ  using the equations [3.17], [3.18] and [3.19].  

4.2. Error ellipses 

More detailed measure of horizontal positioning precision can be presented by error 

ellipses. EDOP, NDOP and HDOP can only give the information on precision in the direction 

of the coordinate axes or total horizontal precision. To gain an insight into the precision of 

estimated positioning solution in any direction, it is necessary to determine error ellipses.  

It is convenient to use error ellipses in the analysis for displacement measurements since 

the direction of expected displacements is often a priori known. Then it is possible to design a 

network with better precision in the direction of expected displacements. 
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When only the elements related to East and North component of positioning solution are 

taken from covariance matrix   in the equation [3.15], the covariance matrix of horizontal 

component of estimated position is obtained: 

 2 2

0 0

var cov

cov var

EE EN E ENHz Hz

xx xx
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q q
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q q
 

   
 =  =  =   

   
.  [3.25] 

The eigenvalues ( 1  and 2 ) of covariance matrix are squared values of error ellipse semi-

axes, while the direction of the eigenvectors is the direction of the error ellipse semi-axes. The 

elements of error ellipses can be determined as: 
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  [3.26] 

where a  is the major semi-axis of error ellipse, b  is the minor semi-axis of error ellipse and   

is the direction (azimuth) of major semi-axis measured from north in clockwise direction.  

Thus, in order to calculate the elements of a priori error ellipses, it is necessary to make an 

assumption about a priori variance of reference carrier phase measurements. 

4.3. Reliability of Locata measurements 

According to (Baarda, 1968), the reliability of geodetic networks can be generally divided 

into internal and external reliability. Internal reliability refers to the  possibility to detect and 

localize systematic and gross errors in a network, while external reliability is related to the 

influence of remaining undetected systematic and gross errors on the coordinates of points in a 

network (Caspary, 2000). Furthermore, the measures of reliability are divided into global 

measures (reliability indicator for whole network) and local measures (reliability indicators of 

each measurement within the network). Since the indicators of internal and external reliability 

are closely related to each other, only internal reliability of the network is presented in this 

thesis. Bearing in mind that local measures of reliability are calculated separately for each 

measurement in a network, it is more convenient to use local measures of reliability. 

Local measure of internal reliability is closely related to the probability of detecting outlier 

observation in a network. Redundancy number ( if ) of the i-th observation in the network can 

represent a measure of internal reliability, and can be calculated as (Caspary, 2000): 
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 1i vivi ii iilili
f q p q p=  = −  , [3.27] 

where 
iip  is the weight of the i-th observation in the network, viviq  is i-th element on the 

diagonal of the cofactor matrix of residuals 
vvQ  and 

lili
q is i-th element on the diagonal of the 

cofactor matrix of adjusted measurements llQ . Based on the algorithm for least square 

estimation, the cofactor matrices of adjusted measurements and residuals can be calculated as: 
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  [3.28] 

There is a close relationship between the redundancy number if  and the minimal value of 

a gross error that can be detected in the observation. When the minimal value of detectable 

gross error (MDE) is marked as (Caspary, 2000): 

 0i iMDE k =    [3.29] 

where i  is the standard deviation of observation, coefficient 
0ik  can be calculated as: 

 
0 0i ik f= .  [3.30] 

The value 0  is a non-centrality parameter of the 2  distribution for outlier detection. The 

non-centrality parameter 0  can be calculated for different risk levels   and critical values   

of the statistical test. For risk level 5 % =  and 20 % =  , the square root of non-centrality 

parameter 0  is equal to 2.8 (Caspary, 2000).  

If the standard deviation of Locata carrier phase measurement is set to 5% of a full cycle (

0.05 0.6 i cycles cm =  ) and it is necessary to detect gross error of 0.2 2.4 cycles cm , it is 

possible to calculate the minimum value of redundancy number, by using the equations [3.29] 

and [3.30], as: 
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=  =  =   

  
.  [3.31] 

In other words, in order to detect gross error that is 4 times the standard deviation of the 

observation, the redundancy number of that observation must be at least equal to 0.5. 

4.4. Relative positioning 

The concept of a relative positioning in which Locata is used for displacement 

determination has been investigated in this thesis. In relative positioning, double difference 
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carrier phase measurements are used for the estimation of a relative position between two 

Locata receivers. Double difference carrier phase measurements are the differences between 

single difference measurements of two Locata receivers ( 1r  and 
2r ) in the same epoch: 
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 =  +  +  +
  [3.32] 

where 
1, 2r r

LLi  is the double difference distance and with the notations from [3.12], it is equal 

to: 

 ( ) ( ) ( ) ( ) ( )1, 2 2 2 1 1

1 1

r r r r r r

LLi i LL i LLi i LL i LLi it t t t t        = − − −    ,  [3.33] 

( )tropo it  is the tropospheric delay correction and LLiN  is an ambiguity of double difference 

carrier phase measurement. 

The covariance matrix of single differenced carrier phase measurements of two receivers 

can generally be written as: 
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.  [3.34] 

By applying the law of the propagation of variances and by expanding with the equation for 

calculating covariance, the variance of a double differenced measurement is equal to: 
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 [3.35] 

where   is the correlation coefficient between the two single differenced measurements. 

Assuming that the variances of all single differenced measurements of both receivers are equal: 

 ( ) ( ) ( )1 2var var varr r

LLi LLi =  =  ,  [3.36] 

the variance of any double differenced measurement will be equal to: 

 ( ) ( ) ( )2 1 var  =  −   .  [3.37] 

For n  double differenced carrier phase measurements, the variance matrix will be equal to: 

 ( ) ( ) 02 1 2 1DD SD SDQ   =  −  =  −   ,  [3.38] 

respectively, the cofactor matrix of double differenced carrier phase measurements will be 

equal to: 
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,  [3.39] 

and the weight matrix of double differenced carrier phase measurements PDD can be calculated 

as an inverse of cofactor matrix. It is important to take the correlation between single difference 

measurements in a priori calculations into account since high correlation between positioning 

solutions of two Locata receivers described later in chapter 5.2.2 means that there is a 

correlation between single difference carrier phase measurements of the two receivers. 

In relative positioning, the unknown parameters are coordinate differences between two 

receivers ( E , N  and H ). Double differenced distance in the equation [3.33] can be 

expanded as: 
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To introduce the coordinate difference between two receivers, the middle point between 

the receivers with the coordinates ( ), ,M M ME N H  is introduced, so the previous equation can be 

expanded: 
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Geometry matrix for estimating relative position between two receivers will be equal to: 
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Finally, the elements of the geometry matrix 
DDG  are calculated as: 
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  [3.43] 

Relative positioning with Locata is based on GNSS RTK positioning where one receiver 

(base) is static on a point with known coordinates, while the other receiver (rover) is moving 

and its coordinates are determined relatively to the base receiver. 

Once the ambiguities have been estimated with a certain level of accuracy, they are treated 

as known parameters (Jiang, et al., 2013a). Then the covariance matrix of least square 

estimation of relative position between the base ( 1r ) and the rover (
2r ) receiver is equal to: 

 ( )
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q q q
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 =    =  = 
 
  

.  [3.44] 

It is possible to calculate DOP values and error ellipses of positioning solution from 

cofactor matrix 
DD

x xQ   using the equations [3.17], [3.18], [3.19] and [3.26]. On the other hand, 

the redundancy numbers of measurements can be calculated using the equations [3.27] and 

[3.28]. 

The weight matrix of double differenced measurements ( DDP ) is calculated as an inverse 

of cofactor matrix of double differenced measurements (
DDQ ) which is calculated using the 

equation [3.39]. To calculate the cofactor matrix (
DDQ ) for the purpose of a priori analysis, it 

is necessary to define a priori correlation factor (  ) between single differenced measurements 

of two rovers. 

4.5. Batch estimation of positions and ambiguities 

The calculation of covariance matrices of estimated positioning solutions in the equations 

[3.15] and [3.23], and of relative positioning solutions in the equation [3.44] assumes that the 

ambiguities of carrier phase measurements have been previously determined (by the KPI or by 

initialization within EKF). In batch estimation, both ambiguities and rover positioning solutions 
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in multiple epochs are estimated simultaneously, either by using single or double difference 

carrier phase measurements.  

4.5.1. Batch estimation using single differenced measurements 

In batch positioning using single differenced measurements, the measurements from 

multiple epochs are adjusted all together, and ambiguities are estimated together with the 

positions of the receiver in each epoch. 

Geometry matrix for batch positioning using single differenced measurements is 

constructed from multiple single differenced geometry matrices. For k  measurement epochs, 

geometry matrix is equal to: 
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where n  is the number of single differenced measurements in each epoch. The identity 

submatrices I  of size n n  represents unknown single differenced ambiguities that are 

estimated together with rover positions in each epoch. The covariance matrix of estimated 

positions and ambiguities is equal to: 
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The weight matrix of single differenced measurements for batch positioning 
batch

SDP  is 

composed of multiple weight matrices of single differenced measurements: 
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where the weight matrices of single differenced measurements for each epoch can be calculated 

using the equation [3.24]. 

4.5.2. Batch estimation using double differenced measurements 

In batch relative positioning, double differenced measurements from multiple epochs are 

adjusted all together, and ambiguities are estimated together with relative positions of receivers 

in each epoch. 

Geometry matrix for batch relative positioning will be constructed from multiple double 

differenced geometry matrices. For k  measurement epochs, geometry matrix is equal to: 
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where n  is the number of double differenced measurements in each epoch. The identity 

submatrices I  of the size n n  represents unknown double differenced ambiguities that are 

estimated together with relative positions in each epoch. The covariance matrix of estimated 

relative positions and double differenced ambiguities is equal to: 
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  A priori analysis of Locata positioning quality 

 

  57 

 

The weight matrix of double differenced measurements for batch positioning 
batch

DDP  is 

composed of multiple weight matrices of double differenced measurements: 
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where weight matrices of single differenced measurements for each epoch can be calculated 

using the equation [3.39]. 

4.5.3. A priori quality of batch estimation 

When using carrier phase measurement for relative positioning in GNSS,  DOP values 

calculated from the equations [3.17], [3.18], [3.19] and [3.20] are not suitable a priori accuracy 

indicators (Wunderlich, et al., 2011). Relative DOP (RDOP) factor for a priori analysis of 

GNSS relative positioning was developed by Goad: 

 
( )1

1

2

Ttrace G G
RDOP



−
−   

= ,  [3.51] 

where   is the covariance matrix of double differenced measurements and 
2

  is the variance 

of double difference measurement. The unit of RDOP factor is m/cycles, thus the multiplying 

of standard deviation of double differenced measurement by RDOP factor yields relative 

positioning error (Goad, 1988). 

In contrast to RDOP, where ambiguities are considered fixed, Merminod developed a set 

of three accuracy indicators called Bias DOP (BDOP) (Merminod, 1988). The three BDOP 

values (named BDOP1, BDOP2 and BDOP3) are defined based on the partition of the normal 

equation matrix of the double difference positioning solution: 

 cc cb
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bc bb

N N
N

N N

 
=  

 
,  [3.52] 

where 
ccN  contains the coordinate element, while bbN  contains the ambiguity element. 

Cofactor matrix is then obtained by the inversion of normal matrix: 

 1 cc cb
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Q Q
Q N

Q Q

−  
= =  

 
.  [3.53] 

BDOP values are then calculated as: 
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BDOP1 refers to the precision of estimating relative position with estimated float 

ambiguities, BDOP2 refers to the precision of estimating float ambiguities, while BDOP3 refers 

to the precision of estimating relative position after the ambiguities have been fixed. The 

accuracy indicators BDOP1 and BDOP3 appear to be equivalent to the RDOP factor developed 

by Goad. BDOP1 corresponds to the RDOP determined with float ambiguities, while BDOP3 

corresponds to the RDOP determined with fixed ambiguities (Yang & Brock, 2000). 

RDOP and BDOP factors can be calculated for the estimation of a vector between two 

GNSS receivers based on double difference carrier phase measurements. In static relative 

positioning, multiple epoch measurements make geometry changes between the satellites and 

receivers possible, which provides the estimation of relative position and ambiguities.  

In Locata positioning system, signal transmitters are static on the ground, and geometry 

change between the signal transmitters is possible only when moving the receiver. It means that 

it is not possible to determine the position of the receiver and the ambiguities if the receiver is 

static. Nevertheless, it is possible to apply the idea behind calculating RDOP and BDOP values 

in GNSS to batch estimation in multiple epochs using Locata, either with single or double 

difference measurements. 

The proposal for calculating BDOP values for batch positioning using either Locata single 

or double difference measurements is given next. From cofactor matrix of estimated positions 

and ambiguities in the equations [3.46] for single difference measurements or [3.49] for double 

difference measurements, it is possible to calculate BDOP1 value for estimated position in each 

of the epochs: 

 ( ) ( )( )
1

1 i xx iBDOP t trace Q t


=  ,  [3.55] 

where it is the measurement epoch ( 1,2,...,i k= ), ( )xx iQ t  is the submatrix of cofactor matrix, 

calculated for either single (
SD

xxQ ) or double (
DD

xxQ ) difference measurements. The inverse of 

wavelength   is introduced for the same reason as in the equations [3.17] to [3.20], to adjust 

the measurement units, since carrier phase measurements are in cycles and positioning solutions 

are in meters. The inverse of wavelength is also important, since it enables the comparison 

between calculated BDOP and DOP values. In accordance  to the equations [3.17], [3.18], it is 
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possible to calculate BDOP1 values in the direction of coordinate axes (EBDOP1, NBDOP1 

and VBDOP1) or horizontal BDOP1 (HBDOP1). 

BDOP2 value, as an accuracy indicator of estimated float ambiguities, can be calculated 

from the part of the cofactor matrix 
batch

SDQ  or 
batch

DDQ  which refers to ambiguities: 

 ( )2 NNBDOP trace Q= .  [3.56] 

BDOP3 values being the precision indicators when ambiguities are fixed to integer values, 

are identical to DOP values calculated from cofactor matrix of estimated positioning solution 

in the equation [3.23] for single difference measurements, or from cofactor matrix of estimated 

positioning solution in the equation [3.44] for double difference measurements. 
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5. SIMULATION OF DIFFERENT LOCATANET CONFIGURATIONS 

A software for a priori analysis of different LocataNet configurations has been developed 

for the purpose of a priori analysis of the quality of different positioning methods explained in 

the previous chapter. This chapter gives an outline of the developed software and of the results 

for different simulated configurations of LocataNet networks. 

5.1. Developed LocataNet simulation software 

The simulation software has been developed for the calculation of different indicators of 

positioning quality, i.e. accuracy indicators (different DOP values and elements of error 

ellipses) and measurements redundancy numbers as reliability indicators. Within the software, 

the elements of error ellipses are calculated without units of measurement, and the positioning 

accuracy can be calculated from the calculated elements of error ellipses by multiplying 

calculated elements by a priori standard deviation of reference carrier phase measurement. 

The software can be used for the determination of: 

1. Positioning quality indicators in any given LocataNet configuration, either for 

discrete points or within any area defined with regular grid. 

2. Positioning quality indicators for absolute positioning using SD carrier phase 

measurements or relative positioning using DD carrier phase measurements with 

base receiver on a fixed a priori known point. 

3. Optimal positions of LocataLites that will yield the best possible values of 

desired positioning quality indicator (e.g. HDOP or VDOP or major semi-axes 

of error ellipses) for given initial positions of LocataLites and area boundaries 

for each LocataLite locations defined with polygons. 

4. Positioning quality indicators of positioning one discrete point using DD carrier 

phase measurements with different locations of a base receiver, where potential 

locations of base receiver are defined with regular grid. 

5. Positioning quality indicators for batch least square (BLS) estimation of 

positioning solutions and ambiguities either by using SD or DD carrier phase 

measurements. 

The software was developed in Python programming language. The software utilizes the 

libraries NumPy (URL 2) that are used for the matrix operations, and Matplotlib (URL 3) used 

for creating graphical representations of the results. 
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5.2. Influence of LocataNet configuration on positioning quality 

The developed software is used to get insight into the influence of different LocataNet 

configurations on the quality of positioning. All simulated network configurations consist of 

six LocataLites since six LocataLites were available for the research. The following a priori 

quality assessment have been simulated: 

1. quality assessment of absolute positioning: 

a. In regular hexagonal LocataNet configurations, 

b. In rectangular LocataNet configurations, 

2. quality assessment of relative positioning, 

3. quality assessment of BLS positioning. 

5.2.1. Quality assessment of absolute positioning 

Absolute positioning is possible by utilizing SD carrier phase measurements. In the next 

subchapters, the precision and reliability indicators for different LocataNet configurations are 

presented. 

5.2.1.1. Regular hexagon LocataNet configuration 

The first simulated network configuration had a regular hexagon shape. The length of the 

diagonal of the network was 100 m (the side of the hexagon was 50 m long). The LocataLite 

transmitting Tx1 antenna of all LocataLites was set up at 2.0 meters above the ground and Tx2 

antenna at 2.5 m above the ground. The results were calculated for the rover height of 1.5 m 

above the ground. SD carrier phase measurements were calculated using the signals received 

from the transmitting antenna Tx1 of LocataLite LL1 as a reference. 

The positioning accuracy indicators for the described LocataNet configuration are 

presented in the Figure 5.1. Horizontal DOP values are below 1.5 within the whole network and 

mostly below 1.0 with the best results in the center of the network. Vertical DOP values are up 

to 58 with the best results obtained for the areas near each of the LocataLites (where VDOP 

values are below 20). High VDOP values were expected since all LocataLites were set at the 

same height. In the center point of the LocataNet, the same values of EDOP, NDOP, as well as 

both semi-axes of error ellipses were equal (EDOP = NDOP = a = b = 0.41).  

The positioning accuracy indicators will remain the same when using different LocataLite 

as a reference for calculating SD measurements. hence the accuracy of positioning is 
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independent of the reference signal used for calculating SD measurements in hexagon 

configuration.  

 

Figure 5.1 A priori accuracy indicators (DOP values and error ellipses) for absolute 

positioning within the simulated regular hexagon LocataNet configuration 

However, the redundancy numbers (as a measure of measurement reliability) of 

measurements obtained from different LocataLites (Figure 5.2) depend on the chosen reference 

signal for calculating SD measurements. In this configuration, the best reliability is achieved 

for the measurements obtained from LocataLites LL2 and LL6 (which are next to reference 

LocataLite LL1). 
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Figure 5.2 Redundancy numbers of SD measurements for absolute positioning within the 

simulated regular hexagon LocataNet configuration 
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Since all LocataLites are at the same heights, the network is suitable only for horizontal 

positioning. To get better results of vertical positioning, four different changes in configuration 

were tested: 

1. One LocataLite (LL1) elevated 20 meters. 

2. Two nearby LocataLites (LL1 and LL2) elevated 20 meters 

3. Two opposite LocataLites (LL1 and LL4) elevated 20 meters 

4. Four opposite LocataLite (LL2, LL3, LL5 and LL6) elevated 20 meters 

DOP (E, N, V) values and elements of error ellipses were calculated for the four derived 

configurations. 

Ad 1) Drastic improvement of VDOP (2.0 – 3.5) where the lowest VDOP values are near 

elevated LocataLite is achieved. It has, however, minor influences on the horizontal accuracy 

(only EDOP values are noticeably higher in the area near the elevated LocataLite (Figure 5.3). 

 

Figure 5.3 A priori accuracy indicators (DOP values and error ellipses) for absolute 

positioning within the simulated regular hexagon LocataNet configuration with LocataLite 

LL1 elevated 20 meters 
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Ad 2) However, when the two nearby LocataLites in hexagon configuration (in this case 

LocataLites LL1 and LL2) are elevated 20 meters, worse results occurred with regard to  both 

horizontal and vertical positioning accuracy (Figure 5.4) compared to the case when only one 

LocataLite is equally elevated  (Figure 5.3). In this case, VDOP values within the LocataNet 

are between 2 and 4, while error ellipses are significantly bigger and flattened in the wider area 

around two elevated LocataLites. 

 

Figure 5.4 A priori accuracy indicators (DOP values and error ellipses) for absolute 

positioning within the simulated regular hexagon LocataNet configuration with two nearby 

LocataLites (LL1 and LL2) elevated 20 meters 

Ad 3) Nevertheless, when two opposite LocataLites in the network (in this case 

LocataLites LL1 and LL4) are elevated, better vertical positioning accuracy is achieved (Figure 

5.5) compared to the case when only one LocataLite was elevated (Figure 5.3). Interestingly, 
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when two opposite LocataLites are elevated as in this case, the achieved horizontal positioning 

accuracy (Figure 5.5) is better even when compared to the case when all LocataLites were at 

the same height (Figure 5.1). In the middle of the LocataNet, the horizontal accuracy is the 

same as in the case when all LocataLites were at the same height, while slightly better results 

are achieved for the horizontal accuracy on the edges of LocataNet. 

 

Figure 5.5 A priori accuracy indicators (DOP values and error ellipses) for absolute 

positioning within the simulated regular hexagon LocataNet configuration with two opposite 

LocataLites (LL1 and LL4) elevated 20 meters 

Ad 4) When four opposite LocataLites (in this case LL2, LL3, LL5 and LL6) are elevated, 

there is no significant improvement in vertical positioning accuracy (Figure 5.6) compared to 

the previous case when two opposite LocataLites were elevated, since in both cases VDOP 

values inside the LocataNet are mostly in the range from 1.5 to 2.0. The horizontal positioning 
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precision is also worse when four opposite LocataLites are elevated, compared to the previous 

case, especially near the four elevated LocataLites. 

 

Figure 5.6 A priori accuracy indicators (DOP values and error ellipses) for absolute 

positioning within the simulated regular hexagon LocataNet configuration with four opposite 

LocataLites (LL2, LL3, LL5 and LL6) elevated 20 meters 

According to the results above, the optimal regular hexagon LocataNet configuration for 

3D positioning would be the one where two opposite LocataLites are elevated compared to the 

others. The worse VDOP value within such LocataNet configuration occurs in the area near 

lower LocataLites and at the middle point of the LocataNet.  

The link between VDOP value at the middle point of such LocataNet configuration and 

the elevation angle between the middle point and the two elevated LocataLites is shown in the 

Figure 5.7. The elevation angles for VDOP values of 10, 5, 2 and 1 are pointed out in the Figure 

5.7. In the LocataNet configuration where LocataLites are arranged in regular hexagon with the 
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side length of 50 meters, such elevation angles would correspond to the elevated LocataLite 

heights of 4.0 m, 8.2 m, 17.5 m and 41.5 m above the ground. 

 

Figure 5.7 Link between VDOP value in the middle of the hexagon LocataNet and elevation 

angle to the two elevated LocataLites, with VDOP in linear scale (left) and logarithmic scale 

(right) 

5.2.1.2. Rectangular LocataNet configuration 

Positioning quality indicators are calculated for rectangular shaped LocataNet 

configuration. The diagonal of rectangular is set at 100 meters (the same as the diagonal of 

hexagon configuration). Four LocataLites are located at the vertices of the rectangle, while the 

other two are placed in the middle of the two opposite bridges of the rectangle. LocataLite 

antenna heights and the height of a rover are set to the same values as in the case of hexagon 

LocataNet configuration. 

Different ratios of rectangle edge lengths: 1:1, 1:1.5, 1:2, 1:3, 1:5 and 1:10 have been 

simulated. Since the diagonal of the rectangle is fixed to 100 meters, the length of the edges 

and consequently the area of the network will be changed along with the change of the edge-

length ratio (Table 5.1). 

Table 5.1 Dimensions and area covered by rectangular LocataNet with different rations of the 

edge lengths 

Ratio of 

the edge lengths 

Dimension 

of the LocataNet [m] 

Area covered 

by LocataNet [m2] 

1:1 71 x 71 ~5000 

1:1.5 83 x 55 ~4500 

1:2 90 x 45 ~4000 
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Ratio of 

the edge lengths 

Dimension 

of the LocataNet [m] 

Area covered 

by LocataNet [m2] 

1:3 95 x 32 ~3000 

1:5 98 x 20 ~2000 

1:10 99 x 10 ~1000 

 

All positioning accuracy indicators are calculated for rectangular configuration with edge 

lengths ratio equal to 1:1 (Figure 5.8). The comparison of the accuracy indicators between this 

rectangular configuration with hexagon configuration (Figure 5.1) shows slightly better 

achievable accuracy of positioning in N direction and slightly worse accuracy of positioning in 

E direction for this rectangular configuration. The elements of error ellipses related to the 

middle point of the network are equal to a = 0.42 and b = 0.40 with major semi-axes oriented 

parallel to E axis. 

 

Figure 5.8 A priori accuracy indicators for absolute positioning within the simulated 

rectangular LocataNet configuration with edge length ratio 1:1 
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In absolute positioning, the application of SD carrier phase measurements using a different 

signal as a reference does not change the quality indicators of positioning. Nevertheless, if a 

different signal is chosen as a reference, it does influence the redundancy number of 

measurements. Thus, redundancy numbers, as a measure of measurement reliability, are 

calculated for SD carrier phase measurements by using the signal from the antenna Tx1 of 

LocataLite LL1 as a reference (Figure 5.9) and by using the signal from the antenna Tx1 of 

LocataLite LL2 as a reference (Figure 5.10).  

When using the signal from LocataLite LL1 as a reference in the calculation of SD carrier 

phase measurements, the measurements of LocataLite LL4 being mostly distanced from 

LocataLite LL1 have the lowest reliability. The redundancy numbers of SD carrier phase 

measurements of LocataLite LL4 are lower than 0.1 in the area near LocataLite LL4, which 

means that in the areas near that LocataLite, it would be almost impossible to detect gross errors 

in measurements of LocataLite LL4. Furthermore, in approximately 1/3 of the area of the 

network, the redundancy numbers for the measurement of LocataLite LL4 are less than 0.5. 

When using the signal from LocataLite LL2 as a reference for calculating SD carrier phase 

measurements, the measurements of LocataLites LL4 and LL6 have the lowest reliability. The 

redundancy numbers for measurements of those LocataLites are lower than 0.2 in the area near 

each of the LocataLites. Similarly, in approximately 1/3 of the area of the network, the 

redundancy number for measurements of one of those two LocataLites is less than 0.5. For the 

area near LocataLite LL5, the redundancy numbers of measurements of both LocataLites (LL4 

and LL6) are smaller than 0.5 which means that it would be difficult to detect gross errors in 

measurements from those two LocataLites in that area. 

Bearing all this in mind, different reference LocataLites should be used in the processing 

of the measurements in such network configuration depending on the area within the network 

where measurements are conducted. 
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Figure 5.9 Redundancy numbers of SD measurements (using signal from LocataLite LL1 

antenna Tx1 as a reference) for absolute positioning within the simulated regular hexagon 

LocataNet configuration 
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Figure 5.10 Redundancy numbers of SD measurements (using signal from LocataLite LL2 

antenna Tx1 as a reference) for absolute positioning within the simulated regular hexagon 

LocataNet configuration 
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Positioning accuracy indicators are calculated for rectangular LocataNet configuration, but 

with different ratios of lengths of the rectangle edges. The positioning accuracy indicators are 

presented in Figure 5.11 for a rectangle with the edge length ratio 1:1.5, in Figure 5.12 for a 

rectangle with the edge length ratio 1:2, in Figure 5.13 for a rectangle with the edge length ratio 

1:3, in Figure 5.14 for a rectangle with the edge length ratio 1: 5, and in Figure 5.15 for a 

rectangle with the edge length ratio 1:10. 

It can be concluded from the graphical presentation of the positioning accuracy indicators 

for different shapes of the rectangular LocataNet configurations that the positioning accuracy 

in E direction gets slightly better with widening of the rectangle, while the positioning accuracy 

in N direction gets lower. The accuracy of positioning in vertical direction gets better with 

widening of the network, especially in the middle of the network. The increase in accuracy of 

positioning in vertical direction is expected because the LocataLites coming closer with the 

widening of the network result in higher elevation angles of received signals and consequently 

in better VDOP values. That means that the network shrinks when the rectangular LocataNet 

configuration is widened, which then affects the VDOP values. 

 

Figure 5.11 A priori accuracy indicators for absolute positioning within the simulated 

rectangular LocataNet configuration with edge length ratio 1:1.5 
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Figure 5.12 A priori accuracy indicators for absolute positioning within the simulated 

rectangular LocataNet configuration with edge length ratio 1:2 

 

Figure 5.13 A priori accuracy indicators for absolute positioning within the simulated 

rectangular LocataNet configuration with edge length ratio 1:3 
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Figure 5.14 A priori accuracy indicators for absolute positioning within the simulated 

rectangular LocataNet configuration with edge length ratio 1:5 

 

Figure 5.15 A priori accuracy indicators for absolute positioning within the simulated 

rectangular LocataNet configuration with edge length ratio 1:10 
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For different rectangular LocataNet configurations, EDOP (Figure 5.16), NDOP (Figure 

5.17) and VDOP (Figure 5.18), the  values along the E axis are compared. The Figures show 

how the widening of the network results in decrease of EDOP values, while at the same time 

NDOP values increase (especially in the area approximately 25 m from the middle of the 

LocataNet). The widening of the network also results in the decrease of VDOP values, 

especially in the middle of the LocataNet. 

 

Figure 5.16 Comparison of EDOP values along E axis for different rectangular LocataNet 

configurations 

 

Figure 5.17 Comparison of NDOP values along E axis for different rectangular LocataNet 

configurations 



  Simulation of different LocataNet configurations 

 

  77 

 

 

Figure 5.18 Comparison of VDOP values along E axis for different rectangular LocataNet 

configurations 

Since all LocataLites are set at the same height, the network is not suitable for vertical 

positioning. Therefore, the positioning accuracy indicators are calculated with two opposite 

LocataLites elevated in the network where the ratio of edge lengths is 1:2. The LocataLites 

were elevated by defining a different elevation angle from the middle point of the network to 

the two LocataLites. The elevation angles to both LocataLites were simultaneously increased 

from 0° to 45°. There are two cases considered here, the first when two elevated LocataLites 

are set up opposite to each other along diagonal of the rectangle (LocataLites LL1 and LL4) 

and the second when two LocataLites that are located at the middle of the rectangle edges 

(LocataLites LL2 and LL5) are elevated.  

The link between VDOP values in two cases of elevating two different LocataLites shows 

that similar results were achieved in both cases (Figure 5.19). By increasing the elevation angles 

from the center point to two LocataLites VDOP, the values are continuously decreasing. 

Slightly but not significantly better results are achieved in the case when the LocataLites LL2 

and LL5 are elevated compared to the case when the LocataLites LL1 and LL4 are elevated. 

Nevertheless, since the LocataLites LL2 and LL5 are closer to the center of the network (22.5 

meters) than the LocataLites LL1 and LL4 (50 meters), it would be necessary to elevate the 

LocataLites LL1 and LL4 approximately twice as much as LocataLites LL2 and LL5 in order 

to achieve the same elevation angle. Thus, for the characteristic VDOP values of 10, 5, 2 and 1 

(which are pointed out on the Figure 5.19), the corresponding antenna heights are calculated 
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(Table 5.2), where it can be seen that in order to get the same VDOP value it is necessary to 

elevate the LocataLite antennas approximately in twofold amounts if the LocataLites LL1 and 

LL4 are elevated. 

 

Figure 5.19 Link between VDOP value in the middle of the rectangular LocataNet and 

elevation angle to the two elevated LocataLites, with VDOP in linear scale (left) and 

logarithmic scale (right) 

 

Table 5.2 Characteristic VDOP values for two cases of elevating LocataLites with respect to 

elevation angle and heights of elevated LocataLites  

VDOP 

Elevated LL1 and LL4 Elevated LL2 and LL5 

Elevation angle 

[°] 

Elevated 

antenna height 

[m] 

Elevation angle 

[°] 

Elevated 

antenna height 

[m] 

10 4.368 5.3 3.612 2.9 

5 8.034 8.6 7.214 4.3 

2 18.99 18.7 18.14 8.8 

1 39.34 42.5 38.46 19.3 

5.2.2. Quality assessment of relative positioning 

In order to calculate the positioning quality indicators for relative positioning using double 

difference (DD) carrier phase measurements, it is first necessary to know the correlation 

coefficient (  ) between SD carrier phase measurements of two Locata rovers. The correlation 

coefficient is then used to calculate cofactor and weight matrices of DD carrier phase 

measurements using the equation [3.39]. 
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The correlation coefficients were calculated between SD carrier phase measurements of 

two rovers collected during 10 occupations where one of the rovers changed its position in each 

occupation, while the other rover was not moved (Table 5.3). For the purpose of calculating SD 

carrier phase measurements, the signal from the antenna Tx1 of LocataLite LL1 was used as a 

reference, therefore, the correlation coefficient was not calculated for the measurements of 

LocataLite LL1. Furthermore, the signal on the frequency S1 from the antenna Tx2 of the 

LocataLite LL3 was not tracked by one of the receivers, therefore, the correlation coefficients 

between measurements of that LocataLite were not calculated. The calculated average 

correlation coefficient between SD carrier phase measurements of two Locata receivers was 

equal to 0.6 and used for calculating the cofactor and weight matrix of DD carrier phase 

measurements in the determination of positioning quality indicators of relative positioning. 

Table 5.3 Correlation coefficients between SD carrier phase measurements of two Locata 

receivers 

LocataLite Antenna Signal 
Occupation 

Average 
1 2 3 4 5 6 7 8 9 10 

LL2 

Tx1 
S1 0.8 0.3 0.7 0.7 0.5 0.4 0.6 0.5 0.7 0.6 0.6 

S2 0.9 0.4 0.5 0.7 0.3 0.5 0.7 0.6 0.6 0.6 0.6 

Tx2 
S1 0.8 0.5 0.7 0.7 0.2 0.5 0.5 0.4 0.5 0.5 0.5 

S2 0.8 0.4 0.6 0.6 0.3 0.4 0.6 0.6 0.4 0.6 0.6 

LL3 
Tx1 

S1 0.8 0.7 0.5 0.5 0.7 0.3 0.6 0.5 0.6 0.6 0.6 

S2 0.9 0.7 0.5 0.6 0.7 0.5 0.7 0.7 0.7 0.6 0.7 

Tx2  S2 0.8 0.6 0.6 0.5 0.6 0.5 0.7 0.6 0.6 0.6 0.6 

LL4 

Tx1 
S1 0.6 0.5 0.3 0.3 0.3 0.5 0.4 0.5 0.5 0.4 0.4 

S2 0.8 0.6 0.5 0.5 0.5 0.6 0.7 0.8 0.8 0.5 0.6 

Tx2 
S1 0.8 0.6 0.6 0.5 0.5 0.5 0.6 0.6 0.6 0.6 0.6 

S2 0.9 0.7 0.6 0.5 0.6 0.5 0.7 0.7 0.6 0.7 0.6 

LL5 

Tx1 
S1 0.7 0.5 0.5 0.2 0.6 0.3 0.4 0.5 0.6 0.6 0.5 

S2 0.9 0.6 0.5 0.1 0.6 0.1 0.5 0.6 0.7 0.8 0.6 

Tx2 
S1 0.7 0.6 0.6 0.4 0.7 0.1 0.6 0.4 0.7 0.6 0.5 

S2 0.9 0.6 0.5 0.4 0.6 0.4 0.6 0.6 0.8 0.8 0.6 

LL6 

Tx1 
S1 0.7 0.5 0.6 0.4 0.5 0.4 0.5 0.4 0.4 0.6 0.5 

S2 0.8 0.5 0.5 0.6 0.6 0.5 0.5 0.6 0.7 0.7 0.6 

Tx2 
S1 0.8 0.6 0.6 0.5 0.6 0.4 0.5 0.4 0.6 0.7 0.6 

S2 0.9 0.5 0.5 0.4 0.7 0.5 0.5 0.4 0.6 0.8 0.6 

AVG 0.8 0.6 0.6 0.5 0.5 0.4 0.6 0.6 0.6 0.6 0.6 

 

The quality indicators of relative positioning were calculated for the positioning in four 

different LocataNet configurations; first, for hexagon LocataNet configuration with all 
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LocataLites set at the same height (Figure 5.20), then for the same configuration but with the 

antenna heights of the LocataLites LL1 and LL4 set to 10 and 10.5 meter for Tx1 and Tx2 

antenna (Figure 5.21). The third configuration was rectangular with all LocataLites set at the 

same height (Figure 5.22) and the fourth configuration was rectangular with the antenna heights 

of the LocataLites LL2 and LL5 set to 10 and 10.5 meters for Tx1 and Tx2 antenna (Figure 

5.23). 

The Figures 5.20 and 5.21 illustrate error ellipses and VDOP values for relative positioning 

with the rover receiver set up at three different positions: first in the center of the LocataNet, 

then  between center of the LocataNet and LocataLite LL1, and finally close to the LocataLite 

LL1. For each position of the rover receiver, the positioning accuracy indicators were calculated 

for different positions of the base receiver. 

The Figure 5.20 indicates that in the hexagonal configuration with all LocataLites at the 

same height, the best horizontal positioning accuracy is achieved when the base and rover 

receivers are located at opposite sides of LocataNet, since in that case, the error ellipses are the 

smallest and have circular shape. On the other hand, the best vertical positioning accuracy is 

achieved when the base receiver is located near any LocataLite. 

The Figure 5.21 shows that even when two LocataLites in the hexagonal LocataNet 

configuration are elevated, the best horizontal positioning accuracy is achieved when the two 

receivers are on the opposite sides of the LocataNet. On the other hand, the best vertical 

positioning accuracy is achieved when the base receiver is near one of the elevated LocataLites.  

The Figures 5.22 and 5.23 illustrate the error ellipses and VDOP values for relative 

positioning within rectangular LocataNet configuration, with the rover receiver set up at three 

different positions: first in the center of the LocataNet, then between center of the LocataNet 

and LocataLite LL1, and finally close to the LocataLite LL1. 

From the above it can be concluded that in hexagonal LocataNet configuration the most 

optimal position for the base receiver in the relative positioning using DD carrier phase 

measurements is somewhere near the LocataLites that are elevated and on the opposite side of 

the area where measurements will be conducted. 
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Figure 5.20 A priori accuracy indicators of relative positioning, within hexagon LocataNet 

configuration with all LocataLites at the same height, for different locations of the base 

receiver (for three different locations of the rover receiver) 
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Figure 5.21 A priori accuracy indicators of relative positioning, within hexagon LocataNet 

configuration with elevated LocataLites LL1 and LL4, for different locations of the base 

receiver (for three different locations of the rover receiver) 
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The Figure 5.22 shows that the best horizontal positioning accuracy in the rectangular 

configuration with all LocataLites at the same height is achieved when the base LocataLite is 

located at the center of the LocataNet irrespective of the position of the rover. On the other 

hand, the best vertical positioning accuracy is achieved when the base receiver is near one of 

the LocataLites. 

 

Figure 5.22 A priori accuracy indicators of relative positioning, within rectangular 

LocataNet configuration with all LocataLites at the same height, for different locations of the 

base receiver (for three different locations of the rover receiver) 

The Figure 5.23 confirms that it is optimal for the best horizontal positioning accuracy in 

rectangular LocataNet configuration to set up the base receiver in the center of the LocataNet. 
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However, for the best vertical positioning accuracy it is optimal to set up the base receiver near 

the elevated LocataLite. 

 

Figure 5.23 A priori accuracy indicators of relative positioning, within rectangular 

LocataNet configuration with elevated LocataLites LL2 and LL5, for different locations of the 

base receiver (for three different locations of the rover receiver) 

The above presented analysis reveals that there is no universal rule for optimal position of 

the base receiver in relative positioning since two different LocataNet configurations yield 

different optimal locations of the base receiver. The only thing that was the same was the fact 

that the best vertical relative positioning accuracy was achieved when base receiver was located 

near the elevated LocataLites.  
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5.2.3. Quality of batch estimation 

A priori quality of positioning using batch least square estimation of carrier phase 

measurement ambiguities and positions of the Locata rover in multiple epochs (occupations of 

different points) is discussed here.  

The quality of positioning using batch least square estimation was considered first for SD 

carrier phase measurements in four different LocataNet configurations; first within hexagonal 

LocataNet configuration with all LocataLites set at the same heights, then within hexagonal 

LocataNet configuration with LocataLites LL1 and LL4 elevated to 10 meters, furthermore, 

within rectangular LocataNet configuration with all LocataLites set at the same heights, and 

finally  within rectangular LocataNet configuration with LocataLites LL2 and LL5 elevated to 

10 meters. 

For the purpose of batch least square estimation, a rover should occupy multiple points in 

order to obtain geometry change between receiver and LocataLites, which enables the 

estimation of ambiguities. The distribution of chosen possible receiver locations within the 

hexagonal LocataNet is shown in the Figure 5.24. The first 20 points of possible receiver 

locations are arranged in spiral shape with a starting point (point 1) in the center of the 

LocataNet. Six points (21 to 26) located 5 meters away from each of the LocataLites are added 

to these 20 points.  

 

Figure 5.24 Distribution of rover locations for batch least square estimation within 

hexagonal LocataNet 
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In all calculations, the height of the receiver for each occupation point was set to 1.5 meters 

above the ground (the same as in previous calculations). In the first case, LocataLite antenna 

heights were all set to 2.0/2.5 meters for Tx1/Tx2 transmitting antennas, and in the second case, 

Tx1/Tx2 transmitting antennas of LocataLites LL1 and LL4 were set to 10.0/10.5 meters. 

Accuracy indicators (BDOP values) were calculated using different subsets of possible 

occupying points. Each of the subsets was defined by a starting and an ending point of the 

subset, with the point in the center of the LocataNet (point 1) included in each subset. Each 

subset of points consisted of at least six points (center point plus five other points). Common 

estimated parameters for all subsets were the position of point 1 (since it was included in the 

subset) and the float ambiguities of SD carrier phase measurements. Therefore, to compare how 

different subsets of points affect the accuracy of estimated parameters, BDOP1 (for point 1) 

and BDOP2 values are presented using each subset of a point. To gain a better insight into the 

positioning accuracy, the BDOP1 values were separated into east, north and vertical 

components. 

The best results were achieved as the points near LocataLites (points 21 to 26) were 

included in a subset for both hexagonal network configurations: with all LocataLites set at the 

same height (Figure 5.25) and with elevated LocataLites LL1 and LL4 (Figure 5.26). 

 

Figure 5.25 BDOP1 values for central point and BDOP2 values for hexagonal LocataNet 

with all LocataLites at the same height 
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Figure 5.26 BDOP1 values for central point and BDOP2 values for hexagonal LocataNet 

with elevated LocataLites LL1 and LL4 

The comparison between the BDOP values obtained when all LocataLites were at the same 

height (Figure 5.25) and the values obtained when two LocataLites were elevated (Figure 5.26), 

shows significant improvement of vertical component of BDOP1 (from ~64 to ~5.4 in the best 

cases), while at the same time the BDOP2 value increases (from ~2.4 to ~3.5 in the best cases). 

Similar analysis was conducted for the rectangular LocataNet configuration with a 

diagonal equal to 100 meters and with the ratio of the rectangle edge lengths 1:2. The antenna 

heights were set identically as in the hexagonal configuration. The height of the Locata receiver 

was set to 1.5 meters on each occupying point. In the first case, all LocataLite antennas were 

set to 2.0/2.5 meters for Tx1/Tx2 transmitting antenna. On the other hand, the antennas of the 

LocataLite LL2 and LL5 were elevated to 10.0/10.5 meters for Tx1/Tx2 transmitting antennas. 

There were 26 possible locations for a receiver (Figure 5.27) chosen again in the same way 

as in hexagonal LocataNet configuration. The first 20 points of possible receiver locations were 

arranged in spiral shape with a starting point (point 1) in the center of the LocataNet. Six points 

(21 to 26) located 5 meters away from each of the LocataLites towards the center of the 

LocataNet were added to these 20 points. 
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Figure 5.27 Distribution of rover locations for batch least square estimation within 

rectangular LocataNet 

Once again, the accuracy indicators (BDOP values) were calculated using different subsets 

of possible occupying points that are defined the same way as previously. To compare how 

different subset of points affect the accuracy of estimated parameters, BDOP1 (for point 1) and 

BDOP2 values are presented using each subset of a point.  

As in the hexagonal network, the best results were achieved when the points near 

LocataLites (points 21 to 26) were included in batch least square adjustment in both cases: when 

all LocataLites were set up at the same height (Figure 5.28) and when two LocataLites were 

elevated (Figure 5.29).  

The comparison between the BDOP values obtained when all LocataLites were at the same 

height (Figure 5.28) with the values obtained when two LocataLites were  elevated (Figure 

5.29), shows significant improvement of the vertical component of BDOP1 (from ~28 to ~2.3 

in the best cases) while at the same time the BDOP2 value increases (from ~2.1 to ~3.0 in the 

best cases). 

The comparison of the results within hexagonal and rectangular LocataNet configurations 

shows that better results are achieved within the rectangular LocataNet configuration then in 

hexagonal configuration (Table 5.4) when all 26 points are used for batch least square 

estimation. 
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Figure 5.28 BDOP1 values for central point and BDOP2 values for rectangular LocataNet 

with all LocataLites at the same height 

 

Figure 5.29 BDOP1 values for central point and BDOP2 values for hexagonal LocataNet 

with elevated LocataLites LL2 and LL5 
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Table 5.4 Comparison of BDOP values within different LocataNet configurations 

BDOP 

The same LL heights Two LL elevated 

hexagonal 

configuration 

rectangular 

configuration 
 

hexagonal 

configuration 

rectangular 

configuration 
 

BDOP1 (E) 0.59 0.54 0.06 0.76 0.74 0.02 

BDOP1 (N) 0.60 0.60 0.00 0.64 0.64 0.00 

BDOP1 (V) 63.94 27.54 36.39 5.43 2.32 3.12 

BDOP2 2.39 2.11 0.28 3.46 2.99 0.48 

 

BDOP2 values (being the accuracy indicator of estimated ambiguities) in batch least 

square estimation in both hexagonal and rectangular LocataNet configurations are greater when 

the two LocataLites are elevated. Therefore, for each of four LocataNet configurations, BDOP2 

values are calculated separately for each of the measurements (Table 5.5) when all 26 points 

are used for batch least square estimation in order to check whether the ambiguities of some 

specific measurements have bigger BDOP2 value. The results show that BDOP2 values of all 

measurements increase when two LocataLites are elevated. 

Table 5.5 BDOP2 values of ambiguity for each measurement of different LocataNet 

configuration 

Signal from 

Hexagonal configuration Rectangular configuration 

The same 

LL heights 

Elevated 

LL1 & LL4 
BDOP2 

The same 

LL heights 

Elevated 

LL2 & LL5 
BDOP2 

LL1, Tx2 0.38 0.29 -0.10 0.31 0.28 -0.02 

LL2, Tx1 0.55 0.89 0.35 0.50 0.85 0.35 

LL2, Tx2 0.59 0.86 0.28 0.58 0.86 0.28 

LL3, Tx1 0.83 1.32 0.49 0.70 1.14 0.45 

LL3, Tx2 0.84 1.30 0.46 0.69 1.15 0.46 

LL4, Tx1 0.91 1.27 0.36 0.76 1.12 0.36 

LL4, Tx2 0.92 1.26 0.34 0.75 1.12 0.37 

LL5, Tx1 0.78 1.14 0.36 0.72 0.91 0.19 

LL5, Tx2 0.81 1.11 0.30 0.78 0.92 0.14 

LL6, Tx1 0.51 0.79 0.28 0.51 0.53 0.02 

LL6, Tx2 0.57 0.76 0.19 0.53 0.53 0.00 

BDOP2 2.39 3.46   2.11 2.99   

5.3. Recommendations for LocataNet configurations 

The above simulation results imply that the optimal LocataNet configuration for the best 

absolute horizontal positioning would have regular hexagon shape. Nevertheless, if a vertical 

component of positioning is of interest, the most optimal configuration would be rectangular 
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configuration with two elevated LocataLites on the opposite sides, where greater elevation 

angle from the center of the network to the two elevated LocataLites would lead to greater 

positioning accuracy. In general, positioning accuracy of horizontal component will be better 

in comparison with the accuracy of vertical component since the elevation angles to LocataLites 

will generally be small, as LocataLites can only be placed on the ground or on nearby objects. 

In case of relative positioning using DD carrier phase measurements, the simulation results 

within two different LocataNet configurations show that there is no universal rule specifying 

the best place to set up a base receiver, except that the best vertical positioning accuracy is 

achieved when the base receiver is located near LocataLite that is elevated in relation to other 

LocataLites.  

It is concluded with regard to the positioning using batch least square estimation that the 

best accuracy of position and ambiguity estimation will be obtained if Locata receiver occupies 

the points located close to the LocataLites, whereas the points occupied close to the center of 

LocataNet would not lead to significant improvement of the accuracy of estimated parameters. 
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6. PRELIMINARY TESTING OF LOCATA POSITIONING SYSTEM 

The first preliminary testing of the Locata positioning system was conducted in late 2015 

and early 2016, after the first LocataNet was established in the Republic of Croatia. The 

LocataNet was established for the purpose of the project “Wearable outdoor augmented reality 

system for enrichment of touristic content”, mentioned in the Chapter 3.7. The Augmented 

Reality (AR) system developed within the project, required 3D positioning with centimeter 

level accuracy. 

A LocataNet configuration fulfilling the project requirements was established in the field, 

and the measurements were conducted to test the quality of positioning within the LocataNet. 

6.1. Establishment of the first LocataNet in the Republic of Croatia 

To meet the accuracy required for the AR system, different LocataNet configurations were 

simulated. To express an influence of the LocataNet geometry on the positioning accuracy, a 

dilution of precision (DOP) values (explained in Chapter 4.1) for a different simulated 

LocataNet configurations was calculated. The main task in LocataNet configuration simulation 

was to obtain acceptable VDOP values, where maximum threshold value for VDOP was set to 

3, which was given by the experts from the Locata Corporation. Before the simulation, the 

lower bound for LocataLite height was set to 4 m, and the upper bound was set to 12 m above 

the ground. 

A detailed simulation process of finding an optimal LocataNet for this project is described 

in (Grgac, et al., 2017). Optimal configuration has rectangular shape with the size of 100 m by 

50 m, where two LocataLites on the longer edges are elevated (12 m above ground) with respect 

to LocataLite in the corners of the rectangle that are set to 4 m above ground. This configuration 

yields an area approximately 50 m x 50 m with acceptable VDOP values (bellow 3) and it was 

chosen as the optimal LocataNet configuration for the project needs. 

An open space at the backyard of Polytechnic of Međimurje was chosen as a location for 

LocataNet. The existing lightning poles were used for LocataLite LL1, LL2, LL4 and LL5 

antennas to be mounted, whereas  for the LocataLite LL3 antennas, the existing lightning pole 

was extended, and for LocataLite LL6, a new pole was constructed (Figure 6.1). The LocataLite 

LL1 was chosen as a master LocataLite and all other LocataLites were time synchronized with 

it. For the purpose of the time synchronization, the receiving antennas (LL2 – LL6) of all 

LocataLites except the master (LL1) were directed towards the master LocataLite. On the other 
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hand, both transmitting antennas of each LocataLite were directed towards the center of the 

field. 

 

Figure 6.1 Established LocataNet at the backyard of Polytechnic of Međimurje  

Since the existing infrastructure in the field was used for the installation of LocataLite 

antenna, the LocataNet established in the field slightly differs from the optimal rectangular 

configuration obtained through simulation. However, this change of configuration had minor 

influence on DOP values within the network, as can be seen by comparing VDOP values of 

simulated and established LocataNet on the Figure 6.2 

 

Figure 6.2 VDOP values in simulated optimal (left) and established (right) LocataNet (Grgac, 

et al., 2016) 

After the LocataLite antennas had been set up, the coordinates of the antenna reference 

points (center of the antenna top surface) were determined using the total station instrument 



PhD Thesis   

 

94   

 

Leica TPS1201 from the single station at the center of the field. The coordinates were 

determined in the official coordinate system of the Republic of Croatia, HTRS95/TM (Lapaine 

& Tutić, 2007). The coordinates were then reduced to phase centers of the antennas located 10 

mm inside the antenna. Such reduced coordinates were converted into global geocentric 

coordinates (Table 6.1) that were then imported into each LocataLite. The Locata receiver can 

thus calculate its own position in global geocentric coordinate system. 

Along with the coordinates of the LocataLite antennas, there were also the coordinates of 

nine control points (Figure 6.3) determined by total station and considered as the true values 

for the analysis of Locata positioning accuracy. 

Table 6.1 Coordinates of LocataLite antennas in established LocataNet 

LocataLite Antenna 
HTRS96/TM Global geocentric 

E [m] N [m] H [m] X [m] Y [m] Z [m] 

LL1 

Rx 496067.835 5138783.548 165.713 4226873.476 1247955.403 4595278.230 

Tx1 496067.830 5138783.554 165.819 4226873.543 1247955.417 4595278.311 

Tx2 496067.823 5138783.549 165.147 4226873.104 1247955.280 4595277.821 

LL2 

Rx 496058.155 5138835.038 165.426 4226840.282 1247935.473 4595313.538 

Tx1 496058.220 5138835.188 165.549 4226840.241 1247935.528 4595313.731 

Tx2 496058.213 5138835.188 164.931 4226839.834 1247935.400 4595313.283 

LL3 

Rx 496090.098 5138849.827 173.895 4226826.556 1247964.720 4595329.887 

Tx1 496090.237 5138849.856 174.045 4226826.595 1247964.877 4595330.015 

Tx2 496090.240 5138849.871 173.378 4226826.142 1247964.746 4595329.543 

LL4 

Rx 496121.587 5138864.157 165.144 4226801.886 1247990.264 4595333.450 

Tx1 496121.592 5138864.152 165.253 4226801.960 1247990.291 4595333.525 

Tx2 496121.548 5138864.170 164.659 4226801.567 1247990.129 4595333.107 

LL5 

Rx 496134.777 5138816.963 165.557 4226831.185 1248012.701 4595301.199 

Tx1 496134.716 5138817.116 165.664 4226831.167 1248012.632 4595301.381 

Tx2 496134.728 5138817.120 165.040 4226830.748 1248012.520 4595300.933 

LL6 

Rx 496105.318 5138806.813 173.637 4226851.934 1247988.113 4595300.033 

Tx1 496105.505 5138807.002 173.734 4226851.813 1247988.273 4595300.234 

Tx2 496105.505 5138807.006 173.130 4226851.410 1247988.154 4595299.799 

6.2. First test measurements 

During the two days of test measurements, nine control points distributed around the center 

of the LocataNet (Figure 6.3) were measured. The measurements were conducted using two 

Locata rovers independently in four sessions. The Locata rover 1 was used in the first three 

sessions, while in the fourth session, there was the Locata rover 2 used. Before occupying the 

control points, the ambiguities were resolved in all sessions using OTF method by moving the 
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rover around the field. All measurements were conducted with a registration rate of 10 Hz being 

the maximum registration rate for a real time processing. All Locata measurements and 

positioning solutions were stored in the rover’s internal memory for later analysis.  

 

Figure 6.3 Positions of nine control points (GCP0 – GCP8) in established LocataNet 

In the first session, there was only GCP0 occupied for approximately 15 minutes. From 

the second to fourth session, all points were occupied starting with GCP0 to GCP8 and back to 

the GCP0, except the point GCP6 that was not occupied in the third session. In the period from 

the second to the fourth session, all control points were occupied for 2 minutes (Table 6.2). 

Table 6.2 Occupation plan of first test measurements 

Point 
Occupation time [min] 

Session1 Session2 Session3 Session4 

GPC0 15 2 2 2 

GPC1 - 2 2 2 

GPC2 - 2 2 2 

GPC3 - 2 2 2 

GPC4 - 2 2 2 

GPC5 - 2 2 2 

GPC6 - 2 - 2 

GPC7 - 2 2 2 

GPC8 - 2 2 2 

GPC0 - 2 2 2 
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Locata positioning solutions of each occupation were then compared with the true 

coordinates of control points. The deviations of Locata positioning solutions from the true 

coordinates of GCP0 for all seven occupations are presented on Figure 6.4 in horizontal and on 

Figure 6.5 in vertical direction. 

 

Figure 6.4 Horizontal deviations of Locata positioning solutions from true position during the 

occupation of GCP0 

 

Figure 6.5 Vertical deviations of Locata positioning solutions from true position during the 

occupation of GCP0 

In the figures, the results from the first session are shown in green, the second session red 

and orange, the third session in dark and light blue and the fourth session in magenta and purple. 

In horizontal direction, the positioning solutions from each occupation are grouped together 
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with the majority of them being within 1 cm, whereas the deviations from the true coordinates 

in different occupations are in the range of few centimeters. Similar results are achieved in 

vertical direction, where the positioning solutions in each occupation are grouped together with 

the majority of them being within 2 cm, whereas the deviations from the true coordinates are 

again in the range of few centimeters. 

The detailed statistical indicators of the deviations are given in the Table 6.3. Standard 

deviations of the deviations in east and north directions are similar among the occupations, and 

are in the range from 2.1 mm to 3.6 mm, whereas the standard deviations in vertical direction 

are in the range from 6.0 mm to 7.0 mm for all occupations. The mean errors of occupations 

are in the range between -3.8 cm to -0.3 cm in east direction, between -2.4 cm to 2.0 cm in north 

direction and between -1.9 cm to 3.8 cm in vertical direction. 

Table 6.3 Analysis of deviations of Locata positioning solutions from true position during the 

occupation of GCP0 in all four sessions 

[mm] 
Occupation 1 Occupation 2 Occupation 3 Occupation 4 Occupation 5 Occupation 6 Occupation 7 

E N H E N H E N H E N H E N H E N H E N H 

MIN -18.9 -5.0 -22.7 -12.8 -12.9 15.8 -31.5 0.4 -33.3 -13.5 11.0 -29.9 -20.6 -8.0 -36.1 -46.1 -33.0 -1.1 -33.8 -13.2 -10.8 

MAX 18.6 26.0 21.4 0.9 4.9 58.7 -16.4 20.3 9.7 3.0 28.2 6.0 -1.0 7.9 1.9 -31.0 -15.2 39.7 -15.0 8.9 25.1 

AVG -3.0 7.6 -0.8 -5.6 -3.6 37.5 -24.0 9.9 -14.5 -5.8 19.5 -13.8 -8.7 0.4 -19.2 -37.7 -24.0 20.8 -22.8 -4.0 9.4 

 3.3 3.6 6.4 2.1 2.7 6.3 2.4 3.0 7.0 2.5 2.5 6.2 3.6 2.9 5.9 2.4 2.6 6.4 2.6 2.9 6.0 

RMS 4.5 8.4 6.5 6.0 4.5 38.0 24.1 10.3 16.1 6.3 19.7 15.1 9.5 2.9 20.1 37.8 24.1 21.7 23.0 4.9 11.2 

 

Similar analysis was done for the occupations on other eight control points. Locata 

positioning solutions were compared to the true coordinates of control points. The standard 

deviations of the deviations in east and north directions are similar among all occupations, and 

almost equal to the ones of GCP0 occupations (in the range from 2.0 mm to 3.5 mm). On the 

other hand, the standard deviations in vertical direction of all occupations are in the range from 

4.9 mm to 8.1 mm. The mean errors of occupations are in the range between -4.1 cm to 2.3 cm 

in east direction, between -3.4 cm and 2.3 cm in north direction and between -5.1 cm and 3.1 

cm in vertical direction. 

The obtained results show that within the established LocataNet, the sub-centimeter level 

of precision has been achieved in both horizontal and vertical directions. The precision of the 

vertical component is two times lower than the horizontal, which has been expected since 

VDOP values in the LocataNet are higher than HDOP values. Although the sub-centimeter 

level of precision has been achieved, the deviations from the true coordinates are present and 

run up to 5 cm. 
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The larger deviations of Locata positioning solutions from the true coordinates can be 

related to several reasons, like the centering error of the Locata rover antenna, the errors in the 

coordinates of LocataLite antennas, the error in ambiguities estimation or the instability of 

LocataLite antennas. 

During the measurements, Locata rover antenna was mounted on a surveying pole and 

secured with a tape. The surveying pole with the mounted Locata antenna was held manually 

during the measurements. Bearing that in mind, a part of the deviation could be caused by the 

centering error of the Locata rover antenna. 

The coordinates of LocataLite antennas were measured at the center of the top cover of the 

antenna. Together with their positions, the orientation (azimuth) of the antennas was measured 

using magnetic needle. The measured azimuth was used to correct the antenna coordinate with 

respect to the phase center of the antenna (being in the center of the antenna 10 mm inside the 

top cover according to manufacturer). A part of the deviations could be related to the error in 

determined coordinates of LocataLite antennas phase center. 

Locata is currently capable of determining only float ambiguities. In the field, the 

ambiguities were determined in real time using OTF method. When using OTF method, the 

ambiguities are estimated together with the positioning solution by EKF in every epoch of 

measurement. Bearing that in mind, the ambiguities will be slightly changed between each 

epoch when the receiver is moving. A part of the deviations could be related to the error in the 

estimation of ambiguities. This could explain the deviations of positioning solutions in vertical 

direction in the third session , where the deviation was approximately -5 cm at the beginning of 

the session, and later, the  deviations were closer to zero with each occupation (Figure 6.6). 

 

Figure 6.6 Vertical deviations from the true positions for second (red), third (blue) and fourth 

(magenta) session 
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Since LocataLite antennas are installed on steel poles 4 m to 12 m above the ground, air 

temperature and the position of the Sun can have significant influence on pole deflection and 

position of antennas. Since master LocataLite receives the signals from other LocataLite in 

LocataNet, it is possible to perform the carrier phase measurements on master LocataLite in 

order to check the stability of the LocataLite antennas. Figure 6.7 shows single difference 

carrier phase measurements (ICP) on the master LocataLite for the period of 2 hours and 40 

minutes, during the occupations in the second to fourth sessions. Single difference carrier phase 

measurements are stable for LocataLite LL2, LL4 and LL5, with the standard deviations 

between 0.030 cycles and 0.039 cycles, whereas they are unstable for LocataLite LL3 and LL6 

with standard deviations of 0.072 cycles and 0.116 cycles. Two unstable ICP measurements 

are exactly the ones that are obtained from two LocataLites whose antennas are installed 12 m 

above the ground. The maximum change of ICP measurements is 0.5 cycles, which 

corresponds to the change of 6 cm in distance. Hence, a part of the deviations is related to the 

deflection of the steel poles particularly where antennas are installed 12 m above ground 

(antennas of LocataLite LL3 and LL6). 

 

Figure 6.7 Single difference carrier phase measurements of master LocataLite (LL1) 

6.3. Second test measurements 

The second, more extensive test measurements were conducted within the established 

LocataNet. For this test, a control network consisting of five points was established around the 

LocataNet (Figure 6.8). The network was measured in two sets and both faces using Leica 

TPS1201 total station. From each of the five points, all other points of the network were 

measured. Approximate coordinates of the points were determined by GNSS RTK 
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measurements. The coordinates of the points in the network were estimated by the least square 

3D adjustment as a free network (without constrains). The achieved accuracy of the estimated 

coordinates was higher than 1 mm in both horizontal and vertical directions (Table 6.4) 

 

Figure 6.8 Configuration and error ellipses of the geodetic control network established 

around the LocataNet in Čakovec 

Table 6.4 Estimated coordinates, elements of horizontal error ellipses and standard deviation 

of heights for the geodetic control network established around LocataNet in Čakovec 

Point E [m] N [m] H [m] a [mm] b [mm]  [°] sH [mm] 

P0 496097.829 5138828.881 160.889 0.5 0.5 162.6 0.5 

P1 496034.518 5138805.505 161.490 0.7 0.6 165.4 0.7 

P2 496083.590 5138873.584 160.675 0.6 0.6 169.4 0.6 

P3 496168.925 5138842.035 161.103 0.7 0.6 164.6 0.8 

P4 496112.777 5138772.696 161.230 0.6 0.6 87.0 0.7 

 

From the central point (P0) with the orientation to the other four points of the network, all 

LocataLite antennas were measured also in two sets and both faces. New coordinates of 

LocataLite antennas (Table 6.5) were determined later in postprocessing. The differences 

between new and previously used coordinates were up to 4 cm in horizontal and up to 3 mm in 

vertical direction. The largest horizontal differences occurred for all antennas of LocataLite 

LL3 (3.5 cm to 4 cm) and for all antennas of LocataLite LL6 (around 2.5 cm). The horizontal 

differences of other LocataLites were up to 1 cm. Although the horizontal coordinate 

differences were up to 1 cm, relative distances between the points calculated from old and new 

coordinates (of LocataLites LL1, LL2, LL4 and LL5) differ by only few millimeters. Given all 

that, the accuracy of the determined LocataLite antennas was higher than 1 cm in both 

horizontal and vertical directions. Except for the two LocataLites whose antennas were 12 m 
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above ground, the accuracy of their coordinates in horizontal direction was in the range of a 

few centimeters. This validates the results of single difference carrier phase measurements of 

master LocataLite presented in the Figure 6.7.  

Table 6.5 Determined new coordinates of LocataLite antennas and differences compared to 

previously determined coordinates used in the first test 

LocataLite Antenna 
HTRS96/TM  (the first test) [mm] 

E [m] N [m] H [m] E N H  

LL1 

Rx 496067.827 5138783.554 165.713 -8.5 6.4 -0.3 10.6 

Tx1 496067.821 5138783.562 165.819 -8.9 7.9 0.0 11.9 

Tx2 496067.813 5138783.554 165.147 -9.9 4.9 -0.1 11.0 

LL2 

Rx 496058.150 5138835.045 165.426 -5.2 7.3 -0.1 9.0 

Tx1 496058.218 5138835.196 165.549 -2.3 8.3 -0.4 8.6 

Tx2 496058.210 5138835.193 164.930 -2.8 5.4 -0.7 6.1 

LL3 

Rx 496090.109 5138849.865 173.894 11.3 37.6 -1.3 39.2 

Tx1 496090.251 5138849.894 174.044 13.8 38.4 -0.6 40.8 

Tx2 496090.252 5138849.905 173.376 12.2 33.6 -1.6 35.7 

LL4 

Rx 496121.585 5138864.157 165.145 -1.8 -0.1 0.5 1.9 

Tx1 496121.590 5138864.154 165.254 -1.7 2.1 1.0 2.9 

Tx2 496121.545 5138864.169 164.660 -2.7 -0.8 1.3 3.0 

LL5 

Rx 496134.770 5138816.964 165.558 -7.2 0.6 0.5 7.3 

Tx1 496134.713 5138817.107 165.663 -3.3 -8.6 -0.9 9.2 

Tx2 496134.723 5138817.111 165.039 -4.5 -9.5 -1.4 10.6 

LL6 

Rx 496105.321 5138806.836 173.635 3.1 23.5 -2.1 23.8 

Tx1 496105.508 5138807.027 173.732 3.0 25.3 -2.4 25.6 

Tx2 496105.509 5138807.029 173.127 4.0 23.1 -2.6 23.6 

 

Newly determined coordinates of LocataLite antennas were imported into each LocataLite 

and new test measurements were conducted. There were 22 test points (Figure 6.9) established 

in the field in order to analyze the accuracy and precision of Locata positioning solutions. The 

test point T0 was in the center of the LocataNet near the point P0 of the geodetic control 

network. Another test point (T0a) was established near the point T0. The test points T1 to T4 

were established 10 m from the center point T0. The test points T5 and T7 were established 15 

meters from the center point T0 towards the LocataLite LL3 and LocataLite LL6. The test 

points T6 and T8 were established 20 m from the center point T0.  The test points T51 to T54 

were established in the area near the LocataLite LL3. The points N3 and N6 were located right 

near the LocataLite LL3 and LL6 respectively. Test points T9 and T10 are established in the 

area with higher VDOP values (VDOP ~ 3). The test points V1 to V4 were established in the 
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area where the signal from one LocataLite was to be significantly weaker according to the 

antenna radiation pattern given by the manufacturer. 

The setup on each of the test points consisted of a tripod, with reflector mounted on tribrach 

to determine the true coordinates of the test points using total station. True coordinates of the 

test points were determined from the measurements in two faces from a free station (between 

the points T2 and T3). The coordinates of the free station were determined by the measurements 

from the point P1 to P4 of the geodetic control network.  

 

Figure 6.9 Positions of the test points within LocataNet established in Čakovec 

After each test point was measured by total station, the reflector was replaced with Locata 

rover antenna using a built adapter. This eliminates the potential centering errors during the 

Locata measurements. During the test, two Locata rovers were used simultaneously, and all test 

points were occupied at least once for at least 5 minutes, while some of the test points were 

occupied in more occasions and with both Locata rovers.  

Before the test points were occupied, float ambiguities were resolved using OTF method 

by moving each Locata rover around the field. All measurements were conducted with a 

registration rate of 10 Hz, the same as in the first test. All Locata measurements and positioning 

solutions were stored in the rover’s internal memory for a later analysis.  

The Locata positioning solutions from both Locata rovers were then converted into local 

coordinate system with the origin in the point P0 of the geodetic control network located at the 

center of the LocataNet. All Locata positioning solutions in local coordinate system are 

presented in Figure 6.10.  
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Locata rover 1 was initialized in the period of 510 to 610 seconds from the beginning of 

the measurements. During the measurements, the signals remained stable for the Locata rover 

1. The break in positioning solutions in the period of 11 300 to 11 800 seconds is due to the loss 

of power in battery, afterwards, the battery of the rover was replaced to provide the 

measurements of the last occupation. 

Locata rover 2 had issues with the loss of the signal during the measurements (probably 

due to poor weld of the antenna connection with cable). After the first initialization of the rover 

2 (the period of 700 second to 800 seconds from the start), the signal was lost, so the rover was 

reinitialized in period of 1400 to 1500 seconds from the beginning of the measurements. During 

the measurements, the rover 2 lost signal several times at the occupations 9 and 10 (on the 

points T1 and T2), the signal was also lost at the beginning of the occupations 17, 18 and 19 

(on the points N6, T9 and V4). All those signal losses were not detected during the 

measurements, but later when the data was analyzed. 

Mean Locata positioning solution coordinates of each occupation were compared with the 

true coordinates of the test points (Table 6.6). The mean coordinate errors for the Locata rover 

1 were up to 2 cm in horizontal direction and mostly up to 3 cm in vertical direction (except 

greater errors in the occupations 19 and 20).  

Table 6.6 Mean errors of each occupation for the second test within LocataNet in Čakovec 

Occupation 

Rover 1 Rover 2 

E  

[mm] 

N  

[mm] 

H  

[mm] 

E  

[mm] 

N  

[mm] 

H  

[mm] 

1 -2.8 3.9 2.2 -13.8 7.9 25.4 

2 -2.3 0.5 21.4 -11 7.7 43.4 

3 0.4 -1 28.3 -12 6.5 45.4 

4 -4.4 0.8 20.6 -13.9 11.8 39.3 

5 -1.7 -1.8 2.8 -16 10.7 21.8 

6 -5.5 -0.1 6.9 -16.4 14.9 23.5 

7 -3.9 1.7 7.3 -19.7 17.3 22.8 

8 -7.2 4.3 24.2 -19.4 21.3 31.9 

9 -4.9 11.5 35 -20.2 34.3 -14.5 

10 -12.1 6.5 15.3 -1571.5 550 -1897 

11 -4.2 7.6 -21.1 -339.4 63.7 46.1 

12 -11.6 7.6 -11.7 -23.9 -53.9 -39.4 

13 -12.1 5.3 -9.4 -4.8 -61.1 -6.7 

14 -17.6 3.1 19.2 -24.1 -29.8 -12 

15 -11 10.3 -7.4 -14.3 7.7 -11.5 

16 -12.6 11.3 -7.1 -16.3 7.1 -6.6 

17 -13.7 11.8 -1.3 -1411 -662.2 -1477.2 

18 -6.5 1.4 30.7 -2548.8 -266.8 2549.9 

19 5.2 -10.6 90.2 -2436.3 -232.9 1675.4 

20 -9.9 4.3 -68 -27.6 -2.4 53.3 

The coordinate errors for the rover 2 were greater compared to the rover 1, up to 6 cm in 

both horizontal and vertical directions (neglecting the errors in the occupations 10, 11, 17, 18 
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and 19, since the receiver suffered from signal loss in those epochs which led to poor 

positioning solutions). 

The coordinate errors of Locata positioning solutions in the first 8 occupations (when 

occupying the test points T0 and T0a) before the rover 2 suffered from signals loss were 

analyzed more thoroughly. Although the errors of the rover 2 were larger in all occupations 

(approximately 2.0 cm – 2.5 cm), the errors of the two rovers were correlated through those 8 

epochs (Figure 6.11). A possible explanation for the constant difference of errors between two 

receivers could be related to the error in estimated float ambiguities, since the ambiguities were 

estimated using OTF method. On the other hand, the deviations of the errors occurring during 

the occupations were probably due to the instability of the LocataLites LL3 and LL6 antennas 

that had the same influence on the positioning solutions of both rovers as they were close to 

each other. 

 

Figure 6.11 Deviations of Locata positioning solutions in the first 8 occupations 

To assess the precision of the Locata positioning solutions, the elements of error ellipses 

were calculated for the measurements on each test point. For each of the test points, two error 

ellipses were calculated; one from all Locata positioning solutions on each test point – a 

posteriori error ellipses, and one a priori from the LocataNet geometry. 

The a posteriori error ellipses were similar for both rovers where major semi-axis was in 

the range from 2.4 mm to 4.5 mm and minor semi-axis was in the range from 1.6 mm to 2.6 

mm. The standard deviations of vertical components were up to 2 cm (Table 6.7). The achieved 

lower precision in vertical direction was expected since VDOP values were greater than HDOP 

values, and two higher, instable LocataLites had the biggest influence on the vertical 

component. The most interesting is the achieved precision of rover 2 in the occupations 10 and 

11 where larger errors occurred (Table 6.6). In spite of poor ambiguity estimation during those 

occupations, the ambiguities remained unchanged since the receiver did not move and the 
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standard deviations were similar to the other occupations. In the occupations 17 and 18, the 

rover 2 lost signal at the beginning of the occupations and it was not able to estimate the 

ambiguities since it was static, so during the measurements, the estimation of ambiguities was 

changing, which led to poor precision of positioning solutions. 

Table 6.7 Precision indicators of each occupation for the second test within LocataNet in 

Čakovec 

Occupation 

Rover 1 Rover 2 

a  
[mm] 

b  
[mm] 

  
[°] 

sH  
[mm] 

a  
[mm] 

b  
[mm] 

  
[°] 

sH  
[mm] 

1 3.8 2.1 157.4 18.4 4.0 2.5 150.7 19.3 
2 3.5 1.7 160.4 16.3 4.0 2.5 167.0 17.2 
3 3.8 1.6 158.6 16.2 3.9 1.6 161.1 16.8 
4 3.1 1.8 156.4 13.6 3.3 1.9 155.1 13.9 
5 4.3 1.8 159.9 19.0 4.3 1.9 161.9 19.1 
6 3.9 1.9 154.4 14.9 4.0 2.0 155.5 15.2 
7 3.7 1.8 155.9 15.7 3.7 1.9 159.0 16.2 
8 4.2 1.7 159.6 16.1 4.0 1.8 156.7 16.0 
9 2.3 1.7 137.3 10.9 2.4 1.7 148.0 9.8 

10 2.5 1.6 156.0 6.4 3.2 1.6 158.3 8.1 
11 2.6 1.7 160.6 12.0 3.0 1.7 157.1 8.1 
12 3.1 1.8 153.8 15.2 4.4 1.9 161.5 20.8 
13 2.7 1.6 150.5 9.3 4.5 1.8 155.6 7.0 
14 2.5 2.1 159.8 11.7 3.2 2.0 164.6 18.7 
15 2.7 1.8 140.6 10.0 3.0 1.8 148.9 13.3 
16 2.5 1.6 136.5 7.8 2.9 1.8 147.6 12.4 
17 3.0 1.6 148.2 7.8 91.9 3.2 145.7 47.5 
18 2.6 1.6 97.1 13.5 226.7 108.2 99.1 326.6 
19 2.9 2.3 83.1 20.1 5.0 2.6 161.0 56.3 
20 2.5 1.6 130.2 10.7 2.7 1.8 163.9 10.1 

 

The a priori error ellipses were calculated with a priori standard deviation of carrier phase 

measurements equal to 1 cm. Although more realistic results would have been a priori standard 

deviations of carrier phase measurements of approximately 5 mm, 1 cm was used for more 

convenient graphical representation (Figure 6.12). This is the reason why a priori error ellipses 

are in general much bigger than a posteriori error ellipses in the figure.  

While a priori error ellipses generally have circular shape, a posteriori error ellipses are 

flattened mostly in direction of LocataLites LL3 and LL6. This difference in a shape of the a 

priori and a posteriori error ellipses is due to the instability of the two higher LocataLites. A 

posteriori error ellipses on the test points that are farther from LocataLite LL3 are more 

widespread in the direction of LocataLite LL3. It means that LocataLite LL3 is more unstable 

since the measurement from LocataLite LL3 and LL6 have more influence on horizontal 
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positioning solution of farther points. Such results are expected since the pole for LocataLite 

LL3 antennas is extended (built from two connected pieces) while the pole for LL6 antennas is 

constructed in one piece, and therefore considered more stable. 

 

Figure 6.12 A priori and a posteriori error ellipses for each of the test points in the second 

test within LocataNet in Čakovec 

Potential better solution would be possible if coordinates of LocataLite antennas were not 

considered as error free with the introduction of the variance of estimated LocataLite 

coordinates. Since it is not possible in the current Locata positioning system, this was not tested. 

However, if it had been possible in the established LocataNet, the horizontal component of 

LocataLites LL3 and LL6 coordinates would have had a bigger variance to compensate for 

antenna instability. Then the algorithm for the estimation of positioning solution would have 

given less weight to those measurements, and would have probably resulted in better 

positioning estimation. The introduction of the variance of LocataLite antenna coordinates to 

the two higher LocataLites would have affected the simulated DOP values, therefore, this 

variance should be considered in the simulation of the LocataNet. 

A closer examination of Locata positioning solutions shows high correlation of a noise 

between the two rovers, especially when the rovers were occupying two nearby points T0 and 

T0a (Figure 6.13). The correlation between the positioning solutions of two rovers in the first 

eight occupations was in average 0.96 in E axis and 0.99 in N and H axis (Table 6.8). This high 
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correlation coefficient was partly due to the instability of LocataLite antennas since the 

instability had similar impact on both rovers when they were near each other. There was slightly 

lower, but still high correlation between the positioning solutions of the two rovers in other 

occupations when the rovers were not close to each other. In that case, the instability does not 

have similar impact to positioning solutions since LocataLite signals come to the two rovers 

from different directions. In other occupations (except the occupations 17 to 19 where the signal 

on the rover 2 was lost), the average correlation coefficient was 0.89, 0.79 and 0.87 for the 

positioning solutions in E, N and H axis respectively (Table 6.8).  

 

Figure 6.13 Locata positioning solutions erros of both rovers in the first 8 occupations 

The differences between positioning solutions of the two rovers were calculated for each 

occupation. The elements of error ellipses of these coordinate differences were also calculated 

(Table 6.8), later called relative error ellipses. According to the law of the propagation of 

variances, semi-axes of relative error ellipses and standard deviation of height difference should 

be increased by the factor 2  with respect to the error ellipses of original positioning 

solutions. In this case, the semi-axes of relative error ellipses and standard deviation of height 

difference decreased by approximately 80% for the first eight occupations, and 45% for the 

remaining occupations.  

High correlation between the positioning solutions of the two rovers was the reason why 

the relative error ellipses and standard deviations of height differences decreased. Bearing that 

in mind, the use of relative positioning algorithms, well established in GNSS RTK and 
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pseudolite positioning, could potentially increase the positioning precision when utilizing 

double difference carrier phase measurements.  

Table 6.8 Correlation between Locata positioning solutions of two rovers and precision 

indicators for coordinate difference between positioning solutions of the two rovers 

Occupation 
Correlation Error ellipses 

E N H a [mm] b [mm]  [°] sH [mm] 

1 0.98 0.98 0.99 0.7 0.5 4.3 3.4 

2 0.93 0.99 0.99 0.7 0.5 93.3 1.8 

3 0.97 0.99 0.99 0.5 0.5 160.5 2.3 

4 0.94 0.98 0.99 0.8 0.6 118.0 1.7 

5 0.98 0.99 0.99 0.5 0.4 57.3 2.5 

6 0.97 0.99 0.99 0.6 0.5 106.2 1.7 

7 0.98 0.99 0.99 0.5 0.4 11.3 2.2 

8 0.95 0.98 0.99 0.8 0.7 162.1 1.9 

9 0.93 0.91 0.96 1.0 0.6 150.1 3.2 

10 0.87 0.70 0.90 2.3 0.6 160.7 3.7 

11 0.90 0.93 0.93 1.2 0.7 145.4 5.3 

12 0.94 0.89 0.97 2.1 0.6 165.6 7.1 

13 0.76 0.64 0.85 3.4 1.1 157.6 5.1 

14 0.86 0.59 0.71 2.6 1.1 178.6 13.3 

15 0.96 0.95 0.92 0.9 0.5 158.3 5.7 

16 0.94 0.90 0.76 1.2 0.6 158.3 8.2 

17 -0.19 -0.22 -0.16 92.7 2.9 145.7 49.3 

18 0.06 0.04 0.23 226.5 108.2 99.0 323.7 

19 0.18 0.22 0.18 4.9 3.6 165.9 56.2 

20 0.85 0.56 0.88 2.2 1.1 173.1 5.2 

AVG (1-16,20) 0.92 0.88 0.93     

AVG (1-8) 0.96 0.99 0.99     

AVG (9-16,20) 0.89 0.79 0.87     

 

The reason why the ambiguities of Locata single difference carrier phase measurements 

are not integers is that they are influenced by reception-equipment delay that includes the 

antenna, antenna cable and receiver delays (Liu, et al., 2018). By using double difference carrier 

phase measurements, the reception-equipment delay may be eliminated, and thus, the 

estimation of integer ambiguities might be possible. If ambiguities were fixed to integer values, 

the accuracy of positioning would be increased since the errors of positioning solutions are in 

the range of few centimeters and most likely caused by the fluctuation of float ambiguities when 

the rover is moving. 
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7. EXPERIMENTAL TESTING OF LOCATA POSITIONING SYSTEM 

Since the previously established LocataNet revealed its limitation in terms of instability of 

permanently installed LocataLite antennas, two new test LocataNet networks were established 

in different environments to analyze the quality of Locata carrier phase measurements and 

positioning as well as the ability of determining the displacements. The First LocataNet was 

established in an ideal environment (clear area without any obstacles and nearby objects) and 

the second in a more challenging environment (nearby trees where the signal had to penetrate 

through the foliage and close to buildings). 

For the first test, LocataNet was established on the clear field near the building of the 

Faculty of Geodesy in Zagreb. The established LocataNet had rectangular shape and covered 

the area of 55 m by 35 m (Figure 7.1). Since the LocataNet was established in the flat area, all 

LocataLite antennas had similar heights, therefore, only the quality of horizontal positioning 

was relevant in the LocataNet. The coordinates of LocataLite antennas were determined by 

means of total station measurements. Within the Locata network, the measurements were 

conducted with two Locata receivers. The measurements were conducted with registration rate 

of 1 Hz. The measurement registration rate was lowered to 1 Hz (compared to the measurements 

in preliminary testing) to see if the registration rate would influence the quality of the 

measurements. 

 

Figure 7.1 Configuration of established test LocataNet in the environment without any 

obstructions 
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For the second test, LocataNet was established in a more challenging environment. The 

network was established in the park located on the south east side of the building of the Faculty 

of Geodesy.  This LocataNet covered area of 25 m by 15 m. The shape of the LocataNet 

configuration was dictated by the obstacles in the field that  caused the formation of the network 

of not exactly rectangular shape (Figure 7.2). This LocataNet was also established in the flat 

area, so all LocataLites had similar heights, and therefore, only the quality of horizontal 

positioning was relevant within the established LocataNet. The coordinates of LocataLite 

antennas were determined by means of total station measurements. Since there was no 

difference in the quality between the measurements conducted with 10 Hz and 1 Hz, the 

measurements in this test were conducted with the maximum registration rate of 10 Hz.  

 

Figure 7.2 Configuration of established test LocataNet in challenging environment 

7.1. Analysis of carrier phase measurements 

The measurements in two different LocataNet configurations were compared to attain a 

clearer perception of the influence of unfavorable environment on the quality of the carrier 
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phase measurement. The analysis was conducted for raw carrier phase measurements, as well 

as for SD and DD carrier phase measurements which were used for positioning. 

In each LocataNet test, the carrier phase measurements during 10 occupations were 

analyzed. In both cases, one Locata receiver was static, called base receiver, while the other 

receiver changed its location in each occupation, called rover receiver. The rover receiver 

occupied the points P1 to P9 in the first nine occupations, and in last occupation, the point P1 

was occupied again. In the first LocataNet test, each occupation lasted for 1 minute, therefore, 

each occupation consisted of 60 measurement epochs since the measurement registration rate 

was 1 Hz. In the second LocataNet test, each occupation lasted for 10 second, therefore, each 

occupation consisted of 100 measurement epochs since the measurement registration rate was 

10 Hz. 

7.1.1. Analysis of raw carrier phase measurements 

Raw carrier phase measurements of both receivers (base and rover) within the first test 

network did not show any drifts during the occupations, which means that the receiver’s clock 

error was already removed from the measurements. It was possible because Locata estimated 

its own position and the receiver’s clock error in real time in every measurement epoch.  

Since the base receiver was static during the occupations, the precision of carrier phase 

measurement was conducted for the period from the beginning of the first occupation to the end 

of last occupation (Figure 7.3). During the occupations, the base receiver did not track the 

signals from the antenna Tx2 of LocataLite LL1 on the frequency S2, and the signals from the 

antenna Tx2 of LocataLite LL3 on the frequency S1, therefore, they are not displayed in the 

figure. Between the occupation 1 and 2, the signal from the antenna Tx2 of LocataLite LL4 on 

frequency S1 was not tracked for a few seconds, which led to the jump of carrier phase 

measurement from that signal between the two epochs. Therefore, after the signal was 

retracked, it was necessary to reinitialize the ambiguities of that signal. 

The rover receiver was changing its position between the occupations, which means that 

the carrier phase measurements were different in each occupation. For the rover receiver, data 

was separated between the occupations, and only the measurements during the occupations are 

displayed in the Figure 7.4. During the occupations, the rover receiver did not track the signal 

from the antenna Tx2 of LocataLite LL1 on the frequency S2. 
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Figure 7.3 Raw carrier phase measurements of the base receiver during 10 occupations in the 

first LocataNet test 

 

Figure 7.4 Raw carrier phase measurements of the rover receiver during 10 occupations in 

the first LocataNet test 
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The standard deviations of carrier phase measurements for the base receiver varied in the 

range between 0.055 cycles and 0.084 cycles during the occupations with the average standard 

deviation of 0.066 cycles. For the rover receiver, the standard deviations of carrier phase 

measurements varied in the range between 0.57 cycles and 0.083 cycles with the average 

standard deviation of 0.71 cycles. It is thus demonstrated that similar precision was achieved 

between the two receivers, even though one receiver was static while the other was changing 

its position between each occupation. 

Similar analysis was performed in the second LocataNet test. Raw carrier phase 

measurements conducted from the beginning of the first occupation to the end of the last 

occupation of base receiver are presented in the Figure 7.5. The figure shows that carrier phase 

measurements of the base receiver were not constant as in the first LocataNet test. Nevertheless, 

the “jumps” in all measurements occurred in the same epochs, which means that they were 

caused by the receiver’s clock error. This means that in this LocataNet, the receiver could not 

accurately estimate its position and the receiver’s clock errors. 

The situation was similar with the raw carrier phase measurements on the rover receiver 

(Figure 7.6). Although the changes in carrier phase measurements were expected between the 

occupations since the rover was moved between each occupation, drifts and “jumps” in the 

measurements can be noticed during the whole measurement. Therefore, the quality of 

measurements in the second LocataNet test can only be estimated by the analysis of SD carrier 

phase measurements. 

 

Figure 7.5 Raw carrier phase measurements of the base receiver during 10 occupations in the 

second LocataNet test 
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The analysis of cycle slip occurrences was conducted to assess the quality of the carrier 

phase measurements. Cycle slips in carrier phase measurements can be detected by 

measurements of one LocataLite in two consecutive measurement epochs. To detect cycle slips, 

it is first necessary to calculate all six combinations of single difference measurements (from 

four signals) separately for two consecutive measurement epochs. Thus, double difference 

carrier phase measurements are calculated as the difference between the single difference 

measurements in two consecutive epochs. Nature of the, in that way calculated, double 

differenced carrier phase measurements calculated in this way should be close to zero by their 

nature if the cycle slip did not occur between the two epochs. Therefore, it is possible to detect 

the cycle slips by analyzing double differenced carrier phase measurements (Montillet, et al., 

2007).  

 

Figure 7.6 Raw carrier phase measurements of the rover receiver during 10 occupations in 

the second LocataNet test 

Since the cycle slips can be a multiple of half cycles (Choudhury, 2012), it is possible to 

determine the exact value of a cycle slip by rounding the calculated DD carrier phase 

measurements not close to zero to ½ cycles. In order to detect the cycle slips, the threshold 

value of 0.33 cycles was used, which means that only if DD measurement surpassed 0.33 cycles, 

it could be assumed that that measurement contained a cycle slip. After the cycle slip was 
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detected, the carrier phase measurements were corrected for the determined value of the cycle 

slip.  

In the measurements in the first LocataNet test, only one cycle slip occurred in the 

measurements of the rover receivers, while no cycle slips occurred in the measurements of the 

base receiver. In the measurements in the second LocataNet test, multiple cycle slips occurred, 

with all cycle slips being in the measurements based on the signals from the LocataLite LL5 on 

the rover receiver (Table 7.1).  

During the measurements between the second and the third occupation in the second 

LocataNet test, a cycle slip occurred in at least two signals from LocataLite LL5. In this case, 

it was not possible to determine reliably which measurements were affected by cycle slips. 

Therefore, it would be most reliable in that case to recalculate the ambiguities of carrier phase 

measurements for all four signals of that LocataLite.  

It was further concluded that in the case when the cycle slips are detected in consecutive 

epochs for the same signal, it is more reliable to reinitialize the ambiguities of measurements 

based on that signal. This situation occurred with the measurements based on the signals from 

the transmitting antenna Tx2 of the LocataLite LL5 on the frequency S1 between the 

occupations 2 and 3.  

Table 7.1 Detected cycle slips for base and rover receiver in both test LocataNet networks 

Signal 
Number of detected 

cycle slips 
Occupation 

LocataNet 1, base receiver 

- - - 

LocataNet 1, rover receiver 

LL1, Tx2, S1 2 occ. 7 

LocataNet 2, base receiver 

- - - 

LocataNet 2, rover receiver 

LL5 1 occ. 2 -> occ. 3 

LL5, Tx1, S1 1 occ. 2 -> occ. 3 

LL5, Tx2, S1 4 occ. 2 -> occ. 3 

LL5, Tx2, S1 2 occ. 3 -> occ. 4 

LL5, Tx2, S2 2 occ. 2 -> occ. 3 

LL5, Tx2, S2 1 occ. 4 -> occ. 5 

7.1.2. Analysis of SD carrier phase measurements 

Since SD carrier phase measurements were used in the calculation of positioning solutions, 

similar analysis was conducted using SD carrier phase measurements. In order to calculate SD 
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carrier phase measurements, the signals from the antenna Tx1 of the LocataLite LL1 were used 

as a reference for measurements in both LocataNet tests.  

After comparing the figures of raw carrier phase measurements of the base and rover 

receivers (Figure 7.3 and Figure 7.4) with the figures of SD carrier phase measurements of both 

receivers (Figure 7.7 and Figure 7.8) in the first LocataNet test, one could notice a significant 

noise reduction. It occurred because the receiver’s clock error was eliminated from SD carrier 

phase measurements, whereas raw carrier phase measurements were affected by the uncertainty 

of estimated receiver’s clock error.  

The measurements in the first LocataNet test indicate standard deviations of SD carrier 

phase measurements of the base receiver in the range between 0.025 cycles and 0.051 cycles, 

with average standard deviation of 0.033 cycles. Standard deviations of SD carrier phase 

measurements for the rover receiver were in the range between 0.026 cycles and 0.064 cycles 

with average standard deviation of 0.038 cycles. 

 

Figure 7.7 SD carrier phase measurements of the base receiver during 10 occupations in the 

first LocataNet test 
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Figure 7.8 SD carrier phase measurements of the rover receiver during 10 occupations in the 

first LocataNet test 

SD carrier phase measurements were calculated for the measurements in the second 

LocataNet test also by using the signals from the antenna Tx1 of the LocataLite LL1 as a 

reference. SD carrier phase measurements of the base receiver were constant during the 

measurements (Figure 7.9), which was expected since the base receiver was static during the 

occupations, and the receiver’s clock error was eliminated. It was thus confirmed that the 

“jumps” in raw carrier phase measurements in the second test were due to the error in estimated 

receiver’s clock error.  

Similar thing can be observed in the SD carrier phase measurement of the rover receiver 

(Figure 7.10) since there is no drift in the SD carrier phase measurements during each of the 

occupations.  

In the measurements in the second LocataNet test, the standard deviations of SD carrier 

phase measurements were in a range between 0.028 cycles and 0.069 cycles for the base 

receiver, and between 0.028 cycles and 0.062 cycles for the rover receiver. Average standard 

deviations of SD carrier phase measurements for both base and rover receiver were equal to 

0.039 cycles. 
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Figure 7.9 SD carrier phase measurements of the base receiver during 10 occupations in the 

second LocataNet test 

 

Figure 7.10 SD carrier phase measurements of the rover receiver during 10 occupations in 

the second LocataNet test 
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7.1.3. Analysis of DD carrier phase measurements 

Since relative positioning using DD carrier phase measurements was also performed, the 

analysis of DD carrier phase measurements was conducted. As the rover receiver changed its 

position between each occupation in both LocataNet tests, DD carrier phase measurement data 

were separated between the occupations, and only the measurements during the occupation 

were displayed.  

The double difference carrier phase measurements calculated from the measurements 

collected in the first LocataNet are displayed in the Figure 7.11, and the Figure 7.12 presents 

DD carrier phase measurements calculated from the measurements collected in the second 

LocataNet. After comparing the two figures, it could be concluded that DD carrier phase 

measurements collected in the second LocataNet contained less noise, which was not expected 

since the second LocataNet was established in a more challenging environment. 

 

Figure 7.11 DD carrier phase measurements during 10 occupations in the first LocataNet test 
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Figure 7.12 DD carrier phase measurements during 10 occupations in the second LocataNet 

test 

The comparison between the achieved average precision of SD and DD carrier phase 

measurements in each of the established LocataNet networks shows that a slightly better 

precision of the SD carrier phase measurements was achieved with the measurements in the 

first test LocataNet. However, better precision of DD carrier phase measurements was achieved 

for the measurements in the second test LocataNet (Table 7.2). 

Table 7.2 Standard deviations [cycles] of SD and DD carrier phase measurements for 

measurements in both LocataNet tests 

Test 

LocataNet 

SD (base) SD (rover) DD 

min max avg min max avg min max avg 

1 0.025 0.051 0.033 0.026 0.064 0.038 0.015 0.063 0.033 

2 0.028 0.069 0.039 0.028 0.062 0.039 0.011 0.046 0.023 

 

It follows from all the foregoing that more challenging environment did not significantly 

influence the precision of the Locata measurements. Nevertheless, although the challenging 

environment did not influence the precision, significantly more cycle slips occurred in the 

carrier phase measurements in the second LocataNet test which was performed in a more 

challenging environment. 



PhD Thesis   

 

122   

 

7.2. Ambiguity resolution in Locata carrier phase measurements  

When KPI is used to determine the ambiguities, once the ambiguities are calculated, they 

are considered as known values (Jiang, et al., 2013a). It is possible to calculate the ambiguities 

by occupying any point with known coordinates. On the other hand, it is possible to determine 

the ambiguities by batch least square (BLS) estimation together with rover coordinates.  

The analysis of ambiguities calculated by occupying different known points was conducted 

with the same data as previously. Only the analysis of the ambiguities calculated for the 

measurements in the second test network is presented since similar results were achieved for 

the measurements in both test networks. The analysis was conducted separately for the 

ambiguities of SD and DD carrier phase measurements. 

7.2.1. Ambiguities of SD measurements 

The ambiguities of SD carrier phase measurements were calculated by KPI for the 

measurement from each signal. For each occupation, the ambiguities of all carrier phase 

measurements were calculated using the true value of occupation point (determined from total 

station measurements) and the average value of SD carrier phase measurements in that 

occupation. 

The ambiguities of measurements that were calculated from KPI on different known points 

(from different occupation) were compared (Table 7.3). The ambiguities of the measurements 

were in the range of up to 0.27 cycles. This indicated that greater deviations occurred when the 

receiver changed its position although the achieved precision of SD carrier phase measurements 

was in the range between 0.033 cycles and 0.039 cycles.  Standard deviations of the determined 

ambiguities were in the range between 0.035 cycles to 0.085 cycles, with average standard 

deviation of 0.060 cycles. 

Since the ambiguities should remain constant as long as the signal is continuously tracked, 

the deviations of ambiguities calculated by occupying different known points can serve as an 

indicator of the accuracy of SD carrier phase measurements. Therefore, it can be concluded that 

the accuracy (RMS) of SD carrier phase measurements is 0.060 cycles. 

The ambiguities of SD carrier phase measurements in all 10 occupations were estimated 

by BLS estimation. For the purpose of BLS estimation, the mean value of SD carrier phase 

measurements in each occupation (from 100 measurement epoch) were used for estimating the 

ambiguities and positions of receiver. Taking into consideration that LocataNet configuration 

was not adequate for vertical positioning, BLS estimation was processed in two ways: first, in 
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each occupation all three coordinates and ambiguities were estimated (3D BLS), and then, 

vertical component of rover coordinates was fixed to known value (2D BLS). 

Table 7.3 Range and standard deviations of ambiguities for SD carrier phase measurements 

determined using KPI by occupying different known points 

LocataLite Antenna Signal 

KPI (different known points) 

Range 

[cycles] 

St. Dev 

[cycles] 

LL2 

Tx1 
S1 0.218 0.065 

S2 0.130 0.046 

Tx2 
S1 0.206 0.065 

S2 0.166 0.052 

LL3 

Tx1 
S1 0.182 0.068 

S2 0.186 0.059 

Tx2 
S1 0.184 0.054 

S2 0.252 0.085 

LL4 

Tx1 
S1 0.193 0.059 

S2 0.191 0.061 

Tx2 
S1 0.201 0.075 

S2 0.209 0.061 

LL5 

Tx1 
S1 0.131 0.048 

S2 0.268 0.080 

Tx2 
S1 0.174 0.054 

S2 0.098 0.035 

LL6 

Tx1 
S1 0.160 0.055 

S2 0.212 0.060 

Tx2 
S1 0.187 0.054 

S2 0.235 0.062 

MIN 0.098 0.035 

MAX 0.268 0.085 

AVG 0.189 0.060 

 

The advantage of calculating ambiguities by means of BLS estimation lies in the fact that 

it is possible to calculate standard deviations of estimated ambiguities. The comparison of 

average standard deviation of ambiguities determined from 3D BLS and 2D BLS estimation 

shows that a slightly higher precision of ambiguities was achieved when the vertical component 

of rover coordinates was fixed. (Table 7.4). The comparison of BLS ambiguities with average 

ambiguities calculated by KPI shows that better results are achieved when the vertical 

component is fixed to known values since in that case the differences are in the range between 

-0.035 cycles and 0.022 cycles compared to the range between -0.090 cycles and 0.010 cycles 

in the case of the ambiguities estimated by means of 3D BLS. 
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Taking the achieved accuracy of carrier phase measurements into consideration, it can be 

concluded from the above that it is more reliable to calculate the ambiguities on the basis of  

BLS estimation since in KPI, the error in measurements at the moment of initialization is then 

contained in all further measurements. Furthermore, the estimation of ambiguities using BLS 

makes it possible to analyze the measurement residuals in order to detect gross errors in 

measurements. 

Table 7.4 Statistical data of ambiguities for SD carrier phase measurements determined on 

the basis of  BLS estimation 

LocataLite Antenna Signal 

3D BLS 2D BLS   

(3D, 2D) 

[cycles] 
 (mean KPI)  

[cycles] 

Std 

[cycles] 

 (mean KPI) 

[cycles] 

St. Dev 

[cycles] 

LL2 

Tx1 
S1 -0.084 0.043 -0.026 0.036 -0.058 

S2 -0.086 0.044 -0.027 0.036 -0.060 

Tx2 
S1 -0.060 0.045 -0.035 0.036 -0.025 

S2 -0.052 0.046 -0.027 0.036 -0.025 

LL3 

Tx1 
S1 -0.059 0.038 -0.025 0.032 -0.033 

S2 -0.060 0.039 -0.034 0.033 -0.026 

Tx2 
S1 -0.042 0.039 -0.025 0.032 -0.016 

S2 -0.036 0.039 -0.011 0.033 -0.026 

LL4 

Tx1 
S1 -0.006 0.023 -0.017 0.019 0.010 

S2 -0.007 0.023 -0.009 0.019 0.002 

Tx2 
S1 0.010 0.025 -0.002 0.019 0.012 

S2 0.010 0.025 -0.009 0.019 0.019 

LL5 

Tx1 
S1 -0.049 0.024 -0.013 0.021 -0.036 

S2 -0.041 0.024 0.009 0.022 -0.050 

Tx2 
S1 -0.036 0.024 -0.020 0.020 -0.016 

S2 -0.036 0.026 0.001 0.022 -0.036 

LL6 

Tx1 
S1 -0.087 0.037 0.011 0.034 -0.098 

S2 -0.090 0.038 0.006 0.033 -0.095 

Tx2 
S1 -0.064 0.038 0.022 0.034 -0.087 

S2 -0.057 0.039 0.017 0.033 -0.074 

MIN -0.090 0.023 -0.035 0.019 -0.098 

MAX 0.010 0.046 0.022 0.036 0.019 

MEAN -0.047 0.034 -0.011 0.028 -0.036 

7.2.2. Ambiguities of DD measurements 

With the same measurement data, similar analyses were conducted for the ambiguities of 

DD carrier phase measurements. First, the ambiguities in DD carrier phase measurements were 
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calculated by KPI, using known coordinates of the base and rover receiver as well as average 

DD carrier phase measurements from each occupation. 

DD carrier phase ambiguities calculated from different occupations were compared (Table 

7.5). The ambiguities of the measurements determined from different occupations were in the 

range of up to 0.22 cycles. This was slightly, but not significantly better than the ambiguities 

of SD carrier phase measurements. Standard deviations of determined DD carrier phase 

ambiguities were in the range between 0.036 cycles and 0.081 cycles with average standard 

deviation of 0.057 cycles. As mentioned previously, these changes of ambiguities can serve as 

an accuracy indicator of carrier phase measurements. Therefore, it can be concluded that the 

accuracy (RMS) of DD carrier phase measurement is 0.057 cycles that is almost identical to the 

accuracy of SD carrier phase measurements. 

Table 7.5 Range and standard deviations of ambiguities for DD carrier phase measurements 

determined using KPI by occupying different known points 

LocataLite Antenna Signal 

KPI (different known points) 

Range 

[cycles] 

St. Dev 

[cycles] 

LL2 

Tx1 
S1 0.209 0.062 

S2 0.146 0.045 

Tx2 
S1 0.208 0.066 

S2 0.141 0.045 

LL3 

Tx1 
S1 0.197 0.070 

S2 0.164 0.055 

Tx2 
S1 0.181 0.053 

S2 0.222 0.081 

LL4 

Tx1 
S1 0.200 0.058 

S2 0.190 0.062 

Tx2 
S1 0.213 0.073 

S2 0.201 0.057 

LL5 

Tx1 
S1 0.125 0.047 

S2 0.160 0.064 

Tx2 
S1 0.153 0.046 

S2 0.083 0.036 

LL6 

Tx1 
S1 0.141 0.047 

S2 0.216 0.062 

Tx2 
S1 0.181 0.052 

S2 0.205 0.055 

MIN 0.083 0.036 

MAX 0.222 0.081 

MEAN 0.177 0.057 
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The ambiguities of DD carrier phase measurements in all 10 occupations were calculated 

by BLS estimation. For the purpose of BLS estimation, mean values of DD carrier phase 

measurements in each occupation were used for estimating the ambiguities and position 

solutions (a vector between base and rover receiver in each occupation). The ambiguities were 

estimated again with 3D positioning solutions (3D BLS), and by fixing the vertical component 

to a priori known value (2D BLS). 

The average standard deviation of DD ambiguities determined from 3D BLS and 2D BLS 

were similar, 0.057 cycles and 0.053 cycles respectively. The differences between the 

ambiguities estimated by 3D and 2D BLS estimation were in the range between -0.020 cycles 

and 0.025 cycles (Table 7.6). It means that no significant increase of accuracy or precision of 

estimated ambiguities in DD carrier phase measurements was reached by fixing the vertical 

component of coordinates. 

Table 7.6 Statistical data of ambiguities for DD carrier phase measurements determined on 

the basis of BLS estimation 

LocataLite Antenna Signal 

3D BLS 2D BLS   

(3D, 2D) 

[cycles] 
 (mean KPI) 

[cycles] 

St. Dev 

[cycles] 
 (mean KPI) 

[cycles] 

Std. Dev 

[cycles] 

LL2 

Tx1 
S1 -0.025 0.073 -0.006 0.071 -0.020 

S2 -0.026 0.075 -0.006 0.073 -0.020 

Tx2 
S1 0.014 0.077 -0.006 0.071 0.020 

S2 0.015 0.079 -0.006 0.073 0.021 

LL3 

Tx1 
S1 0.005 0.070 0.025 0.069 -0.019 

S2 0.006 0.072 0.025 0.070 -0.020 

Tx2 
S1 0.030 0.072 0.025 0.069 0.006 

S2 0.031 0.074 0.032 0.071 -0.001 

LL4 

Tx1 
S1 0.040 0.045 0.055 0.043 -0.015 

S2 0.041 0.046 0.056 0.044 -0.015 

Tx2 
S1 0.079 0.054 0.060 0.043 0.019 

S2 0.081 0.055 0.056 0.044 0.025 

LL5 

Tx1 
S1 -0.038 0.026 -0.036 0.025 -0.002 

S2 -0.042 0.029 -0.040 0.028 -0.003 

Tx2 
S1 -0.018 0.029 -0.036 0.025 0.018 

S2 -0.019 0.031 -0.038 0.027 0.019 

LL6 

Tx1 
S1 -0.048 0.056 -0.036 0.054 -0.012 

S2 -0.049 0.058 -0.037 0.055 -0.012 

Tx2 
S1 -0.012 0.059 -0.036 0.054 0.024 

S2 -0.024 0.059 -0.037 0.055 0.013 

MIN -0.049 0.026 -0.040 0.025 -0.020 

MAX 0.081 0.079 0.060 0.073 0.025 

MEAN 0.002 0.057 0.001 0.053 0.001 
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Moreover, the ambiguities of DD carrier phase measurements should be integer values, 

while the ambiguities determined from BLS estimation are float numbers. Therefore, Least 

square AMBiguity Decorrelation Adjustment (LAMBDA) method (Teunissen, 1994; de Jonge 

& Tiberius, 1996) is tested in order to fix the estimated ambiguities of DD carrier phase 

measurements. LAMBDA method calculates two sets of possible integer ambiguities and then 

compares the quality of those two sets of ambiguities by means of ratio test. If the result of the 

ratio test is close to 1, it means that it is not possible to distinguish which of the two sets of 

integer ambiguities is the right solution.  

The use of LAMBDA method in either set of DD carrier phase ambiguities (3D or 2D 

BLS) did not help in fixing the ambiguities to an integer number. The value of the ratio test was 

1.09 for float ambiguities of 3D BLS estimation, and 1.02 for float ambiguities of 2D BLS. 

Therefore, the float ambiguities were used in all further computations with DD carrier phase 

measurements. 

7.3. Quality of Locata positioning solution 

Quality of Locata positioning solutions in terms of precision and accuracy were also 

analyzed for the measurements in the second test LocataNet. Both absolute and relative 

positioning solutions were calculated and compared with the true coordinates that were 

determined using total station measurements. 

Absolute and relative positioning solutions were first calculated in each measurement 

epoch independently by least square estimation (LSE) using the ambiguities determined by KPI 

on the first test point. The positioning solutions were then calculated using BLS estimation. In 

both cases, 3D positioning solutions and 2D positioning solutions (by fixing the vertical 

component to known values) were calculated. Thus, four sets of positioning solutions were 

obtained:  

• LSE 3D (3D positioning solutions in each measurement epoch), 

• LSE 2D (2D positioning solutions in each measurement epoch), 

• BLS 3D (3D positioning solutions for each occupation point), 

• BLS 2D (2D positioning solutions for each occupation point). 

The analysis of positioning accuracy and precision was conducted for all four sets of 

positioning solutions in both absolute positioning using SD carrier phase measurements and 

relative positioning using DD carrier phase measurements. 
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7.3.1. Absolute positioning 

Average values of LSE positioning solutions were calculated for each occupation and 

compared with the true coordinates determined from total station measurements. RMS values 

of LSE 3D positioning solutions were in the range between 1.8 mm and 5.9 mm for east 

component, between 2.0 mm and 8.2 mm for north component and between 18 mm and 64 mm 

for vertical component of positioning solution (Table 7.7). Hence, the sub-centimeter level of 

horizontal positioning accuracy and sub-decimeter level of vertical positioning accuracy were 

achieved. Error ellipses and standard deviations were calculated as a measure of precision from 

the positioning solutions in each occupation. Major semi-axes of the error ellipses were in the 

range between 1.7 mm and 2.6 mm, while the standard deviations of vertical component were 

in the range between 9.6 mm and 21.3 mm (Table 7.7). It can thus be concluded that there were 

a millimeter level of horizontal positioning precision and a centimeter level vertical positioning 

precision achieved. Lower results in terms of vertical positioning precision and accuracy 

compared to the horizontal were expected since all LocataLites were set up at similar heights. 

Table 7.7 Accuracy and precision indicators of 3D positioning solutions in each occupation 

calculated from SD carrier phase measurements 

Occupation 
RMS Error Ellipse sH 

[mm] E [mm] N [mm] H [mm] a [mm] b [mm] theta [°] 

1 2.0 2.0 18.7 2.2 1.8 40.1 18.8 

2 2.3 3.1 21.3 2.4 1.8 52.6 21.3 

3 2.1 7.5 18.5 1.8 1.6 131.3 16.7 

4 3.2 4.1 63.4 2.0 1.7 18.8 11.9 

5 1.8 8.2 18.6 1.7 1.6 16.7 13.6 

6 4.2 6.6 26.9 2.6 1.6 79.0 13.4 

7 5.9 5.3 18.2 2.6 1.4 76.3 11.4 

8 4.1 7.8 40.1 2.4 1.6 39.5 10.9 

9 4.1 8.2 30.7 1.9 1.8 48.9 9.6 

10 3.0 5.2 28.3 2.4 1.8 60.1 14.4 

 

Similar analysis was conducted for 2D LSE positioning solutions. Interestingly, the fixing 

of vertical component of positioning solutions to known true values did not result in any 

improvements in either accuracy or precision of positioning solutions. In this case, RMS of 

positioning solutions were in the range between 1.9 mm and 6.1 mm for east component and 

between 2.0 mm and 8.3 mm for north component, which is similar to the accuracy of 3D LSE 

positioning solutions. The range of major semi-axes of error ellipses was the same as in the 3D 

LSE positioning solutions, between 1.7 mm and 2.6 mm (Table 7.8). 
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Table 7.8 Accuracy and precision indicators of 2D positioning solutions in each occupation 

calculated from SD carrier phase measurements 

Occupation 
RMS Error Ellipse 

E [mm] N [mm] a [mm] b [mm] theta [°] 

1 2.0 2.0 2.1 1.8 45.4 

2 2.3 3.1 2.4 1.9 50.3 

3 2.2 7.5 1.8 1.6 124.4 

4 3.6 3.9 2.0 1.7 19.9 

5 1.9 8.3 1.7 1.6 38.7 

6 4.3 6.5 2.6 1.6 78.0 

7 6.1 5.3 2.6 1.5 75.2 

8 4.5 7.6 2.4 1.6 39.7 

9 4.5 8.0 2.0 1.8 58.3 

10 3.0 5.1 2.4 1.7 62.1 

 

The results of BLS estimation are coordinates of points in each occupation together with 

covariance matrix of estimated coordinates. From the estimated and known true coordinates, it 

is possible to calculate the deviations of estimated positions from the true values. On the other 

hand, standard deviations of estimated coordinates can be calculated from the covariance 

matrix. RMS for each occupation point can then be calculated as a square root of squared sums 

of deviations from the true value and standard deviations. Compared to previously described 

results of LSE estimations, RMS values of BLS estimated positioning solutions have higher 

accuracy for north component (RMS between 2.6 mm and 5.4 mm), while the accuracy of east 

component is lower (between 4.6 mm and 10.3 mm) (Table 7.9). 

It is possible to calculate the elements of error ellipses from covariance matrix of 

positioning solutions, which indicates that the positioning solutions from LSE estimation have 

higher horizontal precision (Table 7.9), whereas the comparison of data in the Table 7.7 and 

Table 7.9 indicates that higher precision of vertical component was achieved when LSE 

estimation was applied. Interestingly, the major semi-axes of BLS error ellipses are all aligned 

with east axis, which indicates that higher precision of north coordinates was achieved.  

Table 7.9 Accuracy and precision indicators of 3D BLS positioning solutions calculated from 

SD carrier phase measurements 

Occupation 
RMS Error Ellipse sH 

[mm] E [mm] N [mm] H [mm] a [mm] b [mm] theta [°] 

1 6.1 2.6 64.1 3.0 2.5 94.2 55.3 

2 6.4 2.6 69.7 2.9 2.3 95.2 53.2 

3 10.3 4.2 53.3 3.4 2.2 98.1 52.7 
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Occupation 
RMS Error Ellipse sH 

[mm] E [mm] N [mm] H [mm] a [mm] b [mm] theta [°] 

4 9.2 2.7 75.1 3.1 2.3 97.8 42.5 

5 8.5 4.6 77.2 3.4 2.3 101.2 58.0 

6 6.1 3.6 81.4 3.2 2.4 99.5 56.4 

7 4.7 4.1 95.2 3.6 2.2 92.9 53.2 

8 4.9 5.4 92.3 3.3 2.1 82.9 41.4 

9 4.6 4.4 76.9 3.1 2.2 96.2 42.2 

10 9.2 2.7 84.9 3.0 2.3 90.9 54.6 

 

In the case of 2D BLS adjustment, higher positioning accuracy is achieved on average, 

especially of the east component of positioning solution (Table 7.10). The precision of 

positioning solutions is also higher when a vertical component is fixed to known values, 

although better positioning position is again achieved for the north component since the 

direction of error ellipses major semi-axes for all occupation points is in the range of 90° ± 10°. 

Table 7.10 Accuracy and precision indicators of 2D BLS positioning solutions calculated 

from SD carrier phase measurements 

Occupation 
RMS Error Ellipse 

E [mm] N [mm] a [mm] b [mm] theta [°] 

1 2.7 5.7 2.6 2.0 86.5 

2 3.0 2.3 2.5 2.0 88.3 

3 7.2 5.9 2.8 1.8 94.5 

4 7.0 3.4 2.6 2.0 82.1 

5 4.2 1.9 2.9 1.8 94.6 

6 2.7 2.5 2.7 1.8 95.0 

7 3.8 2.2 3.1 1.7 92.1 

8 4.0 2.0 2.8 1.8 81.0 

9 2.8 1.8 2.6 1.8 94.9 

10 5.0 4.2 2.6 1.9 86.3 

 

A closer look at the standard deviations of ambiguities estimated by BLS estimation (Table 

7.4) indicates the reason for higher positioning precision in north direction. The best precision 

is achieved for the ambiguities of measurements of LocataLite LL4 and LL5, which should 

have the biggest impact on the north component of positioning solutions within the LocataNet 

considering the LocataNet configuration (Figure 7.2). 
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7.3.2. Relative positioning 

The identical analysis was conducted for relative positioning solutions. First, LSE relative 

positioning solutions using DD carrier phase measurements were calculated for each 

measurement epoch. RMS values were calculated from the true known coordinates of 

occupation points. RMS values of LSE 3D relative positioning solutions were in the range 

between 1.1 mm and 9.3 mm for east component, between 1.2 mm and 6.7 mm for north 

component and between 2 mm and 12 cm for the vertical component of positioning solution 

(Table 7.11). As a measure of precision, error ellipses and standard deviations were calculated 

for positioning solutions in each occupation. Major semi-axes of error ellipses were in the range 

between 1.2 mm and 2.8 mm, while standard deviations of vertical component were in the range 

between 17 mm and 41 mm (Table 7.11). 

Table 7.11 Accuracy and precision indicators of 3D positioning solutions in each occupation 

calculated from DD carrier phase measurements 

Occupation 
RMS Error Ellipse sH 

[mm] E [mm] N [mm] H [mm] a [mm] b [mm] theta [°] 

1 1.9 1.2 27.9 2.0 1.1 70.1 28.1 

2 1.1 1.6 28.5 1.5 1.1 3.6 28.6 

3 1.5 4.1 69.6 2.0 1.0 12.6 36.7 

4 4.7 3.6 39.7 1.8 1.0 63.0 19.5 

5 2.6 3.8 24.7 1.7 0.9 111.7 17.0 

6 6.4 6.8 88.4 1.9 1.0 101.1 41.1 

7 9.3 4.7 117.5 2.8 0.8 104.3 27.2 

8 2.6 6.5 48.7 1.3 0.7 81.5 17.4 

9 3.9 6.7 39.7 1.2 1.0 147.4 19.2 

10 2.5 2.6 36.7 1.7 1.4 153.4 19.6 

 

The comparison of these results with the accuracy and positioning of absolute LSE 

positioning solution (Table 7.7) shows that a slightly higher accuracy and precision of the 

horizontal component of positioning solutions was achieved with relative positioning using DD 

carrier phase measurements. However, higher accuracy and precision for the vertical 

component of positioning solutions was achieved at the same time with absolute positioning 

using SD carrier phase measurements. 

A slightly higher accuracy and precision of horizontal positioning was achieved when the 

vertical component was fixed. RMS values were in the range between 1.1 mm and 6.1 mm for 

east component, and between 1.2 mm and 6.2 mm for north component and of the positioning 

solution. On the other hand, the major semi-axes were in the range between 1.0 mm and 2.0 

mm (Table 7.12). 
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Table 7.12 Accuracy and precision indicators of 2D positioning solutions in each occupation 

calculated from DD carrier phase measurements 

Occupation 
RMS Error Ellipse 

E [mm] N [mm] a [mm] b [mm] theta [°] 

1 1.9 1.2 2.0 0.9 66.2 

2 1.1 2.4 1.2 0.8 118.7 

3 1.8 6.2 1.3 0.8 3.1 

4 5.4 2.4 1.1 0.8 64.4 

5 2.7 4.4 1.4 0.8 112.1 

6 4.7 5.1 1.1 0.9 94.5 

7 6.1 2.8 1.5 0.7 110.4 

8 3.5 5.8 1.5 0.7 78.1 

9 3.8 5.6 1.0 0.7 22.1 

10 3.5 1.3 1.2 1.0 75.9 

 

RMS and error ellipses were calculated for BLS relative positioning solutions the same 

way as for absolute positioning. Both accuracy and precision of BLS estimated positioning 

solutions (Table 7.13) were lower compared to the LSE positioning solutions (Table 7.11). 

RMS values were in the range between 5.8 mm and 10.2 mm for east component, between 4.5 

mm and 8.9 mm for north component and between 10 cm and 14 cm for height component of 

positioning solutions. Major semi-axes of error ellipses were in the range between 5.5 mm and 

6.2 mm, while minor semi-axes of error ellipses were in the range between 3.7 mm and 4.1 mm. 

Major semi-axes of relative BLS error ellipses were all aligned with the east axis, which 

indicates that higher precision of north coordinates was achieved. The standard deviation of 

vertical component of positioning solutions was in the range between 7 cm and 9 cm.  

Table 7.13 Accuracy and precision indicators of 3D BLS positioning solutions calculated 

from DD carrier phase measurements 

Occupation 
RMS Error Ellipse sH 

[mm] E [mm] N [mm] H [mm] a [mm] b [mm] theta [°] 

1 6.7 4.5 100.2 5.7 4.1 94.2 83.7 

2 6.2 7.4 120.7 5.5 3.8 98.5 82.1 

3 8.1 8.6 99.6 5.9 3.7 97.1 79.4 

4 10.2 6.0 122.3 5.7 3.9 95.5 72.2 

5 8.0 8.9 112.8 6.2 4.1 100.1 85.5 

6 5.9 7.9 125.7 6.0 4.0 97.1 85.9 

7 6.3 5.6 123.1 6.3 3.9 93.4 83.5 

8 6.1 8.5 136.9 5.9 3.8 91.1 75.4 

9 5.8 7.5 113.6 5.7 3.8 99.3 75.8 

10 8.4 5.6 123.0 5.7 3.9 95.2 82.9 
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No significantly better results were achieved for 2D BLS relative positioning solutions 

(Table 7.14). RMS values were in the range between 5.5 and 10.1 mm for the east component, 

and between 4.2 and 8.6 mm for the north component of positioning solutions. Major semi-axes 

of error ellipses were in the range between 5.4 and 6.1 mm, while minor semi-axes of error 

ellipses were in the range between 3.4 and 3.7 mm. Major semi-axes were again all aligned 

with the east axis, which indicates that higher positioning precision was achieved for the north 

component of positioning solutions. The small ranges between elements of error ellipses for 

different occupation points indicate that similar positioning precision was achieved for all 

occupation points. 

The comparison of positioning precision indicators for relative 3D BLS (Table 7.13) and 

2D BLS (Table 7.14) positioning solutions shows that, although all LocataLites in the network 

were at the same heights, the fixing vertical component of coordinates does not have any 

significant impact on the quality of positioning solutions. 

Table 7.14 Accuracy and precision indicators of 2D BLS positioning solutions calculated 

from DD carrier phase measurements 

Occupation 
RMS Error Ellipse 

E [mm] N [mm] a [mm] b [mm] theta [°] 

1 6.1 4.2 5.5 3.6 96.3 

2 5.6 6.1 5.4 3.5 96.6 

3 7.6 8.6 5.8 3.4 96.8 

4 10.1 5.3 5.6 3.6 95.3 

5 7.7 8.1 6.0 3.7 99.7 

6 5.8 7.2 5.8 3.6 98.4 

7 6.1 5.0 6.1 3.5 95.1 

8 5.7 7.9 5.7 3.5 93.6 

9 5.5 7.2 5.6 3.5 101.0 

10 7.9 5.1 5.5 3.5 96.5 

 

The comparison of positioning quality of absolute and relative positioning solutions shows 

that higher precision and accuracy of LSE positioning was achieved when relative positioning 

using DD carrier phase measurements was utilized. On the other hand, higher positioning 

precision and accuracy of BLS positioning was achieved when absolute positioning using 

carrier phase measurements was utilized, although the precision of DD carrier phase 

measurements was higher when compared with the SD carrier phase measurements (Table 7.2). 
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7.4. Determination of simulated displacements 

The capabilities of Locata for displacement determination was tested within the second 

LocataNet test by introducing horizontal displacements of known values to the rover receiver. 

Two cases were tested.  

In the first case, the displacements were determined from LSE of rover position in each 

measurement epoch, where different displacements of known values were induced to the rover 

receiver (Table 7.15) when it was static in the center of the LocataNet. Thus, there were 

altogether seven measurement sessions obtained. The positioning using LSE estimation of rover 

position in each measurement epoch is applicable in continuous measurement of displacements. 

Table 7.15 Description of induced displacements 

Session 
Displacement [mm] 

E N 

1 0 0 

2 0 5 

3 0 10 

4 5 10 

5 10 10 

6 5 5 

7 0 0 

 

In the second case, the displacements were determined from BLS estimation of rover 

position where measurements were conducted in two sessions. Each session consisted of 10 

occupations where the last occupation was on the point where the displacement was introduced. 

In the first session, there was no displacement, while the displacement of 1 cm in the direction 

of north axis and 1 cm in the direction of east axis was induced in the second session. The 

determination of displacements using BLS estimation of rover position is applicable in 

periodical measurement of displacements. 

7.4.1. Determination of displacements using absolute positioning 

For each of seven different positions of the rover receiver (Table 7.15), the measurements 

were conducted for 10 seconds providing 100 measurements for each position of the rover. The 

positioning solutions were calculated using SD carrier phase measurements where the signal 

from the transmitting antenna Tx1 of LL1 was used as a reference. The ambiguities in SD 

carrier phase measurements were calculated by KPI using the measurements from the first 

session (before any displacements were induced). The positioning solutions in each 
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measurement epoch (the total of 700 measurement epochs) were calculated using LSE. Both 

3D and 2D positioning solutions (by fixing the vertical component) were calculated. 

Nevertheless, the difference between 3D and 2D positioning solutions was negligible yielding 

almost identical positioning solution. Therefore, only the results of 2D positioning solutions are 

displayed. 

Given that the initial point coincides with the origin of the used local coordinate system, 

the determined positioning solutions are equal to the displacements. The calculated positioning 

solutions in all 700 measurement epochs are presented in the Figure 7.13. The Figure does not 

allow to to distinguish the groups of points that are associated to each of the session. Therefore, 

it is not reliable to make a conclusion about the displacements from a single measurement 

epoch. 

 

Figure 7.13 2D absolute positioning solutions during the displacements measurements in the 

second LocataNet test 

Therefore, the average value of the positioning solutions was calculated for each session 

together with the corresponding error ellipses. On the basis of the average positioning solution 

in each session, the displacements were calculated as the difference from the average 

positioning solution in the first session (Table 7.16). When comparing the calculated 

displacements in this way, it can be observed that the differences between the determined and 

true values of displacements are in the range between -1.5 mm and 0.7 mm in east direction and 

between -3.1 mm and 0.4 mm in north direction. 
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Table 7.16 Calculated displacements from mean values of 2D absolute positioning solutions 

for each measurement session 

Session 

True displacements 
Measured 

displacements 
Error ellipse 

E  N E N a b 
theta [°] 

[mm] [mm] [mm] [mm] [mm] [mm] 

1 0 0 0.0 0.0 2.2 1.5 58.9 

2 0 5 -0.6 4.1 2.7 2.2 50.3 

3 0 10 -0.2 10.4 2.5 2.0 56.2 

4 5 10 5.7 9.6 2.4 1.7 7.5 

5 10 10 10.3 9.4 2.8 1.6 47.1 

6 5 5 3.5 3.2 2.9 2.2 36.3 

7 0 0 -0.9 -3.1 2.8 1.9 40.5 

 

When the displacement values are calculated, it is possible to perform congruency test 

from the covariance matrix of calculated displacements, which statistically determines if 

calculated displacement is significant (Caspary, 2000). All congruency tests are performed with 

95% level of confidence. 

The results of LSE for each epoch are the coordinates of the points together with the 

corresponding covariance matrix that makes it possible to calculate the displacement and 

perform the congruency test. The congruency test was performed for the displacements 

determined in each measurement epochs with respect to the mean positioning solution in the 

first session. The percentage of epochs where the displacements were detected using the 

congruency test was calculated separately for each session (Table 7.17). The results show that 

the rate of displacement detection was 100% only when centimeter level displacements (session 

3, 4 and 5) were induced. However, when 5 mm level displacements were introduced (session 

2 and 6), the displacements were detected only in 61% and 50% of measurement epochs. Also, 

In the last session, when the receiver returned to the initial position, the displacements were 

detected in the 50% of measurement epochs although there was no displacement. 

Table 7.17 Percentage of displacement detection from LSE absolute positioning solutions 

Session 
Displacement [mm] Percentage of epoch with 

detected displacements E N 

1 0 0 13% 

2 0 5 61% 

3 0 10 100% 

4 5 10 100% 

5 10 10 100% 

6 5 5 51% 

7 0 0 50% 
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In the second case, BLS estimation of positioning solutions and ambiguities was performed 

independently for each of the two sessions of measurements (without displacements and with 

induced 1cm displacement in east and north direction). BLS estimation was performed in two 

ways: first, all coordinate components were considered as unknown values (3D BLS), and later, 

the vertical component of coordinates was fixed to known value (2D BLS). 

Based on the estimated positioning solution of the last occupation (on the point where the 

displacements were induced) and on the corresponding covariance matrices, the vector of 

horizontal displacements and the corresponding covariance matrix was calculated. From the 

covariance matrix of displacements, it is possible to calculate the element of error ellipses of 

determined displacements. The displacements and corresponding error ellipses determined 

from 3D and 2D BLS positioning solutions are almost identical (Table 7.18). The calculated 

displacements are higher than known true value of induced displacements for 3.9 mm and 4.3 

mm in east and north direction for 3D BLS positioning solutions, and for 3.8 mm and 4.4 mm 

in east and north direction for 2D BLS positioning solutions. 

Table 7.18 Displacements determined from BLS absolute positioning solutions with 

congruency test values 

Displacements Congruency test 

Component 
True 

[mm] 
Measured 

[mm] 
 

[mm] 
Ft (95%) Fe Fe () 

3D BLS 

E 10 13.9 3.9 

3.03 16.93 1.48 N 10 14.3 4.3 

Error ellipse a = 4.5  b = 3.3   = 106.7° 

2D BLS 

E 10 13.8 3.8 

3.03 18.94 1.66 N 10 14.4 4.4 

Error ellipse a = 4.4  b = 3.1   = 105.7° 

 

The congruency test for the determined displacements was performed with 95% 

confidence level. The empirical values of test statistics were significantly higher than the 

threshold values of displacements calculated from both 3D (16.93 < 3.03) and 2D (18.94 < 

3.03) BLS positioning solutions, which means that a significant displacement was detected. 

The congruency test was performed for the errors in determined displacements, i.e.  the 

errors in displacements were used as a displacement vector for calculating the empirical value 

of test statistics Fe (). Since the empirical values are smaller than the threshold value (1.48 < 
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3.03 for 3D BLS and 1.66 < 3.03 for 2D BLS positioning solutions), it can be concluded that if 

there was no displacement introduced, the errors in positioning solutions would not be detected 

as displacements via congruency test. 

7.4.2. Determination of displacements using relative positioning 

From the same measurement data, the displacements were calculated from the relative 

positioning solutions obtained from DD carrier phase measurements. Relative LSE positioning 

solution using DD carrier phase measurements was calculated for seven measuring sessions 

(Table 7.15) in each measurement epoch . The results of relative positionings were the vectors 

between the base and the rover receiver in each measurement epoch. After adding these vectors 

to known coordinates of the base receiver, the coordinates of the rover in each measurement 

epoch were obtained. Although both 3D and 2D positioning solutions (by fixing the vertical 

component) were calculated, only the results of the 2D positioning solutions were displayed 

since almost identical results were achieved for the 3D and 2D positioning solutions as in the 

case of absolute positioning. 

The comparison between absolute (Figure 7.13) and relative (Figure 7.14) positioning 

solutions calculated from the same measurement data during the induced displacements shows 

that much higher precision of relative positioning was achieved since the positioning solutions 

from the same measurement sessions were grouped together.  

 

Figure 7.14 2D relative positioning solutions during the displacements measurements in the 

second LocataNet test 
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The average value of the relative positioning solution was calculated for each session along 

with the corresponding error ellipses. From the average positioning solution in each occupation, 

the displacements were calculated as a difference from the average positioning solution in the 

first session (Table 7.19). The comparison of the displacements calculated in this way with the 

true values of displacements shows that the differences from the true values are in the range 

between -2.9 mm and 0.3 mm in east direction and -1.1 mm and 0.8 in north direction. When 

comparing that with the displacements calculated from the absolute positioning solutions (Table 

7.16), we can conclude that in the case of absolute positioning, greater errors occurred for 

displacements in north direction, whereas in the case of relative positioning, greater errors 

occurred for displacements in east direction. The precision of the positioning in each session is 

significantly higher in the case of relative positioning, since the semi-axes of error ellipses in 

the case of relative positioning (Table 7.19) are 2–2.5 times smaller compared with the absolute 

positioning (Table 7.16). 

Table 7.19 Displacements calculated from mean values of 2D relative positioning solutions 

for each measurement session 

Session 

True displacements 
Measured 

displacements 
Error ellipse 

E  N E N a b 
theta [°] 

[mm] [mm] [mm] [mm] [mm] [mm] 

1 0 0 0.0 0.0 1.4 0.6 82.5 

2 0 5 -0.9 5.6 1.3 0.9 68.7 

3 0 10 0.3 10.3 1.1 0.5 80.2 

4 5 10 5.1 10.8 0.9 0.7 99.3 

5 10 10 8.2 8.9 0.9 0.6 93.0 

6 5 5 2.1 4.3 1.3 0.8 72.0 

7 0 0 -1.7 -0.8 1.0 0.7 69.8 

 

As described previously, the congruency test was performed for the displacement 

determined in each measurement epoch with respect to the mean positioning solution in the first 

session. The percentage of epochs where the displacements were detected using the congruency 

test was calculated for each session (Table 7.20). In comparison to the congruency test results 

for the displacements calculated from absolute positioning solutions (Table 7.17), the results 

obtained when relative positioning was used were better. The rate of displacement detection 

was 100% in the sessions 2 to the session 5 and over 90% in the session 6. In the session 7, the 

displacements were detected in only 16% of measurement epochs when the receiver was 

returned to the initial position displacements, which was significantly better compared to the 

50% when absolute positioning was used. 
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Table 7.20 Percentage of displacement detection from LSE relative positioning solutions  

Session 
Displacement [mm] Percentage of epoch with 

detected displacements E N 

1 0 0 1% 

2 0 5 100% 

3 0 10 100% 

4 5 10 100% 

5 10 10 100% 

6 5 5 92% 

7 0 0 16% 

 

Relative BLS estimation of positioning solutions was performed using DD carrier phase 

measurements with the same data and in the same way as in absolute positioning. BLS 

estimation was performed in two ways again: first, all coordinate components were considered 

as unknown values (3D BLS), and then, the vertical component of coordinate was fixed to 

known value (2D BLS). 

The displacements and corresponding covariance matrix were calculated from the 

positioning solutions of the point where the displacements were induced. Similar results in 

terms of displacement values and the element of corresponding error ellipses were obtained for 

the displacements calculated from 3D and 2D BLS positioning solutions (Table 7.21). The 

calculated displacements differ from known true value of displacement by -1.0 mm and -0.5 

mm in east direction for 3D and 2D BLS respectively, and by 2.2 mm and 2.9 mm in north 

direction for 3D and 2D BLS respectively. This indicates that better estimation of displacements 

is achieved when relative positioning is used, since in the case of absolute positioning, the 

calculated displacements are overestimated by up to 4.4 mm. 

Interestingly, the error ellipses of calculated displacements are almost two times bigger 

than in the case of displacements calculated from absolute positioning although better 

estimation of displacements was achieved using relative positioning. 

The congruency test was performed with 95% confidence level from the determined 

displacements. The empirical values of test statistics were higher than the threshold values for 

the displacements calculated from both 3D (3.59 < 3.03) and 2D (4.59 < 3.03) BLS relative 

positioning solutions, which means that in both cases a displacement was detected. 

The congruency test of errors in displacements was performed again, i.e. the errors in 

displacements were used as displacement vectors for calculating the empirical value of test 

statistics Fe (). Since the empirical values were smaller that the threshold value (0.07 < 3.03 

for 3D BLS and 0.15 < 3.03 for 2D BLS relative positioning solutions), it can be concluded that 
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if there had been no displacement introduced between two measurement sessions, the errors in 

estimated position of the rover receiver would not have been detected as displacements via 

congruency test. 

Table 7.21 Displacements determined from BLS relative positioning solutions with 

congruency test values 

Displacements Congruency test 

Component 
True 

[mm] 
Measured 

[mm] 
 

[mm] 
Ft (95%) Fe Fe () 

3D BLS 

E 10.0 9.0 -1.0 

3.03 3.59 0.07 N 10.0 12.2 2.2 

Error ellipse a = 8.8 mm b = 5.5 mm  = 106.7° 

2D BLS 

   E    10.0 9.5 -0.5 

3.03 4.59 0.15    N    10.0 12.9 2.9 

Error ellipse a = 8.6 mm b = 5.1 mm  = 106.1° 
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8. APPLICATION OF LOCATA FOR DISPLACEMENT MEASUREMENTS 

After the experimental testing showed that it was possible to determine the simulated 

horizontal displacements of a sub-centimeter level, the next step was to apply Locata 

positioning system for the determination of displacements of some structure. The railway bridge 

“Sava” in Zagreb was chosen to have displacements measured.  

This specific bridge was chosen because some problems in measuring the displacements 

using GNSS methods might have potentially occurred. The only possible spot to mount GNSS 

antenna was on the fence of the bridge. Since the train is approximately 2 meters higher than 

the fence, it would block the signals from approximately half of the satellites at the moment 

when it is passing the bridge. This would consequently yield worse results at the most crucial 

moment when the displacement occurs.  

First, the optimal LocataNet configuration was determined by the simulation of the 

LocataNet using a developed software (described in Chapter 5.1). Afterwards, optimal 

LocataNet configuration was established in the field and Locata measurements were collected 

when the train was passing over the bridge in stand-alone mode (without using any additional 

signals from GNSS satellites). The “true” values of displacements were determined using a 

prototype Image Assisted Total Station (IATS) described and tested in (Paar, et al., 2017). At 

the end, the analysis of the obtained results was elaborated. 

The bridge "Sava” (Figure 8.1) is a double-track railway bridge over the river Sava in 

Zagreb. The bridge is a steel structure with the total length of 306 m and the width of 9.6 m. It 

consists of 4 spans, 135.5 m long main arch span and three girder spans of 57.5 m, 58.0 m and 

55.0 m. The displacements were measured in the middle of the fourth, 55.0 meters long span. 

The bridge was oriented approximately in the North-South direction with the azimuth of 162°. 

 

Figure 8.1 Railway bridge “Sava” – longitudinal layout (above) and the bridge photo (below) 

(Marendić, et al., 2017) 
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8.1. Finding optimal LocataNet configuration 

Before the LocataNet was established in the field, optimal LocataNet configuration had 

been determined using the developed software described in Chapter 5.1. The LocataNet was 

optimized to get the best possible vertical positioning precision, i.e. the lowest VDOP value. 

The bottom of the bridge is ~8 meters above the ground, which is important for the 

simulations of LocataNet configurations as the Locata receiver antenna was attached to the 

bottom of the bridge. For the simulation process, the heights of the LocataLites LL1 to LL5 

were set to 2 meters above the ground (the approximate height of the LocataLite antennas when 

installed on a tripod). On the other hand, the height of the LocataLite LL6 was set to 5 meters 

above the ground as it was located on the road running under the bridge that is elevated 

approximately 3 meters compared to the ground level. 

In the simulation process, the first initial LocataNet configuration was defined  with the 

initial coordinates of the LocataLites (marked yellow on the Figure 8.2, Table 8.1). Afterwards, 

the LocataNet configuration was optimized with the developed software to obtain the best 

possible VDOP values in the middle of the span needed for the positioning using SD carrier 

phase measurements. The boundary of the location of each LocataLite during the optimization 

is displayed with yellow dashed lines in the Figure 8.2. The optimization of the network for the 

best possible VDOP value was chosen because the vertical displacements of the bridge were 

measured when the train was passing over the bridge. The optimization yielded optimal 

locations for each LocataLite (shown in green in the Figure 8.2). 

 

Figure 8.2 Simulated initial and optimal positions of LocataLites in the LocataNet for 

determining the displacements of the railway bridge “Sava” 
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The VDOP value for the point in the middle of the bridge span was 1.35 in the initial 

LocataNet configuration, whereas the in the final LocataNet configuration obtained through 

optimization, the VDOP value in the same point dropped to 0.74 (being the improvement of 

45%). The positions of the LocataLites in the initial and final LocataNet configurations suggest 

that optimal LocataNet configuration for vertical positioning in the middle of the span is 

obtained when two LocataLites are close to each other and close to the middle of the bridge 

span. However, the other four LocataLites should be distanced from the middle of bridge span 

in different direction. The boundaries of the LocataLites LL3, LL4 and LL5 extended by extra 

100 meters indicate the improvement of VDOP value of only 0.02, which is not a significant 

improvement. Bearing that in mind, the final configuration presented in the Figure 8.2 was 

chosen as optimal and established in the field. The LocataLite coordinates of the final optimal 

LocataNet configuration are given in the Table 8.1. 

Table 8.1 Initial (before optimization) and final (after optimization) positions of LocataLites 

in the LocataNet 

LocataLite 
Initial positions Final positions Height 

[m] E [m] N [m] E [m] N [m] 

LL1 457745 5071718 457747 5071712 117 

LL2 457750 5071702 457748 5071708 117 

LL3 457705 5071702 457670 5071704 117 

LL4 457734 5071727 457726 5071753 117 

LL5 457787 5071726 457818 5071756 117 

LL6 457753 5071696 457754 5071696 120 

 

For this optimal LocataNet configuration, the VDOP values of DD positioning solution for 

the point in the middle of the span were calculated for different locations of the base receiver 

by using a reference signal from different LocataLites (Figure 8.3). The best results in terms of 

VDOP values were obtained when the signals from the LocataLite LL1 or LL2 were used as a 

reference for calculating DD measurements, with slightly better results when the LocataLite 

LL1 was chosen as a reference. The results displayed in the Figure 8.3 suggest that the best 

VDOP values are obtained when the base receiver is located near the LocataLites LL1 and LL2. 
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Figure 8.3 VDOP values for DD positioning solution of the point in the middle of the span for 

different positions of the base receiver and by using reference signal from different 

LocataLites 

A closer look at the VDOP values, when the base receiver is located near the LocataLites 

LL1 and LL2 and the signal from the LocataLite LL1 used as a reference, shows that the VDOP 

values of DD positioning solutions are less than 1.0 in the area of 8 by 4 meters around the 

LocataLites LL1 and LL2 and can drop below 0.8 if the base receiver is close (<1 m) to one of 

the two LocataLites (Figure 8.4).  
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Figure 8.4 VDOP values for DD positioning solution of the point in the middle of the span for 

different positions of the base receiver using reference signal from LocataLite LL1 

8.2. Establishment of LocataNet and collecting Locata measurements 

The determined optimal configuration of the LocataNet was established around the railway 

bridge “Sava” (Figure 8.5). Each LocataLite site consisted of three LocataLite antennas 

installed on the tripod, LocataLite transceiver, lead-acid battery for power supply and 5.0 GHz 

modem for wireless configuration of LocataLites.  
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Figure 8.5 Configuration of LocataNet established around the railway bridge “Sava” 

The antennas of the LocataLites LL1 to LL4 were set up vertically on the tripods (Figure 

8.6 a). The transmitting antennas of all four LocataLites were directed towards the middle of 

the span. The antennas of the LocataLites LL1 and LL2 were slanted in such a way that the 

transmitting antennas were directed approximately between the two Locata receiver antennas 

(Figure 8.6 b, c). Since the LocataLite antennas had a directional radio pattern and the 

LocataLite LL1 and LL2 were located under the bridge span, the approach with slanted 

antennas was used to assure that the signals from those two LocataLites could be tracked by 

both base and rover receiver. 

 

Figure 8.6 Setting up LocataNet around the railway bridge “Sava”: a) LocataLite antennas 

on tripod, b) slanted antennas of LocataLites LL1 and LL2, c) LocataLites LL1 and LL2 with 

Locata receiver antennas (base and rover) 
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The LocataLite LL3 was chosen as a “master” LocataLite, and the receiving antennas of 

all other LocataLites were directed towards the LocataLite LL3. The coordinates of the 

reference points of the LocataLite antennas (the center of antenna top surface) were determined 

using the total station measurements in the official coordinate system of the Republic of Croatia 

(HTRS96/TM). The coordinates were then reduced to phase centers of the antennas which was 

located 10 mm inside the antenna. The coordinates were converted into global geocentric 

coordinates (Table 8.2) and imported into each LocataLite. 

Table 8.2 HTRS96/TM and global geocentric coordinates of LocataLite phase centers of the 

LocataNet established around the railway bridge “Sava” 

LocataLite Antenna 
HTRS96/TM Global geocentric 

E [m] N [m] H [m] X [m] Y [m] Z [m] 

LL1 

Tx1 457746.030 5071713.134 115.760 4283965.543 1224895.133 4548619.807 

Rx 457745.986 5071713.092 115.662 4283965.519 1224895.080 4548619.708 

Tx2 457746.089 5071712.877 115.337 4283965.421 1224895.159 4548619.325 

LL2 

Tx1 457748.218 5071707.157 115.836 4283969.112 1224898.429 4548615.694 

Rx 457748.157 5071707.162 115.736 4283969.059 1224898.351 4548615.626 

Tx2 457748.134 5071707.404 115.407 4283968.677 1224898.217 4548615.559 

LL3 

Tx1 457669.780 5071704.658 116.242 4283992.670 1224823.583 4548614.242 

Rx 457669.777 5071704.657 116.146 4283992.606 1224823.562 4548614.172 

Tx2 457669.767 5071704.657 115.744 4283992.339 1224823.475 4548613.884 

LL4 

Tx1 457725.068 5071753.136 116.557 4283944.275 1224867.249 4548648.275 

Rx 457725.003 5071753.131 116.461 4283944.232 1224867.170 4548648.202 

Tx2 457725.068 5071753.120 116.057 4283943.951 1224867.157 4548647.905 

LL5 

Tx1 457817.867 5071756.316 116.327 4283916.419 1224955.803 4548650.327 

Rx 457817.867 5071756.315 116.230 4283916.355 1224955.784 4548650.257 

Tx2 457817.860 5071756.308 115.823 4283916.088 1224955.700 4548649.960 

LL6 

Tx1 457754.825 5071695.682 119.768 4283977.840 1224907.796 4548610.509 

Rx 457754.788 5071695.639 119.674 4283977.816 1224907.751 4548610.412 

Tx2 457754.799 5071695.660 119.267 4283977.526 1224907.679 4548610.135 

 

Two Locata receivers were used for the measurements: the base and the rover receiver 

(Figure 8.7). The base receiver antenna was set on a tripod and was considered fixed during the 

measurements. The rover antenna was attached to the bottom of the bridge, in the middle of the 

span. As the bridge construction is made of steel, a magnetic mount of the receiver antenna was 

used to attach the rover antenna to the bridge. The rover receiver was placed on the ground 

under the bridge and was connected to the antenna using 10 meters long coaxial extension cable. 

This way, both base and rover receivers were nearby, which provided convenient simultaneous 
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monitoring of both rovers (in terms of checking rover status, signal tracking and quality of 

positioning solutions). 

 

Figure 8.7 Setup of base and rover Locata receivers during the measurements of 

displacements of the railway bridge “Sava” 

The positioning algorithms of both Locata receivers were set to LSE (least square 

estimation) using KPI (known point initialization) method for ambiguity estimation. The 

coordinates of both receiver antennas for the KPI were determined using total station 

measurements. All measurements and positioning solutions were stored in the receiver’s 

internal memory with the registration rate of 10 Hz being the maximum registration rate of 

Locata receiver. 

8.3. Determining “true” displacements using IATS prototype 

In order to assess the quality of the displacements determined by Locata measurements, 

the displacements were also measured with IATS prototype that consists of robotic total station 

(RTS) Leica TPS1201 and GoPro Hero 5 camera. The camera was installed on the RTS 

eyepiece and recorded the video of reflective tape (Figure 8.8) during the passage of the train 
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over the bridge. The video was recorded at FHD (full high definition, 1920 pixels x 1080 pixels) 

resolution with the framerate of 30 fps (frames per second). 

The achieved accuracy of vertical displacement determination using the IATS prototype 

in laboratory conditions was 0.1 mm with IATS distanced 13 m from the measurement mark 

(Paar, et al., 2017). In this case, IATS was set up 30 meters from the bridge, therefore the 

expected accuracy of vertical displacement determination was 1 mm or better. 

 

Figure 8.8 IATS prototype (Leica TPS1201 + GoPro Hero5 camera) and reflective tape that 

was used for determining the displacements 

The calculation of displacements from video records is based on the determination of 

image coordinates (pixel position) of the center of the reflective tapes on each video frame 

image.  The determination of image coordinates of the centers for each frame was performed in 

4 steps: 

1. cropping area with reflective tape (Figure 8.9), 

2. transforming image to orthogonal projection (Figure 8.10 a), 

3. converting image into a grayscale image (Figure 8.10 b), 

4. detecting two circles on the reflective tape, i.e. determining the coordinates and 

radii in pixels (Figure 8.10 c). 

 
Figure 8.9 Image of one video frame and zoomed area with reflective tape 
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Figure 8.10 Process of determining the image coordinates of the center of reflective tape: a) 

transformed image, b) grayscale image, c) determined circles with center points 

The first step (cropping of the image) was done to reduce the processing time because it 

was faster to detect an object on smaller images.  

The second step was important because RTS was not directed exactly orthogonal to the 

bridge. Three-dimensional transformation of the image was applied to each frame image with 

three angle parameters (,  and ). Angle  is the angle between RTS line of sight and line 

perpendicular to the image plane (side of the bridge with reflective tape) in horizontal plane. 

Angle  is angle between the same two lines, but in a vertical plane which is equal to the 

elevation angle of RTS line of sight. And angle  is the tilt angle of the camera. The angles  

and  are determined from total station measurements, while the angle  is determined from 

image coordinates of RTS crosshair.  

Images are converted to grayscale as it is simpler to detect edges and objects on grayscale 

images than on RGB color images.  

The detection of circles was processed in Matlab using Circular Hough Transform based 

algorithm (Davies, 2012). The pixel coordinates of the centers and radii of two circles were 

determined on each frame image. Final pixel coordinates of the center for each frame were 

calculated as an average value between two centers. The scale for conversion of pixel 

coordinates to linear units (meters) was calculated based on known diameters of circles on 

reflective tape and determined radii of the two circles (in units of pixels) from each frame image. 

The final scale value was calculated as an average from all frame images. 

In the final step, the determined image coordinates of reflective tape centers for each frame 

were converted to meters, and vertical displacements were calculated as deviations from the 

coordinates of the center in the first frame (Figure 8.11). 
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Figure 8.11 Vertical displacements in the middle of the bridge span when the train was 

passing over the bridge, determined from the prototype IATS measurements 

8.4. Processing Locata measurements 

This chapter describes the analysis of Locata measurements with the load on the bridge 

(when a train was passing over the bridge) and without the load on the bridge (when both 

receivers were static). The analysis refers to the raw carrier phase measurements, as well as to 

SD and DD carrier phase measurements that were used for the determination of the 

displacements of the bridge. Finally, different procedures of determining the positioning 

solutions are explained and the results presented. 

8.4.1. Locata measurements analysis without the load on the bridge 

There was no load on the bridge for 20 minutes, so both the base and the rover receiver 

were considered static, and there were no changes in measurements expected during that period 

of time. The total of 12 000 consecutive measurement epochs were thus provided for the 

analysis of the quality of Locata carrier phase measurements.  

Raw carrier phase measurements of both the base (Figure 8.12) and the rover (Figure 8.13) 

receiver did not show any drifts during the occupation, which means that receiver’s clock error 

had been already removed from the measurements. During the occupation, the measurements 

on the base receiver remained stable, except for the measurements based on the signal of 

frequency S2 from the Tx2 antenna of the LocataLite LL1 that was not tracked at all most of 

the time for unknown reasons. 



  Application of Locata for displacement measurements 

 

  153 

 

 

Figure 8.12 Raw carrier phase measurements of base receiver without the load on the bridge 

 

Figure 8.13 Raw carrier phase measurements of rover receiver without the load on the bridge 
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The measurements with the rover receiver have more signals that were not continuously 

tracked. The signal from the antenna Tx2 of the LocataLite LL1 on the frequency S2 was not 

tracked at all, while the signal from the same antenna on the frequency S1 suffered repeatedly 

from signal losses, which caused a lot of noise in carrier phase measurements based on that 

signal. The signals from both transmitting antennas of the LocataLite LL5 on the frequency S2 

were tracked only occasionally (the signals were not tracked most of the time), which made the 

measurements based on that signals unusable. The signal from the antenna Tx2 of the 

LocataLite LL2 on the frequency S1 was not tracked for 2 seconds in around 8000 epochs from 

the beginning of the measurements. After the signal was tracked again, the carrier phase 

measurements had an offset for ~0.7 cycles, so the ambiguities of that measurement needed to 

be recalculated after the signal was regained. 

The comparison of the signal tracking of the base and rover receivers leads to the 

conclusion that the base receiver managed to track signals better than the rover receiver. The 

reason for this might be in the fact that the antenna of the rover receiver was attached to the 

metal construction of the bridge and was surrounded by metal construction that was not ideal 

because of potential multipath of the signals. 

The standard deviations of carrier phase measurements (Table 8.3) of the base and rover 

receivers were similar for all signals (in the range between 0.063 cycles and 0.080 cycles). It 

means that although the rover receiver did not manage to track some signals, the precision of 

the carrier phase measurements of the two receivers was similar. 

Table 8.3 Standard deviations of carrier phase measurements without the load on the bridge 

STD 

[cycles] 

Base receiver Rover receiver 

Tx1 Tx2 Tx1 Tx2 

S1 S2 S1 S2 S1 S2 S1 S2 

LL1 0.064 0.066 0.064 - 0.076 0.080 - - 

LL2 0.065 0.066 0.065 0.067 0.072 0.069 - 0.071 

LL3 0.069 0.071 0.069 0.071 0.072 0.071 0.071 0.070 

LL4 0.065 0.066 0.064 0.066 0.063 0.066 0.063 0.066 

LL5 0.066 0.066 0.064 0.066 - 0.066 - 0.066 

LL6 0.063 0.065 0.064 0.065 0.063 0.065 0.064 0.064 

 

SD carrier phase measurements were used in the calculation of positioning solutions to 

eliminate the receiver’s clock error in each epoch of measurement, so similar analysis was 

conducted on SD carrier phase measurements. To calculate SD carrier phase measurements, it 

was first necessary to choose the signals from one transmitting antenna as reference signals.  
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Figure 8.14 SD carrier phase measurements of base receiver without the load on the bridge 

As explained in the chapter 8.1, it would be most convenient (in terms of quality of 

positioning solutions calculated from DD carrier phase measurements) to choose the signals 

from the LocataLites LL1 or LL2 as reference signals. The signals form the antenna Tx1 of 

LL2 were chosen as reference signals as they were tracked continuously by both receivers.  

The calculated SD carrier phase measurements based on the signals that were continuously 

tracked during the occupation are presented in Figure 8.14 and Figure 8.15 for the base and the 

rover receiver respectively. When comparing the figures of the raw carrier phase measurements 

and calculated SD carrier phase measurements, a notable reduction of the noise in 

measurements is observed. It has been expected since the raw carrier phase measurements were 

affected by the uncertainty of estimated receiver’s clock error, whereas the receiver’s clock 

error was eliminated in the SD carrier phase measurements. 

The standard deviation of SD carrier phase measurements (Table 8.4) of the base receivers 

is similar for all measurements (between 0.030 cycles and 0.037 cycles) if the measurements 

based on the signals from LL2 are neglected as its signals are used as reference signals for the 

calculation of SD carrier phase measurements. On the other hand, the standard deviations of 

SD carrier phase measurements of rover receivers are higher (between 0.034 cycles and 0.057 

cycles). The reason for higher standard deviation of the rover receiver (compared to the base 
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receiver) is again probably due to the influence of the multipath, which has a bigger impact on 

the measurements of the rover receiver whose antenna is attached to the metal construction of 

the bridge. 

 

Figure 8.15 SD carrier phase measurements of rover receiver without the load on the bridge 

Table 8.4 Standard deviations of SD carrier phase measurements without the load on the 

bridge 

STD 

[cycles] 

Base receiver Rover receiver 

Tx1 Tx2 Tx1 Tx2 

S1 S2 S1 S2 S1 S2 S1 S2 

LL1 0.031 0.031 0.031 - 0.053 0.057 - - 

LL2 - - 0.008 0.011 - - - 0.034 

LL3 0.035 0.034 0.035 0.035 0.047 0.039 0.050 0.038 

LL4 0.037 0.036 0.034 0.035 0.046 0.041 0.045 0.041 

LL5 0.037 0.034 0.034 0.034 - 0.039 - 0.039 

LL6 0.030 0.032 0.031 0.031 0.043 0.037 0.042 0.034 

 

Since relative positioning using DD carrier phase measurements was used for displacement 

determination, the analysis of DD carrier phase measurements between the base and rover 

receivers is given. It can be seen from the graphical representation of the DD carrier phase 
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measurements (Figure 8.16) that the biggest noise in measurements occurs for signals from 

LL1. 

 

Figure 8.16 DD carrier phase measurements without the load on the bridge 

Table 8.5 shows standard deviations of the calculated DD carrier phase measurements 

when both base and rover receivers were static, and the correlation coefficients between SD 

carrier phase measurements of base and rover receivers. The standard deviations of DD carrier 

phase measurements based on the signals from the LocataLites LL2 to LL6 were similar (in the 

range between 0.026 cycles and 0.041 cycles), while greater standard deviation occurred for 

DD carrier phase measurements based on the signals from the LocataLite LL1 (0.047 cycles 

and 0.051 cycles).  

The correlation coefficients between SD carrier phase measurements based on the signal 

from the LocataLites LL3 to LL6 are in the range between (0.52 cycles and 0.74), which is 

consistent with previously determined average correlation between SD carrier phase 

measurements of two rovers (~0.6). There is no correlation between SD carrier phase 

measurements based on the signal from the Tx2 antenna of the LocataLite LL2 (correlation 

coefficient is equal to 0.026) because the signals from the same LocataLite were chosen as a 

reference for calculating the SD carrier phase measurements. On the other hand, the correlation 
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coefficients between SD carrier phase measurements based on the signals from LocataLite LL1 

are ~0.45.  

Table 8.5 Standard deviations of DD carrier phase measurements and correlation coefficients 

between SD measurements of two receivers (without the load on the bridge) 

 
STD [cycles] Correlation coefficients 

Tx1 Tx2 Tx1 Tx2 

S1 S2 S1 S2 S1 S2 S1 S2 

LL1 0.047 0.051 - - 0.457 0.447 - - 

LL2 - - - 0.035 - - - 0.026 

LL3 0.038 0.028 0.041 0.027 0.606 0.726 0.565 0.739 

LL4 0.038 0.030 0.035 0.030 0.596 0.697 0.643 0.698 

LL5 - 0.028 - 0.027 - 0.711 - 0.738 

LL6 0.038 0.031 0.037 0.026 0.522 0.601 0.520 0.684 

 

Lower correlation between SD carrier phase measurements and greater standard deviation 

of DD carrier phase measurements based on the signal from the LocataLite LL1 is probably 

due to the influence of multipath. As the LocataLite LL1 transmitting antennas were under the 

bridge and oriented upwards towards the bridge, the multipath had probably a greater impact 

on the signals from the LocataLites that were located under the bridge than on the signals from 

the LocataLites that were farther from the bridge. 

8.4.2. Analysis of Locata measurements of the bridge under load 

Locata measurements were also conduced when the train was passing over the bridge. The 

analysis of these Locata measurements was conducted in the similar way as for the 

measurements of the bridge with no load. The analysis was made on the data collected in 2 

minutes (1200 measurement epochs) within which the train was passing over the span for 

approximately 25 seconds from epoch 350 to epoch 600. 

Again, there were no drifts in the raw carrier phase measurements of both the base (Figure 

8.17) and the rover (Figure 8.18) receivers, since the calculated receiver’s clock error was 

removed from the raw carrier phase measurements. The measurements on the base receiver that 

was static during the whole measurement remained stable again for all signals, except for the 

signal on the frequency S2 from the Tx2 antenna of the LocataLite LL1 that was not tracked at 

all. The standard deviations of carrier phase measurements (Table 8.6) for the base receiver are 

similar for all signals (in the range from 0.059 cycles to 0.063 cycles) and comparable to the 
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standard deviations of the carrier phase measurements of the base receiver when there was no 

load on the bridge (Table 8.3). 

 

Figure 8.17 Carrier phase measurements of base receiver when the train was passing the 

bridge 

The rover receiver whose antenna was attached to the bridge and that was shifted during 

the measurements on the bridge under load again had more signals that were not continuously 

tracked. The signal on the frequency S1 from the antenna Tx2 of the LocataLite LL1 and the 

signal on the frequency S1 from the antenna Tx2 of the LocataLite LL5 were not tracked at all. 

The signal on the frequency S1 from the antenna Tx2 of the LocataLite LL5 was tracked only 

occasionally, and the measurements based on that signal were not usable. Since the 

measurements based on the signal of the frequency S1 from the antenna Tx2 of the LocataLite 

LL1 had random noise, they were not used for further calculation of antenna positions. The 

comparison of the above signal tracking of the base and rover receiver leads again to the 

conclusion that the base receiver managed to track signals better than the rover receiver. 



PhD Thesis   

 

160   

 

 

Figure 8.18 Carrier phase measurements of rover receiver when the train was passing the 

bridge 

The standard deviations of carrier phase measurements of the rover receiver from the 

signals transmitted from the LocataLites LL3 to LL6 are comparable to the standard deviations 

of the measurements of the base receiver (in the range from 0.055 cycles to 0.061 cycles). On 

the other hand, the standard deviation of carrier phase measurements based on the signals from 

the LocataLites LL1 and LL2 are larger (in the range from 0.072 cycles to 0.085 cycles). 

Table 8.6 Standard deviations of carrier phase measurements when the train was passing 

over the bridge 

STD 

[cycles] 

Base receiver Rover receiver 

Tx1 Tx2 Tx1 Tx2 

S1 S2 S1 S2 S1 S2 S1 S2 

LL1 0.059 0.061 0.060 - 0.076 0.085 - - 

LL2 0.060 0.061 0.060 0.062 0.077 0.075 0.072 0.078 

LL3 0.062 0.063 0.062 0.063 0.060 0.061 0.060 0.061 

LL4 0.059 0.061 0.059 0.060 0.056 0.058 0.056 0.059 

LL5 0.061 0.061 0.059 0.060 - 0.059 - 0.059 

LL6 0.059 0.062 0.057 0.059 0.055 0.057 0.055 0.056 
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It has been expected because the rover antenna experienced vertical displacements when 

the bridge was under load, which affected the measurements based on the signals from the 

LocataLites LL1 and LL2 located underneath the bridge, whereas the vertical displacements 

had neglectable influences on the measurements based on the signals from other LocataLites. 

The analysis was then conducted on SD carrier phase measurements. The simulation shows 

that the choice of the reference signals from the LocataLite LL1 or LL2 was optimal. The 

signals from the antenna Tx1 of the LocataLite LL2 were chosen as a reference for the 

calculation of SD carrier phase measurements since all signals from the LocataLite LL2 were 

continuously tracked by both the base and the rover receiver.  

The calculated SD carrier phase measurements for the base and rover receivers are 

presented in Figure 8.19 and Figure 8.20 respectively. The comparison of the figures of raw 

carrier phase measurements and calculated SD carrier phase measurements reveals a notable 

reduction of the noise in the measurements. It has been again because the receiver’s clock error 

was eliminated from SD carrier phase measurements. 

 

Figure 8.19 SD carrier phase measurements of the base receiver when the train was passing 

over the bridge 
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SD carrier phase measurements of the base receiver did not show any noticeable changes 

in the measurements during the observations, which has been expected because the base 

receiver was static. The standard deviation of SD carrier phase measurements of the base 

receiver are similar for all signals (between 0.033 cycles and 0.041 cycles) if the measurements 

based on the signals from the antenna Tx2 of LL2 are neglected (because the reference signals 

used for calculating the SD measurements are from the LocataLite LL2). This is also consistent 

with the precision of SD carrier phase measurements of the base receiver when there was no 

load on the bridge. 

Table 8.7 Standard deviations of SD carrier phase measurements of the base receiver when 

the train was passing over the bridge 

STD 

[cycles] 

Base receiver 

Tx1 Tx2 

S1 S2 S1 S2 

LL1 0.034 0.033 0.034 - 

LL2 - - 0.005 0.009 

LL3 0.035 0.036 0.037 0.036 

LL4 0.036 0.036 0.035 0.035 

LL5 0.041 0.039 0.035 0.037 

LL6 0.035 0.039 0.034 0.036 

 

Figure 8.20 SD carrier phase measurements of the rover receiver when the train was passing 

over the bridge 
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In Figure 8.20, the change in SD carrier phase measurements can be observed from epoch 

350 to epoch 600 when the train was passing over the bridge. It can also be noticed that there 

is greater noise in the measurements based on the signals form the LocataLite LL1 compared 

to the measurements based on the signals from other LocataLites, which is probably caused by 

the multipath.  

After the train passed the bridge (in epoch 600), there was the noise in measurements all 

the way to approximately the epoch 850. Bearing that in mind, the analysis of measurement 

precision was made for three cases (Table 8.8): before the load application (epochs 1 to 300), 

during the load application (epochs 400 to 550) and after the load application (epochs 850 to 

1200). The standard deviations of SD carrier phase measurements were similar in all three 

cases, with slightly better precision of measurements collected after the load application on the 

bridge. There was significantly better precision achieved in the measurements based on the 

signals from the LocataLite LL1 after the load application on the bridge. 

Table 8.8 Standard deviations of SD carrier phase measurements of the rover receiver before, 

during and after the load (train) application on the bridge 

STD 

[cycles] 

Before load application During load application After load application 

Tx1 Tx2 Tx1 Tx2 Tx1 Tx2 

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 

LL1 0.071 0.074 - - 0.061 0.058 - - 0.034 0.044 - - 

LL2 - - 0.047 0.033 - - 0.046 0.041 - - 0.019 0.027 

LL3 0.042 0.040 0.044 0.040 0.044 0.038 0.046 0.039 0.036 0.032 0.036 0.030 

LL4 0.041 0.041 0.041 0.039 0.043 0.045 0.044 0.043 0.039 0.035 0.040 0.038 

LL5 - 0.042 - 0.044 - 0.045 - 0.046 - 0.037 - 0.038 

LL6 0.043 0.039 0.042 0.039 0.044 0.043 0.043 0.040 0.034 0.033 0.036 0.032 

 

Since DD carrier phase measurements are used for relative positioning, the analysis of DD 

carrier phase measurements (Figure 8.21) between the base and rover receiver is conducted. 

The precision of DD carrier phase measurements was calculated for the same three cases (Table 

8.9): before, during and after the load application on the bridge.  

The standard deviations of DD carrier phase measurements before the load application on 

the bridge were in the range between 0.025 cycles and 0.039 cycles for signals that were 

transmitted by the LocataLites LL3 to LL6, while larger standard deviations of the 

measurements based on the signals from the LocataLite LL1 were greater (0.069 cycles and 

0.072 cycles). Slightly greater standard deviations occurred in the period when the train was 

passing over the bridge, where the standard deviation of measurements based on the signals 
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from the LocataLites LL3 to LL6 was in range between 0.029 cycles to 0.049 cycles, and again, 

slightly greater for signals transmitted from the LocataLite LL1 (0.055 cycles and 0.057 cycles). 

After the load application, the standard deviations dropped and they were in range between 

0.023 cycles and 0.033 cycles for the signals transmitted by the LocataLites LL3 to LL6. In this 

case, even the standard deviations of measurements based on the signals from the LocataLite 

LL1 were in this range (0.026 cycles and 0.030 cycles). 

Larger standard deviations of measurements based on the signals from the LocataLite LL1 

that occurred before and during the load application on the bridge are probably due to the 

influence of multipath, which had larger influence on signals that were transmitted from the 

LocataLites that were directly underneath the bridge. 

 

Figure 8.21 DD carrier phase measurements when the train was passing over the bridge 

Table 8.9 Standard deviations of DD carrier phase measurements before, during and after the 

load (train) application on the bridge 

STD 

[cycles] 

Before load application During load application After load application 

Tx1 Tx2 Tx1 Tx2 Tx1 Tx2 

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 

LL1 0.069 0.072 - - 0.057 0.055 - - 0.026 0.030 - - 

LL2 - - 0.047 0.034 - - 0.045 0.040 - - 0.019 0.026 

LL3 0.034 0.028 0.039 0.029 0.049 0.038 0.045 0.035 0.033 0.025 0.032 0.023 

LL4 0.037 0.029 0.033 0.025 0.040 0.035 0.037 0.034 0.028 0.025 0.030 0.027 

LL5 - 0.027 - 0.027 - 0.033 - 0.037 - 0.023 - 0.020 

LL6 0.036 0.030 0.034 0.028 0.042 0.030 0.039 0.029 0.028 0.023 0.029 0.020 
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It can be noticed that the standard deviations of DD carrier phase measurements (Table 

8.9) are smaller compared to the standard deviations of SD carrier phase measurements on the 

rover receiver (Table 8.8). This is the consequence of the correlation between SD measurements 

of the base and the rover receiver. The correlations between SD measurements of the two 

receivers (Table 8.10) are in average 0.556, 0.497 and 0.661 for the measurements before, 

during and after the load application on the bridge. But when only the correlations of 

measurements based on the signals from LocataLites LL3 to LL6 are taken into account (since 

the measurements based on the signals from LocataLite LL1 had bigger noise and the 

measurements based on the signals from the LocataLite LL2 were used as reference for 

calculating the SD measurements), the average correlation between the SD measurements of 

the two receivers are in average 0.675, 0.554 and 0.792 for the measurements before, during 

and after the load application on the bridge. 

Table 8.10 Correlation coefficients between SD measurements of base and rover receivers 

before, during and after the load (train) application on the bridge 

 

Before load application During load application After load application 

Tx1 Tx2 Tx1 Tx2 Tx1 Tx2 

S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 S1 S2 

LL1 0.293 0.289 - - 0.378 0.358 - - 0.719 0.723 - - 

LL2 - - 0.002 -0.039 - - 0.240 0.216 - - 0.061 0.192 

LL3 0.618 0.739 0.540 0.704 0.242 0.477 0.430 0.551 0.564 0.737 0.617 0.782 

LL4 0.553 0.708 0.619 0.777 0.500 0.637 0.572 0.632 0.721 0.752 0.683 0.721 

LL5 - 0.777 - 0.797 - 0.705 - 0.611 - 0.822 - 0.852 

LL6 0.579 0.708 0.614 0.722 0.450 0.736 0.503 0.714 0.666 0.807 0.654 0.826 

AVG 0.556 0.497 0.661 

AVG 

(LL3-LL6) 
0.675 0.554 0.792 

 

It can be deduced from the above presented analyses of the Locata carrier phase 

measurements collected when the train was passing over the bridge that the average standard 

deviation of SD carrier phase measurements is ~0.04 cycles, while the standard deviation of 

DD carrier phase measurements is ~0.035 cycles.  

It can be concluded from the graphical representations of the measurements that the 

measurements of rover receiver from the signal on the frequency S1 transmitted by the Tx1 

antenna of the LocataLite LL1 have random noise in measurements and are therefore not 

suitable for further calculation of the receiver positions. 
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Finally, the above analysis shows that the higher noise in measurements based on the 

signals from the LocataLites LL1 and LL2 and received by the rover receiver is probably caused 

by multipath. It has the greatest influence on the measurements based on the signals from those 

two LocataLites since they are located directly under the bridge. This issue is of the biggest 

concern considering that the measurements based on the signals from those two LocataLites 

mainly influence the vertical component of positioning solutions, which is in this case of the 

greatest interest since the vertical displacements are determined. 

8.4.3. Determination of the positioning solutions from Locata measurements 

In order to determine the displacements, the positioning solutions from the LocataLite 

measurements are calculated first. The first step in calculating the positioning solutions is to 

estimate the float ambiguities of carrier phase measurements. The ambiguities of both SD and 

DD carrier phase measurements are calculated by KPI process. For the KPI, the coordinates of 

the base and the rover receiver determined by total station measurements are used as known 

coordinates. The ambiguities are calculated as an average value of the ambiguities calculated 

for the measurements in the first 300 epoch (before the train came to the bridge). 

All positioning solutions (coordinates of the receiver) are calculated in local coordinate 

system with the origin in the center of the network with HTRS96/TM coordinates E = 457747.6 

m, N = 5071710.2 m and H = 115 m. 

Different positioning solutions of rover receiver are calculated for the purpose of analysis. 

The positioning solutions are calculated from SD carrier phase measurements and relative 

positioning solutions are calculated from DD carrier phase measurements. Relative positioning 

solutions (vectors between base and rover receiver) are then added to the known coordinates of 

the base receiver to obtain the coordinates of the rover receiver. The positioning solutions are 

calculated for each measurement epoch independently by least square estimation (LSE) 

method. In LSE method, two approaches are used: the first related to the estimation of 3D 

positioning solutions, and in the second approach, horizontal coordinates (E and N) are fixed 

to a priori known value, and only vertical component (H) is estimated. 

During the measurements, Locata receiver itself calculates the position in each 

measurement epoch. The receiver utilizes LSE algorithm for 3D positioning using SD carrier 

phase measurements with KPI method to estimate the ambiguities. All three positioning 

solutions are presented for comparison: calculated by Locata receiver, calculated from SD 

carrier phase measurements and calculated from DD carrier phase measurements.  
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The displayed results (Figure 8.22) indicate higher precision of horizontal component (E 

and N coordinates) compared to vertical (H coordinate) component of positioning solutions for 

all three sets of positioning solutions. Furthermore, the precision of positioning solutions 

calculated by Locata receiver and positioning solutions calculated from SD carrier phase 

measurements are similar, while the precision, especially of horizontal component, is better in 

positioning solutions calculated from DD carrier phase measurements. This is also confirmed 

by the calculated standard deviations of positioning solutions in the periods before, during and 

after the load application on the bridge (Table 8.11). 

 

Figure 8.22 Positioning solutions when the train was passing over the bridge calculated by 

receiver and positioning solutions calculated from SD and DD carrier phase measurements 

 The comparison of standard deviations of positioning solutions calculated by two 

different approaches (estimating 3D vs 1D positioning solutions) shows slightly, but not 

significantly, better results in the case of fixing horizontal coordinates and estimating only 

vertical (1D) positioning solution. 
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Table 8.11 Standard deviations of positioning solutions when the train was passing over the 

bridge calculated by receiver and positioning solutions calculated from SD and DD carrier 

phase measurements 

STD [mm] before during after 

Locata 

E 2.1 2.1 1.9 

N 2.1 1.9 1.8 

H 4.1 4.5 4.1 

SD 

E 2.5 2.3 2.4 

N 2.2 1.9 2.1 

H (3D) 4.7 4.1 4.0 

H(1D) 4.4 3.9 3.7 

DD 

E 1.3 1.5 1.1 

N 1.7 1.5 1.0 

H (3D) 4.2 4.1 3.0 

H(1D) 3.8 3.8 2.9 

 

8.5. Quality analysis of determined displacements 

The displacements were calculated as the deviations from an average position in epochs 

before the train entered the bridge. The comparison with the “true” values of displacements 

determined by using IATS prototype is provided to assess the quality of displacements 

determined from Locata measurements. 

The comparison with “true” value is made for the positioning solutions calculated with 

fixed horizontal coordinates since better positioning precision is achieved for 1D positioning 

solutions (Table 8.11). The graphical representation of calculated displacements (Figure 8.23 

and Figure 8.24) shows that the occurred displacement is detectable from Locata measurements. 

Nevertheless, although the epochs when the displacement occurred can be detected, they are 

underestimated, i.e. in average, the displacements calculated from Locata measurements are 

smaller than the “true” displacements). 

For each of the positioning solutions calculated from Locata measurements, there are 

average displacements in epochs during and after the load application on the bridge calculated. 

For each of the positioning solutions, the average vertical coordinate is calculated for the epochs 

before (the epochs from 1 to 300), during (the epochs from 400 to 550) and after (the epochs 

from 850 to 1200) the load application on the bridge. Afterwards, the displacements are 

calculated by comparing average coordinates during and after the load application on the bridge 
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with the average coordinates calculated from the measurements before the train entered the 

bridge (Table 8.12).  

 

Figure 8.23 Comparison of vertical displacements determined from SD carrier phase 

measurements and “true” value of displacements 

 

Figure 8.24 Comparison of vertical displacements determined from DD carrier phase 

measurements and “true” value of displacements 

The  results confirm that the displacements calculated form Locata measurements are 

underestimated since the average value of the displacements calculated from Locata 

measurements are in the range from 9 to 12 mm depending on the algorithm used for calculating 

the positioning solutions, while the average “true” value of displacement is 15.8 mm. The best 

results are obtained for the displacements calculated from the positioning solution determined 

from DD carrier phase measurements by fixing horizontal coordinates, where the displacements 

are underestimated by approximately 25%. On the other hand, the lower result is obtained for 
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the displacements calculated from the positioning solutions determined by the Locata receiver, 

where the displacements are underestimated by over 40%. 

Table 8.12 Calculated average values of vertical displacements during and after the load 

application on the bridge from different positioning solutions 

  
Displacement [mm] 

During load 

application 
After load 

application 

Locata -9.1 3.1 

SD (3D) -11.6 2.1 

SD (1D) -11.4 2.5 

DD (3D) -11.6 2.5 

DD (1D) -12.0 2.1 

True -15.8 0.3 

 

The analysis of Locata measurements, positioning solutions and calculated displacements 

reveals that the established LocataNet is suitable for determining the centimeter level vertical 

displacements in the middle of the span. Still, any sub-centimeter level vertical displacements 

may not be detected in this case. 

Although the LocataNet was optimized for the best possible accuracy of determining the 

vertical coordinates (best possible VDOP) in the middle of the bridge span, better horizontal 

accuracy was achieved, especially for the positioning solutions calculated from DD carrier 

phase measurements. This leads to conclusion that in the established LocataNet it could be 

possible to detect even sub-centimeter horizontal displacements. 

Greater noise in rover receiver measurements based on the signals from the LocataLites 

LL1 and LL2 are most probably caused by multipath. Since the measurements based on the 

signals from those LocataLites mainly affect the vertical component of the positioning 

solutions, it had the biggest influence on the precision and accuracy of the vertical component 

of positioning solutions, which is inconvenient in this case since only vertical displacements 

have been expected. 

The best results in terms of positioning precision and accuracy of determined 

displacements are obtained by utilizing relative positioning using DD carrier phase 

measurements. Since only vertical displacements have been expected, the possibility to fix 

horizontal coordinates entails further improvement of the determined displacements. 
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9. CONCLUSION 

To overcome the limitations of GNSS and pseudolites ground-based terrestrial positioning 

technology, Locata Corporation has invented a new, completely autonomous positioning 

technology called Locata that consists of terrestrial networks that operate as a “local ground-

based replica” of GPS-style positioning. Instead of orbiting satellites, Locata utilizes a network 

of small, synchronized ground-based transmitters (LocataLites) that cover a chosen area with 

strong radio-positioning signals allowing carrier-phase point positioning with centimeter-level 

of precision for a mobile Locata receiver, without base station and data transfer link. Since 

Locata replicates GNSS constellation but locally on the ground, it is particularly suitable for 

resolving different tasks in the field of engineering geodesy. 

For the purpose of displacement monitoring, the software for the simulation of different 

LocataNet configurations has been developed using Python programming language. The 

developed software calculates a priori positioning quality indicators for different LocataNet 

configurations by applying different positioning algorithms. The positioning quality indicators 

are analyzed for different LocataNet configurations using the developed software.  

The simulation of different LocataNet configurations provides the following conclusions: 

• Optimal LocataNet configuration for the best absolute horizontal positioning has 

regular hexagon shape.  

• If the vertical component of positioning is of interest, the optimum configuration is 

rectangular configuration with two elevated LocataLites on the opposite sides, where 

greater elevation angle from the center of the network to the two elevated LocataLites 

would lead to higher vertical positioning precision.  

• In case of relative positioning using double difference carrier phase measurements, the 

simulation results within two different LocataNet configurations show that there is no 

universal rule specifying the the best place to set up the base receiver. Bearing that in 

mind, one must use a developed software to find the optimal base receiver position for 

specific task (i.e. to minimize VDOP value for the specific point in the network, or to 

minimize major semi-axis of error ellipse for the specific point in the network). This 

is especially applicable for deformation monitoring of the structures, since the points 

of interest and expected magnitudes and directions of displacements are known prior 

to the measurements.  

• In the positioning using batch least square (BLS) estimation where carrier phase 

ambiguities are estimated together with the coordinates of multiple points within the 
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network, the best accuracy of coordinates and ambiguity estimation can be achieved if 

Locata receiver occupies the points near the LocataLites. This is expected, since the 

occupation of points near different LocataLites provides good geometry change 

between the occupations, which leads to higher accuracy of ambiguity estimation since 

the estimation of ambiguities relies on geometry change between Locata receiver and 

LocataLites. Subsequently, the increased accuracy of ambiguity estimation leads to a 

better estimation of Locata receiver coordinates. 

The analysis of Locata carrier phase measurements has been done for the measurements 

obtained in two different environments.  The first one in the clear area without any obstructions 

and nearby objects, and the second in more challenging environment near trees where a signal 

must penetrate through foliage and close to buildings. Although significantly more cycle slips 

occurrences are detected in carrier phase measurements collected in more challenging 

environment, the analysis has shown similar level of single difference (SD) and double 

difference (DD) carrier phase measurement precision in both environments. 

The standard deviation of SD carrier phase measurement was between 0.025 cycles and 

0.069 cycles, with average standard deviation of 0.036 cycles, which equates to 4.3 mm. The  

standard deviation of DD carrier phase measurement was between 0.011 cycles and 0.063 

cycles, with average standard deviation of 0.028 cycles which equates to 3.4 mm. RMS values, 

as an accuracy indicator, were calculated from the analysis of ambiguities estimated by known 

point initialization (KPI) on different known points. RMS values for SD carrier phase 

measurements were in the range between 0.035 cycles and 0.085 cycles, with average RMS of 

0.060 cycles, which equates to 7.2 mm. Similar results were achieved for DD carrier phase 

measurements, where RMS values were in the range between 0.036 cycles and 0.081 cycles, 

with average RMS of 0.057 cycles, which equates to 6.8 mm. Therefore, equal accuracy is 

achieved for SD and DD carrier phase measurements although DD carrier phase measurements 

had better precision. 

Absolute positioning solutions (using SD carrier phase measurements) and relative 

positioning solutions (using DD carrier phase measurements) were calculated using KPI. 

Furthermore, the comparison of precision and accuracy between the two solutions has been 

made. In the case of absolute positioning, the error ellipses semi-axes were on average a = 2.2 

mm and b = 1.7 mm, while better precision was achieved for relative positioning where the 

error ellipses semi-axes were on average a = 1.3 mm and b = 1.0 mm. This shows that better 

positioning precision is achieved when relative positioning is used. Nevertheless, similar level 

of accuracy was achieved for absolute and relative positioning, since RMS values for absolute 
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positioning were on average 3.3 mm and 5.8 mm in the direction of east and north coordinate 

axes, while RMS values for relative positioning were on average 3.7 mm and 4.2 mm in the 

direction of east and north of coordinate axes. 

The quality of positioning using BLS estimation was also investigated for absolute and 

relative positioning. In this case, the precision of absolute positioning (the semi-axes of error 

ellipses were on average 3.2 mm and 2.3 mm) was better compared to the precision of relative 

positioning (the semi-axes of error ellipses were on average 5.9 mm and 3.9 mm). Better 

positioning accuracy was also achieved for absolute positioning using BLS estimation where 

RMS values in the direction of coordinate axes were 7.0 mm and 3.7 mm on average, while 

RMS values for relative positioning using BLS estimation were 7.2 mm and 7.1 mm on average. 

Two cases of displacement determination using Locata were tested. Least squared 

estimation (LSE) of positioning solution for each measurement epoch using KPI was used for 

continuous displacement measurement. The determination of displacements from BLS 

estimation of position solutions was tested for periodical measurement of displacements.  

The displacement determination from LSE of positioning solutions using SD carrier phase 

measurements has shown the capabilities to determine centimeter level displacements, but it 

was not adequate for determining the sub-centimeter level displacements. It was found out that 

the usage of DD carrier phase measurements improved the positioning precision and was 

proved to be adequate for determining the sub-centimeter level horizontal displacements.  

The displacement determination from BLS estimation of positioning solutions has shown 

the capabilities to determine the centimeter level displacements either using SD or DD carrier 

phase measurements. In the test measurements, more accurate estimation of displacements was 

achieved when DD carrier phase measurements were used, while better precision of positioning 

solution was achieved for absolute positioning using SD carrier phase measurements.  

Locata positioning system was applied for the measurement of vertical displacements of 

the railway bridge “Sava” in Zagreb. In that task, optimal LocataNet configuration for the 

determination of vertical displacements was defined through the simulation using a developed 

software. Vertical displacements in the middle of the bridge span were continuously measured 

when the train was passing over the bridge. Therefore, the displacements were determined from 

LSE positioning solutions using KPI. The best results in terms of accuracy and precision of 

determined vertical displacements were obtained when the relative positioning using DD carrier 

phase measurement was used and when horizontal coordinates were fixed to known values 

since vertical displacements were expected in the point of interest. 
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