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ABSTRACT

Master of Science Thesis

LONG TIME VARIATION CHARACTERISTICS OF MULTIPATH FROM GPS
AND GLONASS OBSERVATIONS

Tugha KORKMAZ

Zonguldak Biilent Ecevit University
Graduate School of Natural and Applied Sciences

Department of Geomatic Engineering

Thesis Advisor: Assist. Prof. Kurtulus Sedar GORMUS
July 2019, 75 pages

Global Navigation Satellite Systems (GNSS) that consist of GPS, GLONASS, BeiDou, QZSS,
and Galileo have been widely used in navigation, positioning, geodesy, attitude determination,
engineering survey and agricultural applications. A number of random and systematic errors
like ionospheric delay, tropospheric delay, receiver noise and multipath affect GNSS
observations. Most of these errors can be removed by differential techniques. However,
multipath delays are independent of each receiver, which cannot be removed by difference.
Therefore, multipath is a major error source in differential GNSS positioning. A number of
techniques, e.g., notably narrow correlator technology and filtering, have been developed to
mitigate multipath errors. In this thesis, the multipath of GPS and GLONASS are estimated and
investigated using the linear combinations for both pseudo-ranges P1 and P. and carrier phases
L: and L. data with eliminating the effect of receiver and satellite clocks as well as the
atmospheric delay from 3-year (2014-2016) GPS and GLONASS observables at 5 stations.
These stations are respectively, DJIG station in Djibouti, DYNG station in Greece, MAL2
station in Kenya, MAYG station in Mayotte and SEYG station in Seychelles.



ABSTRACT (continued)

Results are obtained in different years based on the multipath results and analysis. In 2014, the
RMS-MP1 and RMS-MP2 values of the DYNG station were below the decimeter level in both
systems. For the SEYG station, the RMS-MP1 value of GLONASS has a small multipath level
of 0.02 meters, while the RMS values of GPS shows the highest multipath level of 0.14 meters.
In 2015, the smallest RMS-MP1 value is the DYNG and the DJIG stations. The larger effect is
the MALZ2 station for the RMS-MP1 values of both systems. In 2016, the most affected station
is the DJIG station. These multipath are the most related to the surrounding environments of

the antenna.

Keywords: GNSS, GPS, GLONASS, Multipath.

Science Code: 616.01.00



OZET

Yiiksek Lisans Tezi

GPS VE GLONASS GOZLEMLERINDEN COKLU DEGIiSiM OZELLIKLERI

Tugha KORKMAZ

Zonguldak Biilent Ecevit Universitesi
Fen Bilimleri Enstitiisii

Geomatik Miihendisligi Anabilim Dal

Tez Damsmani: Dr. Ogr. Uyesi Kurtulus Sedar GORMUS
Temmuz 2019, 75 sayfa

GPS, GLONASS, BeiDou, QZSS ve Galileo’dan olusan Kiiresel Navigasyon Uydu Sistemleri
(GNSS) navigasyon, konum belirleme, jeodezi, davranis belirleme, miihendislik 6lgmesi ve
tarimsal uygulamalarda yaygin olarak kullanilmaktadir. GNSS 6l¢limlerini iyonosferik
gecikme, troposferik gecikme, alic1 giirtiltiisii ve ¢ok yolluluk gibi birtakim rastgele ve
sistematik hatalar etkilemektedir. Bu hatalarin ¢ogu diferansiyel tekniklerle giderilebilir.
Ancak, ¢ok yollu gecikmeler, her bir alicidan bagimsizdir ve farkla giderilemez. Bu nedenle,
cok yolluluk hatas1 diferansiyel GNSS konum belirlemesinde biiyiik bir hata kaynagidir. Bu
hatay1 azaltmak i¢in dar korelasyon teknolojisi ve filtreleme gibi bir¢ok teknik gelistirilmistir.
Bu tez caligmasinda, GPS ve GLONASS’1n ¢ok yolluluk hatasi, uydu-alic1 saat hatalarinin,
atmosferik gecikmelerinin etkilerini elimine eden P1, P2 s6zde uzunluklarm ve L1, Lo tasiyici
fazlarin dogrusal kombinasyonlari kullanilarak 2014 ve 2016 yillar1 i¢inde 5 istasyon {izerinde
arastirildi ve degerlendirildi. Bu istasyonlar sirasiyla Djibouti iilkesinde bulunan DIJIG,
Yunanistan {ilkesinde bulunan DYNG, Kenya iilkesinde bulunan MAL2, Mayotte iilkesinde
bulunan MAYG ve Seychelles iilkesinde bulunan SEYG istasyonudur. Uygulama sonucunda
farkli yillara ait ¢ok yolluluk sonuglari ve analizleri elde edildi. 2014 yilinda, DYNG



OZET (devam ediyor)

istasyonunun RMS-MP1 ve RMS-MP2 degerleri her iki sistemde de desimetre seviyesinin
altindadir. SEYG istasyonu i¢in, GLONASS RMS-MP1 degeri 0,02 metre biiyiikliigiinde en
kii¢iik ¢ok yolluluk hatasina sahipken, GPS RMS degerleri 0,14 metre biiyiikliigiinde en yiiksek
cok yolluluk hatasina sahiptir. 2015 yilinda, en kiiciik RMS-MP1 degerine DYNG ve DIJIG
istasyonlar1 sahiptir. Her iki sistemdeki en biiyiilk RMS-MP1 degeri ise MAL2 istasyonudur.
2016 yilinda, en ¢ok etkilenen istasyon DJIG istasyonudur. Bu ¢ok yolluluk hatasi, en ¢ok
istasyon anteninin bulundugu topografyaya birinci dereceden bagli oldugu sonucuna

varilmaktadir.

Anahtar Kelimeler: GNSS, GPS, GLONASS, Cok Yolluluk Hatasi

Bilim Kodu: 616.01.00.
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CHAPTER 1

INTRODUCTION AND OVERVIEW

1.1 BACKGROUND

Global Navigation Satellite Systems (GNSS) that consist of US’s GPS, Russia’s GLONASS,
China’s BeiDou, Japan’s QZSS, and EU’s Galileo provides three-dimensional position,
velocity, and time information to an unlimited number of users anywhere near on the Earth in
real-time positioning and regardless of weather conditions for marine, air and land navigation,
which have been widely used in geodesy, attitude determination, engineering survey, and
agricultural applications. The Russian Global Orbiting Navigation Satellite System
(GLONASS) constellation has been revitalized with 24 operational satellites in orbit since
2012. On the other side, the Global Positioning System (GPS) that is owned by the United
States Government whose constellation consists of 32 satellites as of February 2016 but 31 of

which are in use.

It can be stated that the Global Navigation Satellite System (GNSS) is designed to serve both
civilian and military applications. (Chang and Juang 2008) However, affecting the performance
of GNSS suffers from random and systematic errors like ionospheric delay, tropospheric delay,
ephemeris error, receiver noise and multipath. One of these is well known that multipath
represents a major error source in differential GNSS positioning. Most of these errors can be
removed by differential techniques. However, multipath and the receiver noise error are
independent for each receiver. A number of techniques, most notably narrow correlator
technology, and filtering methods, have been developed to mitigate multipath errors, while it is

important to know multi-path variation characteristics (Jin et. al. 2011 and 2013).



1.2 RECENT PROGRESS AND PROBLEMS

1.2.1 Progress

The first paper that modeled and characterized multipath effects was published by Hagerman
in 1973 and the fundamental relationships between code error due to multipath and the driving
parameters were derived. In additional Counselman and Gourevitch were also published at the
same topic in 1981. Another study of multipath published by Georgiadou and Kleusberg in
1988 that was shown which the presence of multipath can be identified by using double-
differenced phase observations. Then in time, many researchers have been involved in the
characterization and modeling of this propagation phenomenon. Numerous scientific papers
have been published the perspective of different approaches and investigating an aspect of the
problem on this topic. Thereby, the literature on multipath can appear very rich for scientists.

1.2.2 Motivation

The influence of multipath as a dominant positioning source in GNSS has been investigated
from several directions with different approaches. Publications by Elosegui et al. (1995), Park
et al. (2004), the initial study to evaluate the pseudo-range multipath at Differential GPS
(DGPS) and Nationwide Differential GPS (NDGPS) sites by Hilla and Cline (2004) and Bilich
(2006) analyzed multipath at GPS stations used for reference network and geodetic
applications. These studies highlight that multipath is site-specific, with error magnitudes
ranging from centimeters to meters depending on the particular environment. As just mentioned
that many studies are conducted at permanent GPS stations or between two stations which are
very close due to the fact that the multipath effect is closely related to the environmental
influence. The technique takes advantage of the daily repetition of the GPS observations to
form a multipath template (Bishop et al. 1994). Several models i.e. planar reflector models
developed by Van Nee (1995), Brenner et al. (1998) and Byun et al. (2002), to sophisticated
models (Lippincott et al. 1996, Axelrad et al. 1999) for varied of multipath environments have

been published.

On the other hand, in some studies, the multipath effects on aircraft receivers have been
characterized and modeled. For example, Braasch presented detailed models for multipath

errors, including error envelopes for diverse front-end and code tracking configurations and



analyzed multipath in experimental data collected onboard a DC-3 aircraft in 1992. Another
study, code multipath on a variety of commercial transport aircraft likely to utilize the Local
Area Augmentation System (LAAS), ranging from Boeing 737 to 747 aircraft were
characterized by Booth et al. (2000) and Murphy et al. (1996, 2004, 2005). Another study of
multipath on Boeing 777 aircraft using a software GPS receiver was published by Akos et al.
(2004). Even if there are a few studies on the shipboard multipath, Lachapelle et al. presented
L1 C/A code multipath aboard a Canadian Coast Guard Ship. When we look at the results, we
see that the ship in the stationary case is at least %90 of multipath error for more than 20 sec,
but this rate falls the range of %60-75 on the moving ship. Another paper about several
simulations of ship multipath was published by Ryan (2000). The simulation results confirmed
that the multipath is related to the size of the ship. In other words, the icebreaker simulations
sometimes yielded multipath magnitudes of tens of meters, whereas the survey launch ship
errors remain under 2 meters. A lot of effort was also given on the antenna design. Brown and
Gerein presented a digital beamforming antenna array which attenuated signals arriving from a
direction other than the line-of-sight in 2001. The next year Thornberg at al. developed a fixed
radiation integrated multipath limiting antenna (IMLA), which provides differential C/A code
corrections. In both papers, the antenna patterns were designed to reduced multipath effect

caused by the ground.

It should be considered that different attempts need to reduce multipath effects. Clearly, the
best way to reduce the effects of multipath is to try avoiding it in the first place by sitting the
receiver’s antenna as low as possible and far away from potential reflectors. But that’s not
always feasible. The next approach is to reduce the level of the multipath signal entering the
receiver by attenuating it with a suitably designed antenna i.e. ground planes, multi-beam
antennas or choke ring antennas and also microwave-absorbing materials placed in an antenna’s
vicinity. In another way, the multipath effect can be reduced by special receiver correlator
designs which aim the effect of multipath on code-phase measurements and the resulting
pseudo-range observations (Langley 2011). Among these attempts, Ge et al. calculated the
multipath effect using the linear combinations of GPS observations that were also used to
characterize the multipath in this thesis and mitigated the multipath effect by an adaptive filter.
(Ge et al. 2000) Bilich and Larson (2007), Comp and Axelrad (1998) have reduced the
multipath effect by analyzing the signal-noise-rate (SNR). Besides, different multipath
mitigation techniques are presented in the literature i.e. early-minus-late delay lock loop, double



delta (AA), early-late-slope, a posteriori multipath estimation, multipath estimating delay lock

loop, vision correlator, etc.

GAMIT/GLOBK software was used to investigate the effect of the multipath on the position
component in this thesis. There is other software in the evaluation of GPS data. This software
has two types as commercial and scientific. While some of the commercial software is
ASHTECH OFFICE SUITE, PINNACLE, SKI PRO, some of the scientific software is
GAMIT/GLOBK, BERNESE, and GIPSY (Yildiz et. al. 2009). GAMIT/GLOBK is
comprehensive GPS analysis package developed by MIT, the Harvard-Smithsonian Center for
Astrophysics (CfA), Scripps Institution of Oceanography (SIO) and Australian National
University for estimating station coordinates and velocities, stochastic or functional
representations of post-seismic deformation, atmospheric delays, satellite orbits, and Earth
orientation parameters (Herring et.al 2015). In the GAMIT evaluation, the days with the highest
of MP1-RMS and MP2-RMS values were used from daily the GPS data of the processed
stations. Time-series graphs of them were created. The results obtained from the GAMIT

evaluation were described in detail in section 4.

1.3 MAIN CONTENT

The objective of this dissertation is to characterize the long-time variation of multipath by
evaluating the amount of pseudo-range multipath with using the linear combinations for both
pseudo-ranges P1 and P2 and carrier phase L1 and L data with eliminating the effect of receiver
and satellite clocks as well as atmospherics delay from GPS and GLONASS observations. The
pseudo-range multipath assessment considered in this thesis was performed using the data in
Djibouti of DJIG station, Greece of DYNG station, Kenya of MAL2 station, Mayotte of MAYG
station and finally, in Seychelles of SEYG station (see Figure 1) that collected GNSS data in
compressed RINEX format from the global network of permanent GNSS receivers supporting
the International GNSS Service (IGS) operating at a 30-second sampling rate and containing
24 hours of data in 2014, 2015 and 2016.
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Figure 1.1. Processed stations.

The average daily root means square pseudo-range multipath variations (MP1-RMS and MP2-
RMS) have been analyzed using TEQC software. (Estey and Meertens 1999) In this thesis, it
has been also searched the other possible errors that might affect the multipath effect like
seasonal changes based on natural events such as snowfall. In conclusion, the performance of
GPS and GLONASS have been determined with respect to pseudo-range multipath.
Contributed to the understanding of the pseudo-range multipath errors of the analysis results.
This research has furthermore presented a variety of multipath mitigation techniques and
analyzed the performance of different multipath mitigation techniques. So, in light of this

information, this thesis will contribute to the understanding of GNSS multipath.






CHAPTER 2

MULTIPATH ESTIMATION

2.1 GNSS OBSERVATIONS EQUATIONS

GPS positioning is basically based on the principle of resection which is one of the oldest
techniques in geodesy. The basic operation of the GPS receiver is to record signals from all
directions and calculate pseudo-ranges using these signals. It is found by scaling the time
difference (signal path time) up to the moment the signal arrives from the receiver through the
satellite. This length value is mainly affected by atmospheric effects such as signal delay, signal

reflection, etc. errors.

The two basic GPS observables. Which can be used for determining user position, are, in
practice, simply classified as code observations and carrier phase observations. While carrier
phase observations are used in high accuracy requirements and applications for scientific
purposes, code observations are preferred lower accuracy applications such as navigation.
(Kahveci and Yildiz 2012) In particular, the use of phase observations is inevitable for geodetic

applications. To better understand GPS observables are described.

2.1.1 Code Observations

The code observations are roughly the measurements of the signal during the journey and can
actually be defined as the length between the receiver and satellite antenna phase centers. This
length value is expressed as a pseudo-range due to the clock offset-6; on both the satellite and
the receiver. If it is assumed that is coincident with GPS clock and that any atmospheric influx
from the satellite is accepted to be delivered to the receiver without being exposed, then the

pseudo-range measured is equal to the geometric distance.



pa(t) = c(ta(t) — tu(t)) (2.1)

ta(t) represents the GPS time at which the signal reaches the receiver, ty(t) represents the GPS
time at the exit from the satellite, c is the speed of light and t is the GPS time in Equation 2.1.
However, since the above assumptions cannot be achieved in reality, it is necessary to add terms
derived from clock errors to the so-called pseudo-range. When these terms are added,

PU(t) = c(ta(t) + Sta(t) — tu(t) — Stw(t))

= C[ta(t) — tu(t)] + Céta(t) — CStu(t) (22)

Where c[ta(t) — tu(t)] defines the actual geometric distance between the satellite and receiver,
(ta(t) — tu(t)) expresses the actual signal travel time and is briefly denoted as pUa(t), t'a(t),

respectively. Thus, the actual geometric distance is obtained as p“a(t) = ¢ t'a(t).

P(t) = p“a(t) + c[Sta(t) — St (t — t'a(t))] (2.3)

Sw(t) represents the difference between the satellite clock and the GPS time (satellite clock
offset), owa(t) also represents the difference between the receiver clock time and the GPS time
(receiver clock offset) in Equation 2.3. In order to obtain the real observation equation, effects
such as atmospheric effects (ionosphere, troposphere), instrumental corrections from satellite

and receiver, signal reflection effect should be added.

The atmosphere is generally divided into two layers as ionosphere and troposphere. The
ionosphere has electron density and is located in the upper layer of the atmosphere and is
approximately 70-1000 kilometer above the ground surface. The troposphere is located in the
lower layer of the atmosphere and extends from the earth’s surface to a height of about 40
kilometers. By adding these effects, an explicit observation equation is obtained. (Leick 2004,
Beutler et al. 2005a, Montenbruck et al. 2005, Beutler et al. 2007, Hofmann-Wellenhof et al.
2008, Nohutgu 2009. Swatschina 2009)

P%a(t) = p"a(t) + c[ta(t) — S (t — t'a(t))] + I"a(t, f) + T a(t) + M(t) +e7(0) (2.4)



Where the transit terms are ¢ speed of light (299792458 meter/sec), pUa(t) geometric distance
between satellite and receiver, PY;(t) pseudo-range, dw(t) the difference between the satellite
time and the GPS time, dt(t) the difference between the receiver clock time and the GPS time,
t'a(t) signal path time, 144(t, f) ionospheric effect, T!a(t) tropospheric effect, MY4(t) other effects,

€'a(t), refer to thermal measurements noise and other unmeasurable effects in Equation 2.4.

e Geometric distance between the satellite and receiver Pythagorean theorem;

prs =\/(XS_Xr)2—i_(ys_yr)z_i_(zs_zr)2 (25)

For mathematical expressions for pseudo-range observations, the effects of ionosphere and
troposphere, as well as hardware delays in satellite and receiver, must be considered. (Leick
2004)

P=pl+&,c—R°c+I1 +T +6,+5°+5 +¢ (2.6)

I, that is in Equation 2.6, is the ionospheric delay and T, is the tropospheric delay. Both are
always positive. Furthermore, dr indicates the receiver hardware delay, 6° indicates the delay of
the satellite and &, indicates the delay of the multipath depending on the direction. & denotes

the pseudo-range measurement correction depending on the technology used.

The location (x, ¥, z%) and the satellite clock error (&°) are known from the navigation
message. Other effects (excluding noise) are determined by various models. The receiver
coordinates (Xr, Yr, zr) and the receiver clock error (Jt, ) are unknowns in Equation 2.7. For the

resolution of these four unknowns, four coarse edge measurements made simultaneously to four

satellites are needed. Let’s assume that the receiver r is observing four satellites (s = 1, 2, 3, 4).

P = \/(x32 —X, )2 +(y52 - y,) +(z52 - zr)2 +cd, 27)
Pf3:\/(x53—xr)2+(y53—yr) +(253—zr)2+cé’[r |
P = \/(XS“ —X, )2 +(yS4 -y, )2 +(zS4 - zr)2 +Ca,



The pseudo-range observation equations are first linearized to find the position of the receiver
point. Adjustment is then performed using the Least Squares Method. Accordingly, equations

are not linear but are linearized using Taylor Series. (ignoring the second and higher terms)

P observation is a function of x, y, z, ot, parameters (P (X, Y, z, &, ) +¢). Let Po be a calculated

form of Po with approximate values Xo, Yo, Zo, dtro (Po is required to make it linear). With Taylor

Series Expansion;

oP oP oP oP
P(Xr’ Yis Zr’étr); P(XO' Yoo ZO’&rO)'i_(Xr _XO)&-F(yr - yo)g-l_(zr _ZO)E-'_(&r _&ro)ﬁ

r

=P, +EAX+EAy+EAz +£Aé’[r
OX oy 0z

oR,
(2.8)
AP =P - Py (2.9)
AP;@AX+@Ay+@AZ+EA&,+g (2.10)
OX oy 0z o,
Equation 2.10 can be also shown in matrix form:
AX
A
Ap_|OPOPOP OP Ay | (2.11)
OX 0y 07 O&, || Az
AL

r

Equation 2.11 for four satellites is:
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[P P oPSt ot |
ox oy oz o,

AP | ap? a2 gps 0P [[Ax ] &
AP*? ox oy oz o&, | Ay &%
AP || P op= P P | Az || (2.12)
AP** | ox oy oz o&, | A&, &
0P oP** oP** P!
| X oy oz O&, |

If Equation 2.12 is written with matrix symbols, then:

b=Ax+e (2.13)

Here;

b: column matrix of observations,

X: column matrix of unknowns,

A: matrix of coefficients (including partial derivatives),

¢: Noise effect matrix.

There are linear relationships between the column matrix of the observations (b) and the column

matrix of the unknowns (x). The matrix of coefficients (A) is as follows for four satellites:

s2 s2 s2 c (214)
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These equations can also be edited for m number of satellites. As a result, coordinates of the
observed point are found by adjustment with Least Squares Method.

~ -1

% =(ATA"ATb (2.15)
2.1.2 Carrier Phase Observations

Phase measurements are used in geodetic applications that require high accuracy. In phase
measurement, the size of the measurement is the difference between the phase of the satellite

signal and the phase of the signal produced in the receiver. (Gtilal 2000)

The phase is simply the angle of rotation. The unit for GPS analysis cycles. (Taylor and Blewitt
2006).

- ()

130 360

Figure 2.1. Phase Display

As shown in Fig. 2, ¢(t) at any time t can be defined as the angle at which the phase sweeps

during the rotation of radius, by connecting it to the center of the object for a rotating object.
¢ = ft+g¢, (2.16)
Here;

@ : Swept phase angle at t,

12



¢, - Unknown start phase,

f : Signal frequency,

t: Time.

Equation 2.1 shows that the phase increases linearly with time. The phase here is an ideal clock
phase. Because the frequency is constant. The definition of time in everyday life is often based
on rotational movement. For this reason, our time dimension can be expressed by the angle of
rotation or phase (Sanli 2000).

GPS signals are in sinusoidal form. GPS signals are called “carrier signals” (L1 and L2 signals).
The carrier provides access to the phase-sensitive GPS time of the signal. The carrier signal
transmitted from the satellite is multiplied by the simulated signal generated by the receiver and

a composite signal is generated. The phase of this composite signal is equal to the difference

between the phases of the carrier signal and the simulated signal.

#(t)= ¢, ()~ des (1) (2.17)
Here;

¢(t): Composite signal phase,

4, (t): Phase of the simulated signal,

deps(t): The carrier signal (phase of the GPS signal).

The phase difference can be measured with GPS. In this case, Equation 2.17 can also be
expressed as the carrier phase difference. The carrier phase difference can be also shown with

the following equation:

#(t)=p(t)+N; (2.18)
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N’ that is in Equation 2.18, is the integer phase ambiguity between the satellite and the
receiver. (p(t) is also represented the residual part of the phase difference. The phase difference

measured by the GPS receiver is obtained by adding N waves to the part.

The integer phase ambiguity must be a single value for all measurements made. If the signal is
intercepted by the receiver for any reason, then a new integer phase ambiguity must be

identified. The interruption of the GPS signal recorded by the receiver is called a “cycle slip”.

When the receiver shows the clock T, the phase observation ¢°(T ) which is corresponding to

the clock T, is modeled as follows:

#(T)=6.(T)-¢*(T)-N; (2.19)
Here;

¢, (T ): The phase of the simulated signal generated by the receiver,

¢*(T): Phase of the input signal from s.

It can also be written as:

b, (T)= fol +do — foT° =y — N, (2.20)
fo(T _Ts)+¢0r_¢(;s_N|rs

But in here the clock times of the signals sent and received (T and T°) are different. The last

three terms in Equation 2.20 are fixed and together they are called “carrier phase bias”.

In phase observations, the receivers must simultaneously record carrier phase measurements
from all satellites. Also, all receivers must be sampled for exactly the same time values.
However, since the receiver times are different, the actual measurement time varies from

receiver to receiver.
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Phase observations can be also expressed in the edge from. For this, Equation 2.20 is multiplied

by the fundamental wavelength (4,).

L3 (T)=2,6:(T)
= 2o (T =T%)+ 24y, — s - N?)

: e ys) 2.21)
= C(T -T )+ﬂ’0( or _¢O - Nr)
—c(T-T*)+B
The difference is the B, carrier phase bias. This can be written as equality:
L3(T)= it t°)+cdt, —cat® +T° 15 +B? (2.22)

This equation also shows delays in the troposphere (T,* ) and in the ionosphere (1;). Since the

phase accelerates in the ionosphere, |; the minus sign.

The main differences between code and phase observation can be listed as follows (Leick 2004,
Kahveci and Yildiz 2012):

e Code observations are absolute magnitudes.

e Corrections due to the ionosphere in observations are opposite signs. That is, minus for
phase observations is a plus sign for code observations.

e As mentioned before, the phase measurement accuracy is higher than the code

measurement accuracy.

In code observations, the code is expressed in terms of chip length, while in phase observations

it is expressed as the number of wavelengths (cycles) of the carrier wave.

2.2 MULTIPATH DELAY

The multipath effect is caused by extraneous reflections from the presence of rocks, solar panels

and other reflectors nearby objects such as buildings, the ground, trees and water surfaces that
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GNSS signals can reach at the receiving antenna from not only the direct path, i.e. the line-of-
sight (LOS) but also on various indirect paths owing to signal reflection or diffraction, which
arrive with a certain delay, phase and amplitude difference relative to LOS component, called
GNSS multipath effects (see Figure 2.2).

/#—T‘L:é Reflection
ST )
B\\ e \_;h‘—-"'"\-—;,;
3 \\ e Scattering oS
[;i \ - = shadowing
BS \ Y R '

path Ip\ss |

\\ *
= _¥ multipath

Figure 2.2. GNSS multipath model.

Hence, multipath signals travel extra distances according to the LOS signal. This relative time
delay is clear that one of the defined parameters for describing the characteristics of multipath.
In order to understand multipath effects, not only physical relation between the receiver and
nearby objects are investigated, but also reflection characteristic is investigated as well e.g.
Hannah of a Ph.D. thesis can be found typical values for the material properties for GNSS
frequencies. In the case of reflection of the incident field, the reflection coefficients will indicate
how much the reflected field will be attenuated and how much the polarization state of the
incident field will be deformed. Besides, GNSS signals are broadcasted as linear signals,
however, while signals are passing through the ionosphere, they are subjected to Faraday effect,
which polarizes the signal as the amplitude increases, thus they become right-hand circularly
polarized (RHCP) waves. On the other hand, they change its property after being reflected from
a surface and turn into a left-hand circular polarization with a phase shift of 180° or left-hand
elliptic polarization depending upon the incident angle. (Betaille et al. 2003) The basic purpose
of signal processing and multipath filtering methods (receiver-based techniques) is to separate

the right-hand and left-hand polarized (true and reflected) signal (Mekik and Can 2010).
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According to satellites’, reflectors’ and receivers’ states of positions, multipath signals shows
three different types of scattering to become multipath errors. (Mekik et al. 2010) These
different types of scatter profiles can be thought as main modes of GPS signal reflection scatter
which are F mode (Forward), BA mode (Backscatter-A) and BB mode. (Backscatter-B)
(Hannah 2001).

e F mode: F mode is the reflecting of signal in a forward direction from a reflector that
is below the antenna altitude. F mode reflection is prominent for low elevation angle
satellites. During measurement, choosing elevation angle 10 degrees higher will reduce
the effect. F mode is considered as a linear reflection. (Tiryakioglu et al. 2006) In Figure
2.3, the GPS antenna is positioned at A with d horizontal distance further away from
the multipath borderline, h vertical distance up from the reflecting surface (ground) at

an a angle to LOS and q distance perpendicular to the reflecting geometry.

| LOS (Original Signal)

Reflected Signal

h .
q o o
Re!'ectmg Su!ace
h
Aw
Ai

Figure 2.3. Forward scattering geometry (F-mode).

e B mode: B mode is the reflecting of signal in the backward direction from a reflector
that is above the antenna altitude. To avoid this type of reflection, nested circular
antenna type like choke-ring is developed. With this method, the antenna can be

protected from reflected signal up to a constant angle. Over the given constant angle,
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there is no solution for avoiding this reflection. This geometry is one of the main error
sources for city measurements. In Figure 2.4, d is the distance between a vertical
reflecting surface positioned within the left-hand borderline and the GPS antenna

stationed at an arbitrary point A, a satellite elevation angle and h the antenna height.

Reflected Signal

St LOS (Original Signal)

Sz

Reflecting Surface

Figure 2.4. Backscattering geometry (B-mode).

C mode: This mode can be considered as a combination of both modes discussed above.
C mode is the reflecting of signal in the backward direction from a reflector below the
antenna altitude. It consists of two reflections which result in RHCP wave that is
detected as a GPS signal. Since it cannot be discerned from the GPS signal as it is also
a RHCP wave, it is the most dangerous kind of reflection. GPS antenna positioned at
point A in d distance from the reflecting surface at h height with the maximum elevation
a as depicted in Figure 2.5. In addition, The S1 and S2 paths define the signals coming
from the vertical reflecting surface while S3, S4 and S5 paths are used to describe the

signals coming from first the horizontal and then the vertical surface.
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Figure 2.5. Combined Geometry (C-mode).

When the multipath phenomenon is examined that can degrade the system performance and
reduce the range of measurement accuracy from centimeters to several meters. (Chang and
Juang 2008) It is important that the multipath errors in the pseudo-ranges are significantly larger
(up to several meters) than for carrier phases (usually, millimeter to centimeter-level). In other
words, the carrier phase is less affected by multipath propagation than code ranges, because
multipath is frequency-dependent. Hilla and Cline (2002) pointed out that significance of
analyzing pseudo-range multipath is that the accuracy of any GPS application relies to a large
extent on pseudo-range measurements. Because, the combination of direct signal and the
reflected signal results in an asymmetric correlation function, resulting in an error in the
computed pseudo-range to the satellite. This dissertation is also concentrated more on the
effects of multipath on code measurements. Therefore, in order to identify the effective level of
multipath, the linear combinations using both pseudo-range and carrier phase data used to
eliminate the effects of station clocks, satellite clocks, tropospheric delay, and ionospheric

delay. After the whole stages, derivation expression (Hilla and Cline 2002):

MP1 = P1 - (i1 + 1)* L1+ (il)*Lz =My + B - (1 + ﬁ)*ml + (ﬁ)*mz where

a—

B1=- (1 + %)*nl*h + (ﬁ)*nz*h, o= i (2.23)
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MP2 = P2 - (%)*Ll + (2—“ 1)*|_2 =M, + B, - (2—“)*m1+ (% - 1)*m2 where

oa—1 B oa—1
Bo=- (%)*nl*h + (% - 1)*!’]2*%2 (2.24)

Based on Equations 2.23 and 2.24, P1 and P2 represent the dual-frequency pseudo-range
observations, L1 and L2 represent the dual-frequency carrier-phase observations and m; and
m. represent the dual-frequency carrier phase multipath. The MP1 and MP2 quantities vary in
time mostly due to M; and Bi, where M is the pseudo-range multipath for the frequency | = 1,

2 ... and Bi is a bias related to the L1 and L2 integer carrier phase ambiguities, n1 and na.
2.3 MULTIPATH ESTIMATION

Multipath is a major source of error in many GPS applications which affects both pseudo-range
and carrier phase measurements and there are several methods for estimating the multipath
error. The most commonly used method among them is the TEQC software that we also use in
this dissertation, which is based on linear combinations of pseudo-range and carrier phase
observations provided by UNAVCO, which seem to be the best option for estimating the
multipath effect. This approach was proposed by Estey and Meertens (1999), Hilla and Cline
(2002). The pseudo-range and carrier phase measurements on Li and L for a satellite (k) and a

receiver (i) are given by:

Puu=R+c[At“— At] + I.1 + T + MPps (2.25)
Po=R+c[AtK—At] + I+ T + MPp, (2.26)
L1 =R + ¢ [At— Ati] + AaNLL — 1 + T + MPory (2.27)
DL2=R + ¢ [At— At] + M2N2 — 12 + T + MPor2 (2.28)
Where:

PLiand Pr2: pseudo-range observations (in units of m),
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®1 and @ 2: corresponding carrier phase observations on L1 and Lo,

R: the geometric distance between the satellite and the receiver (in m),

c: constant speed of light (in m/s),

At¥: satellite clock correction (in s),

Ati: receiver clock correction (in s),

IL1 and IL2: ionospheric range errors (in m),

T: tropospheric range error (in m),

Nr1 and Npo: integer ambiguities (in cycles),

MPr1, MPL2, MPoL1, and MPor2: pseudo-range and carrier phase multipath, respectively

(including the observational noise),

Avr1 = 19 and A2 = 24: wavelengths of the signals on L1 and L2 (in cm),

f1=1.5754 and f» = 1.2276: frequencies of signals L1 and Lo, respectively (in GHz).

Taking the advantage of the relationship that between the ionospheric delay for L1 and L. leads

to:

I2: o Tig (2.29)

With: a = (f1/ f2) 2

Substituting L2 equation into ¢pr1 equation gives:

@Or1— ¢r2 =A1N1 — s + MPor1 — AaN2 + 12 - MPor2 (2.30)
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Substituting I2 Equation into @11 — ¢r2 equation, grouping and simplifying yields:

(OL1—dr2) / (- 1) = Ig + (AN — AeNe2) / (a - 1) + (MPoLt - MPor2) / (0. - 1) (2.31)

Combining Equation 2.31 with @1 equation to eliminate .y term, results in:

O+ (P —dr2) / (a- 1) =R+ ¢ [At° — Atr] + T + N1 + (AiNL1 — M2Ni2) / (o - 1) + MPor
+ (MP(DU -MPor2)/ (0-1)=R +¢ [Ats — AtR] +T+b + Me1 (2.32)

Equation 2.32 is a linear combination of observed L1 and L> carrier phases, where the ambiguity

bias term b is introduced as:

b1 =MNr1+ (ALtNLr — A2oN2) / (o - 1) (2.33)

While the phase multipath effect is now defined by:

Ms1 = MPoLi + (MPorLi - MPor2) / (o - 1) (2.34)

Combining ¢L1 equation, (L1 — ¢pr2) / (o - 1) equation and 1 + (D1 — ¢pr2) / (o - 1) equation

gives:

Pu-[1+2/(a-1D)]DPuu+[2/(o-1)] o= MPp1 - (AL1tNL1 — AM2NL2) / (o - 1) — b1 + MPor1 —
2My1 (2.35)

The new ambiguity bias term is now defined by:

B1=-(AuNu—A2NR) /(a-1)—bi=-[1+2/(a- 1)] AluNee + [2/ (o - 1)] AeNi2 (2.36)

And the new phase multipath effect is introduced as:

Mg = - (MPoLi - MPo12) - me1=-[1+2/(a- 1] MPori+[2/ (a.- 1)] MPor2= MPgr1 — 2My1 (2.37)

The pseudo-range multipath MP1 is then expressed as the linear combination from Py - [1 + 2
/(o-1)] D1 +[2/ (o - 1)] ¢ equation namely:
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MP1=Pri-[1+2/ (- 1)] @i+ [2/ (o 1)] ¢z = MPp1 + By + M (2.38)

Similar derivations are performed to express MP> as a linear combination:

MP2 = P2 - [20./ (0. - 1)] @L1+ [20./ (0 - 1) - 1] L2 = MPpz + B2 + M2 (2.39)

With MPp, B2 and My are defined similarly to MPp1, B1 and My,.

As mentioned before, the multipath error in pseudo-range measurements is significantly larger
than the multipath error in carrier phase measurements. Both types of GPS measurements are
delicate to the effects of troposphere, ionosphere, satellite orbits, receiver position, and clocks.
Therefore, all effects can be removed except for the ambiguity bias term (B1) which is a
constant, leaving one systematic error term. Random variations in the multipath equation can
be diminished by calculating the average MPp: values of the satellites. Based on the derived
Equations 2.38 and 2.39, the daily MP1 — RMS and MP> — RMS variations are computed by
means of MP1 and MP2 equations.
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CHAPTER 3

RESULTS AND ANALYSIS

US’s Global Positioning System (GPS) and Russia’s GLONASS are considered two of the main
five global navigation satellite systems in this dissertation. The constellations of these systems
contain MEO satellites. Both systems consist of 24 satellites. However, the orbital arrangement
of them is not the same. While GPS satellites unevenly distribute in each of six orbital planes,
GLONASS satellites evenly distribute in three planes. GPS of orbital planes are inclined to the
equator by 55 degrees and are separated from each other by 60 degrees in longitude. In also,
the satellites’ orbits are circular with a radius of about 26,560 kilometers in nominal. On the
other hand, GLONASS of orbital planes have a nominal inclination of 64.8 degrees and are
spaced by 120 degrees in longitude. Moreover, the orbital height is about 1,060 kilometers
lower than of the GPS satellites. The technology of frequency division multi-access is employed
by GLONASS, while that of code division multi-access (CDMA) by GPS. In both systems, the
frequency of the C/A code is 10 times lower than the P-code frequency. In general, high signal
frequencies have better range-measuring accuracy than lower frequencies. Therefore, both
systems use C/A code when working with less precision and P/code when working with
precision mode. As seen in the table below, GLONASS values are lower than GPS values. This
indicates a slightly less accurate than GLONASS. Considering the above differences, behaviors

of multipath for both systems are compared.
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Table 3.1. Nominal satellite signal characteristics

GPS

GLONASS

Carrier Signals

Li: 1,575.42 MHz
L.: 1,227.60 MHz

Li: (between 1,602.0 and 1,615.5)
MHz

L,: (between 1,246.0 and 1,256.5)
MHz

Codes

different for each satellite
C/A code on L

P-code on L; and L;

same for all satellites
C/A codeon L

P-code on L; and L,

Code frequency

C/A code: 1.023 MHz
P-code: 10.23 MHz

C/A code: 0.511 MHz
P-code: 5.11 MHz

elements every hour

Clock data clock offset, frequency offset, clock and frequency offset
frequency rate
Orbital data modified Keplerian orbital satellite position, velocity, and

acceleration every half hour

3.1 MULTIPATH TIME SERIES

Multipath effects on GPS and GLONASS satellite systems were investigated by using the linear

combinations of the pseudo-ranges and carrier-phase observations. Results show large

variations in different years based on the multipath estimations. These multipath estimates as
MP1 and MP2 were computed with TEQC from GPS and GLONASS observations at 5 stations.

The multipath time series for each station are shown in Figure 3.1. In all graphs presented,

horizontal axis years, multipath values in vertical axis meter unit, dark line GPS-MP1 values,
red line GLONASS-MP1 values, black line GPS-MP2 values, turquoise line GLONASS-MP2
values. These time-series graphs of the stations will be examined in the following section.
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Figure 3.1. Multipath time-series

The first DJIG station was joined the 1GS network on July 9, 2015. For this reason, there is no
data for this station before. Also, the antenna of the DJIG station was mounted on a 0.8-meter
concrete pillar embedded on the ground. (see Figure 3.3) In June 2015, the receiver with the
version 4.85 was removed and the receiver with the version 5.01 was installed on the same day.

The elevation cut-off angle was modified from 3° to 0° on October 29". As the tracking
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threshold of the receiver, ideally 3° or less, is determined according to IGS site guidelines, the
elevation angle is modified in certain times, as in this station. On April 25, 2016, no signal was
received from the station due to network failure. Also, the receiver of the station was upgraded
from version 5.01 to version 5.10. The firmware version of the receiver was upgraded to 5.14
on September 5, 2016. The negative effects of this change have been shown in the red area in
Figure 3.2. The station is unavailable on September 24" and on November 21% to 24™, due to
some problems. On December 19", the firmware version of the receiver was upgraded to 5.15.

In addition, the negative effects of this change have been shown in the red area in Figure 3.2.
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Figure 3.2. The negative effects of the multipath on the multipath time-series of DJIG station.

The receiver environment is a rocky area, the elevation cut-off angle is reduced from 3° to 0°
and these factors also lead to deterioration in multipath values as shown in Figure 3.3. It is
thought that DJIG station has F-Mode multipath geometry depending on the environment in

which the antenna was installed.

Figure 3.3. DJIG station (IGS) with Dorne Margolin and choke rings.
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Table 3.2. The changes made on DJIG station at IGS Network Site Page.

Email Date Sender Subject

006017 2016/12/19 Operation Regina  DJIG : firmware upgrade

005975 2016/11/24 Bonnes Gregory (T DJIG : Unavailable

005899 2016/09/05 Operation Regina  DJIG : firmware upgrade

005892 2016/08/25 Operation Regina DJIG : Antenna change

005736 2016/04/25 Bonnes Gregory (T DJIG : network issue and tracking losses
005482 2015/10/29 Lawrence Thierry  DJIG : Elevation cut-off change

As a result, the RMS-MP2 value of GLONASS is the most affected, while the RMS-MP1 of
both systems have less affected as shown in Figure 3.1. However, the RMS-MP1 value of
GLONASS is slightly higher than the RMS-MP1 value of GPS as shown in Figure 3.1.

The second DYNG station was installed on May 12, 2011, which is the only EUREF station,
while other selected stations are from 1GS Network. The antenna was mounted on a 2-meter
steel block (see Figure 3.6) and used a Dorne Margolin with choke rings. On June 5, 2014, the
firmware version of the receiver was upgraded from 4.70 to 4.85 and wrong antenna serial
numbers were corrected. Due to a tracking problem (possible antenna failure), some
observations of L, and Ls at the DYNG station have been lost since on 19 August 2015. On
September 25, 2015, a new antenna with the same antenna type was installed due to the loss of
L2. On October 23", the cut-off elevation angle of some stations, such as AREG, ASCG,
CHPG, CPVG including DYNG, has been modified from 3° to 0°. Due to the file transfer
protocol (FTP) in a loop on November 17", the data were not provided during the day of the
year (doy) 317 and doy 320. These are the possible causes of fluctuations. On June 8, 2016,
the DYNG station is unavailable due to unknown reasons. Therefore, data cannot be provided

on that day. This caused slight fluctuations in the multipath time-series, as shown in Figure 3.4.
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Figure 3.4. Fluctuations in the multipath time-series of DYNG station.
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However, it has been available since on 5 July 2016 and the receiver has been changed for a
new receiver updated with version 5.14. On December 14", the firmware version of the receiver
was upgraded from 5.14 to 5.15. The presence of a potential source in the south-west of the
antenna could have caused multipath effects as shown in Figure 3.5. It is thought that DYNG
station has BA-Mode multipath geometry depending on the environment in which the antenna

was installed.

+South West view takendfroms
antenna basis_

Figure 3.5. The southwest view of the receiver of DYNG station.

Compared to other stations, the DYNG station has very small multipath as shown in Table 3.3.
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Figure 3.6. DYNG (EUREF) station with Dorne Margolin and choke rings antenna.
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Table 3.3. RMS Table.

YEAR RMS DJIG DYNG MAL2 MAYG SEYG
GPS-MP1 0.01 0.08 0.05 0.14
2014 GPS-MP2 0.01 0.21 0.05 0.14
GLONASS-MP1 0.004  0.09 0.02 0.02
GLONASS-MP2 0.004  0.08 0.02 0.03
GPS-MP1 0.03 0.03 0.10 0.07 0.08
2015 GPS-MP2 0.03 0.02 0.05 0.07 0.07

GLONASS-MP1  0.02 0.02 0.12 0.04 0.04
GLONASS-MP2  0.03 0.02 0.05 0.03 0.04
GPS-MP1 0.10 0.02 0.05 0.06 0.05

2016 GPS-MP2 0.13 0.03 0.05 0.06 0.05
GLONASS-MP1  0.27 0.04 0.06 0.06 0.07
GLONASS-MP2  0.35 0.04 0.04 0.06 0.06

The third station, MAL2, was installed on July 1, 2008. The antenna was mounted on a 1-meter
concrete pillar monument. (see Figure 15) The antenna used a Dorne Margolin with 3D choke
rings. It is obvious that the MALZ2 station is the most affected station by multipath as shown in

Figure 3.7.
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Figure 3.7. The multipath time-series of MAL?2 station.

Since the type of receiver and antenna at this station has not changed until October 2016, the
diversity of these results can be attributed to any kind of enhancement of the hardware.
However, on October 18, 2016, the firmware version of the receiver was upgraded from 2.9.0
to 2.9.5. This change is shown in Figure 3.8 in the red box, which has a detrimental effect on

multipath values.
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Figure 3.8. The negative effects of the multipath on the multipath time-series of MAL2 station.
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Figure 3.9. MAL2 (IGS) station with Dorne Margolin and 3D choke ring antenna.

As a result, when both systems are compared, the value of GPS-MP2 is the most affected by
the multipath error as shown in Table 3.3. It is thought that MAL2 station has F-mode and BA-

Mode multipath geometry depending on the environment in which the antenna was installed.

The fourth station, MAYG, was installed on November 21, 2013. The antenna of this station
was mounted on a concrete block on a 3-meter steel mast and used a Dorne Margolin with
choke ring antenna. (see Figure 3.11) The first version 4.81 of the TRIMBLE NETRO receiver
was used until June 11, 2014, and the firmware version of the receiver was upgraded to 4.85 on
that same day. After that date, the firmware version of the receiver was upgraded twice. First,
on August 9, 2016, the firmware version of the receiver was upgraded from 5.01 to 5.14.
Second, on December 16, 2016, the firmware version of the receiver was upgraded from 5.14
to 5.15. The negative effect of these changes on the multipath time-series graph was shown in

Figure 3.10 in the red box.
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Figure 3.10. The negative effects of the multipath on the multipath time-series of MAYG
station.

Furthermore, this station was not available due to the internet outage on November 9, 2015, 12
January, 17 May and 25 August 2016. Compared to the two systems, the multipath in GPS at
the MAYG station are more severe than those of GLONASS. However, in 2016, the RMS
values of both systems were equally affected by the multipath error as shown in Table 3.3.
Except for 2016, the MP1-RMS values of the GPS are approximately 2 times as great as that of
GLONASS as shown in Table 3.3. The result of multipath variations may reflect the sea-level
change. (Jin et al. 2016) It is thought that MAYG station has F-mode multipath geometry

depending on the environment in which the antenna was installed.
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Figure 3.11. MAYG (IGS) station with Dorne Margolin and choke rings.
The last station named SEYG was installed on June 20, 2012. The antenna of this station was

mounted on a 1.5 meters high concrete pillar monument with a 40 cm steel antenna. It used a

Dorne Margolin with choke ring antenna. On March 6, 2014, this station was joined the IGS

33



Network. On June 16, 2014, TRIMBLE NETR9 receiver was upgraded to version 4.85 and
used until June 16, 2015. Then, the firmware versions of the receiver were updated a few times
in different years, which resulted in unusual behaviors in the multipath estimates of the station

as shown in Figure 3.12 in the red box.
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Figure 3.12. The negative effects of the multipath on the multipath time-series of SEYG station.

While the values of GPS are the most affected by the multipath errors in 2014 and 2015 years,
the values of GLONASS are the most affected by the multipath errors in 2016 as shown in
Table 3.3. However, there is no clear connection since this station has no information about the

antenna environment. That’s why it is not known which the multipath geometry this station has.

The antenna surrounding environment that affects GNSS multipath, is the main factor for
multipath variations. The existence of these factors exhibits abnormal behaviors in the
multipath time-series, which can be used to estimate surface environment changes in contrast.
(Jinetal. 2011).

3.2. STATISTIC ANALYSIS

In this study, long-term (2014-2016) daily the root mean square (RMS) values of MP1 and MP2
belonging to 5 stations were used. They were examined to determine the changes between the

two systems.

Sample trend analysis belonging to DJIG station (see Table 3.4) presents the difference between
these two satellite systems visibly. The calculated RMS values for GPS and GLONASS indicate
statistically significant trends. According to these values, the multipath amplitude of GPS is

low and also it shows that the multipath is very weak than the multipath of GLONASS.
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Table 3.4. Sample trend analysis of DJIG station.

Trend(m)| m |A Phase(®)] m |A Amplitude (m)| m
GPS_ |MP1| 00318 [0.0113] -31.8527 |0.0486]  0.1098 0.007
DJIG| MP2| 0.0363 |0.0126] -38.7562 |0.0451]  0.1566  |0.0079
GLONASS|MP1| 00763 [0.0277| -435057 |0.0542] 03372 |0.0187
MP2| 0.0982 [0.0373] -45.0943 |0.0617| 04104  |0.0253

These average RMS values show which station is more or less affected by the multipath (see
Table 3.5) In the direction of these values, only 10° the elevation cut-off angle has been
analyzed. When compared with other stations, the DJIG station is the most affected by the MP1
and MP2 values of the GPS as shown in Table 3.5. Besides, the station that is also least affected
by the multipath errors, is the DYNG station. According to GLONASS data, while the most

affected station is DJIG, the least affected station is DYNG.

Table 3.5. The RMS-MP1 and RMS-MP2 values in meters.

DJIG DYNG | MAL2 | MAYG | SEYG
GPS MP1]0.110718 | 0.029702 | 0.09312 | 0.067118 | 0.104605
MP2 | 0.138824 | 0.026624 | 0.05946 | 0.063562 | 0.099974
MP1]0.278886 | 0.03009|0.11518 | 0.046258 | 0.050398
MP2]0.357397 | 0.030661 | 0.05964 | 0.043687 | 0.04934
Figure 3.13 describes the 3—year daily RMS values in meters.
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Figure 3.13. RMS-MP1 and RMS-MP2 values of all stations in both systems.
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The RMS-MP1 and the RMS-MP2 statistics were made for both each station and two satellite
systems and also the results which indicate that the RMS values of the stations, are shown in
Figure 3.13. When compared stations each other, the results indicate that the RMS-MP1 is the
largest value belonging to SEYG station on both systems. In addition, the histogram of this
station has a right-skewed distribution. The histogram of DYNG station is also has a right-
skewed distribution, but it has the lowest RMS value. When compared both satellite systems,
the number of values that accumulate in the RMS values of the stations is slightly higher in
GLONASS.
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Figure 3.14. The RMS-MP1 statistics for all stations.
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The acquired the RMS-MP2 values on both systems for all stations have been shown in Figure
3.15 as in the figure of the acquired the RMS-MP1 values. (see Figure 3.14) Obviously, The
RMS-MP2 value of the GPS at the MAYG station is 0.06 m and also the most affected one is
this station. At the same time, in GLONASS, the most affected station is MAL2 and its value
is 0.07 m. On the other hand, the least affected station on both systems is the DYNG station
and its value is below the decimeter.
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Figure 3.15. The RMS-MP2 statistics for all stations.
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CHAPTER 4

POSITIONAL CHANGES

In the previous section, multipath values were examined especially in selected stations. MP1-
RMS and MP2-RMS values of 0.34 to 2.22 meters were determined in this section and the
effects of these values on the position component were investigated. In this context, a geodetic

network was formed. This geodetic network is like the picture given in Figure 4.1.

Figure 4.1. Formed geodetic network.

While the red dots show the datum points, the black dots indicate the object points in Figure
4.1. Selected datum points; DGAR in the United Kingdom on Australian tectonic plate, ABPO
in Madagascar, ZAMB in Zambia and MBAR in Uganda on the African tectonic plate, also
those in the Eurasian tectonic plate are ORID in Macedonia, GRAZ in Austria, BUCU in
Romania, MIKL in Ukraine, ZECK in Russian Federation, ARUC in Armenia and finally
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TEHN in the Islamic Republic of Iran. These IGS stations including the stations in the geodetic
network are included in the analysis to investigate the effect of the multipath error on the
position component. In this context, GPS data were evaluated by GAMIT (GPS Analysis
Massachusetts Institute of Technology) / GLOBK (GLOBal Kalman) software developed by
MIT. The tables folder is firstly created. This contains some information about the stations
(luntab, soltab files), moon and sun ephemeris information (antenna and receiver type, antenna
height, initial coordinates) that will be used to evaluate data of GAMIT software. These
parameters and their contents are shown in Table 4.1.

Table 4.1. Tables folder input data.

INPUT NAME INPUT CONTENT

gdetic.dat Geodetic datum parameters

tform.dat Coordinate transformation parameters
antmod.dat Ground/SV antenna phase center models
rcvant.dat IGS receiver/antenna codes

svnav.dat Satellite block #s, PRN #s, masses
leap.sec GPST - UTC

luntab. Lunar ephemeris table

nutabl. Nutation tables (IERS/IGS standards)
soltab. Solar ephemeris table

pole IERS bulletin B values

utl IERS bulletin UT1

itrfO5.apr Coordinate values

“Station.info, process.defaults, sites.defaults” files in the Tables folder need to be edited
according to the project. Station.info file is the information file of the receiver and antenna type
and antenna height of I1GS stations and stations used in the project. Information about IGS
stations is included in the program and only the information of the stations used in the project
must be entered. Sites.defaults file contains IGS stations which will be used for data analysis,
repeatability analysis, and stabilization, and the stations included in the project. In addition, it
is determined that where and how the data belonging to them will be obtained. The process
defaults which is the other important file in the tables folder are arranged to determine the

instructions related to the workspace, internal and external data sources, orbit files, start time,

40



sampling interval and to archive the results. Then, it is prepared for the sestbl. file which
contains the commands including all the control stages of GAMIT software. This file is
organized to determine the type of analysis and possible measurement errors, satellite
restrictions. Briefly, the file described as evaluation strategies provides criteria for the integer
ambiguity resolution and to be defined atmospheric, orbit, model and data cleaning parameters.
Solution strategies which are selected for project work and entered to the sestbl. file is given in
Table 4.2.

Table 4.2. GAMIT evaluation strategy.

Parameters Preferred Options
Solution Strategy Baseline
Elevation Angle 10 degrees
Orbit Final Product (IGSF)
Antenna Model Elevation (ELEV)
Ambiguity Solution lono-free
Interval Zenith 2 hours
Dry and Wet Mapping Function Vienna Mapping Function (VMF1)
Loading 63 (All)
High Order lonosphere Neglected

The other control file that provides models and restrictions for analysis, is sittbl. file. This file
is arranged to determine the possible coordinate constraints in the workspace and optionally,
the model of time and atmospheric errors. After the completion of these processes, the
evaluation process is started by running the sh_gamit command to evaluate with GAMIT
software. GAMIT .fatal file occurs in the day files if any errors occur during evaluation. The
occurrence of this situation indicates that the solution belonging to that day has not been
completed and the reason for the error has been written in the file. After passing this step,
necessary checks are performed. After these checks, the next step is to obtain time series of
stations in the project area. The sh_glred command is used to generate H-files and daily
repeatability time series from GAMIT solution to the GLOBK solution. After GLOBK
evaluation, it is possible to comment on repetitive measurements by analyzing the graphs

obtained from the daily repetitions.
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4.1. RESULTS

In this study, 11 IGS stations which have good performance and stability, were included in the
analysis as previously mentioned including the stations in the geodetic network. The stations
within this geodetic network are a high possibility of being affected by the multipath error. This
high possibility of being affected by the multipath error may be related to the fact that these
stations were installed on the tectonic plate. Figure 4.2 shows which tectonic plate the selected

stations were installed on.
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Figure 4.2. Tectonic plates of the selected stations.

During the process of the evaluation, days that are the highest MP1-RMS and MP2-RMS values
belonging to the stations have been processed onto the time-series graphs. As a result of these
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evaluations, the time-series graphs including the effects of the multipath errors on the position
component were obtained by examining the north, east and up repeatability results in GPS of
the selected stations by means of GAMIT software. The time-series obtained in this study have
been shown in the following graphs, respectively. While the horizontal axis shows years, the
vertical axis indicates weighted root mean square in the millimeter in the presented all graphs.
In the presented all graphs, the repeatability values in the east component are shown in black,
the repeatability values in the north component are shown in pink and also the repeatability
values in the up component are shown in blue. Moreover, the gray color above the values

represents the residual values of the station.
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Figure 4.3. Multipath time-series of the east, north and up components belonging to DJIG
station

The east, north and up components specified in Figure 4.3 belong to the DJIG station. GAMIT
valuation was made between 25 July 2015 and 6 June 2016. Since the multipath values of these
days are the highest (0.43 m - 1.27 m), the position changes were analyzed between these dates.
Moreover, this station located on the Somalia tectonic plate was chosen because of the high
multipath error.
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Figure 4,4. Multipath time-series of the east, north and up components belonging to DYNG
station.

The east, north and up components specified in Figure 4.4 belong to the DYNG station. GAMIT
valuation was made between 23 August 2014 and 6 September 2016. Since the multipath values
of these days are the highest (0.33 m — 0.64 m), the position changes were analyzed between
these dates. Moreover, this station located on the Eurasian tectonic plate was chosen because of

the high multipath error.
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Figure 4.5. Multipath time-series of the east, north and up components belonging to MAL2
station.
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The east, north and up components specified in Figure 4.5 belong to the MALZ2 station. GAMIT
valuation was made between 28 February 2014 and 29 December 2016. Since the multipath
values of these days are the highest (0.47 m — 0.98 m), the position changes were analyzed
between these dates. Moreover, this station located on the African tectonic plate was chosen

because of the high multipath error.
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Figure 4.6. Multipath time-series of east, north and up components in 2015 and 2016 belonging
to MAYG station.
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Figure 4.7. Multipath time-series of east, north and up components in 2016 belonging to
MAYG station.
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The east, north and up components specified in Figure 4.6 and Figure 4.7 belong to the MAYG
station. GAMIT valuation was made between 26 March 2014 and 20 October 2016. Since the
multipath values of these days are the highest (0.47 m — 1.13 m), the position changes were
analyzed between these dates. Moreover, this station located on the African tectonic plate was

chosen because of the high multipath error.
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Figure 4.8. Multipath time-series of east, north and up components of SEYG station.

The east, north and up components specified in Figure 4.8 belong to the SEYG station. GAMIT
evaluation was made between 27 March 2014 and 11 October 2016. Since the multipath values
of these days are the highest (0.45 m — 2.22 m), the position changes were analyzed between
these dates. Moreover, this station located on the African tectonic plate was chosen because of
the high multipath error.

In the GAMIT evaluation, the days with the highest MP1-RMS and MP2-RMS values were
chosen from the daily GPS data of the selected stations. Time-series graphs were created to
investigate the effects of these RMS values on the position component. Those days which
provides information about the anomalies of the selected stations in those periods were shown

in Figure 4.9.
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Figure 4.9. Days of the highest multipath values in the multipath time-series graph of the DJIG
station.

Days that are the highest MP1-RMS and MP2-RMS values belonging to the DJIG station have
been processed onto the time-series graph and these are shown in the red color as seen in Figure
4.9. 1t is observed that the ups and downs in all component are more severe on these days. On
29 October 2015, the elevation cut-off angle is reduced from 3° to 0°. It is seen that this change
caused a disruptive effect in the last days of October 2015 on time series. In comparison to the
multipath chart from the IGS website and the values calculated with TEQC software can be
seen with a green line on February 4, 2016, as shown in Figure 4.10, which is badly affected by
the multipath error.
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Figure 4.10. The multipath graph of DJIG station at IGS Network Site Page and high RMS
value in the RMS table of the DJIG station
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Figure 4.11. The multipath graph of DJIG station at IGS Network Site Page and high RMS
value in the RMS table of the DJIG station.

Days that are the highest MP1-RMS and MP2-RMS values belonging to the DYNG station
have been processed onto the time-series graph and these are shown in the red color as seen in
Figure 4.11. Due to the installation of a new antenna on September 25, 2015, it caused negative
effects as seen in the time-series graph. In particular, there is a noticeable difference in gray
values of all components. The reason for happening the fluctuations in the last days of October
2015 is to reduce the elevation cut-off angle from 3° to 0°. As shown in Figure 4.12, due to the
presence of a reflective surface around the southwest of the antenna, the quality of signals is

affected poorly.

Figure 4.12. The panoramic view around the receiver of the DYNG station.

Data outages occurred on 317 and 320 days of 2015 because of the unavailability of this station.
In comparison to the multipath chart from the IGS website and the values calculated with TEQC
software can be seen with a green line on April 23, 2016, as shown in Figure 4.13, which is

badly affected by the multipath error.

48



RINEX2 RMS Multipath

® RMS MP1 2.09 ¢« RMS MP20.27 | April 23, 2016

Figure 4.13. The multipath graph of DYNG station at IGS Network Site Page and high RMS
value in the RMS table of the DYNG station.
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Figure 4.14. Days of the highest multipath values in the multipath time-series graph of the
MAL2 station.

Days that are the highest MP1-RMS and MP2-RMS values belonging to the MAL?2 station have
been processed onto the time-series graph in the above and these are shown in the red color.
When compared to the analysis of the other stations being processed, it is seen that the values
of this station are more stable. On October 18, 2016, the firmware update of the receiver was
performed. The receiver was upgraded from 2.9.0 to 2.9.5. Therefore, the fluctuations occurred
that day. There are two main reasons why these days are badly affected by the multipath error.
The first reason is the presence of antennas with more than one reflective surface around the

antenna, as shown in Figure 4.15.
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Figure 4.15. The presence of the reflective surfaces around the receiver of the MALZ2 station.

The other one is that during the evaluation period (2014 January-2016 January), the
performance of the station is not good as shown in Figure 4.16.
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Figure 4.16. The residuals graph of MALZ2 station at IGS Network Site Page
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Figure 4.17. Days of the highest multipath values in the multipath time-series graph of the
MAYG station in 2015 and 2016.
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Figure 4.18. Days of the highest multipath values in the multipath time-series graph of the
MAYG station in 2016.

Days that are the highest MP1-RMS and MP2-RMS values belonging to the MAYG station
have been processed onto the time-series graph in Figure 4.17, Figure 4.18 and these are shown
in the red color. It is seen that there are more data outages in comparison to other process
stations. This is caused by the internet outage and the possible antenna issues. These days are
29 October-31 October 2015, 9 November 2015, 17 May, 8 June, 11 June, 12 June, 17 July, 14
August, 25 August 2016, 21 September-25 September 2016, 4 October 2016, 2 December-26
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December 2016, 31 December 2016. On August 9, 2016, the firmware version of the receiver
was upgraded from 5.01 to 5.14. This change is shown a green line in the time-series graph.
Weighted root mean square values of this station is more severe in comparison with the values
of the other process stations. There are two main reasons of this severest value. One of them is
that the antenna was installed on the seaside as seen in Figure 4.19, Figure 4.20 and other reason

is sea-level changes. (Jin et.al.2017).

Figure 4.20. West and north view around the receiver of the MAYG station.

52



%
\

EAST (mm)
3

——
ey

=)
S

v
S

-+ Dbt
s [y v WA

4 WM b AN

NORTH (mm)

UP (mm)

2013-01 2013-07 2014-01 2014-07 2015-01 2015-07 2016-01 2016-07 2017-01

Figure 4.21. Days of the highest multipath values in the multipath time-series graph of the
SEYG station.

Days that are the highest MP1-RMS and MP2-RMS values belonging to the SEYG station have
been processed onto the time-series graph in Figure 4.21 and these are shown in the red color.
There is no data in the vast majority of the first half of 2014 as seen in Figure 4.21. On June 16,
2014, the receiver firmware has been updated as shown with a green line in the time-series
graph. In addition, the firmware version of the receiver has been updated 2 times as shown with
a green line in the time-series graph. The first, on August 10, 2016, the firmware version of the
receiver has been updated from 5.01 to 5.14. The second, on December 16, 2016, the firmware
version of the receiver has been updated from 5.14 to 5.15. Furthermore, there is no information
about the environment surrounding the antenna. Besides, during the evaluation period, the

quality of the station is not good as seen in Figure 4.22.
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Figure 4.22. The residuals graph of SEYG station at IGS Network Site Page.
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CHAPTER 5

CONCLUSIONS AND DISCUSSION

GNSS is satellite assessment system which indicates a user’s location at anytime and anywhere
and depends on the evaluation of code phase arrival time of at least 4 satellites. (Hofmann-
Wellenhof et.al 1994) Constantly operating reference station networks of these systems are very

important systems in gathering highly-accurate real-time locational information.

Although the popular one is GPS belonging to the USA, with GLONASS belonging to Russia,
these two services form GNSS. (El-Rabbany 2002) The location detection systems are
effectively used for many military and civil services like environment and city planning, land
use, engineering and infrastructure services, multipurpose cadastral, vehicle tracking systems,
search and rescue, personal mobile applications. (URL-1) Although it is widely used in many
fields, the desired accuracy cannot be provided because of systematic satellite clock error,
satellite orbit error, receiver clock error, ionospheric and tropospheric delays, carrier phase
ambiguity (Adam et.al. 2002) and random errors (NCHRP 2002) which affect GNSS. Many of
those errors can be removed thanks to differential techniques. However, as multipath is an

unremovable error source, it is a very important error source.

Multipath (signal reflection) arises from reflections or refractions resulting from roofs, trees,
metal buildings, water surfaces. (Jin et.al 2014) Reflected signals arrive later than direct signals.
This relative time lag is one of the defined parameters to understand the characteristics of
multipath. In this thesis, the effect of multipath error in GPS and GLONASS satellite systems
is studied through analyzing time-series of chosen stations in the study zone.

Geodetic Network; it is compared to points included in IGS Network (DJIG, MAL2, MAYG,
SEYG) and EUREF, which has permanent GPS station DYNG. The main reason for choosing
these stations is their high probability of being affected by the multipath error. For example,

DJIG station’s being on a rocky region, having an object big and reflective enough a
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the southeast side of the station’s aerial, having more than one antenna around station’s antenna,
having built MAYG station very close to the sea surface and having all those stations on a

tectonic plate can be shown among these reasons.

Observatory data sets, which were used in the study, were taken from CDDIS-global data bank
(URL-3) and this study includes the years between 2014-2016.

TEQC software, which was supplied by UNAVCO, was used to analyze multipath errors of
stations. In GNSS observatory data which is in RINEX format and has 30 seconds exemplifying
ratio of 24 hours. In order to eliminate the effects of tropospheric delays and ionospheric delays
of satellite receiver clock errors by using both linear combinations of the pseudo-ranges and
carrier phase observations. (Estey et al. 1999, Hilla et al. 2002) Daily multipath changes (RMS-
MP1 and RMS-MP2) evaluated for every one of the stations. (teqc +qc djig0010.160).

Trimble Netr9 and Sept Polarx4 are different versions of receiver types of stations used in this
study and the antennas of these stations consist of 2D or 3D choke ring antennas diminishing
the multipath error. Time-series of each station between 2014-2016 were formed by using
multipath error values and each was evaluated one by one. Apart from this in order to summarize

multipath error value histogram graphs were drawn.

When the results of DJIG station, which is located in Djibouti and SOMALI tectonic plate, were
examined. It can be seen that in 2016 RMS data of both GPS and GLONASS were high. (see
Table 3.3) Especially RMS-MP1 and RMS-MP2 values of GLONASS are three times bigger
than the RMS values of GPS. Besides this, in 3 years’ time, DJIG station was mostly affected
by the multipath error. As this station has a very rugged surrounding, it is believed to have an

F-mode of multipath geometrical types.

When examined carefully it is understood that DY NG station, which is in Greece on a Eurasian
tectonic plate, is less affected by multipath error when compared with the other stations. (see
Table 3.3, Figure 3.1) It is believed to be a BA-mode multipath geometrical type as it is seen in
Figure 5.1. It has some kinds of objects which have reflective surfaces and some kinds of

buildings whose functions we don’t know.
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Figure 5.1. Some kind of reflective surfaces around the receiver of DYNG station.

Obvious anomalies can be seen in RMS table and time-series of MAL2 station, which is
founded in Kenya and an Africa tectonic plate. (see Table 3.3, Figure 3.1) It is seen that
fluctuations were more severe between 2014-2015, in 2016 this fluctuation decreased. When
two systems were compared in 2014 RMS-MP2 value of GPS is three times bigger than RMS-
MP2 value of GLONASS. (see Table 3.3) RMS-MP1 value of GLONASS is a bit higher than
RMS-MP1 value of GPS. (see Table 3.3) RMS-MP2 value of GPS and RMS-MP2 value of
GLONASS can be said as identical in 2015. (see Table 3.3) GLONASS RMS-MP1 value is a
little bit bigger than GPS RMS-MP1. (see Table 3.3) GPS RMS-MP2 value is a little bit bigger
than GLONASS RMS-MP2 value in 2016. GLONASS RMS-MP1 value is a little bit bigger
than GPS RMS-MP1 value. MALZ2 station is thought to be F-mode and BA-mode as it has more

than one reflective antenna around it.

MAYG station, which is in Mayotte and an Africa tectonic plate, has higher GPS RMS-MP1
and GPS RMS-MP2 values than GLONASS RMS values. GPS values are twice as big as
GLONASS values. But when looked at 2016 values, it was understood that they were alike.
This shows that the RMS values of both systems were affected by multipath errors equally. In
the study of Jin and others, it was stated that stations which were built near sea level have F-
mode multipath geometrical type. As a result of this, it was concluded that MAYG station has

also F-mode multipath geometrical type.

In SEYG station which was founded in Pointe Larue in Seychelles and an Africa tectonic plate,
RMS values of both systems were affected from multipath erroring different ratios. On studying
RMS values, it is understood that in 2014 GPS RMS-MP1 and GPS RMS-MP2 are six times
bigger than GLONASS RMS values. During the applications when compared with other
stations, the most affected year is 2014. Although in 2015 GPS RMS-MP1 and GPS RMS-MP2
values were more affected, in 2016 GLONASS RMS-MP1 and GLONASS RMS-MP2 values
were more affected. As there was no information about station antenna, there was no assumption

about what kind of multipath geometrical type it had.

57



In time-series graphs and RMS tables it can be seen that all these stations in these two systems
RMS-MP1 and RMS-MP2 values show different attitudes within 3 years time. In stations with
high RMS values factors like the existence of intensive signal reflection, low receiver
performance, bad weather conditions, their being on tectonic plates may have negative effects.
It can be seen that values belonging to stations show no normal distribution but different ones.
This situation makes it difficult to explain multipath error behavior. In short, the effect of the
multipath error is thought to be very complicated and it is concluded that this effect is directly

related to the topography of the station antenna.

In this study in the geodetic network which was founded as follows the effect of multipath errors
on position component was investigated. (see Figure 4.1) According to this, the days on which
RMS values were on the highest points were determined and position components were

evaluated. The evaluations were made by using GAMIT software which was developed by MIT.

In this study in order to investigate the effect of multipath errors on position component, eleven
stations of IGS, which have good performance and stability, were included in the analysis.
These were DGAR, ABPO, ZAMB, MBAR, ORID, GRAZ, BUCU, MIKL, ZECK, ARUC,
TEHN _ all in the study area. As a result of this analysis which was made thanks to GAMIT
software long period of 2014-2016 time-series were achieved in this study which includes the
effects of multipath error in the north, east and up in GPS belonging to the chosen stations.
When time-series belonging the stations were evaluated, it is seen that all components were

affected and especially the up component was the most affected one.

When each station is evaluated in details, the repeatability values in the east component are
shown in black, the repeatability values in the north component are shown in pink, and the
repeatability values in the up component are shown in blue as shown in Figure 5.2. In addition
to that residual values of the station are presented in grey. In time-series graph of DJIG station,
it is seen that in up component multipath variations are more affected. (see Figure 5.2) In the
north and up components belonging to DYNG stations in weighted root mean square values
fluctuations are more, in weighted root mean square values in the east component these
fluctuations are less. Existence of reflective surfaces of the station antenna in the southwest side

can explain the effects of multipath in these components.
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Figure 5.2. Time-series graph of DJIG station obtained by GAMIT software.

When weighted root mean square values of east, north and up components belonging to MAL2
station are compared with other stations analysis, it can be seen that it is more stable. But in
some periods a serious increase was observed in all components. The reason for this is having
lots of reflective objects around the station antenna, which cause multipath and this affected the

quality measurements.

There happened serious fluctuations in weighted root mean square values of the east, north and
up components belonging to MAYG station. It is assumed that station antenna is being built
near the sea and it is getting affected by sea-level changes might have resulted in changes in the
time-series graph. Moreover, it is seen that grey values are higher in all components but
weighted root mean square values are more stable. It is thought that an increase happened in

grey values as a result of the bad performance of the station.

The days on which the highest MP1-RMS and MP2-RMS values belonging to SEYG station
are shown in the time-series graph. In the time-series graph most of the time in the first half of
2014 there was no data. On June 16, 2014 receiver firmware version was updated and it was
shown as a green line in time series graph. (see Figure 4.21) Besides this receiver firmware
version was updated twice more. The first one August 10, 2016 receiver firmware version was
updated from 5.01 to 5.14. The second one on December 16, 2016, it was updated from 5.14 to

5.15. There is no available information about the environment surrounding the station antenna.
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As seen in all stations’ time-series graph, there is loss of data in some time periods. Internet cut-
offs and probable antenna problems caused this. It is seen that in some certain periods
diminishing the elevation cut-off from 3° to 0°, erecting a new antenna, updating or increasing

receiver firmware caused a destructive effect on time-series graphs.

After examining time-series graphs belonging to the station thanks to GAMIT and TEQC
software, it can be said that multipath error has a complex structure and it is mostly related to
GNSS antenna surrounding. Having reflective surfaces around the antenna and their being close
to each other have effects on the time-series graph of long-term multipath changes. In addition
to this, it also has different effects on local meteorological effect, tectonic plate movements,
seawater streams, snow effect on the radome material, local refraction effect, earthquake effect,
ocean loading effect etc. (Kara 2009) The existence of such kinds of multipath errors lessens
the sensitivity of positioning GPS and GLONASS systems. For this reason, it is thought that
data’s being formed of long-term series contributes a lot to get a better result. General judgments
which are used to eliminate multipath effect are using qualified antenna like choke ring and
erecting important GNSS receivers away from reflective objects. But as the cost of qualified

antennas is very high, this is not always possible.

Consequently, under the light of information we gathered at the end of this study, for future

similar studies on this thesis;
e Investigating the effect of multipath on a different type of facilities except for concrete
pillar and metal bent bar,
e Studying the effects on elevation and azimuth angles,
e Examining different satellite systems,

e Investigating the effect of multipath on the tectonic plate movements which are on spots

can be included in the study

It has been thought that more specific and comprehensive researches can be done by including

the above thoughts to the studies.
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APPENDICES

Appendix A: RMS Data of GPS in 2014
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0.783468 0.604588
0.719537 0.637932
0.862648 0.750441
1.112519 1.144001
0.900649 0.893796
1.197265 1.1568229
0.986153 0.988872
0.939531 0.918247
0.662687 0.623911
0.513684 0.449968
0.774865 0.752752
0470843 0.431756
0.530928 0539923
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0.518244 0.441332
0.630049 0.498985
2217913 2.19045
0372894 0.356607
0.389997 0.357826
0.402413 0.364337
0.485795 0.485647
0512717 0.516079
0.589495 0.46032
0.576327 0.497155
0.393654 0.372899
0.390326 0.361581
0.477032 0.433469
0.745874 0.542467
0.518522 0.4%0307
0.474128 0.413558
0.570597 0.405665
0.426733 0.366012
0.385672 0.367986
0.379814 0.361581
0.422591 0.40247
0.513417 0.376128
0.383389 0.362746
0.483708 0.446132
0.419788 0.42043
0.372519 0.358242
0.411695 0.358216
0.452505 0.415626
0.391293 0.363275
0.393185 0.359888
0.386141 0.375555
0.368941 0.356645
0.38182 0.348775
0376964 0.357107
0.405929 0.367336
0.394007 0.385811
0.358532 0.351529
0.385996 0.352

0.399353 0.384271
0.378905 0.348172
0.375717 0.349874
0.369884 0.352777
0411574 0.406861
0.377385 0.348745
0.403161 0.391938
0.37126 0.361032
0360451 0.335708
0.3699 0.350083
0.377097 0.349215
0.372223 0.331806
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0.366369 0.341704
036249 0.338344
0.367461 0.356145
0.374681 0.366719
0.377759 0.356732
0.369761 0.352657
0.383296 0.356706
0.374821 0.342691
0.501567 0.501635
0.360507 0.342861
0.372748 0.348018
0.424374 0.369937
0.405812 0.372412
0365965 0.341365
0.371596 0.362499
0.358912 0.335052
0.376425 0.34428
0.364138 0.344547
0373997 0.345709
0.371371 0.349627
0.363567 0.341163
0.356876 0.337399
0.368052 0.363411
0.396999 0.349884
0.373461 0.341985
0.375838 0.351391
0.368988 0.354943
0.365495 0.345018
0.358143 0.34468
0.370062 0.344567
0.37145 0.353588
0.380719 0.368013
0.414438 0.39214
0.449342 0458436
0.359591 0.33276
0.375578 0.373601
0.371431 0.35946
0.372017 0.398942
0.38339 0.392299
0.367916 0.348422
0.487441 0440365
0366227 0.354825
0.383294 0.389258
0.381362 0.36064
0.372957 0.347388
0.383169 0.368466
0.360724 0340848
0.373832 0.341405
0.393129 0.357602
0.371899 0.348378
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0.372933 0.353423
0369075 0.343004
0.367316 0.342722
0.378737 0.360255
0377301 0.346
0.365568 0.363434
0.378261 0.358147
0.380853 0.353502
0.359121 0.34864
0.397045 0.370215
0.377141 0.357834
0.367241 0.344735
0.370891 0.339367
04026 0.367596
0.416976 0.419704
0537614 0.510646
0.538267 0.499113
0.538267 0.499113
0.422905 0.40899
0.380683 0.350256
0.569899 0.438264
0.499599 0.503503
0.430097 0.373715
0.493583 0.397084
0.364421 0.347836
0.368411 0.354231
0.366984 0.356005
0.392509 0.369506
0.372202 0.352456
0.398474 0.344677
0.421339 0.400642
0.376453 0.366526
0.398534 0.408598
0.393502 0.349924
0.37788 0.357031
0.38948 0.397861
0.418105 0.424661
0.388201 0.378955
0.455733 0.369079
0.391031 0.37536
0.365849 0.349255
0.386495 0.364642
0.366328 0.352314
0.417124 0.385696
0.423166 0.400105
0.35%805 0.349425
0.38744 0.361064
0.38523 0.37083
0.467993 0.458132
05037346 0.474068
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0374525 0.354372
0.50971 0.545303
0.375774 0366459
0.715331 0.718222
0.544684 053747
0.476535 0.428831
0.617554 0541126
0.417256 0.373539
0.61478 0.500087
0.67137 0.508491
0593762 0580983
0.56966 0.604386
0.56996 0604386
0.55581 0.674602
0.612252 0.719232
0.499701 0411916
0.364416 0.359621
0.369915 0.359798
0.364929 0.34948
0.644829 0.352671
0.426245 0.384277
0.426245 0.384277
0.425364 0.407531
0.841872 0938519
0.591228 0585281

g3

0654192 0.651567
0.379848 0.354203
0.360529 0.350406
0.437403 0474637
0.481486 0.477917
0.472783 0.42156
0.562042 0.434171
0.429147 0.401485
0.379748 0360411

0.364893 0.348916
0.370115 0.364952
0.354444 0.347158
0.371038 0.351097
0.384662 040121
0.375003 0.365356
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0.365064 0.367101
0.372544 0.362114
0.379856 0.366519
0.408059 0.411275
0.483347 0.445839
0.447147 0.427728
0.504227 0.429751
0.392593 0.350692
0.365877 0.349701
0360254 0.359374
0.391162 0.370795
0.489144 0.508196
0.484318 0.490082
0.364067 0.365358

HgEEgEREREES

0.375632 0371177
0.453847 0.475992
0494863 0.463792
0.367635 0.348776
0.384057 0.356327
0.357207 0.376614
03748 0.385941
0.363448 0.373267
0350077 0.360369
0.37262 0.367438
0.36573 0.373946
0.402514 0.373941
0.366236 0.374691
0.371587 0.371465
0.371587 0.371465
0.365385 0.374352
0.360207 0.360405
0.360778 0.361563
0.366892 0.380317
0.363171 0.37238
0.394773 0.390527
0.38517 0.38295
0.380082 0.385621
0.368674 0.364437
0.372202 0.37819
0.367211 0.368119
0.367846 0.375336
0.378199 0.373874
0.377659 0.402133
0.380525 0.375159
0484415 0.424017
0.371309 0.371506
0.36044 0369368
0.36071 0.374285
0.399313 0.393869

0.36694 0.390021
0372039 0.372149
0.37704 0.363108
0.393747 0.377428
0503911 0522293
0373154 0.373522
0.38399 0.38965
0.389324 0.406259
0.375427 0.383666
0.361409 0.363875
0.359464 0.355847
0.380644 0.373568
0.367693 0.376852
0.382574 0.414735
0.369245 0369469
0.358137 0.359477
0.406493 0.418274
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