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Abstract

Presently, the development of autonomous vehicles, particularly in construction, fo-
cuses extensively on excavators. This thesis examines the impact of multipath and
environmental factors on GNSS signals when a single GNSS antenna is mounted
on an excavator. Signal Strength Indicator(SSI) data for Galileo and GPS, along-
side GPS carrier phase residuals from the multi-GNSS PPP software GipsyX, were
utilized to analyze the environment’s influence and the effects stemming from the
excavator and its arm orientation. The experiment took place at a farm near the
Onsala Space Observatory, involving the daily rotation of the excavator’s arm in
different directions and simulated digging scenarios.

Analysis of GPS SSI data from RINEX files and GPS post-fit residuals unveiled a
systematic effect associated with the excavator’s arm orientation. The discernible
impact on SSI suggests the potential for predicting the arm’s orientation even be-
fore data processing. Furthermore, employing residuals enables modeling of effects
and errors linked to diverse arm orientations, promising enhanced data processing
accuracy. Notably, superior performance was achieved using the L2L signal, demon-
strating higher correlations among residuals with matching arm orientations. Using
the L2L signal also yielded improved repeatability in position estimations. The
study suggests that concurrent consideration of RMSE values and correlation coef-
ficients of SSIs and residuals could effectively forecast the arm’s orientation. The
measurements were done in a rather simple rural area with few objects, modelling
the effects and errors linked to various arm orientations in this kind of area holds
promise for enhancing position estimation, both in the same kind of area and as well
in more complex areas like cities with numerous reflective objects causing multipath
effects or signal blockage.

Keywords: Excavator, GNSS, Rinex, PPP, GipsyX, Signal strength indicator, carrier
phase residuals, multipath.
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1

Introduction

Throughout history, humans have migrated from one place to another for differ-
ent reasons, just like animals who have seasonal migration. The difference is that
animals know inherently how to navigate their destination [1]. It is important to
accurately know the position of point A and B in order to navigate smartly between
them so humans have attempted to develop different and effective navigating and
positioning techniques under centuries. Our ancestors used celestial observation to
determine both time and position on earth for example determining north direction
with help of the Pole star in northern hemisphere. All these attempts led to the
birth of the Global Navigation Satellite Systems, (GNSS). Many countries have de-
veloped their own GNSS, such as the European Galileo and the Chinese BeiDou.
Among these systems, Global positioning system (GPS) is the first fully operational
GNSS system.

In GNSS, positioning is based on trilateration which means that the receiver es-
timates its position by measuring its distance from three satellites at the known
position. Receiver is able to measure these distances by the help of the signals com-
ing from the satellites in the form of electromagnetic waves. In reality measurements
from at least four satellites are needed because the satellite and receiver’s clock are
note synchronized.

GNSS measurements are not free from errors. It is necessary to compensate these
errors for achieving accurate results. Some important error sources are atmospheric
errors like Ionospheric delay, Tropospheric delay and attenuation of the signal, Re-
ceiver noise and clock instability, errors in satellite ephemeris and etc. The ge-
ometries of the visible satellites will also effect the quality and accuracy of the
measurements.

One of the most important error sources is multipath. It means that replicas of the
original signal can be received due to the reflection phenomena. Materials such as
water, glass and metal are good reflector for GNSS signals and can produce strong
reflections. It is possible to identify and remove most of the errors by post-processing
GNSS data but in autonomous driving is important to do the positioning in real time.

Now a days various efforts are being made in developing autonomous vehicles spe-
cially in the field of construction. In an interview on gpswolrd.com [10], it is men-
tioned that, in many parts of the world, excavators are the prime focus for automa-
tion.

In this thesis multipath and surrounding environment’s effect on the GNSS signal
are in focus when the GNSS antenna is mounted on an excavator. It is common
to use dual-antenna GNSS on excavators and this would provide not only position,



1. Introduction

but orientation and heading [10]. This project is done by only one GNSS antenna
mounted on the excavator. The goal is to identify the multi-path effects and also
examine weather it is possible to estimate the orientation of the excavator’s arm
with only one antenna or not.

Precise point positioning (PPP) is one method used in stand alone GNSS to deal
with the measurements’ error and reaching decimeter level accuracy. Due to high
accuracy this method has been used in this project. In PPP accurate information
about satellite orbits and clock collects typically from International GNSS Service
(IGS). This orbit and clock products are accurate to within 5 cm.



2

Theory

2.1 GPS

In this report, the main GNSS data used is from the GPS service. Since GPS
service is used, the GPS system architecture is briefly described in this section.
GPS has three main segments: Space Segment, Control Segment and User segment
(see Figure 2.1). The GPS Space and Control Segment are operated by The U.S.
Space Force [2].

Space Segment Control segment User segment
GPS satellite Worldwide network Consists of all GPS
constellation consists consists of monitor receivers (both
of at least 24 stations and ground military and civilian
operational satel- antennas and a master users)
lites control station (MCS)

=R 9

Figure 2.1: Three segments of GPS: Space Segment , Control Segment and User
segment [12]

Space Segment: consists of the GPS satellite constellation, comprising 31 opera-
tional satellites (as of July 3, 2023) that orbit the Earth within six Earth-centered
orbital planes (labeled A to F), with a minimum of four satellites in each plane.
These satellites orbit the Earth with a period of half a sidereal day. This is equal
to 11 hours 58 minutes. They transmit signals encoded with pseudo-random noise
(PRN) codes to the Earth. This enables GPS users to estimate their position by
performing ranging measurements. These nearly circular orbital planes are evenly
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spaced at 60° intervals, with an inclination angle of 55° relative to the equatorial
plane. The point at which each satellite’s orbit intersects the equatorial plane during
its northward travel is referred to as the Right Ascension of the Ascending Node
(RAAN). The positioning of orbital planes is defined with respect to the RAAN,
while the satellite’s location within the orbital plane is determined by celestial lati-
tude [7]. Figure 2.2 shows the GPS constellation arrangement.

Control segment: comprises of a global network of monitoring stations, ground
antennas, and a central command station known as the Master Control Station
(MCS). The MCS is located at Schriever Air Force Base in Colorado. The whole GPS
network is operated and controlled from the MCS. The control segment is responsible
for monitoring satellite orbits, maintaining the health of satellites, issuing commands
for minor satellite maneuvers to ensure orbital stability, and orchestrating satellite
relocations to address any necessary adjustments in the event of failures [2].

User segment: includes all GPS receivers, serving both military and civilian users.
These receivers are designed to accurately determine and deliver position, velocity,
and time information. They may take the form of portable, hand-held devices or be
installed on various types of vehicles, such as aircraft, ships, and automobiles [2].

180
S N57 - SVNS7/M C1 /
160 svies @ F3

SUNS8/A B4
SVNGQ E1
Geographic 140
Longitude of
the Ascending SVN45 f/D2F
Node (deg) ~ 120SVNOSSAL .. R SO E T N —
SvVN72 4 C3
100 VNTT BTF SVNSSA oA
SVNSE/A B1A SVN51A 3F
80 S;i/ﬁ:.’é ‘::ZFA VNbed TR uf E3K
60 SVNS: K"“ SVYN78/0 D1
SVNS?/A CaA st?of F1
40 SVN7E 1) E4 A GPSIR
20 ST B3 swm‘/ SVNra’/Ez A GPSIIR-M
SVN4O & A4 @ GPSIF
syN75(0) D3 Sl
° NP R March 1, 2023
A B Cc D E F

GPS QOrbital Planes

Figure 2.2: The GPS constellation orchestration. 31 operational satellites, which
orbit the Earth within six earth-centered orbital planes designated as A through F.
Each of these orbital planes is equipped with a minimum of four satellites. Various
generations of GPS satellites in this Figure are distinguished by the use of different
shapes (circles, squares, and triangles) and colors. This image has been published
by the Navigation Center of the United States Coast Guard, a part of the U.S.
Department of Homeland Security, available at [12].
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2.2 GPS Signals

GPS satellites transmit navigation signals. These signals consist of complex, modu-
lated electromagnetic(EM) waves at radio frequencies. These EM waves possessing
four main characteristics: amplitude, phase, frequency, and polarization. These pa-
rameters can be modulated to carry information within the signal [11].

2.2.1 GPS signals characteristics

GPS satellites transmit signals on two carrier frequencies within the L-band, referred
to as L1 and L2. The fundamental frequency of these signals, f, = 10.23 MHz |,
is precisely maintained by rubidium or cesium atomic clocks aboard the satellites.
Specifically fr, = 1575.42 MHz = 154 x fy and fro = 1227.6 MHz = 120 x fy. The
selection of dual frequencies separated by several hundred MHz allows the receiver
to estimate signal delays caused by the ionosphere [8]. It is worth noting that, in
order to compensate for relativistic effects, the nominal fundamental frequency fy
is intentionally reduced by approximately 0.005 Hz [14].

GPS signals are right-hand circularly polarized (RHCP).This kind of polarization
is used for GPS signal in order to avoid fading problem associated with Faraday
rotation' [11]. When GPS signal reaches receiver antenna due to reflection, the po-
larization of the signal might change from RHCP to left-hand circularly polarized
(LHCP)[13].

2.2.2 GPS pseudo-random noise (PRN) codes

GPS signals are modulated by codes called pseudo-random noise (PRN). Some of
the more relevant PRN code for this thesis are C/A ,L1C , L2C and P(Y).

C/A-codes : coarse/acquisition (C/A) code is the most important signal for mass
market applications [17]. It consists of sequence of 1023 binary digits. The period of
the C/A Code is about 1 ms which means the generating rate of this code is 1.023
Mbps (fo/10). One chip/bit has the duration of 1 s and the chip width is about
300 m [11].

Each GPS satellite generates its own unique C/A code. C/A codes belong to the
family of Gold codes. These codes have low cross-correlation between all members.
When the signals are modulated by these kind of codes the receiver can receive
signals simultaneously and easily distinguish them due to the bounded small cross-
correlations between them. This technique is known as code division multiple access
(CDMA) [16].

32 C/A codes are allocated for the satellites. An additional four unique C/A-codes
are available for other uses such as ground transmitters [11]. C/A code was primarily

"When a linearly polarized wave travels through a magnetic field in a plasma, such as the
ionosphere, its plane of polarization will experience rotation.
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Table 2.1: GPS pseudo-random noise (PRN) codes

Parameter 1 C/A-code P-code L1C L2C
Number of bits 1023 2.35 x 101 10230 767,250(pilot) +
10230(data)
Chipping rate 1.023 Mbps | 10.23 Mbps | 1.023 Mbps | 1.023 Mbps
Chip width 300 m 30 m 300 m 300 m
One chip duration 1 ps 0.1 pus 1 ps 1 ps
Period 1 ms 266 days 10 ms L2C-M 20 ms &
L2C-L 1.5 s
Frequency band L1 L1 & L2 L1 L2

thought for acquisition of the P (or Y). The C/A code is used by the receivers both
for identification of the space vehicle and also for measuring the time of propagation
and computing the range [17].

P-Code: P stands for 'precision’. P code chip width is only 30 m (compare to C/A
code with 300 m chip width). This shorter wavelength improves the precision in
range measurement. Chip rate of P code is 10.23 MHz (the same as f;). This code
is modulo-2 sum of two other pseudorandom codes and is extremely large. Its pat-
tern does not repeat itself until after 266 days (2.35 x 10'* chips). A unique portion
of the P-code is assigned weekly to each satellite [11].

P-code is modulated both on L1 and L2. This code is encrypted, so it can be uti-
lized only by authorized users. These users have the advantage of correcting the
ionospheric effects on the signals by means of dual-frequency measurements [16].

1127.6 MHz 1575.42 MHz
1176.45 MHz 1127.6 MHz 1575.42 MHz
M-Code M-Code

BOC(10,5)

aocun.s:ll i I >

U i
Lac ﬁ//uc.-q
BPSK(1 TMBOC(S,1,4/33)

S A >
M L2 Band h L1 Band

BPSK(10)

L5 Band

Figure 2.3: GPS Signals frequency spectrum, codes and modulation techniques ,
Source : GNSS Data Processing, Volume I: Fundamentals and Algorithms [3].
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L1C: This is the new civil signal on L1. It shares the same length and frequency
as the C/A code but incorporates advanced design which improves its performance.
L1C consists of two components a pilot signal and data message [17]. On June 2004
US and EU made an agreement to produce an interoperable signal between GPS
and Galileo. As a result of this agreement, L1C was introduced. The modulation
format of L1C differs from all other GPS signals but is similar to Galileo’s E1 [17][18].

L2C: This is the new modernized civil signal on L2 comprises two PRN ranging
codes: the L2 Civil Moderate (L2C-M) code and the L2 Civil Long (L2C-L) code.
L2C-L serves as the pilot signal and has a duration of 1.5 seconds, while L2C-M
forms the data component of the signal with a duration of 20 milliseconds. These
two signal will be time multiplexed, resulting in a composite signal with a chipping
rate of 1.023 MHz. The L2C signal enables the use of dual-frequency solutions even
for non-authorized users with no access to the P-code [17].

Compared to the L1 C/A signal, this signal offers a higher effective power level and
also has more robust cross-correlation properties, which facilitate reception even in
challenging environments, such as under trees and indoors [3].

2.2.3 GPS data stream

GPS signals carry Navigation data, which includes information such as ephemeris
(the orbital data of the satellite), clock bias parameters, satellite health status,
the expected accuracy of range measurements, and an almanac that provides low-
resolution ephemeris data for all other GPS satellites. The receiver uses the almanac
to quickly lock onto signals from visible satellites that it hasn’t yet tracked.

The Navigation message and the PRN code are combined using modulo-2 addition.
Subsequently, they are superimposed on both L1 and L2 carriers. This superposition
enables the receiver to estimate the duration of signal propagation and position of
the satellites [11].

The GPS data stream, resulting from the modulo-2 addition of PRN to the Naviga-
tion message, is imposed on the carrier waves using various modulation techniques,
including binary phase shift keying (BPSK) and Binary Offset Carrier (BOC). BOC
modulation is claimed to have greater resistance to short-range multipath and a
slight advantage in code tracking accuracy [19]. Figure 2.3 shows all GPS signals
together with their carrier frequency and used modulation technique.

2.3 Range-Based Positioning
As previously stated in the introduction, GNSS positioning is based on ranging
which means the location of the receiver is estimated by measuring its distance

to a number of satellites at known locations. Upon receiving a satellite signal, a
GNSS receiver measures the signal’s propagation time from the satellite antenna to

7
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the receiver antenna. By multiplying this time by the speed of propagation and
making necessary corrections, the receiver calculates its distance from the satellite.
Through a single measurement, the receiver determines its location on a sphere,
centered on the satellite, with a radius equal to the measured range denoted as p!
(where subscript r refers to the receiver and superscript number denote the satellite).
With two simultaneous measurements, the receiver’s location is narrowed down to a
circle, the intersection of two spheres centered at each satellite, each having a radius
equal to the respective measured range p! and p?. Upon adding a third simultaneous
range measurement p2, the potential receiver location reduces from a circle to just
two points. One of these points, located far out in space, can be easily eliminated.
This process is known as trilateration. If (z,,y,, z,) denotes the receiver location we
can write these range equations as :

pr = /(@ — @) + (g — v + (3 — 21 (2.1)
P2 =\ — 222+ (g — 9?)% + (2 — 22)2 (2.2)
o=Vl = a2 4 (= ) 4 (2 = 222 (23)

The unknowns here are the receiver coordinates and as can be seen in the above
equations the ranges are non-linear function of the receiver coordinates. By the help
of the first-order Taylor polynomial which is the linear approximation we can write:

p=po+ AAzx (2.4)

Where p is the vector (pl, p2, p2)T, po is computed range values based on given
satellite coordinates. A is called design matrix and contains partial derivatives of
each observation with respect to each parameter. Ax = @& — x¢ is the increment to
the initial vector of receiver coordinates that needed to be solved. = = (z,,y., zr)T
is a vector contains the coordinates of the receiver and &g = (z¢, ¥, 20) denotes the
initial guess of the receiver’s position. Note that equations presented in this section
are simplified and error sources are not taken into account. Besides determining
the receiver’s position, other parameters such as receiver clock error and zenith
atmospheric delays need to be estimated, requiring at least 4 observations. Note
that geometry of the satellite can effect the quality of the solution. This is commonly
an overdetermined system, and the best estimation would be found through least-
squares or related Kalman filter estimation procedure.

2.4 GPS Observables

GPS has two primary observables: the code pseudorange, measured in meters, and
the carrier phase measurement, expressed in cycles. They are used to determine
position, velocity and time. Some other observations are Doppler measurements in
the unit Hertz and signal strengths [25][11].

In this thesis dataset, signal strength indicator (SSI) were available. SSI is an
standardization when the raw signal strength is given in dbHz. The SSI is an

8
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integer ranging from 0 to 9, where 0 signifies blank not known, don’t care , 1 is the
minimum possible signal strength needs for tracking ( Carrier to Noise ratio less
than 12 dbHz) , 5 is average/good (30-35 dbHz) and 9 is the maximum possible
signal strength (> 54 dbHz)[24]. We had no Doppler measurements available.

2.4.1 Code pseudorange

The input signal to the GPS/GNSS receiver is a superposition of signals from dif-
ferent satellites, multipath signals, interferences and noise. Initially the receiver
identifies from which satellite the signal has come and then measures travel time
of the signal. The time it takes for the signal to travel from the phase centre of
the satellite antenna (satellite clock reading at the emission time t.) to the phase
centre of the receiver antenna (the reception time reading at receiver clock ¢,). This
is accomplished by performing correlation between the GPS signal and internally
generated replica of the signal at the receiver. The replica moves in time until the
maximum correlation (best matched) is fined [3|[14]. Figure 2.4 shows this concept
, note that the carrier wave has been removed for simplification.

Signal from
the satellite

generated in
the receiver

Code replica

Correlation

AT

Figure 2.4: Correlation between the GPS signal and the replica in the receiver.
Source : GNSS Data Processing, Volume I: Fundamentals and Algorithms [3]

Both t. and ¢, includes biases and errors. The pseudorange can be expressed as :

R} =cAt =c((t, +0") = (te +6%)) = c(t, — te) + (0" — 6%) (2.5)

Where ¢ denotes the speed of light, §° and 0" are respective biases in the satellite
and receiver clocks. 0° can be corrected by using clock parameters broadcast by
the satellite. R? ( subscript r and superscript s denote the receiver and satellite,
respectively) represents the pseudorange , theoretically equivalent to the geomet-
ric distance in the case of vacuum medium and error-free situation. However as
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explained in subsequent section various influences cause R; to deviate from the ge-
ometric distance and true range. For this reason it is called pseudorange. The first
term in the right hand side of the equation 2.5 ¢(t, — t.) represents the true range
and we denote it by p’. By using the Pythagorean theorem , this distance can be cal-

culated as p(t,,t.) = \/(ZES — )2+ (ys — yr)? + (25 — 2-)2 where (x4, ys, 25) is the
known satellite coordinate vector provided to the receiver through ephemeris data
in the navigation message. (x,, ¥, 2,) is coordinate vector of the receiver. There are
basically four unknown in the equation 2.5 namely (z,, ., 2. and ") (Neglecting the
errors). So the receiver would be able to solve for these four unknowns by receiving
at least 4 observations from 4 distinct satellites. Considering other correction terms
and errors, such as ionospheric effects(d;,,), tropospheric effects(ds,), Earth tide
and ocean loading tide effects (044 ), multipath (d,,.)and relativistic effects (d,¢)
along with the residual errors, the equation 2.5 can be redefined as [26] :

Ri = pg(tra tE) + 0(57“ - 58) + 6@'011 + 67&7"0 + 5tide + 5mul + (Srel + € (26)

Here, € denotes the remaining errors. Detailed discussions about certain correction
terms will be provided later in the report.

Recent developments have enabled precision up to 0.1% of the chip length for the
code pseudorange measurements [14]. This value was traditionaly about 1% of the
chip length which means a precision of about 3 m for the the C/A code and 30 cm
for the P code [26].

2.4.2 Carrier phase pseudorange

Phase difference between the received and internally generated replica of the signal
can also be used to measure the apparent distance between the satellite and the
receiver. Receivers that utilize carrier phase measurement can measure the fractional
phase difference between the signal and its replica and keep track of phase changes.
The beat phase ¢? is equal to [14] :

i =9 — o, =A@l + N (2.7)

Where ¢® and ¢, are phase of the received signal and reference carrier generated
in the receiver respectively at the time of reception t,, a time epoch reckoned from
an initial epoch t5 = 0. ¢* and ¢, are expressed in cycles. Here frequency stabil-
ity is assumed and deviations of satellite and receiver frequency from the nominal
frequency are neglected. N is called integer ambiguity, and is the initial number of
full cycles of carrier between satellite and receiver. N is unknown and needed to be
resolved, Ay? ig denotes the fractional phase at epoch ¢, augmented by the number
of integer cycles since the initial epoch ¢3. This can be translated to changes of dis-
tance to the satellite . Note that , the initial fractional beat phase Ayq is assumed
to be zero for simplicity[14]. Agg|i7 is the only instantaneous and measurable part
of beat phase. Phase is related to the range as follows [14] :

o = ft, - Ut gy 28)
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or = ft, — Jo, (29)

Here f represents the nominal frequency assumed to be the same for both the
satellite and the receiver. p:(t.,t,) denotes the geometric range between the satellite
and the receiver. It will be denoted by p for simplicity in the upcoming equations.
c is the speed of light. 4, and 0® are clock errors of the receiver and the satellite,
respectively. By substituting equations 2.8 and 2.9 into equation 2.7 , beat phase
can be expressed as [14]:

@r = fto— F2 = 16" = fto+ f3, = =f2 + f(6, - 8 (2.10)

combination of 2.10 and right hand-side of 2.7 gives:

= (=A¢l) = FE+ 6.~ )+ N (2.11)

® represents the phase pseudoranges measured in cycles. To convert it to range
both sides are multiplied by the wavelength . Utilizing the relationship between
frequency and wavelength (f = {), yields [14] :

AP = p+ (6, —0°) + AN (2.12)

This measurement is significantly more precise than the code measurement as the
phase of an electromagnetic wave can be measured with accuracy better than 0.01
cycles which corresponds to millimeter precision for GPS/GNSS frequencies [14].
Analogous to equation 2.6 for code measurement, all the correction terms can be
added to the equation 2.12 [26] :

AP = p+ C<5r - 58) + AN — 57jon + 5tro + 6tide + 6mul + 57‘6[ +e€ (213)

Note that the sign of the ionospheric term here is negative, whereas in equation 2.6
for code measurement model, it is positive. This difference is due to a phenomenon
called code-carrier divergence which will be discussed later.

Once the integer ambiguity N is initialized, it will remain constant as long the
receiver keeps track of the satellite, in other words the receiver has phase lock on
the signal. Loss of the signal lock can occur due to various reasons: obstructions such
as trees, buildings, bridges, mountains, etc., or due to low sigal to noise ratio (S/N)
owing to adverse ionospheric conditions, multipath, high receiver dynamics, or low
satellite elevation or simply due to software failure of the receiver. When signal lock
is lost, the ambiguity information is lost too, and N must be reinitialized. This reset
would cause a jump in the phase, a phenomenon known as a cycle slip [14].

2.5 Propagations Effects and Error sources
A variety of physical effects introduce errors in GNSS measurements. It is pos-

sible to categorize them into three categories: 1) satellite-related errors such as
clock error and ephemeris errors; 2) propagation-related errors such as Ionospheric
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effects Tropospheric effects; and 3) receiver-related errors including clock error ;mul-
tipath,antenna phase center variation and receiver noise. All these errors must be
approximated and compensated by using correction terms or some of them can be
nearly eliminated using various positioning and design techniques [21].

2.5.1 Clock and Ephemeris Errors

Each GNSS satellite broadcasts information about the bias, drift, and drift rate of
its onboard atomic clock via its navigation message. These values are guaranteed to
remain almost the same for a long period of time due to high stability of the onboard
atomic clock. For GPS specifically, the control segment monitors and updates these
parameters every two hours. Using clocks parameters from the navigation message
will remove satellite clock error to within ~ 5 ns, on the other hand if the products
from IGS is used, this precision would improve further up to ~ 75 ps [21].

Receiver clocks are less stable compare to satellite clocks , they are usually inex-
pensive quartz clocks. Consequently, receiver clock errors are generally treated as
unknown in the observable equations. Alternatively, differencing technique can also
be used to remove this error completely [21]. Ephemeris data is also broadcast by
the navigation message. It offers an accuracy of ~ 100 cm. More precise and accu-
rate ephemeris data is available from IGS with an accuracy of ~ 2.5 cm. For short

baselines, differential positioning can be employed to mitigate errors in ephemeris
[21].

2.5.2 Relativistic Effects

Relativity introduces several physical phenomena when there’s relative motion be-
tween an object and an observer :
o 'Length contraction: The length of an object moving with some velocity
relative to an observer is decreased along the direction of its velocity.
« Gravitational time dilation: An object in the presence of a stronger grav-
itational field will also experience the passage of time more slowly.
e Motion time dilation: An object moving relative to an observer will expe-
rience the passage of time more slowly than the observer will.
o Relativity of simultaneity: Events that appear to occur simultaneously to
a stationary observer will appear to occur at different times to an observer
with a relative velocity [21]"
These effects intensify as the relative velocity between the object and observer in-
creases. In the case of satellite positioning system ,these effects must be taken into
consideration. For instance, in GPS, time dilation effect can cues an accumulated
positioning error with the rate of 10 km/day [21].
In GNSS, is common to use Earth-centered, Earth-fixed (ECEF) reference system.
This system accommodates the Earth’s rotation, allowing receivers to be considered
at rest while satellites move at high velocities relative to them. As a result atomic
clocks on board experience both motion time dilation and gravitational time dilation
due to the present of earth’s gravitational field. These effects cues satellite clock
to drift ~ -38.6 us/day . Relativistic effects are considered in designing of satellite
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hardware [21].

2.5.3 Atmospheric Effects

As GPS / GNSS signals travel through the Earth’s atmosphere their speed and
direction of propagation undergo alterations due to interactions with the atoms and
molecules of the atmosphere [11]. The Earth’s atmosphere can be divided into two
distinct regions: the neutral, non-ionized troposphere, and the dispersive ionized
ionosphere. Troposphere is actually the name of the the lower part of the Earth’s
atmosphere. It is mainly composed of dry gases like O, and Ny and water vapors. Its
thickness varies from approximately 16 km over the equator to 9 km over the poles.
Above the troposphere and below the ionosphere there are some other non-ionized
regions namely the stratosphere and the mesosphere. "Tropospheric delay" simply
refer to all the delay caused by the non-ionized atmosphere [21]. Figure 2.5 shows
different layers of the atmosphere.

Ionosphere

Troposhpere

Figure 2.5: Different layers in the Earth’s atmosphere.

The signal / EM wave will bend as it travels through the interface of two media with
different refractive index or the same medium which has varying refractive index.
Refractive index of a medium is defined as n = . Where c is the speed of EM wave
in a vacuum and v is its speed of propagation in the medium, referred to as phase
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velocity. v is related to the wave’s angular frequency w as v = 7.Where k is the
wave number ( cycles per unit distance)[11] :
The change in propagation direction occurs as described by Snell’s law|[11] :

sinf; no

= 2.14

sinf, n ( )
Here n, is the refractive index of the first media, n, is the refractive index of the
second medium, 6; denotes the incident angle, and 6, is the transmitted angle [11].

A medium can be dispersive, this means the phase velocity and wave number de-
pend on the wave’s frequency in this medium. The carrier and the modulation of
the signal can be seen as superposition of waves with different frequencies. In a
dispersive medium, the carrier and the modulation of the signal travel with different
speeds. The carrier’s speed is called phase velocity and propagation speed of the
modulation is reffed to as the group velocity [11]. In non-dispersive medium these
two velocities are equal[3].

Tropospheric Delay: Troposphere is not a dispersive medium for frequencies up
to 15 GHz which includes GPS/GNSS signals. This means both phase and group
velocity experience a common delay depending on changes in the refractive index.
The effective radio path length, denoted by S, according to Fermat’s principle , is
given by [21] [3]:

S = /sn(s) ds (2.15)

Here n represents the varying refractive index as a function of position s. In the
formulation of pseudorange estimation, the path is assumed to be straight line with
n=1 constant along the path, which gives [21]:

SO:/ ds (2.16)

Tropospheric delay can be expressed as :

AS:S—Soz/Sn(s)ds—/so ds:/s[n(s)—l]ds—i—(/s ds—/so ds)  (2.17)

Usually represented as :

AS = 10‘6/SN(5) ds + (/s ds —/S ds) (2.18)

0

N is called refractivity and is equal to (n — 1) * 10°. The second term on the right
hand side of the equation 2.18 , ([, ds — [, ds) describes the increased path length
due to geometric bending of the signal path and is negligible for elevation angles
above 5° [21][16]. This effect is less than 3 mm for elevations greater than 20° ,
about 2 cm for elevations near 10° and about 17 cm for elevations close to 5°. [23].
The refractivity ,N, is summation of hydrostatic(dry) and non-hydrostatic (wet)
components as follows :
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P
Ny = Kl?d (2.19)

Ngry is the hydrostatic component of the total refrectivity, arises from the influence
of dry gases such as N2 and O2. T is representing the tropospheric absolute tem-
perature and P, is partial pressure of dry air. K is the proportionality constant
and is determined by experiment [21].

Nyet denotes the non-hydrostatic component of the total refrectivity and it comes
from the influence of water vapor in the troposphere. Similar to dry gases the
refractivity of water vapor can be expressed in terms of partial pressure P, (of wet
air) and tropospheric absolute temperature 7"

P, P,

Nyet = Kz?w + KgT—Z]
Due to the polar nature of water vapor molecules, their electric dipole reacts dif-
ferently to incident electromagnetic fields compared to dry gases. That’s why N,
has an additional term in its expression. Again Ky and K3 are experimentally
determined constants [21].
total refractivity of the troposphere can be expressed as summation of the dry and
wet components

(2.20)

Pd Pw Pw
N:Nd,,‘y—FNwet :KlT—FKQ?—'—Kgﬁ <22]_)

Smith and Weintraub [22] , shows in their paper that : K; = 77.60+0.013 K/mb, Ky =
71.6 + 8.5 K/mb, K3 = (3.747 + 0.031) * 10°> K?/mb. Note that in equation 2.21 ,
it is assumed that both dry gases and water vapor behave as ideal gases. For more
precision is possible to add an compressibility factor. This correction addresses
deviations in air behavior from that of an ideal gas [11].

The equation 2.18 can be used to estimate tropospheric path delay along any path.
This means the delay is dependent on the signal’s path length through the tropo-
sphere. Signals coming from lower elevation angels will experience greater delay
than those from higher angles. As shown in the equation 2.21 N itself depends on
atmospheric parameters such as pressure and temperate at any given location and
it is not practical to determine these information in all possible locations. A more
convenient approach to handle this delay is to use of a mapping functions. These
functions relate the zenith path delay to paths at other elevation angles [21].

Ionospheric Delay: Ionosphere is the upper part of the atmosphere as it was illus-
trated in Figure 2.5. This layer is the most significant error source of GPS/GNSS
signals [21]. The border of this layer has defined differently in different literature ,it
extents approximately between 70 km up to 1000 km (in some literature up to 2000
km) above the Earth’s surface [21]. This layer is characterized by gas molecules
being ionized, with a substantial presence of free electrons, primarily resulting from
collisions between high-energy solar radiations, like X-rays and Extreme Ultraviolet
(EUV) rays, and gas molecules. The abundance of charged particles transforms the
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ionosphere into a plasma [21][3].

Ionospheric effects can be categorized into two major groups: effects coming from
the total electron content (TEC) along the signal path such as Faraday rotation ,
group delay and phase advance, and the second group is stochastic effects arising
from ionospheric irregularities [21][11].

Using only correction terms from navigation message receiver would be able to re-
move about half of the error contribution of the ionosphere. This is not sufficient
for PPP (precise point positioning). The ionosphere’s dispersive nature implies a
frequency-dependent change in the refractive index, causing varied induced iono-
spheric errors across different GNSS observables at distinct frequencies. The iono-

spheric error term [; for frequency f; (i being the frequency index) is approximately
[21]:

=3 rp0 (2.22)

fl?

Due to this frequency dependency, 99.9 % of the first-order ionospheric effects can
be eliminated using a linear combination of measurements from two different fre-
quencies. Since it is difficult to model and remove ionospheric refraction due to
its complexity, PPP computes ionosphere-Free Combination with dual-frequency
support [3]. If Ry and R, are pseudorange measurements coming from L1 and L2
frequencies, respectively, then the lonosphere-free range measurement R;p is given
by [21]:

p, _ PR = f3R,
=7

As previously mentioned, the ionosphere is a dispersive medium. As a result the
group velocity and phase velocity differ within it. The pseudorange measurement
which is associated with the modulation of the signal will face a delay which is called
group delay. Conversely, the wavefronts of the carrier wave will propagate faster
through the ionosphere and this effect is called phase advanced. This phenomenon
is known as carrier-code divergence. This is why the sing of ionospheric error for
carrier phase measurement is the opposite of the one for pseudorange measurement
[21].

(2.23)

2.6 Multipath

The term 'multipath’ refers to the situation where the signal transmitted from the
satellite arrives at the receiver through several different propagation path. This
phenomenon mostly arises due to reflection from surfaces close to the receiver [14]
or diffraction at the edges of obstructions [27].

The reflected signals can arrive coherently if the surfaces are smooth relative to
the signal wavelength; otherwise, they arrive incoherently. Mostly, multipath effects
originate from coherently reflected signals from smooth surfaces, known as specu-
larly reflected signals [28].

The received signal might comprise both the direct signal, referred to as line of sight
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(LOS), and an indirect signal, known as non-line of sight (NLOS). Sometimes, only
the NLOS signal reaches the receiver antenna [29], termed as shadowing [27]. Shad-
owing effects arise from reflections, scattering, or signal bending (diffraction) due to
obstructions between the transmitter and receiver, leading to power fluctuations in
the received signal [30].

Figure 2.6 shows that all NLOS signals travel longer paths compared to the LOS
signal. NOLS signals are typically weaker than the direct one [2]. NOLS signals
distort the LOS signal and this affects both code and carrier range measurements
[2]. However, the signal structure inherently provides some multipath immunity,
suppressing the reflected signal during the correlation process when its delay ex-
ceeds 1.5 chips. This is due to the C/A code’s nearly zero auto-correlation function
for delays longer than 1.5 chips (equal to about 500 meters of extra path length for
the signal) [2].

Direct Signal

Direct Signal
P

Reflected " Reflected
m signal

Figure 2.6: Shows different scenarios about how the signal could possibly reach
the receiver.

The measurement’s error due to multipath, depending on the reflectivity of the en-
vironment, is typically between 1-5 m for code range measurement and between
1-5 cm for carrier phase range measurement [2].These values may increase if linear
combination of the signals are used [14].

Code range error due to multipath has the dominant effect when both observable
are used, especially in applications requiring instantaneous carrier-phase ambiguity
resolution.This is because the accuracy of code observations affects the search space
for determining integer phase ambiguity. Resolving the integer phase ambiguity will
take longer time as the search space gets larger due to errors in the code range
measurement caused by multipath [31].

The mulipath effects on the signal can be estimated using a combination of two
frequencies. This is due to the fact that the troposphere, clock errors, and rela-
tivistic effects are not frequency-depended and and remain consistent across both
frequencies. In contrast, ionospheric refraction and multipath vary depending on
the signal’s frequency. When employing the ionosphere-free combination, all errors
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except for multipath are canceled out. Therefore, the residuals, apart from the noise
level, reflect the influence of multipath [15]. When the multipath environment re-
mains static the It is possible to use the repeatability of the multipath to distinguish
its effect from noise. A GPS satellite repeats its ground track everyday (approxi-
mately every 23 h and 56 min). So if the receiver and multipath-producing objects
are stationary , then the same error will occur again every day [27].

2.6.1 Reflection characteristics and Fresnel zones

The amplitude of a reflected or diffracted signal is primarily influenced by the reflec-
tion coefficient of the reflecting surface. Reflection coefficient itself, is depended on
the angel of incidence. It achieves maximum values when the signal is nearly parallel
to the surface, notably evident in low-elevation satellite signals reflected from the
ground. In the specific case of our study involving an excavator surrounded by a
grassy field, the grassy field’s reflection coefficient at normal incidence for L1 fre-
quency is 0.334, leading to a signal attenuation of -9.53 dB. Signals from satellites
illuminate areas rather than single points, emitted with an aperture angle of +£13.9°.
These active scattering regions, contributing to the reflected signal, are termed Fres-
nel zones [27]. Following the theory of optics ,If an object span significant fraction
of a cross-section of the first Fresnel zone then this object could possibly be a sig-
nificant signal reflection source [27].

If the receiver antenna is 1 meter high and the satellite is at the zenith, the radius
of the Fresnel zone cross-section (the area is a circle in this case) is 0.436 meters for
the L1 frequency. For a 5° elevation angle, the length of the semimajor axis of the
cross-section is 17 m. When the height of the antenna increases these areas increase
as well. With a height increase to 10 meters, the radius of the circular cross-section
expands to 1.4 m , and for the 5° elevation angle satellite, the semimajor axis length
is approximately 54 m [27]. In any case, in order for an object to be significant
source of reflected energy , it needs to be more than a wavelength in size [27].
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Fresnel ellipsoid
(m=1)

m= 3)\/\':?5 ——
m = 27t
m=1
reflector plane

Figure 2.7: Fresnel zones Source : GPS Multipath Analysis Using Fresnel Zones
[31]

As previously explained in section 2.2, GPS signals are Right-Hand Circularly Po-
larized (RHCP). When these signals encounter a perfect conductor, like a metal
surface, they undergo a polarization reversal, resulting in a Left-Hand Circularly
Polarized (LHCP) reflected signal. On non-perfect conductor surfaces, the reflected
signal becomes a mix of RHCP and LHCP, influenced by the Brewster angle. When
the incident angle exceeds the Brewster angle, the reflected signal turns LHCP, and

vice versa. GNSS antennas are engineered to suppress any polarization other than
RHCP [13][27].
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Figure 3.1: Placement of the GNSS antenna on the Excavator

3.1 Environment of the experiment

A single GNNS antenna was mounted on an excavator, positioned on top of its
cabin behind the arm (refer to Figure 3.1). The excavator was situated in a farm
near the Onsala Space Observatory. Figure 3.2 from google maps shows the the
exact area of the experiment. The red marker in the image indicates the excavator’s
placement.The primary objective of the project was to analyze the environmental
impact on measurements, particularly investigating the effects of the excavator it-
self, including the rotation and orientation of its arm. This area was selected for the
experiment due to its simplicity (compared to dense city areas with lots of reflectors
and signal blockages). It comprises a building, a tree, some rocks and open wide
grassy field. The results of this experiment can serve as a foundation for under-
standing and predicting behaviors in more complex environments. Figure 3.4 shows
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this area and these objects.

Tables from [32] outline that, for an antenna with a 2m height from the ground
(similar to our setup) and operating at frequency L1, the first Fresnel zone expands
approximately between 5m to 30m around the GNSS antenna, depending on the
elevation angle.

Google
it/

Imagery ©2023 Google, imagery £2023 Aerodata Intemational Sur iet/Metria, Maxar Technalogies, Map data ©2023

Figure 3.2: Location of excavator (57°24’04.0"N 11°57°38.9"E)

Figure 3.3 provides a detailed view of the area surrounding the excavator. circle
with the radius of approximately 30m around the excavator is marked.

Red dots: Red dots on the circle highlight areas where signals ( especially from
low-elevation satellites) may encounter blockage or potential diffraction. Positioned
to the south of the excavator is a building with wooden walls and a possibly metallic-
layered roof. A huge tree is located to north north-east of the excavator which also
can attenuate and block the signal.

Light green squares: There are three regions on the circle’s area which were
marked by light green squares. There are chances for ground reflections from these
areas but there is no blockage to the signal.

Blue triangles and dark green squares: For the signals coming from these
directions there is possibility that the coming signal reflects from the ground and
also from the building and then reaches the GNSS antenna on the excavator.
White dots and orange dots: An area on the left side of the excavator is marked
by white dots. Orange dots inside this area representing rocks approximately 3
meters in height. Inside the area, there’s a road bordered by rocks on its left
side, leading further into a zone populated by trees. Signals from low-elevation
satellites might encounter ground reflection from the road and face potential issues
of blockage, attenuation, and diffraction due to the presence of surrounding trees
and rocks."
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Table 3.1: Description of the symbols used in the Figure

Symbol

Description

6oo
000

ANANR

ground reflections, no blockage to the signal
Areas where signals may encounter blockage or
potential diffraction, Ex. the Building and tree

Signals from low-elevation satellites might en-
counter ground reflection from the road and face
potential issues of blockage, attenuation, and
diffraction due to the presence of surrounding trees
and rocks

g o

e P

. =4 .
-

Gooagle

rodata International Surveys, Airbus, Lantmateriet/Metria, Maxar Technologies, 20 m b

Figure 3.3: preliminary analysis of the excavator’s surroundings area

23



3. Methods

Figure 3.4: surrounding of the excavator

3.2 Equipments

3.2.1 Antenna and Receiver

The antenna used in this project was a Leica AS10 high-precision geodetic one.
This antenna supports the GPS, GLONASS, Galileo signals. The receiver used in
the project was a multi-frequency GNSS reference called PolaRx5. It provides low-
noise measurements with a patented multipath mitigation technology which provides
protection against short-delay multipaths [34]. The receiver is fabricated by the
Septentrio company. The companies’ website claims that the receiver is capable
of constantly monitoring and protecting against interference, multipath and other
environmental effects. The following pictures show the antenna and the receiver.

Figure 3.5: Leica AS10 antenna Figure 3.6: PolaRx5 receiver
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3.3 Data Processing

3.3.1 Data formats

The initial output format from the receiver was .tar.gz which is compressed archive
file format. The format is a combination of two other archive formats, namely TAR
(tape archive) and GZIP. The files were decompressed in Windows. They adopted
the CompactRINEX format, also known as the Hatanaka-compressed format for
RINEX (Receiver INdependent EXchange) files. Subsequently, these files under-
went conversion to RINEX format using the website https://terras.gsi.go. jp/
ja/crx2rnx.html.

RINEX is an international standard format used by the GNSS receivers in order
to store measurements in a standardized way [33].The RINEX version used in this
project was 3.04. The RINEX files had two types they were either Observation data
file or Navigation message file. Observation files encapsulated code and carrier phase
measurements and signal strengths from various GNSS constellations, recorded at
one-second intervals. On the other hand, Navigation message files contained essen-
tial data about satellites’ clocks and orbits. These data were used in this project to
find azimuth and elevation of each observation stored in the RINEX files. This was
done employing the matlab function "gnssconstellation".

In the subsequent stage, the RINEX files were processed using the GipsyX software.
Raw RINEX data was also utilized to analyze multipath effects in this project.

3.3.2 Precise Point Positioning

Until the mid-1990s, almost all geodetic GPS applications used relative baseline po-
sitioning which means a secondary observation from a reference station with known
position was used to remove errors. In 1997 a new method known as precise point
positioning (PPP) was introduced [27]. PPP requires observations only from a single
receiver.

PPP makes use of the ionosphere-free (IF) combinations (equation 2.23) of dual-
frequency pseudorange and carrier-phase observations to deal with the ionospheric
errors. PPP relies on precise corrections for satellite orbits and clock offsets pro-
vided by the International GNSS Service (IGS). Note that providing these precise
correction information needs a global tracking network. The unknown parameters of
a typical PPP model are: receiver position coordinates, receiver clock, zenith tropo-
sphere delay and carrier-phase ambiguities. Recalling equation 2.4 the design matrix
of PPP solution consists of the partial derivatives with respect to these parameters
[27].

3.3.3 Computer software

GipsyX, a GNSS data analysis software utilized in this project, operates in PPP
mode for post-processing the data. Developed by NASA Jet Propulsion Laboratory,
GipsyX takes RINEX observation files as input. Initially, the software identifies
outliers using specific thresholds and then generates ionospheric-free observables
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(both for code - P3, and carrier phase - L3 measurements) as explained in Section
2.5.3. Using IGS products, including precise satellite orbits and clocks, alongside
external data concerning the receiver, antenna’s phase center, and Earth geophysical
displacement, GipsyX estimates initial distances between the receiver and satellites.
Subsequently, the software calculates the pre-fit residual, representing the difference
between Observations (typically labeled "O" in charts) and Computed (typically
labeled "C" in charts) values. This pre-fit residual undergoes a Kalman filter process.
Output of the filter is a new estimate for the unknown parameters such as receiver
position coordinates, receiver clock , zenith troposphere delay and carrier-phase
ambiguities.

In essence, the filter relies on Bayesian statistics and conditional probabilities, merg-
ing measurements with the current-state estimate via the Kalman gain to produce a
new state estimate. The gain assigns weight to the measurements and current-state
estimate. The output of this process, known as post-fit residuals, specifically cap-
tures unmodeled errors like atmospheric inhomogeneity and site-specific multipaths
[35].

Takes RIMNEX
observation files as
input.

Identifies outliers

Estimates distan
between the
receiver and
satellites

?m pute

Output: post-fit
residuals

Ax, Ay, Az, At, AZTD
and N

Figure 3.7: Block diagram of the GipsyX processing steps
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3.4 Measurements
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Figure 3.8: Shows orientation and rotation of the excavator’s arm on each day

As mentioned earlier, a single GNSS antenna was mounted on an excavator, po-
sitioned atop its cabin behind the arm (refer to Figure 3.1). The excavator was
situated in a farm near the Onsala Space Observatory. During the experiment, the
excavator’s arm rotated in various directions each day, and a digging scenarios was
also simulated. However, since the antenna wasn’t precisely centered on the excava-
tor’s cabin, its position changed by approximately half a meter with each rotation.
This was taken into account during post-processing to prevent error propagation
into the residuals.

3rd September: The antenna was mounted on the excavator, with the arm di-
rected towards the north. The measurements started on this day.

5th September: Between 7:30 and 8:00, the excavator’s arm was adjusted to point
westward.
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6th September: Again around 7:30 to 8:00, the excavator’s arm was rotated to
point southward.

7th September: Again around 7:30 to 8:00, another 45° rotation was done so the
excavator’s arm pointed easthward.

This means there exists at-least one day of measurements with antenna pointing
north, west, south and east.

9th September: Approximately at 14:00, digging scenario was mimicked.

10th and 11th September: The antenna/excavator remained stationary after the
digging scenario. The operator was instructed to leave the excavator in its initial
position, likely pointing the arm towards the north again.

The signal strength indicators, Pseudorange, and the number of cycles were recorded
for the C1C, L1C, L2W, and L2W channels. These channels were initially selected
as they were available for all GPS satellites. As the project progressed, the newer
and higher-quality GPS signals, C2L and L2L, were also incorporated, although
they weren’t available for all GPS satellites. Initially, the project focused solely on
GPS signals, but for a more comprehensive analysis, signal strength of one Glonass
and two Galileo signals were included in the final phase.
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4

Results and discussion

In the following section, the results of the project will be presented. The analysis
begins by examining the raw RINEX data collected directly from the receiver, be-
fore any processing by GipsyX. Subsequently, the post-fit carrier phase residuals are
analyzed, followed by an examination of the position estimations. These pieces of
information will be used to explore whether there are any systematic effects specif-
ically caused by the rotation of the excavator’s arm and if there is any dependency
between the different data and the orientation of the arm.

4.1 Signal Strength Indicator

4.1.1 Galileo’s signal strength

Measurements from September 3rd to 11th are available for analysis. The investi-
gation starts with a sky plots displaying Galileo’s signal strength for three distinct
signals: C1C (frequency: 1575.42 MHz), C6C (frequency: 1278.75 MHz), and CQ7
(frequency: 1207.140 MHz). Refer to Figure 4.1 for the sky plots, illustrating the
mean value of the Signal Strength Indicator (SSI) in the left column and the stan-
dard deviation (std) in the right column. All measurements from each day were
combined and analyzed collectively. The Galileo Constellation’s ground track ex-
tensively covers the excavator’s surrounding area, making it an ideal candidate for
an initial investigation into the environmental impact on the signal.

The mean and standard deviation were calculated within a cell area expanding 5° in
azimuth and 2.5° in elevation. This resolution was chosen through iterative testing,
aiming to maintain data variations while reducing noise to generate a smooth sky
plot. Subsequently, the entire sky map is divided into a grid of cells, with each
cell associated with calculated mean and standard deviation values. This resolution
for cell has been applied throughout this project unless specified otherwise. This
simplifies all subsequent comparisons and calculations.

Galileo’s SSI maps in the figure 4.1 aligns fairly well with the preliminary study of
the excavator’s surroundings (refer to Figure 3.3). Notably, the impact of the tree
is prominently visible in the azimuth range of 300° to 360°, exhibiting notably low
strength across all signals and high standard deviation. The signal CQ7, with the
lowest frequency, displays the highest strength in the presence of the tree. This is
due to its increased penetration resulting from its shorter wavelength.
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Mean of Galileo C1C-5Sl area of 5° Az X 2.5° Elev Std of Galileo C1C-5S! area of 5° Az X 2.5° Elev
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180°
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o
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Mean of Galileo C7Q area of 5° Az X 2.5° Elev

Figure 4.1: Sky plot displaying the mean (left) and standard deviation (right) of
Galileo signal strength, combining all measurements simultaneously. Three differ-
ent signals are depicted: C1C (1575.42 MHz frequency, top), C6C (1278.75 MHz
frequency, middle), and CQ7 (1207.140 MHz frequency, bottom)

Regarding signal strength, C1C, with the highest frequency, exhibits the greatest
strength but the least penetration ability. Notably, in the west, south, and southwest
directions (approximately between azimuth 150° to 300°), low elevation signals are
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obstructed by rocks and the building, resulting in a clear arc of empty cells in the
mean SSI sky plots. In these directions there is a yellow arc in the standard deviation
plot at an elevation of approximately 15°, signifying high standard deviation. In
other unobstructed directions, high standard deviation is observed mainly at low
elevations between 0° to 2.5°, possibly due to to ground reflection.

4.1.2 GPS’s signal strength

The mean SSI grids of GPS signals C1C and C2L for each arm orientation are pre-
sented in the subsequent Figures, 4.2 and 4.3. Typically, the C2L signal exhibits
lower strength and more empty cells in its skyplots (seen in Figure 4.3) owing to its
limited availability across all GPS satellites. However, its newer nature, stability,
and superior quality prompted its utilization. It’s important to note that primarily
GPS signals were used in each directional analysis due to their consistent ground
track positioning, i.e., their fixed sky positions as observed from the receiver’s stand-
point.

GPS C1C-S51 Arm North b) GPS C1C-S5I Arm West

330"

GPS C1C-55I Arm South

o
= B S

Figure 4.2: Sky plot of GPS color coded mean SSI of the signal C1C when the
excavator’s arm is pointing towards different directions: a)Arm pointing North,
b)Arm pointing West, ¢)Arm pointing South and d)Arm pointing East

The orange and yellow areas in the GPS C1C and C2L skyplots vary noticeably based
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on the excavator’s arm orientation. After doing the digging scenario on September 9,
the excavator’s arm was returned to its initial north-facing direction. Comparisons
were made between the mean SSI grid of GPS signals C1C and C2L on Septem-
ber 10 (regarded as an unknown direction,(refer to Figure 4.4) and the directional
datasets. This comparison involved calculating the root mean square error (RMSE)
and correlation coefficient. Results are depicted in Figures 4.5, 4.6, and 4.7. The
Matlab function corrplot facilitated this comparison, showcasing scatterplots with
least-squares reference lines and variable distribution histograms. The slope of each
least-squares reference line is equal to the displayed correlation coefficient [36].

a) GPS C2L-SS1 Arm North b] GPS C2L-SSI Arm West
" o
8 . - . 8
330 ] \30
75 15 - \ 75

7 300° 60° 7

d)

Figure 4.3: Sky plot of GPS color coded mean SSI of the signal C2L when the
excavator’s arm is pointing towards different directions: a)Arm pointing North,
b)Arm pointing West, ¢)Arm pointing South and d)Arm pointing East
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GPS C2L-SS| Arm Unknown GPS C1C-8S| Arm Unknown
o 0

180°

Figure 4.4: Sky plot of GPS color coded mean SSI of the signal C2L(left) and
C1C(right) on September 10, Arm is pointing towards unknown direction

The RMSE values for both C1C and C2L are relatively low across all directions,
with the north orientation displaying the lowest RMSE. Please note that whenever
the north direction displays the lowest value in the RMSE test, it is highlighted
in red on the RMSE figures. This highlighting indicates our anticipation that this
direction aligns with the day of unknown direction. In the C1C correlation matrix,
the unknown and north directions exhibit the highest correlation coefficient of 0.99,
while strong correlation is evident among all directional data.

Receiver raw data indicated the excavator’s arm orientation on September 10 prob-
ably faced north, unveiling a distinct relationship between the arm’s orientation and
the SSI skyplot values.
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Figure 4.5: RMES values for SSI of both C1C(left) and C2L(right)
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Figure 4.6: Correlation matrix for C1C SSI

Correlation Matrix C2L SSI

Marth

West

h o b h o 4 & @

South

East

& e b & e

Unkno
g

Figure 4.7: Correlation matrix for C2L SSI

4.2 Residuals

The analysis is continued by delving into the processed data. GipsyX in PPP
mode were used to obtain post-fit carrier phase residuals, by forming the L3 sig-
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nal ,Ionospheric-free combination. Equation 2.23 shows how L3 signal is formed
and the procedure of obtaining residuals were described in the section 3.3.3.
Post-fit carrier phase residuals will simply be referred to as "residuals" hereafter.
L1C and L2W signals, were used to produce L3. The selection of the L2W signal
stems from its availability across all GPS satellites, although the newer signal L2L
will be explored later. As mentioned earlier, the GipsyX software in PPP mode
was utilized to process the data. The combination data from three systems—GPS,
Glonass, and Galileo (GRE)—were initially processed with a 5-minute duration.
Subsequently, the processing duration was reduced to 30 seconds in an attempt to
move closer to real-time data processing.

4.2.1 Residuals vs Azimuth

Figures 4.8 and 4.9 illustrate all residuals and their moving average from all constel-
lations plotted against azimuth. The range where the mean value demonstrates the
least instability spans between azimuth 300° and 350°—an area notably influenced
by the presence of a tree. All figures (4.8, 4.9, 4.10, and 4.11) include all residuals,
including outliers. However, a specific threshold (set at 25 cm) has been applied,
removing observations with residuals beyond this value from the position estimation
process. Consequently, fewer data points are available between azimuth 300° and
3507, and many of these observations don’t contribute to the final position estima-
tion. Generally, mean residual values oscillate between -2 mm and 2 mm across
most azimuths. Another direction displaying some instability in mean residuals lies
between azimuth 0° and 50°, this is due to the fact that observations in this direction
obtained from low-elevation satellites (less than 30 in elevation).

All days All GNSS Carrier phase Residuals (m) vs Azimuth
0.05 .

* . Residual
0.04F ,, W o" jue o gn Mean 0.04
" LI . ™ - - .
ceat % o e
L o' CO - -v' .
003f5 s 2 L LT T v, Qéa‘, 0.03
PPN WE WL TR0
|
0.02 | 0.02

Residual
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Figure 4.8: Residuals (m) vs Azimuth

35



4. Results and discussion

All days All GNSS Carrier phase Residuals (m) vs Azimuth

Figure 4.9: Residuals (m) vs Azimuth zoomed version

4.2.2 Residuals vs Elevation

The residuals in Figures 4.10 and 4.11 depict observations across all days and di-
rections with zero cutoff angle, plotted against elevation.
elevations below 30° showcase higher residuals. Observations between 0° to 5 ex-
hibit a markedly strong negative mean residual but the number of observations at
these low elevation angles is insufficient to draw any conclusion. Another significant
observation emerges in the form of a peak in mean residuals between elevations of
60° to 80°, where the mean residual curve displays a concave pattern. Figure 4.11
provides a clearer view of this concavity. This elevation-related peak in residuals
might be attributed to reflections originating from the excavator’s body itself.
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Figure 4.10: Residuals (m) vs Elevation
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Figure 4.11: Residuals (m) vs Elevation zoomed version

4.2.3 Directional analysis

The upcoming Figures (4.12, 4.13 , 4.14, and 4.15) display the skyplots of GPS
residuals for each direction. On the left side, a 0° cutoff angle is employed, while the
right side features a 10° cutoff angle. Notably, utilizing a 10° cutoff angle reduces
the overall fluctuation in residuals across the entire skyplot.
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Figure 4.12: Sky plot of GPS color coded carrier phase residuals with 0° cut-
off(left) and with 10° cut-off(right) , Arm is pointing towards North.
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Figure 4.13: Sky plot of GPS color coded carrier phase residuals with 0° cut-
off(left) and with 10° cut-off(right) , Arm is pointing towards West.

A comparative examination, like to the SSI analysis for each orientation, is per-
formed to investigate any association between the residuals and the excavator’s arm
orientation. Once again, RMSE and correlation for each orientation with the residu-
als of 10th September (selected as the unknown orientation) are utilized. Note that
as before whenever the north direction displays the lowest value in the RMSE test,
it is highlighted in red on the RMSE figures.
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Figure 4.14: ky plot of GPS color coded carrier phase residuals with 0° cut-off(left)
and with 10° cut-off(right) , Arm is pointing towards South.
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Figure 4.15: ky plot of GPS color coded carrier phase residuals with 0° cut-off(left)
and with 10° cut-off(right) , Arm is pointing towards East.
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Figure 4.16: RMSE values for GPS Residuals with 0° cut-off

Figure 4.16 illustrates RMSE for residuals with a 0° cutoff angle, revealing the low-
est RMSE for the North and the highest for the South. Figure 4.17 demonstrates
RMSE for residuals with a 10° cutoff angle, showcasing the North and East with
the lowest RMSE, while slightly lower in the East. Overall, the RMSE values re-
main remarkably low. This is expected given that the surrounding environment of
the antenna is not changing a lot although some variation caused by rotating the
excavator’s arm and this also cause some displacement of the antenna.
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Figure 4.17: RMSE values for GPS Residuals with 10° cut-off

Figures 4.18 and 4.19 present correlation coefficients of various arm orientations
for 0° and 10° cutoff angle residuals, respectively. Unlike the SSIs, the correlation
coefficients for residuals are notably lower. With a 0° cutoff angle, the West direction
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shows the highest correlation with the unknown direction, followed by North and
South. For a 10° cutoff angle, both North and East exhibit the highest correlation
with the unknown.
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Figure 4.18: Correlation matrix for GPS Residuals with 0° cut-off
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Figure 4.19: Correlation matrix for GPS Residuals with 10° cut-off

In an attempt to investigate further the results, the ionospheric-free combination
involving L2L was also produced, despite its limited availability across GPS satel-
lites. Although the skyplots for these residuals closely resemble previous ones, only
the results for RMSE and correlation are presented.
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Figure 4.20: RMSE values for GPS Residuals when the new L2L signal is used
with 0° cut-off
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Figure 4.21: RMSE values for GPS Residuals when the new L2L signal and only
GPS observations are used with 0° cut-off
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Figure 4.22: Correlation matrix for GPS Residuals when the new L2L signal is
used with 0° cut-oft
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Figure 4.23: Correlation matrix for GPS Residuals when the new L2L signal and
only GPS observations are used with 0° cut-off

When the L2L signal is utilized, the correlations between residuals notably improve.
The unknown direction appears to have the highest correlation with the North di-
rection. Similarly, the North direction exhibits the lowest RMSE when employing
the L2L signal. Refer to Figures 4.20, 4.21, 4.22, and 4.23 for a detailed depiction
of these results. Note that in Figures 4.21 and4.23, only the GPS data was utilized
for processing.
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4.3 Position estimation
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Figure 4.24: Estimation of each component(XYZ) of 3D position and their uncer-
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Position estimations have been done both with and without the signal L2L, uti-
lizing both 5-minute and 30-second processing intervals.
estimations, a 5° cutoff angle was employed in all estimations to eliminate noisy
data. Figure 4.24 illustrates the estimations for each component (XYZ) of the 3D
position. It’s important to note that these components are presented in the Inter-
national Terrestrial Reference Frame (ITRF), with its origin at Earth’s geocenter
and rotating along with the Earth. The mean has been removed from each com-
ponent to facilitate observation of the change caused by the excavator’s arm rotation.
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On the right side of Figure 4.24, position estimations using a 30-second processing
time with the new L2L signal are displayed, while on the left side, estimations derived
from 5-minute processing with the old C2W signal are presented. Estimations based
on the L2L signal exhibit greater stability, showing minimal errors in static mode,
approximately around 1 mm. Conversely, using the old C2W signal for 5-minute
positioning results in higher uncertainties, roughly ranging from 2-3 cm for each
component, with the Z component demonstrating the most noise. Interestingly, the
5-minute position estimations appear less sensitive to the digging scenario conducted
on September 9th compared to the 30-second data. Digging causes an increase up to
1-2 cm in uncertainty across all components throughout the entire day on September
9th.

Three Figures, 4.25, 4.26, and 4.27, depict the 2D position estimations of the re-
ceiver antenna. Notably, when processing is conducted using L2L, the final position
estimations exhibit significantly greater stability and repeatability. Upon closer in-
spection of Figures 4.26 and 4.27, it’s apparent that the final position of the antenna
on September 10th (depicted by light blue dots) does not precisely align with the
orientation when the arm was pointed north (illustrated by dark blue and red dots
on September 4th and part of September 5th). However, it does remain closest to
the North direction. Two potential scenarios arise from this observation: The first
possibility is that the excavator’s operator did not precisely align the arm towards
the North. Alternatively, during the digging scenario, the entire excavator might
have shifted slightly, thereby altering the final position of the antenna. The for-
mer scenario seems more probable, considering the 30-second position estimations
demonstrate the antenna’s movement along the circumference of an imaginary circle,
with the movement concluding on this circumference.
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Figure 4.25: 2D position estimation with 5 minutes processing time
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Position estimate 30s L2L 5° Elevation Cut-off
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Figure 4.26: 2D position estimation with the new signal L2L and with 30 seconds
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Conclusion

The analysis of GPS SSI from Rinex files and GPS post-fit residuals revealed a
systematic effect related to the orientation of the excavator’s arm. The detectable
influence in SSI implies the potential for predicting the arm’s orientation even before
data processing. Utilizing residuals allows modeling of the effects and errors linked
to different arm orientations, presenting an avenue for enhanced accuracy in data
processing.

Optimal performance was attained using the L2L signal, showcasing higher corre-
lations among residuals with the same arm orientations. Enhanced repeatability
in position estimations was evident with this signal. This indicates that employ-
ing both RMSE values and correlation coefficients concurrently could serve as an
effective means to forecast the arm’s orientation.

Carrier phase residuals provided insight into both the excavator’s surface effects
and the arm’s orientation impact on the signal. They, alongside SSIs, elucidate
environmental influences such as shadowing, diffraction from trees and buildings,
and multipath effects caused by ground reflection.

The elevation angle analysis of all residuals highlighted two distinct effects: a nega-
tive mean between 0° to 5° elevation angles and a peak and concave behavior between
60° to 80° elevation angles. The latter is presumed to stem from reflections off the
excavator’s surface. The number of observations at low elevation angles between 0°
to 5 is insufficient to draw any conclusion.

Future work: could involve expanding observations for each direction into sev-
eral days or a week, enabling easier modeling of forthcoming effects in residuals.
Considering Galileo’s ground track in longer observation time covers the entire sky,
analyzing its residuals could provide a comprehensive understanding of arm orienta-
tion effects. Furthermore, modeling effects on residuals for individual GPS satellites
separately, albeit unexplored due to time constraints, could be a valuable avenue
for deeper analysis. When the modelling of the effects and errors linked to different
arm orientations is done the results can be used to improve position estimation in
the similar and even more complex areas with more objects contributing to reflec-
tion, causing multipath effect or blockage to the signals. When the modelling of the
effects and errors linked to body of the excavator and different arm orientations is
completed, this models can be applied to real time positioning system in order to
improve its performance.
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