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Analysis of GNSS signal measurement accuracy
Investigating error models for phase residuals with respect to antenna phase center
corrections
ALIF RACHMAN HARFIAN
Department of Space, Earth and Environment
Chalmers University of Technology

Abstract
Receiver-related errors significantly influence the accuracy of GNSS signal measure-
ments. One of these errors pertains to the antenna phase center correction. Several
antenna calibration techniques, such as robot calibration, can mitigate the impact
of such errors. However, there is a possibility that calibration corrections may not
completely eliminate the errors in the antenna phase center. To address this issue,
calibrated antenna phase center corrections were investigated by measuring GNSS
signal observations at four different stations, each tilted to various angles in specific
directions, involving up to six baseline length formations. This experiment was dis-
tinct from previous studies, which only involved one baseline length between two
different stations with antennas physically tilted towards each other. Observation
data from the four different stations were retrieved and processed using GipsyX
with the Precise Point Positioning (PPP) method, and Bernese with the single dif-
ference technique (DGNSS). Additionally, a laser tracker was utilized to measure the
station positions and baseline lengths, providing more precise measurements. The
phase residual error models were derived from L1, L2 and L3 frequency observations.
The error models indicate that all three frequency observations are influenced by er-
rors corresponding to antenna phase center corrections, with an error of -0.8867 mm
for L1, -1.5728 mm for L2, and -0.3901 mm for L3.

Keywords: GNSS, GPS, Carrier Phase, Antenna Phase Center, Single Difference,
PPP, GipsyX, Bernese.
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1
Introduction

Global Navigation Satellite System (GNSS) is a technology consisting of multi-
ple satellite constellations that provide positioning, navigation, and timekeeping
services globally or in specific regions. Currently, there are only six different au-
thorities responsible for managing and controlling navigation satellites worldwide.
These authorities are either individual countries or unions of multiple countries.
The GPS (Global Positioning System) constellation is owned and operated by the
USA, Galileo by the European Union, GLONASS by the Russian Federation, COM-
PASS/Beidou by the People’s Republic of China, NavIC/IRNSS by the Government
of India, and QZSS is owned by the Government of Japan and operated by QZS
System Service Inc. (QSS).

The first operational GNSS was the United States’ GPS, initially intended for mil-
itary applications. Developed by the US Department of Defense in 1973, it was
first launched in 1978. Nowadays, GNSS technology serves many purposes, not only
military as initially intended, but also scientific research, civilian use, shipping mon-
itoring, construction, aviation, and defense, among others. One of the most common
GNSS applications today is map navigation in smartphones for consumer use.

Furthermore, more specific fields of application, such as space geodesy and geo-
dynamics, extensively utilize GNSS technology. These fields of study focus on the
Earth’s shape, structure, and its dynamic activities over time, aiming to gain com-
prehensive knowledge about the Earth’s behavior as a planet. In addition to these
studies, GNSS technology can also be used for predicting and analyzing natural
disasters like earthquakes caused by either tectonic plate movements or volcanic
eruptions. This type of analysis involves measuring the movement of ground-based
instruments that receive GNSS satellite signals from space.

There are numerous GNSS stations spread out around the world, covering all seven
continents. This global network can be accessed through the International GNSS
Service (IGS), which provides high-precision data from the GNSS station network,
making it easily accessible for a variety of applications. Moreover, many nations have
established their regional networks of GNSS stations to serve various purposes. In
Sweden, for instance, the local GNSS stations are managed by Lantmäteriet through
the SWEPOS network, consisting of more than 500 stations distributed across the
country. Through this local SWEPOS network, a local coordinate reference system
can be established and determined, known in this case as SWEREF99.

1



1. Introduction

Errors in GNSS measurements stem from various sources, necessitating the reso-
lution of these discrepancies for more precise results. The error sources arise from
multiple factors, including hardware-related issues such as receivers and antennas,
both on the ground station or satellite, atmospheric properties, satellite trajectory
and location, and the surrounding environment of the station. These errors influ-
ence the signals from satellites, consequently affecting the measurement precision.
One specific error arises from the antenna element, which crucially requires calibra-
tion using specific techniques to determine the phase-center offsets (PCO) as well
as phase-center variations (PCV).

The main focus of this project is to analyze the quality assurance of GNSS mea-
surements from the perspective of ground segment receivers, with a particular ex-
perimental setup, and assess the remaining errors that are hypothetically expected
to arise from the antenna phase-center calibration corrections. The data processing
involves correcting signal errors, determining the final coordinate positions of the
stations, and validating such data using externally estimated data from another type
of measurement. By comparing the results of two different types of measurements,
it can identify the error correction related to the phase-center calibration.

The project aims to achieve the local error of the station-dependent phase center
offset by employing multiple combinations of differentials between antennas setup,
each antenna independently, and an external high-precision geometric measurement
as the benchmark. The ultimate goal is to ensure optimal outcomes with minimal er-
rors. The experiment setup includes five point coordinates around the Onsala Space
Observatory area. One of the stations, ONSA (also known as ONS0), has been part
of the IGS global network for decades, while the rest of the stations (O302, O303,
O304, and O501) form a local network. Data was collected from these five sta-
tions and processed using two different techniques and software: the Precise Point
Positioning (PPP) method using GipsyX and Single-Difference (SD) using Bernese.

The fundamental part of this project is to apply a new method developed by [1]
in the field experiment setup and measurement. By intentionally tilting the anten-
nas using this method, it creates a geometric constraint that influences the data
processing and results regarding the antenna phase-center calibration data. These
antennas have been previously calibrated by IGS-approved service providers. The
investigation aims to characterize a mobile reference antenna system and verify its
performance at a different independent site.

2



2
Theory

A GNSS satellite is designed to determine and provide precise time and position-
ing. This technology utilizes signals from satellites following established orbits to
approximate position, speed, and time. Equipped with suitable receivers, users can
obtain precise and continuous three-dimensional position and velocity details glob-
ally, while also receiving time aligned with the Coordinated Universal Time (UTC)
standard [2]. Before the emergence of global navigation satellite systems (GNSS),
accurate navigation was limited to professional navigators or individuals with the
means to purchase costly navigation systems. However, GNSS technology has made
precise navigation accessible to a broader range of users due to its affordability [3].

Global constellations of satellite navigation mostly orbit in MEO (Medium Earth
Orbit) at an altitude of approximately 20,000-30,000 km above the Earth’s surface.
The fundamental principle of satellite navigation is to ascertain position by measur-
ing the distance from known coordinate points, either moving or stationary. This
determination process is known as trilateration [4]. Trilateration requires a mini-
mum of four satellites to calculate four unknown variables: the three-dimensional
position coordinates and the receiver clock error. The two fundamental measure-
ments of GNSS signals take place within the user segment. This involves comparing
the received code signal with a locally produced version to determine the time de-
lay between the satellite and the receiver. This measurement process is known as
Pseudorange [5].

2.1 Global Navigation Satellite Systems (GNSS)
GNSS generally consists of three segments to operate and provide continuous posi-
tioning data, i.e., the space segment, control segment, and user segment [5].

2.1.1 Space Segment
The space segment consists of multiple constellations of satellites that constantly
transmit signals to users, both on the ground (Earth) and in space (other types
of satellites). These satellite constellations contain navigation payloads, highly ac-
curate atomic clocks, antennas, and additional systems such as thermal, attitude
determination & control (ADC), Tracking, Telemetry, and Command (TT&C), and
power subsystems. In general, the satellite constellation is designed to ensure access
to a minimum of four satellites simultaneously and globally at any given time [5].

3



2. Theory

The primary role of the space segment involves sending radio-navigation signals
and storing and transmitting navigation messages from the Control Segment. It
relies on extremely precise atomic clocks installed within the satellites [6]. There
are currently multiple established GNSS constellations around the world, as well
as regionally operated systems. The most recognized operational GNSS is GPS,
developed by the United States Department of Defense and operated by the formal
United States Air Force (USAF) GPS Directorate [2].

The space segment, particularly satellites, transmit pseudorandom noise (PRN)-
coded signals used for ranging measurements, also known as pseudorange. This
characterizes the GPS satellite as a passive system for users, where the signals are
solely transmitted, and the user passively receives them [2]. The satellites are de-
signed and positioned across various orbital planes to optimize the geometric dilution
of precision (GDOP), which measures satellite geometry [5].

Another counterpart of the U.S. GPS is the Russian GLONASS (Global Naviga-
tion Satellite System). Similar to GPS, GLONASS serves both military and civil
purposes for positioning and timing in a multi-frequency system. Moreover, the Peo-
ple’s Republic of China and the European Union (EU) have developed and launched
their respective GNSS constellations, Beidou and Galileo. These constellations op-
erate globally on similar principles with slight variations [2].

Conversely, countries such as India and Japan have established their own regional
systems: the Indian Regional Navigation Satellite System (IRNSS) and the Quasi-
Zenith Satellite System (QZSS), respectively. These regional constellations are de-
signed to enhance the performance of the current global GNSS constellations [2].

2.1.2 Control Segment

In general, the primary responsibility of the Control Segment is to monitor, op-
erate, and maintain the Space Segment [4]. This involves calculating the location
of satellites, managing their orientation, and controlling their orbital trajectory.
Furthermore, the Control Segment is also responsible for transmitting navigation
messages and ensuring highly accurate clock synchronization to the satellites [5].

In the United States’ GPS control segment, the Operational Control System (OCS)
consists mainly of three different subgroups, i.e., the Master Control Station (MCS),
L-band monitor stations (MSs), and S-band ground antennas (GAs) [2]. These sub-
divisions, except for the MCS, are spread around the globe to enable greater mon-
itoring and operation of the global satellite constellations [7]. The MCS ensures
the continuous operation of GPS services 24/7 and serves as the central hub for
controlling GPS operations. It is located in Colorado, USA, and operated under the
U.S. Air Force Space Command, Second Space Operations Squadron (2 SOPS) [2].

4



2. Theory

2.1.3 User Segment
The User Segment generally involves GNSS receivers that analyze signals received
from satellites to determine the user’s position. Common receiver functions include
identifying the visibility of satellites, calculating user-to-satellite distances, and em-
ploying triangulation to determine positions [5]. It should also be noted that the
clock of a ground receiver is not as accurate as the clock on the satellites [8].

2.2 Satellite Orbits and Clocks
Orbital information and errors are crucially important in the field of timing and
positioning using satellite navigation. Orbital errors are closely linked to positional
inaccuracy. Orbital information parameters can be transmitted from the satellites
through broadcast messages or retrieved from various agencies. Several agencies are
responsible for determining post-observation analysis of satellite orbit information,
typically several days after observation [9]. These agencies, namely NASA JPL
(USA), ESA (EU), IGN (France), KASI (South Korea), etc., estimate precise or-
bital information parameters that can be used as error solutions for post-processing
analysis by users. The solution includes satellite orbit, satellite and station clocks,
and Earth’s rotation parameters (ERPs), which are submitted to worldwide data
hubs on a sub-daily, daily, or weekly basis.

In general, the movements of satellites in orbit are described by Kepler’s laws of
motion, which are further supported by Newton’s laws of gravitation [10]. Particu-
larly, satellite navigation can be confined to elliptical orbit motions, and the six main
orbit parameters. These orbit parameters are the inclination (i), semi-major axis of
orbital ellipse (a), argument of perigee (ω), right ascension of ascending node (Ω),
eccentricity (e), and epoch of perigee passage (T0) [9]. A brief summary detail of a
few GNSS constellation parameters from multiple different systems is described in
Table 2.1 [11, 12, 13].

Table 2.1: GNSS constellations orbital parameters

Constellation Number of Satellites Altitude (km) Number of Orbital Planes Inclination (◦)
GPS 24 20,180 6 55

GLONASS 24 19,100 3 64.8
Galileo 30 23,222 3 56

Furthermore, the clock plays a crucial role in the accuracy of timing and positioning
in GNSS applications. Although it operates on a similar concept, clock accuracy
requires detailed specifications depending on various applications, especially those
used in reference timescale centers (i.e., UTC). These applications utilize extremely
stable clocks that are kept under specific controlled environments. For example,
in the US Naval Observatory (USNO), clocks include multiple commercial cesium
beam frequency standards, hydrogen masers, and custom-made rubidium fountain
standards. These clocks are physically isolated and operate within highly regulated
environment conditions [14].
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2.3 GNSS Signals and Frequencies
GNSS signals are principally generated by the atomic clocks in satellite, normally
using cesium standards [4]. The clocks generate one or multiple radio frequency
carriers, representing nearly ideal sinusoidal voltages in the satellite transmitter.
Nowadays, the majority of GNSS signals utilize carrier frequencies within the L-
band spectrum (1-2 GHz). The L-band frequency spectrum offers various benefits
for GNSS signals compared to other frequency ranges. Lower frequencies tend to
encounter greater delays due to the Earth’s atmosphere, leading to inconsistencies in
atmospheric properties that weaken satellite signals. Conversely, higher frequencies
require increased satellite power and are susceptible to notable attenuation caused
by precipitation, such as rain [2].

The L-band spectrum in GNSS is differentiated in two parts, the upper L-band
(1559-1620 MHz) and the lower L-band (1164-1300 MHz). All these frequency
ranges are allocated and regulated by the ITU (International Telecommunication
Union). This specific GNSS spectrum is also known as RNSS (radio navigation
satellite service) band. In addition, ARNS (Aeronautical Radio Navigation Service)
band is allocated with the spectrum to ensure the protection of GNSS signals from
any threats and interferences [15]. A summary of allocated frequencies used by
multiple GNSS signals is shown in Figure 2.1.

Figure 2.1: GNSS frequency band allocated by the ITU [15].

2.3.1 Carrier Signals
The satellite navigation signal is primarily generated by the onboard oscillators
on satellites. These oscillators create a fundamental frequency that is used for all
components of the satellite signal. In GPS signals, for instance, the signals are
driven by a 10.23 MHz clock oscillator. The carrier signals are derived from integer
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multiplication of the clock frequency [9]. Currently, the GPS provides three different
L-band frequency services, L1, L2, and L5 [16]. Table 2.2 summarizes the existing
GPS carrier signals.

Table 2.2: GPS carrier signals [16]

Component Frequency (MHz
Frequency clock (fo) 10.23

L1 154fo = 1575.42
L2 120fo = 1227.60
L5 115fo = 1176.45

All three carrier GPS signals (L1, L2, and L5) are composed of two carrier compo-
nents that are in-phase quadrature with each other, and all transmitted with the
minimum received power of -158.5 dBW, -160.0 dBW, and -157.9 dBW, respec-
tively [16]. These carriers are modulated by codes to provide satellite clock data to
the receiver and convey other information such as orbital parameters. The codes
consist of sequences with states of +1 or -1, corresponding to the binary values of 0
or 1. This type of process is also known as binary phase modulation [9].

2.3.2 Ranging Codes
The codes fundamentally consist of the C/A (Coarse Acquisition) code and P (Pre-
cise) code. The C/A code is present on the L1 channel, while the P code is present on
both L1 and L2 channels [4]. Satellite clock readings employ two codes distinguished
by a pseudorandom noise (PRN) sequence. The C/A code operates at frequency
of fo/10 and repeats every millisecond. Moreover, the P code has a frequency of the
satellite clock fo, repeating roughly once every 266.4 days [9]. In addition, another
type called W-code is used to encrypt the P(Y) code. Initially, both the C/A and
the P(Y) code, along with the L1 and L2 carrier frequencies, were supposed to be
encrypted, along with time-varying frequency adjustments (known as dither) and
encrypted offsets in ephemeris and almanac data, a feature also known as Selective
Availability (SA) [2]. Nonetheless, Selective Availability (SA) was deactivated on all
GPS satellites since 2000, and the United States, as the owner and operator of GPS,
has no plans to reinstate SA [17].

The bits in the pseudorandom noise (PRN) sequences are generally referred to as
chips, emphasizing that these codes do not contain data. The C/A code is produced
by a combination of two 10-bit tapped feedback shift registers. The output of both
registers is combined through binary operations to generate the code sequences,
which are accessible to civilian users. With a frequency of 1.023 MHz and a repe-
tition rate of 1 millisecond, the code has a length of 1023 chips. Consequently, the
time gap between two chips is slightly less than 1 microsecond, roughly equivalent
to a 300 m chip length [9].

Similarly, the P code is also created by two registers. The initial bit sequence
recurs every 1.5 seconds and possesses a length of 1.5345×107 bits, corresponding to
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the clock frequency fo. The second sequence extends by an additional 37 bits. Com-
bining both sequences yields a code with roughly 2.3547×1014 bits, corresponding
to a duration of approximately 266.4 days as mentioned previously [9].

2.3.3 Navigation Message
The navigation message encompasses all the essential information required for users
to conduct positioning. This includes ephemeris parameters for determining satel-
lite coordinates, time parameters, and crucially clock corrections for calculating
satellite clock offsets and time conversions. Furthermore, it includes service param-
eters indicating satellite health status, ionospheric model parameters as required for
single-frequency receivers, and the almanac data that provides information about
the details of the entire constellation orbit and clocks [15].

This information is transmitted at a rate of 50 bps, comprising 25 frames per sec-
ond, each consisting of 1500 bits. As a result, it requires 12.5 minutes for complete
transmission [4]. A single frame contains five subframes, which are sent within a
6-second interval and comprise 10 words, each consisting of 30 bits. Consequently,
the transmission time required for one word is 0.6 seconds. It is worth noting that a
receiver needs a minimum of 30 seconds to establish a connection with a satellite [9].

2.4 Data Acquisition
Utilizing the correlation method, the fundamental concept of GNSS involves deriv-
ing observable satellites by comparing the transmitted signal with the self-generated
replica within the receiver. This determination utilizes two clocks, on the satellite
and one on the ground receiver. Hence, the distance calculations are highly influ-
enced by clock errors in both the satellite and the receiver, which are also referred
to as pseudoranges [18]. GNSS signal measurement is defined in two categories, the
pseudorange and the carrier phase. The carrier phase measurement, also referred to
as the carrier beat phase, serves as the foundation in high-precision GNSS survey
applications these days, as it is considered to be more accurate than pseudorange
measurement [8].

2.4.1 Code Pseudorange
The fundamental measurement conducted by a GNSS receiver involves determining
the time taken for the GNSS signal to travel from a satellite to the receiver. This
process is achieved by monitoring the PRN code modulation of the signal. The
pseudorange measurement is considered to have accuracy within the decimeter-level
range. As the signal travels at the speed of light (c), the time duration can be trans-
formed into a distance or range by multiplying it directly with c [19]. A simplified
pseudorange observation from satellite S to receiver k can be defined in Equation 2.1

P S
k = (Tk − T S)c (2.1)
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where Tk represents the known value of the receiver clock when satellite signal is
receiver, T S denotes the time signal of the satellite clock is transmitted, and c is the
speed of light in vacuum (3×108 m/s).

Tk = tk + τk (2.2)

T S = tS + τS (2.3)

The modeled time signal for both satellite and receiver correspond to the true receive
time t and clock bias τ , as shown in Equation 2.2 and 2.3. The substitutions yield
the pseudorange model observation as a function of the true time when the signal
is received in receiver, as defined in the following Equation 2.4.

P S
k = ρS

k (tk, tS) + cτk − cτS (2.4)

where ρS
k (tk, tS) is the so-called true range from the ground receiver to the satellite.

However, other error parameters should be taken into account during the pseudor-
ange measurement, which can result in significant delays. These delays are generally
related to Earth’s atmospheric properties, such as dispersive effects in the ionosphere
and non-dispersive effects in the troposphere [18]. It results to more complex model
of pseudorange measurement. An extended pseudorange measurement model is de-
scribed in Equation 2.5.

P S
k = ρS

k (tk, tS) + cτk − cτS + IS
k + ZS

k (2.5)

where the ionospheric and tropospheric delay between the receiver and the satellite
are denoted as IS

k and ZS
k , respectively.

The measured pseudorange data signal is combined with initial estimations to de-
termine the residuals using Taylor approximation [18]. Hence, the pseudoranges are
transformed into position values. Furthermore, the true range ρS

k can be determined
using Pythagoras Theorem from the three-dimensional position between the satellite
and the receiver in the same reference coordinate [4], which can be defined in the
following Equation 2.6.

ρS
k =

√
(xS(tS) − xk(tk))2 + (yS(tS) − yk(tk))2 + (zS(tS) − zk(tk))2 (2.6)

The information of satellite positions (xS, yS, zS) can be readily retrieved and cal-
culated from the navigation messages, as well as the satellite clock bias τS. Hence,
the remaining four unknown variables, receiver position (xk, yk, zk) and the receiver
clock bias τk, are determined by tracking a minimum of four distinct satellites at
the same time [4, 19].

2.4.2 Phase Pseudorange
The phase pseudorange, also known as carrier phase measurement, is fundamen-
tally operated similarly to code measurement. The principle for the carrier phase
measurement involves combining the received carrier from a GNSS satellite with a
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duplicate carrier generated within the receiver. The phase discrepancy between the
incoming signal and the internal reference of the receiver refers to the fractional
component of the carrier phase measurement in GNSS signal. This type of measure-
ment is also referred to as the carrier beat phase observable. In GNSS signal, a beat
refers to the pulsation arising from the two waves combined with distinct frequen-
cies. This phenomenon occurs whenever there is a combination of oscillators with
different frequencies [8]. A phase as a function of time (φ(t)) can be characterized
as the angle by which its line has rotated [4].

The carrier beat signal can be formulated as the following Equation 2.7.

φB(T ) = φS(T ) − φk(T ) (2.7)

where φB(T ) is the carrier beat phase, φS(T ) is the transmitted signal phase from
satellite, and φk(T ) is the reference phase in the receiver.

Although the carrier phase measurement is considered to produce higher accuracy
than the code pseudorange, the carrier phase process is more susceptible to errors.
In carrier phase observations, the receiver is unable to ascertain the travel time,
making it challenging to calculate the number of entire cycles from the satellite to
the ground. This phenomenon of the unknown amount of cycles is known as phase
ambiguity N (or integer ambiguity) [8].

Moreover, variations in carrier phase over time indicate alterations in the pseudor-
ange but with significantly greater precision (≈ 2 orders). In instances of interrupted
satellite tracking, the accumulated cycle unit is then reset, resulting in cycle slips
in carrier phase measurement [19]. Thus, a new model of carrier phase signal is
introduced, taking the phase ambiguity parameter of the satellite into account, as
shown in Equation 2.8.

Φ(T ) = φS(T ) − φk(T ) − NS (2.8)

where Φ(T ) is the carrier phase signal as a function of time (t) and NS is the satellite
phase ambiguity.

The observation can also be modeled to describe the clock time as a function of
phase and reference frequency fo, which in this case is the frequency of clock oscil-
lator. It introduced in Equation 2.9.

T (t) = φ(t) − φ0

fo

(2.9)

Hence, the carrier observable in the receiver yields to Equation 2.10

ΦS
k (Tk) = fo(Tk − T S) + φok

− φS
o − NS (2.10)

It should be noted that the time T S may exhibit slight variations among satellites
because the transmission time from each satellite must have differed for all signals
to reach the receiver simultaneously [4].
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Furthermore, carrier phase measurements can be formulated in unit of range or
distance. This simplifies the phase measurement model by multiplying it with the
wavelength. Thus, the carrier phase model in distance is described in Equation 2.11
and 2.12.

LS
k (Tk) = λofo(Tk − T S) + λo(φok

− φS
o − NS) (2.11)

LS
k (Tk) = c(Tk − T S) + λo(φok

− φS
o − NS) (2.12)

It is worth noting that the last three terms are treated constant, and combined
together as a new term known as carrier phase bias BS

k .

BS
k = λo(φok

− φS
o − NS) (2.13)

Previously, it was mentioned that GNSS signal observation can experience significant
delays caused by the atmosphere. Therefore, the atmospheric properties during
signal transmission, such as ionospheric and tropospheric delay, should also be taken
into account in the carrier phase measurement model. The final model of carrier
phase measurement is defined in Equation 2.14.

LS
k (Tk) = ρS

k (tk, tS) + cτk − cτS + ZS
k − IS

k + BS
k (2.14)

Comparing Equation 2.5 and 2.14, the code pseudorange and carrier phase model are
fundamentally similar. However, a few slight differences between the two type mea-
surements are noted, especially the minus sign for the ionosphere parameter (−IS

k ),
suggesting that the phase velocity experiences an actual increase in the carrier phase
measurement model [4].

2.5 GNSS Receiver

A GNSS receiver is principally built with three main subsystems, i.e., the radio
frequency (RF) front-end, the digital signal processor (DSP), and the navigation
processor. The RF front-end is responsible for controlling and receiving incoming sig-
nals from satellites, lowering the signal frequency to an intermediate frequency (IF)
using a down-converter, and sampling the signals using an analog-to-digital con-
verter (ADC). All types of data measurements are then processed in the DSP block.
These data include code pseudorange, carrier phase, Doppler frequency, and nav-
igation data. Moreover, the navigation processor utilizes the navigation data to
extract time, ephemeris information, and almanac data, ultimately determining ve-
locity, time, and position [18]. Figure 2.2 shows the building of main GNSS receiver
block.
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Figure 2.2: GNSS receiver block diagram.

2.5.1 Radio Frequency (RF) Front-end
The receiver antenna is the first component that receives electromagnetic waves in
signal transmission from the satellite. It then transforms these waves into electric
signals, which are sent to the RF front-end [20]. In GNSS applications, antennas are
commonly designed to have an omnidirectional gain pattern, providing a uniform
pattern in every direction for incoming signals from satellites. For static receiver
observations, the gain is primarily minimized in the upper hemisphere. This is
achieved by using certain types of antennas with a ground plane or choke ring de-
sign to reject signals originating from below the horizon, including those reflected
from the ground [18]. Furthermore, it should also be noted that the antenna design
is highly dependent to the type of applications, i.e., civil, military, space, geodesy,
aviation, etc. [20].

There are several key parameters of antenna design, namely center frequency, band-
width, radiation pattern and gain, polarization, and return loss (RL). GNSS an-
tennas can be technically defined in two different characteristics: active and passive
antennas. In active antenna design, the low noise amplifier (LNA) plays a significant
role as it is integrated into the antenna, providing advantages to compensate signal
loss by adjusting approximate gain at the output of the LNA. However, in passive
antenna design, the LNA is embedded in the RF parts of the receiver [20].

Generally, GNSS antennas are designed to have right-hand circular polarization (RHCP),
implying that the electric field of a GNSS signal consists of two perpendicular waves
of identical amplitude and separated by a 90◦ phase shift. However, during the
transmission process, this polarization might alter to left-hand circular polarization
due to reflections from the surrounding environment. Furthermore, one of the sig-
nificant errors in the antenna aspect is multipath, which poses a substantial risk to
the precision of GNSS measurements. Multipath occurs when the receiver receives
multiple identical signals from various directions. This phenomenon takes place
when the line-of-sight (LOS) signal is reflected or diffracted from the surrounding
objects of the antenna [21]. Moreover, this specific error source can be compensated
by designing the antenna with specific shapes, e.g., choke-ring ground plane. The
utilization of a ground plane with a choke ring helps diminish side- and back-lobe
levels as well as enhance the antenna gain, consequently minimizing reflections [22].
An example of choke-ring antenna design is shown in Figure 2.3.
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Figure 2.3: Choke-ring antenna design.

Another crucial error source is the phase center of the GNSS antenna. The antenna
phase center is identified as the point where the transmitted signal from the satellite
arrives in the antenna plane. Thus, it refers to as the reference point for all types
of GNSS signal measurements. The geometric representation is defined as the An-
tenna Reference Point (ARP) [23]. This reference can be characterized as a function
of elevation and azimuth, where the measurements depend on the direction of the
incoming signals. In practice, the phase contour of the signal is not entirely spher-
ical. This implies that the signal has a distorted form with frequency-dependent
variations [22].

Moreover, it should be noted that the phase center of the antenna is not quite
identical to its ARP. Therefore, the so-called phase center offset (PCO) is defined
to correct the offset between the ARP and the mean phase center. Furthermore,
considering that the incoming signal depends on the frequency, elevation, and az-
imuth, another term is introduced: the phase center variation (PCV). Unlike the
PCO, which is considered a constant offset, PCV represents the change of phase
center correction with respect to the received signal from the satellite as a function
of elevation, azimuth, and frequency [21].

These phase center-related errors can be corrected by calibrating the antenna, either
for the receiver (ground) or the transmitter (satellite) antenna. A precise calibration
of both PCO and PCV plays an essential role in high-precision measurements, such
as geodetic applications. This ensures positions derived from GNSS measurements
can be accurately correlated with the actual locations of the antenna physically [22].
Antenna calibration is utilized to determine the phase center as well as its pattern at
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particular frequencies. Multiple standard methods for calibrating GNSS antennas
include anechoic chamber and absolute field calibration [21].

• Anechoic chamber calibration: The determination of the antenna phase
center involves observing the phase changes of the received signal in the AUT
(Antenna Under Test) while being rotated and tilted around two independent
axes to vary its elevation and azimuth angles. The signal is transmitted and
generated by the signal simulator, making it considerably convenient to mea-
sure PCO and PCV of the antenna since there is no need for actual satellite
signals. The simulator can be easily adjusted to generate signals depending
on the particular frequencies of the GNSS constellations [22]. However, it is
worth noting that the anechoic chamber calibration only provides the mean
values of PCO and PCV of the antenna, limiting the information on phase
center errors that are dependent on signal directions (elevation and azimuth)
in more detail [21].

• Field calibration: There are fundamentally two types of field calibrations,
namely relative antenna calibration and absolute robot-based antenna calibra-
tion. The relative antenna calibration technique involves two antennas closely
separated by a short baseline that is precisely calculated using relative mea-
surements. The received satellite signals are then subsequently utilized to
estimate the phase center position based on the elevation and azimuth an-
gles of the satellites. This method maintains accuracy when the difference in
satellite elevation, as observed by both antennas, is minimal [22]. However,
such antenna reference is not required for the absolute robot-based calibra-
tion. In this particular calibration, the robot provides swift alterations of the
boresight direction and rotation angle. This allows the collection of carrier
phase observations, ensuring seamless hemispherical coverage of the antenna
during the observation test. Thus, both PCO and PCV can be estimated from
these observations [21]. Furthermore, this absolute calibration eliminates er-
rors originating from multipath in both far-field and near-field [22].

2.5.2 Digital Signal Processor (DSP)

There are several signal processes that are conducted in the DSP section. In general,
all type of data about the signal measurement as well as satellite information are
split into several channels, this process known as channel multiplexing. The amount
of channels in the DSP correlates to the maximum observable satellite multiplied by
the quantity of the amount of frequencies and ranging codes. However, before the
data is being channeled, the first task that is conducted by the DSP is to track the
observable satellites upon the receiver initial activation. This done by examining
the input signal to all ranging codes of observable satellites. After the observable
satellites are tracked and determined, the DSP generates the replicas of all the
signals. Subsequently, finding the highest autocorrelation between the two signals
(replica and satellite). This process known as signal acquisition [18, 22].
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2.5.3 Navigation Processor
This subsystem part of the RF front-end carries out three primary functions. First,
the navigation processor decodes the navigation message and calculates the satellite
positions using the outcomes of the data demodulation process. Additionally, it
utilizes the code, phase, and Doppler measurements for timing, positioning, and
velocity determinations. The third responsibility involves assisting such information
to the tracking loops and filters [22].

2.6 Error Sources
It is crucial to determine and estimate various types of errors from any sources in
high-precision applications of GNSS measurements. Both code pseudorange and
carrier phase measurements are highly influenced by these errors. In general, error
sources can be defined into several types, including atmospheric properties, satellite,
ground receiver, and multipath [24]. Therefore, these error sources should be taken
into account of during the measurement process in order to achieve highest precised
results of timing and positioning.

2.6.1 Atmospheric Properties
The transmitted signal from the satellite to the ground receiver fundamentally expe-
riences different properties of the atmosphere, which significantly affect the signal’s
travel and quality. Specifically, the signal is influenced by two atmospheric charac-
teristics, it slows down and deviates during transmission [8].

2.6.1.1 Ionospheric Effect

The ionosphere is located approximately between 70 km and 1000 km above the
Earth’s surface, and it exhibits dispersive characteristics. This means that its ef-
fects depend on the frequency of the signal [8]. In the ionosphere region, specific
gas molecules are ionized by ultraviolet rays from the Sun, resulting in the region
being electron-free. These free electrons have an impact on the propagation of elec-
tromagnetic waves from satellite signals [2].

As mentioned in the previous section and considering the dispersive characteristic of
this atmospheric region, signal data such as code pseudorange and navigation infor-
mation are affected, resulting in delays. Additionally, the carrier phase experiences a
phenomenon known as ionospheric divergence. The presence of free electrons causes
degradation of the signal information [2]. The error is directly correlated with the
so-called total electron content (TEC) within a tube of cross-sectional area of 1 m2

along the propagation path. The propagation delay along the path for a satellite
at zenith position normally fluctuates approximately from 1 m during the night to
5–15 m in the late afternoon. Lower elevation angle corresponds to a longer path in
the ionosphere, leading to few meters higher delays at night and up to 50 m during
the day. Moreover, error caused by lower satellite elevation angles can be reduced by
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increasing certain amount of elevation mask angle. Mask angles between 5◦-10◦ can
compensate the reduction in the measurements and the probability of encountering
substantial ionospheric errors [24].

It is noted that ionospheric delay is frequency-dependent, and therefore it can be ef-
fectively mitigated by conducting measurements using a dual-frequency receiver. By
taking the difference between the code pseudorange measurements obtained at two
frequencies, it is possible to estimate the delays on both frequencies. The so-called
ionospheric-free frequency, such as L3 in GPS satellites, is constructed from two
different frequency bands (L1 and L2) [2]. Equation 2.15 describes the formulated
ionospheric-free frequency for code pseudorange measurement.

ρL3 =
f 2

L1

f 2
L1 − f 2

L2

ρL1 −
f 2

L2

f 2
L1 − f 2

L2

ρL2 (2.15)

where the ρL3 is the ionspheric-free code pseudorange, fL1 is the L1 (1575.42 MHz)
frequency, fL2 is the L2 frequency (1227.60 MHz), ρL1 is the measured code of L1,
and ρL2 is the measured code of L2.

The formulated inospheric-free frequency in Equation 2.15 pricipally can also be
applied for carrier phase measurement. Nevertheless, in non-differential processing,
it is noted that the remaining carrier phase error may surpass the wavelength of
both L1 and L2 carrier, leading to ambiguity [24].

2.6.1.2 Tropospheric Effect

In GNSS measurements, the troposphere is often referred to as the neutral atmo-
sphere. This term signifies its characteristic as a non-dispersive medium for radio
waves up to frequencies of 15 GHz. Therefore, signal propagation in the troposphere
is independent of frequency [9]. Moreover, the tropospheric medium affects both the
phase and group velocities of the GNSS carrier and signal information data, result-
ing in delays in free-space propagation. It is estimated that these delays can range
from 2.4 meters when the satellite is directly overhead (zenith direction) and the
user is at sea level, to up to 25 meters for a low satellite elevation angle, such as
5◦ [2].

Unlike the ionospheric delay, the delay caused by the troposphere cannot be esti-
mated by employing dual-frequency measurements, as it is not frequency-dependent.
Several techniques, such as modeling or differential methods, need to be used in or-
der to compensate for this error delay. The characteristics of the tropospheric region
can primarily be defined by two components: the dry-gas (hydrostatic) component
and the water vapor (non-hydrostatic) component [24].

It is noted that the majority of the delay is contributed by the dry component,
approximately up to 90 % of the tropospheric delay. Although the water vapor only
contributes 10 % of the delay, the estimation is more tricky to model since the water
vapor distribution in the atmosphere is uncertain [24]. Both delay components can
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be characterized in terms of altitude in the troposphere. The dry layer is experienced
in the altitude approximately of 40 km, while the wet component is about 10 km [2].

Furthermore, tropospheric delay error can be estimated by utilizing meteorologi-
cal information such as pressure and temperature in the surrounding area of the
ground receiver. Initial error estimations can be modeled with respect to the zenith
direction of the satellite, referred to as zenith tropospheric delay (ZTD). However,
a mapping function model is necessary to estimate the expected increase in tro-
pospheric delay due to the longer path of the satellite when it is not at zenith
elevation [2].

2.6.2 Satellite-related Errors
There are certain error parameters that can be identified from the satellite system.
One major error from the satellite can be caused by the clock data. The timing
and positioning determination from each satellite is utilized by its individual atomic
clock without any error corrections adjusted, and this is referred to as the SV (satel-
lite vehicle) process. Error correction needs to be estimated since it corresponds
directly to clock synchronization in all satellites. The clocks may experience a cer-
tain level of relative drift, which is observed by ground stations and subsequently
used to generate clock correction information included in the navigation message.
Typical errors caused by satellite clocks are below 1 millisecond and they undergo
gradual variations [24].

Another error source can also be cause by satellite antenna. It causes error bias,
leading to phase and group delay of the that is slightly shifted with off-boresight an-
gles. This phenomenon may lead to code pseudorange biases approximately ±0.5 m,
and ±2 cm for carrier phase measurement biases. In addition, these estimated errors
as antex (antenna exchange format) data information can easily be obtained from
the International GNSS Service (IGS) portal for data processing since it is free for
users [2].

Furthermore, all GNSS satellite positions in the precise orbit are continuously known
and monitored by the master control station. Although the satellites are fundamen-
tally positioned in nearly the same orbital path over time, minor positional shifts
occur in the orbit due to gravitational forces. The primary sources of these shifts in-
clude the Earth’s non-spherical gravitational field, gravitational attractions exerted
by the Sun and the Moon, as well as pressure from solar radiation [8].

These orbital errors must be considered, as they affect the accuracy of the ephemeris
data for each satellite, leading to inaccuracies in estimated satellite positions. The
satellite ephemeris data is calculated by the GNSS master control station on the
ground through continuous monitoring of signals from individual satellites. Since
the positions of the satellites are accurately known, a reverse positioning determina-
tion process can be conducted to calculate the orbital parameters of the satellites.
This process is supported by precise clocks at the monitoring stations. Subsequently,
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the master control station calculates the estimated orbital parameters and transmits
this information to users through the navigation message [24].

2.6.3 Receiver-related Errors
Fundamentally similar to satellite clock errors, inaccuracies in the receiver clock can
lead to imprecise measurements. However, it is impractical to use highly accurate
atomic clocks in receivers due to their complexity and cost [8]. Typical receiver
clocks utilize quartz crystal oscillators with absolute accuracy around 1–10 ppm
(parts per million) across standard temperature variations. In addition, more ad-
vanced oscillators commonly provide higher precise stability of 0.01–0.05 ppm over
a few seconds [24]. Receiver clock error can be compensated by doing synchroniza-
tion between the clock of both receiver and satellite. By simultaneously receiving
signals from at least four satellites, the clock errors in the receiver can be identi-
fied, and the three-dimensional coordinates can be determined at the same time [8].

Another tricky error related to the receiver stems from the antenna itself. As men-
tioned previously, the phase center of the receiver antenna significantly influences
the accuracy of GNSS signals, particularly in precise measurements such as land
surveying in geodesy applications. This type of error correction can be character-
ized as constant offsets, which are estimated by calibrating the antenna using several
calibration techniques [21]. It is also worth noting that the estimated phase centers
are dependent on the type of antenna as well as its manufacturer, implying that
for a certain estimated calibration phase center errors of an antenna may not be
applicable to another [9].

Moreover, multipath contributes to significant errors in GNSS signal measurements.
This phenomenon occurs when the satellite signal reaches the receiver through mul-
tiple paths, including one direct path and one or more indirect paths. As a result,
the received signal exhibits relative phase offsets, and these phase variances corre-
spond directly to the different lengths of the signal paths [9]. Figure 2.4 illustrates
the multipath phenomenon in GNSS signal measurement. Multipath error is heavily
influenced by surrounding objects near the receiver, causing the signal to reflect. It’s
important to note that differential GNSS methods cannot mitigate multipath errors,
as these errors are influenced by the local reflection geometry around the receiver
antenna. Receivers lacking the ability to compensate for multipath errors, such as
those using C/A-code ranging, may experience errors of up to 10 meters [24].
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Figure 2.4: Multipath effect [9]

Multipath propagation error can be categorized into two types, static and dynamic.
In stationary receivers, changes in signal propagation occur gradually relative to
the movements of satellites in orbit, resulting in relatively constant multipath er-
ror parameters during certain observation times. Conversely, in dynamic receivers
such as mobile phones, there can be larger and more rapid variations in multipath
errors over short periods of time [24]. Multipath effects can be assessed by uti-
lizing dual-frequency combinations of L1 and L2 in code pseudorange and carrier
phase measurements. This approach relies on the effects of the troposphere, clock
errors, and relativistic effects affecting both code pseudorange and carrier phase
measurements to a similar extent [9]. Several methods can be applied to mitigate
the multipath effect. The most effective technique is to select the antenna location
carefully to minimize signal reflections from surfaces or surrounding objects. An-
other method, as mentioned previously, is to use a ground plane antenna design.
Additionally, high directive antenna arrays can be employed to mitigate specific er-
rors by providing high gain towards the direct signal path and attenuation in paths
of indirect signals. Furthermore, more practical approaches, known as time-domain
processing, are commonly integrated into receivers, especially those used for high-
precision measurements. However, since the majority of practical techniques are
developed by receiver manufacturers, they are often hesitant to disclose these tech-
niques in detail [24].

Furthermore, the phase ambiguity parameter is also a complex error to compen-
sate for. This error specifically affects the carrier phase measurement technique.
The presence of multipath constrains the measurement performance in precision ap-
plications, particularly as it affects carrier phase ambiguity resolution [24]. Carrier
phase ambiguity is a time-independent parameter as it only correlates to continu-
ous satellite tracking by the receiver. As long as tracking remains uninterrupted,
the phase ambiguity resolution remains unaffected. This ambiguity is defined as an
integer value of the wavelength, meaning it depends on the frequency of the GNSS
signals. Calculating these integer values is challenging due to various factors that
can affect this error parameter and make it ambiguous. Additionally, a process-
ing technique known as double-differences can be used to mitigate phase ambiguity,
although there is no guarantee of complete error mitigation. Through the double-
differences process, the clock error parameter is removed from the measurement
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data, potentially isolating the ambiguities of the signal [9]. The amount of error due
to the phase ambiguity generates from the integer value of wavelength, in GPS L1
for instance, varies at least from 19 cm.

2.6.4 Carrier Phase Wind-up
In principle, a GNSS signal can be illustrated as an electromagnetic wave with the
rotation of the electrical field propagating from the satellite in space to the ground
receiver. Ideally, the angle of the observed carrier phase at the receiver antenna cor-
responds to the geometric angle projected by the reference direction of the antenna
and the arriving electric field. However, altering the orientation of the antenna
influences the reference direction, consequently affecting the phase measurement.
Additionally, changes in the orientation of the antenna affect the direction of the
electric field. This phenomenon is referred to as carrier phase wind-up or phase
wrap-up. It should be noted that the term applies to antennas on both sides, the
satellite antenna, and the ground receiver antenna [25]. A complete cycle rotation
phase of received and transmitted signal from satellite or receiver antenna along its
boresight results a carrier phase measurement shift by one cycle across all frequency
bands of the satellite. In GPS system, for instance, this leads to an approximate
range error of 19 cm and 25 cm for the frequency of L1 and L5, respectively [26].

Considering the carrier phase wind-up effect characterizes to be orientation-dependent,
the error can be estimated and modeled with respect to vector position parameters of
both satellite antenna and receiver antenna. Figure 2.5 illustrates the phenomenon
of carrier phase wind-up.

Figure 2.5: Carrier phase wind-up [26]

Initially, an effective dipole vector of both satellite and receiver antenna need to
characterized. Equation 2.16 and Equation 2.17 formulate the effective dipole vector
of the antennas.

20



2. Theory

D = x − k(k · x) + k × y (2.16)

D
′ = x

′ − k(k · x
′) − k × y

′ (2.17)

where k is assumed as a unit vector directed from satellite transmitter to the ground
receiver. D and D

′ denotes the effective dipole vector of the receiver and antenna,
respectively. Here, x and y correspond to the unit vector of receiving antenna, while
x

′ and y
′ are the unit vector for transmitting antenna. Thus, the phase wind-up (ω)

parameter can be modeled in the following Equation 2.18.

ω = sign(γ) arccos
(

D
′ · D

||D′|| · ||D||

)
(2.18)

where γ can be defined as

γ = k · (D′ × D) (2.19)

Furthermore, phase wind-up errors originating from the transmitting antennas are
varied for each satellite, implying such model estimation needs to be conducted in
the dependency of every observed satellites [26].

2.7 Coordinate Reference System
To ensure the precision of GNSS positioning measurements, a well-defined reference
system for both the coordinate position of the satellite and the receiver needs to be
established. Coordinate reference systems are utilized for positioning measurements
since the satellite and receiver are on different segments (space and ground). In
GNSS applications, the reference system can be defined in two different references,
i.e., the Celestial Reference System (CRS) and the Terrestrial Reference System
(TRS) [27].

The Celestial Reference System (CRS) primarily utilizes the center of mass of the
Earth as the reference origin. The practical application of this reference concept is
referred to as the Celestial Reference Frame (CRF), which is established and com-
monly used to define the coordinates of extra-galactic radio sources. On the other
hand, the Terrestrial Reference System (TRS) rotates together with the Earth’s daily
rotation, and this concept is also known as Earth-Centered, Earth-Fixed (ECEF). It
comprises a model of the Earth’s characteristics as a physical object, where coordi-
nate points are described and exhibit minor influences due to the geophysical factors
of the Earth, such as earth tides or tectonic plate movements. The implementation
of this framework is referred to as the Terrestrial Reference Frame (TRF), estab-
lished by utilizing particular Earth coordinates as reference points [27].

GNSS applications primarily utilize the TRS concept to describe the position of
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satellites and receivers. However, the TRS concept can be defined in several differ-
ent reference system characteristics, generally depending on the satellite navigation
systems. For instance, GPS utilizes its own TRS known as WGS84, while GLONASS
uses PZ-90. Therefore, it is crucial to take these discrepancies in reference system
characteristics into account and correct them to ensure precise measurements, espe-
cially when multiple satellite navigation systems are involved [28].

2.7.1 Helmert Transformation
As mentioned earlier, discrepancies exist between different concepts of TRS/TRF,
leading to inaccuracies in measurements, especially in high-precision applications
such as geodetic surveying. Due to the different reference systems used by various
GNSS systems, an International Terrestrial Reference Frame (ITRF) has been es-
tablished to provide a universal reference for all these systems.

However, to accurately process the transformations between these reference frame
systems, a robust algorithm is required. The Helmert transformation method can be
utilized for this purpose. The Helmert transformation involves two 3D coordinate
systems characterized by differences in their origins, axes, and scale. This method
allows for the accurate transformation and estimation of stable coordinate infor-
mation between two different references [29]. These can be represented by seven
parameters, i.e., three translations of the coordinate (tx, ty, tz) along the axes, three
rotation angles (rx, ry, rz) between the axes, and scale factor (1 + k). Helmert pa-
rameters of coordinate reference transformation can be seen in Figure 2.6.

Figure 2.6: Helmert transformation parameters [29]

The seven Helmert parameters are modeled by utilizing two common known co-
ordinates in both different reference systems. Equation 2.20 defines the Helmert
transformation model. X i
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where (X1, Y1, Z1) and (X2, Y2, Z2) are the common known coordinates position in
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the reference system-1 and reference system-2, respectively, and i represents a com-
mon point. It should be noted that in order to compute the seven Helmert param-
eters, it requires at least three common known positions in both reference systems.
Equation 2.20 can then be reformed as follow,
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(2.21)

It is seen that the Equation 2.21 can be treated in terms of Least-Square estimation
formula. The general model of Least-Square estimation is defined in Equation 2.22.

L̄ = ĀX (2.22)

where L̄ usually is a vector matrix observation, Ā is a matrix design, and X is the
estimated values. In this case, the matrix observation, matrix design, and estimated
values are formed in Equation 2.23, 2.24, 2.25, respectively.

L̄ =

 X i
2 − X i

1
Y i

2 − Y i
1

Zi
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1

 (2.23)
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(2.25)

Thus, the seven Helmert parameters of X in Equation 2.21 can be derived by em-
ploying Least-Square estimation, as formulated in Equation 2.26.

X = (ĀT Ā)−1(ĀT L̄) (2.26)

The estimated values of seven Helmert parameters corresponding to X then can
be applied in Equation 2.20 to calculate the position coordinates transformation of
reference system-1 into reference system-2 [29].
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2.8 Data Processing
In the previous sections, it was noted that GNSS signals are highly influenced by
various types of errors during measurement. While methods like dual-frequency mea-
surement can mitigate some of these errors by generating ionospheric-free signals,
certain applications require even greater precision, reliability, and continuous obser-
vation. To achieve this, specific techniques can be employed to process GNSS data
signals, aiming for greater accuracy. These techniques include Differential GNSS
(DGNSS) and Precise Point Positioning (PPP) [2]. The following subsections elab-
orate the two fundamental concept of DGNSS and PPP processing methods.

2.8.1 Differential GNSS (DGNSS)
The fundamental principle of Differential GNSS (DGNSS) involves the use of one
or more reference receivers at predetermined locations. These receivers broadcast
error estimations of GNSS satellite measurements to user receivers, allowing them to
subtract these errors from their own signal measurements. Essentially, the DGNSS
method aims to mitigate nearly all spatially correlated errors caused by various pa-
rameters, including inaccuracies in satellite clock and ephemeris data, as well as
ionospheric and tropospheric delays [3].

It is important to note that the correlation of GNSS signal errors tends to be higher
over shorter distances. As a result, applying the Differential GNSS (DGNSS) pro-
cessing technique often yields greater improvements when the reference stations are
placed close to the end user. DGNSS processing generates error estimations that can
be utilized for the raw data measurements of the end user or for every visible satellite
and its navigation messages. Furthermore, the DGNSS technique is fundamentally
categorized into two applications, absolute differential and relative differential. In
the absolute differential application, the position of reference station(s) must be ac-
curately known or predetermined in the same coordinate system as the user receiver,
such as the Earth-Centered, Earth-Fixed (ECEF) reference. Therefore, the reference
station(s) ideally remain stationary to provide error estimations for end users. On
the other hand, relative differential involves determining the position of the user rel-
ative to the desired coordinate system of the reference station(s), where in this case,
the absolute position of reference station(s) may not be precisely predetermined [2].

Furthermore, DGNSS can be utilized for both code pseudorange and carrier phase
measurements to achieve greater accuracies. Typical code pseudorange calculations
result in errors of approximately 3–5 meters, while applying the DGNSS method for
these determinations can lower the errors to approximately 0.5–1.0 meters. How-
ever, it is worth noting that carrier phase measurements produce much higher ac-
curacy results than code pseudorange. Therefore, for applications requiring high
precision levels such as surveying, code pseudorange DGNSS is considered insuffi-
cient [3]. Code-based DGNSS can deliver accuracy up to the decimeter level, while
differential carrier phase processing can achieve performance at the millimeter-level
accuracy [2].
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The DGNSS technique can be principally characterized into three different ap-
proaches, i.e., single difference, double difference, and triple difference. The fun-
damental concept of single difference involves simultaneous carrier phase measure-
ments from the same visible satellite by two distinct receivers. Observing a single
satellite from two receivers enables the complete elimination of the satellite clock
error by computing the difference at any epoch observation. Single difference is ide-
ally used when the baseline between two receivers is relatively small [8]. The single
difference concept is illustrated in the following Figure 2.7.

Figure 2.7: Single difference method

A single satellite observation from two difference receivers can be defined as follow,

Li
q(t) = ρi

q(t) + cτq − cτ i + Zi
q − I i

q + Bi
q (2.27)

Li
r(t) = ρi

r(t) + cτr − cτ i + Zi
r − I i

r + Bi
r (2.28)

Utilizing the single difference method to Equation 2.27 and Equation 2.28 by dif-
ferentiating two difference receivers for a single satellite signal, the satellite orbital
and clock errors (τ i) can be eliminated. This process is defined in Equation 2.29
and 2.30.

∆Li
qr = Li

q − Li
r (2.29)

∆Li
qr = ∆i

qr + c∆τqr + ∆Zi
qr − ∆I i

qr + ∆Bi
qr (2.30)

Errors influenced by atmospheric properties, tropospheric error (∆Zi
qr) and iono-

spheric error (∆I i
qr), can be compensated by placing the two receivers close to each

other [8]. This implies that the receivers may highly experience similar atmospheric
properties, which can be almost completely cancelled out during the differential pro-
cess.

Furthermore, the double difference method can principally be defined as two single
differences for two satellite observations at the same epoch. Figure 2.8 illustrates the
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concept of double difference. By utilizing such method, it enables the elimination
of both receiver clock errors (τq and τr) since the differences are computed at the
same epoch for both satellite observations [8].

Figure 2.8: Double difference method

The double difference can be formulated in the following Equation 2.31 and 2.32.

∆∇Lij
qr = ∆Li

qr − ∆Lj
qr (2.31)

∆∇Lij
qr = ∆∇ρij

qr + ∆∇Zij
qr − ∆∇I ij

qr + ∆∇Bij
qr (2.32)

It can be seen in Equation 2.32 that the clock errors for both receivers (τr and
τq) are eliminated as a receiver takes simultaneous measurements of two satellites,
making the receiver clock error to be constant for both satellites which leads to
differential result of zero. Previously, it is noted by placing the two receivers in a
close proximity can be used to encounter atmospheric errors (I and Z). However,
both single difference and double difference methods are not able to solve the carrier
phase ambiguities (Bij

qr). Moreover, it should also be noted that double difference
method may generate more receiver noise by a factor of two for every difference
operation, making it as a drawback and need to be compensated carefully [8].

In addition, triple difference method can be utilized to compensate the carrier
phase ambiguities. Almost in similar principle as other difference methods, this
can be accomplished by doing differential operation of two double differences at two
consecutive epochs of observation. The triple difference method is illustrated in
Figure 2.9.
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Figure 2.9: Triple difference method

The triple difference method mathematically can be formulated in the following
Equation 2.33. This model utilizes two consecutive epochs (t1 and t2) for both two
similar satellites to analyze the integer phase ambiguity (N), which then be used
to cancel out the carrier phase ambiguities in both receivers. This method can be
utilized considering that the integer phase ambiguity (N) fundamentally remains
constant on the two consecutive epoch observations.

∆∇φij
qr(t1, t2) = ∆∇φij

qr(t1) − ∆∇φij
qr(t2) (2.33)

However, in practical, it is noted that triple difference lacks sufficient accuracy to
solve the carrier phase ambiguities. Moreover, it is more ideal to estimate the integer
phase ambiguity using particular techniques separately, then apply either single or
double difference method for data processing [8]. One of the examples of GNSS
processing software, Bernese, utilizes DGNSS principle is briefly discussed in the
following section [30].

2.8.1.1 Bernese GNSS Software

Bernese is a high-precision positioning and timing determination software developed
by the Astronomical Institute of the University of Bern (AIUB). It has features of
processing multi-GNSS satellite systems, such as GPS and GLONASS, as well as
one of the processing technique utilizing DGNSS principle. Fundamentally, the ini-
tial process in Bernese consists of seven main stages.

• RNXSMT: this initial process involves of detecting the cycle slips and poor
observations in RINEX data by processing both code pseudorange and phase
observations for all satellites.

• CODSPP: by utilizing the code pseudorange data observations, the receiver
clock errors can be estimated and synchronized to the actual time reference,
e.g., GPS time.
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• SNDGIF: the previous process resulting such data referred as zero-difference
results from each receiver. The so-called zero-difference results can be used
to to do another baseline-based differential process, which the output is single
difference observation data.

• MAUPRP: another cycle slips detection process is done to estimate multiple
ambiguities for the phase observations for the single difference data.

• RESRMS: this step involves screening and producing the residuals for outliers
data detection.

• RESCHK: such anomalies during the observations in both stations and an-
tenna are identified in this process by examining the summary results from
previous step.

• SATMRK: the final step is to mark particular observations from RESRNS
that are recognized as outliers data.

Moreover, these initial processes and results can be used for further positioning
determination by utilizing another processing technique such as double difference,
since through these stages it is only single difference method applied [30].

2.8.2 Precise Point Positioning (PPP)
Unlike the DGNSS technique, the Precise Point Positioning (PPP) method does
not primarily rely on differential operation. This processing method for position
determinations does not require station reference(s) because only a single receiver
is needed. Hence, PPP is considered non-differential since the user receives the
satellite clock and ephemeris data directly estimated by a ground network. These
estimations replace the broadcast information from individual satellites [2].

In principle, the PPP technique operates under the assumption that global satellite
orbits and clocks are treated as strongly constrained. Additionally, the mathemati-
cal models employed in the PPP method are aligned with global network solutions,
from which the estimations of orbits and clocks are derived. To ensure consistency
between the global data of orbits and clocks and the PPP solutions, they should be
aligned using similar reference system standards, such as IERS (International Earth
Rotation and Reference Systems) [31]. The fundamental principle of PPP is to
utilize dual-frequency of code pseudorange or carrier phase observations to produce
the so-called ionospheric-free signals [2], as previously mentioned in Section 2.6.1.1.

On its initial procedure, PPP necessitates the estimation of phase ambiguities for
all satellites since the carrier phase measurement is utilized, which therefore is used
for the determinations. Despite only a single station receiver is required in PPP
method, the calculation of the observed satellite orbits and clocks essentially relies
on utilizing the global network. The final result of PPP model consists of several
parameters, i.e., station positions (X, Y, Z), receiver clock estimations (τ), zenith
tropospheric delay (ZTD), and carrier phase ambiguities (B). These final result pa-
rameters are aligned with global reference system, indicated by its consistency with
the global GNSS orbit and clock solutions [31]. One of the GNSS software utilizing
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PPP method is known as GipsyX, which is briefly explained in the following section.

2.8.2.1 GipsyX

The GipsyX software is developed by the NASA Jet Propulsion Laboratory (JPL)
for positioning, navigation, timing, and Earth science applications. The software is
able to utilize three different geodetic measurements, i.e., GNSS (Global Navigation
Satellite Systems), SLR (Satellite Laser Ranging), and DORIS (Doppler Orbitogra-
phy and Radiopositioning Integrated by Satellite). The main principle of GipsyX
utilizes Kalman filter methodology to estimate such final parameters data for both
real-time or post-processing observations. These final estimated parameters encom-
pass station coordinates and velocities, satellite orbits and clocks, orientation of the
Earth, as well as inospheric and tropospheric delays [32].

GipsyX is the newer version of GIPSY-OASIS and Real Time GIPSY (RTG) com-
bined featuring more functions and capabilities, while still utilizing the same fun-
damental concept. In basic principle, GipsyX involves two different parts of de-
termination, or can be referred as the computed and the observed determinations.
The observed determination (Pobserved) is computed directly by utilizing the desired
data observations from receiver station. On the other hand, the computed determi-
nation (Pcomputed) utilizes the global network, which can be calculated by utilizing
the precise satellite orbits and clocks provided by the International GNSS Services
(IGS) [33].

The computed (Pcomputed) data results are treated as the initial guesses by modeling
the the precise errors of geophysical properties, receiver station and antenna details
to compute the distance between the satellites and the ground receiver. Moreover,
the observed (Pobserved) data is determined by utilizing the dual-frequency method
directly to the desired observations data from receiver to form the ionospheric-free
signals model for code pseudorange (P3) or carrier phase (L3) measurements [33].
The ionospheric model can be formed by employing two different frequency obser-
vations into the Equation 2.15 (as previously mentioned in Section 2.6.1.1).

Taking an example of dual-frequency in GPS system, the ionspheric-free model of
L3 and P3 are formed in the following Equation 2.34 and 2.35.

L3 = 2.546L1 − 1.546L2 (2.34)

P3 = 2.546P1 − 1.546P2 (2.35)

where L1 and L2 are the measured carrier phase, as well as P1 and P2 are the
code pseudorange data, while in this case observed by f1 (1575.42 MHz) and f2
(1227.60 MHz). A brief process of GipsyX algorithm is illustrated in Figure 2.10.
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Figure 2.10: GipsyX algorithm process.
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Methods

The accuracy of GNSS observations and measurements are significantly impacted
by a variety of error sources, as previously discussed in Section 2.6. Therefore, it is
crucial to take all error sources into account during the observation measurements,
as well as post-processing. Although there are multiple GNSS constellations avail-
able for observation and measurement, only GPS satellite signals were utilized in
this project.

The project involves several procedures during its implementation and experiment.
This section elaborates mainly the details of the experiment setup, desired ap-
proaches to conduct and process the measurements, error source compensations,
assessments and validations of the results, as well as its reasoning.

3.1 Antenna Station Setup
The experiment was conducted at the Onsala Space Observatory (OSO). Multiple
coordinate points, particularly those near the 20 m telescope, were utilized for GNSS
observations and measurements. The project involved five different GNSS stations,
one station (ONSA) contributed to the IGS global network, while the remaining
stations were part of the local GNSS network. All stations were placed within a
total area of approximately 75 m.

The chosen positions were selected based on their long-standing establishment, par-
ticularly ONSA, which has been part of the global IGS network for decades. As
a result, there are already finalized positional data available from previous exper-
iments or research, which can be utilized for further validation in this study. The
experiment involved five different stations: ONSA, A302, B303, C304, and D501.

Figure 3.1 illustrates the observation setup map of all five stations. Green marker of
the station indicates as part of the global IGS network, while blue marker represents
the local network.
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Figure 3.1: Observation setup map of the stations

In an ideal experiment, it is preferable to use similar types of antennas and receivers
for observations. Different types of receivers or antennas can influence the observed
data due to varying specifications and behavioral characteristics. In this project, all
five stations used the same type of antenna from Leica Geosystem AG. However,
two different types of receivers were utilized due to unavailability of one particular
receiver type in the inventory.

The main objective of the project is to implement a new observation method by
tilting the antennas at a few degrees. Notably, only the four antennas (A302, B303,
C304, and D501) of the local network were tilted in specific directions for the exper-
iment, while ONSA remained in its original position as part of the global network.
The purpose of tilting the antennas is to introduce geometric constraints that affect
the position determinations. These geometric constraints, resulting from the tilted
antennas, are then utilized to investigate the phase-center calibration corrections of
each antenna, as previously mentioned in Section 1. Table 3.1 summarizes the detail
setup specification of the desired antenna stations.

Table 3.1: List of stations specification and setup

Station Antenna Type Receiver Type Tilt Direction Tilt (◦)
ONSA AR20 (with radome) Septentrio - -
A302 AR20 Septentrio South 9.5237
B303 AR20 Trimble West 10.2846
C304 AR20 Septentrio East 9.4903
D501 AR20 Trimble North 9.6391

It is noted that the initial idea was to tilt the four antenna stations in 10◦ in four
different directions measured using Leica DISTO 501 range finder with embedded
360◦ tilt sensor. However, a more precise of distance and position determination was
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conducted by utilizing laser tracker measurement. This laser tracker measurement is
considered to have higher accuracy including able to project such object orientation
in a ground plane, particularly in this case the antennas due to the tilting.

3.2 Antenna Station Calibrations
The desired antenna stations required calibration to characterize their phase-center
behaviors, particularly to determine the phase-center offset (PCO) and phase-center
variation (PCV). Therefore, four antennas (A302, B303, C304, and D501) were sent
to Geo++ GmbH in Germany to undergo absolute robot calibration. However,
station ONSA was not calibrated as it has been actively operating as part of the
global network for years and could not be deactivated for calibration.

Table 3.2: Antenna station calibrations

Station Antenna Type Calibration Type Date of Calibration
ONSA AR20 (with radome) - -
A302 AR20 Robot (absolute) 2021-02-06
B303 AR20 Robot (absolute) 2021-02-02
C304 AR20 Robot (absolute) 2021-02-04
D501 AR20 Robot (absolute) 2021-04-28

The phase-center offset (PCO) and phase-center variation (PCV) for the four differ-
ent antenna stations, obtained from Geo++ GmbH, are then used to compensate for
errors during position determinations. Additionally, they are utilized to investigate
the errors associated with antenna phase-center caused by geometric constraints due
to the tilted antenna positions.

3.3 GNSS Observations and Laser Tracker Mea-
surements

In this study experiment, carrier phase measurements are primarily utilized for
station observations and position determinations, considering they produce more
precise measurement results than the code pseudorange. The GNSS signal measure-
ments during this project were initially conducted over a period of 41 days, from
2023-03-18 to 2023-04-27. Unfortunately, due to unknown reasons, only 11 days of
observation data could be retrieved. Thus, this project only processed and assessed
the GNSS signals from 2023-03-17 to 2023-03-27.

In principle, all the selected receiver types are highly capable of tracking and observ-
ing multiple GNSS constellations, including GPS, GLONASS, Galileo, BeiDou, and
SBAS (Satellite-based Augmentation Systems). However, due to time constraints,
only GPS signals were utilized from all five receiver stations in this project.
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3.3.1 External Measurement Reference
An external measurement is required to serve as a reference for result validation. In
this project, laser tracker measurement is utilized as the reference due to its high
accuracy. Since the project focuses on positioning determinations using GNSS data
signals, the laser tracker is used to measure and determine the positions of four an-
tenna stations (A302, B303, C304, and D501). Therefore, the measured data from
the laser tracker serve as reference results for the positions calculated from GNSS
signals.

In principle, tracker measurements involve tracking a small object, typically shaped
like a ball or stick, as it moves, provided there is a clear line of sight with no visible
obstacles. Therefore, the tracker is positioned in a location that ideally offers a
clear line of sight to track the object on the antennas in the observation setup using
laser-based measurements.

Figure 3.2: Laser tracker measurement
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Figure 3.3: Small object of the tracker measurement on antenna

3.4 Data Processing Strategies
There are multiple processing techniques can be utilized for GNSS positioning deter-
mination, as previously elaborated in Section 2.8. In the initial plan of this project,
DGNSS method particularly single difference principle was utilized to process the
signal data, following the same processing technique was conducted in previous re-
search [1]. The single differece processing was conducted by utilizing the Bernese
GNSS software. However, another type of data processing, PPP (Precise Point Po-
sitioning), was also used during the project. Using GipsyX software to utilize PPP
principle as an alternative option to analyze the data since the Bernese software has
considerably more complex process and configuration.

Therefore, the project produced two different type of results, i.e., the single dif-
ference from Bernese and PPP from GipsyX. These final solutions consisting all
station positions are analyzed in terms of the baselines between each station. The
detail of the results from both different methods are presented and analyzed in the
following section.

35



3. Methods

36



4
Results and Discussion

This section presents and discusses the overall results of the project. Initially, the
intention was to employ the single difference technique to process and evaluate the
satellite signals and determine the final position of all receiver stations. However,
due to the complexity of the Bernese software program, the results obtained from
the single difference method were not as optimal as expected. Additionally, a custom
GNSS signal processing approach using the single difference method was developed
using Matlab, but the results were generally even worse than those obtained with
Bernese. Ideally, the single difference method should have been used for the pro-
cessing technique and assessments, as conducted in previous research. However,
due to the challenges encountered, the Precise Point Positioning (PPP) technique
of GipsyX was utilized as an alternative to determine the station positions. These
PPP results can also serve as a comparison to the results obtained from Bernese.

It is noted there is a lack of detail information on how the single difference method
was implemented in the previous study [1]. Additionally, identifying the optimal
approach to achieve high precise results posed a challenge due to the presence of
unpredictable error sources that could highly influence the final outcomes.

The main assessments focus on the position determination of all receiver stations
using both Bernese and GipsyX, the baseline length analysis resulting from GNSS
signals and laser tracker measurements, and the residual results of the observa-
tions corresponding to errors in the phase-center antenna caused by tilting. The
phase-center errors are analyzed with respect to the observed satellite elevations.
Moreover, the received GNSS signal observations are processed with an elevation
cut-off of 10◦ in the desired methods.
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4.1 Examination of Antenna Calibration
Considering that the main project aims to investigate the antenna phase-center cal-
ibration error, the desired antennas were sent to Geo++ as the service provider
to be calibrated for phase-center characterizations. As mentioned earlier, Geo++
characterized the antenna phase-center calibration, including the phase-center offset
(PCO) and phase-center variation (PCV).

It is noted that only four antenna stations, namely A302, B303, C304, and D501,
were characterized for phase-center calibrations. These antennas were calibrated us-
ing the absolute calibration method utilizing a robot. Although station ONSA was
utilized in the project setup, it was impossible to calibrate the antenna station since
it has been mounted in its location and operating for years. Taking the antenna off
for calibration may influence its observation data as part of the IGS global network.

The phase-center correction is characterized with respect to elevation and azimuth
angles. The absolute calibration conducted by Geo++ resulted in phase center er-
rors for multiple satellite navigation systems based on their provided frequencies.
These calibration results include GPS (L1, L2, and L5), GLONASS (R1, R2, R3,
R4, and R6), BeiDou (B1, B2, B3, B5, B6, and B8), Galileo (E1, E5, and E6), etc.
However, as previously mentioned, the project is only focused on assessing the GPS
signals.

The characterized phase-center variation (PCV) correction for every four antenna
stations are presented in the following figures in terms of polar plot coordinate cor-
responding to elevation (0-90◦) angle and azimuth (0-360◦) angle.

(a) L1 (b) L2

Figure 4.1: Station A302 antenna phase-center calibration
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(a) L1 (b) L2

Figure 4.2: Station B303 antenna phase-center calibration

(a) L1 (b) L2

Figure 4.3: Station C304 antenna phase-center calibration

(a) L1 (b) L2

Figure 4.4: Station D501 antenna phase-center calibration
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The PCV results are defined in millimeter unit and utilized as error corrections
for the received carrier phase signals depending on satellite elevation and azimuth
angles. The results in Figure 4.1-4.4 show only slight behaviour differences of char-
acterized PCV between the four antennas. Although there are slight differences of
PCV result between the antennas, the errors appear to be in the same magnitude
order, particularly the PCV for L2 frequency.

High errors in the phase center likely occur at lower elevation angles, regardless
of the position of azimuth angles. Lower elevation causes higher errors due to the
longer signal path propagation and other error parameters such as multipath due to
the surrounding environment of the receiver station.

In principle, higher-frequency satellite signals may experience a higher influence
of errors during their signal propagation caused by atmospheric effects. In the case
of antenna PCV, however, the PCV correction resulting from the absolute robot
calibration shows that the lower frequency of L2 (1227.60 MHz) is influenced by a
higher magnitude of error compared to the L1 frequency (1575.42 MHz). Thus, the
PCV error from calibration is not solely defined by frequency dependence. Other
parameters such as antenna design properties, along with the signal processing tech-
nique, also play crucial roles.

4.2 Determination of Station Positions
The following subsections elaborate on the final solutions of the desired receiver sta-
tions, calculated using two different methods of GNSS signal processing and software
programs. Position results are determined by Bernese utilizing the single difference
principle and by GipsyX using PPP. Furthermore, the final results of station posi-
tions are presented with respect to the frequency, as different methods are applied,
utilizing different frequency processing.

4.2.1 Single Difference Result
The Bernese software offers to utilize DGNSS method of processing including the
single difference and double difference, as previously described in Section 2.8.1.1.
The following results of desired station position are processed only utilizing single
difference method, as well as based on the L1 and L2 frequency separately. Employ-
ing the single difference processing method for the station determination is aligned
with the initial aim from the previous research conducted [1].

The final solutions from Bernese’s single difference method are provided in the lo-
cal geodetic datum of IGS20, which is essentially an Earth-Centered, Earth-Fixed
(ECEF) reference system. The position results are presented as time series data,
reflecting observations conducted over 10 days. It is important to note that these
final solutions are referenced to the antenna reference point (ARP). Figure 4.5-4.9
show the results of all the desired receiver stations.
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It should be noted that the following station position results are presented in a
particular scale in order to analyze the daily position changes much easier for all the
five stations.
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Figure 4.5: Bernese’s A302 station position in ECEF coordinate system
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Figure 4.6: Bernese’s B303 station position in ECEF coordinate system
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Figure 4.7: Bernese’s C304 station position in ECEF coordinate system
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Figure 4.8: Bernese’s D501 station position in ECEF coordinate system
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Figure 4.9: Bernese’s ONSA station position in ECEF coordinate system

Given that the ONSA station is part of the IGS global network and unaffected by
antenna tilting, it was made to be constrained during the Bernese processing. As
a result, its final solutions between L1 and L2 frequencies are similar, as shown in
Figure 4.9.

Furthermore, analyzing the day to day 3-axis positions (X-Y-Z) for all antenna
stations, there are apparently two different behaviours in L1 and L2 frequencies po-
sition results. It appears there are unstable position results for both station A302
and C304, and is coincidence that both stations use the same type Septentrio re-
ceiver.

For station A302 in X-axis, for instance, both L1 and L2 results experience drastic
daily changes for up to 1.6 cm and 2.5 cm, respectively. On the other hand in ver-
tical position of Z-axis, such station also experiences changes for 1.6 cm in L1 and
1.7 cm in L2.

Moreover, in station D501, significant position changes also resulted in both X-
axis and Z-axis. There is approximately position changes in X-axis for 1.2 cm in L1
and 2.3 cm in L2, as well as in Z-axis for 1.8 cm in L1 and 2.5 cm in L2.

4.2.2 PPP Result
In this case, the PPP method is employed in GipsyX processing to determine the
station positions. GipsyX utilizes a frequency combination of L1 and L2 to generate
the L3, also known as the ionospheric-free signal, as previously mentioned in Sec-
tion 2.8.2.1.

Unlike Bernese, the final solutions computed using GipsyX are presented in terms
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of latitude, longitude, and height coordinates. Therefore, specific calculations are
needed to transform the geodetic coordinate system into ECEF. Figure 4.10-4.14
show the results of all the desired receiver stations computed using ionospheric-free
signal of L3 frequency combinaiton in GipsyX. Similarly, the station position results
are also presented in particular scale to make it easier for daily position changes
analysis.
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Figure 4.10: GipsyX’s A302 station position in ECEF coordinate system
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Figure 4.11: GipsyX’s B303 station position in ECEF coordinate system
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Figure 4.12: GipsyX’s C304 station position in ECEF coordinate system
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Figure 4.13: GipsyX’s D501 station position in ECEF coordinate system
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Figure 4.14: GipsyX’s ONSA station position in ECEF coordinate system

The final solutions derived from the ionospheric-free signal of L3 frequency processed
using GipsyX also exhibit a considerably similar behavior pattern across each day
of observation for all stations. Notably, there is a sudden position jump in station
B303, utilizing Trimble receiver, for up to 1.4 cm in Y-axis position.

4.3 Laser Tracker Measurement
The position determination is also conducted utilizing laser tracker and treated as
the reference measurement since considered to have higher precision result, as pre-
viously mentioned in Section 3.3.1. Four antenna stations are measured using the
laser tracker to determine their precise positions with respect to the antenna refer-
ence point (ARP). Figure 4.15 illustrates the conducted laser tracker measurement
to the four antenna stations.
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Figure 4.15: Laser tracker measurement setup

The result positions are measured in the tracker coordinate frame system in mil-
limeter unit. In principle, the measured result is the distance between the antenna
station and the tracker in three-dimension. The following Table 4.1 summarizes the
measured four station positions from laser tracker.

Table 4.1: Measured station positions from laser tracker

Station X [mm] Y [mm] Z [mm]
A302 -8761.229 ± 0.2 -11074.823 ± 0.2 -754.689 ± 0.2
B303 -2951.633 ± 0.2 -2243.062 ± 0.2 -793.960 ± 0.2
C304 6933.821 ± 0.2 -8107.410 ± 0.2 61.837 ± 0.2
D501 -7172.888 ± 0.2 11096.137 ± 0.2 -2169.983 ± 0.2

4.3.1 Reference System Transformation
It is acknowledged that the measurement results obtained from the laser tracker are
considered to be of higher accuracy compared to GNSS signal positioning. However,
it is important to note that the laser tracker results are measured in a local reference
system. Thus, a specific transformation technique is necessary to convert between
these two different reference frames by employing the Helmert transformation prin-
ciple, as previously mentioned in Section 2.7.1.

The Helmert transformations involve four common points between the two dif-
ferent reference system frames. However, a slight challenge arises with the final
solutions determined by both GNSS signal (EG, NG, UG) and laser tracker measure-
ments (Et, Nt, Ut). While both types of calculations are referenced to the ARP,
only the final position from the laser tracker measurement aligns exactly with the
ARP. This discrepancy is attributed to the geometric constraint caused by the tilted
antenna. Bernese and GipsyX do not account for this geometric constraint during
their determinations. Figure 4.16 illustrates the difference between the computed
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ARP from laser tracker and GNSS signal positioning.

Figure 4.16: ARP illustration between laser tracker and GNSS signal

Hence, the ARP computed from the laser tracker needs to be adjusted to align with
the calculated ARP of Bernese and GipsyX to establish a common point in the two
different reference systems. This adjustment is achieved by considering the mea-
sured angle projection with respect to the tilting, along with the ARP information
from the calibration data.

The offset between the ARPs of laser tracker and GNSS (Bernese and GipsyX)
can be determined in Equation 4.1.

PC.n⃗ =

 dE

dN

dU

 (4.1)

where

PC =

 EP C

NP C

UP C

 (4.2)

n⃗ =

 nx

ny

nz

 (4.3)

The phase center (PC) data in East-North-Up coordinates is provided by Geo++,
the calibration agency, from the antenna calibration data. The vector n⃗ represents
the normal projection data in three dimensions with respect to the tilt angle position
of the antenna, as measured by the laser tracker.

Furthermore, it should be noted that the multiplication of Equation 4.2 and Equa-
tion 4.3 to determine the ARP offset PC.n⃗ includes only the vertical component
of the phase center position. This is because the vertical component exhibits the
greatest variation from the reference point of the antenna. Therefore, Equation 4.1
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yields to the following Equation 4.4.

PC.n⃗ =

 UP C .nx

UP C .ny

UP C − |UP C .nz|

 (4.4)

Therefore, the exact ARP values measured by the laser tracker due to the geometric
constraint caused by the tilted antenna that is aligned with the ARP of GNSS
positioning (Bernese & GipsyX) is determined using Equation 4.5. E

′
t

N
′
t

U
′
t

 =

 Et − dE

Nt − dN

Ut − dU

 (4.5)

Seven Helmert parameters are estimated to facilitate the three-dimensional transfor-
mation between the two reference systems. These parameters are estimated based
on the frequency signals used, as different frequencies may lead to varying final po-
sitions.

In practice, daily estimations yield multiple Helmert parameters due to the daily
observations used in GNSS signal computations. However, for simplicity, the daily
estimated seven Helmert parameters are averaged to obtain representative values.

Table 4.2 summarizes the estimated Helmert parameters. It is noted that k-scale is
treated as a constant since there is no scale difference between two different refer-
ence frame systems. The reference transformation is done by utilizing the following
Helmert parameters into Equation 2.20.

Table 4.2: Estimated Helmert parameters

Frequency tx [mm] ty [mm] tz [mm] rx [◦] ry [◦] ty [◦] k
L1 450.7 ± 3.1 9960.8 ± 5.0 216.1 ± 7.7 0.2745 ± 0.0423 -0.0044 ± 0.0292 -2.5919 ± 0.0165 1
L2 448.5 ± 2.5 9955.7 ± 4.6 217.7 ± 7.2 0.2686 ± 0.0437 0.0132 ± 0.0295 -2.6067 ± 0.0142 1
L3 454.5 ± 0.7 9943.7 ± 0.3 177.8 ± 2.5 -0.0028 ± 0.0063 -0.0247 ± 0.0070 -2.5822 ± 0.0024 1

4.4 Station Positions Analysis
The receiver stations measured by the laser tracker provide position data for three
different frequencies. At this stage, the computed station positions from both the
GNSS signals processed by Bernese and GipsyX, and the laser tracker, can be com-
pared for validation since they are already in the same reference frame.

It should be noted that these transformed positions from the laser tracker mea-
surement are referred to the projected ARP (red) according to the GNSS signal
processing in Bernese and GipsyX, as illustrated in Figure 4.16. The results of four
receiver antenna positions are presented in Table 4.3 with respect to the desired
frequencies in ECEF coordinate system.
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There are slight disagreements between each frequency in four antenna stations,
particularly the difference result computed between L1 & L2 (Bernese) and L3 (Gip-
syX). One certain thing is that the L3 results from the GipsyX are calculated in
so-called ionospheric-free signal, making it to be less influenced to the atmospheric
errors compared to L1 or L2.

Table 4.3: Transformed ARP positions measured by laser tracker

Station A302
Frequency X [m] Y [m] Z [m]

L1 3370660.8916 711869.9814 5349785.9023
L2 3370660.8803 711869.9812 5349785.9064
L3 3370660.8370 711869.9679 5349785.8358

Station B303
Frequency X [m] Y [m] Z [m]

L1 3370652.2283 711873.6519 5349790.7407
L2 3370652.2332 711873.6522 5349790.7379
L3 3370652.2107 711873.6510 5349790.6980

Station C304
Frequency X [m] Y [m] Z [m]

L1 3370655.0513 711884.6563 5349788.5686
L2 3370655.0548 711884.6606 5349788.5690
L3 3370655.0222 711884.6478 5349788.4961

Station D501
Frequency X [m] Y [m] Z [m]

L1 3370641.6258 711866.5087 5349796.6119
L2 3370641.6311 711866.5075 5349796.6091
L3 3370641.6380 711866.5132 5349796.6281

4.4.1 Baseline Length Assessments
The transformed ARP of receiver stations measured using the laser tracker can be
validated by comparing baseline lengths to the data positions computed using GNSS
signals. It is noted that the comparison involves only the four antenna stations of
the local network, thus forming six baseline formations to be assessed.

Table 4.4 summarizes the formed baseline length assessments based on the desired
frequencies and between two different type of measurements. The overall results
show that the error difference (∆) of the baseline length computed by both GNSS
signal and laser tracker measurement experience sub-millimeter level of error. Thus,
with considerably small error differences, the Helmert transformation between local
tracker refere frame and ECEF reference from from GNSS signal is conducted suc-
cessfully.

Furthermore, the assessments on the L3 frequency particularly resulted in signif-
icantly lower error differences, up to the micrometer level, compared to L1 and L2,
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making it more validated. This is caused by the dual-frequency combination of L3
processing, which produces the so-called ionospheric-free signal.

Table 4.4: Baseline length assessments between computed GNSS signal and tracker
measurement

L1
Baseline Length (Tracker) [mm] Length (GNSS) [mm] ∆ [mm]

B303 & A302 10 579.950 10 579.984 0.034
B303 & C304 11 566.472 11 566.572 0.100
C304 & A302 16 017.854 16 018.029 0.175
D501 & A302 22 314.283 22 314.284 0.001
D501 & B303 14 068.098 14 068.114 0.016
D501 & C304 23 964.053 23 964.154 0.101

L2
Baseline Length (Tracker) [mm] Length (GNSS) [mm] ∆ [mm]

B303 & A302 10 563.775 10 563.807 0.032
B303 & C304 11 569.392 11 569.488 0.096
C304 & A302 16 015.962 16 016.129 0.167
D501 & A302 22 296.840 22 296.840 0.000
D501 & B303 14 068.478 14 068.494 0.016
D501 & C304 23 966.125 23 966.222 0.097

L3
Baseline Length (Tracker) [mm] Length (GNSS) [mm] ∆ [mm]

B303 & A302 10 565.004 10 565.004 0.000
B303 & C304 11 562.067 11 562.066 0.001
C304 & A302 16 012.091 16 012.089 0.002
D501 & A302 22 293.682 22 293.682 0.000
D501 & B303 14 067.528 14 067.528 0.000
D501 & C304 23 960.959 23 960.958 0.000

Therefore, the estimated Helmert parameters are valid and can be used to transform
the projected ARP from the laser tracker of the stations to the ECEF reference
frame system. At this stage, the calculations have resulted in considerably the most
accurate ARP of the desired antenna stations.

4.5 GNSS Error Assessments
Multiple error sources are compensated during the position determinations in both
DGNSS’s Bernese and PPP’s GipsyX processing. In many cases, several error pa-
rameters can be inferred from the processing during its position determination.
Moreover, it is also worthwhile to manually estimate and model certain error param-
eters using specific techniques to investigate their contribution to the final station
position.
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In this project, three error sources are estimated and modeled. The following sub-
sections present both the estimated errors from the software processing and those
modeled by certain methods.

4.5.1 Receiver Clock Estimations
It is crucial to estimate and compensate the receiver clock error parameter, consider-
ing such error highly influence the GNSS positioning determination. Both Bernese
and GipsyX are capable to estimate the error caused by unsynchronized receiver
clock. The following Figure 4.17-4.21 show the final solution of daily receiver clock
error estimated by Bernese and GipsyX for all five desired stations. It is noted the
estimations are conducted utilizing PPP method in both software programs. The
results from Bernese and GipsyX are presented in yellow and blue color, respec-
tively.

Figures 4.17 and 4.18 present the daily estimated receiver clock errors for station
A302 (Septentrio) and B303 (Trimble). The estimated errors between the two differ-
ent types of receivers are significantly different. For station A302, the daily average
clock error is estimated to be 4.1653×104 m using Bernese and 4.1625×104 m using
GipsyX. In contrast, for station B303, the daily average clock error is estimated to
be -8.0241 m and -7.9025 m using Bernese and GipsyX, respectively.
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Figure 4.17: Receiver clock error station A302
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Figure 4.18: Receiver clock error station B303

Similarly, the estimated receiver clock errors for station C304 (Figure 4.19) with
Septentrio and station D501 (Figure 4.20) with Trimble are much different. The
daily average clock error for station C304 is estimated to be 4.4148×104 m using
Bernese, while using GipsyX is estimated to be 4.4118×104 m. On the other hand,
the daily average clock error for station D501 is estimated to be -6.9323 m and
-6.9986 m using Bernese and GipsyX, respectively.
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Figure 4.19: Receiver clock error station C304
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Figure 4.20: Receiver clock error station D501

Moreover, Figure 4.21 shows the daily estimated clock errors at station ONSA,
utilizing a Septentrio receiver. On average, the daily receiver clock error is estimated
to be -2.7547×104 m for Bernese and -2.7527×104 m for GipsyX.
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Figure 4.21: Receiver clock error station ONSA

The calculated receiver clock estimations (ϵ) generally exhibit similar patterns be-
tween the Bernese and GipsyX results. The Bernese estimations are calculated at
30-second intervals, while GipsyX’s results are based on observations taken every 5
minutes. Moreover, the final estimated receiver clock error for all 10 days observa-
tions are presented in Appendix A.
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It is evident from the results between the stations that there are significant dif-
ferences in error magnitude, particularly between stations A302 & C304 compared
to stations B303 & D501. Stations A302 & C304 are influenced by receiver clock
errors of more than 40 km in distance, while stations B303 & D501 experience er-
rors of less than 10 m. This discrepancy is likely caused by the different types of
receivers used during the observations, resulting in behavioral differences between
the receivers. The Septentrio receiver was used in stations A302 & C304, while the
Trimble receiver was used in stations B303 & D501.

Although station ONSA also utilizes Septentrio receiver, it should be noted that
an external clock oscillators are used for its daily observations. Thus, the estimated
receiver clock in station ONSA (Figure 4.21) is clearly in much different behaviour
pattern, compared to the rest of stations. Another noticeable difference is there are
disagreements between the estimated receiver clock error from Bernese and GipsyX.
Table 4.5 summarizes the average difference between two type of receiver from two
different software programs.

Table 4.5: Mean difference of receiver clock error between Bernese and GipsyX

Receiver Station Mean Difference [m]
Septentrio (A302 & C304) -29.0977 – -27.2956
Trimble (B303 & D501) 0.2662 – 0.4162

4.5.2 Zenith Tropospheric Delay Estimations
In GipsyX, the Zenith Tropospheric Delay (ZTD) is modeled and estimated during
the positioning determinations using the Precise Point Positioning (PPP) technique
and the dual-frequency combination of L3. Tropospheric errors can significantly
influence the transmitted signal from satellites because satellite signals are highly
sensitive to atmospheric properties during propagation, as previously mentioned.

Figure 4.22 shows the daily estimated ZTD from GipsyX. The results for all stations
show similar error delay behaviors caused by tropospheric parameters. It is notice-
able that station A302 (blue) experiences higher tropospheric error delays than the
rest of the stations. This can be attributed to the fact that station A302 is located
at the lowest height coordinate position in the station setup, making it more sus-
ceptible to tropospheric delays as well as longer signal propagation. Final estimated
ZTD (ϵ) errors for 10 days observations in the desired stations are presented in
Appendix B.
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Figure 4.22: Daily ZTD estimation in the desired stations

Furthermore, upon more detailed investigation, the ZTD results among the five de-
sired antenna stations do not exhibit large differences. This can be attributed to
the setup and locations of all five stations in the field, as they are situated in close
proximity to each other.

Closer investigation was conducted by taking differentials of the daily estimated
ZTD with one particular station as a reference, in this case, station ONSA. Dif-
ferential operations of estimated ZTD were performed between station ONSA and
each of the four stations (A302, B303, C304, and D501), as shown in Figure 4.23.

Overall, the four differential operations resulted in considerably small tropospheric
delay errors (ϵ), on the order of millimeter-level. Thus, when utilizing DGNSS tech-
nique for station positioning, the tropospheric delay error (ϵ) parameter can almost
be cancelled out during the differential operation between two stations.
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Figure 4.23: ZTD differences between ONSA and the four stations

4.5.3 Carrier Phase Wind-up Estimations
Although carrier phase wind-up error parameters are compensated in both Bernese
and GipsyX processing, such error parameters can be estimated and modeled to as-
sess their behaviors and the magnitude of errors produced during the observations.

In principle, the carrier phase wind-up effect should be almost the same across
all stations since they are placed close to each other. However, in this project, geo-
metric constraints are created due to the influence of tilted antennas, affecting the
projection of the receiver coordinate system as well as the effective dipole vector of
the receiver antenna in Equation 2.17.

Figure 4.24 shows the model estimation of carrier phase wind-up (ϵ) in all four
receiver stations (A302, B303, C304, and D501). Utilizing the same daily observed
satellite positions in all antenna stations every 5 minutes epoch interval, it can be
clearly seen that there are differences of the estimated model errors caused by the
geometrical constraints of tilted antenna.

Furthermore, differential approach is applied to assess the modeled carrier phase
wind-up errors (ϵ). There are 6 carrier phase wind-up results, corresponding to the
total baseline length in the experiment setup, as shown in Figure 4.25. Taking the
average value of all the six baseline differences, the carrier phase wind-up effects are
still in the decimeter-level of errors (up to 23 cm). This is also clearly caused by the
created geometric constraints in all four antenna stations.
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Figure 4.24: Daily carrier phase wind-up estimations
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Figure 4.25: Carrier phase wind-up differences between receiver stations

4.6 Observation Residuals
Considering that two types of station determinations are utilized in this project,
namely PPP and single difference (DGNSS), there are two sets of residuals pro-
duced. These residuals are presented with respect to the observed satellite signal
elevation in the following subsections.

Furthermore, it is noted that the geometric constraints created due to the tilted
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antenna clearly influence the received signal elevations with respect to the antenna
phase center on the receiver stations. Therefore, corrections to the received signal
elevations are applied in order to determine the actual received signals at the an-
tenna phase center.

The corrections are calculated based on the amount of tilt angle with respect to
the signal elevation, as well as the direction of the tilt corresponding to the signal
azimuth angle. Figure 4.26 illustrates the influence of the tilted antenna position
to the phase center of the antenna. For instance, satellite signal L is received with
an elevation ϵ (red) on the antenna phase center, while the actual elevation on the
antenna phase center is ϵ + c (blue) due to the geometric constraint.

Figure 4.26: Illustration of normal phase center (red) and actual phase center
when the antenna is tilted (blue) corresponding to the same received signal L

4.6.1 PPP Residuals
The following figures present the final residual results for the four antenna stations,
i.e., A302, B303, C304, and D501, with the influence of geometric constraints caused
by the tilted antenna positions. In station ONSA, however, it is noted there is no
geometric constraint since such station is not tilted, thus no elevation corrections
are conducted.

The final solutions for all the desired receiver stations are computed with an el-
evation cut-off 10◦, as well as with the corrected elevation angle due to the created
geometric constraints (except in station ONSA). From Figure 4.27–4.31, it can be
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clearly seen that higher residual errors (ϵ) are present in the lower elevation an-
gles. Thus, such phenomenon is correct and valid according to the the satellite
signal principle, where the lower elevation angle experiences longer distance of sig-
nal propagation, as well as likely more influenced by higher error values during its
transmission.
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Figure 4.27: Residual data station A302
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Figure 4.28: Residual data station B303
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Figure 4.29: Residual data station C304
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Figure 4.30: Residual data station D501
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Figure 4.31: Residual data station ONSA

Furthermore, it is noted that these residual data results correspond to the elevation
of antenna phase center errors for each station. Therefore, the data are computed
in terms of mean phase residuals as the final estimated model errors with respect to
the elevation angle of the phase center. These estimated model errors (ϵ) are then
classified into elevation angles between 10◦ and 90◦, with 5◦ differences. Figure 4.32
shows the final estimated model error with respect to elevation angles.
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Figure 4.32: Final estimated model error of PPP phase residuals

Hence, a 30◦ elevation is considered as the benchmark for evaluation from all stations
except ONSA. The averaged error models for the L3 frequency observation are found
to be -0.3901 ± 0.0004 mm.
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4.6.2 Single Difference Residuals
The final residual results computed by utilizing single difference method are also cor-
responding to the final estimated model errors with respect to the elevation angles of
the phase center. However, unlike the PPP processing previously, the elevation cut-
off of 3◦ is applied on the single difference determinations. Although the elevation
cut-off is utilized to be relatively low, considering there is a geometric constraint
of ±10◦ tilt angle, the final residual solutions are set to take 10◦ elevation cut-off
into account.

Furthermore, since the final coordinate position of the desired stations is already
computed using the laser tracker measurement, considered the most accurate, these
final station coordinates can be used to compute single-difference distance projec-
tions with respect to the baseline and the satellite positions. Therefore, this tracker
projection data is used as the reference for assessing the single-difference results cal-
culated by Bernese. Moreover, the single-difference process in Bernese is conducted
separately for frequency L1 and L2.

Figure 4.33 illustrates the method for determining the projection of the single dif-
ference between two stations using the measured laser tracker data. At this stage,
the positions of station A, station B, and the satellite S are known and are all in
the same coordinate reference system, i.e., ECEF.

Figure 4.33: Tracker measurement projection for single difference between station-
A and station-B

The vector V⃗ represents the baseline vector between station A and station B. The
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illustration indicates that station B experiences a longer signal distance LS
B to the

satellite S compared to station A’s signal distance LS
A. Therefore, U⃗ is determined

as the three-dimensional vector from station B to the satellite S, and Û denotes its
unit vector.

Furthermore, the projected single difference (V⃗ · Û) is computed as the dot product
between the baseline vector of station A and station B (V⃗ ) and the unit vector to
the satellite (Û). The results of the projected single difference correspond to the
baseline between the two stations, which varies depending on the movement of the
satellite. Therefore, the projected baseline can be analyzed in relation to the ob-
served satellite elevations.

The maximum and minimum values resulting from both DGNSS and tracker pro-
jections correspond to the calculated baseline between the two station positions.
As mentioned earlier, these baseline values vary due to satellite movements and
observed elevations. For example, when the satellite is observed near the zenith
direction (90◦ elevation), the signal distances measured from two different stations
in close proximity are likely to be almost identical, resulting in a difference close to
zero. In contrast, at lower satellite elevations, the measured signal distances from
two different stations will exhibit more noticeable differences. This is because the
satellite’s position relative to the one of the stations is much closer during such
epoch, as illustrated in Figure 4.33.
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Figure 4.34: L1 single difference A302 & B303

Figures 4.34–4.39 present the results of the L1 single difference (S) between the
observational data computed in Bernese and the tracker projection data across six
different baseline formations. Overall, the final results exhibit behavior similar to
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that of the tracker projection data, which is considered the most accurate. Moreover,
the final results demonstrate behavior consistent with signal propagation principles,
where signals at lower elevations are expected to experience longer signal distances.
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Figure 4.35: L1 single difference A302 & C304
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Figure 4.36: L1 single difference A302 & D501
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Figure 4.37: L1 single difference B303 & C304
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Figure 4.38: L1 single difference B303 & D501
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Figure 4.39: L1 single difference C304 & D501

Unfortunately, due to unknown reasons, the L2 single-difference data did not yield
the expected results according to the tracker projection. Thus, only the L1 signal
residual results are presented in terms of mean phase residuals as the final estimated
model errors with respect to the elevation angle of the phase center. The results
of L2 Bernese’s single difference and tracker projection (S), as well as the final es-
timated model error of L2 Bernese’s single difference (ϵ) are included in Appendix D.

However, unlike the residual results computed by PPP’s GipsyX where it is pro-
duced through the whole algorithm process explained in Figure 2.10, the Bernene’s
single difference results are retrieved in its initial stage of processing. Subsequently
the residuals of Bernese’s single difference are calculated by taking the differential
between the data of single differences and tracker projections.

Moreover, a further technique so-called additional ambiguity is applied to fit the
the single difference data to the tracker projection results, producing the error dif-
ferences to be lower than a wavelength of the signal. This is done by taking the
differential results and defined as the integer wavelength (Nλ), which then are ap-
plied back to the single difference data to be more fitted to the tracker projections.

The differential results both from Bernese’s single difference (sd) and tracker pro-
jection (tp) can be defined in a new term, as expressed in Equation 4.6 and 4.7.

Ssd = Nsdλ + Fracsd (4.6)

Stp = Ntpλ + Fractp (4.7)

where S is the differential result, N is the integer ambiguity, and Frac is the frac-
tional value of the differential. Considering that previously the so-called additional
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ambiguities are applied to the Bernese’s single difference data, this leads to Nsdλ
becomes equal and can be cancelled to the Ntpλ when taking the error differences.

Therefore, only the fractional part (Fracsd and Fractp) remains in the differen-
tial signal (S) in both of them. The final residuals are then computed by taking the
differentials between Fracsd and Fractp.

Residual = Stp − Ssd (4.8)

Residual = Fractp − Fracsd (4.9)

These residuals are taken in average with respect to the elevation angles, as well as
computed to be the final estimated error (ϵ) of L1 signal observations. The final
estimated model error (ϵ) of L1 Bernese’s single difference for the antenna stations
is shown in Figure 4.40.
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Figure 4.40: Final estimated model error of L1 single difference (Bernese)

Hence, a 30◦ elevation is also taken into account as the benchmark for evaluation
across all antenna stations. The averaged error model for L1 frequency observations
resulted in -0.8867 ± 0.1362 mm.
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It is crucially important to assess the errors of GNSS observations in order to
achieve more precise signal accuracy for certain applications or studies, such as
space geodesy, geodynamics, and vehicle monitoring. These error parameters are
caused by various aspects, including ground receiver-related, antenna-related, or
environment-related factors in the surrounding location. This project is focused on
examining the influence of errors, particularly in the phase center of the ground
antenna.

The initial stage of assessing the error influence in the ground antenna phase center
involves purposely tilting the antennas at several degrees of angle in different direc-
tions. This tilting process creates a geometrical constraint in the physical position
and orientation of the antenna during GNSS signal observation. This constraint is
then utilized to investigate the error of the antenna phase center. The geometrical
constraint significantly affects the applied antenna phase center calibration correc-
tion data during position determination, as it is typically applied under normal
antenna orientation and position. Moreover, this also impacts the position of the
antenna reference point (ARP), as neither Bernese nor GipsyX can account for an-
tenna tilting in a particular direction.

An external measurement using a laser tracker, which offers considerably higher
accuracy than GNSS signals, is employed to calculate the desired station positions
within its own reference frame. By utilizing the Helmert technique to transform
the data points of the antenna stations between different reference frames, the laser
tracker measurement results are then used as references for validation and compari-
son to the final results of station positions obtained from Bernese and GipsyX. The
validation process involves comparing the formed six baseline formations between
four antenna stations in two different reference frames, the laser tracker reference
frame and the ECEF reference frame.

It is crucial to thoroughly investigate various types of errors during the project.
For instance, the analysis of ground receiver clock error revealed that the use of two
different types of receivers significantly influences signal observations, leading to
considerable differences in error magnitude. This discrepancy may pose challenges
when utilizing the single difference method for position determination in DGNSS,
as this method does not eliminate the receiver clock error parameter. Therefore,
it is advisable for future studies to consider using the same type of receiver across
multiple stations during GNSS observations. This approach could help mitigate dis-
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crepancies caused by differences in receiver characteristics and improve the accuracy
of position determinations.

Additionally, the estimation of zenith tropospheric delay (ZTD) reveals that station
A302 is subject to the highest error compared to the other stations. This observation
is particularly significant as station A302 is situated at the lowest height, resulting
in longer propagation distances for GNSS satellite signals.

The process of determining the positions of the four stations (A302, B303, C304, and
D501) involves two different techniques and software applications, GipsyX with PPP
method and Bernese with DGNSS single difference. Carrier phase signal measure-
ment is used in this determination process, as it offer more precise signal accuracy
compared to code measurements. GipsyX employs its PPP technique with dual-
frequency processing of L3 (a combination of L1 and L2), while Bernese uses the
single difference method with L1 and L2 processed separately. As a result, the final
outputs consist of mean phase residuals data, which account for corrections to the
antenna phase center based on the frequency signals of L1, L2, and L3.

In the PPP determination process using GipsyX, the final positions of all four sta-
tions, along with the residuals of carrier phase measurements, are computed utilizing
L3 dual frequency. The resulting residuals are averaged and weighted based on the
elevation angles of antenna phase center corrections. The mean phase residuals of
L3 are categorized according to the antenna stations, with errors varying approx-
imately 1.5 mm (for station D501) at lower elevations and around -0.25 mm (for
station A301) at zenith angles.

In the single difference method of Bernese, the final outputs of phase residuals
for L1 and L2 are calculated, with additional phase ambiguity corrections manu-
ally applied. This adjustment is made because the differential between the result
of Bernese’s single difference and the tracker projection is still considerably large.
Notably, the phase residuals for L2 are not as expected and are noticeably worse
than those for L1. As a result, only the phase residuals for L1 are considered, and
their average values are weighted based on the elevation angles of the antenna phase
center corrections. Taking the benchmark values for 30◦ elevation as the cut-off
angle, the average error values of the antenna phase centers from all four antenna
stations are as follows, −0.8867 ± 0.1362 mm on L1, −1.5728 ± 0.2496 mm on L2,
and −0.3901 ± 0.0004 mm on L3.

Furthermore, one of the reasons the L2 are resulted in much worse residuals is
the utilization of L2W in GPS signal during the position determination. The L2W
is considered to have much lower carrier-to-noise ratio (CN0) and signal-to-noise
ratio (SNR) than L2C or L1C signal, making it to likely have worse quality perfor-
mance during the signal observation. For further studies, particularly for L2 signal
examination, it is recommended to utilize L2C signal observations considering it has
higher quality performance in terms of SNR and CN0 than the L2W.
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Figure A.1: Receiver clock error station D501 (10 days observations)
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Figure A.2: Receiver clock error station D501 (11 days observations)
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Figure A.3: Receiver clock error station D501 (10 days observations)

II



A. Estimated Receiver Clock Errors

Mar 18 Mar 19 Mar 20 Mar 21 Mar 22 Mar 23 Mar 24 Mar 25 Mar 26 Mar 27 Mar 28

2023   

-9

-8

-7

-6

-5

-4

-3

-2

-1

0

1
Receiver Clock Estimation D501

Bernese

GipsyX

Figure A.4: Receiver clock error station D501 (11 days observations)
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Figure A.5: Receiver clock error station D501 (11 days observations)
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Figure B.1: Final estimations of ZTD in all five stations (11 days observations)
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Figure C.1: Integer ambiguities between A302 and B303
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Figure C.2: Integer ambiguities between A302 and C304
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Figure C.3: Integer ambiguities between A302 and D501
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Figure C.4: Integer ambiguities between B303 and C304
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Figure C.5: Integer ambiguities between B303 and D501
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Figure C.6: Integer ambiguities between C304 and D501
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Figure D.1: L2 single difference A302 & B303
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Figure D.2: L2 single difference A302 & C304
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Figure D.3: L2 single difference A302 & D501
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Figure D.4: L2 single difference B303 & C304
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Figure D.5: L2 single difference B303 & D501
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Figure D.6: L2 single difference C304 & D501
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Figure D.7: Final estimated model error of L2 single difference (Bernese)
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Figure E.1: Mean phase residual comparisons in each station
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