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Abstract
High-precision GNSS is fundamental to modern geodesy. Standard processing
assumes line-of-sight signal propagation, treating residual non-line-of-sight ef-
fects as multipath or random noise. This thesis shows that diffraction caused
by signal bending around obstacles, is a distinct, deterministic error source
that biases key geodetic parameters (coordinates, troposphere) in ways that
averaging or double-differencing cannot remove.

Unmodeled diffraction introduces slowly varying carrier-phase biases that
affect station coordinates (especially the vertical component), hinder ambi-
guity resolution, and mimic tropospheric zenith delays. Under common field
conditions (e.g., a 1 m obstacle at 1 m distance), biases can reach decimeter
levels, leading to false interpretations of tectonic motion, seasonal deforma-
tion, or local subsidence. Because diffraction correlates with satellite geome-
try, it aliases into tropospheric estimates, degrading climate-related GNSS ap-
plications. The DOP metric alone is insufficient, and conventional multipath
mitigation (choke rings, absorbers) is largely ineffective against diffraction.

This thesis makes four novel contributions. First, it clearly distinguishes
diffraction from multipath using GNSS SNR observables and carrier-phase
residuals (from PPP and double differences), resolving a long-standing ambi-
guity. Second, a controlled movable-wall experiment quantifies the inverse dis-
tance dependence of diffraction error, validates knife-edge models at far-field
(2 m) while revealing their near-field limitations (1 m), and derives an oper-
ational guideline (obstacle subtended angle <11°) for PPP and RTK. Third,
a first-of-its-kind phasor-based, data-driven interference model for near-field
cylindrical interference achieves correlations >0.61 and mm-level residuals,
turning empirical site-calibration maps into interpretable physical models.
Fourth, diffraction analysis is extended to tropospheric parameter estimation,
uncovering previously undocumented errors in estimated zenith total delays
and gradients.

The thesis includes three introductory chapters (GNSS error sources, diffrac-
tion theory, post-processing software) and five appended papers. Together,
they reclassify diffraction from a neglected phenomenon into a quantifiable,
modelable one, with direct implications for monument design, site selection,
and interpretation of long-term coordinate time series in high-precision geodesy.

Keywords: GNSS, Diffraction, High-precision positioning, Carrier phase,
Multipath, NLOS, PPP, RTK, SNR, Fresnel zone.
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CHAPTER 1

Introduction and Motivation

High-precision Global Navigation Satellite System (GNSS) positioning, rests
on a seemingly simple assumption, that the signal received from a satellite
traveled along a straight, unobstructed line-of-sight path. Yet, real-world
GNSS antennas are rarely installed in ideal environments. Vegetation, build-
ings, walls, poles, and even the antenna mount itself can intrude into the
signal’s propagation path. When such intrusion occurs, the signal does not
simply disappear but rather diffracts. This physical process bends the electro-
magnetic wave around the obstacle’s edge, creating an erroneous measurement
that still appears valid to standard geodetic processing software. The result-
ing error is systematic, structured, and persistent. It degrades coordinate
solutions and biases derived parameters such as tropospheric zenith delays.
Unlike more familiar error sources, diffraction cannot be averaged out, nor
is it eliminated by double-differencing. This thesis provides a comprehensive
investigation of diffraction from a geodetic perspective, combining theoretical
development, controlled experimentation, and advanced modeling to charac-
terize its signatures, distinguish it from multipath, and quantify its impact on
millimeter-level GNSS applications.

1.1 Significance of GNSS errors
Since diffraction is not the only error source, let us first take a close look
at the various GNSS error sources. The two principal measurement types

3



Chapter 1 Introduction and Motivation

used for positioning are code-based pseudoranges and carrier-phase measure-
ments. Real-time GNSS techniques that rely on carrier phase measurements
are highly vulnerable to signal propagation delays, both in Earth’s atmosphere
and in the local environment of the antennas. The pseudorange to a satellite j
from a receiver station A using code and carrier-phase measurements is given
by equations 1.1 and 1.2, respectively.

P i
k = ρi

k + T i
k + Ii

k + cδk − cδi + νi
k. (1.1)

Li
1k = ρi

k + T i
k − Ii

k + cδk − cδi + λN i
k + νi

k, (1.2)

where P is the pseudorange from code and L is the range measurement
derived from carrier phase respectively. ρi

k is the true range to the satellite i
from the receiver antenna k, T i

k is the tropospheric error, Ii
k the ionospheric

error, c the speed of light, δk the receiver clock correction, δi the satellite clock
correction, λ the wavelength of the L1 or L2 carrier signal, N the respective
carrier phase ambiguity and νi

k denotes the local effects influenced by the
environment around the antenna such as multipath, diffraction and other
biases such as receiver noise. Errors in these GNSS measurements are broadly
classified as: satellite-based errors, propagation medium or atmospheric errors
and receiver-based errors. Some of these errors can be nearly eliminated while
others can only be reduced. Understanding of the significance of these errors is
important for applications especially requiring high accuracy measurements.
The discussions in this chapter focus on GPS information primarily.

Satellite based errors
There are five major types of satellite-based errors. They are: clock errors
due to instability of onboard atomic clocks, ephemeris errors due to errors
in the estimated satellite positions, instrumental bias due to RF components
of satellite and receiver, relativistic effects due to different gravitational po-
tential experienced by satellite and receiver clocks and selective availability
(if any) due to intentional degradation of the GPS signal in frequency and
time domain. Satellite geometry is also crucial for accurate measurements.
The general overall GPS design was for unaided code observations and was
specified to a global coverage with at least four satellites in view above five
degrees elevation at 99.9% of the time [1].

Ephemeris error

While the ephemeris data is transmitted every 30 seconds, the information
itself may be up to two hours old. Variability in solar radiation pressure has
an indirect effect on GPS accuracy due to its effect on ephemeris errors. The
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1.1 Significance of GNSS errors

satellite ephemeris is required for both pseudo range and phase computations.
The master control station is responsible for estimating and updating the
satellites ephemeris via broadcasted navigation data which can be used by
real-time applications.

Clock error

The satellite clock error is the difference between the true GPS time and the
time maintained by a satellite. Though the satellite contains highly stable
atomic clocks, they drift with time. This drift is closely monitored by the
monitor stations. The master control station estimates the drift and transmits
clock correction parameters to the satellite for rebroadcast in the navigation
message, which is used to correct the time and measurements in a receiver [2].

Atmospheric errors
The satellite signals propagate through atmospheric layers as they travel from
the satellite to the receiver. Two layers are generally considered when dealing
with GPS: the ionosphere, which extends from a height of about 50 to 1000
km above the Earth, and the troposphere which stretches to about 16 km
above the equator and 9 km above the poles from the surface of the earth.

Ionospheric error

The ionosphere is a region of ionized gases (free electrons and ions). The
principal source of ionization in the ionosphere is the electromagnetic radiation
from the sun. As the GPS signal travels from the satellite to the receiver,
the presence of free electrons in the ionosphere changes the velocity (speed
and direction) of propagation of the signals. The change in signal speed
changes the travel time of the signal, and therefore the apparent range to the
satellite. The ionosphere is not uniform in composition, and the refractive
index changes all along the path of a signal. The effect of signal bending
causes a range error, which is quite substantial at very low elevation angles
less than 5°. The ionosphere speeds up the propagation of the carrier phase
beyond the speed of light, while it slows down the Pseudo Random Noise
(PRN) code (and the navigation message) by the same amount. Therefore,
the receiver-satellite distance will be too short if measured by the carrier
phase and too long if measured by the code, as compared with the actual
distance [3]. The ionospheric delay is proportional to the number of free
electrons along the propagation path, which is known as the Total Electron
Content (TEC). Further, this delay is dependent on three main factors: the
geomagnetic latitude of the receiver, the time of day and the elevation of the
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Chapter 1 Introduction and Motivation

satellite. A technique to remove a large part of the contribution from the
ionosphere is to form a linear combination, L3, of the L1 and L2 observables
[4]

L3 = 2.55L1 − 1.55L2. (1.3)

It should be noted that due to such an approximation errors are introduced
due to uncertainties involved in this computation.

Tropospheric error

The troposphere is the lower part of the atmosphere that is non-dispersive for
frequencies up to 15 GHz. The troposphere causes a delay in both the code and
carrier observations. Since it is not frequency dependent (within the GPS L
band range) it cannot be canceled out by using dual frequency measurements,
but it can, however, be successfully modeled accurately. The troposphere can
be split into two parts: the dry component, which constitutes about 90% of
the total refraction, and the wet part, which constitutes the remaining 10%.
Values for temperature, pressure and relative humidity are required to model
the vertical delay due to the wet and dry part, along with the satellite elevation
angle, which is used with an obliquity/mapping function. The tropospheric
error is computed by calculating a product of the zenith total delay (ZTD)
with m(ϵ) (the mapping function).

Receiver based and local sources of error
Receiver based errors could be receiver noise caused due to limitations of re-
ceiver electronics, receiver clock error due to use of inexpensive crystal clocks,
which are less accurate than that of the satellite clocks and improperly mod-
eled antenna phase center variations. Antenna phase center for a receiver
varies with frequency, elevation and azimuth and is difficult to model. More-
over, other unmodeled local sources of error, such as those due to the antenna
environment, such as multipath and diffraction pose a hindrance to optimum
position estimation using GNSS [5]. Multipath error occurs due to multi-
ple signals reaching the GPS antenna upon reflection from ground, nearby
buildings and structures. Reflected signals reaching the antenna have a path
difference and phase difference with respect to the direct signal. The super-
position of the reflected and direct signal gives a composite signal which is
different in phase and amplitudes with respect to the direct signals. After
arriving at the receiver antenna, the multipath signals propagate into the re-
ceiver where they distort the correlation function of the tracking loop. Subse-
quently, they cause biases in range and carrier-phase estimations. These range
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1.2 Differential GPS (DGPS)

errors are intolerant for high-precision applications, such as earthquake mon-
itoring, crustal deformation monitoring, etc., which require millimeter-level
precision. Multipath effect is environment dependent and not spatially corre-
lated and hence cannot be removed by using differential techniques. Various
pre-receiver, in-receiver and post-receiver approaches are followed to mitigate
the code and carrier Multipath error. The code Multipath errors for each
satellite for successive days can be isolated by calculating the Code-Minus-
Carrier values [4][6]. Multipath error repeats itself with each passing sidereal
day if the environment around the antenna remains the same for successive
days. Effective signal processing using adaptive filters for two successive days
can extract out multipath. The calculated Multipath error is smoothened with
Carrier smoothing filter to remove the high frequency receiver noise. Diffrac-
tion occurs when radio waves bend around an object. This could be caused
by either natural or man-made obstructions to the Line-of-sight path to the
GNSS signal, such as hills or buildings. The work done in Papers A and B
explain a knife-edge diffraction model for signal diffraction and the discuss
the degradation in GNSS positioning due to signal bending.

1.2 Differential GPS (DGPS)
Most of the error sources in GNSS can be eliminated or reduced using Real
time Kinematic (RTK) network where GNSS carrier phase signals received
at a stationary reference with known position coordinates are used to correct
position data at a rover receiver in another location. Differencing measure-
ments of two receivers to the same satellite eliminates satellite-specific biases;
differencing between two satellites and one receiver eliminates receiver-specific
biases. As a consequence, double-difference pseudoranges (as in RTK) are, to
a high degree, free of systematic errors originating from the satellites and from
the receivers [7]:

∇∆Lij
AB = ∇∆ρij

AB + ∇∆T ij
AB − ∇∆Iij

AB + ∇∆λN ij
AB + ∇∆νij

AB . (1.4)

Double differencing technique is used for cancelling out clock biases and mini-
mizing atmospheric errors for short baseline lengths as shown in Equation 1.4
in which two satellites i, j and two stations A, B are used to compute the
double differencing. The true length is given as a sum of true baseline length,
the atmospheric errors and the error due to integer cycle ambiguity. Integer
phase ambiguity is computed by using the code phase as a reference to the
carrier phase. Since the atmosphere does not vary much for short baseline
lengths, their error contribution to Equation 1.4 is minimal.
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Chapter 1 Introduction and Motivation

1.3 Real Time Kinematic (RTK)

Real Time Kinematic (RTK) is a system that utilises Global Navigation Satel-
lite Systems (GNSS) carrier phase measurements to provide accurate position-
ing in real time.

The general idea in RTK is to receive GNSS carrier phase signals at a
stationary reference with known position coordinates and to use these to cor-
rect position data at a roving receiver in another location. The ideal sig-
nal is perturbed by ionosphere, troposphere and imperfections related to
ephemerides, clocks and multipath and thus the calculated position coor-
dinates differ from the known coordinates. By calculating corrections that
mathematically “move” the reference to its known position and subsequently
apply a similar set of corrections to the rover, the rover’s position can also
be determined very accurately. As the reference and rover are at different
locations, the signals have been perturbed differently and the correction data
are therefore affected by uncertainties that compromise the reliability of the
rover’s corrected position. The factors that affect the uncertainties can be
classified in different ways, e.g. distance dependent, systematic, random, site
specific, rapid, frequency dependent (dispersive).

With RTK it is also implicit that, in addition to the broadcast code signals
that are handled by relatively cheap off-the-shelf products, the carrier phase
of the signal is analysed with a geodetic receiver. With this technique it is
possible to obtain position coordinates with accuracy of order 1 cm. The dif-
ference between RTK and Network RTK (NRTK) is that the latter combines
data from several reference stations to provide the rover with corrections.
With NRTK the distance dependent errors are interpolated between the ref-
erence stations, which allows for increased distance between reference stations
without losing position accuracy.

One such NRTK method builds on the concept of Virtual Reference Station,
VRS. At the VRS, the rover calculates a position from uncorrected code data
like any off-the-shelf receiver and uploads this navigated solution to the central
unit. The central software then deploys a virtual reference station at the
coordinates of the initial navigated solution on the common phase ambiguity
level that is calculated from data from an appropriate combination of the
surrounding reference stations. From the synthetic data of the calculated
surface, the VRS emulates a real reference receiver at the initial navigated
coordinates. The rover receives the VRS data and makes a phase adjustment
of its own position on the relatively short baseline.

The knowledge of error sources and parameters discussed in Section 1.1 are
essential since GNSS-based techniques are very vulnerable to errors arising
from signal propagation delay in Earth atmosphere and in the local environ-
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1.4 Research objectives

ment of the antennas. This is true both at the reference station and the rover.
While the discussion on error sources in Section 1.1 are relevant for both code
and carrier phase measurements, the primary focus of this work is using carrier
phase measurements. This is because carrier phase measurements are often
preferred over code measurements in precise positioning applications due to
their improved signal resolution.

Among the various local environmental errors, diffraction remains particu-
larly understudied, which motivates the objectives outlined below.

1.4 Research objectives

Given the gaps identified in the existing literature for the study of diffraction
(see paper-A) as a distinct GNSS error source, this thesis pursues four primary
objectives.

First, to demonstrate that signal diffraction is not merely a theoretical
possibility but a measurable and significant error source in real-world GNSS
positioning. While multipath has been extensively studied, diffraction has
often been overlooked or incorrectly attributed. This work seeks to isolate
diffraction effects using both real-world data and controlled experiments.

Second, to quantify how diffraction errors vary with the distance of an ob-
stacle from the antenna. Specifically, this thesis investigates the relationship
between obstruction proximity and the magnitude of positioning degradation,
thereby providing practical guidance for field operations and antenna place-
ment.

Third, to develop and validate physics-based models that capture the deter-
ministic behavior of signals interfering in the near field of a GNSS antenna due
to cylindrical obstructions. Unlike purely empirical corrections, these mod-
els aim to explain the underlying interference mechanisms, enabling better
prediction and potential mitigation.

Fourth, to assess the practical implications of diffraction for key geode-
tic parameters, including coordinate positions and tropospheric delays. By
understanding how diffraction biases these estimates, this research provides
recommendations for processing strategies and elevation cutoff angles in ob-
structed environments.

Collectively, these objectives move beyond the traditional focus on mul-
tipath and establish diffraction as a distinct, model-able, and operationally
relevant error source in high-precision GNSS geodesy.
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1.5 Thesis outline
This thesis investigates signal diffraction as a distinct, quantifiable, and often
unmodeled error source in high-precision GNSS geodesy.

This introductory chapter talks about the various types of GNSS error
sources (satellite-based, atmospheric, and receiver/local errors), reviews dif-
ferential GPS and RTK positioning, and concludes by framing the central
challenge, study of diffraction as a primary error source.

Chapter 2 provides the theoretical foundation, first treating multipath due
to reflections (signal model, power-delay profile, code vs. carrier phase errors,
and mitigation strategies), then developing the physics of diffraction specifi-
cally knife-edge diffraction, and finally drawing a critical distinction between
diffraction and multipath in the GNSS context before discussing implications
for precise positioning and geodesy.

Chapter 3 describes the data processing methodology using two standard
post-processing software packages: PPP with GipsyX, and network solutions
with Bernese GNSS software, including pre-processing, ambiguity resolution,
parameter estimation, quality control, and final network combination.

Chapter 4 summarizes the appended papers: Paper A investigates diffrac-
tion in complex real-world environments using double-difference residuals,
PPP position estimates, and SNR data; Paper B presents a controlled exper-
imental study with a movable wall, quantifying diffraction’s inverse distance
dependence and validating KED model limits; Paper C develops advanced
phasor-based interference models for near-field diffraction from a cylindri-
cal pole, achieving high-correlation empirical mapping. Paper D provides
the foundational observational basis for edge diffraction, demonstrating sig-
nal degradation over metallic edges using multi-constellation GNSS data from
construction equipment. Paper E extends the controlled experiments of Paper
B to assess diffraction-induced biases in tropospheric zenith delay estimates,
showing that nearby obstructions can inflate ZTD errors by up to 8 times and
offering practical processing recommendations.

Chapter 5 offers concluding remarks and future work, followed by the full
papers in Part II.
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CHAPTER 2

Multipath and Diffraction

The mechanisms behind radio wave propagation are diverse, but this chapter
aims to provide a preview of basic ideas behind reflection and diffraction in
the context of this research.

2.1 Multipath due to reflections
Thanks to ongoing improvements from GNSS augmentations and moderniza-
tion, many error sources have been reduced, leaving multipath as one of the
most significant remaining error source for GNSS [8].

Multipath arises when a receiver captures reflected or diffracted signal repli-
cas in addition to the direct line-of-sight signal. Thus, the GNSS antenna
receives multiple, time-delayed replicas of the original signal alongside the
direct-path signal. Once the lag of these replicas grows appreciable, such
as past two times the code-chip interval for BPSK-R signals, the receiving
equipment generally recognizes and removes them from consideration. Since
the LOS signal always arrives first, such resolvable multipaths have little im-
pact on performance as long as the receiver locks onto it.

Nonetheless, reflections from nearby objects, or even shallow-angle bounces
off farther surfaces, can arrive at the antenna with only negligible lags of
just tens or hundreds of nanoseconds after the direct signal. These closely
spaced multiple paths alter the shape of the correlation function between
the aggregate incoming signal (direct path plus multipath) and the receiver’s
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Chapter 2 Multipath and Diffraction

locally generated reference. They likewise affect the phase of the aggregate
signal, producing measurement discrepancies in pseudorange and carrier phase
measurements that vary from satellite to satellite. Such disturbances therefore
introduce inaccuracies in position, velocity, and time.

Figure 2.1: Multipath signal reception by the GNSS antenna mounted on an ex-
cavator (see inlay-ed image for top view of the antenna mount). While
signal arrives via a direct path from the satellite, there are reflections
from the neighboring environment including the metallic body of the
excavator itself.

Standard evaluations of these reflection-induced impairments presume the
direct ray experiences no loss, so that the reflected components carry less
strength than direct path power.

The multipath signal model
The complex envelope of the received signal, r(t), relative to a direct-path-only
signal, is given by [8] as,

r(t) = α0e
−jϕ0

x(t− τ0) +
N∑

n=1
α̃ne

−jϕ̃nx(t− τ0 − τ̃n)

 (2.1)

Where,

• the direct path signal is given as, α0e
−jϕ0x(t − τ0) and is the true sig-

nal that traveled along the LOS path. x(t) is the complex envelope of the
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2.1 Multipath due to reflections

transmitted signal, α0 is its amplitude, τ0 is its propagation delay (the true
measurement of interest), and ϕ0 is its carrier phase.

• The number of multiple paths (N) form the upper bound of the sum-
mation, representing the total number of reflected (or diffracted) signal copies
being received.

• The Multipath-to-Direct Ratio (MDR, α̃n) is defined as α̃n = αn/α0 and is
the dimensionless amplitude of the n-th multipath signal relative to the direct
signal’s amplitude. If α̃n is close to 1, the multipath is nearly as strong as the
direct signal, posing a significant threat.

• Excess Delay (τ̃n) is defined as τ̃n = τn − τ0 and is the additional propaga-
tion delay of the n-th multipath relative to the direct path. Since a reflected
path is always longer, τ̃n > 0. Short-delay multipaths (e.g., a few nanoseconds
to tens of nanoseconds) are the most difficult for a receiver to separate from
the direct signal.

• Relative Phase (ϕ̃n): The carrier phase of the n-th multipath signal rela-
tive to the direct signal. This parameter is critically important, as it dictates
whether the multipath signal combines with the direct signal constructively
(causing a signal power increase) or destructively (causing deep signal fading
and maximum ranging error).

The multipath Power Delay Profile (PDP)

The Power-Delay Profile (PDP) offers a practical way to characterize a static
multipath environment by visualizing how the channel responds to an im-
pulse. Specifically, it plots the received power of each multipath component
(represented by the squared amplitude α̃2

n) against its corresponding excess
delay τ̃n. τ̃n, as explained before, measures how much later the nth echo ar-
rives compared to the direct line-of-sight signal. The resulting graph directly
reveals the structure of the multipath channel, showing how many reflections
are present, how strong they are, and how they are distributed in time. From
this profile, two useful summary metrics can be derived. The first is the mul-
tipath spread, which is simply the total range of excess delays over which
the PDP is essentially non-zero. This indicates the overall time span of the
channel’s echoes and gives a sense of how long the signal energy lingers. The
second metric is the RMS delay spread, a more refined statistical measure
that captures the time dispersion of the channel. It is calculated as the root-
mean-squared spread of the excess delays, weighted by their corresponding
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powers, and is defined mathematically as,

τrms =

√√√√∑n α̃
2
nτ̃

2
n∑

n α̃
2
n

−

(∑
n α̃

2
nτ̃n∑

n α̃
2
n

)2

(2.2)

Unlike the simple multipath spread, the RMS delay spread condenses the
entire delay-power distribution into a single number, offering a compact and
meaningful indicator of how severely the channel will distort GNSS signals.
Together, these metrics help a receiver designer or a field engineer assess the
multipath environment and anticipate its impact on code and carrier tracking
performance.

Code vs carrier phase multipath error
Multipath affects a receiver’s code and carrier measurements in two different
ways. For the code measurement, the receiver determines the signal’s arrival
time by generating an internal reference code and aligning it with the incoming
satellite signal, thus computing a correlation peak. The direct signal creates
a clean, sharp peak. The reflected signal creates a delayed, distorted copy of
that peak. When these two peaks overlap, they blend together erroneously
into a single, distorted peak. The receiver’s tracking loop is designed to lock
onto what it thinks is the top of the peak. Because the shape is distorted,
the receiver prompt fixes on the wrong spot. The code multipath error is the
time difference between where it locked on and where the true peak from the
direct signal should have been. Its magnitude is relatively large, on the order
of meters, and is highly dependent on the signal’s modulation and bandwidth.

Multipath affects not only pseudorange but also carrier phase measure-
ments. The receiver’s phase-locked loop (PLL) tracks this composite signal
which is formed by the sum of phasors of the direct and reflected signals, de-
viating the measured phase away from the true value. For a single multipath
reflection, the resulting carrier phase error ψ is given by [8] as,

ψ = tan−1

[
α̃1 sin(ϕ̃1)Rx(ϵ− τ̃1)

Rx(ϵ) + α̃1 cos(ϕ̃1)Rx(ϵ− τ̃1)

]
(2.3)

where α̃1 is the MDR, ϕ̃1 the relative phase, τ̃1 the excess delay, ϵ the code
tracking error, and Rx(·) is the normalized autocorrelation function of the
spreading code. It describes how well the incoming signal correlates with the
locally generated replica at a given offset.

A key property of carrier phase multipath error is that it is bounded within
limits. Unless the reflected signal is stronger than the direct signal (α̃1 ≤
1), using Eq 2.3, one can see that the carrier phase error can never exceed
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2.1 Multipath due to reflections

90◦. So, its magnitude is fundamentally limited to a quarter of a carrier
wavelength (approximately 5 cm for GPS L1). Thus it is much smaller than
code multipath error but still, it is the dominant error source in high-precision
applications like Real-Time Kinematic (RTK) positioning.

However, there is always the possibility of a worst case scenario when the
multipath signal has equal strength as the direct signal (α̃1 = 1)and is 180◦

out of phase. With low-elevation satellites, a strong, short-delay reflection
can combine destructively with the direct signal, causing severe fading and
potential loss of lock [8].

Multipath mitigation

One effective strategy for managing multipath is to prevent reflected signals
from entering the receiver antenna altogether, thereby reducing the need for
complex internal processing. Practical measures include selecting an optimal
antenna location or altering nearby reflective surfaces—for instance, by apply-
ing radio-frequency absorbing coatings—which can greatly reduce multipath
effects. Also, choke ring antennas are particularly successful at attenuating
multipath signals originating from the ground or from low-elevation scatter-
ers. Since reflections invert the polarization of electromagnetic waves, these
antennas can be engineered to block left-hand circularly polarized signals,
further minimizing interference.

In short-baseline differential setups, multipath errors at a stationary ref-
erence station can be mitigated through calibration. By characterizing the
multipath error as a function of satellite position, one can apply appropriate
corrections [9].

Receiver-based multipath mitigation strategies divide into two main classes:
nonparametric and parametric processing. Parametric processing works by
first estimating the parameters of each multipath component and then com-
pensating for their influence on the direct signal’s time-of-arrival estimate.
Most parametric methods rely on a discrete multipath model, such as the
one presented in Eq. 2.1. These algorithms either assume a fixed number of
multipath signals or estimate that number, along with parameters like the
multipath-to-direct ratio, excess delay, and relative carrier phase for each
reflected path. Nonparametric processing, by contrast, uses discriminator
designs that are naturally less vulnerable to multipath-induced distortions.
These methods require accurate prior knowledge of the signal’s ideal correla-
tion function and then attempt to fit that function to the observed correlation
under multipath conditions. The most common nonparametric techniques
are variants of early-late processing. They enhance the narrow correlator
approach either by applying time-gating to the reference signal or by calcu-
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lating two pairs of early and late correlations with distinct spacing. As an
example the Multipath Estimating Delay Lock Loop (MEDLL) [10] employs
maximum likelihood estimation to minimize the mean-squared error between
the received signal (modeled as in Eq. 2.1) and a locally generated reference
replica. Other methods have also been introduced [11] and have been demon-
strated to minimize both mean-squared error and root-mean-squared error.

2.2 Diffraction
Radio waves can be received in shadowed regions even if there is no line of sight
between the transmitting source and the receiving antenna. This is different
from multipath since there is no direct LOS path and is extremely dangerous
for the receiver since the delayed path is then mistaken as the LOS path by
the receiver. In the absence of LOS, reflections from the surface of other
objects could also contribute signal reception in shadowed regions. However,
diffraction is a very significant mechanism which enables radio signals to travel
around obstructions and thus arrive at the receiver even in regions where signal
availability is unexpected.

Diffraction can be well understood using Huygen’s principle. According to
this principle, all points on a wavefront act as point sources for the production
of secondary wavelets. These wavelets combine to produce a new wave along
the direction of propagation. Diffraction is caused by the propagation of
secondary wavelets into a shadowed region [12]. To study this propagation,
this research work adopts a simplified scenario known as knife-edge diffraction,
which can be conservatively applied to estimate realistic effects. In the Knife-
edge model, the obstruction is assumed to be sharp and is located along
the line-of-sight path between the receiver and the transmitter (satellite).
Additionally, for this model, it is assumed that the obstruction has infinite
width and that no signals penetrate through it to reach the receiver.

Knife edge diffraction
The side view of a typical knife edge obstruction is shown in Fig. 2.2. The
transmitter T and the receiver R are at different heights with respect to the
horizontal plane as can be expected. P is the point for the top of the diffracting
knife edge. From the knife edge, the distance to the transmitter is assumed
to be r1 and that to the receiver antenna is r2. While TR is the LOS path,
which is blocked by the obstruction, the bent path due to diffraction is via
TPR.

The diffraction geometry of triangle TPR maybe simplified as shown in
Fig. 2.3. It should be noted at this point that in the context of GNSS, the
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2.2 Diffraction

Figure 2.2: Knife edge diffraction model

Figure 2.3: Simplified Knife edge geometry.

17
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transmitter is located at a much larger distance r1 than the receiver distance
r2. For the specific case of GNSS, Fig. 2.2 can be modified as shown in Paper-
A, Fig. 1(a). Also, both r1 and r2 are much larger than h. Here, we derive
general equations for the path delay and the Fresnel-Kirchhoff diffraction pa-
rameter using a knife edge model. These equations are modified for a GNSS
context and used in Paper-A.

The extra path length, ∆ traveled by the signal due to diffraction maybe
computed as shown in [12].

∆ = (R1 +R2) − (r1 + r2)

=
√
r2

1 + h2 +
√
r2

2 + h2 − (r1 + r2)

= r1

√
1 + h2

r2
1

+ r2

√
1 + h2

r2
2

− r1 − r2

≈ r1

(
1 + h2

2r2
1

)
+ r2

(
1 + h2

2r2
2

)
− r1 − r2

= h2

2

(
1
r1

+ 1
r2

)
= h2

2
r1 + r2

r1r2

(2.4)

The angle α = β + γ. Since r1, r2 ≫ h,

β = tan−1 h

r2
≈ h

r2

γ = tan−1 h

r1
≈ h

r1

α ≈ h(r1 + r2)
r1r2

(2.5)

The corresponding phase difference is equal to

ϕ = 2π
λ

∆ = 2π
λ

h2

2
r1 + r2

r1r2
= π

2 h
2 2
λ

r1 + r2

r1r2
(2.6)

Eq. 2.6 can be normalized by defining the dimensionless Fresnel - Kirchhoff
diffraction parameter as,

ν = h

√
2(r1 + r2)
λr1r2

= α

√
2r1r2

λ(r1 + r2) (2.7)

This equation is later made use of in Paper A and B, for modeling diffrac-
tion. The phase difference ϕ can be expressed in terms of ν as,

ϕ = π

2 ν
2 (2.8)
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Thus, both the height and placement of an obstruction, along with the
transmitter and receiver geometry, determine the phase shift between the
direct and diffracted propagation paths. This is studied in further detail in
Papers A and B in a complicated and a controlled environment respectively.

2.3 Diffraction vs multipath in the context of
GNSS

Both diffraction and multipath degrade GNSS positioning, but they are fun-
damentally different phenomena. Multipath is the superposition of direct and
reflected signals. Diffraction, in contrast, occurs when the direct path is com-
pletely blocked and the signal reaches the antenna only by bending around an
obstacle [13]. This distinction leads to different ranging error characteristics.

For multipath, the pseudorange error can be positive or negative and is
bounded by half a code chip [14]. The carrier phase error is fundamentally
limited to a quarter of a wavelength, or approximately 5 cm for GPS L1 [8].
Non-line-of-sight (NLOS) reception caused by diffraction behaves differently:
the pseudorange error is always positive and equals the additional path delay,
typically ranging from several meters to tens of meters [15]. While NLOS
carrier phase error is presumed to behave similarly, limited research exists on
the topic [16].

Diffraction poses a particularly difficult challenge for high-precision posi-
tioning. It can introduce path delays at the decimeter to centimeter level [17]
and cause rapid phase fluctuations, significant amplitude attenuation, and cy-
cle slips [18]. Signal strength can be reduced by up to 17 dB-Hz [19]. Studies
suggest that diffraction impacts can exceed those of multipath, reaching mag-
nitudes of several carrier wavelengths with complex fluctuation patterns [20].
[21] proposed a geometrical model to extract and characterize diffraction er-
rors, showing they often follow a monotonic trend and can reach 50–200 mm.
However, their approach does not incorporate the underlying physics of wave
propagation or use supportive metrics such as the signal-to-noise ratio (SNR).
Certain model predictions—such as error increasing with horizontal distance
to the obstruction or being larger for high-elevation satellites—appear to con-
tradict both diffraction theory and practical experience, where nearby ob-
stacles and low-elevation signals pose greater threats. These discrepancies
highlight the need for diffraction models that involve an understanding of
wave propagation physics.
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2.4 Impact on precise positioning and implications
for geodesy

In high-precision real-time GNSS applications, an elevation cutoff angle of 10◦

to 15◦ is typically used to reject low-quality signals. Users such as machine
guidance systems rely on GNSS data every second. However, surrounding
objects, including the machine itself, often cause multipath and diffraction
effects that can introduce coordinate errors of several centimeters or even
decimeters.

While multipath is a well-known challenge for construction equipment like
excavators and cranes, diffraction is either overlooked or poorly understood.
A notable gap remains in isolating diffraction from other local environment
signal degradation phenomena. Most modern studies treat diffraction as part
of a broader urban signal degradation model, and diffraction-specific research
remains underdeveloped. This motivates the studies carried out in Papers A,
B, and C. Although typically short-lived, diffraction can significantly impact
the accuracy of RTK and Network RTK (NRTK) measurements.

Diffraction introduces a slowly varying, systematic bias into the measure-
ments. Unlike random noise, this error is deterministic and structured, mean-
ing it cannot be averaged out and requires physical or empirical modeling. It
also compromises the integer nature of carrier-phase ambiguities, leading to
fix failures or biased fixed solutions. Furthermore, excellent satellite geometry
with low Dilution of Precision (DOP) can coexist with large systematic errors,
demonstrating that low DOP is a necessary but not sufficient condition for
high accuracy [22].

Beyond positioning, unmodeled diffraction may be absorbed into estimated
tropospheric parameters. For geodetic-grade applications, the antenna envi-
ronment must be free not only of obstructions but also of near-grazing diffract-
ing edges. A single affected station can introduce biases that propagate into
a larger geodetic network solution, degrading products for all users. Over
decades, this small bias can accumulate into a significant positional error,
compromising the reference frame and studies such as crustal deformation,
sea-level rise, and post-glacial rebound.
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CHAPTER 3

Data processing using GNSS post processing software

Post-processing of GNSS carrier phase data helps in precise estimation of
position. Scientific software commonly used for GNSS post-processing such as
GipsyX software [23] and Bernese GNSS software [24] have been used in papers
A, B and C and are discussed here. This chapter also provides information
on external sources of data required to achieve high precision.

3.1 External information required in high precision
applications and their sources

High-precision post-processing applications of GNSS data require accurate
information about the GNSS satellite orbits and clocks. Since the accuracy of
the broadcast orbit information is at meter-level this study utilizes final orbit
and clock products from the International GNSS service (IGS) [25] which
has uncertainties on the order of 1-2 cm. The orbit and clock products are
calculated at the IGS analysis center. The final products can only be used
for post-processing, since they have a latency of approximately 14 days. The
precise final products for the satellites’ orbits and clocks are downloaded from
the IGS, together with the other products needed to reach sub-centimeter
precision.

The second source of external information comes from International Earth
Rotation and Reference System Service (IERS) [26] which provides informa-
tion about the solid earth tides, ocean tide loading and the Earth Orientation
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Figure 3.1: Flowchart for the GipsyX software

Parameters (EOP). In geodesy, EOP illustrate irregularities in earth’s rota-
tion. EOP provides the rotational transform from the International Terres-
trial Reference System (ITRS) to the International Celestial Reference System
(ICRS), or vice versa, as a function of time. Solid earth tides are the displace-
ment of the earth’s surface due to the influence of the Sun’s and the Moon’s
gravitational forces. Displacements are also caused by ocean tidal loading.
Internationally agreed models for reference frames, EOP, solid earth tides,
and ocean tide loading are implemented in all high-precision geodetic soft-
ware packages. These models are constantly revised and update by the IERS,
in the so called IERS conventions [27]. Software packages like the Bernese
Software and GipsyX have the same and latest IERS models implemented.

3.2 Precise point positioning (PPP) using GipsyX
software

The workflow using GipsyX software has been illustrated in Figure 3.1. Raw
data files logged in GNSS receiver in RINEX (Receiver Independent Exchange)
format, are fed to GipsyX. Most geodetic processing software for GNSS data
use a well-defined set of observables as shown in Figure 3.1:

• the carrier-phase measurement at one or both carriers seen as L1 and L2
• the pseudorange (code) measurements P1 and P2 (for L1 and L2 respec-
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tively)
• the observation time

The observation time is valid for both the phase and the code measurements,
and for all satellites observed. Apart from the observations on code and carrier
phase, information such as station-related information like station name, an-
tenna height, etc. are obtained from the RINEX file. Each individual station,
designated as A in Figure 3.1 is processed one at a time to obtain the observ-
ables L1, L2, P1, P2. The data is then edited to from linear combinations for
L3 and P3 which are ionosphere free observables using equations shown in Fig-
ure 3.1. As stated earlier in Equation 1.3, such editing involves error inclusion
due to approximations. Coordinates from RINEX header are used as an initial
guess for the station position. Since we process 24 hour data, during which the
station moves due to earth’s rotation, effects of different geophysical phenom-
ena (such as earth and ocean tides, etc.) and earth orientation parameters
will change during the day. GipsyX uses standard models to eliminate these
effects. IGS product files such as precise orbits and clocks are also used as
inputs for computation. Using all these inputs, pseudorange distances based
on code and carrier phase measurements between receiver A and satellites are
computed. Such a computation also involves computing initial guesses of all
the parameters of interest namely the co-ordinates (XC1, YC1, ZC1), the time
information (tC1), the Zenith Tropospheric Delay (ZTDC1) and the integer
ambiguity for carrier phase data (NC1). The pre-computed values(¨C¨) are
then subtracted out of the observables (¨O¨). These differences are then pro-
cessed in Least square estimator (LSE) or a Kalman filter. The filter uses a
user defined input control file to understand the parameters of interest. Thus,
the outputs of the filter are the changes in parameters of interest namely ∆x,
∆y, ∆z, ∆t, ∆ZTD, ∆N . These changes are then used to update the initial
guesses to form freshly computed values (so XC1 modifies to XC2 and so on)
and with every iteration the computed values get closer to the true values.
The process is repeated until the statistics around the computed solution XC ,
YC , ZC , tC , ZTDC , NC is satisfactory enough. Papers A, B and C use GipsyX
position estimates to study the impact of diffraction.

3.3 Network solution using Bernese GNSS
software

Figure 3.2 shows the flow chart for processing using Bernese GNSS software
(BSW). While the precise point positioning (PPP) algorithm is similar to
that of GipsyX, BSW also provides the possibility to estimate a network
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Chapter 3 Data processing using GNSS post processing software

Figure 3.2: Flowchart for the Bernese GNSS software

solution using single frequency data which is advantageous for isolating local
unmodeled effects such as multipath and diffraction using a double difference
solution of colocated stations. This is made use of in Papers A, B and C to
study diffraction effects in GNSS signals.

The Bernese GNSS Software processes network solutions through a sequence
of well-defined steps, as outlined below.

Preprocessing
A priori coordinates for all stations are introduced, together with pole infor-
mation and precise satellite orbits. Satellite clock corrections are extracted
for consistency checks. Receiver clocks are synchronised to ensure proper
alignment of observations.

Ambiguity resolution and parameter estimation
Phase ambiguities are resolved using multiple methods, including the Mel-
bourne–Wübbena combination, the quasi-ionosphere-free approach etc. Tro-
posphere parameters are estimated while ambiguities are pre-eliminated. Nor-
mal equations of the form N · x = b are then created for each baseline or sub-
network, where N is the normal matrix containing the weighted correlations
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between parameters, x is the vector of unknown station coordinates, tropo-
sphere delays, and ambiguities, and b is the right-hand side vector derived
from the observed minus computed observations.

Quality control
Post-fit residuals are generated and used to check data quality. Phase pre-
processing detects and corrects cycle slips. Baselines are formed and single
differences are computed in preparation for the final adjustment.

Final network combination
A final network solution is computed. Normal equations from different ses-
sions are combined, and network consistency is verified. Daily repeatability
is examined to identify any remaining issues. If necessary, the final network
solution is recomputed to ensure a consistent and high-precision result.

This processing strategy delivers reliable station coordinates and tropo-
sphere estimates suitable for geodetic reference frame maintenance and defor-
mation monitoring.

The majority of GNSS error sources can be rigorously modeled and miti-
gated by postprocessing software such as Bernese GNSS software or GipsyX
software. However, signal degradation due to fading caused by the local en-
vironment around the antenna continues to pose a problem. Both reflections
and diffraction from surrounding objects interfere with the line-of-sight GNSS
signal, degrading the positioning accuracy even in a post-processing mode.
This is studied in Papers A and B. In general, it is difficult to make very pre-
cise estimates of diffraction error. In practice, prediction involves a process of
theoretical approximation, modified by necessary empirical corrections [28],
similar to the approach used in Paper C for the study of diffraction caused by
a pole. Paper E further shows that diffraction biases not only positions but
also tropospheric estimates (obtained using PPP estimates made by PRIDE
software), with ZTD errors increasing up to 8-fold in obstructed environments.
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CHAPTER 4

Summary of included papers

This chapter provides a summary of the included papers.

4.1 Paper A
Uttama Dutta, Jan Johansson, Rüdiger Haas
Investigating the impact of diffraction on GNSS carrier phase measure-
ments
Journal of Geodesy, vol. 100, no. 4, SP 25, April 2026.
This document is the ’Accepted Manuscript’ version. The ’Version of
Record’ of this article is available online at:
https://doi.org/10.1007/s00190-026-02045-w .

In this paper, we investigated whether signal diffraction, a phenomenon of-
ten overlooked in GNSS error budgets, significantly degrades high-precision
positioning. We began with the fact that while standard post-processing cor-
rects for large-scale errors such as satellite orbits, clocks, and atmospheric
delays, localized diffraction effects remain largely unmodeled. Unlike random
noise, diffraction introduces a slowly varying, systematic bias that cannot
be averaged out. Using both long-term real-world datasets and syntheti-
cally modified data, we analyzed double-difference carrier phase residuals,
PPP position estimates, and SNR measurements. Our analysis revealed that
diffracted signals are indeed received in areas where the direct line of sight
to the satellite is obstructed. When these bent signals are inadvertently in-
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cluded in positioning solutions, standard algorithms fail to correct for them,
leading to significant errors that depend heavily on the antenna’s local environ-
ment. Through simulations, we demonstrated that position estimate scatter
can double in the presence of non-minimal diffraction effects. We confirmed
this degradation using real data as well. A key methodological choice we made
was to avoid position estimation using double differences, which preserved the
diffraction-induced error signature within the carrier-phase residuals clearly.
We further supported our findings by analyzing SNR measurements alongside
precise Lidar-scanned environmental data, which confirmed that the observed
residual anomalies were directly attributable to physical diffraction from the
obstruction. Overall, this paper established that diffraction is not a negligible
effect but a critical factor that can compromise the accuracy of precise GNSS
applications. It also provided a reproducible processing framework and set the
stage for the controlled experiments that followed in the subsequent papers.

I led the conceptualization of this study and developed the methodology. I
carried out all investigations, including the analysis of real-world and syn-
thetic datasets. I performed data curation, validation, and formal analysis,
and I created all visualizations. I wrote the original draft and handled subse-
quent review and editing with my coauthors. The role of my coauthors is as
follows: J.J. provided resources, supervised the research, and contributed to
review and editing. R.H. contributed to the conceptualization of the simulation
studies and assisted with review and editing.

4.2 Paper B
Uttama Dutta, Jan M. Johansson, Rüdiger Haas, Sten E.G. Bergstrand,
Carsten Rieck
Experimental Characterization of GNSS Carrier Phase Diffraction Er-
rors in a Controlled Environment
GPS Solutions. in review .

Building directly on the findings of Paper A, in this paper we designed and
conducted a controlled experiment to isolate diffraction effects with greater
precision than was possible using real-world urban data alone. While Paper
A had demonstrated that diffraction degrades positioning accuracy in com-
plex environments, the presence of multiple obstructions made it difficult to
quantify the effect purely as a function of obstacle geometry and distance. To
address this limitation, we constructed a movable metallic wall of constant
height and placed it on the southern side of a geodetic antenna. We created
five distinct diffraction scenarios by moving the wall from 1 m to 3 m distance,
each compared against an unobstructed reference case. Using dual-frequency
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4.3 Paper C

PPP and single-frequency double-difference analysis, we systematically ex-
tracted diffraction-induced errors. Our results empirically confirmed a key
prediction from Paper A: PPP position errors can double when a diffract-
ing wall is positioned at 1 m distance. We also demonstrated that diffraction
impact is inversely proportional to obstacle distance, with errors at 1 m far ex-
ceeding those at 3 m. Furthermore, we showed that signal disturbance begins
when an obstacle intrudes upon the first Fresnel zone, even while remaining
below the direct line of sight, and that low-elevation satellites suffer the most
severe effects due to their longer propagation paths through the diffracted
field. We applied the Knife-Edge Diffraction (KED) model to our SNR ob-
servations and found that while the model works well for horizontal distances
of 2 m, it requires improvement for near-field obstructions at 1 m. Based on
our extensive analysis, we proposed a practical guideline for field operations:
the obstructive environment should not subtend an angle greater than 11° on
the antenna to ensure data integrity in demanding applications such as PPP
and RTK. We also validated our earlier proposition that Dilution of Precision
(DOP) alone is an insufficient metric for assessing positioning reliability in
obstructed environments.

For, this paper, I conceptualized the study and developed the methodol-
ogy. I conducted the controlled wall experiment, performed the investigations,
and handled the validation, and formal analysis. I was also responsible for
gathering the data from the no-network remote location at the observatory in
all weather conditions, pre-processing and storing it. I created all visualiza-
tions, wrote the original draft, and participated in review and editing with my
coauthors. The role of my coauthors is as follows: J.M.J. provided resources,
supervised the research, and contributed to review and editing. R.H. super-
vised the research and assisted with review and editing. S.E.G.B. contributed
to review and editing. C.R. contributed to review and editing.

4.3 Paper C
Uttama Dutta, Jan M. Johansson
Study of GNSS Phase Center Perturbations from Cylindrical Obstruc-
tions
Journal of Geodesy. in review .

In this paper, we extended our experimental approach to a different ob-
struction geometry: a cylindrical pole of 2 m height placed at 1 m distance
from the antenna. Our goal was not merely to quantify diffraction errors but
to develop a physics-based model that could capture the deterministic be-
havior of diffracted signals. Using long-term data collected with and without
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the pole, we differenced the measurements to generate high-resolution maps
of phase variation across azimuth–elevation space. These empirical maps re-
vealed a complex interference pattern arising from two distinct mechanisms:
top diffraction producing concentric rings around the pole direction, and ver-
tical edge diffraction generating wedge-shaped fringes periodic in azimuth.
We then developed a series of phasor-based interference models of increasing
physical realism. Starting from simple single-edge diffraction, we progres-
sively incorporated region-specific physics, finite-diameter edge asymmetry,
cylindrical scattering phase shifts, narrow-band optimization, and elevation
modulation. Each step incrementally improved the model’s alignment with
the true electromagnetic interaction. The correlation with our empirical data
jumped from 0.202 to 0.613, with the final hybrid model achieving an RMS
error of 1.74 mm over the full sky. Within the critical azimuth sector of
180–220°, where scattering was strongest, the correlation improved further to
0.689. A key contribution of this work was demonstrating that a simple para-
metric model, with diffraction amplitudes and phase shifts calibrated directly
against observed phase variations, could capture the full diffraction signature
with high accuracy, sidestepping the complexity of a full forward model. The
optimized phase shifts provided insight into the interaction mechanisms, in-
cluding evidence of asymmetric near-field coupling between the cylinder and
the antenna. This paper showed that near-field scattering from a metallic
object is not an unpredictable error source but a deterministic phenomenon
that can be modeled and potentially corrected.

For this paper, I led the conceptualization and methodology, carried out
the investigation, validation, formal analysis, and visualization. I was also
responsible for gathering the data from the no-network remote location at the
observatory in all weather conditions, pre-processing and storing it. I also
wrote the original draft. Together with my coauthor I reviewed and edited the
manuscript. My coauthor J.M.J. provided the necessary resources, supervised
the research and contributed to review and editing.

4.4 Paper D
Uttama Dutta, Jan Johansson
Multi-Constellation/Multi-Frequency GNSS Signal Degradation Due to
Foliage and Reflective Environments
Engineering Proceedings, vol. 54, no. 1, p. 2, Sep. 2023.
https://doi.org/10.3390/ENC2023-15454 .

This paper presents initial observational work conducted as part of the SiL
2.0 project. The study examines multi-constellation (GPS and Galileo) and
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4.5 Paper E

multi-frequency signals received on a GNSS antenna mounted on stationary
construction equipment. Using signal strength indicators (SSI), the paper
characterizes signal behavior in the presence of foliage and reflective surfaces
around an excavator. A consistent observation is that traditional GPS L2
signals (C2W and L2W) appear weaker than L2C and L1 C/A signals across
the tracked GPS satellites. The paper also briefly discusses signal bending
over sharp metallic edges. This simple edge-bending concept later informed
the more detailed diffraction studies presented in the papers A and B of this
thesis. This work helped motivate the controlled experiments and modeling
efforts that followed in papers A, B, C.

The document is based on the foundational work carried out by me under
the supervision of my coauthor.

4.5 Paper E
Uttama Dutta, Jan M. Johansson, Peng Feng
Impact of Diffraction on GNSS Troposphere Estimates in a Controlled
Environment
Manuscript to be submitted .

Having established in Papers B and C that diffraction significantly affects
carrier phase measurements and positioning coordinates, we turned our atten-
tion in this paper to a less explored question: how does diffraction bias tro-
pospheric estimates obtained from PPP? We leveraged the same controlled
experimental setup from Paper B, the movable metallic wall placed on the
southern side of the antenna at distances of 1 - 3 m alongside a reference
station measuring identical atmospheric conditions without any obstruction.
This design allowed us to isolate diffraction-induced tropospheric errors from
true atmospheric signals. Our initial results are interesting. At a wall dis-
tance of 1 m, differential zenith tropospheric delay errors increased 4 to 8
times compared to the baseline unobstructed case, with RMS errors reaching
up to 2.6 mm. Counterintuitively, raising the elevation cutoff from 5° to 10°
didnot reduce the diffraction impact, particularly when tropospheric gradients
were estimated. When we moved the wall to 2 m, however, the differential
ZTD errors reduced below 1 mm. Work is still ongoing and the paper is soon
to be submitted. Based on the tentative findings, we recommended that prac-
titioners operating in obstructed environments use a 5° elevation cutoff with-
out gradient estimation to minimize diffraction-induced biases in tropospheric
estimates. This work demonstrates that diffraction errors are not limited to
positioning coordinates but propagate directly into derived geodetic products,
with implications for any study relying on high-accuracy tropospheric delays
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from GNSS measurements in less-than-ideal environments.
The work on the manuscript is still ongoing. However, the conceptual-

ization, and methodology of the attached draft was led by me. I also carried
out the investigation, validation, formal analysis, and visualization. More-
over, I was responsible for gathering the data from the experiment site at
the observatory, pre-processing and storing it. Finally, the original first draft
was prepared by me. Together with my coauthors, I reviewed and edited the
manuscript. J.M.J provided the resources, supervised the research and con-
tributed to review and editing. P.F. wrote the section on ’PPP troposphere
estimation with PRIDE’ and a part of the introduction in the original draft
and also contributed to review and editing.
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CHAPTER 5

Concluding Remarks and Future Work

This thesis shows that GNSS signal diffraction is a distinct, deterministic, and
often unmodeled error source that degrades high-precision geodetic position-
ing. Across four interconnected studies, ranging from real-world urban obser-
vations to controlled experiments with movable walls and cylindrical poles,
we have shown that diffraction introduces slowly varying, systematic biases
into carrier-phase measurements that persist even after double-differencing
and cannot be averaged out over time. Near-field obstructions (at 1 m)
produce complex interference patterns (concentric rings and wedge-shaped
fringes) that our physics-based phasor models captured with correlations ex-
ceeding 0.61 and RMS errors below 2 mm. Furthermore, we quantified how
diffraction aliases into tropospheric zenith delay estimates, revealing an insid-
ious pathway by which local obstructions can be misinterpreted. Collectively,
these findings establish diffraction as a primary error source for high precision
geodesy. It remains to be inspected however, if diffracting signals in a certain
pattern based on Fresnel zone interaction, could also prove to be advantageous
at the GNSS wavelength.

Future research should focus on developing real-time mitigation strate-
gies using SNR-based detection and azimuth-dependent elevation masks, ex-
ploiting multi-frequency and multi-GNSS observations to design diffraction-
resilient observables or diagnostic tools. Finally, re-analyzing long-term coor-
dinate time series from permanent CORS stations for unrecognized diffraction
effects, particularly from growing trees or new construction, may resolve some
unexplained seasonal or interannual variability in current geodetic products.
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