University of Calgary
PRISM: University of Calgary's Digital Repository
Graduate Studies

The Vault: Electronic Theses and Dissertations

2016

Interference Mitigation and Measurement Quality
Assessment for Multi-Antenna GNSS Receivers
Vagle, Niranjana
Vagle, N. (2016). Interference Mitigation and Measurement Quality Assessment for Multi-Antenna
GNSS Receivers (Unpublished doctoral thesis). University of Calgary, Calgary, AB.
doi:10.11575/PRISM/26613
http://hdl.handle.net/11023/3498
doctoral thesis
University of Calgary graduate students retain copyright ownership and moral rights for their
thesis. You may use this material in any way that is permitted by the Copyright Act or through
licensing that has been assigned to the document. For uses that are not allowable under
copyright legislation or licensing, you are required to seek permission.
Downloaded from PRISM: https://prism.ucalgary.ca

UNIVERSITY OF CALGARY

Interference Mitigation and Measurement Quality Assessment for Multi-Antenna GNSS
Receivers

by

Niranjana Vagle

A THESIS
SUBMITTED TO THE FACULTY OF GRADUATE STUDIES
IN PARTIAL FULFILMENT OF THE REQUIREMENTS FOR THE
DEGREE OF DOCTOR OF PHILOSOPHY

GRADUATE PROGRAM IN GEOMATICS ENGINEERING

CALGARY, ALBERTA

DECEMBER, 2016

© Niranjana Vagle 2016

Abstract
This research focuses on performance improvement of antenna array based GNSS
receivers under interference with focus on code and carrier phase measurements.
Despite the remarkable amount of research on antenna array processing in wireless
communications, application of these techniques to GNSS has not been studied
extensively. In the case of GNSS, apart from interference mitigation, it is important to
generate good estimates of code and carrier phase measurements. Array based
processing techniques induce measurement distortions in the presence of interference,
which is not acceptable for high precision carrier phase based applications, an issue that
is not relevant for communications. An extensive analysis of GNSS measurement and
position quality is performed.
In order to analyze performance in a controlled environment, a novel method of simulating
multi-antenna GNSS signals is proposed, with simulation of different types of electronic
interference and multipath. The simulator is tested for high fidelity applications and is used
to characterize measurement distortions. The performance of different beamforming
techniques is evaluated in specular multipath conditions using simulated and actual data.
It is shown that significant reduction in multipath errors can be obtained using a practically
realizable antenna array by using the receiver processing approaches suggested herein.
Calibration is the first step towards implementing many distortionless beamforming
techniques. Yet, calibration using actual signals is challenging in multipath environments.
A method is proposed and tested to reduce calibration parameter estimation errors in
multipath environments. Finally, array based receiver measurement and position
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distortions are evaluated under different electronic interference using simulated and
actual data.
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Chapter One: INTRODUCTION
An overview of the effect of different interference sources on the operation of global
navigation satellite systems and the use of antenna arrays to mitigate them are discussed.
Subsequently, a literature review, objectives and outline of the thesis are provided.

1.1 GNSS and interference
GNSS receivers have become essential tools for navigation and timing, including
personal navigation, fleet management, precise agriculture, automobiles, time reference,
precise orbit determination of space vehicles, weather monitoring etc. However, these
applications are vulnerable to a range of threats related to electronic interference sources.
In particular, electronic interference and multipath are major technical challenges for the
GNSS community.

1.1.1 Radio frequency interference (RFI)
Users on the earth surface receive GNSS signals with very low pre-correlation Signal to
Noise Ratio (SNR), which makes them very sensitive to RFI. For instance, the received
power level for the Global Positioning System (GPS) L1 Coarse/Acquisition (C/A) code
signal is -158.5 dBW (GPS-ICD 2013), which is well below the thermal noise floor of a
GPS receiver. It is well known that GNSS signals can be easily subject to interference
from sources that transmit very low power in their respective frequency bands (e.g. Dovis
2015, Landry 1997). The interference can either deteriorate receiver performance or
completely deny the GNSS service based on their spectral and power features (Dovis
1

2015, Misra & Enge 2001). Several examples of real cases of RF interference and their
impact are given in Dovis (2015).
Interference signals affecting GNSS receivers can be classified as intentional or
unintentional (Kaplan & Hegarty 2006). Intentional interference includes jamming and
different levels of spoofing. Jamming refers to the intentional transmission of RF energy
in the band of GNSS signals in order to block the receiver functionality. The level of threat
associated with jammers cannot be disregarded, as jammers are easily available in
portable formats and can be purchased at low costs, although illegally. In some cases,
jamming is a preliminary step to spoofing, forcing the target receiver to lose the tracking
of the real signal in order to re-acquire a stronger spoofing signal. Several studies have
analyzed the spectral characteristics of the GNSS jammers and their impact on the
receiver performance (e.g. Bauernfeind et al 2012). Jammers are severe threat for liability
critical mass market applications. Spoofing is the transmission of GNSS like signals that
are temporally and spectrally different than authentic GNSS signals. In the spoofing
scenario, the victim receiver is forced to compute an erroneous navigation solution.
Unintentional interference is due to communication systems and other RF transmitters
with carrier frequencies close to GNSS frequency bands. The harmonics generated from
the spurious emissions from these out of band systems collide with GNSS bandwidth
resulting in unintentional interference. These unintentional interference worsens position
accuracy due to introduced errors in the measurements and in some cases might force
the signals to loose tracking. Potential sources of unintentional interference are
aeronautical communication systems (such as Distance Measuring Equipment (DME),
Tactical Air Navigation (TACAN)), satellite phones, mobile satellite service, VHF/UHF
2

communications, Digital Video Broadcasting – Terrestrial (DVB-T), air traffic control
radars etc. Based on the frequency band occupied by interfering signals, they can also
be classified as narrowband or wideband (Kaplan & Hegarty 2006). Narrowband
interference occupies only a small portion of the desired bandwidth compared to the
target GNSS band, whereas wideband interference occupies entire desired bandwidth.
For example, Continuous Wave (CW) interference is treated as narrowband and
Gaussian noise jammers as wideband.

1.1.2 Multipath interference
Multipath refers to the reception of GNSS satellite signals from more than one path due
signal reflections from nearby objects including the ground. Ideally, the GNSS receiver
antenna should receive only the direct line of sight (LOS) signal to obtain correct code
and carrier phase measurements. However, in the case of multipath, the signal received
by the antenna is a combination of direct and reflected signals. The reflected signals are
usually having lower power and are delayed with respect to the direct signal. These
reflected signals, when superimposed with the direct LOS signal, have a longer
propagation time and can significantly distort amplitude and phase of the direct signal.
The deformation in the correlation function due to multipath signals results in erroneous
pseudorange measurements and in turn degraded position solutions. In dense multipath
environments like urban canyons, it may be possible that LOS signals are completely
blocked in which case the receiver receives only the reflected signals. Errors in code
measurements due to multipath can range from a few tens of metres to hundreds of
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metres. Unlike other error sources, multipath errors cannot be removed by differencing
techniques as they decorrelate spatially very rapidly. Multipath also leads to incorrect
ambiguity resolution, thereby affecting carrier phase positioning. If the pseudorange
multipath error in becomes large, the initial position solution is biased and the ambiguity
resolution search space will be enlarged resulting in longer ambiguity resolution time
(Joosten et al 2002).

1.1.3 Interference countermeasures
The processing gain provided by GNSS receivers is not sufficient to combat all types of
interference. This necessitates development of efficient interference mitigation
techniques to guarantee the integrity of the navigation solution. Also, modern GNSS
receivers support multiple constellations with multiple frequencies increasing the pass
band bandwidth making them more susceptible to interference. Therefore, selecting a
GNSS receiver with powerful interference mitigation techniques is an asset for the users.
Tremendous amount of research has been conducted to mitigate both RFI and multipath
at different stages of the receiver operations from antenna to navigation domain.
Ndili & Enge (1998) and Moelker (1998) investigated the use of Automatic Gain Control
(AGC) and Analog to Digital Converter (ADC) outputs to detect and mitigate CW and
pulsed interference. The effectiveness of different implementations of notch filters to
mitigate various interference have been studied thoroughly (Montloin 2010, Giordanengo
2009). However, they impact the receiver performance by altering the correlation function
and increasing the tracking jitter (Lin et al 2011, Borio et al 2008). Several methods have
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been proposed based on C/N0 monitoring to mitigate pulsed and CW interference
(Thompson et al 2010, Balaei 2009). These methods are not efficient as degradation in
C/N0 could be due to environment as well. Kamel et al (2013) and Kim et al (2007)
investigated performance of ultra-tight integration of GNSS and Inertial Navigation
Systems (INS) under different interference scenarios.
Many correlators based techniques were developed to alleviate the code multipath
problem such as Narrow Correlator (van Dierendonck et al 1992), Edge Correlator (Garlin
et al 1996), Double Delta Correlator, Multipath Estimating Delay locked loop (MEDLL)
(Van Nee et al 1994) to name a few. These methods are not effective for short range
multipath. Also for techniques such as MEDLL and Synthetic Multicorrelators (Stöber et
al 2011), it is difficult to estimate the number of reflected signals for a given environment.
Apart from these techniques, several other technologies are investigated to detect and
mitigate multipath, e.g. the use of 3D building models in urban canyons (Groves et al
2013) and GPS-INS integration (Soloviev et al 2011).
The techniques listed above for RFI and multipath mitigation use single antenna
approaches in time and frequency domains and are limited to certain operating
environments and interference scenarios. Especially, the techniques for RFI mitigation
are effective against narrowband interference scenarios, the performance of these
techniques significantly deteriorate in complex signal scenarios or scenarios with
wideband interference (Cuntz et al 2016). Therefore, the need for robust interference
mitigation techniques becomes essential. In that sense, spatial processing using multiple
antennas could be one of the robust approach against different interference sources.
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Antenna arrays, which use spatial domain processing, are well known in wireless
communication applications and radar communications. The use of these techniques to
GNSS domain started a decade ago. Even though these techniques are well studied in
wireless communication systems, their application to GNSS differ from those in
communications. In wireless communication systems, multipath signals are used to
increase signal to noise ratio in order to reduce bit error rate. However, in GNSS, even
though signal to noise can be increased, multipath causes bias in time delay estimation.
In GNSS, the focus is to improve the time-delay estimation to provide reliable positioning.
Also, the estimation of the carrier Doppler to derive user velocity is important in some
applications such as GNSS-INS integration. In communication applications, carrier phase
distortion is not an issue while it is of utmost importance for GNSS when using carrier
phase measurements for high accuracy positioning; this unresolved issue is the major
motivation of this thesis. The effectiveness of different beamforming techniques to
alleviate GNSS vulnerabilities were studied in (Fernández-Prades et al 2016, Gupta et al
2016, Broumandan et al 2016, Cuntz et al 2016, Amin et al 2016, Arribas et al 2014). A
detailed survey on the previous research on antenna arrays for GNSS and the associated
challenges are listed in literature review section. Despite the complexity involved in
antenna array based GNSS receivers, advances in technology provide the possibility of
consumer grade systems in the near future. Kappen et al (2012) presented a low cost
architecture concept for the multi-antenna receiver on the state of the art FPGA
development platform. Apart from the receiver architecture, it is also important to
emphasize the size of the antenna array. As mentioned in Gupta et al (2016), due to
advances in antenna technology, size of the GNSS antenna arrays are becoming smaller
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and with few antenna elements so that they can fit in existing systems constrained by
physical requirements.

1.2 Motivation
As applications of antenna arrays in GNSS emerge, measurement accuracy and integrity
requirements are becoming increasingly stringent. Apart from the size and complexity
requirements, the major requirement is the availability and the accuracy of the code and
carrier phase measurements to ensure integrity of the navigation solution. One of such
applications could be the use of antenna arrays for high precision to combat both RFI and
multipath. For example, in precision agriculture, it is required to provide reliable, quality
solutions that optimize growers’ productivity and efficiency. Also, GNSS can be used in
constrcution equipments to automatically control operation of the equipment. In such
applications, antenna array based GNSS receivers could be employed to provide better
performance. Also, for these applications, higher grade antennas with good phase center
stability can be used to construct arrays as cost is somewhat less of a concern. However,
it is known that antenna array processing in the presence of interference induces
measurement distortions. These phase distortions cause biases in the carrier and code
phase measurements that are not acceptable for such applications. Therefore, it is
necessary to investigate the application of antenna arrays for mitigating both electronic
interference and multipath and analyze the accuracy and integrity of the code and carrier
phase measurements. This motivates the investigation of different antenna processing
techniques that can be used in GNSS applications to provide distortionless
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measurements in the presence of interference and multipath signals. In order to perform
this task, it is necessary to generate signals in a controlled environment which requires
the development of multi-antenna software simulators and receivers.

1.3 Literature review
This section summarizes research work performed on space only processing approaches
as applied to GNSS to deal with jamming and multipath signals.
1.3.1 GNSS software signal simulation tool
Simulation is a useful technique where one can reproduce the radio signals transmitted
by the satellites to design and understand complex GNSS receiver operations in a
controlled environment. Several approaches have been proposed to develop efficient
GPS software signal simulators (e.g. Hu et al 2009, Julien et al 2004, Dong 2003, Burns
et al 2002). These software simulators can generate signals for single antenna systems.
However, the requirement here is to develop a multi-antenna GNSS signal simulator with
options to add RFI and multipath. A novel method is proposed in this thesis to regenerate
the signals from the collected Intermediate Frequency (IF) samples for the multi-antenna
system. A number of multipath simulation methodologies have been listed by Nievinski et
al (2014). One of the methods to simulate specular multipath signals is to use a raytracing approach, as discussed by Lau & Cross(2007) and Weiss et al (2007). This
apporach has been used to simulate multipath signals in urban environments and study
the carrier phase multipath effects. Simulator approach has been used in this research to
generate multipath signals for the multi-antenna approach.
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1.3.2 Antenna arrays in GNSS
A vast amount of research has been conducted to analyze the use of antenna array based
technology to combat different interfering signals. The current state of the art interference
mitigation technologies using antenna arrays, associated challenges and advanced array
based GNSS receiver designs have been discussed by Gupta et al (2016), FernándezPrades et al (2016), and Broumandan et al (2016).

1.3.2.1 Antenna array calibration
Antenna array calibration is the first step in implementing beamforming techniques that
use signal Direction of Arrival (DOA) information. Due to antenna gain/phase mismatches
and mutual coupling between antenna elements, the received signals from different
antenna elements undergo additional phase shifts (Konovaltsev et al 2010, Kim et al
2004). The other factors affecting antenna gain and phase are antenna phase centre
variations, RF front-end delays, perturbation in antenna element positions and uneven
cable lengths (Daneshmand et al 2014, De Lorenzo et al 2012). Calibration is the process
of estimating these additional gain and phase uncertainties. In GNSS applications, array
calibration can be performed using actual GNSS signals as satellite positions are known
precisely and the signals of various satellites from different directions are available.
Different calibration methods using actual GNSS signals and associated challenges have
been studied by Daneshmand et al (2014) and Backén et al (2008). In all these methods
it is assumed that clean actual signals are available. However, there are chances of
multipath being present in those datasets used for calibration which can induce significant
gain and phase errors in the calibration parameters. Therefore, it is necessary to evaluate
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the effect of multipath signals on calibration and propose a method to reduce the error in
the calibration parameters estimation.
1.3.2.2 Interference suppression and measurement quality
Much of the work employing antenna arrays in GNSS has been focused on electronic
interference mitigation (Fernández-Prades et al 2016, Arribas et al 2014, Sgammini et al
2012, Amin & Sun 2005, De Lorenzo et al 2005). Fernández-Prades et al (2016)
describes major beamforming and null steering techniques that have been applied in the
GNSS domain. The performance of different null steering techniques was studied by Li
et al (2011), Carrié et al (2005), Zoltowski & Gecan (1995). The most commonly used null
steering technique is power inversion which tries to minimize the array output power.
Power minimization methods with different constraints such as DOA and subspace have
been studied. Arribas et al (2013) studied GPS signal acquisition performance by utilizing
a power minimization algorithm for interference mitigation before despreading. Sgammini
et al (2012) proposed a two stage blind adaptive beamformer based on orthogonal
projections. Orthogonal projections are performed at the pre and post correlation stages
to mitigate interference. However, projection based techniques do not guarantee a
distortionless response which is important in GNSS applications. Fernández-Prades et al
(2011) demonstrated Eigen beamforming, which requires noise power estimation and
desired signal power and spatial signatures for interference mitigation in GNSS receivers.
Sahmoudi (2007) studied increasing Signal to Interference plus Noise Ratio (SINR) in the
presence of strong interference. The interference DOA is estimated and used as a
constraint to obtain robust Capon beamforming, which can enhance acquisition and
tracking performance of GPS receivers. The estimation of the interference DOA could be
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challenging in some complex user scenarios. Lorenz & Boyd (2005) demonstrated
performance of minimum variance beamformers for GNSS applications in the presence
of uncertainty in array response. Amin & Sun (2005) proposed an interference
suppression scheme using self-coherence properties of GNSS signals. These techniques
assume that the interferers do not have the same periodic structure as that of GNSS
signals.
Eventhough the techniques listed above are efficient to mitigate electronic interferences,
the quality of the measurements is degraded due to signal phase distortions (Chuang
2014, Church et al 2007, De Lorenzo et al 2006). The degraded measurements lead to
poor navigation solutions. These biases and distortions are not desirable for highaccuracy and high-precision applications as they adversely affect carrier phase
measurements, thus challenging the ambiguity resolution process. The distortions in
GNSS measurements caused by the antenna array processing have been studied
previously; for instance, Chuang (2014) and Church (2009) demonstrated distortion in
carrier phase measurements with actual data and demonstrated the dependency of
distortion on satellites locations. Chuang (2013) observed code phase biases of the order
of one to two metres using Monte-Carlo simulations in the presence of interference and
mutual coupling. Kalyanaraman (2010) studied phase tracking loop performance for
possible carrier phase distortions due to different array processing techiques such as
minimun variance and Minimum Variance Distortionless Response (MVDR). It has been
shown through simulations that minimum variance based beamformers suffer
comparatively more phase distortion than a MVDR based technique. Kim et al (2004)
studied GPS phase measurement distortions due phase centre variations of individual
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antenna elements in an array. It has been shown that mutual coupling between antennas
also causes phase distortion. Phase distortions around a few centimetres were observed
and these are not tolerable for high precision applications. In addition, code phase
measurement biases due to the phase delay and group delay of antenna elements were
also observed. Eventhough the distortions in measurements were reported, thorough
analysis of the tracking results, code and carrier phase measurments quality was not
performed. The effect of array processing techniques on possible carrier phase cycle slips
and navigation solution domain has not been fully explored. Therefore, it is necessary to
evaluate the array based GNSS receiver performance under different interference
scenarios.
A large amount of research articles has demonstrated the use of antenna arrays for GNSS
multipath mitigation. Daneshmand (2013) demonstrated two stage beamforming to
mitigate both electronic interference and multipath. Effectiveness of spatial smoothing,
spatial filtering and antenna array motion have been demonstrated to mitigate both
electronic interference and multipath through signal simulations. Rougerie et al (2012)
proposed a method to estimate the multipath parameters such as delay, amplitude and
frequency. However, in real world scenarios it is difficult to estimate these parameters for
all the reflected signals and computation complexity increases with increase in the
number of reflected signals. Fernádez-Prades et al (2011) studied the inherent capability
of different Eigen beamforming techniques to mitigate multipath through simulations.
Vicario et al (2010) analyzed robust beamforming techniques for Galileo ground stations
and shown a reduction of tracking errors by 47%. A large planar array and a particular
multipath scenario having reflections from less than 10˚ elevation satellites were
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considered for the analysis. Sahmoudi et al (2007) used adaptive beamforming and high
resolution direction finding methods to improve robustness against multipath and
electronic interference. Seco-Granados et al (2005) used an ML estimator for the simple
model of an equivalent zero mean Gaussian noise, which includes all of the undesired
signals and the noise component. Even though ML estimators are very effective, they are
computationally expensive and are generally not suited for real time applications. Amin
et al (2005) used self-coherence properties of the GPS signal to mitigate electronic
interference and multipath. As multipath signals are coherent with GNSS signals, this
method fails to mitigate multipath and produces erroneous results (Morton et al 2004).
Brown (2000) demonstrated estimation of direction, amplitude and delay of multipath
signals through the Maximum Likelihood (ML) based technique. Seco-Granados & Rubio
(1997) demonstrated the significance of using antenna arrays for electronic interference
and multipath mitigation. A linearly constrained beamformer was used to set nulls in the
direction of undesired signals while maintaining adequate antenna gain for Line of Sight
(LOS) signals. The design of an appropriate beamformer reduces to the DOA estimation
problem, which is challenging in environments where interference signals are coherent
with the desired signals. Most of these techniques were developed or adopted to mitigate
code phase multipath. However, performance of the GNSS array based receiver for timedelay estimation to compute pseudorange measurements under multipath environments
has not been explored considerably. In addition, the performance of these techniques for
carrier phase multipath has not been fully explored.
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1.4 Objectives and contributions
The overall objective is to implement a multi-antenna GNSS receiver capable of high
performance carrier phase tracking in the presence of interference and assess
measurement and position performance under different interference scenarios using a
practically realizable antenna array. Different spatial processing techniques to mitigate
both electronic interference and multipath are explored. The problems involved in antenna
array processing to provide distortionless measurements for high precision applications
is the focus of this thesis. To this end, the following objectives are pursued:
a) Multi-antenna GNSS software signal simulator
The first objective is to develop a multi-antenna GNSS software signal simulator to
generate Intermediate Frequency (IF) samples. A new method to generate multiantenna GNSS signals is proposed. This method uses IF samples collected either
from a hardware GNSS simulator or from actual GNSS satellites. A ray tracing
approach is used to generate the specular multipath signals. In most of the multipath
simulations, the Doppler difference between LOS and multipath are not considered.
However, in this software simulator, the Doppler difference between LOS and
multipath signals are considered while generating the multipath signals. This merely
depicts the real world scenario. The simulated signals are validated against hardware
based GNSS simulators by comparing the carrier Doppler and navigation solution.
b) GNSS receiver under multipath interference
For this objective, a practically realizable antenna array is considered for evaluating
the performance of different spatial processing techniques to mitigate multipath. A
specular multipath environment is considered. A multi-antenna GNSS receiver with
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different beamforming techniques is developed. The performance of different
beamforming techniques is compared against some of the state of the art correlator
based techniques. The multi-antenna GNSS simulator is used to generate GPS
signals under multipath environments and the code and carrier phase multipath
mitigation are analyzed. An array with six antenna elements is assembled to collect
actual GPS signals in multipath environments and the performance of the resulting
array based GNSS receiver is evaluated for measurement and position quality.
c) Antenna array calibration in the presence of multipath signals
Antenna array calibration in multipath environments is evaluated. It has been shown
that carrier phase errors due to multipath signals are periodic in nature with zero mean.
This property is exploited to improve the estimation of calibration parameters. By
observing the signals for several multipath periods and through averaging, the
estimation of calibration parameters can be improved. The periodic nature of the
carrier phase multipath errors is shown through simulated and actual GNSS signals.
The proposed method to improve the calibration parameters is investigated with
simulated and actual GNSS signals.
d) GNSS receiver under electronic interference
This part of the research will focus on code and carrier phase distortions induced by
array processing techniques. The multi-antenna simulator is used to generate GPS
signals under different interference scenarios. Actual GPS signals are collected in
open-sky conditions and interference is added to the IF samples through a software
script. The tracking performance with different spatial processing techniques is
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analyzed focusing on carrier Doppler estimation and phase tracking performance.
Later, carrier phase position performance is also evaluated.

In order to test the above mentioned objectives with actual signals, a number of trials
were performed considering different array configurations and different antenna
elements. Results from representative datasets are provided.

1.5 Contributions
Following are the contributions from this research:
a) Demonstration of the carrier phase based approach for high precision applications
using antenna arrays in the presence of interference is the main contribution of this
research. This is achieved by assessing performance of a multi-antenna GNSS
receiver in terms of measurement accuracy in the presence of multipath and electronic
interference. Using a practically realizable antenna array, it is shown that both code
phase and carrier phase multipath errors can be reduced significantly after
beamforming, a key finding for carrier phase applications. Reductions in multipath
errors result in faster ambiguity resolution. It is also shown that a MPDR beamformer
is able to provide fixed carrier phase position solutions (after resolving ambiguities) in
the presence of electronic interference.
b) A method of simulating multi-antenna GNSS signals is proposed to achieve the above
as it is a powerful tool to evaluate different beamforming techniques performance. The
simulator provides options to simulate different interference sources including
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electronic interference and multipath. Simulated multi-antenna signals can be used
for high precision carrier phase positioning analysis.
c) The proposed method for reducing multipath errors in the array calibration process
can be easily incorporated in the existing calibration algorithms. The method provides
improved estimation of calibration parameters in various multipath environments.

1.6 Thesis outline
The remainder chapters of this thesis are detailed below.
Chapter 2 begins with an overview of different vulnerabilities and their impact on GNSS
receiver performance. Different antenna array processing techniques used in this
research are discussed. Various correlator based multipath mitigation techniques are
briefly discussed. The performance metrics used to evaluate the results are then
described. A discussion on the receiver architecture is provided.
Chapter 3 discusses the software signal simulation methodology. A new method for
simulating the GNSS signals is introduced. An overview of the ray tracing approach to
generate multipath signals is presented. The advantages of the software simulator
developed are described. Comparison of the results with those of a hardware simulator
is presented to validate the simulation methodology.
Chapter 4 presents the results of the array based GNSS receiver under multipath
environments. Several Monte-Carlo simulation results for different beamforming methods
are provided for the array structure considered in this research. The simulation scenario
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and results with simulated signals are presented. The actual data collection setup is
described and the corresponding results are demonstrated.
Chapter 5 investigates the antenna array calibration under multipath environments. The
carrier phase errors in multipath environments are shown using both simulated and actual
data. The method to reduce calibration parameter errors is discussed and the
corresponding results with simulated and actual data are presented.
Chapter 6 characterizes the measurement distortions due to antenna array processing
in electronic interference scenarios. Difference simulation scenarios are discussed and
the results using those simulated data are presented. The test setup for collecting actual
data is discussed and the measurement and navigation solution results using these data
are provided.
Chapter 7 provides conclusions and recommendations for future work.
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Chapter Two: BACKGROUND
2.1 GNSS overview
GNSS signals received by users on earth are buried under noise as they are transmitted
from medium earth orbit satellites with nominal radius above 20,000 km. GNSS uses
direct sequence spread spectrum modulation scheme (i) to implement multiple access
(code division multiple access for all GNSS systems except GLONASS, which uses
frequency division multiple access) (ii) to have anti-interference capability for narrow band
interference sources (iii) to have precise ranging due to frequent phase inversion of the
signals (Misra & Enge 2001).

2.1.1 GNSS signal structure
The legacy GPS signals at L1 frequency band uses carrier with a nominal frequency of
1575.42 MHz, a PRN code with 1.023 MHz chipping rate for civilian signals and data bits
at 50 Hz rate. More complex systems with different signal structures were developed later
to improve overall GNSS receiver performance in terms of signal tracking, improved
multipath rejection, ranging precision and position accuracy. Other GNSS systems
include European Galileo, Russian GLObalnaya NAvigatsionnaya Sputnikovaya Sistema
(GLONASS), China’s BeiDou Navigation Satellite System (BDS), India’s Indian Regional
Navigation Satellite System (IRNSS), also called NAVIC, and Quazi-Zenith Satellite
System (QZSS) from Japan.
As this thesis focuses on GPS signals, the signal model and processing are discussed
for these.
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The received GPS signal from a particular satellite in the absence of interference at the
input of the ADC after down conversion from RF to IF is given by

 





si  t   2Pi d p,i  t   i  ci  t   i  cos 2 fIF  fdi t  i  i  t 

(2-1)

where Pi is the received signal power, d p,i is the navigation data bit with values either +1
or -1, ci is the spreading code,  i is the transit delay from the satellite to the user, fIF is
the IF carrier frequency, fdi is the carrier Doppler frequency, i is the carrier phase of the
incoming signal and i accounts for the additive white Gaussian noise.
The navigation data contains information about satellite orbital parameters, satellite
health, satellite clock corrections and atmospheric error corrections. The spreading codes
used in GPS L1 C/A are a class of gold codes with 1.023 MHz chipping frequency and
1023 code length. The repetition period of the C/A code is 1 ms. The C/A code exhibits
line spectrum following a sinc shaped envelope with frequency spacing of 1 kHz. The
carrier Doppler is mainly due to the relative motion between the satellite and the user as
well as from the user clock drift.
Each GPS satellite transmits energy using directional antennas pointed towards Earth
with transmit power of 27 W. Due to geometric spreading there is about 184.4 dB of signal
power loss (Misra & Enge 2001) and up to 2 dB loss due to atmospheric effects (Spilker
1996). Due to these losses, the nominal received signal power in open sky environments
is about -128.5 dBm (GPS ICD 2012). The received signal power also depends on the
antenna being used and its gain pattern. For a typical antenna, the open sky received
signal power varies from -123 dBm to -129 dBm (van Diggelen 2009) for high elevation
satellites and several decibels lower for lower elevation satellites.
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2.1.2 GNSS interference Signals
Any unwanted signal at the input of the receiver is treated as interference. Electronic
interference can be considered as either interference occurring due to the radio frequency
signals transmitted by other system/equipment or multipath interference which occurs due
to the reflection/diffraction of the useful signals.
2.1.2.1 Electronic interference
In general, electronic interference can be classified as a function of the following different
signal parameters (Kaplan & Hegarty 2006):


Based on bandwidth occupied by the interference – narrowband (occupies only a
small portion of the desired signal) or wideband (occupies most or all of the desired
signal bandwidth).



Unintentional interference (terrestrial communication signals and their harmonics)
or intentional interference (civil jammer devices such as personal privacy devices
and spoofing signals).



Considering the signal structure and modulation type – continuous wave, chirp
interference, amplitude modulation, frequency modulation, pulse modulation,
phase modulation and matched spectrum.

More details on the classification and different types of the interference signals are given
by Dovis (2015), De Bakker (2007) and Kaplan & Hegarty (2006). In this thesis, commonly
used civil GPS jammers are considered such as Continuous Wave Interference (CWI),
Bandlimited White Gaussian Noise (BWGN) and chirp signal jammers.
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Continuous wave narrowband jammers
Continuous wave jammers can be modelled as a pure sinusoid with fixed frequency.
These jammers contain a voltage controlled oscillator to generate the desired frequency.
Personal privacy devices can generate such signals and they can be easily plugged into
a vehicle. CW interference can be represented as

j cw  t   2Pcw cos  2 fcw t  cw 

(2-2)

where, Pcw is the power of the CW interference, fcw is the interference frequency and cw
is the initial phase of the CW signal.
BWGN jammers
This type of jammers spread white noise across the whole frequency band of interest.
These forms of wideband interference are difficult to mitigate using techniques such as
notch filtering. Only advanced antenna technologies such as controlled reception pattern
antennas can further improve other receiver enhancements against this threat.
Chirp signal jammers
These type of jammers can also be modelled as a pure sinusoid, however the frequency
of the latter sweeps over a defined bandwidth. The bandwidth could occupy partial or
entire desired signal bandwidth. As power is spread across the frequency range, these
type of interference can be treated as wideband interference. The majority of in-car
jammers transmit chirp signals with a bandwidth of 9.4 MHz to 44.9 MHz in the GPS L1
frequency band (Bauernfeind et al 2014). The sweep time will be usually tens of µs
(Bauernfeind et al 2014). Chirp jammers are very effective in jamming the signal within
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GNSS receivers. Chirp jammers use VCO with an input voltage of saw-tooth function.
Mathematically, chirp signals can be modelled as

jchirp  t   2Pchirp cos  2 fchirp  t  t  chirp 

(2-3)

where Pchirp is the power of the interference which is usually constant, fchirp  t  is the
interference frequency at time t and is a linear function of time and chirp is the initial phase
of the chirp signal. The instantaneous frequency fchirp  t  can be defined as

fchirp  t   fchirp0  kchirp t

(2-4)

where fchirp0 is the starting frequency and kchirp is the chirp rate.
All in-car jammers are linear with a positive unidirectional or bidirectional sweep. In this
research, chirp signals with one saw tooth function with unidirectional sweep are
considered.
2.1.2.2 Multipath interference
Multipath occurs when a user receives a useful signal via two or more paths either through
reflection or diffraction (Braasch 1996). The direct signal received from a satellite is known
as a Line of Sight (LOS) signal and reflected signals are known as Non-Line of Sight
(NLOS) signals. As paths travelled by NLOS signals are longer than LOS signals, they
are always delayed relative to the latter. A composite signal formed from LOS and NLOS
is received by the user and the measurements that are generated are erroneous. The
NLOS signals can either sum up constructively or destructively with LOS causing
amplification or attenuation of the signal. Multipath can occur either due to smooth
reflecting surfaces (specular multipath) or rough reflecting surfaces (diffuse multipath).
This is the dominant error source in single point and differential positioning systems. The
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error caused by multipath depends on the relative delay between LOS and reflected
signals, power of the NLOS signals, phase values of the NLOS signals with respect to the
LOS one, number of NLOS signals received, receiver tracking architectures, GNSS signal
type and chipping frequency (Kaplan & Hegarty 2006, Misra & Enge 2001). Multipath
signals can be modelled similar to the desired signal as shown in Equation 2-1 with
different values for power, code delay, carrier Doppler and carrier phase.
2.1.2.3 GNSS signal model in presence of interference
The received signal from a particular satellite i in the presence of multipath and electronic
interference can be represented as
K

J

k 1

j 1

(2-5)

x  t    ski  t    j j  t     t 

where, K represents the sum of LOS and multipath signals with k=1 representing the LOS
signal, J is the number of interference sources,   t  is the AWGN component, and j j  t 
represents either narrowband or wideband interference with power greater than the
ambient noise.

2.2 GNSS receiver signal processing
In this section, the basic architecture of a GNSS receiver and effect of electronic and
multipath interference on different blocks are discussed.
The generic architecture of a GNSS receiver is shown in Figure 2-1. It consists of an
antenna to receive electromagnetic signals, a RF front-end to downconvert and digitize
the signal, baseband signal processing stage to decode the information embedded in the
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signals and the navigation processor to compute the navigation solution using the
measurements from the baseband processor.

Figure 2-1: Generic GNSS receiver architecture
Operations performed by each of the above blocks and the effect of interference on each
block are discussed briefly in the subsequent sections.

2.2.1 Antenna
The antenna is the first element in the GNSS receiver process as it receives the
electromagnetic signals transmitted by satellites and converts them to electrical signals.
The antenna, which acts as both spatial and frequency filter, has a major effect on the
subsequent stages of the receiver operation (Rao 2013). As GNSS uses RHCP signals,
most of the receivers use RHCP antennas. Circular polarization is preferred over linear
polarization as linear polarized signals change polarization while travelling through the
ionosphere due to the earth’s magnetic field. Multipath signals with single reflection
change their polarization to Left Hand Circular Polarization (LHCP) and they can be easily
discriminated by the RHCP receiving antennas which depends on signals incident angles.
Survey and geodetic applications require high accuracy antennas which are usually bulky
and consume more power. Consumer applications such as handheld and automotive use
small patch antennas which consume less power and are inexpensive. The main
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characteristics of any antenna are its gain pattern, beamwidth and the phase centre
stability. In most standard GNSS applications omnidirectional gain pattern is preferred.
Usually, the gain will be maximum at the broadside (90° elevation) and has a roll-off of 10
to 20 dB towards horizon. The gain will be near zero below the horizon to attenuate
ground reflected multipath signals. Beamwidth refers to the frequency band which is
allowed to pass through the antenna. Usually commercial grade handheld antennas are
single frequency, whereas survey grade antennas are broadband allowing multiple GNSS
frequencies/multi-constellations to be observed. Another quality factor is the phase centre
stability, which is important for high precision applications. Phase centre refers to the point
where all the signals received from satellites are collected. The phase centre varies with
the direction of the receiving signal. Most commercial applications not requiring cm level
accuracy do not consider antenna phase centre stability. However, high precision
receivers, such as those used for Real Time Kinematic (RTK) applications, a few mm of
phase centre error can become significant.
Even though GNSS receivers are good at mitigating some of the interference sources
due to advanced receiver signal processing techniques, it is necessary to keep unwanted
signals out of the receiver as much as possible. In that sense, antennas can be designed
carefully to reject out of band interference signals from unwanted signals such as cellular
base stations, cellphones, radars etc. When these signals enter through the antenna, the
Low Noise Amplifier (LNA) may be forced to operate in the nonlinear region and produce
incorrect results. In this research, survey grade GPS L1 antennas are used with a precise
phase centre (5 mm RMS) (Novatel 501 Datasheet, 1994).
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2.2.2 RF front-end
RF front-end is the first functional block immediately after the antenna, which provides
signal conditioning such as filtering, amplification and finally digitizing the incoming signal
to be used further in the receiver signal chain. A typical receiver RF front-end block
diagram is shown in Figure 2-2. The electrical signal from the antenna is amplified, filtered
and down converted to the convenient IF signal. The typical elements in the RF front-end
are LNA, filters, mixers, oscillator and ADC.

Figure 2-2: Block diagram of GNSS receiver RF front-end
The LNA is the first element immediately after the antenna which boosts the incoming RF
signal. LNAs are placed very close to the antenna as it determines the overall noise figure
of the receiver. The LNA is usually designed for high gain and low noise. Typically, LNAs
used in GNSS receivers provide 20 dB of gain and have 3 dB of noise. Apart from the
amplification provided by LNAs, power amplifiers are used in different stages of the frontend to provide nearly 100 dB gain for the incoming signal. This is to maintain the thermal
noise level within the dynamic range of the ADC input.
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The Band Pass Filter (BPF) before the mixer is used to remove the image frequencies.
The BPF after the mixer is used to attenuate the out of band spurious signals and the
unwanted signals from the mixing stage. The frond-end filter bandwidth determines the
sampling frequency and also affects the code tracking performance by rounding off the
correlator triangle and limiting the correlator chip spacing. The higher the bandwidth, the
higher the performance at the cost of a higher number of samples to process, which
increases the computational burden.
The role of the mixer is used to down convert the signal frequency from RF to IF, which
is more easily managed by the rest of the receiver. This is accomplished by multiplying
the incoming signal with a pure sinusoidal Local Oscillator (LO) signal generated from an
oscillator through a frequency synthesizer. The IF signal contains all of the modulation
that is present in the transmitted signal; only the carrier has been shifted in frequency.
The gain of the IF signal is controlled by the AGC which accounts for cable losses and
high power in the signal due to strong interference. In the presence of strong interference,
AGC reduces the gain of the IF signal causing attenuation of the GNSS signals. The
analog IF signal is converted to digital using ADC through a quantization process. A
simple converter is the one-bit converter used in low cost receivers, which simply retains
the sign of the input signal at the expense of slight performance loss (Misra & Enge 2001).
The reference oscillator is a critical component in the receiver. It is used to generate the
LO for the mixer, generate sampling frequency for the ADC operation and provide clock
for the digital processing stages from correlator to PVT solution. Crystal based oscillators
are common in typical GNSS receivers. Low cost commercial receivers use either a
crystal oscillator (XO) or a temperature compensated crystal oscillator (TCXO). These
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oscillators are sensitive to temperature and the frequency stability varies over time during
the operation. Some geodetic quality receivers use high stability oscillators such as Oven
Controlled Crystal Oscillator (OCXO) and atomic clocks. These oscillators are bulky and
consume more power. Receivers equipped with such oscillators can produce carrier
phase measurements with lower noise.
The proper functioning of the front-end can be disrupted by high levels of electronic
interference. For example, pulsed interference can damage the LNA if its power exceeds
the power specification of the front-end (Deshpande & Cannon 2004). A power limiter is
usually placed before the LNA to prevent the damage from high power interference. In
the presence of high power interference, amplifiers and filters start to work in their nonlinear regions and degrade the performance. As mentioned earlier, in the absence of
interference, AGC gain depends only on the thermal noise power as the signal is buried
in noise. However, in the presence of high power in-band interference, the AGC gain is
adjusted as per interference power. This leads to the suppression of the useful signal and
even it may be lost and cannot be recovered. This situation usually happens with wide
band interference whose bandwidth occupies the entire GNSS signal band. Even in the
case of narrowband CW interference, AGC can suppress the input signal to avoid
saturation attenuating GNSS signal. The statistics of the signal at the output of the ADC
can be used to detect the presence of interference signal. For example, interference free
signal distribution is Gaussian. But when CW is present, the distribution in the outermost
bins will be higher. A statistical analysis of the ADC output allows one to detect the
presence of interference even when high power interference drives AGC into saturation.
In GPS, 90% of the power is present in the 2 MHz bandwidth centered on L1. In low cost
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receivers where a low pseudorange accuracy is acceptable, antenna or the filters can be
designed for a 2 MHz bandwidth around the centre frequency. Any interference falling
outside the useful 2 MHz bandwidth can be eliminated at the front-end level.

2.2.3 Baseband signal processor
Baseband signal processing consists of two steps, namely acquisition and tracking.
Acquisition detects the presence of satellite signals and finds coarse estimates of the
signal parameters such as code delay and carrier Doppler. These estimates are used in
the tracking stage to track the incoming signal in terms of code delay, carrier Doppler and
carrier phase to produce corresponding measurements which are used by navigation
processor.
2.2.3.1 Signal acquisition
A typical acquisition block consists of correlation, search and verification stages (Kaplan
& Hegarty 2006). Correlation is basically a matched filter which performs two functions:
carrier Doppler removal and code de-spreading. The acquisition search is a three
dimensional search over different satellites, code delay and carrier Doppler. For each
PRN, the incoming signal is correlated with different code and carrier replica signals
generated based on the search space. For example, in the case of GPS L1 C/A code,
since one code period is 1023 code chips long, and the search has to be done at intervals
of ½ chip, there are 2046 possible values for the code phase to be examined. The
possible Doppler shift for a static receiver is mainly determined by the speed of the
satellite, between -4.2 kHz and + 4.2 kHz (van Diggelen 2009). The drift of the local
oscillator must be added to this interval. The Doppler interval must be divided in steps;
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the size of the steps depends largely on the integration time. With an integration time of
1 ms the corresponding Doppler resolution is 667 Hz, hence the Doppler interval is
divided into 15 steps. The most common approach for performing a two-dimensional
search is the FFT-based method (Tsui 2000). In order to detect the presence of satellite
signal, the maximum correlation power obtained is compared against a threshold which
is defined based on the desired probability of false alarm. If the maximum correlation
power exceeds the threshold, the signal is detected and the coarse Doppler and code
delay from the corresponding cell are passed to the tracking stage. The verification stage
improves the reliability of the acquisition process by further testing the candidate cell.
Different search techniques can be used in the acquisition process, namely serial, parallel
and hybrid. In a serial search, each bin is searched one-by-one. It is computationally
simple but a time consuming process. The parallel search uses bunch of matched filters
to search over the entire space. It is fast at the expense of computational load. A hybrid
search is a balanced approach between serial and parallel.
In the presence of CWI, due to the harmonics generated by multiplying the locally
generated carrier signal and incoming CWI, the acquisition search space in the Doppler
domain becomes challenging (Dovis 2015). With the increase in the CWI power, the
modulation effect by these harmonics become significant, increasing the probability of
false alarm. In the case of BWGN interference, the noise floor is increased in the entire
search area as noise is spread all over the GNSS filtered signal components. Due to an
increase in the noise floor, the correlation peak will be masked and the acquisition process
will fail.
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2.2.3.2 Signal tracking
After the acquisition process detects the presence of different satellite signals present in
the incoming signals along with their course estimates of delay and Doppler values, these
estimates are passed to the tracking module where these estimates are refined and
related changes are continuously tracked. In the traditional scalar tracking architecture,
each satellite will have separate tracking channel independent of each other as shown in
Figure 2-3.

Figure 2-3: Block diagram of signal tracking loop module
The first step in the tracking stage is Doppler Removal and Correlation (DRC). The DRC
performs three functions, namely (i) removing the carrier from the incoming signal by
multiplying it with the locally generated carrier replica, (ii) correlating it with the locally
generated code replica and (iii) performing Integration and Dump (I&D) on the correlation
values.

The integration and dump operation is carried out by the summation of the

number of samples, which is determined by the coherent integration time. The coherent
integration time depends on the state of bit synchronization. Before bit synchronization,
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for GPS L1 C/A receiver, coherent integration time is set to 1 ms and after bit
synchronization up to 20 ms. The in-phase and quadrature components from the
integration and dump process are used in the tracking loops. A tracking loop consists of
a discriminator to generate the error signal, loop filter to reduce noise from the
discriminator outputs and a Numerically Controlled Oscillator (NCO) to generate code and
carrier replica based on estimated Doppler and code phase.
Each channel has two tracking loops, one for the code and the other for the carrier. Each
of the code and carrier tracking loop consists of its own discriminator, filter and NCO. The
code tracking loop is commonly known as Delay Lock Loop (DLL). The carrier lock loop
can be either Frequency Lock Loop (FLL) or Phase Lock Loop (PLL) (Kaplan & Hegarty
2006). Basically, DLL makes use of multiple DRC with different delays for each. In the
basic DLL architecture three correlators, namely early, prompt and late, are used (Ward
et al 2006) and the error between incoming and local signal is minimized by balancing
early and late parts. The choice of the discriminator depends on the user requirements
and the most commonly used DLL discriminators for GNSS applications are listed in
Kaplan & Hegarty (2006). The FLL is used only to track the carrier frequency information,
whereas the PLL is used to track both phase and frequency. In this research the PLL is
used as carrier phase observations are required. Different PLL discriminators used in
GNSS applications can be found in Kaplan & Hegarty (2006). The objective of the loop
filter is to reduce the noise in the error signal in order to produce an accurate estimate of
the incoming signal. The order of the loop filter depends on the signal dynamics (van
Dierendonck 1996).
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The tracking performance parameters used in this research are the Carrier-to-Noise
(C/N0) ratio and Phase Lock Indicator (PLI).
Carrier-to-noise ratio (C/N0)
The carrier-to-noise ratio is a common measure of satellite signal power received at the
receiver antenna. It is expressed as the ratio of carrier power to the noise power per unit
bandwidth. Assuming the data bit boundary is known and the coherent integration time is
20 ms, the C/N0 can be computed using the method described in van Dierendonck (1996)
as

 1  1 
C / N0  10log10 

 T 20   

(2-6)

where 20 refers to the coherent integration time, T is 1 ms.  represents the Narrow
Band Power (NBP) to the Wide Band Power (WBP) of the prompt correlator output and
is given by
2
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where I p,acc and Q p,acc are the 1 ms prompt correlator accumulated values of ith satellite
and Tc is 20, which represents the 20 ms coherent integration time.
Phase lock indicator (PLI)
Phase lock indicator is a useful parameter to evaluate the performance of carrier phase
tracking (van Dierendonck 1996). PLI can be calculated at a given time epoch of the
tracking loop update using the in-phase and quadrature phase correlation values as
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Effect of electronic interference on signal tracking
Interference on the signal tracking has a direct impact on the quality of the measurements
generated. Narrow band interference increases the variance of the correlator outputs
modifying the shape of the s-curve of the code discriminator (Dovis 2015). This causes
the bias in the generated pseudorange measurements. Narrow band interference also
increases the variance of the carrier phase measurements. BWGN interference has a
direct impact on the carrier phase discriminator output variance due to the increase in the
thermal noise.
The effect of CWI and chirp signal on C/N0 and PLI as compared to the interference free
scenario is shown in Figure 2-4. The jamming to signal power of 30 dB is considered.
CWI interference is assumed to be at an offset of 1 kHz from the IF frequency. Chirp
interference bandwidth is assumed to be 10 MHz and sweep time of 12 us. Interference
has been added after ten seconds for the receiver so that it can acquire the signal and
track in PLL mode. In the presence of CWI and chirp, degradation in C/N0 and PLI can
be observed.
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Figure 2-4: Effect of interference on C/N0 and PLI
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Effect of multipath on signal tracking
Code multipath results in bias in the pseudorange measurements and can be visualized
using the correlation triangle as shown in Figure 2-5. Here, it is assumed that the NLOS
signal is coming with a delay of 0.5 chips relative to LOS and with an amplitude
attenuation of 0.75. The standard correlator spacing of 1 chip between early and late arms
is considered. In GNSS receivers, measurements are generated corresponding to the
prompt correlation value which is shifted as compared to the LOS due to shape of the
composite signal. This error directly translates into a pseudorange bias and in turn affects
the navigation solution.
Carrier phase multipath signals are sinusoidal in nature. Similar to code phase
measurements, carrier phase measurements also become erroneous in the presence of
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multipath. However, the maximum multipath error in carrier phase measurements can be
up to quarter of wavelength of the GNSS signal (5 cm for GPS L1) (Misra & Enge 2001).
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Figure 2-5: Illustration of code multipath error through correlation triangle
Correlator based techniques such as Narrow Correlator (van Dierendonck et al 1992),
Multipath Estimating Delay Locked Loop (MEDLL) (Van Nee et al 1994), Edge Correlator
(Garlin et al1996), High Resolution Correlator (HRC) (McGraw & Braasch 1999), etc., are
well studied in GNSS applications. In this research the Narrow Correlator and double
delta correlator in the form of strobe correlator are used as benchmark for performance
comparison. Usually a correlator spacing of 0.1 chips is used to build up the discriminator
function when using Narrow Correlators (Irsigler & Eissfeller 2003). With double delta
correlators, code discriminators are formed by linear combination of two discriminator
pairs instead of one.
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The early-minus-late discriminator function for the Narrow Correlator can be expressed
as

 i  Ei  Li

(2-9)

where E i and Li are the early and late parts of the correlation triangle for ith satellite with
0.1 chip spacing between them.
The strobe correlator discriminator is implemented through a linear combination of two
narrow correlators with two different correlator spacing and can be expressed as

 i 

d 2
 Ei ,1  Li ,1    Ei ,2  Li ,2 
d1

(2-10)

where Ei ,1 , Ei ,1 are the early correlator points on the correlation triangle, Li ,1 , Li ,2 are the
late correlator points on correlation triangle, d1 is the correlator spacing between Ei ,1
and Li ,1 and d 2 is the spacing between Ei ,2 and Li ,2 . This correlator is effective for short
delay multipath signals as compared to Narrow Correlator given by Equation 2-9.

2.2.4 Navigation processor
The objective of the navigation processor is to demodulate the navigation messages and
compute the receiver position, velocity and time using the measurements from the
tracking stages. There is an intermediate stage between the tracking and navigation
processor, which converts tracking outputs into observations – pseudorange and carrier
phase observations in terms of cycles and pseudorange rates. Satellite positions are
computed from the orbital parameters decoded from the navigation message. Position is
estimated using either the pseudorange observations (code phase based solution) or both
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pseudorange and carrier phase observations. Pseudorange and/or carrier phase rates
are used to estimate user velocity. The quality of the output solution depends on the errors
in the observations such as satellite clock, ephemeris error, atmospheric errors, multipath
error and receiver noise where multipath plays major role as other errors are not
significant for code phase based solution. The carrier phase measurements are
ambiguous. Different differencing techniques (single, double and triple difference) can be
used to remove/reduce the common errors between the two users in order to improve the
navigation solution. The most common navigation estimation filters used in stand-alone
GNSS applications are least squares and Kalman filter.

2.3 Basics of antenna array processing
An antenna array is a system where signals from several spatially separated antennas
are combined to achieve a modified reception pattern. The use of antenna array in a
wireless system has several advantages such as increasing the signal-to-noise ratio,
providing an ability to determine the direction of arrival of signals, acts as a spatial filter
which allows desired signals to pass through without distortion and at the same time
nullifying directional interference sources (Naidu 2012). In linear arrays, antenna
elements are arranged in a linear fashion, which can provide modified pattern either in
elevation or azimuth. In planar arrays such as circular or rectangular, antenna elements
are arranged in a two-dimensional fashion, which can provide modified pattern in both
azimuth and elevation. Apart from these shapes, antenna arrays could also be
constructed in three dimensions. One such example is the spherical cap adaptive antenna
array (Lambert et al 2009) where antenna elements are placed on a spherical surface.
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These types of antenna are developed to overcome the poor low elevation resolution of
the planar arrays.
In antenna array systems, one of the antennas is referred to as the reference antenna
with respect to which signals received by other antenna elements are described. The
signals received at different antenna elements can be considered as the delayed replicas
of the signal received by the reference antenna. For narrowband systems, where the
reciprocal of the maximum propagation delay across the array is greater than signal
bandwidth (Van Trees 2002), the time delays across antenna elements can be
approximated by phase shifts. The relative phase differences between different antenna
elements can be expressed in terms of the vector wave number (Van Trees 2002), which
is a function of direction of the signal source and wavelength of the signal. Consider an
array with M antenna elements with arbitrary structure as shown in Figure 2-6.
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Figure 2-6: Illustration of an antenna array receiving single signal from a source
at a specific elevation and azimuth
The vector wave number for a signal received from direction  ,  can be expressed as
(Van Trees 2002)

k

2



cos sin

(2-11)

cos cos  sin 

T

where,  and  are the elevation and azimuth angles, and  is the wavelength of the
GNSS carrier signal. By knowing the relative positions of the antenna elements with
respect to the reference antenna, the phase differences between the signals received
from the antenna elements can be obtained. A phase difference can be expressed as a
complex vector known as steering vector. For a M-element array, this vector can be
represented as
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a( , )  1 a2 a3 ..... aM



(2-12)
T

 1 exp{ jkT p2 } exp{ jkT p3 } ...exp{ jkT pM } 

where pm  [em nm um ] is the relative position of the mth antenna with respect to the
reference antenna.
In array processing, signals from each antenna are combined to have constructive or
destructive effects in specific direction. In order to do so, signals from each antenna are
multiplied by a complex value, which will alter each antenna signal amplitude and phase
before combining. These complex values are in general referred to as “Weights”. The
weights are computed based on some optimization criterion (Van Tress 2002). Some of
the optimization criteria used in this research are summarized in subsequent sections.
The basic principle of any optimization criterion is to change the incoming signal’s phase
received from each antenna such that the desired signals will have a constructive effect,
whereas the undesired signals will have a destructive effect. For the array structure
considered in Figure 2-6, the array combining can be illustrated as shown in Figure 2-7.
The combined signal can be expressed as
(2-13)

M

y   w m sm  w H x
i 1
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Figure 2-7: Basic antenna array processing scheme
The effective reception pattern after combining signals from individual antenna elements
can be analyzed using the composite beampattern of the array, which refers to the
response of the array to signals coming from different DOAs and can be represented as
(Allen 2005)

BP ( , )  w H a( , )

(2-14)

Several factors can affect the effective reception pattern of the antenna array such as


Spacing between antenna elements



Number of antenna elements



Weight control algorithm



Individual antenna element radiation pattern



Structure of the array
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Mutual coupling between antenna elements

By increasing the number of antenna elements, the side lobes and the number of degrees
of freedom can be improved. Degrees of freedom refer to the number of beams and nulls
that can be obtained with an antenna array. For any array processing algorithms, optimal
spacing between the antenna elements is chosen as


(Van Trees 2002). Increasing the
2

spacing more than that optimal spacing results in undesired grating lobes, which refers
to the side lobes with similar gain as that of the main lobe. It is also assumed that the
radiation pattern of individual antenna elements is similar to each other. However, in
practical applications, the radiation pattern of each antenna may be different and can
affect the overall reception pattern. The other major factor that can affect the reception
pattern is the mutual coupling between the antenna elements. Mutual coupling refers to
the electromagnetic interaction between the antenna elements, which affects the radiation
pattern of individual elements and in turn the overall array pattern.
Antenna signals can be combined spatially and/or temporally to enhance the desired
signal or to suppress interference. Methods which use only spatial degrees of freedom
are commonly known as Space Only Processing (SOP). The methods that use both
spatial as well as temporal/frequency domain are known as Space Time Processing
(STP)/Space Frequency Processing (SFP) (Gupta et al 2016). In this research only
spatial processing is considered.
The weights can be fixed or can be changed adaptively based on the changing
environment. If the weights are fixed, then the reception pattern will be fixed which is
commonly known as Fixed Reception Pattern Antenna (FRPA). In Controlled Reception
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Pattern Antenna (CRPA), weights are computed adaptively to change the reception
pattern. In this thesis, block adaptation (Van Veen & Buckley 1988) is used. In this
method, statistics estimated from the temporal block of incoming data are used in the
weight computation algorithm.

2.4 Antenna array processing in GNSS
Considering recent advances in the antenna and GNSS receiver technologies, antenna
array based GNSS receivers are increasingly being considered. Examples of proof of
concept prototypes can be found in Gupta et al (2016), Fernández-Prades et al (2016),
Broumandan et al (2016), Cuntz et al (2016), Arribas et al (2014). The following section
details some of the possible architectures of array based GNSS receivers.

2.4.1 Array based GNSS receiver architectures
Array processing in GNSS can be used before the receiver at the IF sample level or within
the receiver. The most commonly deployed system is single output nulling antenna
(Fernandez-Prades et al 2016), which provides a single output that can be fed to the
conventional single antenna receiver. Such a system is generally used to sense the
presence of interference signals and place nulls in the interference directions. In other
systems, array processing is performed within the receiver in the baseband processing
stage either before or after correlation (Cuntz et al 2016, Broumandan et al 2016). These
systems can use either null steering or beamforming techniques. Null steering
approaches are generally performed before the correlation process to mitigate the
interference before the tracking stage. In beam steering approaches, multiple beams are
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formed, each corresponding to a particular satellite, which can be performed either before
or after the correlation process (Fernandez-Prades et al 2016). As correlation and dump
process and beamforming are liner operations, performance of both pre-correlation
beamforming and post-correlation beamforming should be similar (De Lorenzo 2007).
The only difference is that pre-correlation beamforming occurs at sampling frequency
(usually in MHz) whereas post-correlation beamforming occurs at the integration and
dump frequency (usually in kHz).

2.4.2 Multi-antenna GNSS signal model
In this research, a rectangular array is used. Consider the case of a GNSS receiver
equipped with an M×N element uniform rectangular array. The elements are lying in the
x-y plane and are equally spaced by dm in the x-direction and dn in the y-direction as shown
in Figure 2-8.

Figure 2-8: Rectangular array structure with M×N elements
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For the sake of simplicity, signals from only one satellite are considered in the model and
the index i is not omitted in the expressions. After down-conversion and sampling, the
digitized signal received at the (m, n)th antenna element can be expressed as

K

xm,n  t    sk  t  e

i

2

 m 1d m sink  sink    n 1d n sink  cosk  
 



(2-15)
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where sk  t  is the kth the signal component where k=1 refers to the LOS and k=2:K refers
to NLOS signals, j j  t  is the jth electronic interference,  refers to the wavelength of the
signal, k ,k  is the elevation and azimuth angle of the corresponding LOS or NLOS





signal,  j , j is the elevation and azimuth angle of the electronic interference signal, K is
the number of LOS and multipath signals, J is the number of electronic interference
signals, and m,n  t  is the additive spatially white noise of the (m, n)th antenna element.
The impinged signals from all the antenna elements can be represented in the matrix form
as
x  As  Bj  η

(2-16)

where x is the MN×1 received signal vector and η is the MN×1 noise vector, s is the K×1
signal vector with LOS and NLOS signals, j is the J×1 signal vector with electronic
interference signals; these vectors are given by

x   x1,1  t  , x2,1  t  ,...xM ,1  t  , x1,2  t  , ... xM ,N  t 

T
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(2-17)

s  s1  t  , s2  t  ,...sK  t  

(2-18)

j   j1  t  , j 2  t  ,... jK  t  

(2-19)

T

T

η  1,1  nc  , 2,1  nc  ,...M,1  nc  , 1,2  nc , ...M,N  nc 

T

(2-20)

The steering matrices A and B are of dimensions MN×K and MN×J respectively and are
given by

A  a1 , a2 ,......aK 

(2-21)

B  b1 ,b2 ,......bJ 

(2-22)

where a k is the MN×1 steering vector of the kth signal component coming from direction

k ,k  , and where b

j

is the MN×1 steering vector of the jth electronic interference signal





coming from direction  j , j . Both a k and b j have the similar structure, so here only a k
is defined which is given by

a k  cTk ,  k cTk ,......,  k


N 1 T
k

c k  1,  k ,...... k


k  e

j

k  e

j

2


2



M 1

(2-23)

T

c 


T




d n sink  cosk 
d m sink  sink 

2.4.3 Spatial processing techniques
In any antenna array application, beamforming techniques can make use of either
calibrated or non-calibrated array. Beamforming techniques that do not consider a
calibrated array are referred to as blind beamforming techniques. Even though blind
beamforming techniques are easy to implement, they may degrade the performance of
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the GNSS receiver by unintentionally nullifying the desired signal. Therefore,
beamforming techniques which exploit the satellite signal directions are preferable.
Numerous beamforming and null steering techniques exist and a detailed analysis of most
of these techniques can be found in Van Trees (2002). The techniques used here, namely
Delay And Sum (DAS) beamformer, Power Minimization (PM) and Minimum Power
Distortionless Response (MPDR) beamformer, are discussed below.
2.4.3.1 DAS beamformer
The DAS beamformer relies only on the spatial information of the LOS signal (Van Trees
2002). This beamformer does not guarantee a distortionless response as it just points the
main beam in the direction of the LOS signal and does not consider any other constraints
to preserve the desired shape of correlation peaks. The optimum weights for the DAS
beamformer can be obtained as

w DAS 

(2-24)

1
a1
MN

where MN is the total number of antenna elements in the array and a1 is the steering
vector of the LOS signal.
2.4.3.2 MPDR Beamformer
The MPDR beamformer is a distortionless beamformer that minimizes total output power
by constraining unity gain in the direction of the desired signal (Van Trees 2002). This
beamformer relies on the covariance matrix of the received signal, which is normally
computed by temporal averaging of the spatial samples. The covariance matrix of the
received signal can be obtained as
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1
KT

(2-25)
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where KT is the number of temporal snap-shots.
The optimum weight vector for the MPDR beamformer is (Van Trees 2002)

w MPDR

R xx1a1
 H 1
a1 R xx a1

(2-26)

2.4.3.3 Power minimization
This blind beamforming algorithm does not consider the direction of arrival of the desired
signals in the optimization criterion. As compared to the MPDR beamformer where
separate beamformer is required for each satellite, this approach requires only one
beamforming block to nullify the interference sources and can be performed before the
correlation process. The optimum weight vector is given by

w PM 

R xx1q
qH R xx1q

(2-27)

where q is the constraint vector given by

q  1 0 0 ... 0 

T

(2-28)

2.4.3.4 Effect of signal correlation on optimum beamformers
The performance of the beamformer degrades in the presence of multipath signals
resulting in LOS signal cancellation (Widrow et al 1982) and fails to mitigate multipath
(Reddy et al 1987). The other problem with multipath signals is the rank deficiency of the
cross covariance matrix due to which Eigen based methods fail to perform properly. A
number of techniques have been proposed in the literature to deal with signal coherency
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problem. Some of the well known preprocessing techniques (Van Trees 2002) are
discussed in the following sub-sections.

Spatial smoothing
Spatial smoothing has been used to deal with coherent signals for spectral estimation
(Shan et al 1985). It is a pre-processing scheme which partitions the total array of sensors
into several subarrays and then generates an average of the subarray output covariance
matrices. In this research, spatail smoothing is used and more details on this technique
can be found in Chapter 4.

Spatial filtering
Spatial filtering is a process of removing a signal component from the incoming signals
based on the directional information. This method was studied in detail to avoid the
performance degradation of the Eigen vector beamformer in the presence of interference
and high sensor noise (Citron & Kailath 1984). Widrow et al (1982) demonstrated signal
cancellation when the desired signal and interference are correlated by considering
sinusoidal signals of the same frequency. In order to deal with signal cancellation, spatial
filtering could be employed. In GNSS applications, the desired satellite signal direction
could be obtained beforehand. With the knowledge of the steering vector of the desired
signal, signals from all the antennas can be aligned in phase and by taking the difference
between the signals from consecutive antenna elements, the desired signal can be
removed from the incoming one. Assuming one desired and one multipath signal, after
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removing the desired signal only multipath component will remain in the incoming signal
along with noise.

Moving antenna array
To deal with the signal cancellation phenomenon, spatial dithering techniques have been
used (Widrow et al 1982). Spatial dithering was achieved by physically moving the array
in directions orthogonal to the desired direction. Because of the mechanical motion,
signals from the desired direction are undistorted where as from other directions are
modulated. This allows the optimum beamformer to remove the undesired signals without
cancelling desired signal. The antenna array motion was further studied and analyzed for
DOA estimation in multipath environments (Haber & Zoltowski 1986). The basic idea with
a moving antenna array is to induce different Doppler values for desired and multipath
signals so by averaging over several differential Doppler cycles, signal correlation can be
reduced. In the case of GNSS, a moving antenna array can introduce a few Hz of Doppler
difference between desired and multipath signals depending on user velocity. The
Doppler difference increases with an increase in velocity at which the array is moving.
Thus for a dynamic GNSS user, it is possible to achieve desired decorrelation depending
on the antenna velocity. Hence, optimum beamformers could be employed to mitigate
multipath effects.

2.5 Summary
In this chapter, GNSS signal structure and associated vulnerabilities followed by an
overview of different GNSS receiver signal processing blocks were discussed. The effects
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of electronic and multipath interference on different stages of the receiver were described.
A review of array processing, array based GNSS receivers, signal models and spatial
processing techniques used in research was then presented.
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Chapter Three: MULTI-ANTENNA GNSS SIGNAL SIMULATOR
3.1 Introduction
As mentioned in Chapter 1 & 2, antenna array processing is very effective against
different kinds of interference. It is necessary to test and validate the effectiveness of
different array processing techniques in different interference scenarios. One way to
evaluate performance is to use field data. However, this may lead to uncertainties due to
unknown factors and transmission of interference signals would be an issue. Another way
is to generate signals in a controlled environment either through software or combination
of hardware and software. In this chapter a software testbed is developed using GNSS
signals simulated in a controlled environment. Simulating GNSS signals has many
advantages, namely (i) error sources such as atmosphere, multipath and interference can
be modelled and controlled through software, (ii) the user trajectory can be defined, (iii)
for a given GNSS constellation, the signal can be simulated in different scenarios for
repeatability tests, and (iv) the simulator can be modified easily with different features.
This software simulator generates signals for several antennas simultaneously. A novel
method is proposed to generate the signals with an option to add different interference
sources. This multi-antenna simulation tool will be useful in characterizing various
antenna array processing techniques in terms of calibration methods, measurement and
position distortions in subsequent chapters. It generates GPS satellite signals for different
antenna elements for a given array configuration and interference scenarios. The
methodology and the software implementation of the simulator are described in detail
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below. The quality of the simulated signals is tested under different user scenarios and
the results are provided.

3.2 Simulator architecture and methodology
The basic blocks of the multi-antenna GPS signal simulator are shown in Figure 3-1. The
architecture resembles that of a software GNSS receiver with modifications in the tracking
module. The signal model defined in Equation 2-15 is used to simulate the multi-antenna
signals.
Input to the simulator consists of IF samples (digital baseband samples) from a hardware
GNSS simulator using a data acquisition system. The Spirent GNSS simulator and
National Instrument’s data acquisition system is used. The simulation is controlled using
two option files, namely the GNSS signal option file and interference signal option file.
The GNSS option file defines parameters related to the digital baseband samples such
as sampling frequency, ADC resolution, visible satellites and number of channels to be
simulated and the antenna array structure. This also defines acquisition and tracking
control parameters such as the acquisition search space, tracking loop bandwidth and its
order. The interference option file is related to interference signals to be simulated,
namely multipath and electronic interference. For multipath interference, it defines
parameters such as the number of reflectors and their coordinates, the number of
multipath signals to be simulated and multipath attenuation. For electronic interference, it
defines parameters such as frequency, bandwidth, interference power and interference
directions.
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Figure 3-1: Multi-antenna signal simulator architecture
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The parameters which can be controlled through option files are listed in Table 3-1.
Table 3-1: Simulator controllable parameters
Parameters

Description

Digital baseband samples

Binary data file collected using data acquisition
system

Sampling frequency

Defines the sampling frequency used for collecting
digital baseband samples

Data type

Data type of the digital samples
e.g. integer 8 or integer 16

Tracking loop settings

Defines PLL and DLL tracking loop bandwidth and
order

Antenna array configuration

Defines number of array elements and their relative
position in East-North-Up (ENU) coordinate format

Calibration matrix

Defines the calibration matrix elements – useful in
testing different calibration methods

Reflector geometry

Defines four corners of reflectors in ENU format

Multipath attenuation

Defines attenuation factor of multipath signals for
different satellites

Interference frequency

Defines frequency of the CWI

Interference bandwidth

Defines the bandwidth of the chip interference and
BLWN

Interference DOA

Defines direction of arrival of interference signals

User reference position

This is the reference position corresponding to user
trajectory if the user is static; this position can be a
fixed position defined in geodetic coordinates. If the
user is moving, the corresponding motion file
generated from the hardware simulator can be
provided.

All visible satellites listed in the option file are acquired and tracked using the IF samples.
During the initial tracking state, satellites are tracked in PLL with higher bandwidth and
loop order without assisting DLL. Later, based on the PLI, the tracking state is switched
to PLL assisted DLL mode. The replica signals generated during this tracking stage are
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used to generate multi-antenna signals. The replica signal consists of the C/A code
replica, the carrier replica and the navigation data bits. The code replica corresponds to
the prompt code replica generated from the code tracking loop. The summation of all the
replica signals from all the tracked satellites plus noise corresponds to a single antenna
signal.
The quality of the simulated signals mainly depends on the tracking loop settings of the
software simulator. In the carrier phase tracking loop (PLL), thermal noise is treated as
the only source of error as other source of errors such as dynamic stress, oscillator phase
noise may be transient or negligible (Kaplan & Hegarty 2006). The thermal noise jitter for
a PLL discriminator depends on integration time, C/N0 and carrier loop noise bandwidth.
For the GPS C/A code with 20 ms integration time, 1-sigma thermal noise is below 5° for
carrier loop noise bandwidths up to 20 Hz (Kaplan & Hegarty 2006). This is well within
the 1-sigma rule threshold (<15°). In this simulator, a two-quadrant arctangent PLL
discriminator is used with a carrier noise bandwidth of 15 Hz, integration time of 20 ms
and C/N0 above 45 dB-Hz. This ensures that the tracking error is minimal for the accurate
generation of carrier replica signals. In the absence of multipath, major errors in the code
tracking loop (DLL) are thermal noise jitter and dynamic stress (Kaplan & Hegarty 2006).
The DLL jitter depends on the filter noise bandwidth, integration time, C/N0 and correlator
spacing (which depends on front-end bandwidth). Lower loop bandwidth results in lower
jitter, which can be achieved by carrier aiding to effectively removes the code dynamics.
Reducing correlator spacing also reduces the tracking jitter. The simulator described
herein uses PLL-assisted DLL with non-coherent early-late power discriminator with
0.1 Hz noise bandwidth and correlator spacing of 0.1 chips between early and late parts.
58

3.2.1 Multi-antenna signal simulation
Upon successful tracking followed by data bit boundary detection, ephemeris data is
decoded and satellite positions and velocities are computed. Using satellite positions and
user positions from the option file, satellite azimuth and elevation are computed. Using
the antenna array configuration defined in the option file and satellite LOS signal
directions, LOS steering vectors are computed for all satellites. The replica signals from
each satellite are multiplied with corresponding steering vectors to generate multiantenna signals. The signals from all the satellites are added corresponding to each of
the antenna. Later, independent white Gaussian noise is added to each antenna signal
to have desired C/N0 for the simulated signals.

3.2.2 Interference signal simulation
Electronic interference signals are generated using the models described in Section 2.1.
The focus of this section is to discuss multipath signal simulation methodology, which is
done using a ray-tracing approach. Based on the reflector positions and the satellite
positions, a point of reflection for the multipath signals is computed. Later, reflection points
are tested to lie within the boundary of the reflector surface to identify them as valid
reflection points. Once a valid reflection point is obtained, the extra distance travelled by
the multipath signals is converted to the number of code chips and the code phase, which
is then added to LOS prompt code to generate C/A code corresponding to a multipath
signal. Due to reflection, Doppler observed by the multipath signal will be different from
that of the LOS signal. The computation of multipath Doppler values is discussed in
subsequent sections. The attenuation factors of multipath signals for different satellites
59

are defined in the multipath option file. Using the Doppler information, replica code and
the attenuation factor, multipath signals are generated for each visible satellite. Using the
point of reflection and known user position, the multipath signal DOAs are computed and
the corresponding steering vectors are generated. The multi-antenna multipath signals
thus generated for a particular satellite are then added to the corresponding LOS multiantenna replica signals. The combined LOS and multipath signals from all satellites are
added together to generate composite GNSS signals.
Multipath Simulation Model
A typical simulated multipath scenario is illustrated in Figure 3-2. The user antenna
receives direct a LOS signal from a satellite and a reflected signal shown in red. The
following assumptions are made for the multipath model used in the simulation (Lau et al
2007):


Since multipath signals arriving at a user after multiple reflections are usually weak.
Therefore, for this simulation only single reflection is considered.



The reflector is a plane rectangular smooth surface.



The reflections are specular in nature.



Only one NLOS signal is considered.
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Reflector

A

Multipath
signal

LOS signal

Figure 3-2: Illustration of LOS and multipath signals

The algorithm for finding the point of reflection, code phase delay and Doppler
corresponding to the multipath signals are now discussed.
Finding point of reflection
In this function, a ray-tracing method is used to find this point (Lau et al 2007). The first
step is to find it on the plane formed using the coordinates of the reflector, which is
referred to as the reflector plane. For this, one needs to find the angle of incidence from
the satellite on the plane and the angle of reflection. Instead of this, one can find the
image of the antenna or the user position with respect to the plane. A vector is constructed
from the satellite position to the image of the user position. The intersection of this vector
with the reflector plane gives the reflection point. Once the reflection point is obtained,
bound checks can be performed to verify whether the point lies on the reflector surface.
The mathematical equations to find the point of reflection are as follows:
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pu – user position in East-North-Up (ENU) coordinate system

Let

p1r , p 2r , p 3r , p r4 – Four corners of the reflector in ENU coordinate system
p si – ith satellite position
prr ,i – Reflection point on the plane that is to be estimated.
The steps involved for finding the point of reflection and validating whether it is a valid
reflection are as follows


Find the image of the user position with respect to the reflector:
In order to find the image of the user position, the closest point on the plane from the
user position is required and is obtained as

pmr  pu  tconst 1nnorm

(3-1)

where, nnorm is the normal vector to the plane which is the cross product between the
two vectors formed using reflector corner points and tconst 1 is the real number obtained
as

tconst 1

p


1
r



(3-2)

 pu .nnorm

nnorm .nnorm

Here, ‘.’ represents the dot product between two vectors. The image of the user
positon is obtained as



pur  pu  2 prm  pu




(3-3)

Check whether the reflection can occur from the given satellite for this reflector:
Find the range distance from the satellite to both user position and image of the user
position. If the distance from satellite to the user position is more than the distance
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from satellite to image of the user position, then reflection is not valid. This is the case
when the reflector blocks the LOS signal to the user. Reflection happens if both user
and satellite are on one side of the reflector.


Find the intersection between the line joining user image position and satellite and the
plane formed by the reflector:
The point of reflection is obtained as



prr ,i  psi  tconst 2 pur  psi



(3-4)

The real parameter tconst 2 is computed as

tconst 2



p

p


.n

1
r

 pu .nnorm

u
r

 psi

(3-5)

norm

Validate the reflection point:
Check whether the reflection point is within the minimum and maximum bounds of the
corner coordinates.

The reflection observed for one of the satellites is shown in Figure 3-3. The blue line is
the vector joining reflection point and satellite. The green line is the reflection from
reflector to the user position.
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Image of
user position

user position

Figure 3-3: Illustration of point of reflection for a rectangular reflector

Once the reflection point is obtained, the Doppler difference between the LOS and
multipath signal and the extra code delay and carrier phase corresponding to the extra
distance travelled are computed.
Computing multipath code chip
The LOS signal distance is computed by using the satellite and user position through the
range equation. If the ith satellite position coordinates in Earth Centered Earth Fixed
i
i
i
(ECEF) system are denoted as ( psx
, psy
, psz
) and the user position coordinates as ( pux ,

puy , puz ),
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p

los 

i
sx

i
i
 pux    psy
 puy    psz
 puz 
2

2

2

(3-6)

Similarly, using the image of the user position ( prxu , pryu , przu ) with respect to the reflector,
the multipath signal distance can be computed as

p

mp 

i
sx

i
i
 prxu    psy
 pryu    psz
 przu 
2

2

2

(3-7)

By taking the difference between LOS and multipath signal distances, the extra distance
travelled by a multipath signal is computed.

e  mp  los

(3-8)

The extra distance travelled can be transformed into the number of chips by using the
following relation:

 e  e *

(3-9)

1023000
c

Computing multipath Doppler
The Doppler frequency is the change in the signal frequency from satellite to the user. As
Doppler is due to the relative motion between the satellite and the user, these parameters
are related using the following equation:
i
d

f

v


where

i
s

v si



(3-10)

 vu Hi


is the ith satellite velocity vector, v u is user velocity vector, Hi is unit vector from

satellite i to user and  is the signal wavelength.
For the case of a LOS signal, Equation 3-10 can be written as
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f

v


where

Hilos

i
d,los



(3-11)

i
 vu Hlos

i
s


is the unit vector for the LOS signal.

Similarly, the multipath signal Doppler can be computed as
i
d ,mp

f

v


i
s



i
 vr Hmp
1







where v r is the reflector velocity vector,
and

(3-12)

i
vuHmp
2

Himp1 is the unit vector from satellite to reflector

Himp2 is the unit vector from reflector to user.

The difference between the LOS and multipath signal Doppler is computed using
Equation 3-11 and Equation 3-12 and added to the carrier signal generated for LOS
during tracking to obtain the carrier signal corresponding to multipath.

3.3 Simulator validation
A static user scenario with good GPS satellite visibility is chosen for simulations. Input IF
samples are collected from the hardware simulator through the data acquisition unit. A
MATLABTM based GPS software receiver is used for the analysis. The receiver software
was modified in the process to have multi-antenna functionality with different array
processing techniques.
The signals simulated are validated under three categories:


Single antenna signal validation – analysis of carrier Doppler accuracy,
measurement and position accuracies.
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Multi-antenna signal validation – analysis in terms of array gain after combining
signals from all antennas.



Interference simulation – analysis in terms of interference mitigation using array
processing approach.

The sky plot of the visible satellites as a function of azimuth and elevation are shown in
Figure 3-4.

Figure 3-4: Sky plot of the visible satellites considered for validation of the
simulator
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3.3.1 Single antenna simulator validation
As the simulator uses IF samples collected from a hardware simulator to simulate the
signals, the quality of the simulated signals can be compared with that of the input IF
samples. This can be done by using the software receiver measurement results and
comparing simulated and input signal samples.
Tracking domain analysis
In the tracking domain, the major parameter to be verified is the carrier Doppler.
Therefore, the Doppler outputs from the software receiver are compared with both inputs
and outputs of the software simulator. Here, a second order PLL with a 15 Hz bandwidth
is used along with 20 ms coherent integration. Carrier Doppler values for one of the PRN
(PRN 21) are shown in Figure 3-5(a). It can be observed that Doppler values of the input
and output overlap with standard deviations of 0.4 Hz for both. In order to further verify,
Doppler differences of input and output IF samples for various PRNs are computed and
shown in Figure 3-5(b). It can be observed that the mean values of the differences are
near zero, indicating that the software simulator performance is comparable with the
hardware simulator. The mean and standard deviations of Doppler differences between
hard and software simulated signals for various PRNs are provided in Table 3-2.
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Figure 3-5 : (a) Carrier Doppler values from PRN 21 (b) Doppler differences for
each PRN between hardware and software simulators
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Table 3-2: Doppler errors between hardware and software simulators
PRN

Doppler differences between hardware and
software simulator
Mean (Hz)

Standard deviation (Hz)

PRN 3

0.0

0.4

PRN 6

0.0

0.3

PRN 10

0.0

0.4

PRN 16

0.0

0.4

PRN 18

0.0

0.5

PRN 21

0.0

0.4

PRN 24

0.0

0.3

PRN 25

0.0

0.4

PRN 29

0.0

0.3

Measurement domain analysis
Measurement domain analysis is performed by analyzing the differences between the
measurements generated by the hardware and software simulator IF samples.
Pseudorange and carrier phase measurement differences for different PRNs are shown
in Figure 3-6. The means of the differences for both pseudorange and carrier phase
measurements are near zero. This validation is important to analyze the measurement
distortions caused by different array processing techniques. As measurements obtained
from the software simulated IF samples are not biased, possible biases in the
measurements after array processing techniques can be determined precisely. The
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standard deviations of the pseudorange measurements are observed to be 8 cm and
those of carrier phase measurements about 1 mm as shown in Table 3-3.
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Figure 3-6: Differences between measurements generated from hardware and
software simulator IF samples
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Table 3-3: Differences between the measurements generated from hardware and
software simulator IF samples
PRN

Pseudorange error (cm)

Carrier phase error (mm)

Mean

Standard deviation

Mean

Standard deviation

PRN 3

0.0

7.8

0.0

0.9

PRN 6

0.0

7.4

0.0

0.8

PRN 10

0.0

7.6

0.0

1.0

PRN 16

0.0

7.3

0.0

1.0

PRN 18

0.0

7.2

0.0

0.8

PRN 21

0.0

7.5

0.0

0.9

PRN 24

0.0

7.4

0.0

0.9

PRN 25

0.0

7.5

0.0

0.9

PRN 29

0.0

7.1

0.0

0.9

Position domain analysis
Position domain analysis is performed using code phase and carrier phase position
solutions. The software receiver provides code phase based position solutions which can
be compared with the known user position used in the simulations. Position errors in terms
of northing, easting and height using pseudorange measurements are shown in Figure 37(a). Means of the position errors are near zero. Position errors using carrier phase
measurements are shown in Figure 3-7(b). Carrier phase based position solutions are
computed with the open source RTKLib software (Takasu 2007). RTKLib requires
measurements from base and remote stations to compute position solution. Base station
measurements are generated using a Novatel Propak receiver. Input for the Novatel
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receiver is from the hardware simulator using the same user scenario that is being used
in the software simulator. The remote station measurements are from the software
receiver using the software simulated IF samples. As this acts as zero baseline, the
position errors obtained should only be due to measurement noise. It can be observed
from Figure 3-7(b) that the means are near zero (after integer ambiguity resolution) and
the standard deviations are also minimal. These results are important for the
measurement distortion analysis using array processing techniques.
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Figure 3-7: Position errors from (a) code phase based position solutions (b)
carrier phase based position solutions

3.3.2 Multi-antenna simulator validation
Multi-antenna simulator performance was validated by performing beamforming and
comparing the C/N0 values before and after. Signals were simulated for a 3x2 rectangular
array of six antenna elements. The simulated signals were combined using the DAS
beamformer. Initially the reference antenna signal (from one of the array antenna
elements) was tracked for 10 seconds without beamforming after which beamforming was
performed. This is to show the improvement in C/N0 before and after beamforming. C/N0
values for different satellites before and after beamforming are shown in Figure 3-8. It can
be observed that a gain of nearly 8 dB was observed for all satellites. As six satellites are
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used, a gain of 10*log10(6) =7.7 dB is expected and the measured gain is of the same
magnitude. This validates the simulation of multi-antenna signals.
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Figure 3-8: C/N0 gain before and after beamforming
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3.3.3 Interference simulation validation
In this section, multipath interference is validated. It was discussed in Section 2.1 that
multipath produces constructive and destructive effects on the signal and that these can
be observed through C/N0 variations. For the static user scenario, a reflector was placed
at a distance of 30 m from the user. It was assumed that only single reflection exists and
LOS is stronger than multipath signal. Relative multipath signal power is assumed to be
0.75. Reflector was placed such that PRN 10 which is at lower elevation experienced
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multipath. PRN 21, which is at higher elevation, is not affected by multipath. It is assumed
that all satellites have same C/N0 values irrespective of their elevation. C/N0 variations of
PRN 10 and PRN 21 are shown in Figure 3-9. Periodic variations can be observed in
PRN 10 C/N0 values. As the user is static, the periodicity is of the order of seconds.
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Figure 3-9: C/N0 variations with (PRN 10) and without (PRN 21) multipath

3.4 Summary
This chapter described a novel method of simulating multi-antenna GNSS signals.
Software architecture and methodology of multipath signals simulation were described.
The functionality of the simulator as validated through various tests in terms of signal
quality, multi-antenna signals and multipath signal generation. The simulator is validated
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using single antenna hardware simulated data as well as actual data. This simulator will
now be used in the next chapters for measurement analysis using different array
processing techniques.
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Chapter Four: GNSS ANTENNA ARRAY RECEIVER PERFORMANCE UNDER
MULTIPATH INTERFERENCE
The focus of this chapter is to investigate the performance of array processing techniques
to mitigate short-range multipath signals. As GNSS signals are below the noise level
before the correlation process, spatial processing to mitigate multipath signals is mostly
performed after the de-spreading process (i.e., correlation and Doppler removal) (Arribas
et al 2012, Chen et al 2012). First, the inherent capability of DAS and MPDR beamformers
to mitigate multipath are studied without any preprocessing to decorrelate the LOS and
multipath signals. Then, a preprocessing technique called spatial smoothing is used to
decorrelate the signals. This process consists of two stages; in the first stage, spatial
smoothing is used to decorrelate LOS and multipath signals while in the second stage,
spatially smoothed signals are combined using the MPDR beamformer. Measurement and
position results from simulated and actual GPS signals are provided.

4.1 Signal and system model
Consider the case of a GNSS receiver equipped with an M×N element uniform rectangular
array as descried in Section 2.4.2. The signals impinging on the antenna array are the
desired signals, multipath and noise. For simplicity, signals from one satellite are
considered below. After down-conversion and sampling, the digitized signal received at
the (m,n)th antenna element can be expressed as
K

xm,n  nt    sk  nt  e

j

2

 m 1dm sink  sink    n 1dn sink  cosk  
 

k 1
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 v mn  nt 

(4-1)

where sk  nt  is the kth signal component as observed at antenna element, k=1 refers to
the desired signal and k=2:K refer to multipath signals,  is the signal wavelength, k ,k 
are the elevation and azimuth angle of the kth component, v m,n  nt  is the additive spatially
white noise of the (m,n)th antenna element and nt represents the discrete time index.
Multipath mitigation is performed after the de-spreading process. Hence, the signal model
after the correlation process is considered here. Let the correlator output signal for the
(m,n)th antenna element be expressed as
K

y m,n  nc    rk  nc  e

j

2

 m 1dm sink  sink    n 1dn sink  cosk  
 

k 1

 m,n  nc 

(4-2)

where nc represents the time index after correlation, m,n  nc  is the white noise component,

rk  nc  shows the correlator output of the kth signal component as observed at the (1,1)
antenna element, which is given by

rk  nc    k e j2πΔfk ncTc + jΔφk

(4-3)

where  k is the attenuation factor, Δfk represents the frequency offset and Δφk is the
phase shift; Tc is the coherent integration time.
The correlator output from all the antenna elements can be represented in matrix form as

y  Ar  η

(4-4)

where y is the MN×1 correlator output vector, A is the steering matrix, η is MN×1 noise
vector, r is Kx1 correlator output vector; these vectors can be written as
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y   y1,1  nc  , y 2,1  nc  ,...y M ,1  nc  , y1,2 nc  , ... y M ,N  nc 

(4-5)

η  1,1  nc  , 2,1  nc  ,...M,1  nc  , 1,2  nc , ...M,N  nc 

(4-6)

r  r1  nc  , r2  nc  ,...rK  nc  

(4-7)

T

T

T

The steering matrix A is of dimension MN×K and is given by

A  a1 , a2 ,......aK 

(4-8)

where a k is the MN×1 steering vector of the kth signal component coming from direction

k ,k  , which is given by
a k  cTk ,  k cTk ,......,  k


N 1 T
k

c k  1,  k ,...... k


k  e

j

k  e

j

2


2



M 1

T

c 


T




(4-9)

d n sink  cosk 
d m sink  sink 

4.2 Effect of multipath signals on beamforming
DAS and MPDR beamformers with and without spatial smoothing are considered here.
The effect of correlation between LOS and multipath signals on beamformers is discussed
and different numerical simulations are performed to evaluate the performance of these
beamforming techniques to mitigate multipath signals for GNSS applications. The main
difference between GNSS and other systems is that the measurement quality is of most
importance beside the signal strength improvement. Any type of filtering that distorts the
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measurement quality affects the performance of a GNSS receiver. Hence, special care
should be devoted into beamforming design and implementation.
The correlation between LOS and multipath signals has an adverse effect on the
beamformer’s performance (Widrow et al 1982, Reddy et al 1987, Daneshmand et al
2013). As the covariance matrix is obtained by temporal averaging, the temporal cross
correlation between the desired and the multipath signals is very high since their phase
relation stays fairly constant during the averaging time. Therefore, the system considers
the sum of the desired and multipath signals as one wave and computes weights to
minimize the total output power. However, as desired and multipath signals are treated as
one wave, the weights will have a destructive effect on the desired signal and in the
process of mitigating multipath, the desired signal will also be cancelled (Widrow et al
1982). In addition, the beamformer fails to form deep nulls in the direction of multipath
(Chen et al 2012). If the phase relation between the desired signal and multipath can be
randomized, then the coherence between the signals will be reduced. This can be
achieved by receiving antenna array signals from different spatial locations, which can be
performed either via moving the array (Daneshmand et al 2013) or through spatial
smoothing techniques (Reddy et al 1987). In the case of a static GNSS receiver, spatial
smoothing can be applied to decorrelate the signals. In this method, antenna elements are
grouped into a smaller number of overlapping subarrays (Van Trees 2002, Reddy et al
1987). The basic requirement for spatial smoothing is that the steering vector should have
a Vandermonde structure as in the case of linear and rectangular arrays (Van Trees
2002). The Vandermonde structure refers to the progressive linear phase shift of the
signals across the antenna elements in an array. The covariance matrices from all the
81

subarrays are then averaged to form the spatially smoothed covariance matrix. The
subarray concept emulates antenna array motion where signals received by different
subarrays correspond to different spatial points. In this case, the phase relation between
LOS and multipath is different for different subarrays and averaging the spatial covariance
matrix over several subarrays reduces the correlation between the LOS and multipath
signals. Along with forward smoothing, complex conjugated backward smoothing can be
performed to improve the decorrelation as well as increase the antenna aperture (Reddy
et al 1987).

4.2.1 MPDR Beamformer with Spatial Smoothing (MPDRSS)
Consider an M×N array divided into overlapping subarrays of size {Ms,Ns}. Assume P
subarrays in the x-direction and Q in the y-direction. Let R fpq be the covariance matrix of
the [p,q]th forward subarray. The forward spatially smoothed covariance matrix is the
sample means of all the forward subarray covariance matrices and can be computed as

Rf 

(4-10)

1 P Q
 Rfpq
PQ p 1 q 1

Similarly, if R b is the backward spatially smoothed covariance matrix, then the forwardbackward spatially averaged covariance matrix is given by

R fb 

Rf  Rb
2

(4-11)

The optimum weight vector for the MPDR beamformer with spatial smoothing is (Van
Trees 2002)
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w MPDRSS 

R fb1a11
H
a11
R fb1a11

(4-12)

where a11 is the steering vector of the LOS signal for the first subarray.

Figure 4-1: Subarray architecture for a 3x2 URA
Beamformer’s performance depends on a number of factors such as the number of
antenna elements, array configuration and incoming signal direction of arrival to name a
few. The size and the number of antenna elements are some of the limitations for practical
applications in terms of cost and system complexity. Hence, investigation of the
performance of an antenna array based GNSS receiver with a limited number of antenna
elements while still being able to perform spatial smoothing is important. Consider a URA
with six antenna elements (M=3, N=2). The subarray formation for the spatial smoothing
is shown in Figure 4-1. Due to the limited number of elements in the array only two
subarrays (P = 2, Q = 1) are constructed with size {J=2, L=2}. The decorrelation obtained
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by spatial smoothing and in turn the performance of the beamformer are analyzed in the
following sections.

4.3 Numerical Simulations
This section presents numerical simulation results for the array structure shown in Figure
4-1 with inter-element spacing of 9.5 cm. The performance of the beamforming techniques
in the presence of multipath signals is evaluated using the Signal-to-Multipath Ratio (SMR)
(Arribas et al 2014) metric. SMR refers to the ratio between the LOS power and multipath
power at the output of the beamformer and is expressed in dB. The pre-beamformer SMR
is assumed to be 0 dB. Here, it is assumed that multipath is coming from (15˚, 175˚) and
the LOS signal azimuth is (50˚). Beamformer performance for different correlation
coefficients of the LOS and multipath signals for different LOS signal elevations is
assessed. For the two signals case, r1 (LOS) and r2 (multipath), the covariance matrix can
be represented as

R yy  ARs AH  2I

(4-13)

where Rs is the source covariance matrix and 2 is the noise variance. The source
covariance can be defined as

 r 1 r 2  
 2
Rs   r 1

2
 r 1 r 2   r 2


(4-14)

where  r21 is the variance of the source signal,  r22 is the variance of the multipath signal
and  is the correlation coefficient between the LOS and multipath, defined as
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Ε r1r2H 

(4-15)

Ε r1r1H  Ε r2r2H 

The power of both LOS and multipath is set to 10 (  r21 =  r22 =10) and the noise variance is
assumed to be 1. The elevation of the LOS signal is swept from 0˚ to 90˚ for different
magnitudes of the correlation coefficient between the signals and the SMR performance
of both MPDR and MPDRSS is shown in Figure 4-2. The MPDR performance is the same
for different LOS signal elevations for a given correlation coefficient. For very low
correlation coefficients, which is the case when LOS and multipath signals are
uncorrelated to each other, the MPDR beamformer yields a SMR up to 40 dB. However,
as correlation increases, beamformer performance decreases and results in low SMR
values. As seen in Figure 4-2, when the correlation coefficient magnitude is above 0.6, the
SMR is nearly 0 dB. The performance of MPDRSS is better than MPDR for higher
elevation satellites when signals are correlated to each other. This is due to the fact that
the angular separation of the LOS from multipath signals is higher and spatial smoothing
is able to provide better decorrelation. As can be seen in Figure 4-2, SMR up to 10 dB can
be achieved using MPDRSS for higher elevation satellites even when signals are highly
correlated. Since the decorrelation achieved by the spatial smoothing process is a function
of the DOA of the incoming signals and the number of antenna elements, the MPDRSS
beamformer performance is different for different signals impinging on the array from
different directions. However, it was observed that for the rectangular array considered,
MPDRSS beamformer performance improves with an increase in the elevation angle of
the LOS signal, given that the multipath signal is coming from low elevation.
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Figure 4-2: Output SMR performance with MPDR and MPDRSS with multipath
coming from (15˚, 175˚) and LOS azimuth (50˚) for different magnitudes of the
correlation coefficient. [Indicates improvement in SMR for higher elevation
satellites using MPDRSS as compared to MPDR as correlation between signal
increases].

The beampatterns for the DAS, MPDR and MPDRSS beamformers for different correlation
coefficients for a higher elevation satellite with multipath from low elevation are shown in
Figure 4-3. Here, it is assumed that the LOS signal is coming from (75˚, 50˚) and multipath
from (15˚, 175˚). As the DAS beamformer does not rely on the statistics of the received
signal, the performance will be same for any correlation between LOS and multipath
signals. However, MPDR performance only improves when the correlation between LOS
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and multipath is very low. MPDRSS provides better attenuation of the multipath signals.
Even when signals are highly correlated, MPDRSS can attenuate multipath by up to 10
dB. Based on the LOS signal directions and correlation between LOS and multipath
signals, the DAS beamformer performance could be similar to that of MPDR and
MPDRSS. In some cases, it might be better than MPDR as correlation can degrade the
performance of the latter.
The beampatterns for the DAS, MPDR and MPDRSS beamformers for different correlation
coefficients for a lower elevation satellite with multipath from low elevation are shown
Figure 4-4. It is assumed that the LOS signal is coming from (20˚, 50˚) and multipath from
(15˚, 175˚). It can be observed that multipath attenuation for a lower elevation satellite is
lower as compared to that of the higher elevation satellite case for the same correlation
coefficient with both MPDR and MPDRSS.
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Figure 4-3 :Beampatterns with LOS (70˚, 50˚) and multipath (15˚, 175˚)
(a) Conventional beamformer (b) MPDR beamformer (c) MPDR beamformer with
spatial smoothing
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Figure 4-4: Beampatterns with LOS (20˚, 50˚) and multipath (15˚, 175˚)
(a) Conventional beamformer (b) MPDR beamformer (c) MPDR beamformer with
spatial smoothing
4.4 Multi-antenna GPS Receiver
The acquisition and tracking of a single channel GPS receiver were modified for multiantenna receiver functionalities. The navigation solution of an open source MATLAB TM
based GPS software receiver (Borre et al 2007) was incorporated with the multi-antenna
software receiver developed by the author. The basic blocks of the multi-antenna receiver
are shown in Figure 4-5. One of the antenna elements in the array acts as the reference
antenna. Satellite signals are acquired and tracked using the digital samples of the
reference antenna. The Doppler and code delays obtained are used to de-spread the
signals from other antennas so that relative phase values between the antenna elements
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are maintained. After Doppler and code removal from the digital samples corresponding
to each antenna, the prompt correlator values are used to compute the optimum weights
using the MPDR beamformer. In order to capture the statistics of the incoming signals,
prompt correlation values collected over 1 s are used to compute the covariance matrix
of the MPDR beamformer. Thus its weights are updated every second. The DAS
beamformer does not use the statistics of the prompt correlation values as it relies only
on the satellite DOA. Weights for the DAS beamformer are also updated every second to
capture the variations in DOA of the LOS signal. The weights computed are used to
combine 1 ms, early, prompt and late correlator values of the six antennas. The combined
correlator parts, namely early-prompt-late, are used by the tracking loops to generate the
code and carrier replica signals.
Performance of beamforming techniques are compared with narrow correlator with 0.1
chip spacing between early and late parts and with Double Delta (DD) correlators. For the
multi-antenna receiver architectures, narrow correlator with 0.1 chip spacing between
early and late parts is used. Normalized non-coherent early minus late envelope code
discriminator is used in all the cases. A first order DLL with bandwidth of 0.1 Hz is used
in the PLL-assisted DLL mode. The C/N0 is computed using narrowband power and
wideband power as described in (Dierendonck 1996). The least squares method is used
to compute the position solution with pseudorange measurements.
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Figure 4-5: Multi-antenna GNSS receiver architecture

4.5 Simulation results
This section describes the multi-antenna GPS signal simulation scenario and the
corresponding results for different beamforming techniques. A GPS receiver equipped
with a rectangular array as shown in Figure 4-1 is considered for the simulations. A static
user scenario was generated using the hardware simulator; atmospheric, satellite clock
and multipath errors were disabled. The GPS signal from the hardware simulator was
sampled at 20 MHz using the data acquisition system, which is input to the multi-antenna
GPS signal simulator. To simulate multipath signals, four rectangular shaped reflectors
with dimensions of 30 m x 50 m were considered. The reflectors were placed at a 30 m
distance from the user in all the four directions. The reason for selecting reflectors in all
the four directions is to simulate multipath for most of the low elevation satellites. Only
specular multipath with single reflection was considered. A multipath attenuation factor of
0.75 was considered for each of the multipath signals. The DOAs of different satellites
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used in the simulation are given in Table 4-1. Based on the ray tracing method, PRN 16
and PRN 21 do not have any multipath.
Table 4-1: Satellite DOAs used in simulations
PRN

6

10

16

18

21

24

25

29

31

Azimuth(degrees)

281

34

280

149

119

57

320

91

211

Elevation(degrees)

32

13

63

21

79

39

15

32

8

The performance of the beamformer was evaluated by analyzing the improvement in C/N 0
and multipath error reduction before and after beamforming. The multi-antenna software
receiver was run in five different modes to generate C/N0 and pseudorange observations
as described in Table 4-2.
The received signal in Mode 1 is not affected by multipath and hence can be considered
as a reference clean data for pseudorange error analysis. The pseudorange errors are
computed by taking the differences between the pseudorange values obtained in Mode
1, which is the reference scenario, with those of Mode 2 to 5. The C/N0 values and
pseudorange errors for various modes in the case of PRN 6 are shown in Figure 4-6.
Periodic variations can be observed in the C/N0 values of Mode 2 due to the presence of
multipath signals. Similar C/N0 fluctuations were also observed in other similar
measurements (Ray et al 1999). After beamforming with the six antennas (Mode 3 to 5),
the C/N0 variations are reduced and improvements occur. The C/N0 values improve by 8
dB in Mode 3 and 4 and 6.5 dB in mode 5 as compared to Mode 1. The reason that C/N0
values in Mode 5 are lower than those of Mode 3 and 4 is because a lower number of
antennas is used during beamforming due to spatial smoothing process. Similarly,
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pseudorange errors after beamforming, which are correlated to C/N 0 variations, are
significantly reduced, indicating mitigation of the multipath signal using all the three
beamforming techniques.
Table 4-2: Receiver software execution configurations
Mode

Configuration

Mode 1

LOS scenario is assumed. Reference antenna tracks all
observable signals. (Narrow correlator is considered)

Mode 2

LOS and multipath scenario is assumed. Reference antenna tracks
all observable signals. (Narrow correlator is considered)

Mode 3

LOS and multipath scenario is assumed. Multi-antenna receiver
tracks all observable satellites utilizing DAS beamformer.

Mode 4

LOS and multipath scenario is assumed. Multi-antenna receiver
tracks all observable satellites utilizing MPDR beamformer.

Mode 5

LOS and multipath scenario is assumed. Multi-antenna receiver
tracks all observable satellites utilizing MPDRSS beamformer with
spatial smoothing process.
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Figure 4-6: C/N0 values and pseudorange errors for PRN 6
Comparisons of C/N0 and pseudorange RMS errors for all of the PRNs before and after
beamforming are shown in Figure 4-7. It is observed that the average C/N0 gain for all the
satellites is the same for each beamformer. The gain obtained using the MPDR
beamformer with spatial smoothing is lower than that of the other two due to the lower
number of elements used in the beamforming process. The pseudorange error reduction
is different for different PRNs. The MPDR beamformer with spatial smoothing provides
better attenuation of multipath signals than the other two. For all three beamformers, it
can be observed that, for very low elevation satellites (< 15˚) such as PRN 10, 25 and 31,
the pseudorange error reduction is minimal compared to that of satellites located at a
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higher elevation. This occurs because the signals decorrelation depends on the angle of
arrival of the LOS and multipath signals. Since decorrelation has a direct impact on the
performance of beamformer, the attenuation of the multipath signals by the beamformer
also depends on the direction of arrival of the signals. Considering Figure 4-7b, DAS and
MPDR beamformers can reduce multipath errors by 2 to 8 m, whereas the MPDRSS
beamformer can reduce up to 13 m. The MPDRSS multipath reduction performance is
much better than other techniques for all PRNs.
It can also be observed in Figure 4-7 that for lower elevation satellites, the double delta
correlator performance is better than array processing techniques. However, for higher
elevation satellites (> 20˚), the double delta correlator and MPDRSS performance is
similar. In this research, beamforming techniques are implemented using narrow
correlators. However, beamforming techniques can be implemented with any correlator
architecture, including double delta. Even though the double delta correlator is not
considered here in the beamforming, multipath mitigation performance in this case should
improve after beamforming, compared to the single antenna approach. The multi-antenna
receiver architecture considered here can be extended to incorporate other correlators.
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Figure 4-7: C/N0 and pseudorange error performance comparison before and after
beamforming
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Performance values of beamforming techniques for carrier phase multipath mitigation are
shown in Figure 4-8. “Before beamforming” refers to the tracking results obtained using
baseband samples from the reference antenna (using narrow correlator). Array
processing techniques are able to mitigate carrier phase multipath and greater reductions
are observed for higher elevation satellites. For very low elevation satellites, the carrier
phase measurements are further distorted by the array processing techniques which
could be due to the higher correlation between LOS and multipath. However, for higher
elevation satellites, carrier phase multipath can be significantly reduced.
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Figure 4-8: Carrier phase multipath error before and after beamforming
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4.6 Field-test results
GPS data was collected in moderate specular multipath conditions. The location was
chosen such that both LOS and multipath signals were observable with LOS being
stronger than multipath signals. The setup, shown in Figure 4-9, consisted of six NovAtel
501 antennas (Novatel GPS Antenna Model 501) arranged in a rectangular fashion.
These antennas have a diameter of 11.4 cm. Due to this physical limitation, the distance
between antenna elements in the array configuration cannot be smaller than 11.4 cm.
The array was mounted on a wooden platform on one end of the platform and a Novatel
SPANTM LCI inertial system on the other end to provide platform attitude. Signals from
the antenna array were collected using a Fraunhofer multiple RF front-end, which can
collect digital samples from all the antennas simultaneously. The location of the data
collection and the corresponding sky plot are shown in Figure 4-9. The glass building on
the east side of the location acts as a specular reflector to generate multipath signals for
the low elevation satellites visible in the west direction. Most of the satellites on the east
side of data collection point were blocked by the building.
In order to perform array calibration, another data set was collected in open sky conditions
with minimal multipath effect. The tracking architecture described in Figure 4-5 excluding
the beamforming process was used to obtain the prompt correlation values to perform
calibration. Carrier and code were tracked by the reference antenna and the replica
signals generated from reference antenna were passed to the carrier and code tracking
loops of the other antennas. The Doppler and code replica signals obtained after tracking
the reference antenna signal were used to track other antenna signals to obtain relative
signal amplitude and phase between different antennas. The prompt correlator values of
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all the antennas were used to construct the steering vector, which is referred to as the
measured steering vector. Based on the known attitude of the array and DOA of the
satellite, the true steering vector was computed. A least squares based calibration method
(Backén et al 2008) was used to compute the calibration matrix. As the number of visible
satellites were larger than the number of antenna elements, very low elevation satellites
were excluded from the calibration to avoid calibration errors due to multipath.

(a)
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(b)
Figure 4-9: (a) Field data collection setup showing antenna array and data
collection system and (b) Location of data collection with sky plot

Analysis results of Figure 4-10 show that some of the satellite signals were perturbed by
multipath signals. An independent variation of C/N0 values from different antenna
elements confirms the existence of multipath (Brown 2000). The C/N0 values obtained
using GSNRxTM for PRN 28 and 17 for different antenna elements are shown in Figure 410; PRN 28 is at a high elevation and PRN 17 at a low elevation. The rapid C/N0 variations
of PRN 28 at all the antennas are comparable to each other and are due to noise. PRN
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17, which is affected by multipath, shows different C/N0 periodic variations, indicating
reception of different multipath signal phases at different antenna elements. For PRN28,
the mean C/N0 value is different for different antennas. These differences are due to the
gain patterns of different antenna elements and will be corrected in the calibration
process.
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Figure 4-10: C/N0 variations of PRN 17 and PRN 28 for different antenna
array elements
The second analysis performed shows the improvement in C/N0 values and pseudorange
error reduction after the beamforming process. A modified multi-antenna software
receiver was used for this analysis. The C/N0 values before and after beamforming were
computed for different PRNs and the results are shown in Figure 4-11a. “C/N0 before
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beamforming” refers to the C/N0 values computed from the reference antenna signal
using narrow correlator. Considering PRN 17, which is affected by multipath, the
variations are reduced after combining signals from all antenna elements through
beamforming and 4 to 8 dB improvement is obtained. All three beamformers are able to
reduce C/N0 variations.
To evaluate the pseudorange multipath error reduction, a closely spaced base station
with known position was used. A NovAtel Propak receiver was used to collect data at the
base station. By using the ephemeris information and the user position, the true range
could be computed for each PRN. The pseudorange is the sum of true range and other
errors such as ionospheric, tropospheric and satellite clock errors, multipath and
measurement noise. Assuming no significant multipath errors are affecting the base
station, differences between pseudorange and true range provide combined
measurement errors as seen by the base station antenna. Similarly, the approximate
remote receiver position can be obtained using SPANTM LCI unit with an accuracy of few
centimetres. Here, “remote receiver” refers to the referece antenna of the antenna array.
Using the approximate antenna position and ephemeris information, the true range can
be obtained. By taking the difference between pseudorange and the true range, the
combined measurement errors as seen by the remote station can also be obtained. As
the base station and remote receiver were nearby, the differences between the
pseudorange measurements cancel out all the errors except multipath, user clock biases
and measurement noise. Pseudorange measurement noise was computed previously
using zero-baseline testing and its standard deviation was 4 cm for both GSNRx and
Novatel receivers. Therefore, by taking the differences between base and remote
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receiver, the measurement noise of pseudorange will increase by up to 6 cm. However,
compared to the magnitude of multipath errors at the few metre level, it can be neglected.
As user clock biases are common for all the PRNs, performing double difference between
PRNs should remove them. To perform double differencing, PRN 28, which is not affected
significantly by multipath, was used as the reference satellite. The multipath errors for
PRN 13,15 and 17 before and after beamforming are shown in Figure 4-11b. Consider
data between 80 and 100 seconds for analysis; the C/N 0 degradation for antenna 1
(reference antenna) is significant in this time interval and a similar degradation can be
observed with pseudorange errors. The beamformer is able to mitigate multipath and the
RMS pseudorange error has decreased from 20 m to 0.8 m after beamforming using all
the three beamformers. The RMS pseudorange error for PRN 17 considering the entire
data set has decreased from 9 m to 0.9 m after beamforming. The RMS pseudornage
errors for different PRNs for different beamforming techniques are shown in Table 4-3.
Beamformer performance is different for different PRNs. This is due to different satellite
DOAs and multipath signals as mentioned in the numerical simulation section.
Performance of field test results is more realistic than that of simulation. Considering
PRN17 which is affected by multipath, the performance of the DAS beamformer depends
only on the LOS signal’s DOA. If the multipath signal direction coincides with one of the
beampattern’s nulls obtained from the DAS beamformer, it can significantly reduce the
multipath effects. This was observed with PRN 17 in which case the DAS beamformer
was able to reduce multipath error by 8 m. Similar performance of MPDR and MPDRSS
are likely due to the sufficient decorrelation between the LOS and multipath signals over
one second integration considered to compute the covariance matrix. Also, as shown in
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Figure 3, for lower elevation satellites with sufficient decorrelation between LOS and
multipath signals, performance indicators of the MPDR and MPDRSS beamformer are
similar.
Table 4-3: RMS pseudorange errors before and after beamforming
RMS pseudorange errors (m)
PRN

Before beamforming
(narrow correlator)

DAS

MPDR

MPDRSS

PRN 13

4.2

1.9

1.0

0.9

PRN 15

2.1

1.3

1.3

1.8

PRN 17

8.9

0.9

1.2

1.2
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Figure 4-11: (a) C/N0 and (b) Pseudorange errors before and after beamforming
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The third analysis is performed to show the position improvement before and after
beamforming. The least squares method was used to compute the position from
pseudorange measurements. Four observable satellites, shown in green circles in Figure
4-9b, were used. Position solutions computed using pseudorange measurements
generated from the reference antenna are referred to as the position solutions before
beamforming.

Similarly,

position

solutions

computed

using

the

pseudorange

measurements after beamforming are referred to as the position solutions after
beamforming. The reference position of the antenna array was computed using the
outputs of the SPANTM LCI unit, which provides ultra-tight GNSS-INS solutions with
accuracy of the order of few decimetres or better. Using the reference antenna array
position, position errors before and after beamforming were computed and are shown in
Figure 4-12. As only four satellites were visible, Position Dilution of Precision (PDOP) is
of the order of 10. As shown after beamforming, the position errors are significantly
reduced. The RMS position errors before and after beamforming are provided in Table 44.
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Figure 4-12: Position errors before and after beamforming

Table 4-4: RMS position errors before and after beamforming
RMS Position Errors

East (m)

North (m)

Up (m)

Before beamforming (narrow
correlator)

12.7

2.2

19.5

DAS

3.8

3.5

9.0

MPDR

3.5

2.9

8.8

MPDRSS

3.5

2.9

8.8
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4.7 Summary
In this chapter, multipath mitigation performance of different beamforming techniques
namely DAS, MPDR and MPDRSS was evaluated and compared with single antenna
techniques. The numerical simulation results show that the performance of MPDR and
MPDRSS beamformers improves as the correlation between LOS and multipath signals
decreases. It was observed that, for a rectangular array with six antenna elements, the
MPDRSS beamformer provides better multipath mitigation for higher elevation satellites.
Using the simulated GPS signals, pseudorange errors can be reduced by tens of metres
in high multipath environments, thereby improving position accuracy. It was observed that
the MPDRSS beamformer performs better than the MPDR and DAS beamformer. With
actual GPS L1 signals collected in a moderate specular multipath scenario, a reduction
of 10 m in RMS pseudorange error was observed for satellites affected by multipath
signals. Pseudorange error reduction was reflected in the position solutions, with easting
errors reduced by 8 m and height errors reduced by 10 m, based on the data set utilized.
Finally, it was shown that a six-antenna rectangular array is effective to mitigate shortrange multipath signals and provide an improved navigation solution, based on the data
used in the analysis. Extensive testing would be required to confirm the magnitude of
these enhancements in different environments.
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Chapter Five: GNSS ANTENNA ARRAY CALIBRATION IN MULTIPATH
ENVIRONMENTS
5.1 Introduction
Antenna array calibration is the first step towards implementation of any beamforming or
null steering technique that uses signal DOA. Due to antenna gain/phase mismatches
and mutual coupling, the signals received from different antenna elements undergo
additional phase shifts (Konovaltsev et al 2010). The other factors, which affect the
gain/phase characteristics of the antenna elements are antenna phase centre variations,
RF front-end delays, perturbation of antenna element positions and uneven cable lengths
(Daneshmand et al 2014, Anantharamu et al 2012, De Lorenzo et al 2011). The
calibration process estimates these additional gain and phase uncertainties.
Traditional calibration techniques are conducted in anechoic chambers where signals are
transmitted from known predefined directions. This process requires dedicated and
expensive test setups. In GNSS applications, array calibration can be performed using
live signals as satellite positions are known precisely and signals from different directions
are available. Array calibration using live signals and associated challenges are
discussed in Daneshmand et al (2014) and Backén et al (2008). For calibration using live
signals, it is assumed that received signals are not affected by multipath components.
However, the possibility of having multipath signals in the calibration dataset exists.
Calibration process is a challenging problem in multipath scenario, which can introduce
significant gain and phase errors in the calibration parameters. These are estimated using
the relative gain and phase measurements between the antenna elements. As multipath

111

distorts these relative gain and phase measurements, the estimated calibration
parameters will be erroneous. Several techniques based on maximum likelihood
estimation have been analyzed for sensor array calibration in multipath environments for
non-GNSS applications (e.g. Bu-hong 2004, Leshem et al 2000). However, these
methods are not applicable to GNSS due to their implementation complexity and
practicability.
The effect of multipath on carrier phase measurements was studied by Ray et al (1999)
and it was demonstrated that it is periodic in nature with zero mean in specular multipath
environments. The periodicity of multipath depends on the frequency differences between
direct and multipath signals. The received phase and frequency of a multipath signal are
highly dependent on the location of the reflector (Ray et al 1999). The zero mean periodic
characteristic of carrier phase multipath can be exploited to reduce its effect on the
calibration process. By observing signals from different antenna elements over the
multipath period, one can average out the error. The carrier phase multipath error is
correlated to carrier-to-noise ratio (C/N0) variations and its period is the time interval from
one C/N0 null to the next one. By observing C/N0 variations, one can determine the
number of samples required for averaging in order to decrease the effect.
The performance of array calibration is analyzed herein using simulated and live GPS
signals. The multi-antenna GNSS signal simulator described in Chapter 3 is used to
generate GPS signals affected by multipath. The simulated signals are processed using
the multi-antenna GPS software receiver described earlier to generate correlation values,
which are then used in the calibration algorithm. Simulation results are validated using
actual GNSS signals collected in specular multipath conditions using a multi-channel RF
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front-end. The effect of averaging carrier phase measurements over several multipath
cycles is demonstrated through reduction in DOA estimation errors.

5.2 Methodology
This section discusses the signal and system model and multi-antenna signal processing
method to compute calibration parameters.
5.2.1 Signal and system model
For an M×N antenna array, the complex baseband signal vector consisting of measured
phases and amplitudes at different antennas from ith satellite can be represented as

x i  Cai

(5-1)

where x i is a MN×1 vector. The matrix C is the calibration matrix with size MN×MN
containing phase and gain uncertainties across the antenna elements and mutual
coupling. The steering vector of the satellite signal is denoted as a with MN×1 dimension
and is given by
( e B )T p11 
 j 2π
 i
e


 j 2π ( e B )T p 
  i 12 
a i = e

...

 j 2π ( e B )T p 
e  i MN 

(5-2)

where  is the wavelength of the signal, pmn is the (m,n)th antenna element position in
the body coordinate frame and is a 3×1 vector.

eiB is

a 3×1 unit vector pointing to the ith

satellite in the body coordinate frame. A least squares approach can be used to estimate
the calibration matrix by observing signals from satellites coming from different directions.
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Let L be the number of satellites from which relative gain and phase measurements are
available. It is assumed that L > MN. Assume that from all satellite measurements can be
represented by the MNxL matrix as

X   x1 x2 ... xL 

(5-3)

Equation 5-1 can be written as

X  CA

(5-4)

where A is the steering vector matrix from all the satellites and is given by

A  a1 a2 ... aL 

(5-5)

The least squares solution of C is

C  XA H  AA H 

1

(5-6)

5.2.2 Multi-antenna signal tracking methodology for calibration
The multi-antenna software receiver developed in Chapter 3 was used with the tracking
architecture (Anantharamu et al 2012) shown in Figure 5-1. One of the antenna elements
in the array acts as the reference antenna. Satellite signals were acquired and tracked
using the IF signals collected at the reference antenna. The Doppler and code delays
thus obtained were used to despread the signals from other antennas so that relative
phase values between the antenna elements were maintained. The correlation values
were normalized with respect to the reference antenna. The C/N 0 estimator method
described in Chapter 2 was also implemented (Dierendonck 1996).
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Figure 5-1: Multi-antenna GNSS signal tracking methodology

To reduce the multipath effect on calibration parameters the relative phase
measurements between antenna elements are averaged over several multipath periods.
Since there is a high correlation between C/N0 variation and multipath period, the
multipath period is calculated by monitoring C/N0 variation. The averaging period should
meet channel coherence time as well. Here, channel coherence time refers to the time
for which relative phase measurements are time invariant.

5.3 Simulation results
The receiver was moving in linear fashion with a constant speed of 0.5 m/s. The errors
due to atmosphere and multipath were disabled while collecting IF data samples from the
hardware simulator. The IF samples were used by the multi-antenna software simulator
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to generate multi-antenna signals. Multipath signals were also simulated through the
software multipath simulator and their effects on antenna array calibration were analyzed.
A constellation of seven GPS satellites was simulated and the corresponding sky plot is
shown in Figure 5-2.
A rectangular antenna array of 3x2 elements was considered in the simulation. As
multipath effect on calibration is studied in this research, it is assumed that the antenna
elements are identical with isotropic radiation pattern having no mutual coupling among
them. In the simulated calibration matrix, it is assumed that gain is the same across
antenna elements and only phase variations are considered. It is also assumed that
phase variations are independent of the directions of arrival of the signals. A complex
normal distribution is used to generate the phase mismatches between the antenna
elements, and captured in the calibration matrix. GPS data is simulated in two different
conditions as described in Table 5-1.

116

0
315

25

45
30

21

60

18

270

16 10
90
29

90

7
225

135
180

Figure 5-2: Sky plot for multi-antenna GPS signal simulation

Table 5-1: Description of GPS data simulations
Dataset

Description of the simulation environment

Dataset S1

Open sky conditions with no multipath for any of the satellites.

Dataset S2

Multipath condition with PRN 21 observing specular multipath
reflections.

For Dataset S2, the reflector is placed such that PRN 21 is affected by multipath while
the others are not. The reflector is kept at a distance of 30 m from the user. Reflectors
are assumed to have smooth surfaces and provide specular reflections. The amplitude of
the multipath signal is attenuated by 3 dB as compared to the direct signal. Based on the
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user motion profile, a Doppler difference of 2 Hz is observed between LOS and multipath
signals.
The simulated multi-antenna IF samples are processed using the multi-antenna tracking
architecture shown in Figure 5-1 to generate prompt in-phase and quadrature-phase
tracking values for all visible satellites and all antennas. The correlation outputs were
generated using 20 ms coherent integration time. As Doppler and code phase estimates
from the reference antenna were used to despread signals from other antennas, the
measured phase from the correlation values for the reference antenna is zero (plus
tracking loop noise). The measured phase values from the other antenna elements
provide the relative phase differences between the antenna elements, which represent
the steering vector perturbed by the calibration matrix. PRN 21, which is affected by
multipath, is considered for analysis.
The measured relative phases between the antenna elements for Dataset S1 are shown
in Figure 5-3(a). It is observed that the relative phase remains constant over time. The
C/N0 from the reference antenna of the array is shown in Figure 5-3(b) and is constant
over time. An histogram of Antenna 5 phase values (using 5 s of data) is shown in Figure
5-3(c). Similar observations can be made with other antenna phase measurements.
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Figure 5-3: PRN 21 Results for multipath free case: (a) Measured relative phases
between antenna elements, (b) C/N0 of array reference antenna (c) Histogram of
the phase values of Antenna 5
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The relative phases between the antenna elements for Dataset S2 are shown in Figure
5-4(a). Due to constructive and destructive multipath, the relative phases vary
periodically. In Figure 5-4(a), measured phases (from the correlator outputs) are shown
as MSR and correct phases are shown as CRC. Correct phases (CRC) are computed
using the known satellite DOA and calibration matrix. It can be observed that during
multipath, the phase values fluctuate with respect to the true values. Similar periodic C/N0
variations can be observed as shown in Figure 5-4(b). The variation periodicity depends
on the Doppler difference between LOS and multipath and in this case, it is nearly 0.5
seconds. The periodicity of the phase variations corresponds to that of C/N 0 variations.
The mean of the measured phases over several multipath periods corresponds to the true
value observed in Figure 5-4(a). This can be seen through the histogram of the phase
values (using 5 s of data) of Antenna 5 shown in Figure 5-4(c), where the mean is near
zero and the variance has increased due to multipath. Therefore, by averaging the phase
measurements over several multipath cycles, one can improve relative phase estimation.
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Figure 5-4: PRN 21 results for multipath case: (a) Measured relative phases
between antenna elements [MSR – measured phase, CRC – correct phase], (b)
C/N0 of array reference antenna (c) Histogram of Antenna 5 phase values

In order to evaluate the effect of multipath on calibration, Dataset S2 is considered. The
calibration was performed using least squares and all seven satellites were used in the
computation. Calibration parameters were estimated in two different ways. First, the
calibration vector was obtained by choosing measured phases for an arbitrary time
sample. In order to show the error induced by multipath on calibration, time instant where
phase variations are the largest is considered. Let this calibration matrix be C1. The
second calibration matrix is obtained by using the averaged phase measurements from
each of the satellites. The averaging is done over several multipath periods of PRN 21.
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Let this calibration matrix be C2. Here, averaging is performed over 5 seconds to remove
the multipath effect.
The computed calibration matrices C1 and C2 were evaluated by performing DAS
beamforming (Van Trees 2002) on one of the PRNs. Here, PRN 25 is considered because
it is not affected by multipath. The beam patterns from conventional beamforming using
calibration matrices C1 and C2 are shown in Figure 5-5. It can be observed that using C1
without averaging, the array main beampattern is displaced from the direction of arrival
of the satellite signal. However, with averaging, the beampattern has maximum gain in
the direction of the satellite. The true direction of the satellite is indicated with ‘+’ marks
on the array pattern plots. This indicates that averaging the phase measurements in
multipath environments provides better estimation of the calibration parameters.
In the above analysis only one satellite affected by multipath was considered. However,
it can be shown that averaging the phase measurements with multiple satellites affected
by multipath improves estimation of calibration parameters. Averaging the phase
measurements should improve the calibration, which is validated in the next section
through actual measurements.
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Figure 5-5: Array patterns for PRN 25: (a) Calibration matrix is estimated without
averaging phase measurements (Calibration matrix C1); (b) Calibration matrix is
estimated after averaging phase measurements (Calibration matrix C2)

5.4 Field-test tesults
This section describes the data collection environment and results. A six-element
rectangular antenna array was assembled using Novatel 501 antennas as shown in
Figure 5-6(a). The distance between the antenna elements is 0.11 m. The antenna array
is mounted on a wooden platform on a vehicle. Baseband samples were collected at the
antenna elements using a Fraunhofer RF front-end, which can collect data from all
channels simultaneously. In order to obtain the attitude of the array and the reference
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trajectory, a NovAtel Synchronous Position, Attitude and Navigation (SPAN)TM LCI, which
includes a NovAtel SPAN® enabled GNSS/INS receiver (SPAN SE) and a tactical grade
Inertial Measurement Unit (IMU) LCI, was mounted on the same platform as that of the
antenna array. One of the antenna elements of the array was chosen as a reference
antenna to serve as origin of the body frame coordinate system. The data collection site
and corresponding sky plot of the visible satellites are shown in Figure 5-6(b). Multi-story
glass buildings surrounded the data collection site. A sampling frequency of 20.25 MHz
was used. Data was collected in two different environments as described in Table 5-2.

(a)
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(b)
Figure 5-6: Field test data collection (a) Setup used for actual GPS data collection
(b) Sky plot and locations of data collections
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Table 5-2: Field test data collection scenarios
Dataset

Description of the multipath environment

Dataset F1

Data was collected in open sky conditions for a static user
where multipath was low.

Dataset F2

Data was collected in a slow moving vehicle between glasscovered buildings. The glass planes act as reflecting
surfaces and generate specular reflections. The vehicle
moved at constant speed and relatively constant attitude.

The baseband samples collected were processed using the multi-antenna GNSS
software receiver to generate prompt correlation values from all the antenna elements.
The objective is to observe the behavior of measured relative phases between different
antenna elements and their correlation with C/N0 variations. The relative phase values for
PRN 14 are compared for Dataset F1 and Dataset F2. The relative phases and C/N 0
variations for Dataset F1 are shown in Figure 5-7 and the same for Dataset F2 is shown
in Figure 5-8. The C/N0 remains constant for Dataset F1 where multipath is low. For
Dataset F2, it fluctuates periodically due to constructive and destructive effect of multipath
signals. Like C/N0, the relative phases between the antenna elements also remain
constant for Dataset F1. However, in significant multipath environments, relative phase
values fluctuate depending on the multipath reflections. Phase variations up to ±30˚ were
observed. The mean and the standard deviations for Dataset F1 and Dataset F2 are
shown in Table 5-3 where it can be observed that the standard deviations increase for
the multipath scenarios. The mean phase values in Dataset F1 and F2 differ due to the
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different DOA values of the satellite signals. Even though the phase variations are higher
in Dataset F2, it can be observed that the errors in phase measurements have a periodic
pattern with zero mean. The mean phase errors computed for Dataset F2 are shown
Table 5-3. The mean phase errors are computed by taking the difference between
measured mean phase value and correct phase value. The correct phase value was
computed using the known satellite DOA, array attitude and calibration parameters
computed from the dataset F1.
The variations in the phase measurements can be nearly eliminated by observing phases
for several multipath periods and averaging them. It is assumed that the satellite DOA
values do not change during averaging period. As multipath phases received are different
for different antenna elements, the relative phase measurement variations observed are
also different for each antenna.
Table 5-3: Mean and standard deviations of antenna relative phase values
Antenna No

Dataset F1

Dataset F2

Mean
phase (deg)

Phase
standard
deviation
(deg)

Mean
phase
(deg)

Mean
phase
error (deg)

Phase
standard
deviation
(deg)

Antenna 1

0

3.5

0

0

4.0

Antenna 2

18.6

4.1

20.2

1.6

11.1

Antenna 3

-85.6

4.2

-82.0

4.4

12.2

Antenna 4

100.8

3.7

94.2

0.1

7.7

Antenna 5

103.4

4.6

97.7

1.8

10.3

Antenna 6

31.9

4.2

30.8

4.0

12.6
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Figure 5-7: Results from Dataset 1 (a) Measured relative phases between antenna
elements (b) Antenna elements C/N0
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Figure 5-8: Results from Dataset 2 (a) Measured relative phases between the
antenna elements (b) Antenna element C/N0

Herein, the calibration analysis focused on one satellite affected by multipath (PRN 14).
With the assumption of zero mutual coupling, a calibration vector is estimated instead of
a calibration matrix. In order to compute the satellite azimuth and elevation properly,
ephemeris information and known user position from the SPANTM receiver were used.
The ephemeris information was used to compute satellite positions for transmit time
corresponding to PRN 14. Using these satellite and user positions, the azimuth and
elevation angles were computed in the ENU coordinate system. However, the relative
130

phases measured between the antenna elements are in the body frame. Therefore, the
azimuth and elevation angles need to be converted into that frame. The rotation matrix to
convert from ENU to the body frame was obtained by using the attitude of the array.
Relative positions of the antenna elements with respect to reference antenna were
measured in the body frame. Using the relative antenna positions and satellite DOA
information, the steering vector was constructed in the body frame. The steering vector
provides the actual or true phase difference between the antenna elements for a signal
coming from the satellite direction. However, measured relative phase values between
antenna elements do not correspond to the true phase differences as provided by the
steering vector. Thus, by taking the difference between measured relative phases and
the ones obtained using the true steering vector, the calibration matrix was estimated. As
only one satellite was used, the mutual coupling between the antennas cannot be
estimated and thus was not accounted in the calibration process.
To start with, the calibration vector was estimated using Dataset F1. It was observed that
the calibration vector estimated from one sample and from averaged phase
measurements were the almost same. This may not be the case in higher multipath
scenarios due to phase fluctuations. Therefore, to validate calibration performance, the
calibration vector was estimated in two different ways. For the first calibration vector (C1),
an arbitrary sample was chosen in Dataset F2 and the phase measurements during that
time instant were chosen to obtain the calibration vector. The second calibration vector
(C2) was obtained by averaging the phase measurements of each antenna in Dataset
F2. Using these two calibration vectors, the angle of arrival of the satellite signal using
conventional beamforming was estimated on Dataset F1. The azimuth and elevation
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estimation errors using calibration vectors C1 and C2 are shown in Figure 5-9. Errors in
azimuth estimation are higher for C1 than for C2. The mean and standard deviations of
the DOA errors are provided in Table 5-4. The mean error in azimuth was reduced by
nearly 14˚ after averaging the phase estimates. As an arbitrary sample was chosen to
compute C1, error statistics will be different for different samples. However, it should be
noted that averaging the phase measurements provides DOA estimation due to better
estimation of the calibration vector.
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Figure 5-9: DOA estimation errors for PRN 14 (a) Azimuth angle errors (b)
Elevation angle errors
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Table 5-4: Mean and standard deviations of DOA estimation errors for PRN 14
Calibration
Vector

Azimuth error (deg)

Elevation error (deg)

Mean

Standard Deviation

Mean

Standard Deviation

C1

14.4

4.8

-2.3

0.6

C2

0.5

4.8

-1.8

0.6

Even though the calibration performance was analyzed using a single satellite affected
by multipath, performance can also be examined using multiple satellites simultaneously
affected by multipath. In this case, the multipath period of various PRNs is different. Thus,
one can choose the averaging period based on PRNs having longer multipath periods.
Using these averaged phase measurements from all the satellites, the calibration
parameters can be computed using Equation 5-6.

5.5 Summary
Antenna array calibration in multipath environments was analyzed. The effect of carrier
phase multipath on the estimation of antenna array calibration parameters was
demonstrated through simulation and actual data. Through simulations, it was shown that
relative phase measurements are periodic with zero mean for specular multipath
conditions. Calibration parameters estimated after averaging the phase measurements
showed maximum gain in satellite directions, indicating improvement in the calibration
parameters. An improvement up to 14˚ was shown in DOA estimation after averaging the
phase measurements using the actual data collected in specular multipath conditions.
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Chapter Six: GNSS ANTENNA ARRAY RECEIVER PERFORMANCE UNDER
ELECTRONIC INTERFERENCE
6.1 Introduction
Antenna array processing induces distortions in code and carrier phase measurements
in the presence of electronic interference (Chuang et al 2013, Church et al 2007, De
Lorenzo et al 2006). For high precision applications, antenna array processing should not
only protect against electronic interference but should also maintain quality of the
measurements. There are different sources that can affect measurement quality, namely
type of interference, GNSS receiver hardware (RF front-end delays, group delay, uneven
cable lengths), receiver architecture and array processing techniques. Kim (2000)
provided a detailed study of the hardware induced code and carrier phase biases due to
different phase and group delays of the individual antennas. Some of the hardware
induced biases can be corrected in the calibration process. Chuang et al (2013) studied
induced code and carrier phase measurement biases through mathematical models.
However, the performance of multi-antenna GNSS receivers in terms of measurement
and position distortions has not been throughly studied. In this research, the performance
of the multi-antenna GNSS receiver described in previous chapters under different types
of electronic interference and different array processing techniques is evaluated in terms
of carrier tracking, measurement distortions and position distortions. Both narrow band
and wide band interference sources are considered. Two array processing techniques,
namely blind beamformer, which does not take DOA of satellites into consideration, and
distortionless beamformer, which uses DOA of satellites, are considered. The
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methodology for evaluating possible distortions in the measurements is described and
followed by a discussion of the results from simulated and actual data processing. The
performance evaluations are carried out using GPS signals.

6.2 Methodology
This section describes the GNSS and interference signal simulations, multi-antenna
signal processing method and the methodology to characterize the code and carrier
phase measurement distortions.

6.2.1 Multi-antenna signal simulation
The multi-antenna signal simulator described in Chapter 3 was used to generate multiantenna signals with different types of interference. For the simulations, it was assumed
that antenna elements are identical and there is no mutual coupling. A static user scenario
was considered and the interference source was also assumed to be static.

6.2.2 Multi-antenna signal processing
The simulated signals are processed using modified the multi-antenna GSNRxTM
software receiver is used to generate code and carrier phase measurements. The
software receiver was modified to incorporate power minimization and MPDR processing
techniques. The power minimization was implemented in the precorrelation stage and the
receiver architecture is shown in Figure 6-1. The same beamformed signal will be tracked
by all tracking channels. Also, antenna array calibration is not required for power
minimization.
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MPDR was performed at the postcorrelation stage and the receiver architecture with
MPDR is shown in Figure 6-2. Here, signals from all the antennas are fed to each tracking
channel. In each tracking channel, the code and carrier replica signals from the
beamformed data to despread other antenna signals to maintain the relative phase
differences between the antenna elements. The covariance matrix was computed at the
precorrelation stage because at the postcorrelation stage, interference power might be
reduced due to the correlation process affecting beamformer performance. The combined
correlator outputs will be used to generate code and carrier phase measurements. The
MPDR beamformer requires antenna array calibration.

Figure 6-1: Multi-antenna processing using power minimization approach
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Figure 6-2: Multi-antenna processing approach using power minimization

6.2.3 Measurement distortion analysis
The goal is now to characterize the biases in the code and carrier phase measurements
from the beamformed data in the presence of interference. A differential technique is used
to evaluate the measurement biases. Measurements from one of the array antenna with
clean data without interference acts as reference. Single differencing between reference
antenna measurements (with clean data) and those from the beamformed data (in the
presence of interference) acts as a zero base line test. The steering vector will be
constructed with respect to a reference antenna position and the effective antenna array
position will be the same as the reference antenna. The resulting single difference should
ideally have a zero mean if there are no distortions in the measurements from the antenna
array processing. In the rest of the chapter, measurement distortions refer to the
distortions caused by the multi-antenna GNSS receiver in the presence of interference.
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The pseudorange measuremnets of the ith satellite after beamforming in the presence of
interference can be expressed as
i
i
i
i
PRarray
  i  d  i  c(dt i  dT )  diono
 dtropo
 bias
  i

where,

(6-1)

 i is the true range, d  i is the orbital error, dt i and dT are the satellite and
i

i
receiver clock errors, d iono is the ionosphere error, dtropo is the tropospheric delay,

receiver noise and

  is the

i
bias
is the possible bias introduced by antenna array processing.

The pseudorange from the ith satellite for the reference antenna without interference can
be expressed as
i
i
i
PRref
  i  d  i  c(dt i  dT )  diono
 dtropo
  i

(6-2)

The single difference between the pseudorange measurements obtained from reference
antenna and after beamforming is
i
i
PR i  PRrefi  PRarray
 bias
  i 

(6-3)

Since this single differencing acts like a zero-baseline, the atmospheric errors and user
clock bias cancel out. The code noise and pseudorange bias will remain after single
differencing. The code noise standard deviation depends on receiver tracking strategies
such as chip spacing and the discriminators used and it should ideally be zero mean.
Hence, one can estimate the pseudorange bias induced by the antenna array processing
in the presence of interference. It is assumed that the residual multipath effect is small
compared to the antenna array induced biases. In the simulations, GPS signals were
simulated in multipath free conditions. In the case of actual data collection, a low multipath
environment was selected.
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Similar to pseudorange measurement bias estimation, the carrier phase measurement
bias can also be estimated by performing single differencing between the reference
antenna and beamformed carrier phase measurements. Single difference carrier phase
measurements are obtained as
i
Δ i = bias
+ εΔi 

(6-4)

As in the pseudorange case, carrier phase noise is ideally zero mean and therefore any
bias observed using single differencing can be attributed to array processing in the
presence of interference.

6.3 Simulation results
The effect of different interference sources and array processing approaches are now
studied through GPS signal simulations. Simulations are carried out considering different
interference types. In order to evaluate the effect of different kinds of interference, it is
assumed that only one interference source is present at the time in each simulation
scenario. The interference sources considered are CW interference, chirp interference
and band-limited additive white Gaussian noise. The effect of these interference sources
on GNSS receiver operation differs due to their spectral characteristics. Therefore, it is of
interest to check the performance of the array based receiver under different interference
types.
The input IF data file for the multi-antenna software simulator was collected from a Spirent
hardware GPS simulator by disabling multipath and atmospheric errors. A static user
scenario was used for collecting IF data samples at a 5 MHz sampling rate. The multi-
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antenna GPS signals were generated using the multi-antenna signal simulator and
interference was added later to the clean IF samples. The six-element rectangular
antenna array described earlier was considered for the simulations. The interference
source was assumed to be static and was added after 15 seconds in order for the receiver
to acquire and track the signals (for the post-correlation beamforming). The sky plot of
the simulated GPS satellites is shown in Figure 6-3 and shows the interference source
direction. The characteristics of the interference sources are given in Table 6-1. In all the
simulation scenarios, the interference source direction is the same.
The simulated signals were processed using the multi-antenna GSNRxTM software
receiver with architectures shown in Figure 6-1 and Figure 6-2 to generate tracking
parameters and measurements. Here, power minimization was performed from the
beginning of the dataset as it was done in the pre-correlation stage. In the case of the
MPDR beamformer, the receiver was made to operate with a single antenna for the initial
10 seconds, after which beamforming was performed before the occurrence of
interference. This was done to ensure that the receiver operates in beamforming mode
when interference affects the IF samples. In both power minimization and MPDR
approaches, correlator spacing of 0.4 between early and late arms and non-coherent
early-minus late discriminators were used. Carrier tracking was performed using a third
order PLL with a 15 Hz bandwidth.
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Figure 6-3: Sky plot of simulated GPS satellites and interference source
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Table 6-1: Interference sources considered in the simulations and their
characteristics
Simulation
scenarios

Interference
type

Interference characteristics

Scenario 1

CW interference

The frequency of the CW interference is 500 Hz
away from IF (420 kHz). Jammer-to-signal power is
assumed to be 30 dB.

Scenario 2

Chirp
interference

Chirp signal bandwidth is 11.8 MHz with a chipping
rate of 11.7 s. These values are basically chosen
from commercially available in-car jammers
(Bauernfeind et al 2014). Jammer-to-signal power
is 30 dB.

Scenario 3

Band limited
white Gaussian
noise

White Gaussian noise is generated through
MATLABTM awgn() function with a bandwidth of
5 MHz and jammer-to-signal power of 30 dB.

6.3.1 Tracking domain analysis
In this section, tracking performance in terms of carrier Doppler estimation, C/N0 and PLI
is evaluated.

Initially, data affected by interference from the reference antenna of the

array was processed and corresponding results are discussed in subsequent sections.
Since PRN 6 and PRN 16 are more affected by CW interference, these two PRNs are
used to analyze tracking performance of the array-based receiver.
The tracking performance of PRN 6 in the presence of CW interference is discussed first
to show the effectiveness of the beamformer. The tracking outputs for single antenna with
interference and after beamforming are shown in Figure 6-4 where ‘Single Antenna’
corresponds to the tracking outputs of the reference antenna of the array in the presence
of interference. For the initial 15 seconds, there was no interference; as mentioned earlier,
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power minimization was performed from the beginning of the data and MPDR was
performed after 10 seconds.
Let’s first consider the initial 15 s of data without interference. After MPDR beamforming,
a C/N0 gain of 7.5 dB is observed. As six antenna elements were used, a gain of 7.7 dB
[10*log10(number of antennas)] is expected and one can observe the same with MPDR
beamforming. With power minimization, a gain of 1.5 dB is observed; in this case, since
there is no accounting for satellite signal DOA, the gain depends on the beampattern,
which in turn depends on the interference direction and array geometry. However, the
same C/N0 should occur even during interference.
Consider the data with interference (after 15 seconds) in the figure. As soon as
interference is injected, the C/N0 of the single antenna drops by 8 dB. However, the same
C/N0 as that without interference was maintained through MPDR and power minimization.
This ensured successful mitigation of the interference. If one considers the C/N 0 gain in
the presence of interference, MPDR was able to deliver nearly 15.5 dB with respect to
the single antenna. The gain observed from power minimization was around 9.5 dB. The
Doppler errors increase and PLI degrades for the single antenna after interference was
injected. However, MPDR and power minimization were able to provide the same
performance as that for the interference-free case. To compute the carrier Doppler errors
shown in Figure 6-4, the Doppler values obtained from the reference antenna with clean
data were used as reference.
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Figure 6-4: Tracking performance of PRN 6 with CW interference
The carrier tracking performance of PRN 6 for different interference simulation scenarios
is shown in Figure 6-5. MPDR was able to provide 15.5 dB of gain even in the presence
of chirp and BWGN interference. Even power minimization was able to provide 9.5 dB of
gain in the presence of the same interference. The Doppler error variance is lower after
beamforming; this can be clearly observed in Figure 6-5 (c) in the presence of BWGN
interference. The receiver was able to maintain PLI values of 0.99 after beamforming in
all interference scenarios indicating reliable tracking of the carrier phase.
The carrier tracking performance of PRN 16 for different interference simulation
scenarios is shown in Figure 6-6. Even for this PRN, MPDR was able to provide 7.5 dB
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of gain with clean data and 15.5 dB of gain with interference data. This was observed
with all types of interference simulation scenarios as shown in the figure. However, no
gain was observed for power minimization with clean data. However, in the presence of
interference, power minimization was able to maintain the same C/N0 as that of clean
data. Similar to PRN 6, tracking performance improved after beamforming in terms of
reduced Doppler errors and better PLI.

Figure 6-5: Carrier tracking performance of PRN 6 with (a) CW interference (b)
Chirp interference (c) Bandlimitted white gaussian noise
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Figure 6-6: Carrier tracking performance of PRN 16 with (a) CW interference (b)
Chirp interference (c) Bandlimited white Gaussian noise
The performance results of different PRNs in terms of RMSE Doppler error, C/N0 gain
and mean PLI for CW interference are listed in Table 6-2. These values were computed
using the tracking outputs in the presence of interference. For computing RMSE Doppler
errors, the Doppler values obtained from the reference antenna with clean data were used
as true values. The tracking performance results of different PRNs in the presence of
chirp jammer are provided in Table 6-3 and those in the presence of BWGN are provided
in Table 6-4. It can be observed that compared to single antenna results, RMSE Doppler
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errors are reduced in both beamformers for all simulation scenarios. However, However,
the MPDR RMSE Doppler errors were lower by 0.1 Hz as compared to power
minimization, a relative improvement of 25%. It is observed that the same C/N0 gain
occurs for all PRNs in all the interference scenarios for MPDR.

Table 6-2: Tracking performance of different PRNs in the presence of CW
interference
PRN

Single Antenna

Power minimization

MPDR

RMSE Mean Mean RMSE Mean Mean RMSE Mean Mean
Doppler PLI
C/N0 Doppler PLI
C/N0 Doppler PLI
C/N0
error
(dBerror
(dBerror
(dB(Hz)
Hz)
(Hz)
Hz)
(Hz)
Hz)
PRN 3

0.51

0.99

33.4

0.42

0.99

48.9

0.34

0.99

54.69

PRN 6

36.14

0.89

37.3

0.42

0.99

48.02

0.33

0.99

54.59

PRN 16

3.25

0.93

39.4

0.75

0.99

45.92

0.51

0.99

54.26

PRN 18

0.80

0.99

36.25

0.51

0.99

47.38

0.40

0.99

54.26

PRN 21

1.97

0.98

37.01

0.47

0.99

48.56

0.35

0.99

54.66

PRN 24

0.57

0.99

34.79

0.46

0.99

47.66

0.37

0.99

54.80

PRN 25

0.49

0.99

35.6

0.46

0.99

47.08

0.39

0.99

54.29

PRN 29

0.90

0.99

34.8

0.67

0.99

45.43

0.51

0.99

54.27
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Table 6-3: Tracking performance of different PRNs in the presence of chirp
interference
PRN

Single Antenna

Power minimization

MPDR

RMSE Mean Mean RMSE Mean Mean RMSE Mean Mean
Doppler PLI
C/N0 Doppler PLI
C/N0 Doppler PLI
C/N0
error
(dBerror
(dBerror
(dB(Hz)
Hz)
(Hz)
Hz)
(Hz)
Hz)
PRN 3

0.45

0.99

36.6

0.32

0.99

48.9

0.26

0.99

54.9

PRN 6

0.40

0.99

36.6

0.36

0.99

48.0

0.28

0.99

54.7

PRN 16

0.74

0.99

36.7

0.61

0.99

45.9

0.51

0.99

54.4

PRN 18

0.43

0.99

36.7

0.40

0.99

47.3

0.35

0.99

54.4

PRN 21

0.42

0.99

36.7

0.35

0.99

48.5

0.33

0.99

54.8

PRN 24

0.48

0.99

36.6

0.46

0.99

47.6

0.36

0.99

54.0

PRN 25

0.47

0.99

36.7

0.43

0.99

47.0

0.33

0.99

54.9

PRN 29

0.55

0.99

36.7

0.49

0.99

45.4

0.46

0.99

54.4
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Table 6-4: Tracking performances of different PRNs in the presence of BWGN
interference
PRN

Single Antenna

Power minimization

MPDR

RMSE Mean Mean RMSE Mean Mean RMSE Mean Mean
Doppler PLI
C/N0 Doppler PLI
C/N0 Doppler PLI
C/N0
error
(dBerror
(dBerror
(dB(Hz)
Hz)
(Hz)
Hz)
(Hz)
Hz)
PRN 3

1.10

0.98

37.7

0.32

0.99

48.9

0.26

0.99

54.4

PRN 6

1.10

0.98

37.7

0.36

0.99

48.0

0.29

0.99

54.3

PRN 16

1.14

0.98

37.7

0.46

0.99

45.9

0.52

0.99

54.0

PRN 18

1.08

0.98

37.7

0.39

0.99

47.3

0.35

0.99

54.0

PRN 21

1.10

0.98

37.7

0.35

0.99

48.5

0.33

0.99

54.3

PRN 24

1.15

0.98

37.7

0.37

0.99

47.6

0.35

0.99

54.5

PRN 25

1.09

0.98

37.7

0.40

0.99

47.0

0.33

0.99

54.3

PRN 29

1.17

0.98

37.7

0.50

0.99

45.4

0.46

0.99

54.0

6.3.2 Measurement domain analysis
This section analyzes pseudorange and carrier phase measurement errors. The
measurement domain results in the presence of chirp interference are provided here. The
measurement differencing technique described in the methodology section is used here
to obtain pseudorange and carrier phase measurement errors.
Time series plot of the pseudorange and carrier phase measurement errors for both
power minimization and MPDR are shown in Figure 6-7. The mean and standard
deviations of the pseudorange errors for all the PRNs are provided in Table 6-5. First
consider the power minimization approach. It can be seen from Table 6-5 that power
minimization induces pseudorange biases of the order of 30 cm to 50 cm for different
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PRNs. It can also be observed that the biases observed are different for different PRNs.
It can be seen from Figure 6-7 that the PRN 10 distortions in the measurements in terms
of mean and standard deviation are higher than those of other PRNs. This is because the
interference source location is near PRN 10 as shown in the sky plot of Figure 6-3. Now
consider the MPDR beamformer; it induces up to 4 cm of pseudorange bias, which is
nearly that same as the code phase measurement standard deviation. For PRN 10, which
is near the interference source, standard deviations of the measurement errors have
increased compared to other PRNs. The higher standard deviations in pseudorange
measurements in both power minimization and MPDR are due to the tracking architecture
used (0.4 chip spacing between early and late). It can be observed that mean
pseudorange bias values are higher for power minimization than MPDR.
The mean and standard deviations of the carrier phase measurement errors for different
PRNs are listed in Table 6-6. It can be observed from Figure 6-7 that power minimization
induces different biases for different PRNs. The bias for a particular PRN remains the
same for the entire test duration. This may be because the interference source location
was fixed and the beamformer weights are not changing. However, if the interference
direction is changed, the beamformer weights also change and different biases might be
observed for the same PRN. The 30 mm PRN 10 bias is higher than that of other PRNs.
The carrier phase measurement biases for the MPDR beamformer are minimal as listed
in Table 6-6.
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Figure 6-7: Time series plot of the pseudorange and carrier phase measurement
errors using (a) Power minimization (b) MPDR
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Table 6-5: Pseudorange measurement errors for power minimization and MPDR in
the presence of chirp interference
PRN

Power minimization

MPDR

Mean (m)

Standard
deviation(m)

Mean (m)

Standard
deviation(m)

PRN 3

0.27

0.31

0.02

0.55

PRN 6

0.33

0.27

0.02

0.59

PRN 10

0.50

1.93

0.08

0.75

PRN 16

0.31

0.36

0.01

0.59

PRN 18

0.28

0.33

0.02

0.69

PRN 21

0.31

0.30

-0.04

0.58

PRN 24

0.35

0.49

0.02

0.65

PRN 25

0.38

0.55

0.04

0.55

PRN 29

0.31

0.40

-0.01

0.60
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Table 6-6: Carrier phase measurement errors using power minimization and
MPDR in the presence of chirp interference
PRN

Power minimization

MPDR

Mean
(mm)

Standard
deviation(mm)

Mean(mm)

Standard
deviation(mm)

PRN 3

10.7

0.4

0.04

0.4

PRN 6

3.4

0.2

-0.01

0.4

PRN 10

30.5

1.8

0.07

0.7

PRN 16

5.0

0.4

0.05

0.6

PRN 18

7.6

0.3

-0.01

0.5

PRN 21

1.4

0.2

-0.05

0.5

PRN 24

-16.2

0.4

0.01

0.5

PRN 25

23.3

0.4

-0.03

0.5

PRN 29

-6.9

0.3

0.03

0.5

6.3.3 Position domain analysis
For the position domain analysis, the code and carrier phase measurements are
processed using the RTKLib open source software. The measurements generated using
the reference antenna of the array without interference were used as the base
observations for the RTK software. The remote observations were generated from the
beamformed data affected by interference. This kind of processing acts like zero baseline
and any distortion in the measurements affects the position solution. The open source
software was used without any modifications. In the RTKLib, the continuous ambiguity
resolution mode was selected and forward-backward processing was performed.
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The east, north and height position errors for power minimization and MPDR are shown
in Figure 6-8. The RTK software outputs quality flag for each solution update indicating
fixed or float solution. Power minimization was not able to provide fixed solutions and
position errors of the order of 10 cm occur. MPDR was able to provide fixed solutions and
position errors were at the sub-millimetre level. The mean and standard deviations of the
position errors observed for both beamformers are provided in Table 6-7. In the power
minimization case, satellite directions are not considered in the optimization criterion and
the antenna phase values are not added coherently. This will have adverse effect on the
carrier phase measurements as discussed in the measurement analysis section. These
biased measurements will affect carrier phase based positioning. Also, it should be noted
that if the biases are same for all PRNs, they can be pre-calibrated to avoid affecting the
position solutions. However, with power minimization, different biases are observed for
different PRNs and these have adverse effects on position solutions.
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Figure 6-8: Carrier phase position errors with power minimization and MPDR
(Processed using RTKLib open source software)

Table 6-7: Carrier phase position errors with power minimization and MPDR
Position errors

Power minimization

MPDR

Mean

Standard deviation

Mean

Standard deviation

East error (cm)

3.2

1.1

-0.001

0.003

North error (cm)

10.6

3.3

0.002

0.005

Height error (cm)

-1.4

6.8

-0.005

0.005

6.3.4 Effect of interference source DOA on measurements
The relative direction between jammer and satellite signals plays a critical role in antijamming applications using antenna arrays. The effect of changing the DOA of the
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interference source is therefore analyzed. It is assumed that only one chirp interference
source is present. Time series plots of the pseudorange and carrier phase measurements
in the presence of chirp interference for PM and MPDR are shown in Figure 6-9. The
interference direction is changed after 65 seconds. For the initial 65 seconds, the
interference is located at (elevation=30°, azimuth=10°) and then changed to
(elevation=30°, azimuth =225°). Carrier phase biases observed in PM changes when the
interference direction changes. However, the MPDR beamformer does not induce any
biases in the carrier phase measurements, irrespective of the interference source DOA.
For the initial 65 seconds, interference location was near PRN 10 and due to this, the
standard deviation of the pseudorange measurements for PRN 10 is high. After 65
seconds, the interference direction was farther away from PRN 10 and the standard
deviation decreased.
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Figure 6-9: Effect of change in interference source DOA on pseudorange and
carrier phase measurements for (a) PM and (b) MPDR
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6.4 Field-test results
This section describes field test results using power minimization and MPDR
beamforming. Unlike the case in the simulation section, the signals received by different
antennas depend on actual antenna characteristics such as phase centre variations and
offsets, and mutual coupling. In the simulations, it was assumed that the signal strength
observed by different antennas was the same for all PRNs. However, for actual signals,
different signal strengths are observed for different antennas in the array.
The rectangular array with six antenna elements shown in Figure 6-10 was used for the
data collection. The setup used and sky plot of the visible GPS satellites are shown in
Figure 6-10. A SPAN LCI mounted on the array platform was used to obtain the array
attitude used for calibration and MPDR beamforming. A Fraunhofer Multi-antenna RF
front-end was used to collect data from all the six antennas simultaneously in an open
sky environment and low multipath conditions. The Initial few seconds of the data were
used to perform the antenna array calibration. Interference was added to the collected
data through a MATLABTM software script. Although interference was added later to the
actual data as in the case of simulations, the difference between these simulations and
field tests is the calibration of an actual array and mutual coupling which might affect the
performance of the beamformer. The interference source is assumed to be static with a
jammer-to-signal power of 30 dB. The analysis was performed considering one chirp
interference.
The collected data without interference and after adding interference were processed
using the multi-antenna GSNRxTM software receiver to generate tracking parameters and
measurements. A correlator spacing of 0.2 between early and late arms and non-coherent
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early-minus late discriminator was used. Carrier tracking was performed using a third
order PLL with 15 Hz bandwidth.
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Figure 6-10: Field data collection setup and sky plot of visible GPS satellites
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6.4.1 Tracking performance
The power minimization beamforming was performed from the beginning of the data and
MPDR was performed after 10 seconds. The interference was added to the collected data
after 15 seconds. Here, tracking performances of PRN 4, which is at lower elevation and
PRN 28 which is at higher elevation are considered. The tracking performances for these
PRNs are shown Figure 6-11. MPDR beamforming performed on clean data from 10
seconds to 15 seconds showed nearly 6 dB of gain with respect to single antenna. In the
presence of interference MPDR was able to maintain the gain. However, the gain
obtained was higher in the presence of interference and was observed to be around 12
dB with respect to single antenna. The C/N0 gain observed with power minimization in the
presence of interference was about 7 dB. The carrier Doppler errors were computed by
taking the difference between the reference antenna Doppler with clean data without
interference and beamformed data in the presence of interference. The Doppler RMSE
errors, PLI and C/N0 gain for different PRNs are shown in Table 6-8. These values are
computed from the tracking results in the presence of interference. The RMSE Doppler
errors are slightly higher for MPDR than single antenna with interference. This could be
due to the residual phase errors from the calibration. For all the PRNs, PLL was able to
maintain lock even in the presence of interference.
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Figure 6-11: Tracking performance of PRN 4 and PRN 28 with power minimization
and MPDR beamformer using actual data
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Table 6-8: Tracking performance of different PRNs with power minimization and
MPDR in the presence of chirp interference
PRN

Single antenna with
interference

Power minimization

MPDR

RMSE Mean Mean RMSE Mean Mean RMSE Mean Mean
Doppler PLI
C/N0 Doppler PLI
C/N0 Doppler PLI
C/N0
error
(dBerror
(dBerror
(dB(Hz)
Hz)
(Hz)
Hz)
(Hz)
Hz)
PRN 1

0.98

0.98

34.1

0.43

0.99

44.9

0.66

0.99

46.5

PRN 4

0.97

0.98

36.7

0.45

0.99

44.7

0.49

0.99

48.1

PRN 11

0.91

0.97

37.6

0.45

0.99

46.8

0.31

0.99

49.1

PRN 13

0.89

0.97

37.5

0.45

0.99

48.2

0.28

0.99

50.9

PRN 15

0092

0.97

33.8

0.85

0.99

43.4

0.64

0.99

48.6

PRN 17

0.92

0.97

38.2

0.28

0.99

45.5

0.47

0.99

47.7

PRN 28

0.92

0.97

38.7

0.23

0.99

47.7

0.34

0.99

49.8

PRN 30

0.98

0.99

41.1

0.60

0.99

44.7

0.29

0.99

52.7

6.4.2 Measurement domain analysis
The measurements generated by the interference free reference antenna data acts as
reference measurements in this case. Differences between these measurements and
those generated after beamforming were compared for power minimization and MPDR.
The resulting time series plot of the pseudorange and carrier phase measurement errors
are shown in Figure 6-12. In the case of power minimization, there are abrupt errors in
both pseudorange and carrier phase measurements. Therefore, error statistics were
computed without considering these large errors. Pseudorange biases up to 2 m are
observed in both power minimization and MPDR beamformers. However, the biases
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observed are different for different PRNs. Carrier phase biases are minimal (less than 0.1
mm) with MPDR beamformer for all PRNs, which agrees with the simulation results. With
power minimization, different biases are observed for different PRNs as seen from Figure
6-12 (a) and they reach 1.5 cm. The results with power minimization also agree with
simulation results where different biases were observed for different PRNs. Pseudorange
and carrier phase biases of different PRNs are provided in Tables 6-9 and 6-10.
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Figure 6-12: Pseudorange and carrier phase measurement errors for power
minimization and MPDR with actual data
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Table 6-9: Pseudorange measurement errors for PM and MPDR with chirp interference
PM
MPDR
PRN
Mean (m)

Std (m)

Mean (m)

Std (m)

PRN 1

-1.42

1.94

-1.71

2.92

PRN 4

0.34

1.32

0.26

2.40

PRN 11

0.22

1.49

1.27

2.42

PRN 13

0.48

1.33

0.47

2.38

PRN 15

-1.05

3.31

-0.55

3.21

PRN 17

-0.06

1.48

0.24

2.01

PRN 28

-0.01

0.69

0.29

1.11

PRN 30

-0.69

1.31

1.12

1.35

Table 6-10: Carrier phase measurement errors using PM and MPDR with chirp
interference
PM
MPDR
PRN
Mean (mm)
Std(mm)
Mean(mm)
Std(mm)
PRN 1

-7.3

2.0

0.3

1.6

PRN 4

7.1

1.7

0.9

2.0

PRN 11

-10.9

3.8

0.2

1.4

PRN 13

-5.0

1.3

-0.8

1.3

PRN 15

-2.3

1.8

1.0

1.7

PRN 17

8.2

1.9

0.5

2.1

PRN 28

1.6

0.8

0.9

1.1

PRN 30

2.3

1.1

0.5

1.5
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6.4.3 Position domain analysis
Carrier phase based positioning was performed using RTKLib open source software. The
position errors using power minimization and MPDR are shown in Figure 6-13 and the
error statistics in Table 6-11. MPDR is able to provide fixed solutions as seen from Figure
6-13. However, power minimization was not able to provide fixed solution and errors upto
1 m are observed.
Table 6-11: Carrier phase based position errors with actual data
Position errors

Power minimization

MPDR

Mean

Standard deviation

Mean

Standard deviation

East error (cm)

-63.4

36.2

-0.04

0.08

North error (cm)

104.5

65.0

-0.25

0.06

Height error (cm)

-5.09

78.6

-0.06

0.16
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Figure 6-13: Carrier phase based position errors with actual data using power
minimization and MPDR
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6.5 Summary
This chapter investigated the performance of a multi-antenna GNSS receiver in different
electronic interference scenarios. The receiver performance in terms of tracking,
measurement distortions and position distortions was analyzed for power minimization
and MPDR. A number of GPS signal simulations with different interference sources was
performed to evaluate measurement distortions. It was observed that MPDR induced
measurement distortions were very minimal (less than mm for carrier phase and few cm
for pseudorange measurements) in the simulations. With actual data, carrier phase
measurement biases were minimal and pseudorange measurement errors up to 2 m were
observed. However, with power minimization, pseudorange biases up 50 cm were
observed in the simulations and up to 2 m with actual data. Carrier phase measurement
biases up to few cm were observed with power minimization in both simulations and
actual data processing. The biases observed were different for different PRNs. Carrier
phase positioning performance with MPDR was better than power minimization; the latter
was unable to provide fixed solutions. With power minimization, position errors up to 10
cm were observed in simulations and up to 1 m with actual data.
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Chapter Seven: CONCLUSIONS AND RECOMMENDATIONS
Based on the results and analyzes provided in the previous chapters, the following
conclusions are made. Recommendations for future work are then presented.

7.1 Conclusions
The main motivation for this research was to analyze and characterize the performance
of antenna array based GNSS receivers under different interference conditions.
Conclusions are provided in terms of four major topics discussed in the previous chapters.
These are multi-antenna GNSS signal simulator, performance of antenna array based
GNSS receivers under multipath conditions, antenna array calibration in multipath
environments and performance of antenna array based GNSS receivers under electronic
interference.

7.1.1 Multi-antenna GNSS signal simulator
A novel method of simulating multi-antenna GNSS signals was provided in Chapter 3.
From the results presented, the following points can be made:
1. The proposed simulation method can be used to generate single antenna as well
as multi-antenna GNSS signals affected by interference.
2. The simulated multi-antenna signals can be used to characterize the performance
of different spatial processing techniques in antenna array based GNSS receivers.
This includes applications such as antenna array calibration, controlled reception

170

pattern

antenna
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characterization of measurement distortions, etc.
3. From the positioning results presented, it can be concluded that this multi-antenna
software simulator can be a good choice for high performance carrier phase based
positioning application performance analysis.

7.1.2 Performance of multi-antenna GNSS receivers under multipath conditions
Based on the results from the simulations and actual data collections in multipath
environments, the following conclusions can be made regarding the performance of
antenna array based GNSS receivers:
1. The numerical simulation results showed that performance of MPDR and
MPDRSS beamformers improves as the correlation between LOS and multipath
signals decreases.
2. It was observed through numerical simulations that for a rectangular array with six
antenna elements, the MPDRSS beamformer provides better multipath mitigation
than MPDR. It was also observed that MPDRSS performance was better for
higher elevation satellites. As only six antenna elements were used, only one
spatial smoothing can be performed. Due to this, the decorrelation obtained for
low elevation satellites is not sufficient to provide better multipath mitigation.
3. Using the simulated GPS signals, it was observed that pseudorange errors can
be reduced by up to tens of metres in high multipath environments, thereby
improving position accuracy. The MPDRSS beamformer was found to perform
better than the MPDR and DAS beamformers.
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4. Using the simulated signals, it was also shown that carrier phase multipath can
be reduced significantly employing an antenna array. Even in the case of carrier
phase multipath, MPDRSS performance was better than MPDR and DAS
beamformers.
5. With actual GPS L1 signals collected in a moderate specular multipath scenario,
a reduction of 10 m in RMS pseudorange error was observed for satellites affected
by multipath signals. Pseudorange error reduction was reflected in the position
solutions, with easting errors reduced by 8 m and height errors reduced by 10 m.
6. Finally, it was shown that a practically realizable six-antenna rectangular array is
effective to mitigate short-range multipath signals and provide an improved
navigation solution, based on the data used in the analysis.

7.1.3 Performance of antenna array calibration in multipath environments
1. It was shown that GNSS antenna array calibration using live signals is challenging
in multipath environments because the latter induce significant gain and phase
errors in the calibration parameters.
2. It was observed that the errors in the relative phases between the antenna
elements are periodic with zero mean. Based on this observation a method was
proposed to improve the estimation of the measured steering vector which is being
used in the calibration.
3. It was proposed that averaging the relative phase measurements over several
multipath cycles improves the estimation of measured steering vector. By using
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this improved steering vector in the calibration process, the calibration parameter
errors can be reduced.
4. The periodicity of the errors in the relative phase measurements were shown
through simulation and actual data collected in specular multipath conditions. In
high multipath environments, these measurements may not be periodic. However,
the errors in the measurements will be zero mean.
5. It was shown by processing the actual data that by employing the averaging
method, the calibration can be improved, as shown through the improvement in
DOA estimation.

7.1.4 Performance of multi-antenna GNSS receivers under electronic interference
conditions
An extensive analysis of the array based GNSS receiver used herein under electronic
interference conditions was performed and based on the results, the following
conclusions can be made:
1. Improved tracking performance was observed in terms of Doppler estimation after
beamforming. The tracking performance of MPDR was better than power
minimization.
2. For single interference scenarios, it was observed that the interference type has
no effect on tracking, measurement and position errors after beamforming.
3. Through GPS signal simulations, it was observed that MPDR does not significantly
distort the measurements. However, power minimization induces more distortions
in the code and carrier phase measurements.
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4. It was also shown that satellites that are in the direction of the interference suffer
more distortions in both code and carrier phase measurements than other
satellites.
5. After MPDR beamforming, carrier phase integer ambiguities could be resolved and
fixed ambiguity solutions could be provided. However, with power minimization,
ambiguity resolution was not successful using actual and simulated data.
6. Based on the results obtained, for high precision applications, MPDR beamforming
is a better option albeit with higher implementation complexity.

7.2 Recommendations
Recommendations for future work are as follows:
1. Even though the proposed multi-antenna signal simulator can be used for different
user scenarios such as static and dynamic, the results presented in the current
research were limited to static user. Few tests for validating dynamic user
scenarios were carried out. However, extensive testing should be performed to
evaluate the simulator functionality.
2. While simulating multipath signals, reflectors with smooth surfaces were
considered. It would be interesting to verify the multipath simulations for different
reflector surfaces and incorporating a method to model the attenuation factor of
the multipath signals. Also, work can be extended to incorporate different multipath
models.
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3. Spoofing is another type of interference which also affects the receiver
performance. The proposed software simulator can be extended to simulate
spoofing signals in a controlled environment.
4. The multipath mitigation performance was analyzed for a static user. In the case
of a moving user, further decorrelation between the LOS and multipath signals can
be obtained which would improve beamformer performance.
5. The performance was evaluated by collecting actual data in specular multipath
conditions. The developed receiver software incorporating different beamforming
techniques could also be tested in high multipath conditions such as semi-urban
environments.
6. Carrier phase multipath has been evaluated in terms of reduction in measurement
errors. This could be extended to the position domain and the suitability of antenna
array based GNSS receivers for high precision applications (in multipath
environments) could be evaluated.
7. In Chapter 5, the array calibration was performed considering only a single satellite
affected by multipath. However, in actual environments, many satellites will be
affected by multipath. The proposed method could be tested by taking multiple
satellites into consideration. For the analysis only specular multipath conditions
were considered. Further tests could be performed by collecting data in more
complex multipath environments.
8. In Chapter 6, only single interference scenarios were considered to evaluate the
performance of the antenna array based GNSS receiver. This could be extended
to multiple interference scenarios. For the actual data, interference was added
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through software script. It would be interesting to assess performance with data
collected in actual interference conditions. Also, carrier phase tracking
performance and RTK positioning performance require additional investigations
using real data.
9. In all the tests, for measuring the attitude of the array, a high-grade Novatel SPAN
LCI system which has gyro performance of 1 degree/hour (in-run bias drift) was
used as it was readily available and easy to incorporate in test set-up. However,
the feasibility of using other quality MEMS sensors with different in-run bias drifts
could also be investigated to reduce cost.
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