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Abstract
The benefits of an ultra stable oscillator are studied in this thesis. The factors that limit
the coherent integration period extension given an ultra stable oscillator are first
analysed. Coherent integration of over 100 s is demonstrated using such an oscillator
and assistance data. It is shown that there is no significant benefit in using precise
instead of broadcast ephemeris to perform long coherent integration. It is demonstrated
that the position accuracy indoors is limited by multipath errors after the signal
sensitivity is resolved. Dealing with weak signal indoors when the signal is subject to
several reflections, experimental results show that there is no added advantage in
having large and costly antennas instead of small helix antennas.
A ray-tracing technique is proposed to study Doppler differences (DD) between LOS
and NLOS signals and it is shown how ray-tracing simulation derived DDs can be used
as input to multipath mitigation methods. The ray-tracing simulation results are
confirmed using a ground multipath model and actual measurements. Using 120 s of
coherent integration on GPS signals it is shown that LOS and NLOS signals can be
separated in the frequency domain even for a static case, leading to improvement in
measurement accuracy. Three possible ways of using ray-tracing based DD as a
means of alleviating multipath errors are proposed.
Experimental results show that it is possible to increase the probability of LOS and
NLOS signal separation in the frequency domain with a few seconds of coherent
integration using a slowly moving antenna, as opposed to a few hundred seconds for a
static antenna. Positioning results suggest that the moving case has a higher probability
of improving accuracy compared to that of the static case.
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INTRODUCTION
1.1 Motivation
Countless applications are using the position, velocity and precise time provided by allweather global navigation satellite systems (GNSS) to enhance quality of life. There are
billions of GNSS receivers operating worldwide and most of them are in hand held
devices such as cell phones, tablets, and personal navigation devices (PND) which are
mostly used indoors and in urban canyons. Although GNSS performs well in open-sky
environments its performance degrades in non-open sky environments, which are harsh
on GNSS signals, such as indoors and urban canyons due to dense multipath
interference, fading and shadowing. In such scenarios, it is difficult to expect
continuous, reliable and accurate solutions.

Many techniques to alleviate these

challenges have been proposed to improve the accuracy, reliability and availability of
solutions. Also, there are many non-GNSS based approaches being developed to
address the challenges under harsh environments and also to meet increasing
requirements of the Federal Communications Commission towards Enhanced 911
(E911) services. For example, the pseudolite concept based NextNav and LocataLites
(GPS World 2013a, GPS World 2013b), are developed and used. Raquet (2013) lists
most of the navigation methods and elaborates on the use of Magnetic Field Navigation
techniques as a possible indoor navigation method. LED (Light Emitting Diode)-light
based technology is proposed (Divis 2013) for indoor positioning targeting Location
Based Services (LBS). Also, Jardak & Samama (2007) propose indoor positioning using
GNSS repeaters. However, none of these non-GNSS technologies can provide global1

coverage and all-weather solutions as provided by GNSS. Hence, there is a need for
continued research in GNSS to provide continuous, accurate and reliable solution under
harsh environments.
This thesis investigates the benefits of having a precise clock in GNSS receivers under
harsh environments in terms of limits to the coherent integration period to detect weak
signals, proposes a method to characterize multipath in the frequency domain to gain a
better understanding in order to facilitate its mitigation in harsh environments, and
proposes an approach to obtain enhanced accuracy of GNSS solutions in harsh
environments. Specifically, this thesis focuses on the use of GPS L1 coarse-acquisition
(C/A) signal.

1.2 Literature review
The maximum power of GPS signals when they reach the surface of the earth is
-123 dBm (GPS ICD 2013), which is very low and therefore it is difficult or not possible
to detect these signals in harsh environments where the multipath interference, fading
and shadowing of the signals further attenuate or completely block them from reaching
the receiver. Hence, the processing gain of GPS signals in the receiver has to be
increased to solve the attenuation problem. It is shown in the literature that longer
coherent integration is the best method to increase processing gain and there is a
considerable amount of efforts spent on addressing the challenges in harsh
environments. The following subsections briefly review the previous efforts as they
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apply to this research and list their limitations during weak signal processing in harsh
environments.

1.2.1 Coherent integration
Weak signal acquisition is discussed in detail in van Diggelen (2009) and a summary of
challenges for weak signal acquisition and a few solutions are provided in O’Driscoll
(2007). Among GPS signals combining techniques proposed in the literature, longer
coherent integration method is the optimal technique (Watson et al 2006, Borio et al
2009, Pany et al 2009). The part of processing gain obtained from coherent integration
is proportional to integration time for a given radio frequency (RF) front-end. But the
longer coherent integration (greater than half of data-bit period) is limited by either databit transitions, observed Doppler drift, local oscillator instability, satellite clock instability,
multipath interference and/or atmospheric propagation effects (Watson et al 2006).
There are many methods proposed in the literature (e.g. van Diggelen 2009, Gaggero &
Borio 2008, Pany et al 2009, Dovis et al 2008, Watson et al 2006) to overcome the
aforementioned challenges to aid weak signal acquisition. Gaggero & Borio (2008)
discuss the limits of coherent integration of GPS signals for static scenarios and
demonstrate acquisition of 0 dB-Hz signal using 30 s of coherent integration with the
help of a highly stable and accurate clock. However, an undesired jump in correlation
values during coherent integration is not explained. Dovis et al (2008) discusses an
assisted technique that allows up to 2 s of coherent integration. Acquisition of 3 dB-Hz
Galileo E1 (B + C) signal in a walking scenario with trajectory assistance was
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demonstrated by Pany et al (2009) using 1 s of coherent integration and 20 noncoherent combinations for a total integration of 20 s. It is also shown that, in an unaided
case of a mobile receiver in indoor scenarios, coherent integration gain saturates after
the antenna has moved through about half a carrier wave length (Broumandan et al
2012).
Use of a pilot channel, when available, eliminates the problem of data-bit transition.
However, the major challenges that remain are the local oscillator instability and
Doppler rate (or drift) due to relative motion between user and satellite. Once these two
challenges are addressed comes the effect of satellite clock instability because this
effect is much smaller when compared to the local oscillator instability (Beard & Ray
2006, Gaggero & Borio 2008). Moving further, it appears that in the literature, there are
no full proof methods available to reduce the local oscillator instability issues in GNSS
signal acquisition. Watson et al (2006), Gaggero & Borio (2008), and Dovis et al (2008)
discuss in detail the benefits of having a highly stable oscillator in the context of weak
signal acquisition. However, detailed discussion on the limiting factors of the positioning
accuracy indoors is very limited.
Long coherent integration requires Doppler assistance, the accuracy of which
determines coherent integration length. Doppler assistance can be obtained by
computing the time evolution of the Doppler using a rough estimate of the user position,
approximate time and broadcast ephemeris (van Diggelen 2009). The accuracy of
computed satellite positions, which depends on the accuracy of the broadcast
ephemeris and the time, along with the accuracy of the user position estimate determine
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the accuracy of the computed Doppler. An error in the computed Doppler increases
frequency misalignment and spreads the signal power over different frequency bins
leading to reduced coherent gain over each bin. Part of this error due to the broadcast
ephemeris while using correct position and correct time, could be up to 0.01 Hz (Watson
et al 2006). However, the accuracy of the broadcast ephemeris is getting gradually
better (Griffiths & Ray 2009) and as of today IGS (International GNSS Service) products
offer an accuracy of 100 cm in real time; IGS also offers Ultra-Rapid (predicted half)
orbits with an accuracy of 5 cm in real time (IGS Data and Products 2013). Also, the
stability of the satellites clocks, which again controls the accuracy of the satellite
positions and signal phase, has been increasing over the years as shown by Senior et
al (2008) and Montenbruck et al (2012). Hence, it is expected that improvement in the
accuracy of the broadcast ephemeris and the satellite clock stability should reduce the
error in the computed Doppler assistance. Hence, it is worth to understand whether or
not broadcast ephemeris could be used instead of precise ephemeris to compute
Doppler assistance to aid longer coherent integration.
The effect of ionospheric scintillation on GPS receiver studied in Kintner et al (2007),
Humphreys et al (2005) and Skone et al (2005) suggests that there will be frequency
errors up to a few Hz because of ionospheric scintillation which might affect the receiver
processing with longer coherent integration.
Many researchers (e.g. Esteves et al 2012, Ahmad et al 2011, Sahmoudi et al 2011,
Sun 2010, Pany et al 2009, Mao & Chen 2009, Dovis et al 2008, O'Driscoll et al 2008,
Shanmugam et al (2007), Turunen 2007, Chuang & Feng 2006, Weill 2006,
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Shanmugam et al (2005), Haddrell & Pratt 2001, Lin & Tsui 2001, Shewfelt et al 2001)
have proposed different techniques for weak signal acquisition but they have
considered scenarios where the C/N0 value is greater than 14 dB-Hz. However,
Weill (2006) has shown acquisition of 9 dB-Hz signals, Watson et al (2006)
demonstrated the acquisition of 5 dB-Hz signals, Pany et al (2009) acquisition of
1.5 dB-Hz signals, while 0 dB-Hz signal acquisition was demonstrated by Gaggero
(2008), while Peterson et al(1997) reported the acquisition of signals attenuated by
60 dB (i.e., C/N0 of -16 dB-Hz, with open-sky signal power at -130 dBm) compared to
their open-sky versions by using 160 ms integration. All these methods have used an
aided search process during acquisition. As analyzed by Watson et al (2006),
acquisition of -16 dB-Hz signals using just 160 ms of data is not explainable either
empirically or theoretically. Ioannides et al (2006) studied the coherent integration using
GPS and Galileo signals by combining signals from different carrier frequencies. Ayaz
et al (2010) assessed the GNSS signals acquisition sensitivities using GPS L1C, L2C,
L5 and Galileo, E1, E5, and E6 signals and reported that the optimal signal for high
sensitivity is GPS L5 and followed by Galileo E5a and E5b signals. The lowest C/N 0 of
acquired signals in Ayaz et al (2010) was 2 dB-Hz. Therefore, it appears that the
weakest signal acquisition that has been demonstrated so far corresponds to a C/N0 of
0 dB-Hz.
1.2.2 Multipath characterization in frequency
Ever increasing GNSS based applications require reliable and accurate navigation
solutions in challenging environments such as cities and indoors. In such environments,
6

receiver accuracy and reliability are limited by signal shadowing and blockage, and
multipath. These factors lead to increased position errors. Signal shadowing, where the
signal is present but attenuated, leads to poor acquisition and tracking performance,
while complete signal blockage leads to increased dilution of precision, and, finally,
multipath leads to poor measurement accuracy and fading. These challenges and some
solutions are discussed in Lachapelle (2004), Schon & Bielenberg (2008), Dedes &
Dempster (2005), Angrisano et al (2012), Cui & Ge (2003), Misra & Enge (2006), Hein &
Teuber (2008), Hein et al (2008b), and Hein et al (2008a) for instance. Multipath is one
of the major error sources and is a function of the type and number of reflectors in the
receiver environment (Misra & Enge 2006). Many methods have been proposed to
alleviate the effects of code multipath by employing various discriminators such as the
narrow correlator, the strobe correlator, replica waveform (Double Delta) correlator, and
parametric multipath estimation methods such as the multipath estimating delay lock
loop (MEDLL) (Braasch 2001, Van Nee 1992). These methods work on the code (delay)
domain and do not completely remove multipath errors and are limited by the radio
frequency (RF) signal bandwidth of the GNSS front-end as discussed in (Braasch
2001). The first two methods work on the composite autocorrelation triangle, the
combination of direct, or line-of-sight, (LOS) and reflected, or non-line-of-sight, (NLOS)
signals to reduce the errors induced into the measurements, therefore it is not possible
to separate direct and reflected signals. The MEDLL attempts to estimate the delay,
amplitude and phase of all reflected signals but it becomes computationally intensive as
the number of assumed reflected signals increases (Van Nee 1992). Although there are
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methods in the literature to increase the processing speed of correlation, for example
Synthetic Multicorrelators (Stöber et al 2011) which could be used in relatively open-sky
conditions where integration time periods are small. However, other than the
computational load, it is difficult to estimate the number of reflected signals in a given
environment. The efficiency of these methods also depends on the received signal
power, which is greatly affected in such environments, and on the code delay resolution,
which is a function of the RF signal bandwidth (Braasch 2001). Therefore, it is
necessary to further understand the characteristics of multipath signals to design more
effective multipath mitigating techniques.
Multipath propagation is examined here in the frequency domain. The separation of
direct and reflected signals in that domain is studied in (Xie & Petovello 2015) and
(Gowdayyanadoddi et al 2015). The advantages of the frequency domain approach are
that it may separate or resolve the direct and multiple reflected signals, and allows one
to estimate the power, delay, and phase of each reflected signals independently. The
degree of separation depends, other than the actual direct-reflected Doppler difference,
on the attainable frequency resolution which, in turn, depends on the coherent
integration period and receiver motion. Compared to code delay resolution, the
frequency resolution is independent of the RF signal bandwidth. The maximum practical
integration period is limited by the relative dynamics of the receiver, amongst other
factors (Pany et al 2009). With aiding, the effect of relative dynamics can be
compensated and then the main challenge is the requirement for a precise oscillator to
overcome the oscillator instability affecting the coherent integration period (Gaggero &
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Borio 2008, Pany et al 2009, Dovis et al 2008, Watson et al 2006, Gowdayyanadoddi et
al 2014).
The use of precise oscillators is limited due to cost, size and power consumption at this
time. Hence, there is not much study of multipath characterization done in the frequency
domain. There is hope that the development of Chip Scale Atomic Clocks (CSAC) and
nano/micro clocks (Shkel 2011) may lead to next generation oscillators which will
alleviate cost, size and power consumption issues. This hope motivates further research
in the frequency domain.
In the kinematic case, the Doppler spread of the reflected signals in urban canyons is
studied in (Xie & Petovello 2015) and it was shown that with a maximum vehicle speed
of ~15 m/s the Doppler frequency difference ( f ) between the direct and reflected
signals was spread between ±40 Hz considering the extreme cases when the direct
signal vector is both parallel and orthogonal to the velocity vector of the vehicle. By
introducing slow movement in the antenna, in an indoor scenario the frequency
separation between direct and reflected signals is increased to improve position
accuracy (Gowdayyanadoddi et al 2015). Due to the variety of possible multipath
environments, it is not practically possible to collect and process data in all such
scenarios. Hence, extensive studies of reflected signals in the frequency domain using
real signals are limited.
Nievinski & Larson (2014) list and classify a number of multipath simulation techniques.
Eissfeller & Winkel (1996) and Franchois & Roelens (2005) describe a mathematical
model for multipath and discuss numerical results with respect to pseudorange errors.
9

Weiss et al (2007) discuss a GNSS code multipath model for semi-urban, aircraft and
ship environments using the ray-tracing technique and present a comparison of
simulated and real data results with focus on pseudorange error occurrence, multipath
temporal variability and amplitude. Lau & Cross (2007) present a ray-tracing approach
to study carrier-phase multipath effects. Irsigler (2010) uses a multi-ray signal model to
characterize the Doppler frequency difference in static multipath environments and
presents the simulation results discussing the distribution of Doppler frequency for a
static antenna scenario for multiple reflector cases. Not much focus is given on using
the ray-tracing based technique to study Doppler frequency differences. The ray-tracing
technique facilitates accurate simulation of reflected signals in an urban environment
using an urban city model (Weiss et al 2007). As reported by Irsigler (2010), Doppler
frequency differences are very small and therefore a standard receiver cannot resolve
them in its tracking loops.

1.3 Assumptions
The following assumptions are made in this thesis.


Accurate and stable oscillator is available to receiver and therefore it is assumed
that receiver knows the time accurately



Assistance data (broadcast and precise ephemerides, and rough receiver
position within 10 km) is available



The GPS receiver is either static or moving slowly (slow walking dynamics)



Computational resources are unlimited
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In this research a precise oscillator exhibiting Allan deviations of the order of 10-13 over
1 second, namely the BVA (Boîtier à Vieillissement Amélioré) technology based
oscillator from Oscilloquartz is used. Having such an oscillator in a GPS receiver is not
practical due to cost, size and power consumption. Although an oscillator with the above
specification suitable to use in a receiver may not happen any time soon or may not be
practical, the question as to what can be achieved with such an oscillator is relevant, at
least from a speculative point of view. Examples of advanced oscillator devices include
the Oscilloquartz’s BVA technology based oven-compensated-crystal-oscillator (OCXO)
8607, Symmetricom’s CSACs and nano/micro clocks from DARPA (Shkel 2011).

1.4 Objectives and contributions
Based on the review of the existing literature this research work focuses on acquisition
and positioning using very weak signals, and static multipath characterization in
frequency domain using ray-tracing and its application in the receiver. The main
objectives and contributions of this thesis are as follows:
1. Study of coherent integration limiting factors: The goal is to understand what
other factors limit the duration of coherent integration when the receiver is
equipped with a precise oscillator. It is demonstrated that the accuracy of the
Doppler assistance computed from broadcast ephemeris is comparable to that
computed from precise ephemeris. It is identified that errors in the computed
Doppler due to inaccuracy in the initial estimate of the receiver position limits the
coherent integration period more than the errors introduced by the satellite clock
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instability and ephemeris inaccuracy. The coherent integration performance of a
small and low cost helix antenna has been compared with that of a geodetic
antenna and the results show that there is no advantage of having a larger and
costly geodetic type antenna instead of a small and low cost helix antenna.
2. Characterizing multipath in the frequency domain: A ray-tracing based technique
is proposed to study Doppler differences (DD) between LOS and NLOS signals.
A relation between the reflector-receiver distance and the DDs is established. It
is shown how ray-tracing simulation derived DDs can be used to alleviate
multipath induced measurements errors using actual data. The ray-tracing
simulation results are verified using a ground multipath model and actual
measurements.
3. Enhancing indoor positioning accuracy: Multipath induced error becomes a major
accuracy limiting factor once signal sensitivity issues are resolved indoors. It is
demonstrated that it is possible to separate LOS and NLOS signals in the
frequency domain using a few seconds of coherent integration with a slow
moving antenna, as opposed to a few hundred seconds for a static antenna. The
results with actual data collected in two different scenarios are presented and
discussed. It is also shown that the maximum peak-based position solution is not
always the best solution for indoor applications.
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1.5 Thesis outline
The 6 chapters in this thesis are summarized below.
Chapter 2 reviews the background knowledge required for the weak signal acquisition
and positioning problem. The cross ambiguity function (CAF) and its losses due to
frequency and code misalignment as a function of coherent integration period are
discussed. A method to characterize the LOS and NLOS Doppler frequency difference
using the ray tracing technique is described. A brief discussions on the cross-correlation
effects, local oscillator, block processing technique, error sources and measurements
as applicable to this research are presented.
Chapter 3 investigates the factors that limit coherent integration in a receiver that is
equipped with a precise clock. Method of computing the Doppler assistance is briefly
explained. The goal of this chapter is to answer the following questions: (i) what is the
maximum possible coherent integration possible in a static receiver? (ii) what is the
performance of the Doppler assistance derived using broadcast ephemeris when
compared to that derived using precise ephemeris? (iii) how does the Doppler
assistance vary as a function of the inaccuracy in the initial estimate of the user
position? Results obtained using the real data sets collected in deep indoors are
presented. The coherent integration performance of a small and low cost helix antenna
is compared with that of a larger and more costly pinwheel antenna.
Chapter 4 presents the simulation results for a static case and discusses ways to verify
the implementation of the ray-tracing algorithm. Based on the simulation results, it
demonstrates that it is possible to separate LOS and NLOS signals in the frequency
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domain using real data collected in a dense multipath environment. It presents and
discusses the use of ray-tracing derived predicted Doppler frequency differences in a
receiver as a means of alleviating multipath induced errors in the measurements.
Chapter 5 proposes a method using a slowly moving antenna and long coherent
integration to reduce the multipath induced errors in the pseudorange measurements
and thereby enhance the indoor positioning accuracy. Experimental results from a real
data are presented.
Chapter 6 provides the conclusions along with the suggestions for future work.
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OVERVIEW OF WEAK GPS SIGNAL PROCESSING
This chapter provides an overview of GPS signal acquisition and losses involved in its
implementation. From now on, GPS is the GNSS used in this thesis as the system is
complete, its specifications are well known and equipment and software are available
for testing. How coherent integration time influences some of these losses and the
relationship between coherent integration time and the acquisition search space are
reviewed. Basics about the local oscillator, multipath and Doppler difference between
LOS and NLOS signals, errors and measurements is provided. The weak signal
processing technique, namely block processing, adopted for this research is discussed.

2.1 GPS signal acquisition
Acquisition and detection of a satellite signal is the first stage in most receivers. A
typical acquisition block consists of correlation, search and verification stages (Kaplan &
Hegarty 2006). Figure 2-1 shows the basic elements in the correlation part of the
acquisition block and the signal flow.

∫

I,Q

∫

Coherent
integration

Complex
Carrier
Generator

Non-coherent
Integration

PRN Code
Generator

Figure 2-1: General GPS acqusition block
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The input signal r(t ) is the complex baseband signal, given by

r(t )  Apeak d(t )c(t )exp(j 2 fc t  0 )  

(2-1)

where Apeak is the peak amplitude of the signal, d(t ) is the navigation data bits, c(t ) is
the PRN spreading code, fc is the carrier Doppler frequency, 0 is the initial carrier
phase and  is the zero-mean white Gaussian noise.
In order to detect the presence of a signal, the received signal r(t ) is correlated with
different frequencies to determine the Doppler shift and also correlated with different
PRN codes and their delays to distinguish the satellites. As shown in Figure 2-1, after
mixing signals, the resulting signal is integrated coherently for Tc seconds and the
result is given by a function known as the CAF (Borio & O’Driscoll 2012). The CAF is
also known as delay Doppler map (DDM) and is given by

PCAF  Apeak exp(  )R(  )sinc(  Fd Tc ) + CAF

(2-2)

where R . is the autocorrelation function of the PRN code,  is the code phase
misalignment between the received code and locally generated code,  is the carrier
phase misalignment between the received carrier and locally generated carrier, Fd is
the frequency mismatch between the received carrier, locally generated carrier, sinc(.)
is the unnormalized sinc function i.e., sinc(x)  sin(x) / x , and CAF is the zero mean
Gaussian noise.
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In Equation (2-2) the effect of the data bits is not considered. If integration time is
greater than half of the data bit period then there is a possibility of losing complete
signal power. Therefore, for integration periods longer than half the data bit period, data
bit assistance or some other mechanisms such as use of a pilot channel or a maximum
likelihood search in data bits is required to handle data bit transitions to effectively
perform coherent integration. Without any additional assistance, most commonly, to
avoid the sign change due to data-bit transitions, non-coherent operation is used. The
non-coherent operation follows the coherent integration operation as shown in Figure
2-1. The coherent integration is performed for less than half of the data-bit period to
obtain in-phase (I) and quadrature phase (Q) values which are then squared to remove
the sign and added together to obtain the gain. Though non-coherent integration
removes the effect of data bits on integration it comes with a loss called the squaring
loss. The squaring loss is a one-time loss, the magnitude of which depends on coherent
SNR before doing the squaring operation (van Diggelen 2009, Strassle et al
2007).There are also other methods of combining in-phase and quadrature phase
signals such as the differentially coherence (Sun 2010) and quasi-coherent integration
(Qiu et al 2012). In this thesis, the interest is in coherently integrating over a few
seconds. Therefore, it requires either the data bit assistance or a pilot channel. For data
channels, data bit assistance is obtained from a reference receiver; details of the
reference receiver and experimental setup are described in the next section.
From Equation (2-2), the amplitude of the in-phase and quadrature phase components
can be calculated as
17

I

Apeak

Q

2

cos    R    sinc( Fd Tc )  I

Apeak
2

sin    R    sinc( Fd Tc )  Q

(2-3)

(2-4)

where  I and Q are the zero-mean noise components in the in-phase and quadrature
phase correlation values, respectively.

Figure 2-2: Acquisition cross ambiguity function

Figure 2-2 shows a typical CAF for different code delays and frequencies for the case of
GPS. This figure shows only two dimensions, one in the code delay domain and another
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in the frequency domain but the CAF function, given by Equation (2-2), is a function of
three variables, namely the code delay, Doppler frequency and phase. In general, a
phase search is avoided by recovering the phase information through performing an
envelope operation at the end of the coherent integration as shown in the following
equations:
PCAF  I 2  Q2

(2-5)
2

PCAF

A
 A

  peak cos    R    sinc( Fd Tc )    peak sin    R    sinc( Fd Tc ) 
 2
  2


PCAF

A

  peak R    sinc( Fd Tc )   cos 2     sin 2    
 2


PCAF

A

  peak R    sinc( Fd Tc ) 
 2


2

(2-6)

2

(2-7)

2

(2-8)

As shown in Equation (2-8), the CAF is only a function of the code delay and frequency,
and the phase is eliminated.

2.2 Implementation losses in acquisition
The following sections describe the losses incurred due to frequency mismatch, code
misalignment, RF front-end bandwidth limitation and number of quantization bits.
2.2.1 Frequency mismatch loss
During a typical acquisition process there will be a mismatch in frequency between the
Doppler frequency of the incoming signal and that of the locally generated signal. This
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mismatch causes a loss that is given as follows and shown in Figure 2-3 (Borio &
O’Driscoll 2012):

FLoss = sinc( Fd Tc )

2

(2-9)

FLoss (dB) = 20log10  sinc( Fd Tc ) 

where  Fd is the frequency mismatch between the received carrier and the locally
generated carrier, Tc is the coherent integration time and sinc(.) is the un-normalized
sinc function i.e., sinc(x)  sin(x) / x .

Figure 2-3: Acquisition frequency mismatch loss function

The frequency response of the CAF function follows a sinc function and is shown as
shadows in Figure 2-2. To reduce the frequency mismatch loss, the frequency search
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step size (∆F) is chosen to be small relative to the coherent integration period but a
smaller step size will be very sensitive to frequency mismatches. If the Doppler
frequencies are searched in steps of ∆F, then the maximum possible frequency
mismatch error is ∆Ferror = ∆F/2. Typically, a frequency mismatch loss of 2 dB is allowed
for a search step size. As a general rule of thumb, 2/(3 Tc ) Hz is used as the frequency
search step size with a maximum allowable frequency mismatch loss of 2 dB (Borio &
O’Driscoll 2012), even though theoretically, for a maximum loss of 2 dB, the step size
can be up to (0.72/ Tc ) Hz as given in Table 2-1. Using the loss function shown in Figure
2-3, in which the x-axis represents the frequency mismatch and not the frequency step
size, Table 2-1 shows possible frequency step sizes for various allowable frequency
mismatch losses considering coherent integrations of 1 ms and 100 s. It is noticed that
as the coherent integration period increases the frequency step size becomes very
small and thereby increases the search space significantly. The increase in the search
space not only increases the processing load but also increases the probability of false
alarm for a given C/N0 (Borio & O’Driscoll 2012). Therefore, Doppler assistance from a
reference receiver is required to reduce the frequency search space.
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Table 2-1: Frequency search step size selection
∆F
(Hz)

Mismatch
Loss (dB)

Example ∆F
Tc = 1 ms

Tc = 100 s

0

0

0 Hz

0

1

0.52 / Tc

520 Hz

5.2 mHz

2

0.72 / Tc

720 Hz

7.2 mHz

3

1.46 / Tc

1460 Hz

14.6 mHz

2.2.2 Code misalignment loss
The CAF loss in the code domain is a function of the code delay mismatch (  ) and RF
front-end bandwidth. Figure 2-4 shows the autocorrelation function R( ) . These
correlation functions are generated for a rectangular PRN code with a chipping rate of
1.023 MHz with a 20.46 MHz bandwidth as follows (Winkel 2000):
R( ) 

1

1

2

cos  2 b(  1)  

1

(  1)Si  2 b(  1)  
2 b

1
2
1
cos  2 b(  1)   Si  2 b   2 cos  2 b 
2
2 b

 b



(  1)Si( 2 b(  1)) 

(2-10)

where  is the delay, b is the number of lobes in the frequency response of the
rectangular chip to be considered –it defines the bandwidth of the signal as B = 2*fcode*b
where fcode is the chipping rate (frequency). For the GPS C/A code, to get the maximum
power, a value of 10 for b is used– and Si is the sine integral, available as ‘sinint’ in
Matlab.
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In Figure 2-4, the correlation triangle, with a peak at code delay 0, is the ACF when the
incoming PRN code and locally generated PRN code are perfectly aligned. The ACF on
the right hand side is obtained when the incoming code is delayed by 0.5 chips relative
to the locally generated code and the ACF on the left hand side is obtained when the
incoming code arrives early by 0.5 chips. The ACF slopes give the code delay mismatch
loss for various delays. Similar to the frequency step size, if the code delay domain is
searched with a step size of  then the maximum possible misalignment error will be

 error =  /2. For example, the two black dots (at delays

-0.25 and +0.25) in Figure

2-4 mark the points of maximum loss with  =0.5 chip. This is due to fact that, if
misalignment exceeds 0.25 chips, then the PRN code will be detected in the adjacent
code search bin. The maximum loss for various code misalignments is plotted in Figure
2-5 and can be computed as follows:
 2 
CLoss ( dB )  20 log10 

 2   

(2-11)

By comparing Figure 2-3 and Figure 2-5, it is noticed that, for a given misalignment in
frequency (e.g. at 0.25/ Tc ) and code (e.g. at 0.25 chips), the loss is relatively higher due
to code misalignment. However, it is important to note that the code misalignment loss
function is not sensitive to an increase in the coherent integration period whereas the
frequency mismatch loss function is highly sensitive to it.
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Figure 2-4: Autocorrelation triangle of a PRN code

Table 2-2 lists the maximum possible losses due to code misalignment for different
code delay search steps (code chip spacing).
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Table 2-2: Code search step size and corresponding loss
Chip spacing (∆τ) Max. Loss (dB)
0

0

0.025

0.1

0.05

0.2

0.1

0.4

0.25

1.2

0.5

2.5

1.0

6.0

Figure 2-5: Acquisition code misalignment loss
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2.2.3 RF front-end bandwidth limiting loss
Ideally, to completely represent the rectangular PRN code, an infinite bandwidth is
required (van Diggelen 2009). In GPS satellites, the transmission bandwidth is limited,
for example, GPS satellites transmit L1 signal with 20 MHz bandwidth (GPS ICD 2013).
Similarly, receivers band limit the received RF signal based on the type of application
targeted. Reduction in bandwidth affects not just position accuracy but also acquisition
sensitivity. As the bandwidth is reduced the ACF peak gets rounded as shown in Figure
2-6 for GPS PRN code and the loss in acquisition CAF due to reduction in bandwidth is
tabulated in Table 2-3. A reduced bandwidth also adversely affects multipath reduction.

Table 2-3: Loss in CAF due for different bandwidths
Bandwidth
(MHz)

Loss (dB)

1

2.5

2

0.9

4

0.5

20

0.1

It should also be noted from Figure 2-6 that the ACF extends beyond +/-1 chip and
thereby interferes with the ACF of adjacent code delays. This negatively affects the
cross-correlation and auto correlation properties of the PRN code (Spilker 1996).
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Figure 2-6: ACF of PRN code for different bandwidths

2.2.4 Number of quantization bits loss
The quantization process in analog-to-digital converters introduces a loss depending on
the number of bits used to represent the digitized data. The minimum quantization loss
for different number of bits for GPS is given in Table 2-4. In this research a minimum of
eight bits is used for quantization and therefore the quantization loss can be safely
ignored.
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Table 2-4: Typical quantization loss versus number of bits
Number of Bits Typical Loss (dB)
1

1.96

2

0.55

3

0.17

4

0.05

2.3 Coherent Integration Gain
The ideal coherent integration gain (ideal means no band-limiting effects and without
any other losses discussed so far) is given by

Gcoh ( dB )  10 log10 (Tc )

(2-12)

and the practical SNR is given by

SNR( dB ) 

C
 Gcoh  NF
N0

(2-13)

where Tc is the coherent integration time in seconds, C / N0 is the carrier-to-noise
density ratio in dB-Hz, and NF is the loss due to the RF front-end noise figure,
bandwidth limiting (or filtering), quantization and frequency and code mismatch loss.
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2.4 Other factors limiting coherent integration
Apart from the limiting factors such as data bit transitions, oscillator effects and
atmospheric effects discussed in the Introduction, for a static receiver, multipath and
cross correlation also affect the coherent integration. Though NLOS signals do not
affect the frequency of the LOS signal, they affect the amplitude of the signal received
by the antenna through constructive or destructive interference with the LOS signal.
This interference affects channel coherence time, the minimum time required for the
magnitude change of the channel to become uncorrelated from its previous value
(Rappaport 2001), which in turn affects the coherent integration gain. Therefore to
assess this, the GPS signal is also collected in multipath environments and analyzed. In
this research, static scenarios are considered and hence variations in the signal
magnitude can be attributed to satellite motion with nearly static indoor environment
around the test antenna and the multipath interference at the test antenna.
The adverse effect of cross correlation is due to the relative power difference between
strong and weak satellite signals. Due to this and irrespective of the coherent integration
length, the weak signal peak is not detected because it will be masked by the crosscorrelation peak of the stronger signal (van Diggelen 2009). To reduce the effect of
cross correlation, the frequency and code search space are reduced using the Doppler
and delay assistance from the reference receiver. In general, the Doppler and code
delay of the strong signal will be different from that of the weak signal. Also, long
coherent integration naturally provides very good frequency separation leading to
increased cross correlation protection. Also, it is less frequent to have two or more
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GNSS satellites with the same Doppler value (Balaei & Akos 2012) over a period of
integration time (> 10 s) due to fact that they are always moving in different directions
relative to the receiver. Therefore, the cross correlation effect is expected to be
insignificant with a small search space and long coherent integration.

2.5 Cross-correlation during long coherent integration
Cross-correlation adversely affects the receiver acquisition performance due to masking
of weak signal’s correlation peak by the cross-correlation peak of the stronger signal
(van Diggelen 2009). Cross correlation forms a major source of interference under very
weak signal acquisition. Effects of cross-correlation on weak signal acquisition are
studied in Balaei & Akos (2012), Margaria et al (2012), El-Natour (2005), Glennon &
Dempster (2004) and Van Dierendonck et al (2002), and many different techniques to
alleviate the problems with cross correlation are proposed by Glennon et al (2007),
Glennon & Dempster (2005), Madhani et al (2003), Mattos (2003), and Morton et al
(2003). However, the significance of the cross-correlation and intentional or
unintentional interference during longer coherent integrations in the presence of a
precise clock were not elaborated. The peak cross-correlation side lobes for Gold codes
for zero and non-zero Doppler shift within a  5 KHz frequency search space is
discussed in (Spilker 1996). In the case of assisted weak signal acquisition the search
space will be very small depending on the accuracy of the aiding frequency information
and the length of the coherent integration to reduce the processing load. The top
subplot of Figure 2-7 shows an example of cross-correlation protection (CCP) between
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PRN 2 and PRN 20 with a frequency search space in between  1.5 Hz and all the 1023
code delays for various coherent integration periods, and for three different conditions.
The green line (Zero) shows the CCP, which is near 23 dB, when the difference
between the Doppler frequencies of two PRNs is zero. The blue (Full) line represents
the CCP with actual Doppler frequencies of the PRNs during the time of integration –
due to the wider frequency separation between the PRNs from the beginning of the
integration the CCP increases quickly with increase in the integration time. The red
(Offset removed) line shows the CCP when both the PRNs have the same Doppler
frequency at the beginning of the integration but then followed by a gradual change as
the satellites move in their respective orbits; the difference in the CCP of the blue and
red lines is due to the fixed frequency offset between the two.
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Figure 2-7: Cross correlation protection between PRN 2 and PRN 20 for coherent
integration up to 60 s (top). A zoomed version of the x-axis of the same plot is
shown in the subplot below.

In practice, it is relatively infrequent to observe two or more GPS satellites at the same
Doppler value (Balaei & Akos 2012) due to their continuous movement with changing
directions relative to the receiver. Therefore, with just over 1 s of coherent integration
the CCP for these two PRNs is well above 60 dB, as shown in the zoomed subplot
(bottom) of Figure 2-7. Increased frequency separation provided naturally by a longer
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coherent integration period and the reduced search space are the main reasons for
providing such a large CCP, and, for these reasons the interference of 1 kHz line
components of the PRNs is minimized. The undesired 1 kHz line components of crosscorrelating PRNs are filtered out with a sinc functioned low-pass filter response of the
coherent integration operation (Gowdayyanadoddi et al 2014). The Doppler and rate of
change of the Doppler for each satellite depends on the receiver location and also on
the receiver-satellite geometry. Hence, it is not possible to generalize these results for
all PRNs and for all receiver-satellite geometry, however the trend of CCP will certainly
follow these results. It is reasonable to assume that with reduced search space and
longer coherent integrations, the cross-correlation effect becomes insignificant.

2.6 The local oscillator
As discussed earlier, the local oscillator plays an important role in high sensitivity
receivers. Most GPS receivers use quartz crystal oscillators, namely temperature
compensated crystal oscillators (TCXO) and oven controlled crystal oscillators (OCXO)
(Misra & Enge 2011). The parameters such as short-term and long-term stability, phase
noise, g-sensitivity are the critical factors that define the quality of the oscillator. The
stability indicates the ability of the oscillator to generate the nominal frequency over time
(John 2007). A short-term stable clock is preferred in GPS receivers as it benefits longer
coherent integration and carrier phase tracking (Gaggero 2008, Watson et al 2007,
Watson et al 2006). The stability of an oscillator is measured in terms of Allan or
Hadamard variance (Allan 1987, Sullivan et al 1990). Random deviations of
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instantaneous phase or frequency, typically modeled as a phase imperfection and is
often referred as the phase noise. Phase noise narrows the carrier tracking loop
bandwidth, while reducing the achievable C/N0. It also affect the code-tracking loop
outputs by creating correlation loss which results in lower C/N0. Further, the receiver
becomes more sensitive to phase noise as the coherent integration duration increases.
However, it manifests as the rotation of the inphase and quadrature phase components
of the locally generated signal making coherent integration less effective (Serna et al
2010). The phase noise of the oscillator is treated as a random process and a powerlaw model is employed to define this. The parameters used to define the power-law
model are called h-parameters. These parameters are also defined in the data sheets of
some of the oscillators to facilitate oscillator’s frequency modelling in the receiver design
(Borio & O’Driscoll 2012, Leeson 1966, Curran 2010). Phase noise affects the carrier
phase tracking jitter, and the sensitivity of the receivers under weak signal conditions.
The change in the oscillator’s output frequency when subject to changes in acceleration
is measured in terms of the g-sensitivity. This parameter becomes critical in precise
carrier phase tracking applications as it influences the selection of the loop bandwidth,
which in turn controls the noise entering into the system. It is usually expressed in partsper-billion per g (acceleration due to gravity), ppb/g, for each axis of the oscillator
(Bhaskar 2015).
In this research an ultra-stable 10 MHz oscillator from Oscilloquartz is used. It is an
OCXO based on the BVA (boîtier à vieillissement amélioré) technology with a warm-up
period of about two weeks (Gaggero 2008). The Allan deviation of this oscillator, shown
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in Figure 2-8, is very good (small in number). In contrast, commercial temperature
compensated crystal oscillators (TCXO) exhibit high Allan deviations, for example, in
the order of 10-9 over 1 s interval.

Figure 2-8: Allan deviation of the BVA oscillator (Oscilloquartz 2005)
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Table 2-5: Oscilloquartz BVA Oscillator parameters
Parameter

Value
2x10-11/day
5x10-10/month

Long term stability
(aging after 30 days of continuous operation)

4x10-9/year
Short term stability

2.5x10-13 (1-30s)

g-sensitivity

< 5x10-10 / g or 0.5 ppb/g
Phase noise (BW = 1 Hz)
1 Hz

-118 dBc

10 Hz

-137 dBc

100 Hz

-143 dBc

1000 Hz

-145 dBc

10000 Hz

-145 dBc

The parameters of the oscillator that is used in this research are listed in Table 2-5
(Oscilloquartz 2005). The short-term stability of the oscillator is comparable to that of
atomic clocks (Misra & Enge 2011) and this is one of the key requirements for
performing longer coherent integration in receivers.
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2.7 Error sources in GNSS
Measurements errors in GNSS are categorized as noise and bias (Misra & Enge 2011).
Major errors can be grouped as follows (Lachapelle et al 2013):


Satellite Errors. These errors are due to the inaccuracy in the satellite position
and clock corrections computed using broadcast ephemeris; they can range from
1 to 2 m (1σ).



Propagation Errors. The uncertainties associated with the propagation medium
affect the signal travel time. The major sources are the ionosphere and
troposphere. The ionosphere induced errors, d iono , can range from 1 to 30 m and
are difficult to accurately model whereas troposphere induced errors, dtrop , can
be accurately modeled within accuracy of 0.1 to 1 m. The code and carrier
multipath can also be classified under propagation errors as they occur due to
the presence of reflectors in the propagation medium. Code multipath errors
typically reach a few tens of metres when the LOS signal is stronger than NLOS
signal otherwise it is unlimited. Carrier phase multipath errors are in the range of
1 to 50 mm. This error will not exceed 5 cm (for GPS L1) when the LOS signal
power is greater the NLOS signal power (Misra & Enge 2011).



Receiver Errors. These errors include code and carrier noises which account for
receiver implementation losses. Code noise for LOS signals is in the range of 10
to 100 cm but increases to 25 to 30 m for NLOS signal measurements
(Lachapelle et al 2013). Carrier noise is in the range of 0.2 to 2 mm.
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The effect of these measurement errors on the position, navigation and time solution is
magnified by the DOP (Dilution of Precision).
In indoor applications, due to poor availability of satellite signals and also bad quality of
measurements due to multipath, both DOP and measurement errors are poor leading to
large position errors.

2.8 Multipath
Multipath arises when a signal reaches the receiver antenna via two or more paths.
Typically, an antenna receives the direct (LOS signal) signal and one or more reflected
or diffracted replicas (NLOS signals). Since the path traveled by a reflection is always
longer than the direct path, multipath is always delayed relative to the latter. The user
antenna receives the sum of these signals, a composite signal that is the sum of the
LOS and NLOS signals. Due to this, code and carrier phase measurements are made
on the composite signal, resulting in measurement errors. The errors in the
measurements due to multipath signals depend on the power of the NLOS signals
relative to the LOS signal, phase values of the NLOS signals relative to the LOS signal,
rate of change of the relative phase and the delay between the LOS and NLOS signals
(Kaplan & Hegarty 2006, Misra & Enge 2011). The summation of many signals with
various different delays and relative phase differences can cause either constructive
interference leading to signal amplification or destructive interference leading to signal
attenuation. The process in which multiple signals sum up together causes time-varying
attenuation/amplification of the signal power (Rappaport 2001). If the receiver is in
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motion then the LOS and NLOS signals can have different Doppler frequencies
depending on the receiver speed and direction relative to the reflectors and satellite.
Even a static receiver can observe different Doppler frequencies for LOS and NLOS
signals due to satellite motion. However, the difference is small (less than a Hertz)
relative to moving receiver; a more detailed discussion on this topic is in Chapter 4.
2.8.1 Multipath signal model
The received GPS signal in the absence of multipath (NLOS) can be described in
analytic form as (Kaplan & Hegarty 2006)

s(t )  0 x(t   0 )e j0 e j 2 fc ( t 0 )

(2-14)

where  0 is the received amplitude of the direct path, x(t ) is the complex envelope of
the transmitted signal,  0 is the time for the signal to propagate from satellite to
receiver, 0 is the received carrier phase of the direct path (LOS) and fc is the carrier
frequency in Hertz.
A simple model for a received GPS signal affected by multipath with N reflected signals,
without considering the noise and interference, is, at baseband (after frequency downconversion)
N

r (t )  0e  j0 x(t   0 )e  j 2 fc 0   ne  jn x(t   n )e j 2 fnt

(2-15)

n 1

where  n are the received amplitudes of the reflected signals,  n are the propagation
delays of the reflected signals, n are the received carrier phase values of the reflected
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signals and fn are the received frequencies of the reflected signals relative to the carrier
frequency.
Equation (2-15) can be rewritten in terms of parameters that relate the multipath signals
to the direct path:
~
N ~
~
~


r(t )  0e  j  0  x(t   0 )   n e  j  n x(t   0   n )
n 1



(2-16)

~

~

where  n   n /  p is the multipath-to-direct ratio (MDR) of amplitudes,  n are the
~

received carrier phases of the different signal components and  n   n   0 is the excess
delay of the multipath returns.
2.8.2 Doppler Frequency
The change in the observed frequency of a wave for a receiver (GPS receiver) moving
relative to its transmitter (satellite) is known as the Doppler frequency or simply Doppler
(Misra & Enge 2011). The Doppler frequency is defined as (Xie 2013)
T

f 

(VS  VR )h  dR

where

(2-17)



VS : Satellite velocity vector
VR : Receiver velocity vector

h : Unit vector pointing from receiver to satellite
d R : Receiver clock drift

 : Signal wavelength
The receiver to satellite unit vector is given by
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h

PS  PR

(2-18)

PS  PR

where

PS : Satellite position vector
PR : Satellite position vector

2.8.3 Doppler frequency difference model in static environments
Irsigler (2010) has characterized the Doppler frequency difference, also known as
multipath phase rate, between the LOS and NLOS signals for different environments as
a function of elevation, azimuth and distance of the reflector relative to the receiver.
Consider a simple geometry formed by a receiver antenna, ground reflector and a
satellite, as shown in Figure 2-9 (Irsigler 2010). In this case, the following assumptions
are made:


The receiver antenna, satellite and the point of reflection are assumed to on the
same plane so that the satellite azimuth is equal to the reflector azimuth (ii)



Since the angle of incidence is equal to the angle of reflection (by law of
reflection), the angle θ can be expressed as

  180  2e

(2-19)

where e is the elevation angle satellite elevation angle w.r.t. the local horizontal
coordinate system.


The horizontal distance between the antenna and the point of reflection is not
constant due to satellite motion and can be expresses as
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dH 

h
tan(e(t ))

(2-20)

where h is the height of the antenna above the reflecting surface.


The magnitude of the elevation angle at the reflection point is equal to the
magnitude of the satellite elevation.

With these assumptions, the geometric path delay ds is given by

ds(t )  d(1 cos  (t ))  2hsin(e(t ))

(2-21)

The multipath relative phase is given by

M ( t ) 

2



ds( t ) 

4 h sin( e( t ))

(2-22)



where  is the GPS carrier wavelength. The Doppler frequency difference which is the
rate of change of the multipath relative phase is written as

fM ( t ) 

1 d M ( t ) 2h cos( e( t )) d( e( t ))



2
dt

dt
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(2-23)

Figure 2-9: Ground-multipath model
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Figure 2-10: Doppler differences observed in a static location for real satellite
passes

Using Equation (2-23) Doppler differences obtained for an antenna height of 100 m for
real satellite passes computed using GPS ephemeris are shown in Figure 2-10. These
formulas cannot be directly used for urban scenarios where there are multiple reflectors
which in turn requires a way to find out the point of reflection on these reflectors. Hence,
a ray-tracing method used to study the Doppler differences is described in Chapter 4.
Results from these equations will be used to verify the implementation of the ray-tracing
algorithm.

44

2.8.4 Doppler frequencies of direct and reflected signals
This section describes the Doppler frequency difference, f , between the direct and
reflected signals using the diagram of Figure 2-11 showing the reflector, receiver and
satellite geometry.

Figure 2-11: Satellite (S), reflector (P), and receiver (U) geometry

As direct and reflected signals travel along different paths they are observed at different
Doppler frequencies at the receiver antenna. The f , between the direct signal
frequency, fLOS , and that of the reflected signal frequency, fNLOS , can be derived by
considering the effect of the point P movement as (Misra & Enge 2006, Xie & Petovello
2015, Eissfeller & Winkel 1996)
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(2-24)

fNLOS  fS  fU  fP  fC
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(2-25)
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vS







hLOS  hPS 

vU







hLOS  hUP 

v P  hUP

(2-26)



Setting v U =0 for a static case, results in,

f 

h


vS

LOS



 hPS 

v P  hUP

(2-27)



where fs is the Doppler frequency due to satellite motion, fU is the Doppler frequency
due to receiver motion, fC is the Doppler frequency due to the local oscillator drift,

is

the satellite velocity vector, v U is the receiver velocity vector, hLOS is the unit vector from
the receiver to the satellite, dU is the clock drift in m/s,  is the GPS signal carrier
wavelength, hPS is the unit vector from point P on the reflector to the satellite and hUP is
the unit vector from the receiver to point P. P is also the satellite signal incident point on
the reflector and it moves slowly on its surface as the satellite moves in its orbit; P’s
velocity on the surface of the reflector is denoted by v P . Equation (2-26) gives the f as
a function of satellite and receiver velocities, receiver, reflector and satellite positions.
For a moving receiver, the Doppler frequency is highly influenced by its velocity (Xie &
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Petovello 2015) whereas for a static receiver, as per Equation (2-27), f is a function of
the distance between receiver and reflector (first term), and of the motion of P on the
reflector (second term). Since satellites are about 20,000 km away from the earth, the
unit vector from the receiver to the satellite and the unit vector from the reflector to the
satellite are nearly identical but not equal, resulting in very low f , namely of the order
of tens of mHz.
The velocity of the satellite and the receiver is known and by using the position of the
receiver and the satellite, the hLOS can be computed. However, to find the Doppler
frequency it is required to know the point of reflection (or point of incidence) P of the
signal to compute hUP and h PS . Section 2.8.5 describes a method to find P using the
ray-tracing methodology and then f .

2.8.5 Ray tracing methodology to find f
Ray-tracing is used commonly in computer graphics for image synthesis. Specifically,
the path of a ray of light from its source is followed (or traced) as it bounces multiple
times around the scene (Glassner 1989) to correctly illuminate it. The ray-tracing
technique enables deterministic modelling of the multipath propagation (Pérez-Fontán
et al 2004, Weiss et al 2007) and therefore it has been employed here. In this research,
the scene consists of a reflector, a receiver and a satellite. The satellite is the source
and its signal is traced as it moves towards the receiver through space and the receiverreflector scene. The direct path along with the reflected path are determined using the
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ray-tracing algorithm and then the f between the two paths is studied as explained
below.
Consider Figure 2-12, which shows a triangular reflector ABC with its center at O and
whose surface-normal is parallel to the ground (i.e., reflector is standing perpendicular
to the ground). The vertices of the triangle are known and defined in the earth-centeredearth-fixed (ECEF) coordinate system. S is the satellite and U is the receiver. The
vector hLOS is the direct vector between the satellite and the receiver. The point P
represents an arbitrary point on the surface of the reflector at which the signal from the
satellite is reflected (or incident) and then reaches the receiver U. The point of incidence
(POI) P is found using the ray-tracing algorithm described in Appendix A.
Comprehensive information about ray-tracing and its implementation can be found in
Pharr & Humphreys (2010). Once the point P is found then the hUP and h PS are
computed.
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Figure 2-12: Ray tracing diagram showing the reflector (triangle ABC), satellite
(S), and receiver (U) geometry. The figure is not drawn to scale.
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hLOS _ t 1  hLOS _ t 0
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 hSP _ t 1  hUP _ t 0  hSP _ t 0



(2-28)

t

 hUP

(2-29)

t
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The process of finding the POI of a ray and computing the range of the direct and
reflected signals is continued for every change in satellite position. Then the Doppler
frequencies of the direct and the reflected signals are computed as a rate of change of
the range over time leading to the determination of the f between the direct and
reflected signals as shown in Equation (2-28) in which t0 and t1 represent consecutive
time instants, t is the time interval between those two time instants and h represents
the magnitude of the vectors, differentiated by the subscript, across the time interval.
Due to the slow movement of the POI,

h

is assumed to be linear over t .

Equation (2-28) is rewritten to obtain Equation (2-29) in terms of direct vector, hSP and

hUP components to compare it with Equation (2-27). Here,  h represents the difference
term corresponding to the vectors indicated by its subscript. In Equation (2-29), the first
term represents the f due to the distance between the reflector and the receiver
whereas the second term represents the f due to the movement P on the reflector as
a function of time. The same behavior is observed in the theoretical expression,
Equation (2-27).

2.9 Weak signal block processing
It is well established that long coherent integration is an effective solution to detect weak
signals. Performing long coherent integration requires a higher number of correlators
due to a smaller Doppler step size. Block processing techniques employ a large number
of correlators (van Graas et al 2005, Soloviev et al 2013, O’Driscoll et al 2011) and are
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shown to be best to achieve high-sensitivity. In this research, the GNSRx-SSTM
software-defined GNSS (Petovello et al 2008) receiver is used for processing IF data
with long coherent integration periods. This receiver provides the option to define the
number of correlators in the block, search space size in the frequency and code
domain, and step size with which defined frequency and code spaces are searched.
The correlation domain data, the CAF, from the defined correlators is the key output
from the receiver used to perform the analyses which are signal detection, limits of
coherent integration period in the presence of an ultra-stable oscillator, code-phase
measurement generation for position computation, and LOS and NLOS detection. A
discussion on the block processing is provided below.
In order to perform long coherent integration the Doppler rates of code and carrier in the
received signal have to be compensated. These Doppler rates are computed using the
reference position and the velocity of the receiver by employing the vector based
approach in GSNRx-SSTM. The code phase and the Doppler offset including the
oscillator induced frequency offset are used to reduce the search space which in turn
reduces the computational load. A simple diagram of the block-processing technique
used in GSNRx-SSTM is shown in Figure 2-13 (Xie 2013). The basic principle of
operation is that the code phase and carrier Doppler of the received signal is derived
from the position and velocity of the receiver and satellite, receiver clock bias and clock
drift. Vector-based receivers were conceptualized by Spilker (1996) and based on this
concept, various vector-based schemes, such as vector delay lock loop (VDLL) (Van
Dierendonck 1996), vector frequency lock loop (VFLL) (Kiesel et al 2008) and vector
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delay/frequency lock loop (VFDLL) (Petovello & Lachapelle 2006) were subsequently
proposed. VDLL uses the satellite and receiver positions in addition to the receiver clock
bias to predict the code phase of the received satellites. VFLL uses the velocities of the
receiver and the satellite, receiver clock drift to predict the carrier Doppler frequency of
the received signals. VFDLL is used to predict both code phase and carrier Doppler to
control the code NCO (Numerically Controlled Oscillator) and carrier NCO. The
mathematical expressions for code phase and carrier Doppler frequency can be found
in (Xie 2013). In this research, receiver positions and velocities are obtained from a
reference trajectory instead of using the estimated position and velocity of the receiver.
The reference trajectory is obtained using a NovAtel SPAN-LCI system.
Data Bit
Aiding

Antenna

Correlator
Block

Carrier
NCO

Code
NCO

Code phase and
carrier Doppler
prediction NCO

Reference
position and
velocity

Figure 2-13: Vector-based block processing technique adopted in this research
The important aspects of the block processing strategy are listed below:
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A block of correlators is employed to generate correlations values in both the
delay (code) and Doppler domain. The number of correlators, frequency and
code step sizes are controlled based on the required coherent integration time.



Externally aided raw data bits are used to wipe-off the data-bit transition to
perform coherent integrations greater than the data bit period, for example
20 ms in case of GPS.



The center of the block of correlators is configured to search the LOS signal. The
reference trajectory is used to derive the code phase and carrier Doppler
corresponding to the LOS signal. Any uncertainty in the reference trajectory will
affect the estimation of the code phase and Doppler frequency of the LOS signal.



The reference trajectory is used to predict the change in the carrier Doppler
frequency which has to be compensated for performing long coherent integration.



This receiver requires initial open-sky signals for about 45 s to compute the
receiver clock bias and clock drift and it is assumed that they do not change over
the time duration of interest, which is reasonable given the use of an ultra-stable
oscillator. The module that computes the receiver clock bias and clock drift is not
shown in Figure 2-13. Once these parameters are estimated, the receiver
switches to high-sensitivity mode using block processing.



Code phase measurements are derived relative to the center of the block of
correlators which correspond to the code phase and Doppler of the LOS signal.
The peak with maximum power is used to generate the measurements unless
otherwise mentioned.
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The troposphere induced delay is accounted for by using a model while
estimating the code phase and Doppler of the LOS signal, whereas the
ionosphere induced delay is not accounted for and therefore it appears in the
measurements.



In a conventional acquisition process both code and Doppler are searched for the
entire ranges, whereas in block processing the code and Doppler search space
is minimized to reduce the processing load by using the predicted code phase
and Doppler frequency values. The block of correlators are always defined
around the LOS signal’s correlator. This reduction also alleviates the effects of
cross-correlation.

In this research GPS L1 C/A signals are collected and processed for all the experiments
due to good availability of signals and of processing software.

2.10 Measured pseudorange and carrier phase observations
The error sources defined above are related to pseudorange (code phase) and carrier
phase measurements as given in equations below. The carrier phase measurement is
given by (Lachapelle et al 2013)

    d   c(dt  dT )  N  diono  dtrop   

where   ( x s  xR )2  ( y s  yR )2  ( z s  zR )2

 – geometric range (m)
d  --orbital errors (m)
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(2-30)

(x, y, z) – position vector of satellite (known) and receiver (unknown) (m) (m)

c – speed of light, which is equal to 299792458 m/s
dT – satellite and receiver clock errors, respectively

 , N – carrier wavelength and ambiguity, respectively (m)

Similarly, the pseudorange (code phase) measurement is given by

P    d   c(dt  dT )  diono  dtrop   P

(2-31)

2.10.1 Pseudorange measurements from CAF and position computation
The estimate of the code delay and Doppler of the satellite signals is obtained by
choosing a correlator with maximum value in the acquisition CAF. The pseudorange for
each satellite is then given by

P i   i   i  d i iono  d i tropo  c(dt  dT )

(2-32)

where  is the geometric range between the reference antenna and i th satellite,  is
the code delay estimate from the acquisition CAF. The ionosphere and troposphere
induced delays which are obtained using a NovAtel base station receiver by differential
processing. Least squares adjustment with a satellite elevation based weighting scheme
is used to compute the test antenna position and the errors in the estimated position are
obtained using a surveyed position of the test antenna accurate to within 1 m.
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2.11 Summary
In this chapter, acquisition and corresponding receiver implementation losses were
discussed followed by a brief discussion of coherent integration and factors that limit it
given an ultra-stable local oscillator. The oscillator specifications used in the research
were presented. A discussion on multipath and Doppler frequency variations of
multipath signals relative to LOS signal Doppler frequency were discussed. Doppler
difference computation using ray-tracing method was described. A high-sensitivity
signal detection/estimation technique, known as the block processing technique used in
this research, was presented followed by a brief discussion of cross-correlation effects
as applicable to this research. GNSS error sources and their effects on position were
discussed.
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LIMITS ON COHERENT INTEGRATION
This chapter investigates the length of the coherent integration possible when a receiver
is equipped with the precise oscillator referred to in Chapter 1 and conducts
experiments to find the factors that limit the coherent integration, namely the accuracy
of precise and broadcast ephemeris, and uncertainty in the user position. Experimental
results from two indoor scenarios are presented to demonstrate the possible length of
the coherent integration. The coherent integration performance of a geodetic antenna is
compared with that of a small helix antenna. The positioning accuracy from the peaks
extracted from the acquisition CAF is also discussed.

3.1 Approach and test methodology
This section describes the data collection setup, processing software used and the
satellite Doppler computation methodology.
3.1.1 Data collection setup
The experimental setup consists of two antennas, namely the reference antenna and
the test antenna. Novatel pinwheel antennas (Novatel 2014) are used for this purpose.
In addition, a small low cost helix antenna’s performance is compared with the pinwheel
antenna at the end of this chapter. The reference antenna is placed in an open sky
whereas the test antenna is kept in the indoor test scenarios. The distance between the
reference antenna and the test antenna is kept to within 30 m. Signals from these two
antennas are down-converted and digitized using two channels of a three-channel Tele
Orbit front-end. The chosen sampling frequency is 10.125 MHz, for an 8 MHz of front57

end bandwidth, with an intermediate frequency (IF) of -500 Hz. The digitized samples
were rendered to 8-bit complex. Both of these two channels are synchronized to the
external ultra-stable 10.0 MHz BVA oscillator. Data was collected for approximately 30
minutes. The data collection setup is shown in Figure 3-1.

Figure 3-1: Data collection setup for indoor scenarios

3.1.2 Processing software
To investigate whether or not the ephemeris accuracy affects long coherent integration,
broadcast and precise ephemerides were considered. Since the block processing
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software described in Section 2.9 was not capable of processing precise ephemeris, an
equivalent version was developed in Matlab which could accept precise ephemeris and
thereby perform long coherent integration; it is referred to as Super-Sensitive
Acquisition (SSA) software. For all the other analysis, GSNRx-SSTM software was used.
Open sky IF data was used to obtain the following parameters:


Time of Week (TOW) corresponding to IF samples of every visible satellite
vehicle (SV)



Raw navigation data bits for every SV to be used to wipe-off data to aid long
coherent integration



Code delay and Doppler frequency offset for every SV to reduce the acquisition
search space during long coherent integration.

These parameters along with the computed Doppler were then used by the acquisition
engine to perform long coherent integration. The signal flow in SSA is shown in Figure
3-2.
3.1.3 Satellite Doppler computation
During long coherent integration any frequency mismatch between the received signal
and the locally generated signal results in a loss of signal power. Any error in the
computation of the relative velocity between the satellite and the receiver results in a
frequency mismatch apart from the oscillator instabilities. For coherent integration
periods of the order of hundreds of seconds, as little as a few tens of millimetres per
second of velocity error can result in a significant signal loss. Therefore, it becomes
important to compute the satellite position accurately. Hence, precise ephemeris is also
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used in parallel with broadcast ephemeris and coherent integration results resulting
from the two are compared. The broadcast and precise ephemeris were downloaded
from the IGS website (IGS 2014). The orbital accuracy of the broadcast ephemeris is
~100 cm with a 5 ns root-mean-square (RMS) error and a 2.5 ns standard deviation for
the satellite clocks (ibid). The sample interval of the broadcast ephemeris is one day.
The broadcast model described in (GPS ICD 2013) is used to compute the satellite
position with the broadcast ephemeris. The effects of earth rotation and satellite clock
offsets are accounted appropriately.
IGS rapid ephemerides has an orbital accuracy is 2.5 cm and its satellite and station
clocks have an accuracy of 75 ps RMS and 25 ps of standard deviation. The sample
interval of the precise ephemeris is 15 minutes (ibid). In order to find the satellite
positions at a 1 ms interval, a 9th order trigonometric interpolation method was used. It is
shown in Feng & Zheng (2005) that such a 9th order trigonometric method of
interpolation performs better than other interpolation methods. A quick test revealed that
trigonometric interpolation based computed Doppler values was yielding slightly better
coherent integration gain when compared to a Lagrange interpolation.

Precise

ephemeris gives the satellite positions with respect to the satellite mass center instead
of the satellite antenna phase center. These satellite antenna offsets are corrected
using the values given in Table 3-1 (Dilssner 2010, Schmid & Rothacher 2003). The
earth rotation effects are also accounted for appropriately.
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Figure 3-2: Super-Sensitive Acquisition (SSA) engine

Table 3-1: Satellite antenna offset w.r.t center of mass
Satellite Block
IIA
IIR
IIF

∆x, ∆y, ∆z (m)
0.279, 0, 1.023
0, 0, 0
0.394, 0, 10.93

In both cases, the satellite positions are computed at 1 ms intervals. The satellite
Doppler values are computed by using the method of range differencing. The slow
varying ionosphere and troposphere effects are assumed to be highly correlated over
1 ms intervals and therefore cancel out during the range differencing operation. It is
61

assumed that over a period of 1 ms the Doppler change is linear. Since the Doppler
values are computed at 1 ms interval the Doppler rate is implicitly accounted for.

3.1.4 Errors in the computed Doppler assistance
The magnitude and sign of the Doppler and Doppler rate values depend on the receiver
location, specifically on the latitude and also on the elevation angle. As an example,
Figure 3-3 shows the Doppler and Doppler rate values for PRN 13 over a period of
24 hours at different latitudes with their corresponding elevation angles. The Doppler
value is zero when the satellite is at the zenith and at the same time the Doppler rate is
maximum (in magnitude). The sign of the Doppler rate is negative most of the time at
higher latitudes compared to lower latitudes where the Doppler rate is positive for
significant amounts of time. It can be observed that the Doppler and the Doppler rate
values are non-linear over time. However, except near zenith, it is reasonable to
approximate the change linearly over durations of 15 minutes.
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Figure 3-3: Doppler and Doppler rate variations as a function of time and latitude
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In reality, the exact receiver position will not be known while computing the Doppler
assistance. Depending on the situation, as a best approximation, a previously known
position can be used (with the assumption that this position is within +/-10 km, which
corresponds to an error of +/-0.033 ms in time for GPS). At the same time, if the
receiver is not equipped with a stable clock it is not possible to know the time. In this
research, because it is assumed that the receiver has an ultra-stable clock, it is
reasonable to consider that the time is maintained to within a microsecond of accuracy
over 24 hours (example: CSAC based GPS-2700 and GPS-2750 units from
Symmetricom hold time to within 2 us over 24 hours, after operating with GPS for one
hour). However, to illustrate the error in the Doppler assistance for various errors in the
receiver position, Doppler assistance is computed using precise ephemeris for PRN 13
and the errors are computed. The RMS errors in computed Doppler are shown in Figure
3-4 and the maximum errors in the computed Doppler rate are shown in Figure 3-5.
These plots are generated by taking 500 s of Doppler assistance data computed at
1 ms intervals. In these plots, the x-axis represents the error in time that is used to
compute the satellite position and the y-axis represent error in the user position in the
East direction from the true position. As shown in Figure 3-4 the RMS Doppler error
increases monotonically with a position error increase. Similarly, the Doppler rate error
(Figure 3-5) monotonically increases as position error increases. As these plots are
generated for only one PRN, a thorough analysis considering all PRNs for different
latitudes will be required to fully understand the complete behavior of the Doppler error

64

at various latitudes. This study will help the search space selection while computing the
CAF during acquisition.

Figure 3-4: RMS errors in computed Doppler of PRN 13 for different errors in
position
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Figure 3-5: Maximum errors in computed Doppler rate of PRN 13 for different
errors in position

In practice, the RMS Doppler error is not a major problem as this can be accommodated
by increasing the Doppler search space although increases the probability of false
alarm (Kaplan & Hegarty 2006). The major problem for long coherent integration is the
Doppler rate error as it limits the coherent integration length. The Doppler rate error
values used to plot Figure 3-5 can be used to illustrate this effect on coherent
integration. With a stable receiver clock, if the error in time is assumed to be nearly
zero, then with a 50 m error in position the maximum Doppler rate error is about
1 mHz/500 s which limits the coherent integration to approximately 600 s, allowing a
maximum frequency mismatch loss of 2 dB. For a 10 km error in position and with the
maximum Doppler rate error of 300 mHz/500 s, the coherent integration is limited to
34.6 s. While computing these integration times it is assumed that the Doppler rate error
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is linearly increasing with an increase in coherent integration time. Hence, this suggests
that in order to perform long coherent integration it is necessary to accommodate the
position error.
Inspection of the simulation results and the results from the following sections reveals
that errors in the position estimate used to compute the Doppler assistance limits the
integration time in a static scenario, followed by ephemeris errors when doing a firstorder phase rate search. One way to overcome the limitation due to position estimation
errors is to search in the position domain. In such a case the coherent integration period
is limited by the position bin size, as larger position errors will result in poorer aiding
during the coherent integration period. In contrast, in standard receivers with a few
milliseconds of coherent integration period the frequency bin size influences the
coherent integration period.

3.2 Experimental results and analyses
This section presents the long-coherent integration results and analyses for the
following test scenarios:
1. Open-sky scenario in order to know the maximum possible coherent integration
with broadcast and precise ephemeris.
2. Indoor scenarios
a. Basement of concrete building (basement of CCIT building of The
University of Calgary)
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b. MacEwan Hall of The University of Calgary: it is a concrete building with
multiple sections of the roof and outer walls made of glass.
Using these scenarios the effect of the channel coherence time on coherent
integration is also studied along with the achievable coherent integration gain.
The position accuracy as a function of the coherent integration time is analyzed
as well.
3. Errors in the computed Doppler and Doppler rate values for various uncertainties
in user position.
3.2.1 Open-sky scenario
GPS IF data from an antenna located at a surveyed position on the roof top of the
building was collected using the setup shown in Figure 3-1. Inputs to the Doppler
assistance computation are known precisely –the antenna position is surveyed and is
accurate to within few tens of centimeters and the transmit time is known with an
uncertainty better than 100 ns. The sky plot of satellites during the time of data
collection is shown in Figure 3-6 and high elevation satellites (PRN) 8, 9, 15, 26, and 28
are chosen for a coherent integration of 1000 s (16.67 minutes). First, the reference
signal is used to estimate the Doppler offset to reduce the frequency search space
significantly. Second, a total of 41 frequency bins is searched in the test signal with a ∆F
of 0.667 mHz, allowing a maximum frequency mismatch loss of 2 dB, covering +/-13.34
mHz around the Doppler found in the first step. These two steps are required to avoid
code misalignment which otherwise would reduce the coherent integration gain. The
code bin size is chosen to be 0.1 chips which in this case is governed by the sampling
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frequency of the IF data since FFT-based correlation was chosen to reduce the
processing time.

Figure 3-6: Sky plot during CCIT roof top data collection. At the same time data
was collected in the basement of CCIT near the south exit (source for skyplot:
Trimble 2014)

The SSA results with 1000 s for the selected PRNs are shown in Figure 3-7. The x-axis
is the cumulative coherent integration time (in steps of 20 ms) and the y-axis is the
magnitude of the signal envelope after the coherent integration period. The signal
envelope is plotted on the y-axis. The carrier-to-noise density ratio of each PRN at the
beginning of the integration is mentioned in the title of the corresponding subplot. The
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C/N0 of all the PRNs is greater than 44 dB-Hz, therefore there is no doubt with respect
to the quality of the received signal amplitude. It is also confirmed by observing the C/N 0
values of the selected PRNs that channel coherence is maintained throughout the
coherent integration time. The steady C/N0 values of these PRNs indicate that there
were no constructive or destructive interference and no signal shadowing during the
integration time which would cause signal power variations leading to spread of the
signal power over multiple frequency bins. Hence, to study the effect of the frequency
mismatch effect on CAF, it is sufficient to monitor the signal amplitude (correlation
value) without a concern about noise or SNR.
The variation of the correlation value over the coherent integration time is shown in
Figure 3-7 for cases where Doppler assistance is obtained by using precise and
broadcast ephemerides. Also, to get a better sense of the gain in correlation value (or
signal amplitude), the gain for every doubling of coherent integration time starting from
20 ms is shown in Figure 3-8. Ideally, for every doubling of coherent integration time the
gain should be 3 dB provided that the signal amplitude at the input remains constant.
Figure 3-7 and Figure 3-8 lead to several observations.
The correlation value of PRN 8 increases approximately linearly until over 200 s and
then decreases because of errors in Doppler assistance and then gains back the signal
after 510 s and continues to grow until slightly over 920 s. However the correlation value
of PRN 9, which has the same C/N0 as that of PRN 8, increases almost linearly. Also,
by observing the curves of PRN 15, which has a C/N0 of 44 dB-Hz and is constant, one
sees that the non-linearity in the correlation value is independent of C/N0.
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The correlation values of PRN 9 and PRN 26, which are at elevation angles of 85 and
50 degrees respectively, increase almost monotonically giving a gain of nearly 3 dB per
doubling of the integration period. However, the correlation value of PRN 28, which is at
an elevation angle of about 80 degrees, is not monotonically increasing with the
coherent integration time. These three PRNs suggests that the elevation angle of the
satellite does not directly affect the correlation value. Higher elevation angles might be
useful in multipath environments to reduce constructive or destructive interference that
affect the channel coherence but not in an open sky scenario.
Except for PRN 28 whose correlation value increases linearly only until about 90 s, the
correlation values of all the selected PRNs increase almost linearly until about 150 s
from the beginning i.e., the gain of nearly 3 dB is maintained until that time. These
values indicate the minimum possible coherent integration time.
It can be observed that, for all PRNs, during the 1000 s of integration, there is a
continuous period of approximately 400 s during which the correlation values increase
almost linearly. This suggests that 1000 s of integration in very weak signal conditions
might at least provide a coherent integration gain corresponding up to 400 s.
The Doppler assistance computed using precise ephemeris is slightly better than the
broadcast ephemeris in most of the PRNs but it is not significant. This suggests that the
use of the broadcast ephemeris Doppler assistance is sufficient as there is not
significant loss in correlation values as compared to the use of precise ephemerides.
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Figure 3-7: Open sky coherent integration results with Doppler assistance
computed using precise and broadcast ephemerides
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Figure 3-8 shows gains in excess of 3 dB for PRN 8 and PRN 28, which is not
theoretically possible. Because of the ups and downs in the correlation values due to
frequency errors, the points (coherent integration time) considered to compute the gain
do not increase monotonically. This causes a problem while computing the gain as the
computation interval keeps doubling but the correlation value does not. For example, in
the case of PRN 8 at 327.68 s, the gain is 3 dB less than the expected gain and, as can
be seen, from that point to 655.36 s there is almost a linear increase in the correlation
value which gives a 3 dB gain relative to the correlation value at 327.68 s; because the
gain at the previous point was already 3 dB down, the gain appears as 6 dB.
The reason for variations in the correlation values is frequency errors which are a
function of satellite clock and local receiver oscillator instability, ephemeris accuracy,
satellite position computation algorithms –broadcast model or the trigonometric
interpolation (Feng & Zheng 2005) method that are used –for a given static GNSS
receiver. Local oscillator effects are observed by looking at the rotations of inphase (I)
and quadrature phase (Q) correlation values of all the PRNs. If there is a correlation
among the rotation of I and Q values of all the PRNs, then it indicates that the local
oscillator drifts. In these scenarios, it is noted that the I and Q phase rotations are
different for different PRNs. This indicates that the local oscillator is not playing any role
in the variation of the correlation values. It is difficult to separate satellite clock effects
from those of the ephemeris errors. The relative differences in the correlation values
obtained using precise and broadcast ephemerides show that there are errors in the
computed satellite positions. It is not however possible to quantify the magnitude of the
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errors. However, by considering the stability of the satellite clocks (Senior et al 2008,
Montenbruck et al 2012) over the duration of the integration it could be said that the
majority of the frequency error might be due to errors in the satellite position
computation algorithm rather than the satellite clock instability.
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Figure 3-8: Coherent integration gain for every doubling of coherent integration
time w.r.t correlation value (or signal amplitude)
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3.2.2 Indoor scenarios
The purpose of using indoor scenarios is to test whether or not a coherent integration of
more than 100 s can be used to detect signals and also to verify the effect of multipath
on coherent integration. For this purpose, a reference receiver is used to retrieve the
time, initial Doppler, and initial code delay. The reference antenna is located in an opensky environment within 30 m of the test antenna. The time is known to within 100 ns.
For this case, 500 s of coherent integration is performed over 41 frequency bins with a
∆F of 1.33 mHz, allowing a maximum frequency mismatch loss of 2 dB, covering
+/- 26.68 mHz around the reference Doppler value. And the code bin size is chosen to
be 0.1 chips.
3.2.2.1 CCIT basement
The sky-plot is the same as that of Figure 3-6. Based on the signal attenuation details
given in (Curran 2010, van Diggelen 2009), the attenuation experienced by the PRN 15
signal is computed to be over 45 dB. The test site is a closed area and the antenna is
3 m from the exit door and mounted on a tripod with a height of about 30 cm, as shown
in Figure 3-9 (The outside door was closed during the test).
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Figure 3-9: Basement antenna location

The SSA result with 500 s of coherent integration is shown in Figure 3-10 and Figure
3-11. Because the signals are attenuated, there are severe variations in the coherent
gain before 10 s of integration as shown in Figure 3-10. As the SNR is very low the
estimation of the gain is unreliable. Once the signal is above the noise, the gain remains
positive if not 3 dB. For the variations of the gain after that time, along with the
frequency errors, there is also the effect of severe multipath, which results in
constructive and destructive interference. As a result, the signal amplitude changes
result in varying gain.
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Figure 3-10: Coherent integration gain for every doubling of coherent integration
time w.r.t correlation value (or signal amplitude)

The CAF function for the highly attenuated signal of PRN 15 is shown in Figure 3-11. It
shows that the signal can be detected with 500 s of integration in such a harsh multipath
environment. The variation of the amplitude due to multipath does not completely stop
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the signal detection. However, due to multipath, the code triangle is distorted and there
are many side peaks and smaller code triangles in different frequency bins, which might
correspond to NLOS signals. In this particular scenario the density of the short length
NLOS signals is high, hence it is difficult to isolate them from LOS signals from the code
domain.
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Figure 3-11: Code domain of CAF function of highly attenuated PRN 15 showing
the possibility of signal detection
3.2.2.2 MacEwan Hall
In this scenario, the test antenna is kept under the glass dome of the MacEwan building
and is surrounded by reflective surfaces as shown in Figure 3-12. Due to the presence
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of reflecting surfaces, significant multipath is expected to lead to constructive and
destructive interference.

Figure 3-12: MacEwan Hall test antenna environment (main floor)
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Figure 3-13: MacEwan Hall C/N0 variations

The C/N0 variations in this indoor environment are shown in Figure 3-13. The C/N0 is
computed using the GSNRx-RRTM software (Satyanarayana 2010), version of the
GSNRxTM software, using the narrow band power versus the wide band power C/N0
estimator (Van Dierendonck 1993). A coherent integration of 1 s is used to compute the
C/N0. Its variation is due to constructive and destructive interference of the time varying
multipath. This behaviour was explained by Satyanarayana (2011) while analyzing
indoor channel characteristics. It can be observed from Figure 3-14 that the coherent
integration gain variation is high compared to the open sky scenario (Figure 3-8).
Because of the variation in the signal power, it is not possible to expect the coherent
gain to be equal to the theoretical gain for a given coherent integration time. However,
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even with the variation in the signal power, it is possible to achieve sufficient gain to
bring the signal well above the noise floor, as shown in Figure 3-15. However, the signal
power is spread over different frequencies. This spread may be due to the errors in the
computed Doppler assistance and/or due to separate correlation triangles (ACF)
corresponding to various NLOS signals. In the case of NLOS signals, before separation
in the frequency domain, they will all combine either constructively or destructively to
form the composite signal. The amplitude of the composite signal depends on the
number and phase of NLOS signals. After separation in the frequency domain, the
effect of constructive or destructive interference is reduced/removed and it leads to
significant signal power variations in different frequency components. It is shown in
Section 2.8 that it is possible to have non-zero Doppler difference between LOS and
NLOS signals and it is of the order of few mHz to tens of mHz. Since the ∆F= 1.33 mHz,
it is possible that the NLOS signals are isolated in frequency. The use of long coherent
integration may be useful to separate multipath signals indoors to obtain improved
measurement accuracy and hence improved position accuracy. In this regard, more
experimental results and analyses are presented in Chapter 4 and 5.
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Figure 3-14: Coherent integration gain for every doubling of coherent integration
time w.r.t correlation value (or signal amplitude)
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Figure 3-15: Frequency domain of CAF function of highly attenuated PRN 10
showing the possibility of signal detection

3.2.2.3 Position Results
In order to examine what position accuracy one might approximately achieve as a
function of coherent integration, measurements were generated from the code domain
of the acquisition CAF in which code domain resolution itself was +/- 15 m. The
measurements from the reference signal were used to construct full pseudoranges. The
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reference signal was tracked using the standard tracking architecture (Kaplan & Hegarty
2006). The center (0 m in delay domain) of the test signal’s CAF corresponds to the
reference antenna range which was computed using the known reference position, the
satellite location at that time and the satellite clock corrections. This range was
corrected for the satellite clock errors, earth rotation and relativistic effects. The offset of
a valid peak of the test signal from the center of the CAF was added to the range of the
reference antenna to form the pseudorange of the test antenna and includes the
residual clock bias. These measurements were generated until 500 s of coherent
integration in steps of 10 s. For all these points, the measurement epoch always
corresponds to the beginning of the coherent integration time.
The position errors in East (E), North (N), Up (U) directions are shown in Figure 3-16 for
the basement case and in Figure 3-17 for the MacEwan Hall case.
It can be observed that position results are available after 200 s of coherent integration
for the basement (Figure 3-16) and after 10 s in MacEwan Hall (Figure 3-17). This is
because the basement signals are more severely attenuated than those in MacEwan
Hall. Therefore, the basement signals require relatively longer coherent integration time
to bring the signal well above the noise floor to make the measurement of
pseudoranges possible.
As can be observed in Figure 3-16, the errors decrease as coherent integration period
is extended for some time but beyond 200 s from the first solution, accuracy does not
improve. This could be because after that time other errors (such as the code domain
resolution error in CAF, code and carrier divergence, short term ionospheric
86

fluctuations, multipath, code movement due to uncompensated Doppler etc.) in the
measurements override the accuracy that could be obtained by increasing the coherent
integration period.
In case of MacEwan Hall, the position errors are reduced with an increase in coherent
integration beyond 60 s and until 260 s, after which they increase. This error increase is
due to the separation of the multiple signals in the frequency domain. As explained
earlier, the constructive and destructive effects of NLOS signals is reduced, resulting in
peak values in other frequency and code bins which changes the pseudoranges.
Though the uncompensated Doppler values are very small, due to longer coherent
integration periods, there will be movement of code that spreads the power across code
bins, thereby increasing again pseudorange measurement errors –applicable when the
measurements are derived using the maximum peak of the CAF. Anyway, to quantify
the error behaviour as a function of coherent integration time, further tests are needed.
The method of extending coherent integration and computing position based on the
measurements obtained from CAF are also applicable to GLONASS and Galileo
signals.
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Figure 3-16: Position errors versus coherent integration time for CCIT basement

Figure 3-17: Position errors versus coherent integration time for MacEwan Hall
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3.2.2.4 Measurement errors versus coherent integration time
Using a real data set collected in the CCIT basement using a small and low-cost helix
antenna, Figure 3-18 was generated to show the trend of the RMS measurement errors
as a function of coherent integration time. The RMS measurement errors were obtained
using the surveyed (± 20 cm with respect to WGS84) indoor position. Specifically, a
Maxtena M1575HCT-A-SMA active antenna was used, having a height of 38 mm and a
diameter of 18.50 mm, including the protective cover. This, it is expected, will provide
results comparable with what may be achieved using a typical pedestrian hand-held
unit. The mean C/N0 values of the PRNs were in the range of -3 dB-Hz to 6 dB-Hz. The
C/N0 values were computed based on the SNRs obtained after the coherent integration.
As coherent integration increases, measurement accuracy increases; however after a
certain time, about 100 s for this data set, the improvement in the measurement
accuracy reaches a limit. This is due to noise, multipath, atmospheric, and ephemeris
errors.
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Figure 3-18: Measurement error versus coherent integration time

3.3 Comparison of NovAtel pinwheel and Maxtena helix antenna
To assess the performance of a small and low-cost antenna (Maxtena helix active
antenna, M1575HCT-A-SMA, with a dimension of 38 mm (height) x 18.50 mm
(diameter) including the protective cover, and weighing 10 grams) during long coherent
integration, an indoor dataset was collected in the basement of the CCIT building at the
same place as shown in Figure 3-9. Three antennas were used to collect data
simultaneously at a sampling rate of 12.5 MHz using the National Instruments Data
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Acquisition System and all the three channels were synchronized using an external
10 MHz BVA oscillator. A NovAtel pinwheel (GPS-702-GG) and a Maxtena helix
antenna were placed about 30 cm apart in the CCIT basement and a Trimble Zephyr-2
geodetic antenna was used to collect the open-sky reference dataset at the CCIT
rooftop. The collected datasets were processed as described in Section 2.9 considering
only the broadcast ephemeris. The code delay domain was searched in between
±350 m around the reference position with a step size of 7 m and the frequency domain
was searched between ±50 mHz with a step size of 0.5 mHz. First, the coherent
integration period limit in an open–sky environment is discussed which is then used to
compare the performance of the two antennas for coherent integration indoors and the
corresponding results are discussed.
3.3.1 Open-sky coherent integration limit
Correlation values as a function of coherent integration time are shown in Figure 3-19
for a selection of PRNs. They are normalized to facilitate the analysis of time evolution
of indoor correlation values relative to the rooftop dataset. This will aid in identifying the
factors that affect indoor signals relative to open-sky conditions. The estimated C/N0
values of the rooftop signals are given in Table 3-2. Relative to the rooftop signals the
CCIT basement signals suffered attenuation in the range of 35 to 50 dB. The correlation
values of PRNs 3, 23, 9, and 16 from the rooftop data (green line) show that with the
BVA oscillator and broadcast ephemeris derived Doppler frequency assistance, it is
possible to achieve a few hundreds of seconds of coherent integration without losing
significant signal power. This is verified by the near 3 dB coherent integration gain for
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every doubling of coherent integration time shown in Figure 3-20. Two small bumps at
around 180 and 780 s in the correlation values can be observed for PRN 7 for all the
three datasets. Although this suggests that factors such as the receiver and satellite
oscillator stability, computed Doppler accuracy and atmospheric effects that are
common to all the three antennas have caused this, it is hard to isolate these factors.
The near linear increase in coherent integration values for relatively high elevation
satellites 9, 16 and 23, and the lack of common trend across these PRNs suggest that
the local oscillator which is common to all the PRNs is stable and these PRNs are not
affected by multipath. If there was any effect of local oscillator this would have been
easily seen in the in-phase and quadrature phase correlation values shown in Figure
3-21. The steady increase in coherent integration values also suggest that the satellites
clock stability and broadcast ephemeris derived Doppler frequency and Doppler
frequency rate are sufficiently accurate to allow a few hundreds of seconds of coherent
integration time.
Table 3-2: Mean carrier to noise density ratio of rooftop PRNs
PRN

3

6

7

9

10

16

23

31

C/N0 (dB-Hz)

44

38

43

50

43

50

51

42
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Figure 3-19: Correlation values versus coherent integration time
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Figure 3-20: Correlation gain for every doubling of coherent integration time
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Figure 3-21: In-phase (I) and Quadrature (Q) values corresponding to the rooftop
antenna for a coherent integration duration of one second

The correlation values for the PRNs 3, 6, 10 and 31 from the rooftop data vary nonlinearly with an increase in coherent integration time due to frequency mismatch which
is mainly because of the interference caused by the multipath signals affecting these
relatively low-elevation satellites, as can be inferred from Figure 3-22. To confirm this
hypothesis, the CAF functions of these PRNs were analyzed in both the code and
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frequency domains. A number of peaks with significant magnitudes were observed in
the frequency domain with each having a distorted ACF and with slightly different delays
in the code-domain. The distorted ACF functions confirm the interference of NLOS
signals with the LOS signals. As an example, the code-minus-carrier measurements
obtained from a NovAtel PropakTM receiver are shown in Figure 3-23. The initial values
of these measurements were removed to eliminate biases due to carrier phase
ambiguities and receiver clock. The resultant of code-minus-carrier measurements is a
combination of twice the ionosphere induced delay, code multipath, carrier multipath
(which is negligible) and noise (Misra & Enge 2006). The elevation angle of PRN 31
decreases as the coherent integration time increases, therefore the ionosphere induced
delay increases monotonically. However, the higher rate of change of error from 300 s
onwards and decrease of the error from nearly 600 s onwards strongly indicate the
presence of NLOS signals. PRN 31 is not visible nearly after 800 seconds into the
coherent integration time, therefore there is no variation in the correlation values beyond
that time. Also, the phase rotation of correlation values that can be observed via the
shift in energy between the in-phase and quadrature components as shown in Figure
3-21 confirms the frequency mismatch between the incoming and locally generated
signals leading to spreading of power to different frequency bin. The magnitude of the
Doppler frequency difference between the LOS and NLOS signals and its relation to the
distance between the reflector and receiver antenna requires further analysis, which is
deferred to Chapter 4. Due to multipath interference the coherent integration gain for
these PRNs also varies.
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Hence, given an open-sky static receiver at a known position, it can be concluded that
with an ultra-stable oscillator and assistance data it is possible to coherently integrate
up to at least 400 s. Beyond this time, the limiting factors will be a combination of the
local and the satellite oscillator instabilities, errors in the computed Doppler frequency
rate using broadcast ephemeris and atmospheric effects. It is hard to isolate these
limiting factors.

Figure 3-22: Sky plot showing the satellite visibility during the data collection
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Figure 3-23: Code minus carrier measurements after bias removal to observe
variation of multipath errors for PRN 31

3.3.2 Maxtena helix antenna vs. NovAtel pinwheel antenna for indoor signals
The correlation values for the indoor pinwheel and helix antennas are shown in Figure
3-19. The trend of correlation values of PRNs 7, 9, 16 and 23 from both helix and
pinwheel antennas from Figure 3-19 and the corresponding coherent integration gains
from Figure 3-20 are nearly identical. The signal-to-noise ratios (SNR), where signal
power is obtained using the maximum value of the CAF after 500 s of coherent
integration (overlapping) and the noise is obtained using the cross-correlated CAF, is
shown in Figure 3-24. These suggest that there is no significant benefit of using the
pinwheel antenna in terms of coherent integration gain compared to that of the helix
antenna and also the SNR of the helix antenna is comparable and, occasionally, better
than that of the pinwheel antenna. Due to the separation of about 30 cm between the
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two antennas, NLOS signals at these antennas are not correlated and affect the LOS
signals at the two antennas differently. Because the variation in correlation values of
these PRNs is nearly identical to that of corresponding rooftop signals, it could be said
that the indoor NLOS signal effect on these PRNs is insignificant.

Figure 3-24: SNR (each point is obtained after 500 s of coherent integration from
the given Time) for each PRNs. Solid and dashed lines correspond to Pinwheel
and Helix antenna respectively
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However, PRN 3 is affected by NLOS signals, as seen by the non-linear growth in
correlation values seen in Figure 3-19. The correlation values corresponding to the
pinwheel antenna vary significantly compared to the helix antenna suggesting a higher
degree of interference from the NLOS signals. The interference of different NLOS
signals with the LOS signals for PRN 3 corresponding to the pinwheel and helix antenna
is verified by observing multiple peaks separated in the frequency domain but with
different code delays and different power levels, as shown in Figure 3-25 for two
selected time epochs. These CAFs are generated after 500 s of coherent integration. It
can be seen that the NLOS signals, characterized by ACF peaks with higher delays,
have higher power compared to the LOS signals at both antennas. However, 56 s into
the dataset, the dominant NLOS signals power at the helix antenna decreases whereas
NLOS signals power at pinwheel antenna continue to dominate the LOS signals. This is
illustrated in Figure 3-25 by plotting the CAFs for PRN 3 at 10 s and 100 s, i.e. at both
time epochs the NLOS signals for the pinwheel antenna have higher power compared
to the LOS signal, as indicated by the ACF peak close to zero delay. In contrast, for the
helix antenna NLOS signal power at the second time epoch is less than that of the LOS
signal. This observation can also be verified by observing the code phase measurement
error plots shown in Figure 3-26. The measurement errors were generated based on
considering the peak with maximum correlation value.
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Figure 3-25: Code domain view of the CAFs of PRN 3 for pinwheel (top) and helix
(bottom) antenna at 10 s and 100 s epochs to show the variation of the NLOS
signals (with higher delay) power relative to that of the LOS signal.

The power of the NLOS signals is greatly influenced by the radiation gain pattern of the
antennas, shown in Figure 3-27. The pinwheel antenna gain pattern is normalized by
the gain at the zenith and has a roll-off of 13 dB from zenith to horizon. The helix
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antenna gain pattern includes the LNA gain and is not normalized by the gain at the
zenith and has a roll-off of nearly 13 dB from zenith to horizon. The RHCP (Right Hand
Circularly Polarized) gain pattern of the two antennas is almost similar except that the
pinwheel antenna is better in terms of rejecting the ground reflected signals. Looking at
the gain patterns, it appears that the LHCP gain pattern of the helix antenna is better
than that of the pinwheel antenna, however the latter’s rejection is better. This is due to
the difference in the scales in two figures. The helix antenna gain axis has a range of 30
dB whereas the pinwheel gain axis has a range of 40 dB. Similar behaviour can be
observed in case of PRN 10. Due to higher degree of attenuation and also due to their
relatively low signal power, PRNs 6 and 10 could not be detected with 500 s of coherent
integration.
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Figure 3-26: Pinwheel and Helix antenna measurement errors

Figure 3-26 shows the errors in the maximum peak measurements generated from the
CAFs with 500 s of coherent integration from all the PRNs that could be detected from
the pinwheel and helix antenna datasets. These measurements were generated every
second after 500 s of coherent integration with 499 s of overlapping with the previous
data. The surveyed position of the indoor test location accurate to within 2 m was used
to estimate the measurement errors. Except for PRN 3, all the other PRNs from both
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antennas have comparable errors; these are due to the ionosphere, short delay
multipath and code-delay search step size resolution of 7 m. The major component of
the tropospheric delay was removed using the Saastamoinen model (Misra & Enge
2011). Measurements corresponding to PRN 3 in both cases were significantly affected
by NLOS signals, which lead to large errors. After about 56 s, the NLOS signal effect on
the measurements stopped on the helix antenna but continued on the pinwheel antenna
dataset. This was because the NLOS signal power became lower than that of the LOS
signal as showed in Figure 3-25. If it was due to the helix antenna’s ability reject
multipath signals, then NLOS signals should have also been suppressed between 1 and
56 s. Also, these two antennas have different radiation gain patterns and are separated
by 30 cm, therefore multipath at these two antennas is not correlated. The RMS
measurements errors for the detected PRNs are shown in Figure 3-28. Except for PRN
3, the errors from both pinwheel and helix antennas are comparable to a deep indoor
scenario. Hence, there is no significant difference between using a small and low-cost
helix antenna and a larger and expensive pinwheel antenna as far as weak signal
detection and indoor positioning is concerned. The DOP values when the five detected
PRNs 3, 9, 16, 23 and 26 were used for positioning are as follow: HDOP=4.4,
VDOP=8.8, PDOP=9.88 and GDOP=9.94.
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Helix Antenna

Pinwheel Antenna

Figure 3-27: Radiation pattern of Maxtena Helix and NovAtel Pinwheel antenna
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Figure 3-28: RMS measurement errors

3.4 Conclusions
The benefits of a precise oscillator in a static GPS receiver were studied for weak signal
acquisition using an Oscilloquartz BVA oscillator. The following observations are made:
Coherent integration is effective to at least 400 s. Acquisition of highly attenuated
(concrete building basement) is demonstrated for coherent integration above 200 s.
Position accuracy obtained using acquisition CAF as a function of coherent integration
time showed no improvement beyond 200 s (from the point of first correct peak
detection) of effective coherent integration. The limiting factor for the coherent
integration is the error in the initial position estimate used to compute the Doppler
assistance. It might be possible to separate the NLOS components from interfering with
the LOS signal with long coherent integration as it increases the frequency resolution.
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In the data that was processed, the coherent integration gain obtained using a small low
cost Maxtena helix antenna was similar to that obtained using a NovAtel pinwheel
antenna. The SNR obtained from the helix antenna was slightly better than that of the
pinwheel antenna. This suggests that, when dealing with weak signal acquisition in
static mode using long coherent integrations, there is no added advantage in having a
larger and more costly pinwheel antenna instead of a small and low cost helix antenna.
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GPS MULTIPATH CHARACTERIZATION IN THE FREQUENCY
DOMAIN
In Chapter Three, the limitations on the coherent integration period were identified and it
was shown that the position accuracy does not improve after a certain coherent
integration time. In one case, the position accuracy degraded which could be due to the
separation of LOS and NLOS signals in the frequency domain and the measurements
were generated using stronger NLOS signals relatively to LOS signals. However, a
thorough analysis of NLOS signals in the frequency domain using real data is not
practical within the scope of the thesis due to extremely time consuming processing and
also it is not practical to cover all possible multipath scenarios. Hence, a mathematical
model is developed to characterize the NLOS signals in the frequency domain using the
ray-tracing technique. The literature review and the motivation for this chapter were
discussed in Section 1.2.2 of Chapter One. This chapter derives the mathematical
model, presents the simulation results for a static scenario and, based on these,
demonstrates the possibility of separating LOS and NLOS signals in the frequency
domain using data collected in a dense multipath environment. The use of ray-tracing
derived predicted Doppler differences as a means of alleviating multipath induced errors
in the measurements is presented and discussed.

4.1 Introduction
This chapter proposes a method using the ray-tracing methodology to study the f
between direct and reflected signals in a static receiver with a single static, specular
reflector. Using real data collected in a location surrounded by buildings with an ultra
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stable oscillator to allow for a long coherent integration period, separation of direct and
reflected signals in the frequency domain is demonstrated. Ray-tracing has been used
for various applications such as evaluating GPS indoor positioning performance (Jacob
et al 2009), modeling code multipath in urban environments using city models (Bradbury
et al 2007), developing a hardware emulator to test the effects of multipath on wireless
positioning system (He et al 2013), and improving GPS positioning performance in
urban canyons using 3D city models (Kumar & Petovello 2014). The proposed method
can also be extended to analyze multipath characteristics in an environment where the
receiver is moving and the environment consists of multiple reflectors. In a moving case,
as shown in (Xie & Petovello 2015), receiver velocity greatly influences the frequency
characteristics of the multipath signals.
The concept of separating, or resolving, the composite signal is described in
Section 4.2. The assumptions used in this research are discussed in Section 4.3.
Simulation results from the developed method for a static case are presented and
analyzed in Section 4.4. Based on the simulation results from the proposed model, real
data from a city environment scenario is processed to verify whether or not the static
multipath can be resolved in the frequency domain and the corresponding procedure
and the results are discussed in Section 4.5 and 4.6. Potential applications of raytracing based Doppler difference computation in static positioning are described in
Section 4.7 followed by conclusions.
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4.2 Resolving direct and reflected signals in the frequency domain
As shown by Irsigler (2010) even in the static case there is a non-zero Doppler
difference between direct and reflected signals that will be a few tens of a milli-Hertz.
Because the direct and reflected signals arrive at the receiver with small Doppler
differences, the ACF of the PRN code computed with a small coherent integration
period will be a sum of the ACF of the direct and the reflected signal. The receiver will
observe two ACFs with different delays overlapping with each other, resulting in a
distorted ACF. To illustrate this, a dataset collected in a city core location surrounded by
buildings is used and a CAF, also known as Delay-Doppler Map (DDM), was generated
for one PRN (PRN 14) using 10 s of coherent integration time. The code and frequency
domain views of this CAF are shown in Figure 4-1 (top subplots). As can be seen, the
ACF, is slightly distorted. The frequency domain view, at 0.15 Hz, indicates slight
separation of the signals but this is not significant enough to resolve signals with varying
delays. This can also be observed in the contour plot, top-view of the CAF, with a
coherent integration time of 10 s (Figure 4-2, top subplot). When the coherent
integration time is increased to 120 s, which provides a frequency resolution of 8.3 mHz
(1/120 s), multiple peaks are observed in the frequency domain (Figure 4-1, bottom right
subplot) indicating the presence of one or more components in the frequency domain
and from the corresponding code domain, it can be observed that there are at least two
dominant ACFs with different delays, one at 0 m and the other at -60 m. This is clearly
depicted in the contour plot, the bottom subplot in Figure 4-2, where the zero delay ACF
corresponds to a Doppler of 45 mHz and the -60 m delay ACF corresponds to a Doppler
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of 105 mHz. Hence, with long coherent integration time periods, it is possible to resolve
the composite direct and reflected signal into its constituent components. However, this
will not directly identify which of the resolved components is a direct signal component
and which are reflected signals.

Figure 4-1: CAF of PRN 14 with 10 and 120 s of coherent integration
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Figure 4-2: Contour plot of the CAF of PRN 14 with 10 and 120 s of coherent
integration

4.3 Assumptions
A single uniform reflector causing specular reflection is assumed to develop and verify
the ray-tracing approach and the reflection coefficient is assumed to be a complex
constant. As the size of the reflector is small compared to the distance to the satellite,
the angle of incidence of the satellite signal on the reflector can be assumed to be
nearly same at all points. Therefore, the rate of change of the phase and amplitude of
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the signal are negligible. Hence, the magnitude of the reflection coefficient becomes
insignificant when restricting the study to the Doppler difference. Naturally, its value
becomes critical when there is a need to analyze the effect of the reflected signals on
the direct ones and in turn on the measurements. In this study, the receiver antenna
related effects and edge diffraction effects are not considered. Hence, this method falls
into the category of ‘Geometrical’ simulators of type ‘Plates’ as defined by Nievinski &
Larson (2014).
The reflector is assumed to be a triangle to simplify the construction of various other
shapes, for example, rectangles and other polygons, and to perform the ray-tracing
computation efficiently. In reality, the shape of the majority of the reflectors is
rectangular which can easily be constructed using two triangles. Three vertices of the
triangular reflector are assumed known along with the receiver position.
Due to the large distance of over 20,000 km (Misra & Enge 2006), between a reflector
and GPS satellites, the angle of incidence on any point on the reflector (of a given size)
is assumed to be the same (far field assumption).

4.4 Simulation results and Analyses
4.4.1 Static receiver case
A simulation was performed using the equations derived in the previous section to study
the characteristics of reflected signals in the frequency domain. Table 4-1 lists the
parameters used for the simulation. An isosceles triangle with base width of 600 m and
height of 300 m is assumed as the reflector and its orientation is defined by its surface
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normal vector [1, 0, 0] in north/east/up coordinates. The placement of the reflector
relative to the receiver, as shown in Figure 4-3, is such that it is kept at a distance of
20 m south of the receiver, indicated by the red dot. Hence, only the satellites that are in
front, or north of the reflector, can cause a reflection that can reach the receiver. The
center of the base of the reflector is aligned North-South with the receiver. The Doppler
frequency is computed at an interval of one second to reduce the computational load,
for all the visible satellites.
To illustrate the movement of the POI, the ray-tracing simulation results for PRN 30,
whose elevation and azimuth angles are available in Figure 4-4, are plotted in Figure
4-3. The satellite incident and reflected rays are color coded. Although the simulation is
performed with an interval of one second, the rays are plotted at an interval of 100 s to
improve readability. The labels “First ray” and “Last ray” identify the first and last visible
ray of a satellite during its pass; intersection with the reflector is such that the
corresponding reflected rays reach the receiver. There are many rays that intersect the
reflector but not all of the corresponding reflected rays reach the receiver. As discussed
earlier, the POI is not a fixed point on the reflector as it moves slowly from the POI of
the First ray to the POI of the Last ray and is depicted by an arrow in Figure 4-3. The
POI movement is not linear and its trajectory on the reflector is a function of the position
of the satellite and receiver, relative to the reflector. The left-right movement of the POI
is along the direction of the satellite movement projected on the horizontal plane (i.e., as
azimuth changes). Its up-down movement is greatly influenced by the elevation angle
but describing it mathematically is difficult. It can be seen that the range between the
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reflector and the receiver is changing as the POI moves. As shown in Equation (2-29),
this change in range corresponds to the second term in the equation contributing to the

f between direct and reflected signals.
Figure 4-4 shows the f between direct and reflected signals, elevation and azimuth as
a function of time for eight PRNs identified in the legend. From these plots several
observations can be made.
Table 4-1: Static case simulation parameters
Parameter
Receiver position
GPS Week number
Time of Week (TOW) (s)
Simulation duration (hours)
Sample interval (s)
PRNs
Reflector type
Reflector orientation
Type and number of reflections
Arbitrarily chosen reflector
distances from the receiver (m)

Value
51.07995373° N, 114.13384821° W, 1118
m
1799
208800
12
1
2, 5, 7, 16, 19, 21, 26, 30
Isosceles triangle with base of 600 and
height of 300 m.
Surface normal is defined as [1,0,0] in
north/east/up coordinates
One specular reflection.
2, 5, 10, 15, 20, 30, 50, 75, 100
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Figure 4-3: Ray-Triangle intersection when the triangular reflector is
kept at a distance of 20 m from the receiver (red dot) to illustrates the
movement of point of intersection (POI) as PRN 30 moves in its orbit.
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Figure 4-4: Doppler differences ( f ) between direct and reflected signals with a
reflector distance of 20 m over time and for varying PRN elevations and azimuths
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For a given set of visible PRNs, receiver location and with a reflector kept at a distance
of 20 m south of the receiver, the maximum f observed is within ±30 mHz. At any
given time, different PRNs have different f values which are a function of satellite
elevation and azimuth, hence the f is not constant over time. As shown, depending
upon PRN location, f could be zero in which case it is not possible to distinguish
between direct and reflected signals in the frequency domain. The occurrence of zero

f which manifests itself as a constant bias in the pseudorange measurements, even in
the case of very long coherent processing, was proven by Kelly et al (2003).
In reality, the reflectors will not be as large as 600  300 m. However, for illustration
purpose and to reduce the processing time during the simulation, one single large
triangle is chosen instead of multiple smaller triangles. To understand the
characteristics of reflected signals in the frequency domain, only a small portion of this
triangle is sufficient for a given period of time. Reflectors of smaller sizes, for instance
50  30 m, are more likely and therefore only a small portion of the triangle where the
transmit ray intersects the triangle is considered for further analysis. It is interesting to
note that the slopes of the f curves of all the PRNs are negative except for PRN 5 –in
which case it gradually changes from negative to positive. The maximum slope
observed is 23.3 µHz/s. The absolute maximum of f is observed either when the PRN
becomes visible or when the PRN disappears at the horizon. PRN 5 is an exception to
this as its absolute maximum Doppler frequency occurs a few tens of minutes before it
is out of the visible range. No specific pattern is found for the minimum of absolute f .
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To study the effect of the distance between reflector and receiver, the simulation is
carried out with various reflector distances for the case south of the receiver. The
visibility of reflected signals at the receiver changes as the reflector distance varies. The
visibility is much influenced by the PRN elevation angle. For this case, the effect of
azimuth is not observable. As the distance increases, high elevation PRNs no longer
experience reflected propagation. For example, for 50 m or greater, reflections are not
present for PRN 7 and PRN 30 due to the change in the angle of incidence and in turn
in the angle of reflection.
From a point of view of separating the direct and reflected signals in the frequency
domain, it is sufficient to observe the absolute f . Therefore, the discussion will now
focus on absolute f values. Generally, the maximum of absolute f increases as the
distance increases, as observed over the common period where the reflected signals for
various PRNs are visible for all the distances. The minimum of absolute f increases
for PRNs 2, 5, and 21 but it remains at zero for PRNs 7, 16, 19, 26, and 30 even though
the f curve over the simulation duration is shifting, either upwards or downwards, with
an increase in distance.
As show in Figure 4-5, when the f of a PRN is scaled down by the reflector distance,
then all of the resulting f curves corresponding to different distances overlap. As
discussed earlier, reflected signals are not visible all the time for all considered
distances. Hence, only the visible parts of f curves from various distances overlap
exactly. This suggests that f is approximately linearly proportional to the distance, up
to 100 m, between the reflector and the receiver.
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Figure 4-5: f normalized by distance between reflector and receiver

In real scenarios, to separate the direct and reflected signals in the frequency domain
due to the small f compared to the Doppler frequency of a PRN, long coherent
integration periods are required. Based on the allowable frequency mismatch loss,
during aided acquisition searching process, the coherent integration period can be
selected as described in (Gowdayyanadoddi et al 2014). As shown in Figure 4-5, the
absolute minimum f is zero for some PRNs and during this time, it is not possible to
separate direct and reflected signals. However, since the f is not constant over time,
performing coherent integration consecutively on blocks of real data separated by a few
tens of minutes ensures non-zero f values, leading to direct and reflected separation.
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At a given time, most PRNs have non-zero f , therefore choosing a coherent
integration period greater than (1/ f ) is sufficient to resolve the direct and reflected
signals in the frequency domain.
The implementation of this method is validated by comparing the results obtained for a
large planar ground reflector with that of the simple geometry model. A large planar and
horizontal reflector with a surface normal defined as [0, 0, 1] in North/East/Up
coordinates with an antenna height of 100 m from the reflector’s surface is used for the
simulation. In the simple geometry model, the reflected-minus-direct delay difference is
given by 2h  sin  e  , where h is the height of the antenna and e is the satellite elevation
angle in radians (Irsigler 2010, Zavorotny et al 2014). The Doppler frequency difference
is obtained by dividing the first order differentiation of the delay difference w.r.t time by
the signal wavelength and is 2h 

de
1
 cos  e   .
dt


A large triangle with the same

orientation and antenna setup is used in the ray-tracing based method to find the
Doppler frequency difference. The differences between the Doppler frequency
differences obtained from these two methods are shown in Figure 4-6. This difference
for each PRN is within a few micro Hertz and the RMS difference for all the PRNs is
under 3.2 micro Hertz which is 2 to 3 order of magnitude less than that of the actual
Doppler difference. Hence, the implementation of the proposed method appears to be
accurate.
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Figure 4-6: Simple geometric model versus triangle based ray-tracing method

4.4.2 Moving receiver case
Though the focus is on the static case, this method can be directly used for the moving
receiver case in an environment of static or dynamic reflectors, as long as the receiver
and reflector velocities are known. The factor that causes the difference is the velocity
of the receiver, as shown in Equation (2-26). f is proportional to its velocity and is
scaled according to the direction of its movement, relative to the reflector and satellite.
The increase in f reduces the coherent integration period required for separating
direct and reflected signals. As reported in (Xie & Petovello 2015), in a typical downtown
scenario the f value is spread between ±40 Hz for a vehicular case. The maximum
absolute f occurs when the receiver is moving towards or away rom the reflector and
the minimum f occurs when the receiver is moving parallel to the reflector. For typical
downtown scenarios, a minimum coherent integration period of 25 ms appears
reasonable, considering an absolute maximum f of 40 Hz as reported in (Xie &
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Petovello 2015), to separate the direct and reflected signals. If the direct signal power is
greater than that of the reflected signals, then there will be an improvement in the
measurement accuracy if a sufficient coherent integration period is used. For this
reason, high-sensitivity receivers that can integrate for a few tens of milliseconds
inherently have a better probability of reflected signals rejection (in the case of stronger
direct signal) by isolating them in the frequency domain.

4.5 Data collection setup and processing
The data was collected in a partially open-sky environment of downtown Calgary and
the corresponding sky plot is shown in Figure 4-7. A NovAtel pinwheel antenna, placed
on the rooftop of a parked vehicle was used and the signals were digitized with a twochannel National Instruments data acquisition system at a sampling frequency of 5 MHz
with a front-end bandwidth of 4 MHz. The digitized samples were rendered to 16-bit
complex values. The data acquisition system was synchronized to an external 10 MHz
ultra stable oscillator exhibiting a short term stability of 2.5x10 -13 over 1 to 30 second,
namely the Boîtier à Vieillissement Amélioré VA) technology based oscillator from
Oscilloquartz (OCXO 8607). Data was collected for approximately five minutes.
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Figure 4-7: Sky plot of test site. Only PRN 11 was severely affected by reflected
signals

The data was processed using a modified version of GSNRxTM (Petovello et al 2008)
which can perform coherent integration more than 20 ms using aiding parameters.
Using the initial few tens of seconds, the software extracts the time, ephemeris, Doppler
frequency and code delay, and then uses aiding parameters such as reference receiver
position (obtained using the differential GPS technique) and raw navigation data bits
(obtained from a reference station) to extend the coherent integration period. Since the
focus is on f , having a reference receiver position accurate to 2 m is sufficient. The
extracted Doppler frequency and code delay are used to reduce the acquisition search
space and processing load. The Doppler rate aiding is derived using the reference
position and broadcast ephemeris. The accuracy of the derived Doppler rate is sufficient
to perform coherent integration of a few 100 s of seconds (Gowdayyanadoddi et al
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2014). The coherent integration period is chosen based on the data set and reflector
distances. The code delay within ±350 m is searched in steps of 3 m and the Doppler
frequency of ±83 mHz is searched in steps of 1 mHz.

4.6 Experimental results and analysis
Based on geometry and the environment, PRN 11 is expected to be affected by
multipath. To confirm this, the pseudorange errors of PRN 11 due to multipath are
obtained by removing other error sources including ionospheric and tropospheric, orbit
and satellite clock, via differential processing using a base station located 10 km away.
The pseudoranges are obtained using the normalized non-coherent early-minus-late
envelope discriminator (Kaplan & Hegarty 2006) with a 0.8 chip spacing between early
and late code correlators. The magnitude and oscillating behavior of code multipath
errors in the pseudorange measurements of PRN 11 are shown in Figure 4-8. Since
these measurements are obtained from a static vehicle, there is a slow oscillating
behavior resulting from the periodic constructive and destructive interference of the
reflected signals.
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Figure 4-8: Multipath induced errors in PRN 11 pseudoranges

Aided acquisition with coherent integration of 155 s is performed. Using an initial
35 seconds of data, the signals are acquired and tracked as in a standard receiver to
obtain time, ephemeris, code delay and approximate Doppler frequency offset for each
PRN. These parameters are then used to initialize the fine search process to reduce the
search space. The known position, computed time and ephemeris are used to derive
the Doppler rate to compensate for the change in the Doppler due to satellite motion
during the coherent integration period. The search space size is selected to
accommodate the possible frequency and code delay spread due to reflected signals.
Since the center frequency and code delay for each PRN are derived from the initial
data, any residual frequency offset due to the local oscillator frequency and any bias in
the code delay are removed. Figure 4-9 shows the frequency domain view of the CAF
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(upper subplot). Each of these points corresponds to the maximum value in each
frequency bin, however they may belong to different code delay bins. Only the values
within 10 dB from the maximum value of the CAF are considered. The delay
corresponding to each of these points is also shown in Figure 4-9 (lower subplot).

Figure 4-9: Frequency domain view of the CAF envelope and corresponding delay
in code domain.

Examining the CAF values in the upper subplot of Figure 4-9 it can be seen that the
majority of the received signal power is concentrated around zero delay and zero
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Doppler, with another portion of the power concentrated at approximately -20 mHz and
70 meters of delay. In this case, due to a limited RF front-end bandwidth of 4 MHz the
code delay resolution is not accurate; also any uncertainty in the true position shifts the
peak of the direct signal. Nonetheless, it is evident that the use of very long coherent
integrations has facilitated the separation of the two dominant signal components, which
would be observed as a single distorted signal were they observed over a shorter
integration period.
From Figure 4-7, by looking at the buildings which are within 50 m from the receiver and
using the ray-tracing model simulation results, it is possible to predict that the absolute
Doppler frequency difference of a few reflected signals will be in the range of 0 to
70 mHz. This frequency estimate is in agreement with the frequency at which the
multipath error period fluctuates, as shown in Figure 4-8. Hence, the 155 seconds of
coherent integration period is likely to provide sufficient frequency resolution to separate
at least the reflected signals with a Doppler difference greater than 13 mHz.
To compare the measurements from the real data case with that of the ray-tracing
based simulation, a building that is 43 m south of the receiver is considered a reflector
and a simulation is performed. The Doppler frequency difference and multipath delay for
PRN 11 at the time that corresponds to the beginning of the 155 s coherent integration
are found. The multipath delays and Doppler frequency differences obtained from the
simulation and the measurement of real signals are listed in Table 4-2. The measured
values are affected by uncertainties in the receiver clock estimates, user position
estimate, satellite ephemeris and rounding effects due to the 4 MHz RF front-end
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bandwidth. The simulation values are affected by any uncertainty in the satellite
ephemeris and the position estimate of the reflector. Also, it is unlikely that all the
assumptions that were made during the simulation fully model the real world
propagation channel. Given these uncertainties, the level of agreement observed
between the measured values and simulation results are encouraging, agreeing to
within 17 meters and 6 mHz in delay and Doppler, respectively.

Table 4-2: Simulation versus measured reflected delay and Doppler difference
Method/Parameter

Multipath delay (m)

Doppler difference (mHz)

Simulation

70

-27.5

Measured

87

-21.5

The reflected signals are always delayed relative to the direct signal. However, these
reflected signals cause an advance or delay of pseudorange measurements depending
on whether they interfere with direct signals destructively or constructively. This is the
reason for seeing valid points with both positive and negative delays in Figure 4-9
(lower subplot). A reflected signal which is completely resolved in the frequency domain
such that it does not interfere with the direct signal or other reflected signals, will
certainly appear as being delayed. Furthermore, the shape of the ACF of such a
reflected signal will not be affected, namely its properties will be same as that of ACF of
the direct (Gowdayyanadoddi et al 2014). When the product of the f and the coherent
integration period is not greater than unity, then the reflected signals cannot be resolved
129

and will induce constructive and destructive interference. Depending on the number of
interfering signals, their relative power levels and the discriminator type, the
pseudorange measurement may also be affected.
As an example, three ACFs from various different frequency bins of PRN 11 are shown
in Figure 4-10. The ‘Constructive’ ACF depicts the effect of constructive interference
which results in delayed code measurements. The ‘Destructive’ ACF shows a distorted
ACF as a result of destructive interference which in turn results in advanced code
measurements. The ‘Unaffected’ ACF depicts an ACF unaffected by any reflected
signals.
The advantage of separating the direct and reflected signals in the frequency domain is
that it is independent of the RF signal bandwidth. Traditionally, multipath mitigation has
relied on observing only the few meters around the zero delay of the autocorrelation
function, where there is little multipath, and the bias induced by multipath that is present
is low. When doing so, achieving high discriminator gain requires high signal bandwidth.
In contrast, if multipath is resolved in the frequency domain, the requirement for high
signal bandwidth can be relaxed. This might allow one to slightly reduce the sampling
frequency, which in turn may reduce the processing load.
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Figure 4-10: Code-domain view of the CAF with selected three ACFs.

After resolving the composite signals in the frequency domain, with sufficient frequency
resolution, then what remains to be done to generate correct measurements is to
identify which one of detected signals correspond to the line-of-sight. In an ideal case,
the detected signal with minimum delay should correspond to the direct signal and all
the remaining signal components should correspond to the non-line-of-sight
propagation. Selection of the earliest signal component is influenced by the code delay
resolution which is a function of the RF front-end bandwidth. Hence, depending on the
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method used to generate the range measurements, the accuracy may remain, to an
extent, a function of the RF front-end bandwidth.
As the choice of coherent integration period depends on the satellite geometry, the
location of the reflectors and the received signal strength, there is no globally optimum
choice. However, from Figure 4-5, it can be seen that a coherent integration period of
50 seconds serves as a good starting point as it can resolve the direct and reflected
signals for most PRNs when the reflector distance is above 30 m.
The theoretical and experimental results show that it would be possible to separate
direct and reflected signals in the frequency domain using very long coherent integration
periods for a static receiver and reflector. This method is well suited for characterizing
the multipath environment at permanent fixed sites such as reference stations as it can
separate multiple reflected signals and allows one to easily identify the number of
reflected signals, their delay and their power levels relative to direct.

4.7 Applications in positioning
This section describes how the ray-tracing algorithm can be used to predict the Doppler
difference between direct and reflected signals, which can be used in positioning
applications. Three potential uses of the Doppler difference information are suggested
including: prediction of the position solution convergence time; coherent integration
period selection for improved measurement generation; and selective measurement
rejection or weighting based on multipath error period.
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4.7.1 Ray-tracing to predict the position solution convergence time in static
positioning
The Doppler difference between the direct and reflected rays predicted by the raytracing algorithm can be used to determine the approximate averaging time required to
obtain a position solution in which the multipath error has averaged to near zero. For
example, when employing a batch least-squares position estimation.
A location in the downtown of Calgary, Canada, with tall buildings on its North, South
and East, was selected as a test location to illustrate the application. The test location
and surrounding area is shown in Figure 4-11. For the ray-tracing simulation, the
approximate building positions were obtained from the Google Maps TM. Buildings on the
north side were considered as a large triangular reflector with surface normal
approximately given by [0, -1, 0] in east/north/up coordinates and the building on east
side is considered a large triangular reflector with surface normal approximately given
by [-1, 0, 0] in east/north/up coordinates. The visible PRNs with their corresponding
azimuth and elevation angles during the time of testing are shown in Figure 4-12. The
simulation was carried out for 10 minutes using the real PRN passes computed using
the ephemeris. PRN 14, 18, 19, 21, 22, and 27, which were visible at that location were
selected for the analysis. Looking at the geometry formed by the PRNs, building
reflectors and the test location, it was concluded that PRN 14, 19, 21, and 27 had a high
probability of producing multipath signals.
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Figure 4-11: Test location and buildings around it from Google EarthTM.
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Figure 4-12: PRNs sky-plot during the test time (Trimble 2015).

The Doppler differences computed using the ray-tracing algorithm are listed in the
second column of the Table 4-3 for each PRN. The other columns of this table will be
discussed in the paragraphs below. Reflected signals were found for PRNs 14, 19, 21,
and 22 but no reflections were found for PRNs 18 and 22 due to their higher elevation
angle relative to other PRNs and no nearby reflectors.
Table 4-3: Doppler differences comparison
PRN

Ray-tracing based
(mHz)

CMC meas. based
(mHz)

14
19
21
27

60
17
42
70

60
20
57 / 63 / 144
47 / 70
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120 s coherent
integration CAF based
(mHz)
60
50
40
50

Before going into position domain analysis, it is important to confirm presence of
reflected signals and the accuracy of the Doppler differences computed by the raytracing algorithm. To accomplish this code-minus-carrier (CMC) measurements were
generated by processing the IF-data. Data was collected as complex samples at a rate
of 20.25 MHz with precise 10 MHz oscillator as reference using a Tele Orbit’s front end
with a RF front-end bandwidth of 18 MHz. The IF data was processed with the
GSNRxTM software-defined GNSS receiver, and the code and carrier phase
measurements were generated at a rate of 1 Hz for a total duration of 10 minutes. The
CMC measurements of each PRN are biased by the presence of many errors, including:
code multipath error, carrier phase multipath error, two times the ionosphere delay,
code multipath error, carrier phase multipath error, clock bias, carrier phase integer
ambiguity, and code and carrier phase measurement noise. Since the data was
collected using a precise oscillator, the clock bias can be treated as constant over the
period of data collection and ionosphere delay over the data collection time can be
reasonably assumed to be a constant over such a short period. By design, the carrier
phase ambiguity term is constant and hence the bias in the CMC measurements is
treated as a constant bias and is removed. What remains is the variation caused by the
code and carrier phase multipath errors due to constructive and destructive
interferences. The carrier-phase multipath, which will be less than 5 cm for the case
when the direct signal power is greater than that of the reflected signal (Misra & Enge
2006), can be neglected in comparison with the tens of meters of code multipath errors
which can be observed in downtown scenarios. It is verified from the CAF of each PRN
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that the power of the direct signal is higher than that of the reflected signals. Therefore,
the majority of the variation of the CMC measurements after bias removal can be
attributed to the code-multipath errors. These variations are shown in the upper subplot
of Figure 4-13. The fluctuation of the multipath error is due to the changes in the relative
delay of the direct and reflected signals, and so its frequency is equal to the Doppler
difference. Thus, a measurement of the frequency of this fluctuation can be used to
verify the predictions made by the ray-tracing algorithm. Taking the fast-Fouriertransform (FFT) of the bias-removed-CMC measurements a direct comparison can be
made with the ray-tracing simulation output.
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Figure 4-13: Code-Minus-Carrier (CMC) measurements after bias removal and
their corresponding FFT output

The normalized (w.r.t PRN 14) magnitude of the FFT output of the bias-removed-CMC
measurements is shown in the lower subplot of Figure 4-13. As predicted in the raytracing simulation, there are no significant peaks observed in the FFT output for PRN 18
and 22. For PRN 14, there is a dominant peak at 60 mHz and two other tones at
120 mHz and 180 mHz –these tones are harmonics as they repeat exactly at the integer
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multiples of 60 mHz with corresponding reduction in amplitudes. The 60 mHz peak of
PRN 14 exactly matches the ray-tracing simulation output reported in Table 4-3. There
is a small difference of 3 mHz between the ray-tracing simulation output and the CMC
based Doppler difference for PRN 19. Multiple dominant peaks are observed for PRN
21 and 27 indicating the presence of multiple reflected signals for each of these PRNs.
The Doppler frequency of the three dominant peaks for PRN 21 and two dominant
peaks for PRN 27 are listed in Table 4-3. Out of the two values for PRN 27, the Doppler
difference of 70 mHz matches with that of the ray-tracing simulation output. Since, not
all the possible reflectors are used in the ray-tracing simulation it is hard to find the
source of the other reflections. For PRN 21, the closest match with the ray-tracing
simulation output results in a difference of 15 mHz. The inaccuracy in the ray-tracing
simulation output could be attributed to uncertainty in the reflector position and the true
location of the receiver. It is expected that a use of 3D city-model would give more
accurate results. In this case, Doppler differences computed for 3 out of 4 PRNs match
closely with that of the Doppler differences obtained from the CMC based
measurements.
Having generated these Doppler difference predictions, the goal is to determine a
averaging time after which the position solution converges to a solution without large
multipath errors. Firstly, to determine the best averaging time at the measurement level
to alleviate the multipath errors, moving averages of the bias-removed-CMC
measurements were computed for various averaging-window sizes over the entire
duration of the data. Secondly, measurement averaging was done at the position level
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to observe the improvement in the position accuracy with respect to averaging time, i.e.
measurements from all the epochs within the averaging time are used together in a
batch least squares adjustment to compute a single position. The RMS bias-removedCMC errors for various moving-average window sizes are shown in Figure 4-14 for each
PRN. Here averaging time is the same as the window size used while computing the
bias-removed-CMC measurements.

Figure 4-14: RMS errors of bias-removed-CMC measurements for each PRN and
RMS 3D position errors for different averaging times (Window sizes).
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It is apparent that the RMS errors decrease rapidly with increasing averaging time, up
until the averaging time is equal to the inverse of the Doppler difference reported in
Table 4-3. Beyond this point, the reduction in RMS error with increased averaging time
is more gradual. This can be clearly observed for PRN 14 and PRN 19. For PRN 19, the
RMS error reduces rapidly until 16.7 seconds, which is exactly the inverse of 60 mHz of
the predicted Doppler difference. Similarly, for PRN 19 the error reduces rapidly until
51 seconds, again close to the inverse of the 17 mHz predicted Doppler difference. As
PRN 21 and PRN 27, have multiple reflected signals it is difficult to predict reduction in
RMS error, as it is a function of multiple reflections, and will be sensitive to the relative
power of the reflected signals.
Nonetheless, examination of the errors associated with PRN 14 and PRN 19, it is
evident that the ray-tracing simulation output can be used to select appropriate
measurement averaging times that will ensure significant reduction of the multipath
induced errors. For the PRNs with multiple reflected signals, the smallest of all the
Doppler differences can be chosen as a conservative estimate of the required averaging
time.
To observe the effect of averaging at the position level, the least squares method of
position estimation is employed (Mikhail 1976). Here, it is implemented as batch-leastsquares algorithm, in which pseudorange measurements from more than one epoch are
processed simultaneously to estimate a position with least sum of squares of residuals.
Depending on the averaging window size many measurements and corresponding
positions of the PRNs information are fed into the least-squares. Combining
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measurements from different times is reasonable, in this case, because the state
variables (X, Y, Z coordinates of test location and clock bias) do not change over the
time, as the receiver is static, and the clock is stable over the averaging duration. The
average PDOP and GDOP for the selected six PRNs over the position computation time
is 3.1 and 3.8 respectively. The RMS 3D position error for different averaging times is
also shown in Figure 4-14.
After averaging time of 16.7 s, the error contribution associated with PRNs 14, 21 and
22 has significantly reduced however the error from PRN 19 continues to dominate.
Beyond an averaging time of 59 seconds the error associated with PRN 19 also
reduces. Beyond this time the improvement in the position accuracy is small. This
suggests that the majority of the error is due to multipath propagation, and that it can be
effectively averaged out within a period equal to the inverse of the Doppler difference.
Hence, an averaging time can be determined by inverting the smallest Doppler
difference derived from the ray-tracing simulation. A flow chart depicting this application
is shown in Figure 4-15.
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Figure 4-15: Flow chart showing ray-tracing derived Doppler difference usage

4.7.2 Active multipath rejection using long coherent integration
The predicted Doppler difference from the ray-tracing simulation can also be used to
prescribe the length of coherent integration required to reduce effect of the reflected
signals on the ACF of the direct signal. To illustrate this, for the selected PRNs, CAFs
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were generated with various coherent integration times. Examining the maximum value
of the CAF, early (E) and late (L) amplitudes were determined at ±0.5 chips away from
the maximum peak, respectively. Then, a normalized (E-L) non-coherent envelope
discriminator was employed to generate the measurements (Kaplan & Hegarty 2006).
The RMS errors in the measurements computed over the entire data duration are
shown as a function coherent integration time in Figure 4-16. The trend of the multipath
error in the measurements for different coherent integration times closely matches that
of the bias-removed-CMC measurements for different averaging window sizes. Note
also that converges to near its final value within the reciprocal of the predicted Doppler
difference presented in Table 4-3 value for each PRN. This suggests that ray-tracing
simulation derived Doppler difference can also be used to determine the minimum
coherent integration time, that is required to significantly reduce the multipath error.
Further increasing the coherent integration period beyond this point does continue to
reduce multipath error but at a much reduced rate. As this diminishing return is
observed, it is convenient to use the ray-tracing predictions as a means of selecting the
coherent integration period at which the bulk of the benefits are attained.
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Figure 4-16: Showing multipath error reduction as a function of coherent
integration period for various PRNs.

4.7.3 Measurement rejection duration
There may be scenarios where it is not convenient to apply an averaging time equal to
the reciprocal of the minimum predicted Doppler difference of all PRNs in view. In such
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cases, the measurements with Doppler differences would require excessive averaging
might simply be rejected, or de-weighted while computing the solution. Of course, it
should first be ascertained whether or not the DOP of the remaining PRNs is acceptable
to the positioning application. Although, further detailed analysis is required to test this
possibility, the potential use of ray-tracing as a means of identifying measurement
quality is interesting.

4.8 Conclusions
A ray-tracing based model was used to characterize direct and reflected signals in the
frequency domain by adopting a ray-tracing technique. The simulation results were
positively verified using results from a ground reflector geometry model. The Doppler
differences computed using this model for a city core location match closely measured
Doppler differences using long coherent integration of live GNSS data. This data was
used to demonstrate how ray-tracing derived Doppler differences can be used to
determine the solution convergence time in a static positioning case and to estimate the
appropriate

coherent

integration

time

to

reduce

multipath

errors

in

range

measurements. The sensitivity of the ray-tracing model outputs to uncertainties in the
receiver position needs further analysis.
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INDOOR POSITIONING USING A SLOWLY MOVING ANTENNA
As discussed in Chapter 4, the Doppler difference between LOS and NLOS signals for a
static scenario is small hence it requires a few tens, sometimes a few hundreds, of
seconds of coherent integration to resolve the frequency components that belong to the
LOS and NLOS signals. Coherently integrating for such a long period is a challenge and
is expensive due to its requirement for an ultra stable oscillator. This chapter focuses on
reducing the coherent integration time by increasing the Doppler frequency difference
between the LOS and NLOS signals through the introduction of a slow motion in the
receiver antenna. Slow motion of the antenna was selected due to the likelihood of such
motion in real world scenarios that could be exploited to enhance GPS signal quality.
Introduction is provided in Section 5.1. Section 5.2 discusses a method of separating
the line of sight (LOS) and non-line-of-sight (NLOS) signals in the frequency domain
using a slowly moving antenna. Data collection and processing methodology are
discussed in Section 5.3 followed by experimental results and analyses in Section 5.4.
Conclusions are then presented.

5.1 Introduction
This chapter attempts to improve the quality of indoor measurements generated from
the acquisition CAF by alleviating the effect of multipath signals. Hence, the focus is on
aided detection of the signals using longer coherent integration utilizing a precise
oscillator and a method involving slow movement of the receiver antenna with a
constant velocity combined with longer coherent integration to improve the quality of the
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measurements generated from the acquisition CAF is proposed. Using a sample data
set it is demonstrated that indoor positioning accuracy is limited by multipath errors and
the possible improvement that can be achieved by the proposed method is discussed.
In this research, the position is computed directly from the measurements generated
from the CAF by using the block processing methodology (van Graas & Soloviev 2005,
Satyanarayana 2011).

5.2 Methodology: LOS and NLOS signals separation in frequency domain
The Doppler difference, f , between the LOS, fLOS , and that of the NLOS signal, fNLOS ,
was discussed in Section 2.8. For a moving receiver, the Doppler difference is highly
influenced by the velocity of the receiver (Xie & Petovello 2015). For a static receiver,
the Doppler difference is a function of only the geometry formed by receiver, reflector
and satellite, and is driven only by the motion of the satellites relative to the reflector.
Since GPS satellite are some 20,000 km (Misra & Enge 2011) away from the earth, the
unit vector from the receiver to satellite and the unit vector from the reflector to satellite
are nearly identical resulting in very low Doppler differences, namely on the order of
tens of mHz. As shown in Section 2.8, the static case Doppler difference is of the order
of a few tens of a mHz.
A method to measure GPS multipath for vehicular applications in urban canyons based
on differences in the Doppler of LOS and NLOS signals is described in (Xie & Petovello
2015). It was shown that with a maximum vehicle speed of 15 m/s the Doppler
difference was spread between ±40 Hz considering the extreme cases when the LOS
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signal vector is parallel and orthogonal to the velocity vector of the vehicle. In indoor
scenarios, depending on the type of environments, the reflectors are closer (< 50 m) to
the receiver and hence the Doppler difference will be a few tens of mHz. In such cases,
if the receiver is static, longer coherent integrations of the order of hundreds of seconds
are required to separate the composite signals in the frequency domain. The possibility
of static multipath separation with 120 s of coherent integration is shown in
(Gowdayyanadoddi et al 2015). However, if the receiver moves then the Doppler
difference increases, leading to reduction in the required length of the coherent
integration. The velocity indoors cannot match the vehicular velocity, therefore the
Doppler difference will be of the order of few Hz instead of few tens of Hz as in the
vehicular case, requiring a coherent integration period of a few seconds to some tens of
seconds.

5.3 Data collection setup and processing
The data collection and experimental setup to verify that the Doppler difference between
LOS and NLOS signals can be increased by introducing receiver antenna motion which
in turn reduces the coherent integration time required to resolve them in the frequency
domain, consists of two antennas, namely the reference and the test antenna. A Trimble
Zephyr Geodetic antenna is used as the reference and a NovAtel pinwheel is used as
the test antenna. The reference antenna is placed in an open sky whereas the test
antenna is kept in the indoor test scenario. The distance between the reference antenna
and the test antenna is kept within approximately 30 m. Signals from these two
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antennas are down-converted and digitized using a two-channel National Instruments
data acquisition system. The sampling frequency is 10 MHz. The digitized samples are
rendered to 16-bit complex values. Both of these channels are synchronized to an
external 10 MHz ultra stable oscillator exhibiting short term stability of 2.5x10 -13 over 1
to 30 second, namely the Boîtier à Vieillissement Amélioré (BVA) technology based
oscillator from Oscilloquartz (OCXO 8607). Data were collected for approximately five
minutes for both static and moving scenarios. The moving case data were collected
approximately 50 minutes after the end of the static case data collection.
The test antenna was mounted on the slider of a linear table (LT) as shown in top right
subplot of Figure 5-1. Static data were collected by keeping the test antenna at the
center of the LT while the moving data were collected by moving the slider in forward
(north) and backward (south) directions, at a constant velocity of 20 cm/s (with an
acceleration and deceleration of 100 cm/s2 to reach the target velocity). The test
antenna moves in one direction for about 9 s before changing the direction.
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Figure 5-1: Data collection environment showing the site location in the building,
test antenna surrounding and sky plot (moving case) of satellites during the time
of data collection.
5.3.1 Assumptions
This research assumes that the receiver oscillator is stable over the period of coherent
integration, Doppler frequency and Doppler frequency rate of the LOS signal are aided
using measurements made from the external reference antenna, along with the raw
navigation data bits to extend the coherent integration period. The user position is
known to be within 10 km to facilitate the computation of the transmit time of the data bit
transition. To focus on multipath effects on indoor positioning atmospheric errors are
removed from the observations, and residual errors due to ephemeris inaccuracy and
satellite clock inaccuracy are ignored.
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5.3.2 Processing methodology
The data were processed using a modified version of the proprietary GSNRxTM software
which uses the reference antenna data to extract aiding parameters such as time, raw
navigation data bits, Doppler and code delay estimate of each PRN to minimize the
acquisition search space of the test antenna signal. The Doppler rate aiding was
derived using the surveyed position, accurate to within a few tens of centimetres from
the reference antenna. Since the test antenna is within 30 m of the reference antenna,
the estimate of the Doppler rate using broadcast ephemeris is sufficient to perform the
coherent integration of 6 s used here (Gowdayyanadoddi et al 2014). The coherent
integration period is chosen to be as small as possible but at the same time to provide
sufficient gain to detect the signals. Code delay is searched between -150 m to +150 m
in steps of 3 m and Doppler frequency is searched between -2 Hz to +2 Hz in steps of
125 mHz. The code and frequency search spaces were centered exactly at
corresponding code phase and Doppler frequency of the LOS signals obtained from the
reference antenna. In the moving case, the requirement is that the antenna is moved
linearly with a constant velocity (both magnitude and direction). Other types of motion
such as circular could also be applied and might be better than linear motion as it would
provide observability of the Doppler difference in all the directions; however this would
further increase data collection and processing complexity. In the circular motion case, it
would be necessary to synchronize and time tag the IF data collected with the position
of the circularly moving antenna to compensate for the LOS Doppler to get good
coherent integration gain. In linear case, knowing the magnitude of the velocity is not
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significant as the constant velocity results in a fixed Doppler offset which does not need
to be corrected during the coherent integration process as it just shifts the peak to a
different frequency bin without affecting the coherent integration gain. However, the
coherent integration gain decreases if the velocity is nonlinear and if the antenna has
moved through about half a signal wavelength as demonstrated in (Broumandan et al
2012) using an unaided case of a mobile receiver with random motion in an indoor
scenario. However, knowing the magnitude of the velocity will help to reduce the
frequency search space. If the trajectory of the motion is known then there is no
restriction on the directions of the movement because the known trajectory can be used
to compensate the Doppler due to the motion. However, in most cases, the trajectory
information is not available.

5.4 Experimental results and analysis
5.4.1 Demonstration of multipath signals in frequency
To demonstrate the possibility of achieving separation of LOS and NLOS signals
indoors, a data set was collected as described in Section 5.3, however processed with a
coherent integration period of 10 s and search space of ±2.5 Hz in frequency and
±300 m in code delay as shown in Figure 5-2 (subplots are down sampled by a factor of
two and colored with different shading options to improve readability). The projection of
the CAF on the frequency axis (top two subplots) and the projection of the CAF on the
code delay axis (bottom two subplots) for satellite PRN 27 are shown. As discussed
earlier, in the static case, with only ten seconds of coherent integration it is not possible
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to resolve the composite signal into its constituting components (LOS and NLOS)
whereas in the moving case the multiple peaks in the frequency domain suggests that
some degree of separation has been achieved. The code domain view further verifies
the resolution of LOS and NLOS signals in the moving case by showing different
autocorrelation triangle peaks with different delays, corresponding to the delays of
various NLOS signals that are separated in frequency. The concept of resolving LOS
and NLOS signals in the frequency and code domain is explained in Section 4.2 of
Chapter 4. Also, the same delay of the autocorrelation triangle peaks in the static case
verifies that there is no separation between LOS and NLOS. It is not possible to state
that all NLOS signals are separated from the LOS signal as there might be some NLOS
signals whose Doppler differences are small such that they cannot be resolved using
the given coherent integration period.
The frequency change due to motion (forward and backward) of the antenna is not
compensated during the integration period, therefore there is a spread of power on
either side of 0 Hz. The frequency separation alone will not identify which of these
peaks correspond to the LOS signal. However, the LOS signal can be identified if its
true Doppler value and code delay are known.
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Figure 5-2: Illustration of separation of LOS and NLOS signals in frequency
domain of a moving test antenna compared to a static antenna with 10 s of
coherent integration.

The y-axes of the moving case plots are normalized using the maximum correlation
value of the static case to observe the relative amplitude difference. In the static case,
the total signal power consists of LOS and NLOS signals interfering with each other,
both constructively and/or destructively. However, in the moving case, the power of the
signal is distributed among various peaks separated in frequency and thus the
maximum value of the peak is reduced. Hence, the separation of the LOS and NLOS
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signals, although it provides the possibility of improved measurement accuracy, would
decrease the sensitivity of the receiver, thereby increasing further the processing gain.
The focus here is on a case in which sensitivity issue can be readily resolved by longer
coherent integration but when position accuracy is degraded due to NLOS signals.
The majority of commercial receivers use a low cost temperature compensated
oscillator (TCXO) whose stability limits the coherent integration period to a few
hundreds of milliseconds and thereby limiting the detection of weak signals. The
required length of coherent integration to obtain positions indoors depends on the
degree of attenuation suffered by the signals. In deep indoors, signals suffer more than
20 dB of attenuation requiring coherent integration of a few seconds to detect the
signals. Hence, it is not possible to detect such signals using a low cost oscillator.
5.4.2 Indoor positioning results
The GPS signals collected at the test antenna suffered about 20-25 dB of attenuation. A
post correlator signal-to-noise ratio (SNR), of 18 dB is used as the acquisition threshold,
which is obtained as the ratio of the maximum correlator power and the correlator noise
variance, computed using cross-correlation values of a non-visible PRN. All the
correlation values from the CAF that are above the threshold are called valid peaks and
are considered while generating the measurements. In both static and moving cases, 6
PRNs were detected and used for position computation. However, only four PRNs are
common between the static and moving cases leading to different dilution of precision
(DOP) values as given in Table 5-1.
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Two types of measurements are generated from each CAF of the PRNs. One uses the
maximum peak among all the valid peaks (denoted as Max. peak) and the other uses a
valid peak that is closer to the LOS peak –this peak is called most probable LOS signal,
PLOS. The estimation of the PLOS peak requires prior knowledge of the true position of
the test antenna, though it is not available in reality. In this research, the surveyed test
antenna position is used to obtain the PLOS peak to demonstrate how separation of
LOS and NLOS signals in the frequency domain leads to position accuracy
improvement and the maximum peak based solution is not always the best solution.
The PLOS peak based solution is not the proposed solution as it is not useful in
practical scenarios. In the static case the position of the linear table center was
surveyed. The same position is used as the true position even in the moving case,
although the extreme positions on its either sides are at a distance of 90 cm when the
antenna is moving forward and backward. Measurements are generated every second
with overlapping coherently integrated data and the position is computed at 1 Hz rate for
both moving and static case.
Table 5-1: DOP values
Case
Static

HDOP
2.7

Moving 1.4

VDOP
2.9

PDOP
4.0

GDOP
5.8

1.9

2.3

2.7

The position error scatter plot is shown in Figure 5-3. The errors (cyan color) are biased
towards north in the static case due to multipath errors as all other major errors such as
atmospheric delays are already removed. Also, there is no significant improvement with
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Figure 5-3: Scatter plot of position errors for different scenarios.

PLOS measurements (red color) because the LOS and NLOS signals are not
separated. As discussed earlier, in the static case Doppler differences between the LOS
and NLOS signals are very small such that this cannot be resolved using the maximum
coherent integration period used. In this case, both the maximum peak and PLOS
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measurements are strongly influenced by the NLOS signals. Hence, the accuracy is
limited by the multipath induced errors in the static case. The same is reflected in the
RMS and mean values in east, north and up directions shown in Figure 5-4 and the
corresponding the 3D errors are shown in Figure 5-5.This is also supported by the nonzero mean and high RMS values of the pseudorange residuals after least squares
adjustment, given in Table 5-2 (Misra & Enge 2006).
In the moving case the PLOS peak position accuracy (green color) is relatively better
than the maximum peak case (black color), as shown in Figure 5-3 and Figure 5-5. The
zero-mean and low RMS values of residuals given in Table 5-2 suggest that PLOS peak
measurement quality is better than that of the maximum peak measurement quality. The
reason for this improvement is the increase in the Doppler difference between the LOS
and NLOS signals, as given by Equation (2-26), facilitating the selection of a peak that
is closer to the true peak. Hence, slow movement of the antenna aids to separate LOS
and NLOS signals indoors.
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Figure 5-4: Error statistics (mean and RMS of East, North, Up coordinate errors)
for static (top) and moving cases (bottom)
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Table 5-2: Mean (m) / RMS (m) values of residuals
Case/PRN
7
10
19
20
23
30
Static-Max. peak
0.5/3.5 -3.0/6.3 0.1 /4.2 1.7/8.6 -0.3/4.5 1.2/6.1
Static-PLOS
0.2/1.8 -1.6/3.5 0.1/2.3 0.8/4.5 -0.1/2.4 0.7/3.8
Case/PRN
5
7
9
10
19
23
Moving-Max. peak 0.5/5.0 0.1/2.1 0.2/4.5 -1.0/7.4 -0.6/3.6 0.9/6.8
Moving-PLOS
0/1.4
0/0.5
0/1.1
0/2.1
0/1.1 0.1/2.0

Figure 5-5: 3D position errors for different scenarios.
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Although Figure 5-3 and Figure 5-5 show an improvement in the position accuracy for
the moving case as compared to the static case, it is not fair to compare the two cases
due to the following reasons: Different geometry of the satellites leading to different
dilution of precision (DOP) as given in Table 5-1. Due to 50 minutes of time interval
between the data collection of the static and the moving case, multipath errors will be
decorrelated (Sadrieh 2012). Hence the number of NLOS signals, relative strength of
these signals and whether or not they interfere constructively or destructively with the
LOS signals will all be different compared to that would have occurred in the static case.
The possibility of a quality improvement of the maximum peak measurements in the
moving case cannot be ruled out. This could be because multipath errors indoors
decorrelates as the antenna moves by more than half of the wavelength (Sadrieh 2012),
leading to various different sets of NLOS signals interfering either constructively or
destructively with the LOS signal. Also, as the NLOS signals are separated in
frequency, the power of individual NLOS signals is relatively less when compared to the
power of the combined NLOS signals in the static case. The power of NLOS signals
relative to the LOS signals is one of the key parameter that causes the magnitude of the
error introduced in the measurements (Misra & Enge 2006). The probability that the
maximum peak measurement is closer to the true position in the moving case
increases. However, rigorous analysis is required to confirm this.
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5.4.3 Results from simultaneously collected static and moving data
In the previous case, the moving and static case datasets were collected at different
times during which the multipath would be decorrelated. To remove the effect of
multipath decorrelation over time, datasets were collected with nearby static and moving
antennas simultaneously. However, the decorrelation of multipath due to the antenna
physical separation is still present. A data collection setup similar to the one shown in
Figure 5-1 was used during this data collection. However, this time the data were
collected under a partially glass dome in MacEwan Hall at the University of Calgary, as
shown in Figure 5-6. The linear motion table velocity was set to 5 cm/s, moving forward
and backward in North-South direction, with an acceleration and deceleration of
100 cm/s2. The slower velocity is chosen to reduce the frequency search space and
processing load. The static antenna was placed 20 cm away from the center of the
linear table. The antenna on the linear table was moved ± 90 cm from its center during
data collection. The linear table was moved in the North-South direction as in the
previous case. A three-channel Fraunhofer front-end was used to generate complex
samples (I & Q, 8 bits each) at 10 MHz of sampling frequency and data were collected
for five minutes.

163

Figure 5-6: MacEwan data collection environment (top) and static and moving
antenna setup (bottom)
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The collected data were processed as described in Section 5.3.2, with a coherent
integration period of 6 s. The sky plot of the visible PRNs during the experiment is
shown in Figure 5-7 and the corresponding DOP values for the detected PRNs 14, 15,
18, 20, 21, 22 and 27 are given in Table 5-3.
Table 5-3: DOP values
Case
HDOP VDOP
Static & Moving 1.3
1.7

PDOP
2.1

GDOP
2.2

The truth position of the test location was obtained using the NovAtel’s SPAN LCI
system which is accurate to within 1 m (1 σ confidence interval). The east versus north
errors are shown in Figure 5-8. The static case has more spread compared to that of
the moving case. The maximum peak and PLOS peak based errors in the static case
are nearly the same because the the probability of separating the NLOS signals in
frequency is lower, which results in PLOS peak measurements nearly identical to those
of the maximum peak measurements.
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Figure 5-7: Sky plot showing the visible satellites (Trimble 2015)
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Figure 5-8: Scatter plot of position errors for static and moving scenarios.

In the static case, PRNs 20, 18 and 21 experience a deep fading effect at 35 s, 50 s and
120 s, as can be observed in Figure 5-9. No deep fading effect is seen in the moving
case; this is due to the movement of the antenna leading to faster multipath
decorrelation. The 3D errors for different cases are shown in Figure 5-10. It can be
observed that due to deep fading experienced by PRNs 20, 18, 21, the errors increase
significantly at 35 s, 50 s and 120 s due to poor measurement quality at these epochs.
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The position estimates from these epochs are rejected after observing large residuals in
the maximum peak based case in static mode. The residual threshold is obtained
empirically by analyzing the residuals of all PRNs resulting in best overall position and it
was conservatively set at 100 m. Estimated positions with any of these residuals
exceeding the threshold were rejected. The 3D RMS errors for both the moving and
static case are shown in Figure 5-11. The 3D RMS values indicate that the moving case
results are better than those of the static case. As there are not many samples and not
many test scenarios considered, one cannot confirm that the moving case is always
better. However, it would appear that the moving case has a higher probability of
resulting in good measurements indoors with sufficiently long coherent integration
periods.
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Figure 5-9: Correlation output power for static and moving case
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Figure 5-10: 3D position errors for different scenarios.
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Figure 5-11: RMS 3D errors for static and moving case

Simultaneous collection of data from static and moving antennas ensures that the
average power per satellite observed by both antennas was same but with just one data
set with a few tens of samples it is hard to decisively confirm the benefits of the moving
antenna. Hence, a more rigorous and elaborate test would be required to completely
characterize the benefit of the moving antenna for indoor multipath mitigation.

5.5 Conclusions
LOS and NLOS signals separation in the frequency domain was demonstrated using a
linearly moving antenna with a constant velocity and long coherent integration periods
without the knowledge of either magnitude or direction of velocity. It was established
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that the major limiting factor for positioning accuracy indoors is multipath and a method
was proposed to overcome it.
Selecting the LOS peak out of many valid peaks from the CAF without the knowledge of
the true position and further extensive analysis of nearby static and moving cases
simultaneously are needed to characterize the benefit of a moving antenna with the use
of longer coherent integration for indoor multipath mitigation.
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CONCLUSIONS AND RECOMMENDATIONS
Based on the results and analyses provided in previous chapters, the following
conclusions and recommendations for future work are made.

6.1 Conclusions
Conclusions are presented in terms of three major topics discussed in previous
chapters. These are coherent integration limits when the receiver is equipped with an
ultra-stable oscillator, multipath characterization in the frequency domain using raytracing algorithm, and indoor positioning accuracy improvement.
6.1.1 Coherent integration limits
Based on the coherent integration limits and weak signal detection and positioning
results (Chapter 3), the following conclusions are drawn:
1. Based on experimental results for GPS, using ultra-stable local oscillator it is
possible to coherently integrate for about 400 s for a static case. The limiting
factor in this case is the error in the Doppler rate prediction used to remove it.
The error in the computed rate is a function of the uncertainty in the receiver
position. The error in the computed Doppler rate increases monotonically but
non-linearly as the receiver position uncertainty increases. The position
uncertainty should be accounted for if the coherent integration period is a few
hundred seconds.
2. The coherent integration gain obtained using the Doppler error rate assistance
derived from broadcast ephemeris is nearly the same as when using the IGS
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(International GNSS Service) precise ephemeris derived Doppler error rate.
Hence, Doppler rate assistance can be derived using the broadcast ephemeris
for coherent integration period over several hundred seconds.
3. It is possible to detect very weak signals, e.g. in basements of concrete buildings
where signals are attenuated by more than 40 dB, with coherent integration
period of over 200 s. However, using the maximum peak based pseudorange
measurements, position accuracy becomes saturated after a certain coherent
integration period and it can either improve or degrade with further increase in
that period.
4. When using maximum peak based measurements for position computation it is
possible that, after a certain integration period, measurement accuracy can either
improve or degrade depending on whether the maximum peak in the CAF
corresponds to LOS or NLOS signals. The maximum peak of the CAF in a dense
multipath environment is a result of the constructive and destructive interference
of one or more NLOS signals. If the power of the LOS signal is less than the
collective power of the NLOS signals, the measurements will be biased utilizing
the maximum peak detector. As the coherent integration period increases, there
is a higher probability that the number of NLOS signals interfering with the LOS
signal decreases. If no NLOS signal interfere with the LOS signal, then it is
possible to identify the LOS signal by selecting the peak with the smallest delay
(early peak) else the probability of the improving the measurement increases.
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5. With increased coherent integration, the likelihood of resolving LOS and NLOS
signals in the frequency domain increases due to increase in the frequency
space searching resolution. The degree of separation between LOS and NLOS
signals depends on the coherent integration period and Doppler frequency
differences between the LOS and NLOS signals.
6. In terms of the coherent integration performance, there is no added advantage in
using geodetic antennas instead of small and low cost antennas.
6.1.2 Multipath characterization in frequency domain
Employing the ray-tracing based simulation outputs and test results (Chapter 4), the
following conclusions can be made:
1. The ray-tracing technique can be used to analyze the Doppler differences
between LOS and NLOS signals. This method is well suited for the Doppler
difference characterization in urban environments.
2. The Doppler differences increases monotonically and approximately linearly as
the distance between reflector and receiver increases.
3. Ray-tracing simulation output can be used in receivers to predict when the static
position solution converges, to know when to weight/de-weight a measurement
and to know the required coherent integration period to alleviate multipath
influences on the ACF of the LOS signal by isolating the LOS and NLOS signals
in frequency.
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6.1.3 Indoor positioning
Based on the ray-tracing simulation outputs (Chapter 4) and indoor positioning results
(Chapter 5), the following conclusions are made:
1. It is possible to obtain higher probability of separation of LOS and NLOS signals
in the frequency domain using a few seconds of coherent integration using a
slowly moving antenna, as opposed to a few hundred seconds for a static
antenna.
2. Slow antenna motion coupled with long coherent integration increases the
probability of generating correct measurements indoors when compared to a
static antenna.
3. The maximum peak-based position solution is not always the best solution for
indoor applications as these measurements are affected by NLOS signals.

6.2 Recommendations
Recommendations for future work are as follows:
1. While performing long coherent integration, the effect of errors in the computed
Doppler rates due to the receiver position uncertainty can be reduced by
searching in the position domain. A grid of positions in the region of uncertainty
could be created and correlation done at the corresponding estimated code-delay
and Doppler frequency. Any uncertainty in the estimation of the code-delay and
Doppler frequency at a grid point should be accounted for. The non-coherent
combination of maximum peaks from all the satellites could then be used as a
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test statistic to estimate the correct position. The selection of distance between
the grid points (position domain search space step sizes) and its relation to the
maximum possible coherent integration period could be a useful result while
implementing the position domain search method in a receiver.
2. In this research, the ray-tracing simulation outputs were generated using a good
estimate of the static receiver positions i.e., position accuracy was within 2 m.
Hence, knowing the sensitivity of the ray-tracing method for various uncertainties
in the receiver position could be accounted when using the ray-tracing simulation
outputs in the receiver.
3. In Chapter 4, it was demonstrated that it is possible to separate LOS and NLOS
signals in the frequency domain by using long coherent integration. This
separation in turn alleviates the multipath induced errors in pseudorange
measurements. This suggests that there is a possibility of alleviating multipath
effects independent of the RF signal bandwidth. For example, it would be
interesting to see the performance of early-late detectors for various RF signal
bandwidths for a given long coherent integration period.

Hence, a study of

multipath induced errors with various RF signal bandwidths combined with long
coherent integration could help to better understand the effectiveness of the
frequency domain multipath mitigation.
4. In the slowly moving antenna case of Chapter 5, only a linear motion was
considered for its simplicity during data collection and implementation compared
to that of a circular motion. However, the circular motion provides increased
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observability of the LOS signal. Hence, a comparison of the effectiveness of the
linear versus circular motion in terms of improving the positioning accuracy would
be worthwhile to determine.
5. Selecting the LOS peak out of many valid peaks from the CAF without the
knowledge of the true position and further extensive analysis of nearby static and
moving cases simultaneously are needed to characterize the benefit of a moving
antenna with the use of longer coherent integration for indoor multipath
mitigation.
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APPENDIX A: RAY-TRACING METHOD TO FIND POINT OF INTERSECTION (POI)
Consider Figure 2-12, which shows a triangular reflector ABC with its center at O and
whose surface-normal is parallel to the ground (i.e., reflector is standing perpendicular
to the ground). The vertices of the triangle are known and defined in the earth-centeredearth-fixed (ECEF) coordinate system. S is the satellite and U is the receiver. The
vector I represents the signal ray from the satellite to the reflector, but for future
derivation purpose, its magnitude is derived from point M to O. The vector L is the
normal vector to the reflector plane ABC and n̂ is its unit vector. The angle of incidence
is given by  . The vector R is the reflected ray corresponding to the incident ray, I .
The vector hLOS is the direct vector between the satellite and the receiver. The point P
represents an arbitrary point on the surface of the reflector at which the signal from the
satellite is reflected and then reaches the receiver U. The direction of the vector PT is
the same as the direction of n̂ .  is the angle of incidence of the signal from the
satellite at point P. The two right-angle triangles ONM and ONQ will be used to find the
reflected ray at O.
Three vertices of the reflector, satellite position and receiver position are used to find
the point P by following these three main steps:


Find the center point O and the normal to the reflector surface.



Find the direction of the reflected ray R at point O using a summation of vectors
that form the two right angle triangles ONM and ONQ.
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Assuming the direction of the reflected ray at point P to be same as that of R ,
considering U as origin, which results in a vector in a direction opposite to the
direction of R , find the point of intersection (POI) P using the ray-triangle
intersection algorithm.

The position vector at center point O is computed as the average of the three position





vectors (vertices) of the triangle i.e., O  A  B  C / 3 . The normal to the reflector
plane is

(cross product) and its corresponding unit normal is n̂ .

Since the angle between I and L is equal to the angle between L and R due to the law
of reflection which states that the reflection angle is equal to the angle of incidence
(Jenkins & White 1957), the vectors along MN and NQ are equal ( A ). Hence, using the
summation of vectors, one can write
I L  A

(A.1)

LAR

(A.2)

and then substituting Equation (A.1) in (A.2),
2L  I  R

(A.3)

The magnitude of L is the projection of I and its direction is given by n̂ . Using the right
angle triangle MON and the definition of the dot product, a  b  a b cos( ) , where  is
the angle between the two vectors a and b ,
(A.4a)
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R  I  2  I  nˆ 

L  I  nˆ nˆ

(A.4b)
(A.5)

and the unit vector of R is given by

rˆ 

R

.

(A.6)

R

Thus, Equation (A.6) provides the direction of the reflected ray as a function of only the
incident ray and the unit normal to the reflector.
As stated earlier, the direction of PU ( hUP ) is assumed to be the same as that of rˆ . It
is verified that for a triangle with a base width of 600 m and a height of 300 m, the
maximum absolute difference between the angle of incidence at point O and at any
point P is under one micro degree, which would result in a f of less than one µHz,
which is negligible. Therefore, the direction of PU can be reasonably assumed to be
same as that of rˆ .
To find point P, a ray from the point U is sent to the triangle in the direction  rˆ and is
expected to intersect with it at P. The angle this ray makes with the surface normal PT
is equal to  , therefore the reflection of this ray at P reaches the satellite. Given the
origin of the ray (the receiver position, U), three vertices of the triangle and the direction
of the incident ray, the POI can be obtained by using the method of ray-triangle
intersection described in (Möller & Trumbore 1997). This algorithm is implemented in
Matlab and is available under the file exchange program on the MathWorks website
(Mena-Chalco 2015). The algorithm produces three parameters, the first is whether or
not the ray intersects the triangle, the second is the POI and the third is the distance
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between the intersection point and the origin. Then, at a given time, using the computed
POI, P, the satellite and receiver positions, the ranges of the reflected and direct signals
are computed.
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