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Abstract

This thesis focuses on the analysis of navigation systems for rockets and projectiles, considering
this analysis as a crucial step in the development of their guidance capability. The performance
of the navigation system imposes limitations on the possible control and guidance strategies
in an application characterized by unique challenges related to the extreme speeds and
accelerations suffered by the platform. These factors have historically been a limitation for
navigation systems usable on board rockets and projectiles, preventing their effective guidance.

The main objective of this research is to explore the behavior of Global Navigation Satellite
Systems (GNSS) receivers installed on a rocket or a projectile. A methodology leveraging
Software Defined Radio (SDR) is employed to investigate the limitations of GNSS receivers
and the required architectures that enable their operation under extreme conditions, both
as standalone systems and in conjunction with other sensors. In particular, the capacity of
different tracking loops to deal with sudden changes in speed, acceleration, and jerk of the
launch is analyzed. First, with an independent or scalar channel architecture, and then with
a vector architecture, which joins and optimizes the information from all the satellite tracking
channels in view. The advantages and disadvantages of these methodologies are compared,
obtaining, for example, a reduction in the noise of the Doppler shift measurement for each
observed satellite in the vector architecture.

The study also examines the fusion of the vector tracking channels with other sources of
information, such as: (i) the vehicle model and (ii) inertial sensors. Through this sensor fusion,
the performance of the GNSS receiver is improved during launch. One of the key objectives
is to validate the capability of these systems to operate in real time, both in laboratory
simulations and in real launches. To do this, tests are carried out on board a rocket, and data
is collected that allows comparison with the results obtained in the laboratory.

The findings demonstrate that the combination of GNSS-SDR receivers with inertial sensors
(accelerometers) provides a robust navigation system, capable of operating in real time and
maintaining the PVT solution, despite the extreme accelerations and rotations characteristic
of projectiles. The wltra-tight architecture used, which combines GNSS and inertial data
at the tracking level, offers significant improvements in tracking capabilities. In addition,
the flexibility of the SDR platform allows signal processing to be tailored to the specific
requirements of each mission.

The results of this research highlight the potential to integrate GNSS-SDR technologies and
sensor fusion techniques into rocket and projectile navigation systems. Not only can these
systems achieve the required levels of accuracy and reliability, but their flexibility makes them
particularly useful in environments where GNSS signals may be blocked or degraded.

This work contributes to the advancement of navigation systems for rockets and projectiles,
providing both theoretical advances and practical solutions. The integration of GNSS and
SDR technologies, together with sensor fusion, represents a promising approach to achieve
accurate and reliable navigation in aerospace and defense applications.



Resumen

Esta tesis se centra en el analisis de los sistemas de navegacion para cohetes y proyectiles,
considerando este andlisis como un paso crucial en el desarrollo de sus sistemas de guiado.
Las capacidades del sistema de navegacién imponen limitaciones a las estrategias de control
y guiado posibles, en una aplicacion caracterizada por desafios tinicos relacionados con las
velocidades y las aceleraciones extremas sufridas por la plataforma. Estos factores han sido
histéricamente una limitacion para los sistemas de navegacion utilizables a bordo de cohetes
y proyectiles, imposibilitando su guiado.

El objetivo principal de esta investigacion es explorar el comportamiento de los receptores de
Sistemas Globales de Navegacién por Satélite (GNSS) instalados en un cohete o en un proyectil.
Se emplea una metodologia basada en Radio Definida por Software (SDR) para estudiar las
limitaciones de los receptores GNSS y las arquitecturas que les permitan operar en condiciones
extremas. En particular, se analiza la capacidad de distintos bucles de seguimiento para
enfrentarse a los repentinos cambios en velocidad y aceleracion caracteristicos del lanzamiento.
Primero, se estudia una arquitectura de canales independientes o escalar, y posteriormente
se introduce una arquitectura vectorial, que optimiza la informacién de todos los canales de
seguimiento de los satélites en vista. Estas metodologias se comparan, obteniendo por ejemplo
una reduccién de ruido en la medida del desplazamiento Doppler de cada satélite observado
en la arquitectura vectorial.

El estudio también examina la fusién de los canales de seguimiento vectorial con otras fuentes
de informacion, tales como: (i) el modelo del vehiculo y (ii) sensores inerciales. Mediante esta
fusién de sensores, se mejoran las prestaciones del receptor GNSS durante el lanzamiento.
Uno de los objetivos clave es validar la capacidad de estos sistemas para operar en tiempo
real, tanto en simulaciones de laboratorio como en lanzamientos reales. Para ello, se realizan
pruebas a bordo de un cohete, y se recopilan datos que permiten comparar con los resultados
obtenidos en laboratorio.

Los hallazgos demuestran que la combinacion de receptores GNSS-SDR. con sensores inerciales
(acelerémetros) proporciona un sistema de navegacion robusto, capaz de operar en tiempo real
y mantener la solucion PVT, a pesar de las aceleraciones y rotaciones extremas caracteristicas
de los proyectiles. La arquitectura wultra-tight utilizada, que combina los datos GNSS e
inerciales a nivel de correlador, ofrece mejoras significativas en las capacidades de seguimiento.
Ademas, la flexibilidad de la plataforma SDR permite adaptar el procesamiento de senales a
los requisitos especificos de cada mision.

Las conclusiones de esta investigacion subrayan el potencial de integrar tecnologias GNSS-SDR
y técnicas de fusién de sensores en sistemas de navegacion para cohetes y proyectiles. Estos
sistemas, por su flexibilidad, son particularmente ttiles en entornos donde las senales GNSS
pueden verse bloqueadas o degradadas y pueden llegar a alcanzar los niveles de precision
requeridos.

La integracion de tecnologias GNSS con SDR y la fusion de sensores, es un enfoque prometedor
para lograr una navegacion precisa y fiable en aplicaciones aeroespaciales y de defensa.
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Chapter 1

Introduction

1.1 Motivation and scope of the project

The navigation of rockets and projectiles presents a distinct set of challenges due to the extreme
conditions encountered during flight. These vehicles operate in high-dynamic environments,
characterized by exceptionally high speeds, intense accelerations, compact designs, and often
unstable trajectories. Unlike traditional aircraft or missiles, which benefit from established
navigation systems, rockets and projectiles require specialized systems to meet the demands
of their fast-paced, short-duration flights.

This project’s motivation stems from the need to develop navigation systems that are more
robust and precise in these challenging conditions. The high-G forces, rapid velocity shifts,
and inherent instability of spin-stabilized and fin-stabilized projectiles further complicate
navigation. Cost constraints and the brief operational window of projectiles also hinder the
application of conventional navigation technologies.

To address these issues, this research explores the integration of Global Navigation Satellite
Systems (GNSS) with Software-Defined Radio (SDR) technology. The goal is to develop
a system that fuses GNSS data with inputs from inertial sensors, enhancing accuracy and
reliability for real-time applications. By advancing these navigation technologies, this research
seeks to contribute to the aerospace engineering field by offering practical solutions to improve
the precision and reliability of navigation systems in extreme conditions. The results could
significantly improve the performance of guided munitions and other high-dynamic aerospace
applications, where both precision and resilience are critical.

1.2 Objectives

This thesis focuses on advancing the development and analysis of navigation systems for rockets
and projectiles, addressing the challenges posed by high-dynamic environments characterized
by extreme velocities, accelerations, jerks and the necessity of pack the system in small
places, under high mechanical loads. The primary objective is to explore the effectiveness of
Global Navigation Satellite Systems (GNSS) integrated with Software-Defined Radio (SDR)
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technology in this scenario. By combining GNSS receivers with inertial sensors through sensor
fusion techniques, the study aims to improve navigation accuracy and reliability. Performance
will be compared with GNSS-only systems and a broad context of the problem and the
solutions explored will be given. Furthermore, the thesis introduces a novel architecture for
vector-tracking GNSS receivers, specifically tailored for GNSS receivers based on Software
Defined Radio architecture. The receiver selected is GNSS-SDR, as it is the only GNSS SDR
based receiver that (i) works in real-time and (ii) is an open source project, with all the code
available [61]. This is an open-source receiver and the only open-source GNSS receiver known
to work in real-time and be tested in different real environments. In addition, the study
highlights the potential of SDR technology as a research tool. Different signal processing
techniques are applied to the same RF scenario in a repeatable and consistent manner. In
this way, the resilience of the navigation system is tested. Moreover, real field tests of the
GNSS-SDR receiver onbard a rocket are performed. We aim to validate these technologies
in real-time applications, offering solutions for contexts where precision and resilience are
paramount, and extreme customization could be an approach to achieve them.

1.3 State of the art

1.3.1 First developments

On the first appearance of tests that try to put sensors in munitions was published on 1993:
They tried to instrument 40mm grenades to study the behavior of "sub-munitions' that they
had problems characterizing with radar [109]. Their objective at this point was to obtain the
behavior of the submunition, in particular its spin velocity. The year 1993 is also the year
that the first 24 NAVSTAR GPS satellites are fully operational and begin to provide their
service [08].

From 1993 to 1996, a multitude of articles appeared with projectile-sized sensors, with
telemetry and ruggedized [35], [138], [159]. Even with the stated objective of characterization
only. These developments, from 1996 to 1998, go in parallel with the technology of inertial
MEMS sensors [30], sometimes working to improve the MEMS sensors that existed at that
time [17]. The first work studying the effect of rotation on GPS antennas appears [3], [11].

In 1998 it was already possible to measure pitch and yaw, in addition to spin (roll). At this
time, MEMS technology is more mature and, using automotive grade, the first article appears
in which both laboratory tests (drop tower, or air cannon) and aboard a 2.75-inch rocket
are carried out [104]. A warhead is manufactured with all the sensors and telemetry, which
is capable of supporting up to 95,000g in an air cannon and flying on the 2.75-inch rocket
rotating at 35rps(Hz).

Related to these experiments, the first article appeared in 2001 (which until now had been
proposed as experimental or measurement tools for the development of ammunition), with
results aimed at using these fuzes as navigation systems [13], [19]. The first reports also
appear on how to perform INS+GPS navigation on projectiles [15]. One of the first open
documents on complete flight controllers appears 3 years later [99].

2
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However, in parallel to these technical publications, several military projects are being
developed. Those that stand out for their subsequent success are: COPPERHEAD (1970),
widely used in the Gulf War, Operation Desert Storm in 1991, EXCALIBUR, which began
as a program in 1992, and was operational in September 2007 (with a scope of 23 km and
without SAL guidance; later it would reach 40km with BaseBleed). Moreover, the GMLRS
(guided ammunition for the MLRS) in 2000 already showed some technical publications on
how to guide rockets. In fact, this guided ammunition [61] expressed for the first time the
need to decouple the movement of the control and guidance sections from the rest of the
projectile movement).

At this point, as will be addressed later in the thesis, The kit concept for controlling rockets
and projectiles had already arisen. This concept focuses on trajectory control fuzes for artillery,
as an idea adapted from the successful JDAM and Paveway technologies. The aim is to
enhance precision by adjusting the flight path of projectiles in real-time, improving accuracy
in dynamic conditions, as an upgrade of exiting munition. It is important to note that neither
EXCALIBUR nor COPPERHEAD used this concept. EXCALIBUR is not a conventional
155mm artillery projectile since, unlike typical projectiles which rely on rotational stabilization,
EXCALIBUR uses additional fins for stability and control. In contrast, COPPERHEAD
functions more like a rocket in its operation designed as controllable from the beginning,
unlike regular rocketry artillery.

GPS, on the other hand, began in 1978 (after Transit program success) and was operational
in 1993 as mentioned. Even with the initial Select Availability (SA), which decreased the
accuracy achievable by the receiver around 100m [68], aroused enormous interest. The joint
use of GPS with other systems (inertial sensors mainly) was researched from the beginning [71],
[129], [169]. Quite a lot of work has been done, both in the theoretical aspect of hybridization

[5], [16], [70], as well as in the practical [17], [I19]. A summary of all this effort came in 2003
with the work of Petovello [124] among others. There are three main ways to merge INS and
GNSS [112]. Loosely [112], Tight[113] and Ultra-Tight[!11]. Each of these algorithms has

various advantages and/or disadvantages, especially with respect to the case of rockets and
projectiles.

Spanish rocket artillery

The Army acquired 12 Teruel launchers. From 1987 to 2011, they equipped two batteries of
the 62"¢ Field Rocket Launcher Artillery Regiment (currently 63"¢ Field Rocket Launcher
Artillery Regiment) of Astorga (Leén). It originally had Teruel-2 rockets (also called simply
T-2), with a range of 18.5 km, but they were replaced in 2006 by MC-25 rockets with a new
warhead, manufactured by Expal. Developed by this company and the Polytechnic University
of Madrid, they had a range of 25 km. These rockets were somewhat longer in length, which
required modifications to the launchers. This update was made to extend its useful life into
the early 2010s, not without some problems [35].

Since then, the recovery of rocketry capacity in field artillery has been one of the priorities
of the Spanish Army. Finally, in 2023, the new SILAM program (Sistema Lanzador de Alta
Mowilidad) was made public. Based on the work of the Israeli company Elbit, it will have
guided and conventional rockets [39]. Some experimental work has been done on the kit
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control concept for rockets [93].

Summary

Between 1998 and 2002, advances in MEMS-based inertial navigation systems (INS), GPS
technology (initially with large receivers later miniaturized), and algorithms for navigating
artillery rockets and projectiles laid the foundation for modern developments in precision
munitions. The first commercially viable guided projectiles, such as Excalibur, emerged in
2007 during the Iraq war. All of them are based on GPS receivers. Prior to this, systems like
COPPERHEAD (and the ATACMS) were developed, though they were rocket ammunition,
and lacked the miniaturization that would later define the field.

Since 2002, efforts have focused on reducing the dependence on GPS and enhancing terminal
guidance precision. In 2002, development began on the Advanced Precision Weapon System
(APWS) with Semi-Active Laser (SAL) guidance, which became operational in 2012. Similarly,
the Excalibur has been updated with a SAL seeker (Ezcalibur S). Excalibur S was started in
2013, reached operational status in 2020.

1.3.2 Guidance, Navigation and Control

There are two very different projectiles, those passively stabilized by fins and those passively
stabilized by rotation. Among the firsts, we can include rocket-type ammunition mainly, while
the rotation-stabilized ones are the conventional artillery projectiles. These seconds are the
most challenging from the technical point of view.

Navigation

There are various methods to calculate the attitude of a rocket or projectile, with the most
widely adopted being based on the Inertial Navigation Systems (INS) and GNSS systems!.
However, numerous studies focus on determining the attitude solely from magnetic data
because of its inherent advantages.

In addition, alternative methods to GPS to determine the position of ammunition remain
limited. The only operational alternatives are terminal guidance systems, such as laser-based
or radar-based methods (e.g. SPACIDO), alongside emerging technologies under investigation,
such as signals of opportunity [166] or sensor arrays [13]. Furthermore, terminal guidance
systems are limited to use in either the final phase of engagement or when continuous
localization and tracking of the target has been maintained from the beginning. This presents
a significant operational constraint, making them unsuitable for indirect fire applications, as
will be discussed in Chapter 4. Finally, the level of GPS/INS integration plays a significant
role in system performance, with three main integration approaches commonly used: Loosely,
Tight, and Ultra-Tight integration. Ultra-Tight integration, which operates at the hardware
level, has only recently been implemented by manufacturers.

L Although the term GNSS us used, it should be noted that nations have not integrated systems such as
Galileo or BeiDou for these applications. The use of GLONASS is neither known
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Both attitude and position, either absolute or relative to the target, are essential to be able
to perform control and guidance tasks. Attitude capabilities would define control algorithms
and performances, while position and velocity data enable both guidance and control.

Control Systems

Increasing the capacity of the control system has been the subject of extensive study [10], [50],
[60] through an active or passive mechanism. The objective of this increase in performance is
to improve maneuverability [54], avoid instabilities [30], correct the trajectory sooner [31] or
hit moving targets [55], [77]. Although guided projectiles with internal mass devices were
initially explored in the 1980s [76], [112], almost all later works have focused on the use of
fins in different ways. However, this concept, internal mass devices, has received renewed
attention, with theoretical developments in the early 2000s [58], [130] and more recent studies
in 2023 [137].

Guided projectile concepts using aerodynamic control devices can generally be divided into
two categories based on the stabilization method: fin-stabilized systems (e.g., the American
M712 Copperhead and M982 Excalibur) or spin-stabilized systems like the XM1156 Precision
Guidance Kit and the SPACIDO system [153]. Spin-stabilized projectiles, unlike fin-stabilized
ones, rely on high-speed rear-body rotation for stability [I16], which introduces certain
drawbacks, such as complex mechanical requirements for fuzes (due to huge accelerations).

The capabilities of the navigation system will determine the types of controls that can be
performed. Or, in other words, it will be the requirements achievable by the navigation system
that will lead to choosing the suitable algorithm in the controller, for achieving the desired
performances.

Guidance Systems

Guidance systems are typically GNSS-based, such as those found in Excalibur, PGK, Silver
Bullet, or TopGun systems. These systems require on-board trajectory propagation to estimate
the projectile landing point. Alternatively, radar, SAR, or imaging systems are being studied
as complementary [116] or substitute technologies. Some modern projectiles combine GPS
with Semi-Active Laser (SAL) guidance, such as the new Excalibur variant, while others
rely solely on SAL (as APWS). Systems equipped with terminal guidance benefit from less
precision requirements in the early stages of flight, since final corrections are made upon
entering terminal guidance cone, but suffer from their inability to perform indirect fire.

1.4 Organization of the Thesis

The thesis is organized into eight distinct chapters. It begins with a discussion of the dynamics
of projectile flight in detail (Chapter 2). The following chapter shifts focus to the onboard
navigation systems for projectiles (Chapter 3). In Chapter 4, the focus is on GNSS receivers
based on Software Defined Radio (SDR), leading to Chapter 5), which investigates the
utilization and limits of GNSS receivers in projectiles. Chapter 6 introduces the concept of
sensor fusion navigation and presents one of the findings of the thesis: a Vector Tracking
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Loop architecture for GNSS-SDR receivers. The penultimate chapter, Chapter 7, is dedicated
to presenting the results derived from the research. The thesis culminates with Chapter 8,
which draws conclusions and encapsulates the findings of this work.



Chapter 2

Projectiles flight dynamics

This chapter provides a foundation for the behavior of projectiles in flight. Several of the ideas
presented, and the flight physics detailed, are necessary for (i) developing an accurate simulator
for the trajectories that are introduced in the GNSS signal simulator, and (ii) understanding
the key differences between the dynamics of projectiles and aircraft and missiles, focusing on
their stabilization methods and the forces they encounter during flight.

By examining the different models used for projectile flight, this chapter also sets the stage
for integrating these dynamics into a navigation system. This integration will be detailed in
chapter 6, and will show how the information of the flight model can help to the navigation
system in these high-dynamic environments.

2.1 Comparisons with Aircrafts and Missiles

Aircrafts are designed, on the other hand, to transport cargo or people, powered throughout
the flight (except gliders). They have control elements. inherent to their design: ailerons,
elevators, and rudders, defining their maneuverability. Missiles are guided weapons, designed
to be controlled and directed towards a specific target, they often have fins or wings for
stability and maneuverability, and their cost and size are not as restrictive in their design as
in projectiles. Finally, projectiles are unguided bodies projected forward by forces, following
a predetermined trajectory. They are generally small, designed for single use, and may or
may not be stable in their trajectory.

In essence, the main differences lie in their purpose, design considerations, and flight char-
acteristics. Projectiles are simple, unguided, and cost-effective, while aircraft are complex,
guided, and designed for repeated use. Missiles, on the other hand, combine aspects of both,
being guided like aircraft but single-use like projectiles. Although missiles and projectiles
share objective and some design boundaries, the overall cost of the final element differences
them heavily.



Table 2.1: A comparison of projectiles, aircraft, and missiles from various perspectives.

Projectiles Aircraft Missiles

Purpose Projected or impelled forward by | Designed to carry cargo/people | Guided, designed to be controlled
forces. Generally not guided. from one point to another. and directed towards a specific tar-

get.

Trajectory Generally follow a predetermined | Powered throughout the flight (ex- | Often have fins or wings to provide
trajectory. cept for gliders). stability and maneuverability dur-

ing flight.

Use Single use. Designed for continuous use. Single use.

Size Generally designed to be relatively | Size are directly related to the lift | Size is not as strong a restriction
small. they are capable of generating and, | as in projectiles.

therefore, the load they are capable
of carrying.

Stability May, or may not, be stable in its | Stable by design. Stable by design.
movement along the trajectory.

Movement Characterized by large angles of at- | They have control elements | The angle of attack and accelera-
titude and large angles with respect | (ailerons, elevator, rudder) to | tions to which they are subjected
to the incident current. Movement | provide maneuverability during | are lower than those of projectiles.
with very high angular velocities | flight. Low angular speeds. Small
and very high accelerations. angles of attack, balance, or slip.

Wind Effect | The wind matters, and affects it, | The direction and speed of the wind | Not specified.
but simulations without taking it | are key in the analysis of the flight.
into account can have reasonable
and useful results.

Cost Low cost is a design driving force | Not specified. Cost is not as strong a restriction

and a strong restriction.

as in projectiles.

zodor zowor) [P8uy [oNSIN
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2.2 Projectiles stabilization

There are two main ways to achieve projectile stabilization, namely: spin-stabilized and
fin-stabilized. Spin-stabilized projectiles keep their orientation steady by rotating around their
own axis, whereas fin-stabilized projectiles gain stability through the strategic placement of fins
and by having their mass center positioned ahead of the pressure center. The mathematical
models used in their flight simulations are, therefore, distinct. Moreover, for spin-stabilized
projectiles, gyroscopic stability is sought, whereas the dynamic stability condition will be
used in fin-stabilized projectiles.

2.2.1 Spin Stabilized projectiles

Projectiles that are spin-stabilized revolve around their own longitudinal axis. The rotation
of the mass generates gyroscopic forces, which help maintain the alignment of the bullet’s
length axis, counteracting the destabilizing torque that occurs when the center of pressure is
ahead of the center of mass. This mechanism ensures that the projectile’s orientation remains
steady. If the spin is insufficient, it can lead to tumbling, while excessive spin can prevent
the nose of the shot from dipping as it follows its trajectory. It is crucial to examine static
stability, also known as gyroscopic stability, to prevent the projectile from tumbling. One
of the main benefits of spin stabilization is its simplicity in keeping the projectile directed
towards a specific direction. The modified projectile linear theory trajectory report proves
useful in estimating the trajectories of high-spin-stabilized projectiles, which allows us not to
solve the spin angle along the rest of the degrees of freedom and therefore avoids the use of a
really small time step in the integration scheme [91]. The models that will be detailed later
and used in the simulations take advantage of this fact, as will be explained later.

However, spin-stabilized projectiles with course correction fuzes actuated by fixed canards
have the problem of great coupling in both the normal and lateral directions because of
intensive gyroscopic effects. This was first identified by Morrison [109] [110], and has been
thoroughly researched [92], [111]. Ollerenshaw started to develop different model predictive
controllers in [1 16] leading to interesting results, and then in [118] develops a general approach.
The limits of stability in the flight of an asymmetric projectile with activated canards were
then investigated in [30], with a general summary and overview in [151]. Recently, [60] or de
Celis [25] have presented the efficiency and suitability of different canard configurations. This
research showed a limited maneuverability in different directions due to the limited correction
capabilities. A target-aiming method is proposed to make full use of the correction ability of
canards in [162].

2.2.2 Fin Stabilized projectiles

Fin-stabilized projectiles rotate at a low speed or do not spin at all during flight. Their design
ensures static stability, with the center of mass placed in front of the center of pressure. The
dynamics of these projectiles are influenced by two opposing moments: the rolling moment
induced by the fins, which increases the spin, and the spin damping moment, which works to
decrease the spin. These opposing forces eventually balance out, leading to a steady state of
spin. Interestingly, this steady-state spin is often slow. This slow spin rate is advantageous
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because it averages small asymmetries, either of mass or related to the configuration, over
long trajectories. This improves the flight stability and accuracy of the projectile.

2.3 Projectiles’ Aerodynamic Forces and Moments

Symbol Aerodynamic coefficient

Ch, Drag force linear coefficient

Cp2 Drag force square coefficient

Cr., Lift force linear coefficient

Crs Lift force cubic coefficient

Ch, Pitch damping force coefficient

Chu, Overturning moment linear coefficient

Chs Overturning moment cubic coefficient

Ch, Pitch damping moment coefficient
Crnag—m Magnus moment coefficient
Crnag—f Magnus force coefficient

Cspin Spin damping moment coefficient

Table 2.2:  Aerodynamic coefficients nomenclature.

2.3.1 Forces

Drag force

The aerodynamic drag force F; acting on a projectile opposes its forward velocity. Drag is
the most early force studied on exterior ballistics. The vector equation used for calculating
the drag force is:

. 1 -
F, = —§pACdV2i (2.1)

Where:
e pis the air density,

A is the reference area of the projectile,

Cy is the drag coefficient,

V' is the velocity of the projectile,

7 is a unit vector pointing in the direction of the velocity, i= %

The drag coefficient (Cy) is a dimensionless quantity that depends on the shape and surface
properties of the projectile. It is typically determined experimentally through testing or
simulation. On the other hand, the term %,OV2 is the dynamic pressure, and plays a central
role in the calculus of all forces and aerodynamic moments. Finally, the reference area A is
often taken as A = “sz where d is the reference diameter of the projectile.
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Lift force

In the context of projectiles, particularly spin-stabilized ones like bullets or artillery shells, the
lift and normal forces acting on the projectile tend to pull the projectile in the direction its
noise is pointing. More concisely: If the nose of the projectile is above its trajectory, then it
makes it to climb; whereas if the nose of the projectile is below its trajectory, then it makes it
to dive These forces influence the trajectory and stability of the projectile, causing deviations
from its intended trajectory, particularly at longer ranges. In most projectile flights, the lift
force is minimized compared to the drag force. The lift forces acting on a projectile can be
calculated as:

— 1 — —
Fin = 5pV?AC, [ x (& % 0)| (2.2)
Where:
o Fyg is the lift force,

o (g, is the lift coefficient.

The lift coefficient C_, depends on the shape of the projectile and oy: the total angle of
attack. More specifically depends on sin(ay). The lift force not only produces the drift of
projectiles for long ranges as introduced, but also causes aerodynamic jump and epicycilc
swerve. This coefficient C'z, has non-linear behavior and should be fully characterized with
simulations, wind tunnel, and flight tests.

Magnus force

The Magnus force is a phenomenon that occurs when a spinning object moves through a fluid
medium. It results in a sideways force perpendicular to both the direction of the object’s
motion and its axis of rotation. This force is responsible for the curved paths of spinning
balls in sports such as soccer, baseball, and tennis.

The Magnus force can be expressed mathematically as:

L d .
Fur = 5pV%A <pv> Changt(i X T) (2.3)

Where:
o Fy is the Magnus force,

o Chag—r Magnus force coefficient, which depends on the object’s spin and total angle of
attack ay,

e p is the spin velocity,
e d is the reference diameter of the projectile.
The Magnus force is perpendicular to both the velocity vector and the axis of rotation of the

spinning object. It is proportional to the product of spin and total angle ;. It is important

11



Miguel Angel Gémez Lépez

to note that it vanishes for a; = 0 or p = 0. It can cause the object to curve in the direction
of the Magnus force, especially at longer ranges.

Pitch damping force

The pitch damping force acting on spin-stabilized projectiles is generally much smaller than
the lift and drag force. In fact, it is quite difficult to measure in tests or a wind tunnel.
Together with the Magnus force, it is considered in fact only for completeness, but it is
neglected when practical calculations are done. However, the moments produced by these
forces will be important for the dynamic stability of the projectiles.

The pitch damping force contains two parts. One is related to the transverse angular velocity
q; and the other is proportional to the rate of change of the total angle of attack c;.

Mathematically, the pitch damping force can be expressed as (in vectorial form):

, 1 di\ 1 di di
Fliten = =pA — —pA : — | == 2.4
In this case, is easier to interpret if we express the pitch damping force in scalar form:
1 qtd Oétd
Fhiten = §PV2A KV> Cn, — (V) CNQ] (2.5)

Where:
o ¢ is total transverse angular velocity; ¢; = /¢ + 12,

q is pitching angular velocity and r is the yawing angular velocity,

. fl—f is the rate of change of the unit vector that defines the attitude of the body. Therefore,
noted that ¢ and r are contained inside it,

o G = ‘fl—i‘ is rate of change of the total angle,
e Cl, is the pitch damping coefficient due to ¢,

o Cl, is the pitch damping coefficient due to d.

2.3.2 Moments
Spin damping moment

The spin damping moment refers to the torque exerted on a spinning object to resist changes
in its spin rate or rotational motion. In the context of spin-stabilized projectiles, such as
bullets or artillery shells, this moment opposes the spin of the projectile.

Mathematically, the spin damping moment Mgy, can be expressed as:

Mo = 5pV*Ad (pv> Co @ (2.6)
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Where:
e pis the air density,

V' is the velocity of the projectile,

A is the reference area of the projectile,

d is the projectile reference diameter,

p is the spin rate of the projectile,

Cn,, 1s the spin damping moment coefficient,
e 7 is a unit vector along the projectile symetry axis.

As it was introduced, My, is always negative, and therefore the spin damping moment
coefficient C,,, is always negative. It depends on various factors such as the projectile’s shape,
surface properties, and aerodynamic characteristics. It is determined experimentally through
testing or simulation.

On the other hand, the quantity %d has a special significance in exterior ballistics; it is the
spin per caliber, or in non-dimensional units, the ratio of axial spin to forward velocity. It is
relevant to note that in general the spin damping is much smaller than the effect of drag on
velocity. This makes the spin per caliber to increase along a trajectory for a spin stabilized
projectile.

Overturning (pitching) moment

The overturning moment is the moment associated with the lift force. It is also known as
the pitching moment, which refers to the torque exerted on an object that tends to rotate it
around its lateral axis (pitch axis), causing it to pitch or rotate nose-up or nose-down. The
pitching moment coefficient C,,, depends on various factors, including the angle of attack,
the shape and size of the fins, and the aerodynamic properties of the projectile-fins system. It
is determined experimentally through testing or simulation.

Mathematically, the overturning moment Mpitch can be expressed as:

— 1 —
Myiten = §pAdea V(i x ©) (2.7)
Or its value (scalar):
J _
Myiten, = ipV AdC,,, sin oy (2.8)

Where:
o C,,, is the Overturning moment coefficient,
e «y is the total angle of attack.
A non-spinning projectile with positive C,_ is usually unstable, as an increasing value of

the lift induced a moment that increases the total angle of attack, again increasing the lift.

13
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Therefore, in order to make a projectile stable, two approaches are usually followed: Add fins
to the tail of the projectile, whose lift contributes to a negative C,,, . The other is to give
the projectile an axial spin. The amount of spin needed to make a projectile stable will lead
to the concept of gyroscopic stability.

Magnus moment

The Magnus moment is the moment associated to the Magnus effect force. The Magnus
moment coefficient Cy,q9—pm can be positive or negative. This depends on the shape, center of
gravity of the projectile. In can also depend on the yawing motion itself.

Mathematically, the Magnus moment M Magnus can be expressed as:

Mitagnus == 5pV2Ad (P ) Conag—m | & % (i x 7)] (2.9)
Where:

e p is the air density,
o V is the velocity of the projectile,

A is the reference area of the projectile,

r is the radius from the center of mass to the point where the Magnus force is applied,

C7, is the lift coefficient,

w is the angular velocity of the projectile.

In 2.3.1 the Magnus force was introduced as negligible. However, the Magnus moment must
be taken into account because large values of C,,q9—r Will dramatically impact the dynamic
stability.

Pitch damping moment

The pitch damping moment refers to the moment generated by the pitch damping force. It also
contains two parts, one proportional to the total angle velocity ¢; and the other proportional
to the rate of change of the total angle of attack c;.

Mathematically, the Pitch Damping Moment Mpimh can be expressed (in vectorial form) as:

- 1 AN | L dz L di
Mpiten = §pAd20MqV (:c X dt) + i,oAd2C’MdV l(x X d> - <x X dt)] (2.10)

In this case, is easier to interpret if we express the pitch damping force in scalar form:
1 qtd Oétd
Myisen = =pV?Ad || = | Cur, — | = | C, 2.11
Where:
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e Cly, is the pitch damping moment coefficient due to ¢,
o (', is the pitch damping moment coefficient due to ;.

As happened with the Magnus moment, the pitch damping moment is more relevant than
the pitch damping force, as it has an important influence on the dynamic stability of the
projectile. A positive pitch damping moment increases the total transverse angular velocity,
destabilizing the projectile.

Positive sums of the pitch damping moment coefficients (Cy,, + Chy,) could be observed in the
transonic or subsonic speeds of some projectile shapes, making them dynamically unstable
during that period.

Rolling moment (for canted fins)

The rolling moment, particularly in the context of canted fins on a projectile, refers to the
torque generated by the fins due to their asymmetrical arrangement, which induces a rotation
around the projectile’s longitudinal axis (roll axis). This moment is significant in controlling
the projectile’s orientation and stability during flight.

Canted fins are fins that are intentionally angled or offset from the longitudinal axis of the
projectile. This configuration is often used to impart spin or induce aerodynamic forces that
help stabilize the projectile’s flight. When the projectile encounters disturbances, such as
crosswinds or uneven airflow, the canted fins produce a rolling moment that counteracts these
disturbances and maintains the stability of the projectile.

Mathematically, the rolling moment M’rall can be expressed as:
= 1 9
Mroll = §PV SfinstinsCL(y(sfins (212)

Where:
« (7, is the rolling moment coefficient,
o Spins is the total surface area of the fins,
o Ly is the average distance from the center of pressure of the fins to the roll axis,
e dyins is the angle of attack of the canted fins.

The rolling moment coefficient C7, depends on various factors such as the angle of attack
of the fins, their shape, and the aerodynamic properties of the projectile-fins system. It is
determined experimentally through testing or simulation.

By adjusting the angle of attack of the canted fins, the rolling moment can be controlled to
stabilize the projectile’s flight and maintain its desired orientation. This control mechanism is
essential for achieving accuracy and precision in projectile trajectories, especially over long
distances or under adverse environmental conditions.
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2.4 Different models for Projectiles flight

2.4.1 Vacuum

The Vacuum Model is a simplified model used for simulating the motion of projectiles. It is
often used as a baseline or starting point for more complex models.

In the vacuum model, it is assumed that the projectile is moving in a vacuum, which means
there is no air resistance or any other forces acting on the projectile except gravity. This
model is based on the principles of classical mechanics.

The trajectory of a projectile in a vacuum is a parabola. This is due to the constant acceleration
caused by gravity acting downwards. The only factors determining the trajectory in this
model are the initial velocity and the launch angle.

However, it is important to note that while the Vacuum Model is simple and easy to calculate,
it is not very accurate for most real-world applications because it ignores air resistance and
other forces. More complex models like the 5-DOF, 6-DOF, or Modified Point Mass Model

are often used when a higher level of accuracy is required.

2.4.2 Point Mass Model (PMM)

The point mass model simplifies the analysis of projectile motion by treating the projectile
as a single point in space without considering its size, shape, or aerodynamic effects. This
model is based on the assumption that the projectile’s mass is concentrated at a single point,
simplifying calculations while providing a basic understanding of projectile motion.

Here is how the point-mass model typically works:

Initial Conditions: The model requires initial conditions such as the projectile’s initial
velocity, launch angle, and launch position.

Trajectory Calculation: Using the laws of classical mechanics, such as Newton’s laws of
motion, and basic kinematic equations, the trajectory of the projectile is calculated. These
equations incorporate the effects of gravity and the initial velocity and angle of the projectile.

Flight Path: The trajectory of the projectile can be determined, including its range, maximum
height, time of flight, and other characteristics. The flight path is typically parabolic in
nature, neglecting air resistance and other external factors.

Simplified Analysis: The point mass model simplifies the analysis of projectile motion,
making it easier to understand the basic principles governing the motion of projectiles. It is
often used in introductory physics courses and as a starting point for more advanced analyses.

Although the point mass model provides a simplified representation of projectile motion, it
does not account for factors such as air resistance, aerodynamic effects, spin stabilization, or
variations in projectile shape. For more accurate predictions, especially at high speeds or over
long distances, more sophisticated models that incorporate these factors may be necessary.
However, the point-mass model remains a useful tool for introductory studies and initial
estimations of projectile behavior.
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2.4.3 Modified Point Mass Model (MPMM)

The Modified Point Mass Model (MPMM) is a commonly used method to simulate the
trajectory of projectiles, particularly in the creation of firing tables. It’s a compromise
between accuracy, complexity, and computational cost.

In the MPMM, all of the mass of the projectile is assumed to be concentrated at its center
of gravity. This model requires four types of input data. It is a four-degree-of-liberty model
where the first three degrees correspond to the three degrees of translation of the point mass.

The MPMM has been used for various types of projectiles, including base-burn projectiles
and fin (aerodynamically) stabilized projectiles. For base-burn projectiles, the model takes
into account factors such as aerodynamic drag, the mass flow rate of the base-burn motor,
and changes in base pressure. For fin-stabilized projectiles, the model considers phenomena
such as forces and moments.

However, it is important to note that while the MPMM is more computationally efficient than
the six-degree-of-freedom (6-DOF) model, it may not be as accurate. The choice of model
depends on the accuracy required, the complexity of the projectile and flight conditions, and
the available computational resources.

2.4.4 Five DoF Model

The five Degrees-of-Freedom (5-DOF) model is a simplification of the sic Degrees-of-Freedom
(6-DOF) model, which is often used in the simulation of projectile motion. The 5-DOF model
is particularly useful when the roll motion of the projectile is not significant or can be ignored.

In the 5-DOF model, the motion of the projectile is described by five independent variables,
typically including three translational motions (forward/backward, left /right, up/down) and
two rotational motions (pitch and yaw). Roll motion is not considered in this model.

This model is often used to simulate the flight behavior of artillery projectiles. Provides a
balance between computational efficiency and accuracy. Although less accurate than the
6-DOF model, it requires fewer computational resources, making it suitable for scenarios
where a high level of precision is not necessary.

However, it is important to note that the choice of model (5-DOF, 6-DOF, or others) depends
on the specific requirements of the simulation, including the level of accuracy needed, the
characteristics of the projectile, and the available computational resources.

2.4.5 Six DoF Model

The six degree-of-freedom (6-DOF) model is the most comprehensive model used to simulate
the motion of projectiles. It is often used when high accuracy is required, such as in the
design and analysis of guided projectiles [37].

In the 6-DOF model, the motion of the projectile is described by six independent variables:
three translational motions (forward/backward, left/right, up/down) and three rotational
motions (pitch, yaw, roll). This model takes into account all the forces that act on the
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projectile, such as aerodynamic drag, lift, Magnus force and moment, pitch damping force
and moment, spin damping moment and rolling moment.

The 6-DOF model is particularly useful for simulating the flight behavior of spin-stabilized
projectiles. It can closely capture their trajectories with high accuracy and detail. However,
it comes with the drawbacks of long computation time and the need for many aerodynamic
coefficients that can be difficult to obtain [139], [I47]. The method used in this work is [115].

A comparative study between the 6-DOF model and the Modified Point Mass Trajectory
Model found that the 6-DOF model was more precise, but the Modified Point Mass Trajectory
Model was a more simplified solution [73].

It is important to note that the choice of model (6-DOF, 5-DOF, or others) depends on
the specific requirements of the simulation, including the level of accuracy needed, the
characteristics of the projectile and the available computational resources.

2.5 Simulator and Trajectory Propagator used in the
Thesis

The selected vehicle is a 140 mm axisymmetric rocket, rotation-stabilized with a spin rate of
approximately 60 Hz. The rocket is launched in the supersonic regime [66]. A five-degrees-of-
freedom (5-DoF, 2.4.4) rocket was assumed to calculate the rocket trajectories. In this model,
the most relevant simplification of physics (with respect to a full six-degree-of-freedom model)
arises from assuming perfect axial symmetry around the longitudinal axis of the projectile,
both geometrically and in terms of mass distribution, and at least trigonal aerodynamic
symmetry [21]. Assuming this axial symmetry, it is possible to avoid the calculation of the
forces during the spin turn of the projectile, and the integration step can be much larger.
Decomposing the angular momentum vector into components parallel and perpendicular to
the longitudinal axis of the projectile, Equations (2.28), (2.29), and (2.30), the axial angular
velocity p and the derivative of the axial vector @ are obtained. The vector Z therefore defines
the attitude of the projectile axis during flight [98].

The model runs in a ground-fixed coordinate system, originating at the launch point, where
the y axis follows the local vertical upward, the x axis is horizontal with the launch direction,
and the z axis forms a right-handed coordinate system with the previous ones. On the other
hand, the module of gravity acceleration g depends on the latitude of the launch point and
the components on the relative position of the projectile with respect to that point. The
atmosphere model has been implemented using the international standard atmosphere, which
follows the standard defined in [157].

The complete state of the rocket over time is obtained by integrating Newton’s law for its
center of mass (2.13) and the conservation of angular momentum (2.20). Regarding the first,
the evolution of position X is obtained from (2.14) with the initial conditions imposed by
(2.15). The used notations is as followed @g' stands for the body acceleration (G indicates
the point of the body being tracked, the center of mass), p for the air density, d is the rocket
diameter, ¥ axial vector , g gravity and T the rocket thrust:
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Figure 2.1: Aerodynamic coefficients used by AeroFI SW, an implementation of [115] and

[25].

F=m-X, (2.13)
F=mX = DF + LF + MF + PDF +mg , (2.14)
.  [cos (QF)
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0
where the forces included are (7 = X ):
DF = —”’; (Cpy + Cpp0?) 07, (2.16)
y pd’ 2\ (27 (7.

LF = (CLQ +Cp ) (v T— (V- 2) v) : (2.17)

- d*Chag—
MF=-"" L (H @) (F X T) (2.18)



Miguel Angel Gémez Lépez

PDF = —WdefN")U (H x7) . (2.19)

Regarding the second, the evolution of the axial vector Z is obtained from Equations (2.21)
and (2.22), with initial conditions imposed by (2.23).

H=Y i, (2.20)
t .
7= +/ Fdt (2.21)
0
: (ﬁ X 9?)
T = , (2.22)
I
cos (QF)
o = |sin (QFE)| (2.23)
0
where QF stands for the launch quadrant elevation [93]. The derivative of the axial vector is

obtained from the angular momentum H, taking into account the following effects:

o Querturning Moment: Moment due to angle of attack,

3
Ot = == (Cot. + Cary0®) 0 (T x 3) (2.24)

o Pitch Damping Moment: Perpendicular angular velocity damping moment,

PDM = g (Ca,) v [H - (H-7) 7] | (2.25)

o Magnus Moment: Moment of force due to the Magnus effect,

- mpd*

MM = === Conagm (H-2)[(5-5)7 -1, (2.26)

o Spin Damping Moment: Axial angular velocity damping moment [55],

- 7pd*
SDM = ——
81

xT

Copin® (H - 7) & . (2.27)
Therefore, angular momentum law evolution,

H=IpZ+1,(fxi)=OM+ PDM+ MM + SDM , (2.28)
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(H x7) = I3, (2.29)

(H-%)=1Lp. (2.30)

This will be the model used to simulate the trajectory of the rocket in Section 7.

2.6 Stability and Control

As an initial step in controller development, simulations have been carried out of the effect of
applying a constant force at the front end of the projectile and with directions perpendicular
to the axis of symmetry (or to the vector 7).

To identify the direction of the applied force, the axes are defined with origin at the point of
application of the force, located in a plane perpendicular to the vector #. The vectors d and
a are defined in Equation 2.31. d is a horizontal vector perpendicular to &, directed to the
right, @ is defined by forming a right trihedron with d and 7, pointing towards the top.

d—»_ f X j
7 % J| (2.31)
i=dx &

From the previous axes, an angle of application of the force is defined, 1., with origin in the
vector @ and a positive direction according to the vector Z. Its interpretation is similar to the

angle 1.

Equation 2.32 shows the expression with which the applied force is calculated, which produces
the moment indicated in Equation 2.33. In this expression, the value [. identifies the distance
between the center of gravity and the point of application of the force. To graphically show

the interpretation of the defined axes and angles, four cases of force application with different
values of 1. are represented in Figure 2.2.

F = |F.| (cfsin e + d cos wc) (2.32)

—

My, =1.Z x F, (2.33)

c

2.6.1 Constant force.

To evaluate the response of the projectile when the force is applied, a case is initially taken
with initial elevation QF = 800mil, initial velocity of 563.9 m / s and a force |F.| = 10N.
Figure 2.3 shows the effect of the applied force on the dispersion of the point of impact,
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Figure 2.3: Dispersion at the point of impact due to force.

showing that for this elevation of the draft and in this case, where the force is constant, there
is greater capacity for lateral correction than longitudinal correction.

To begin identifying the direction in which the projectile moves when applying the force
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as a function of 1., the Figure 2.4 qualitatively shows the direction and magnitude of the
displacement relative to the case of reference. The origin of each of the arrows with respect to
the center represents the direction in which the force is applied, and the arrow represents the
relative displacement of the point of impact. It can be seen that the relationship is complex
and not intuitive.

Figure 2.4: Displacement of the final impact point due to constant force F,. applied along the
trajectory.

To identify which displacement corresponds to each angle of force application, 1., another
angle v, is defined according to Equation 2.34. This angle identifies the direction in which
the impact point moves with respect to the reference case without applied force, the origin is
the ¥ axis and positive clockwise.

Yy = atan2(AZ, AX) (2.34)

Using this angle, the relative phase, 1)y — 1. and the magnitude of the displacement are now
represented as a function of the angle of application of force, ..

The results shown vary greatly if the elevation of the force is changed. Figure 2.8 shows the
comparison by increasing and decreasing the elevation of the force, and a huge difference in
the results is observed. In the case with a greater elevation of the force, the control capacity
in range is lost, as the effects of the force in the ascending and descending sections of the
trajectory are canceled, so a more refined control method will be required later.

In the same idea, Figure 2.11 shows what the response is like for each angle 1., again it is
observed that with a lower draft elevation the response is more uniform at any angle 1., with
an almost constant phase and magnitude of the response. On the other hand, in the high
elevation shot, the response depends greatly on the angle of application of the force.
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Figure 2.8: Dispersion due to constant force F, for 33.75 deg and 56.25 deg elevations.
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Figure 2.10: QE = 1000 mil.

Figure 2.11: Movement of the final impact point due to constant force F, along the trajectory.
Calculated for 33.75 deg and 56.25 deg elevations.
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Chapter 3

GNC aboard projectiles

Once we have introduced what the mechanics of the flight of rockets and projectiles are like,
vehicles of interest in this work, it is clear that the flight of projectiles through the atmosphere
is influenced by various factors. Wind, temperature, and muzzle velocity errors greatly
affect the accuracy of both the predicted trajectory and the point of impact. Downrange
errors are the most significant, and the area where projectiles land is often modeled as an
ellipse. Unfortunately, errors related to temperature and wind cannot be eliminated by merely
improving the gun or projectile. Instead, in-flight corrections will be required to mitigate
these effects. A complete Guidance, Navigation & Control system is necessary for this task.

Control and Guidance systems of the projectiles will be vital to be able to carry out this
mission, and this chapter introduces the concepts related to the Guidance, Navigation &
Control of rockets and projectiles in a general way, which will be used in the rest of the
chapters of the thesis.

However, it is important to recall that these tasks can only be performed once the system is
aware of their state. This task is completed by the navigation system, the system that will be
the focus of the rest of the work.

3.1 Trajectories

The trajectory of a projectile can be divided into three main phases:

1. Supersonic Phase: This is the first third of the flight where the projectile velocity is
supersonic. Acceleration and Jerk will reach their maximum values within this phase.

2. Summit Phase: Following the supersonic phase, is the summit phase. The dynamic
pressure and spin rate decrease but remain significant.

3. Terminal Phase: This is the last third of the flight path. The spin rate influences
control authority, and the risk of jamming/spoofing in GNSS signal is the highest.

We will detail the phases as follows:

27



Miguel Angel Gémez Lépez

Supersonic Phase

The projectile remains supersonic during the first third of its flight, after leaving the muzzle of
the cannon. Afterwards, the projectile transitions to subsonic speeds. During the supersonic
phase, the dynamic pressure is high, making aerodynamic control surfaces highly effective.
In this phase, even small control inputs (forces or moments) can significantly influence the
impact point. However, since most of the flight occurs at subsonic speeds, it is logical to
optimize the control surfaces for subsonic operation. Transonic aerodynamic effects near the
end of the supersonic phase can complicate the control surface performance. The supersonic
phase is also when the projectile is closest to the gun, facilitating easier data uplink, such as
actual muzzle velocity measurements and radar data of position and velocity of the projectile.

In addition, in this phase, the GNSS receiver can start acquiring satellite signals. If a warm
start is available, the receiver will have all the information (ephemeris, alamanac, satellites
on view, and approximate values of Doppler shift and code delay) available except the actual
Time Of the Week. Therefore, it only has to go quickly from acquisition to tracking and
recover this value from the Navigation Message. If any data was uploaded, before the launch
to the receiver, then a cold start will occur. This implies that the receiver must: (i) star the
acquisition with not priori knowledge, (ii) once a satellite or satellites are acquired and tracked,
download from the GNSS signal the ephemeris data, alamanac data, ToW, and converge a
solution. The Worst-Case time for this scenario is 12.5 minutes, which is unacceptable for
this application.

Summit Phase

After the supersonic phase, when the projectile has passed through the transonic airspeed
region, the change in airspeed (and hence axial acceleration) is no longer as high. This marks
the start of the middle third part of the flight path, which we shall call the summit phase.
At the beginning of this phase, the dynamic pressure and spin rate are still high, meaning
that the projectile has good efficiency of aerodynamic control surfaces and good gyroscopic
stability. These conditions generally hold throughout the summit phase.

Terminal Phase

The terminal phase is the last third of the flight path. During this phase, the spin rate has
decreased to a level where it must be taken into account in any calculation of the available
control authority. In fact, the available control authority is generally limited during this phase
by the gyroscopic stability properties of the projectile [92]. Furthermore, during this phase,
the likelihood of encountering jamming, spoofing, is greater, as well as GNSS outages due to
other reasons such as the target point being inside a forest or urban cannon.

3.2 Error Sources

The main sources of dispersion in long-range applications are variations in wind, temperature,
and the muzzle velocity of the projectile when it leaves the cannon, even variations in projectile
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weight can also have a significant influence. This dispersion leads to downrange and cross-
range errors. Downrange errors almost always dominate over cross-range errors, and the
region within which 50 % of the projectiles fall, centered around the nominal impact points, is
most often modeled as an ellipse (with its major axis in the downrange direction) [128]. For
example, a 1 deg error in the assumed sea-level atmosphere temperature will yield a range
error exceeding 50 m at a 25km target range, and a 1m/s tailwind error will yield almost the
same down-range error. Under the same conditions, an error of 1m/s in the muzzle velocity
will give about a 25 m downrange error. These errors are of the same order as the kill radius
for a fragmentation-type grenade (which is about 50m).

It should be noted, however, that temperature and wind errors are distinctly different in
character from the other errors since temperature and wind errors can never be removed by
improving the performance of the gun or the projectile. The only way to remove the effects of
these, often large, errors is to correct them in-flight by guidance. Therefore, there are good
reasons to try to improve the precision of conventional indirect fire weapons by introducing
guidance and control capabilities to the projectiles.

3.3 Control and Guidance

The guidance and control problem for spinning projectiles, where the control actuators are
confined to a tip-mounted assembly, possesses distinctive features that differentiate it from
other types of missile control. Firstly, the projectile was not originally designed for control and
the placement of control actuators is not ideal in relation to the dynamics [117]. Therefore, the
common procedure in control theory in which a controller is introduced in the dynamics chain
with the aim of replacing (improving) the open-loop dynamics with the desired closed-loop
dynamics will be impossible for an arbitrary closed-loop dynamics behavior. In other words,
this approach implies that only small changes in the natural dynamics of the projectile can
be performed.In particular, the gyroscopic stability boundaries are often unalterable and the
addition of control mechanisms mounted on the tip degrades stability properties.

Therefore, although it is generally possible that a tip-mounted guidance and control assembly
can provides trajectory correction, this correction is limited the extent to which the natural
dynamics can be modified [58]. The primary expectation is trajectory correction rather than
a comprehensive control redesign. This is the primary difference with missiles, drones, or
loitering ammunition.

3.3.1 Control architectures

The control actuators for spinning projectiles are confined to a tip-mounted assembly when
the concept of a fuze or control kit is used. Conventional control mechanisms for projectiles
include movable canards at the nose that provide 2D course corrections for spin-stabilized
projectiles. The canard assembly must roll independently for spin-stabilized projectiles but
not for fin-stabilized ones. For example, in the PGK system the control is made by a fuze
that is spin-stabilized with four despun canards. These provide constant torque and lateral
force for maneuvering. The braking mechanism adjusts and stabilizes the force orientation
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in any roll angle, operating in a bank-to-turn fashion. However, simpler mechanisms, such
as drag brakes and spin brakes, offer 1D course correction. When used together, they may
provide 2D correction. Both mechanisms act along the body x-axis, resulting in irreversible
maneuverability.

The simplest way to introduce correction in the crossrange (drift) direction, i.e., to add
2D-correction capabilities, is to employ a spin brake. Spin brakes consist of a set of canards
mounted with a small angle against the wind, thereby inducing a moment on the fuze, which
can be more or less transferred to the projectile via a mechanism. However, spin brakes can
only make small corrections in crossrange. To achieve significant crossrange correction, a
free-spinning fuze assembly must be employed. In this concept from, the fuze canard assembly
was stabilized relative to the Earth, resulting in a simple control formulation and efficient use
of control surfaces. The limiting factor for such designs is the stability limits represented by
the maximum total angle of attack before gyroscopic instability occurs, as studied by [92],

[112].

3.3.2 Guidance

In guided munitions contexts, three main types of guidance are commonly considered [10]:
trajectory shaping, trajectory prediction [32], and trajectory following [60]. However, trajectory
shaping, often inefficient in terms of energy, is generally more suitable for meeting terminal
conditions, which we will leave unspecified, except for the endpoint. Our focus is on guided
projectiles with course-correcting fuzes, as opposed to those with specially designed airframes
that possess the capability to meet terminal conditions.

Predictive guidance is inherently an open-loop control strategy. The natural application
of predictive guidance involves using it repeatedly along a flight path, providing a natural
feedback mechanism. This feedback mechanism is based on the actual state of the projectile
(position and velocity) to compute a new trajectory leading to the target, even if previous
deviations occurred [55]. This differs from path following guidance, which incorporates
a feedback mechanism by design, with the aim of tracking a given path. Path following
introduces a natural "integral action" into the guidance due to tracking position as a variable.
However, even if the projectile is brought back to the nominal path, it will generally be on a
trajectory to the target only if the state coincides with the nominal state, making further
errors and corrections likely. Nonlinear approaches of this, using artificial neural networks,
can be found in the work of De Celis [23], [21], [20].

There are cases where predictive guidance and path following guidance are equivalent. One
example of this equivalence occurs when path following guidance is enough to bring the
projectile onto a path leading to the target, with the projectile having a velocity such that the
state is along an admissible trajectory. This is used as inspiration for the braking strategies
used by some implementations of course-correcting fuzes. If there is excess energy near the
end of the flight path, proper braking (velocity brake for downrange correction and spin brake
for drift correction) can be applied to redirect the projectile onto a lower-energy path leading
to the target. It is important to note that using path following guidance up to the point of
braking can be catastrophic if there is a loss of navigation data, as the projectile may have
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too high a velocity to hit the target. Furthermore, to apply braking, the projectile must revert
to predictive guidance for the remainder of the flight [153].

3.4 Navigation

Once the different mechanism for Control and Guidance has been introduced, we relate them
with the Navigation system. The first idea is that, if a purely axial control mechanism is
implemented, only position and velocity will be needed for guidance. In this case, from the
data availability point of view, a GNSS receiver would suffice (removing jamming / spoiling
attacks). On the other hand, if canard control is to be used, then the body frame attitudes
are definitely needed for defining the orientation of the lateral control force.

This information, attitude, position, and velocity will generally be provided by an integrated
GNSS/INS in other vehicles. Such navigation systems are routinely employed in many missiles
as an example and are available today as commercial-off-the-shelf components. There are
series of deeply integrated MEMS and GNSS receivers, gun-hardened, and anti-jam capable,
with INS navigation capabilities when GNSS is not available.

However, this may not be a viable solution given the demands of guided ammunition. Apart
from the elevated cost, there are other reasons for avoiding the INS. First, the target location
error (TLE) is a critical parameter for the effectiveness of any precision guidance concept. It
may not be on par with the very low CEP (< 5 m) specified for the INS unit, making the cost
for the latter unjustified. There are also known observability issues regarding the estimation
and in-flight calibration of the inertial measurement unit bias and drift errors that may be
of concern. The IMU is not needed for feedback purposes in the control system. The fact
that the airframe should be dynamically stable from the beginning, together with modest
requirements on the speed of response to guidance, makes it possible to do so without an
acceleration and angular rate feedback control.

3.4.1 GNSS with other sensors

In a standard integrated GNSS/INS system, IMU signals are used as input to the process
model: accelerometer signals drive the navigation equations, and gyroscopes the attitudes.
For spin-stabilized or fin-stabilized projectiles, the total angle of attack is usually small.
Analytical approximations exist for the steady-state value of the relative orientation of the
body frame x-axis with respect to the velocity vector, referred to as the yaw of repose [95],
chapter 2. Used as corrections to the flight path angles, the body system pitch and yaw angles
can be directly obtained from the velocity vector. The roll angle is generally estimated with
other sensors (for example, magnetometers, dedicated gyroscopes, or thermopiles [131]).

This reduction in the number of navigation states (by removing pitch and yaw) is also used
in the impact point prediction by the guidance system. The small angle of attack makes a
Modified Point Mass Model [98] of Chapter 2 sufficiently accurate for trajectory prediction
(3-DOF dynamics plus expression for the yaw of repose).
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3.4.2 Without INS

A further simplification of this concept is presented in [120]. Only the GNSS receiver gives
the position and velocity. In this case, the roll rate and roll angle are measured using an
accelerometer and a magnetometer. This is an uncoupled architecture. The problem of
estimating the angle of rotation of a spinning projectile is commonly also referred to as
up-finding. Much effort has been put into methods to perform this task. To save costs, space,
and power consumption, it would be much preferable if the up-finding capability could be

included in the GNSS receiver [152]. All navigation functions would then be performed by one
sensor only. A comprehensive explanation of the physical effects can be found in [97]. More
detailed works are [27] and [102]. Work in other directions has been done, with theoretical
promising results, like [16], [132], [136], [138], [I155], but for the moment they lack of final

working implementations.

Both the PGK and the VAPP concepts use standalone GNSS receivers that include the
determination of the roll angle [55]. The ECF relies on a GPS C/A receiver only, not including
the roll calculus. The SPACIDO projectile has no navigation system at all; instead, the
trajectory corrections are based on measurements from a muzzle velocity radar. However,
this approach has important drawbacks. GNSS receivers are very vulnerable to jamming, and
this becomes one of the most important questions to deal with for any GNSS-only system
[88], [110]. Success really hinges on the effectiveness of included anti-jamming capabilities.
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Chapter 4

GNSS-SDR receivers

A GNSS SDR, or Global Navigation Satellite System Software-Defined Receiver, is a software-
based solution designed to convert received GNSS signal samples into Position Velocity and
Time (PVT) estimates. This technology operates on a general-purpose computer and relies on
an Analog-to-Digital Conversion (ADC) front-end to sample the incoming RF signal. However,
beyond the ADC, all functionality is realized through software. This concept gives rise to
three distinct categories of software receivers.

One category comprises real-time receivers, which are typically implemented as monolithic or
modular software packages. These packages are usually written in C or C4++. The emphasis
here is on optimizing these receivers for run-time efficiency and stability [04]. Another
category involves teaching and research tools. In this case, the software is written in high-level
programming languages such as Python or Matlab. The focus shifts to code readability and
flexibility, making these tools valuable for educational purposes and research projects [13],
[126]. The third category, known as snapshot receivers, is designed to process very short
batches of signal samples efficiently. These receivers find applications in scenarios where
GNSS receiver Size, Weight, Power and Cost (SWaP-C) is essential [03].

4.1 Software Defined Radio

The origin of software-defined radio (SDR) dates back to 1995 when J. Mitola introduced the
idea to the community [106]. Prior to this, efforts were underway to improve radio flexibility
and interoperability. Two years later, in 1997, after completing his Ph.D. thesis [2], Akos
started as an Assistant Professor in the Systemteknik Department of Luled University of
Technology in Sweden [3]. He introduced a Matlab-based GPS SDR receiver to his students as
a class project and challenged them to make it run as fast as possible. It was at this moment
when a GPS SDR receiver achieved real-time operation. They were able to process 60 seconds
of IF data in 55 seconds. Meanwhile, Kai Borre, was also developing Matlab code for GPS
receivers, focusing on navigation and related functions. The combined efforts of Akos, Borre,
and others culminated in the first book on GNSS SDR receivers [13], and the development of
the SoftGPS Matlab receiver. This was the first open version of a GNSS SDR featuring a
novel front-end design for sampled data collection and storage.
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In 2009, the Centre Tecnologic de Telecomunicacions de Catalunya (CTTC) began working
on a multi-band, multi-system software receiver. This software receiver was published as
open source under a GNU General Public License (GPL) in 2010 and has since evolved
continuously. They based their efforts on the work of Akis and Borre, using their book, and
the work done by RTKIlib [151] for the PVT engine. GNSS-SDR is to this day the only
open-source GNSS SDR receiver capable of processing signals in real time [(4], and has been
tested onboard different vehicles. In fact, this approach has become a standard. Primarily
written in C++, it leverages object-oriented programming to provide significant flexibility in
radio design while efficiently implementing complex operations [125], particularly through the
use of SIMD (Single Instruction, Multiple Data) instructions. It is worth noting that without
these instructions, it is unlikely that acquisition and tracking tasks could be performed in
real-time on a conventional PC.

SDR offers advantages such as reduced development efforts and enhanced flexibility, but
they also place higher demands on hardware, including power consumption and processing
performance, compared to traditional application-specific integrated circuits (ASICs). However,
to be used in real time, in an efficient manner (a recent benchmark can be found in [69]), this
receivers still needs a hardware acceleration that if not done by ASICs, should be done by
FPGA [50], [83]. The tasks that are typically accelerated by hardware are the acquisition and
tracking of incoming SV signals (Figure 4.1).

The lack of reconfigurability in current commercial-off-the-shelf receivers and the emergence of
new radionavigation signals and systems have made software receivers an attractive approach
for designing new architectures and signal processing algorithms. This approach allows for
the exploration of new signal structures and frequency bands. In contrast, the advent of
new GNSS systems, the modernization of existing ones, and the deployment of augmentation
systems represent a driving force for the continued development and adoption of software-
defined receivers [52]. The introduction of new GNSS systems such as Galileo and COMPASS,
along with the modernization of existing systems such as GPS (with L1C, L2C and L5
signals) or GLONASS (with L30OC signals, and the movement from FDMA to CDMA), has
significantly expanded the number of available signals, frequency bands, and constellations.
This happened at a velocity never seen up to date in the GNSS community and has also
spawned a competition among the constellations and the services they are able to provide to
the user (either open, commercial, or military).

These new GNSS services, such as the High Accuracy Service (HAS, Galileo), Open Service
Navigation Message Authentication (OSNMA, Galileo) and Common High-Level Message
Encryption and Risk Assessment (CHIMERA, GPS), have emerged as part of these develop-
ments. HAS, for instance, focuses on providing centimeter-level positioning accuracy, opening
up new possibilities for precise navigation in areas where high precision is necessary. OSNMA
addresses the issue of spoofing, by authentication of navigation signals, ensuring the integrity
and authenticity of the GNSS message. CHIMERA adds another layer of security through
high-level message encryption and risk assessment. These new services are the response of
the GNSS system developers to the security and trustworthiness question, at a time when
spoofing attacks are becoming more and more common [160)].

These advancements in GNSS services, signal structures, and enhancement systems have not
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only expanded the possibilities for precise positioning and navigation, but also introduced new
challenges and opportunities for software-defined receivers. The increased complexity and
diversity of signals and services require flexible, adaptable solutions, software-defined receivers
are uniquely positioned to address these reality. As a result, the demand for software-defined
receivers continues to grow, with ongoing research and development efforts aimed at harnessing
the full potential of these technological advances to further improve global navigation and
positioning capabilities [20], [78], [I13]. The performance of the high-rate computations
needed while maintaining the desired flexibility inherent in a software-based approach ends in
a trade-off between computational efficiency and flexibility. Traditional hardware-based GNSS
receivers rely on specific hardware, such as ASICs, for the most computationally intense
processing, sacrificing flexibility in the process, but being more powerful and cheaper than
their SDR counterparts.
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Figure 4.1: General high-level structure of a GNSS Receiver.

4.1.1 Front Ends in GNSS-SDR

As technology advanced, the development of chips for mobile communications also accelerated.
These new chips offered several key enhancements: instantaneous bandwidth up to tens of
MHz, more bits on the ADC resolution, MIMO capabilities, and even transmit capabilities.
This occurred in parallel with the increase in popularity of software-defined radios and the
support of crowdfunding initiatives. In 2001 the GNU radio project started, and it was
developed in a time in which a wide array of front-end peripherals were emerging.

These new ICs were much more powerful than those available and had prices that placed
them within reach of the community, converting the world of amateur radio, which although
numerous was a niche, into something attainable for a wide range of people: from universities
and small research centers to makers. This gave great speed to new developments. A
software-defined radio designed for GNSS applications benefits from its position within the RF
spectrum at that point, where it is flanked on both sides by signals of interest to the civilian
population. In particular, applications such as digital video broadcasting, terrestrial broadcast
(DVB-T), and digital video broadcasting, second generation satellite (DVB-S2) receivers
have driven the availability of a diverse range of cost-effective RF integrated circuits (IC) for
GNSS receivers [53]. These RF ICs are tunable to GNSS frequencies, typically spanning from
900 MHz to 2.1 GHz. They, along with dedicated GPS ICs, formed the foundation for the
early GNSS SDR front ends. In fact, the hardware developed for [13] was based on classic
GNSS-customized chips, and it was quickly replaced by these new IC.
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A selection of GNSS-compatible SDR peripherals, including both new and established offerings,
is presented in Table 4.1, showcasing the diversity and capabilities of these hardware enablers.
These peripheral RF hardware forms the essential bridge that allows GNSS SDRs to tap into
the wealth of information contained within the radio frequency spectrum, enabling precise
and adaptable navigation and positioning solutions.

RF and signal Intermediate signals analysis

MATLAB @

o GNU Octave GNSS external tools and

CHANNELN

CHANNEL 2
HANNEL 1
E fs fin CHANNEL
siGNAL |3 sia
T
w

UISITION

lacat
By -
TRACKING

TELEMETRY
DECODER

HARDWARE
FRONT-END

Positioning applications

Inertial Measurement Unit

Figure 4.2: General structure of GNSS SDR [0].

4.2 Applications enabled by GNSS-SDR concept

4.2.1 Server-GNSS

In certain GNSS applications, a distinct separation between the GNSS front-end (which
collects the RF samples) and the subsequent signal processing and navigation solution can
be advantageous. These signal processing and navigation operations can be executed on
a computer, located at a different location, and even at a different time (post-processing).
This server and the GNSS front end may be connected via a data link, typically with a
high By,. On the server side, the GNSS SDR receiver is responsible for retrieving GNSS
signals from one or more front ends and subsequently generating the precise position solution.
This configuration presents several advantages. Firstly, the server potentially has access to
assistance or differential correction data, PPP data such as precise orbits or clock corrections,
and therefore enables the provision of a more accurate position solution in both realtime and
post-processing. It can even perform high-sensitivity acquisition techniques, being able to
provide a PVT solution in harsh environments.

As the data do not need to be processed in real time and can be stored, a GNSS server receiver
is a device that periodically records short segments of the GNSS signal. These snapshots of
signals are stored or transmitted to a server, which is responsible for the acquisition, tracking,
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computation, and visualization of the position solution. In particular, high-sensitivity signal
processing algorithms are executed on the server, rather than on the mobile device itself.
The difficulties arised in the transmision of this data. Some weapons tracking systems, for
example, utilize an S-band link to transmit telemetry. In this case, it can also be used to
send the captured signal from the vehicle to the ground server. On the server side, the GPS
receiver can achieve a short Time To First Fix (TTFF) and exhibits the capability to track
signals with high dynamics.

This captured signal can be a key tool in optimizing the performance parameters of the receiver,
as it will have all the characteristics of the signal on board, and even if they are recorded
with the oscillator that the receiver will later use, they also inherently have the behavior of it.
With this signal, receiver parameters such as sensitivity, precision, and availability can be
optimized or oscillator behavior can be analyzed. In fact, in the results section (Chapter 7)
this is, in part, the approach followed. The exception is that the available material means
do not allow the signal on board the rocket to be recorded at the moment, and only the
simulated one.

Another example could be an asset tracking system, such as for containers or vehicles. Small
segments of GNSS samples are periodically recorded and temporarily stored. Subsequently,
these data are transferred to a PC or Web service running server-side radio software. This
approach in [10] uses a hardware, SnapperGPS that can run for more than a year with minimal
power consumption and is capable of recording 12 ms signal chunks at 4 MHz of BW and 1
bit resolution. With a memory of 512Mbits, one can store about 11000 snapshots in 21 $
Harware. Applications to wildlife tracking or LEO satellites [63] are being investigated in this
regard. Moreover, depending on the duration of the sample snapshot, this approach can yield
high positioning accuracy. In a related mass-market application, it is conceivable to use this
technology to geolocate images captured by a digital camera. The GNSS data samples are
then stored alongside the respective images.

4.3 Technology readiness

SDR technology, when applied to GNSS receivers, provides a high degree of flexibility, with a
variety of benefits and challenges. Especially now with the new services being deployed, new
signals and various capabilities under test of these GNSS constellations, the explored concept
of recording samples can be used to be able to use these services later. Signal recording is
especially effective in navigation warfare environments. It can allow later analisis of the types
of spoofing and jamming suffered, or even the use of services such as OSNMA or CHIMERA for
position validation or forensic studies of what has happened. Moreover, the highly adaptable
architecture allows easy updates during its useful life, which could be particularly valuable in
remote and harsh environments. In addition, this technology is a powerful tool for prototyping
innovative signal processing algorithms and monitoring signal quality. SDR receivers require
little or no hardware reconfiguration, reducing the overall effort of development, maintenance,
and upgrades. SDRs also enable advanced simulations, generating high-fidelity, customizable,
real-time GNSS signals that surpass the limitations of traditional signal generators. This
comes with a drawback to security: It increases the availability of spoofers and their quality.
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It can be said that nowdays the larger use of GNSS SDR related technology is actually in
this field.

However, SDRs are not without limitations. In terms of performance, they are still behind. A
recent study [15] comparing the SDR GNSS receivers found that the SDR offered a 3D-MRSE
(3D Mean Radial Spherical Error) of 3.4 m in the single-point-positioning mode, which is lower
than existing low-cost receivers as [156]. Other recent studies [119] evaluated GNSS-SDR for
the Indian Regional Navigation Satellite System (IRNSS) signals using a low-cost RTL-SDR.
They achieved 9.79m 3D-MRSE, but only 5 satellites were available. The cost of these systems
is also larger, since they cannot take advantage of the classical ASIC receivers of scale economy
in large quantities fabrication. Despite these challenges, the GNSS scientific community has
made significant strides in advancing SDR technology, with numerous open-source projects
aimed at addressing the current limitations in GNSS receiver testing. Regarding the future of
SDR in GNSS Receivers, despite current limitations, there is still room for improvement in
SDR positioning accuracy. The advent of open-source software and the growing demand for
GNSS receiver customization have led to a surge in interest in SDR technology. This trend is
likely to continue, with SDR technology playing a crucial role in the future of GNSS receivers

[69], [113].
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Front-end / Cost | Tuning Bits | RF BW /| Ch | Clock | Bus BiasT
range Chipset Stabil-
ity
USRP-B210 /| 70MHz-6GHz | 12 56 MHz /|2 +75ppb | USB3.0 | No
2200% ADI361 (opt)
USRP-X310 /| DC-6GHz 12 160MHz /12 +25ppb | PCle No
9800% Daughter- (opt) (x4)
Boards JETH
USRP-X410 /| 1IMHz- 12 400MHz / RF-| 4 +2.5ppm| PCle No
300008 7.2GHz SoC ZU28DR (x8)
JUSB-C
BladeRF- 47MHz-6GHz | 12 28MHz /|2 +1ppm | USB3.0 | Yes
Micro2.0 / LMS6002D
420%
LimeSDR- 10MHz- 12 30.72MHz /| 1 +2.5ppm| USB2.0 | No
Mini2.0 / 3003 3.8GHz LMS7002M
PocketSDR / 505 | GNSSL1 /L5 | 2 | 20MHz /| 2 or | £0.5ppm| USB2.0 | Yes
MAX2771 4
SDRPlay RSPdx | 1kHz-10GHz | 14 10MHz /11 +10ppm | USB2.0 | Yes
/ 220% RSPdx Rx
RTLSDR-R820 /| 24MHz- 8 2.8MHz /11 +0.5ppm| USB2.0 | Yes
40% 1.7GHz R&820T2 Rx
ADALM-Pluto / | 325MHz- 12 20MHz 1 +25ppm | USB2.0 | No
200$ 3.8GHz (unofficial
firmware)  /
AD9363
Hack-RF-One /| IMHz-6GHz |8 20MHz /11 +0.5ppm | USB2.0 | Yes
3008 MAX2837- (opt)
MAX5864
FreeSRP Alpha /| T0MHz-6GHz | 12 56MHz /11 +10ppm | USB3.0 | No
400% AD9364
GNSS Firehose /| 0.7-2.2GHz 8 50MHz /13 +1ppm | GbE Yes
800% MAX2112 (L1,
L2
L5)

Table 4.1: Comparison of SDR Front Ends usable for GNSS applications.
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Chapter 5

GNSS on projectiles

As introduced in Chapter 4, the use of GNSS receivers on board this type of vehicle (rockets
and guided projectiles) is the key for them to achieve their objective. Various projects have
been carried out on this idea, on sounding rockets in [96], [6] and [107]; or on artillery rockets
in [95]. At the moment there is no technologically mature alternative to estimate on-board the
absolute position and speed of the ammunition with sufficient precision to guide and control
it, although some other approaches are under investigation, such as the use of ground-based
signals of opportunity [166].

However, there are several challenges for the use of onboard GNSS receivers in these vehicles:

o Legal/CoCom limitations.

e Mechanical resistance of the components and behavior even when they survive.

e Acquisition tuning.

o Tracking tuning.
The first will not be mentioned again throughout the thesis, as it is understood as a legal
limitation, outside the scope of the thesis (for more details see [29]). Regarding the mechanical
resistance of the components and their behavior in the dynamics of the ammunition, data
will be collected in part to be able to explain the limitations or certain behaviors, especially
in the results section in which data from real tests are collected. Finally, it is the objective

of this chapter to detail how the acquisition and tracking processes of a GNSS signal must
necessarily be modified in a receiver that is embarked on rocket- or projectile-type vehicles.

5.1 Acquisition tuning

The acquisition process involves searching for satellites within a 2D search space. This area of
study is well documented, with [144] and [$5] providing comprehensive overviews. Introducing
the satellite acquisition process is important to understand the challenges faced by a GNSS
receiver on board a projectile. In the GNSS satellite vehicle (SV) acquisition process, two
unknown parameters must be determined, resulting in a 2D search space. These unknowns
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are the code delay and the frequency offset of the carrier signal received.

On the one hand, the code delay is influenced by the distance between the satellite and the
receiver at any given time, as well as, to a lesser extent, by the Doppler shift, particularly if
the shift is substantial !.

The frequency offset, on the other hand, is affected by two factors: the relative speed between
the satellite and the receiver, and the discrepancy between the nominal and actual frequency
of the local oscillator [79].

As the uncertainty in each dimension increases, the search space expands, leading to longer
search times. The range dimension for the C/A code is limited to 1.023 chips in total, while
the range dimension of the Galileo E1 code is limited to 4.096 chips in total. Typically, the
code phase is searched in increments of 1/2 chip, referred to as code bin.

In contrast, the Doppler dimension is only bounded by the radial velocity between the satellite
and the receiver. As mentioned above, it depends on the dynamics of the receiver and the
behavior of the receiver oscillator. The size of the Doppler bin in the search is approximately
2/(3T) Hz, where T represents the search integration time [$5]. For instance, with a T of 1 ms
(the minimum integration time for a C/A code), the Doppler search bin is approximately 667
Hz, whereas for a T of 20 ms (the maximum acquisition coherent integration time possible
for GPS L1), the Doppler bin is about 34 Hz. The lower the expected signal-to-noise ratio
(expressed as a lower C'/Ny) of the signal received from the satellite vehicle (SV), the longer
the integration time required, which in turn increases the search time.

5.1.1 The search pattern

As explained in [35], the search pattern typically involves scanning in the direction (code) of
the range from early to late, at a constant Doppler frequency. This approach helps mitigate
the effects of multipath interference, as the direct signal typically arrives before the multipath
signals. In the Doppler bin direction, the search pattern usually begins at the mean value
of the Doppler uncertainty (or zero Doppler if the actual line-of-sight velocity estimate is
unknown). The search then progresses symmetrically, one Doppler bin at a time, on either
side of this value until the entire range is covered.

It is also noted in [85] that the autocorrelation and cross-correlation sidelobes of the C/A code
can lead to false signal detections if these sidelobes are sufficiently strong. These sidelobes
tend to become more pronounced as the integration time is reduced. However, this will lead
to a particular problem in high-dynamics receivers, as the integration time should be kept as
low as possible [161]. This, with the Doppler range to be explored in the receiver acquisition
process on board a projectile, will be explored as follows.

!The influence over code delay by the Doppler shift, in the L1 band, is divided by a factor of 1540 relative
to the carrier Doppler. This effect is typically significant only for LEO satellites, which travel at speeds of up
to 7 km/s, resulting in carrier Doppler shifts of up to 50 kHz [11]
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Figure 5.1: Two-dimensional search pattern for GNSS signal acquisition, adapted from [35].

5.1.2 Effects in Rocket flight

The relative importance of these effects in a typical scenario is as follows:
o TCXO frequency drift of +£1 ppm, resulting in an additional 1.575 kHz search range.
« Satellite motion, in the worst-case scenario (after calculations), contributes +4.2 kHz.

o The receiver motion, for example, in a car moving at 27.8 m/s, adds approximately 150
Hz.

This leads to a total search range of approximately +5 kHz for a receiver that is under
everyday motion.

However, in the case of a rocket, additional factors need to be considered:

» Receiver motion: For a projectile traveling at 500 m/s at the muzzle, this adds approxi-
mately 2.63 kHz.

o Angular receiver motion: For a projectile rotating at 100 revolutions per second (100
rev/s) with an angular velocity of about 628.32 rad/s, and considering a diameter of
155 mm, this corresponds to a linear speed of 48.7 m/s, adding around 250 Hz.

o The effect of acceleration on the TCXO (temperature-compensated crystal oscillator),
both linear and angular, if it is not precisely aligned with the axis of rotation of the
projectile:

— For linear acceleration, a rocket might experience around 100g during the 2-second
propulsion phase, followed by a deceleration of around 20g when propulsion ends.

— For angular acceleration, which is more significant, a rotation speed of 100 rev/s
at approximately 3 cm from the axis would result in around 1200g.

« With a typical sensitivity of 1.5 ppb/g, this would add approximately 2.85 kHz to the
search range [101] or 0.38 kHz if a Low g-Sensitivity clock is used (as [100] with 0.2
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ppb/g).
This results in a total Doppler search range of around +10 kH z.
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Figure 5.2: Doppler shift and code delay for a positive acquisition of a GPS L1 C/A signal.

The effect on the code is approximately 6.5 Hz, which, for an integration time of 10 ms, is
much less than 0.3 chips (0.5 chips would result in a loss of about -6 dB).

To mitigate these effects, it is essential to keep acquisition integration time as short as possible,
even if this comes at the cost of receiver sensitivity. Typically, this would be 1 ms for GPS
and 4 ms for Galileo. It is also important to note that due to the nature of the trajectories of
these munitions (usually reaching altitudes of 8-12 km), there should be no significant issues
with maintaining satellite visibility. Therefore, there is no need for a large sensitivity.

5.2 Tracking Architecture

The typical trade-off in loop tracking design is bandwidth versus dynamic performance: the
effects of noise increase with increasing loop bandwidth, whereas dynamic tracking errors
increase with decreasing loop bandwidth [90]. Some interesting graphics of this trade-off, as a
function of bandwidth and dynamic stress, for TCXO and OCXO can be found in 12.3.7 of
[105].

Moreover, in [35] an analysis of how to relate the values in Table 5.1 and maximum dynamics
is described. From this analysis, Figures 5.5(a) and 5.5(b) are derived.
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Figure 5.3: Example of a GPS L1 C/A signal positive acquisition in a projectile scenario.

As can be seen, the theoretical stationary state error of the loop depends on the loop bandwidth
and order, whereas the order fix the sensitivity to velocity, acceleration, or jerk (Table 5.1).

PLL-DLL: For carrier signal-to-noise ratios commonly encountered by GNSS receivers on
aircraft and missiles, loop bandwidths need to be so narrow that reliable carrier phase tracking
can only be achieved for acceleration not exceeding 5 g and jerk (the derivative of acceleration)
not exceeding 5 g/s.

Nowadays, the loop structure known as FLL-assisted-PLL is very often adopted for GNSS
receivers. Rather than using a single loop, it consists of a PLL and an FLL in a coupled mode
to reduce locking times and avoid false locks. The advantages of adding FLL to track spread
spectrum signals in dynamic environments have already been studied in [31] or [133], [134].

In the case of rockets, the critical moments are the engine turn-on and turn-off that produce
large changes in acceleration.

With FLL: The receiver can operate under much higher dynamics: A breadboard receiver has
been built that demonstrated reliable tracking with simulated trajectories corresponding to
150 g acceleration and 150 g/s jerk.
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PLL thermal noise jitter as function of CIN0 (1575.42 Mhz) PLL thermal noise jitter as function of CIN0(1575.42 Mhz)

PLL Bandwidth from 2 to 40 Hz; T = 1ms 1 L Tint from 1 to 20 ms; PLL BW =30Hz

PLL thermal noise jitter (°; 1 o)
PLL thermal noise jitter (°; 1 &)

20 25 30 35 40 45 50 20 25 30 35 40 45 50
CIN, (dB-Hz) CIN, (dB-Hz)
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and integration time of lms. and a fixed bandwidth of 30 Hz.

Figure 5.4: PLL thermal noise vs C//Ny.
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Figure 5.5: PLL stationary error (ess) vs C'/Nj.

5.2.1 Tracking loops tuning

The acquisition process only provides an initial estimate of the Doppler frequency (Af) and
the code delay (7). Signal tracking is used to generate precise replicas of the incoming code
and carrier. The local code and carrier can be generated correctly only if the signal parameters
are correctly tracked. The tracking loops are endorsed with this task: refine the Af and
7, follow their values during the trajectory, under receiver dynamics, and demodulate the
navigation message from the satellite vehicle (SV). If this task is successfully performed, then
the correlation of the local copy PRN code with the signals is capable of pulling those signals
out of the noise (de-spreading the signal).

The tracking module needs to generate two replicas: one for the carrier and one for the code,
in order to accurately track and demodulate the signal from a single satellite. The objective
is to keep the phase of its replica code in maximum correlation with the desired SV code.
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Table 5.1: Loop Filter Characteristics, adapted from [35].

Loop Order Filter relation Steady State Error Characteristics
between B, and wy (ess)
First B, = 0.25wq (dﬁ{) dt) Sensitive to velocity
stress.
Unconditionally stable
at all bandwidths
Second B, = 0.53wyq (dzlj:w Sensitive to
0 acceleration stress.
Unconditionally stable
at all bandwidths
Third B, = 0.7845wq (dsiw Sensitive to jerk stress.
0 Stable only at
bandwidths < 18H z
[163]
dR/dt = maximum LOS dynamics (deg /s).
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Figure 5.6: High level schematic of the interaction between DLL and PLL tracking loops in
GNSS signal processing.

The receivers use two separate loops for the local carrier and the code. The two loops are
coupled in the sense that the DLL (code) requires precise carrier wipe-off to operate correctly,
and conversely, the PLL (carrier) also requires precise code wipe-off to operate correctly
(Figure 5.6).

If the receiver cannot adjust its replica carrier signal to match the frequency of the target SV
carrier, then the signal correlation process in the range dimension is significantly weakened due
to the frequency response roll-off characteristic of the GPS receiver. This has the consequence
that the receiver cannot use the signal from the SV. If the signal was successfully acquired
because the SV code and frequency were successfully replicated during the search process,
the receiver will subsequently lose track of the SV frequency and subsequently will also lose
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the code track. This is especially relevant in high-dynamic scenarios, as receiver Doppler
shift with respect to SV is relevant, as introduced previously (through LOS relative dynamics,
or even receiver’s oscillator). This Doppler shift can cause the receiver to lose lock and, as
explained, make that channel unable to follow the desired SV signal.

I prompt

Input Signal(IQ) Late
® ® Code discriminator

(Equation 5.7)
Qearly
Q erompt
Qlate

Code NCO Il { Code Filter

Carrier NCO Carrier Filter . C?ff!ef (Equation 5.8)
Discriminator

PLL

Figure 5.7: Detailed schematic of the operation of DLL and PLL tracking loops in GNSS
signal processing.

Generally, tracking employs three correlators: one is placed at the prompt or on-time
correlation point for carrier tracking, while the other two are symmetrically placed early and
late relative to the prompt phase for code tracking (Figure 5.7). In Galileo five correlators are
used, instead of three. This is to avoid false locks on the side lobes of the BOC [7]. Modern
receivers may even use massive multiple correlators with the aim of speeding up the search
process or for robust code tracking [1].

5.3 High Dynamics architectures for GNSS tracking

The main signal processing challenge for a GNSS receiver in a scenario of very demanding dy-
namics is the receiver’s ability to follow the rapid variations in the synchronization parameters
of the received signals. Existing GNSS receivers are usually based on two-step tracking loop
structures known as DLL/PLL, where one tracking loop is dedicated to estimate the time
delay evolution of the received signal, while another loop is dedicated to follow the evolution
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of the carrier phase. These structures become unstable at high speeds [22], [77]. For example,
a commercial receiver is not only limited by design to a maximum speed of 1900 km/h and
an altitude of 18 km, but it may also lose the ability to calculate the PVT solution above
accelerations as low as 4g [150].

5.3.1 Tracking Loops based on PLL-DLL

The PLL senses the phase difference between the incoming and local signals. The phase rate
(frequency) of the local replica is increased or decreased in order to recover the initial phase
difference. The phase error is driven to zero only if both phase and frequency are recovered.
A detailed diagram is shown in Figure 5.7. The components of this diagram are summarized
as follows:

Code discriminators

The designer has many choices for the code discriminator function A.(-), see [82], [33], [85] for
a discussion of possible options and associated trade-offs. Considering the correlator output ¢
as y;[k] = virlk] + jyiglk], generic code discriminator functions can be expressed, depending
on the availability of ggo[k],

Ne—1
2

A((:non—coherent)[k:] — Z w; (%2,1[]{7] + yZQ,Q[kD , (51)

. Ne—1
= 2

in case of data-modulated channels or before the steady-state of q@[kz] estimation,

Ne—1
2

A(coherent) [/{Z] — Z Wiyi,l[k] , (52)

C
. Ne—1
= 2

in case of the availability of a reliable estimation of ¢[k].

The number of correlators V., their spacing ¢; and the weights in Equations (5.1) or (5.2) are
design parameters. Design criteria can be output bias and variance, sensitivity, operating
range, unambiguity, and computational cost [5], [30].

The implementation presented in this work uses the noncoherent Early minus Late envelope
normalized discriminator, which is a particularization of Equation (5.1). For BPSK signals,

_ Yintercept — Slope € . |E[k” _ |L[k]|

A[H] Slope |E[K]| + |L[k]|

(5.3)

where:
* Yintercept 15 the interception point of the correlation function on the y-axis,

« slope is the slope of the correlation function,
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o ¢ is the Early-to-Prompt (or Prompt-to-Late) spacing, normalized by the chip period,

(k]| = \/ E[k]? + Eglk]? is the magnitude of the Early correlator output,

(k]| = \/ L;[k]? 4+ Lglk]? is the magnitude of the Late correlator output.

Phase discriminators

For the phase discriminator function A,(-), several options can be applied depending on the
characteristics of the GNSS signal in which the channel is operating. In channels with the
presence of navigation data bits or a secondary spreading code, the phase discriminator must
be insensitive to -7 rad phase jumps. This is the case of the Costas loop two-quadrant
discriminator [35],

AL 1] — atan (iﬁ:ﬂ) | (5.4)

However, in data-less channels, or when secondary code/bit synchronization is already achieved,
the receiver can switch to other types of discriminator with improved accuracy, such as the
four-quadrant arc tangent discriminator, which is known to be the Maximum Likelihood
Estimator (MLE) [33], [80]:

Al = atan2 (Polk], Prlk]) - (5.5)

p

Grouping the code and carrier phase discriminators in a vector, we can define,

z = [A(), 8()]" (5.6)

where A, is the code discriminator output, defined as in Equation 5.3 for BPSK signals, and
A, the phase discriminator output. Those measurements can be related to the states by
accounting for frequency rate effects during the integration interval (taking the third term of
the Taylor expansion),

T T?

Ack(r) = Amy — 62Afd,k + 66A04k + Weyk (5.7)
T2

Api() = Agp — TTAfar + TAO% + Wpk - (5.8)

Tunning of a PLL-DLL for High dynamics

From Figure 5.4(b), an interesting conclusion can be drawn: If C'/Nj is sufficiently high
(> 35,dB-Hz), then the jitter produced in the PLL is practically independent of the integra-
tion time and will only depend on the chosen bandwidth. However, as will be practically
demonstrated, this is not entirely true (see Figure 5.8(b) and Figure 5.13(b), where only the
PLL is used, in a static situation, with the same bandwidths, but one uses 7" = 1, ms and the
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other T'= 20, ms). Nevertheless, in the current analysis, we will not use integration times
greater than 1, ms for two reasons:

o In the case of rocket and projectile flights, as introduced, the sky visibility is good, and
the C'/Ny is high (typically > 40,dB-Hz).

o When long integration times are used, effects not considered in this analysis, such
as frequency variations of the local oscillator due to thermal noise, vibrations, or
acceleration, negatively impact the tracking loop’s ability and can cause it to lose
synchronization.

On the other hand, the use of different bandwidths with the same C/N, causes significant
differences in jitter (Figure 5.4(a)). Here, the difference is not small, even at C'/Ny > 40, dB-Hz,
although for an increase in By, from 2, Hz to 40, Hz, ¢ increases from 1° to 4°. In other words,
at the signal levels available in the study scenario, increasing By, results in performance loss,
but it is not prohibitive (using Ti, = 1, ms).

Another aspect to consider is the behavior of loops under different dynamics depending on
the chosen filter order (Figures 5.5(a) and 5.5(b) ). In this analysis, two aspects must be
considered: first, a loop of 2"¢ order will only be capable of tracking constant acceleration
dynamics (zero jerk). This tracking will have a steady-state error (ess) that will be greater
the higher the acceleration (Figure 5.5(a)). With a By of 30, Hz at an acceleration of 5g, we
will have an ess of about 29°. Conversely, if we use a loop of 3'% order, then the ess will be
zero for any acceleration, but attention must be paid to the jerk. It is important to note that
its stability is no longer unconditional [163]. Stability is not guaranteed above 18Hz . For a
By of 18Hz and a jerk of 10g/s, the ess will be 15°.

Behavior of the DLL-PLL in static and launch conditions

The figure 5.8(a) and the following ones are organized as follows: at the top left is the
constellation, where I is plotted against Q. To its right are the information bits encoded
in the PRN, with the information in I shown in blue and the information in Q shown in
orange. Below, the values of the magnitudes of the correlations that will be introduced into
the code discriminators are represented. Finally, in the bottom left are the values of the PLL
discriminator (Equation 5.4) and the DLL discriminator (Equation 5.3), with and without
filtering applied.

Static: After the initial acquisition, the loop takes 1.5 seconds to stabilize (see Figure 5.8(a)).
During this time, the signal energy oscillates between the I and Q channels, the constellation
rotates because of the unresolved phase, and the Doppler measurement has a very high error
(see Figure 5.8(b)). After this period, the tracking channel stabilizes and has a smaller error.
This error is further reduced when, after 12 seconds (bit synchronization), narrower By,
(bandwidths) are used.

Launch: In the case of a launch, the initial level of jerk causes the tracking channel to lose
lock (see Figure 5.9(a)). The Doppler value recovered from the SV (Space Vehicle) signal
during the launch is not validly estimated (see Figure 5.9(b)), and the loop loses the ability
to track the signal for about 15 seconds, until the jerk decreases (the rocket motor has shut
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down) and the acceleration varies smoothly, although it remains high. From then on, the
behavior is similar to what occurs after acquisition in static mode, with a transient period
followed by steady state operation and improved performance using narrow Byy.

When the PLL-DLL tracking structure works as expected, the phase error is driven to zero
and the signal power is only present in the I component (Figures 5.8(a) and 5.9(a)). This will
be compared with the FLL case in Section 5.3.2.

5.3.2 Tracking Loops based on PLL-DLL-FLL

The classical solution for dealing with high-dynamics GNSS signal tracking is based on the
expansion of the usual dynamics model (considering carrier phase and Doppler shift), from
which the DLL/PLL architecture is derived, by another one that includes the rate of change of
the Doppler shift [28], [163]. Physically, this corresponds to the estimated velocity, acceleration
and jerk of the receiver (Figure 5.10).

Carrier Lock «/Unlock
— -
Detector Lock/Unloc
.C/N T — C/N
Estimator
Signal Integrate | S ;od—e cOd'e Loop . Ar
Source & Dump Discriminator Filter
T ? N Phase
" N Discriminator Phase Loop
NCO Local code replica filter with
Carrier Generator frequency Af
Generator ‘ I Frequency aiding
Discriminator

Figure 5.10: Classical tracking loop architecture for high dynamic scenarios.

This solution, combined with adaptive management of the frequency tracking loop (FLL) and
its assistance to the phase tracking loop (PLL), has demonstrated its ability to keep track of
signals received with high dynamics [12], [145], although important issues can be found in
some scenarios [108].

The FLL differs from the PLL in frequency discriminator and in the presence of an additional
integrator.
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Figure 5.11: Jerk stress thresholds for second-order FLL at T;,; of 1ms and C'/Ny of 40
dB — Hz.

Figure 5.12(a) illustrates the FLL thermal noise tracking jitter and tracking thresholds,
assuming a second-order loop with 10 g/s jerk dynamics with different noise bandwidths and
an integration time of 1 ms. Figure 5.11 illustrates the jerk stress thresholds for a second-order
FLL as a function of the noise bandwidth. Comparing the thresholds in Figure 5.12(b) for the
second-order FLL with those in Figure 5.5(b) for a third-order PLL, notice that the FLL has
much better dynamic stress performance than the PLL at the same noise bandwidths. For
example, at 10 Hz and 35 dB-Hz, the FLL can tolerate up to 240 g/s while the PLL can only
tolerate up to 4 g/s. This comparison reinforces the earlier statements that a robust GPS
receiver design will use an FLL as a backup to the PLL during initial loop closure and during
high dynamic stress with loss of phase lock but will revert to pure PLL for the steady-state
low to moderate dynamics in order to produce the highest accuracy carrier Doppler phase
measurements.

If the initial frequency estimate (from the acquisition block) is not sufficiently precise, the PLL
can fail to lock the signal phase and frequency. The FLL can usually track higher dynamics
and can pull the signal in frequency-lock conditions more easily than a PLL. The receiver
can start tracking operations using an FLL and progressively move to a PLL with different
bandwidths and integration times.

When using the FLL, a residual phase is present and the signal power is split between the I
and Q components.
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Figure 5.15: Kalman-Filter tracking implementation, high level block diagram.

5.3.3 Kalman Filter tracking

An evolution of the DLL/PLL channel tracking loops leads to the inclusion of a Kalman Filter
(KF) from the satellite channel in the loops [161], called TRK KF (Figure 5.15). Feedback
information coming from the PVT block may or may not be present, as detailed in the
next section. An interesting and comprehensive comparison with the traditional PLL-DLL
architecture can be found in [155].

The Kalman-filter states on those TRK KF blocks can be described as follows:

Xk = [ATk‘u A(bk’ Afd,lm Ao{k]T ) (59)

where AT, = T, — T3, in chips units, and A¢, = ¢ — ngﬁk, in radians, are the code delay and
carrier phase errors, respectively, Ay, in Hz, is the residual Doppler frequency shift, and
Aaqy, in Hz/s, is the Doppler frequency rate correction. Their evolution can be modelled as
follows,

Ay = ATy + BT Afap—1 + 62T2Aak1 + Uk s (5.10)
Ady = Adp_1 + 20T Afar + 7T*Aay + vz (5.11)
Afar = Afar—1 +TAap_1 + v (5.12)

Ao = A1 + Vo -1 » (5.13)

where g = f’gg> represents the factor used to convert cycles in units of code chips, T is the
L
integration time and v are the noises.

and hence the whole system can be expressed,

X = FXk,1 + Vi y Vi ~ N(O, Qk) y (514)
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where x;, is the state at the current time, x;_; is the state at the previous time, F' is the state
transition matrix, or system matrix, and v is noise.

10 gr 2
01 27T 7T?
F = 1
00 1 T ’ (5.15)
00 O 1
The noise covariance matrix of the dynamics model Q, can be written,
UQAT’,C 0 0 0
1 0 (72A¢ 0 0
Q, = 0 0 UQAM 0 (5.16)
0 0 0 aia’k

where the diagonal is filled with the covariances of the noises v.

Considering the code and carrier phase discriminators (Equations 5.7 and 5.8), we can write
the measurement matrix H,

H L0 _BTT BTTQ
= , 5.17
e 2 A 47
and the filter measurements vector zy,
z, = Hx, + wy, wp ~ N(O, Rk) , (518)
~2
— UAc,k O
where wy, represents the noise in the measurements, i.e the discriminators. The variance of
this discriminators output can be approximated by (based on the recent work in [150]),
2 € 1
52~ 1+ , (5.20)
Bek T 4(C [Ny T M ( (C/No)T. (1 _ ;))
9 1+ 2(C/No)iT. 1+ 2(C/No)iT.
6%~ (1 ‘. (5.21)
Pt AM ((C/No)wTe) M ((C/No)iTe)

Based on those definitions, a Kalman-Filter can be defined. Starting from the initialization,

Xolo = |:7/=acq 0 fd,acq 0 }T ) (522)

95



Miguel Angel Gémez Lépez

o2, 0 0 0
0 o2 0 0
= 6,0

PO|O 0 0 O-?"O 0 ) (523)

0 0 0 o2

R 000

| 0 oago O 0
QO - 0 0 U2Af,0 0 ) (524)

0 0 0 ol
)
I O-AC,O 0
R, = [ ; &QAPO] , (5.25)
the time update (prediction) step,
Xph—1 = FXp_1p-1 (5.26)
Pip1=FP,_ 13 1 F' + Q. (5.27)
and the measurement update (estimation),
-1

Ky = Py H' (HPy  H +Ry) (5.28)
Kk = Xpfr—1 + Ki (Zk - Hkﬁk\kq) : (5.29)
Pup = (I— KH) Py . (5.30)

Since GNSS receivers used to apply different integration times before and after bit synchro-
nization, this can be incorporated into the filter by doing the,

T M-1
Ppoae = FYPy, (FY) + 3 FmQ, (F™)' (5.31)
m=0
pgrz 1M BM2T?
10 g1, 2 10 gMT 5
0 1 20T} 7T? 0 1 2a,M wM>T?
FY = PR = i i 32
00 1 T 00 1 LM (532)
00 0 1 00 0 1

assuming an integration time of T; before bit synchronization, and MT; after the preamble of
the navigation message has been detected. The values used are M =1 and T' = 1ms, which
leads to a coherent integration time of 1ms. This time is the minimum for GPS C/A signal
[85]. If Galileo is to be used this time increases up to, then this time increases up to 4ms [11].
On the other hand, different approaches to the C'/Ny estimation can be performed. In this
work the classical one is used, although a faster approach can be found in [137].
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Figure 5.8: Detailed behavior of PLL-DLL tracking after an acquisition in static position.
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Figure 5.12: FLL dynamics behavior.
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Channel 2 (PRN 4 tracking: PLL-DLL-FLL) results
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Chapter 6

Sensor fusion navigation

So far, the work of the previous two chapters has focused on studying what SDR-based GNSS
receivers are and how GNSS receivers can be used onboard rockets and projectiles: their
peculiarities and limitations. It has also been justified, after analyzing previous works and
the state of the art, that it is the main navigation system used by nearly all mature guided
munition developments. However, even after Chapter 5 the limitations of GNSS receivers
have also become clear.

The use of auxiliary sensors improves, on the one hand, the availability of navigation at
different stages of the flight, for whatever reason. As will be explained throughout this chapter,
fusing information from GNSS receivers with other sensors will allow us to deal with both
jamming or spoofing attack events, as well as adverse conditions, such as the accelerations
and jerks suffered during the launch.

The objective of this chapter is to introduce the characteristics that these sensors have,
why they are necessary, and the different integration architectures. In addition, one of the
contributions of the thesis will be detailed: the Vector Tracking algorithm compatible with a
software-defined GNSS receiver that is based on GNU radio architecture.

6.1 Sensors

Generally, GNSS receivers are combined with inertial sensors. This is because they are
complementary systems. Inertial type sensors (INS or IMU) made up of accelerometers and
gyroscopes allow attitude and position to be obtained through integration, a large number
of times per second. However, GNSS receivers provide position, speed and heading are
absolute, although with lower refresh rates. The availability of inertial sensor measurements
is maximum, but the quality decreases over time because it is an integration. After a certain
time, these measures will result from the accumulation of errors and will not be useful. In
contrast, although susceptible to signal loss, the data provided by the GNSS receiver will not
degrade over time and can be used to reset or align the inertial unit when available [17]. As
a result, a system made up of a GNSS receiver and an IMU/INS will provide the attitude,
position, and velocity of the vehicle in which it is installed [114].
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Due to space and cost requirements onboard rockets and projectiles, the quality of these units
is limited. Given current technology, units are limited up to tactical grade. Moreover, as
introduced in Chapter 2, the accelerations suffered by the navigation units are so great that
mechanical resistance is another aspect to take into account. The combination of these three
characteristics: low size, low cost, and high mechanical resistance means that MEMS-type
inertial sensors are always used. In fact, as introduced, the development of sensors capable of
supporting these dynamics and the development of the navigation systems themselves was
in parallel at the beginning. Detailed studies on strap-down MEMS IMU (accelerometers +
gyros) have been carried out widely in [17], [18] and in flights in [36]. However, not as many
tests are available regarding GNSS-only data, and only few related GNSS/IMU hybridation
data [104]. This is in part due to the challenge of getting the data from the test device (rocket)
as shown in [35], [19], and [37].

6.2 GNSS/INS Architectures

Sensor fusion architectures in navigation systems are categorized by the degree of integration
between sensors, ranging from independent systems to deeply integrated approaches. As the
level of integration increases, so do the complexity and interaction between sensors, leading
to better performance of navigation systems. Each strategy offers different advantages and
trade-offs based on the level at which the sensor data is fused [71].

INDEPENDENT SYSTEMS

GNSS Receiver
" : GNSS ONLY
Pcntems L I = * Position
B < p—— I -] "
- Sl s L Channel 1 e — — * e | || Velocity
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Gyroscope ¥ / nnit‘ude ¢ Attitude

Figure 6.1: Independent GNSS and IMU/INS navigation architectures.
« Independent: Each provides their own solution (Figure 6.1). GNSS can be used to reset
the INS error. From now on, they are no longer totally independent [1412].

o Loosely Coupled: In a loosely coupled sensor fusion architecture (Figure 6.2), different
sensor measurements are processed independently and their outputs are combined at
a higher level. For example, the outputs of an inertial navigation system (INS) and a
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Global Navigation Satellite System (GNSS) receiver might be combined in a higher-level
navigation algorithm. Sensors operate somewhat independently, and their fusion occurs
in a higher processing layer [14], [17], [L19], [L43].

 Tightly Coupled: The tightly coupled architectures (Figure 6.3) involve a more integrated
approach, in which the outputs of different sensors are combined at a lower level in the
navigation algorithm. For instance, in a tightly coupled GPS-INS integration, the GPS
measurements directly influence the INS state estimation, and vice versa. This leads to
a more integrated and coherent fusion of sensor data [72] [L68] [18] [143] [47].

o Ultra-Tight Integration: Deep integration (Figure 6.4) goes a step further by not only
fusing sensor measurements but also integrating them at a deeper level within the
navigation system. This may involve combining information at the raw sensor data level,
taking advantage of the inherent relationships between different sensor outputs. Deep
integration often requires a more complex and sophisticated algorithm to effectively
leverage the synergies between sensors [9], [17], [62], [94], [124], [141].

6.2.1 Trade off
Loosely Coupled

A loosely coupled structure schema can be found in Figure 6.2. These architectures offer some
advantages. One of the most significant features of these is their modularity, which allows
for the straightforward integration of various sensors and subsystems. This modular nature
improves the flexibility of the system, as sensors can be added or replaced with minimal
disruption, avoiding the need for major changes to the overall structure. Furthermore, because
the sensors operate somewhat independently, the overall complexity of the system is reduced.
This leads to a simpler and more manageable design compared to tightly coupled or deeply
integrated approaches [112].

However, this approach also has disadvantages. One notable drawback is the limited opti-
mization potential, which may result in suboptimal performance, particularly in challenging
environments where GNSS information is not fully available, such as GNSS jamming or
spoofing scenarios or high-dynamics vehicles. This architecture fuses the information at the
PVT level, meaning that if the complete GNSS solution is not available or degraded, the
full performance of the system will rely on the IMU/INS solution, directly related to its
grade. Although errors in IMU measurements are corrected or reset by GNSS, the quality
of the GNSS solution is only matched with high-end IMUs/INS (tactical and above for a
regular GNSS receiver). If positioning performance is required, high-rate GNSS corrections
are needed, or IMUs/INS above tactical grade must be used [16]. A good comparison between
loosely and tight integration is the thesis of Petovello [124].

Tightly Coupled

Tightly coupled architectures can provide higher performance by directly integrating sensor
measurements at a lower level, leading to even precise results in some scenarios. Additionally,
tightly coupled systems perform well under degraded conditions, such as when a GNSS
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Figure 6.2: Loosely coupled architectures schema.

becomes temporarily unavailable, by maintaining accurate estimates using data from other
sensors. Although still tactical grade and above IMUs/INS systems are required, the rate of
correction update can be lowered, depending on the application [143]. One main difference
from the loosely approach is that the positioning filter is now joined (Figure 6.3). That
implies that GNSS measurements are used, even if there is no PVT solution from the receiver
available (for example, there are only three SVs on view).

However, the increased complexity of tightly coupled architectures makes them more chal-
lenging to design and implement. They require careful synchronization and integration of
sensor data [119]. This can even lead to practical issues, as when using COTS systems the
raw measurements from the Receiver are not always available. This complexity also places a
higher computational load on the system, which can be a drawback for rockets with limited
processing capabilities. Furthermore, the reduced modularity of tightly coupled systems
means that adding or replacing sensors often requires more extensive modifications.

Ultra-Tight Integration

Deep integration architectures provide several significant advantages in sensor fusion for
navigation systems. Chief among these is the synergistic exploitation of sensor data, where
inter-sensor synergies are leveraged to extract and utilize complementary information more
effectively. This architecture also improves system robustness by addressing specific challenges
through complex nonlinear relationships between sensor outputs, allowing sustained navigation
performance even under adverse conditions. Furthermore, deep integration allows for optimized
performance, as the algorithm can account for and exploit the interdependencies between
sensor measurements, resulting in highly refined and accurate solutions.
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Figure 6.4: Ultra-Tightly coupled architectures schema.

However, deep integration presents several technical challenges. The primary drawback is the
increased algorithmic complexity, as the architecture requires sophisticated algorithms capable
of fully exploiting the interrelationships between raw sensor outputs, which significantly
increases the complexity of the system. In addition, there is a greater development effort
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involved, as the creation, calibration, and validation of these advanced algorithms require
substantial time and rigorous testing. Finally, the architecture places higher computational
demands on the system, as the fusion of raw sensor data at deeper levels requires greater pro-
cessing power, potentially limiting its applicability in systems with constrained computational
resources.

6.3 Vector Tracking

In traditional scalar tracking loops, each GNSS satellite signal is tracked independently by
separate loops, does not exploit the inherent relationship between signal tracking and the
navigation state estimation, and position/velocity estimation occurs separately after signal
tracking is completed. These loops do not share information with each other, meaning
that each satellite is processed in isolation [31]. In contrast, Vector Tracking Loops (VTL)
integrate the processes of signal tracking and position/velocity estimation into a single
algorithm. Rather than treating each satellite independently, vector tracking loops use the
combined data from all visible satellites to track signals and estimate the position and velocity
of the receiver simultaneously. leverage the intrinsic coupling between signal tracking and
navigation computation, combining these processes into a single step. With vector tracking,
the navigation processor performs both tasks, eliminating the need for separate tracking loops.
The navigation processor predicts pseudoranges and pseudorange rates, which are then used
in the tracking process. This creates a more interdependent system where errors from one
satellite can be mitigated by information from others, leading to potential improvements in
robustness, especially in challenging signal environments like urban canyons, areas with weak
signals or high-dynamics. The combined information helps stabilize the tracking of weak or
obstructed signals. It was first proposed by [121] and has been the subject of a great deal
of work in the community. A comprehensive summary can be found in [123], and a recent
review can be found in [127].

Computed correction for 250ms
each satellite tracking: ©,(Tyu.) = [fu,. fu, update loop
[ re ] : PVT
Front-End s " i 3 - S ]
| M= 1N ul S - LU
- Signal > —* h S \\ Observables Kalman Filter
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Figure 6.5: VTL algorithm implementation high level block diagram.
Vector Tracking Loops (VTL) offer several advantages over scalar tracking loops, with one
of the most frequently cited being their enhanced resistance to interference and jamming.

Vector tracking can operate effectively at lower carrier-to-noise power density ratios (C'/Np),

68



CHAPTER 6. SENSOR FUSION NAVIGATION

improving channel tracking performance, especially in adverse scenarios: Multipath, urban
cannon or scintillation ([34] or [148]). Another key benefit is the ability of vector tracking
algorithms to bridge signal outages and rapidly re-acquire signals that have been temporarily
blocked [75]. Furthermore, the flexibility of the vector tracking architecture allows the
receiver’s motion to be restricted to specific dimensions. This feature can be particularly
useful for applications where movement is predominantly in one or two directions, such as
ships or automobiles [122]. Finally, vector tracking loops demonstrate superior immunity to
high receiver dynamics, compared to scalar tracking loops [39].

However, VTL are not without drawbacks. One of the primary challenges is their increased
computational load and system complexity. The Kalman filter, central to the vector tracking
architecture, must be updated at a rate that matches the integrate-and-dump period of the
algorithm, typically 50 Hz [165]. Furthermore, the numerically controlled oscillators (NCOs)
in each channel must be controlled by the central Kalman filter, which adds to the processing
burden of the system. Another potential downside is that faults in one channel can propagate
across all channels, leading to overall system instability or loss of signal lock on multiple
satellites [167].

6.3.1 Vector Tracking Loop algorithm

Before delving into the operation of vector tracking loops, it is useful to first review how
traditional receivers function. Figure 4.2 shows a block diagram of a conventional GPS
receiver. In these traditional GNSS receivers, scalar tracking loops are used to estimate
the pseudo-ranges and pseudo-range rates for each available satellite. Typically, a Delay
Lock Loop (DLL) is used to estimate pseudoranges, while a Phase-Lock Loop (PLL) with a
Costas discriminator pseudorange rates or carrier Doppler (Figure 5.7). The pseudoranges
and pseudorange-rates are passed to the navigation processor, which then computes the
receiver’s position, velocity, clock bias, and clock drift (the navigation states). In most
cases, the navigation processor uses either an iterative least squares algorithm or a Kalman
filter to solve for these states. The data flow within the receiver moves strictly from left
to right (Figure 4.2). Each receiver channel independently tracks its respective satellite
signal without sharing information between channels. Additionally, no feedback from the
navigation processor is provided to the tracking loops. The only exception to this might be
during satellite acquisition, where the navigation solution is occasionally used to initialize the
acquisition process (potentially reducing the acquisition time, but not enhancing the signal
tracking capabilities).

In contrast, as introduced previously, VTL uses jointly all the information available from the
active satellite channels to estimate not only the user PVT solution, but also the satellite
signal synchronization parameters. Extensive work on this architecture has been done recently,
as comprehensive examples can be found in [51], [171] or [170]. None of them with real-time
code is available to the community.

Figure 6.5 shows a block diagram of the implementation of the proposed VTL algorithm using
the GNSS-SDR receiver architecture, based on the one presented in [51]. From left to right,
the baseband signal samples are fed to the signal source block either from a front-end, in a
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real-time operation, or from a binary file storing raw samples, in a post-processing operation.
The signal acquisition operation does not change in the proposed VTL implementation. The
tracking function in the proposed VTL architecture consists of independent Kalman filters
for each visible satellite, handling both carrier phase and code delay (represented as TRK
KF boxes in the diagram). A detailed explanation of the Kalman filter implementation per
channel was provided in Section 5.3.3.

The source code is released under the General Public License v3.0 and will contribute to
GNSS-SDR’s open-source code base: https://github.com/gnss-sdr/gnss-sdr-vtl, and
an application can be found on [67].

6.3.2 Reduced rocket model and accelerometer models

The acceleration of the vehicle can be measured directly, by means of accelerometers of the
appropriate ranges embedded in the rocket, or estimated from a model. The modeling of
the accelerometer readings is represented as 521‘. The sensor is corrupted by a white noise
term 7, defined as N = (Mazs Ma,ys Ma,z), With mean E(n,;) = 0 and variance Var(n,;) = 0727(1,1"
More details of this can be found in [1141]. Notice that g represents the components of the

gravity vector in the body coordinates:

g =g — 3% +Na - (6.1)

Acceleration is simulated by the 5DoF rocket model in the previous section and corrupted in
the PVT engine, with o . = 5.3mg”. This value is extracted as a reference from an ADXL375
[1]. On the other hand, if the usage of an accelerometer is to be avoided, an acceleration
model can be developed by a reduced rocket model with 3 DoF that takes into account only
a ballistic flight with thrust and aerodynamic drag, Cpg, of the vehicle (more details can be
found in [98]):

_p, __(mp-d?/8)Cp,v’ T
m

as = — A R (6.2)

6.3.3 Proposed algorithm

This work focuses on a high-dynamics scenario, namely the launch of a rocket. Real-time
feedback of the Doppler shift and the Doppler shift rate, since it is the effect that causes loss
of tracking of the channels (as shown in [134]).

The geometric PVT problem is defined by the pseudodistance between satellites and users,
defined for each 7 satellite at instant k,

Pir = \/(96’3;? — Tyy)? + (szkx — Yup)? + (ng — Zup)? + cétff,i + Oek: (6.3)

where (z7%;,,y"*,,,27%;) is the satellite position known from the navigation message,

(Tuk, Yups 2ur) the user receiver position, cétuk(s) the user clock deviation and o gathers
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other sources of error. Since the receiver must estimate its own 3D position and its clock
deviation with respect to the time basis of the satellites, the receiver must see at least four
satellites at the same time. Each received satellite signal defines one equation such as the one
defined in (6.3), forming a set of nonlinear equations that once solved provides the PVT fix.

Most commercial receivers solve this either by a weighted least squares or by a Bayesian
estimation when some a priori information is available. Examples of this a priori information
would be: motions models, statistical characterization of noises or additional information
from other systems. In this work, two types of a priori information are explored: a) the
in-advance knowledge of the rocket propulsion profile, and b) the presence of an additional
single-axis accelerometer to the GNSS receiver within the navigation sensor suite.

The selected tool of the Bayesian framework is the Extended Kalman Filter (EKF) in its
error-state version. This algorithm is a standard for real-time recursive problems. As was
introduced in [119], the use of error state instead of complete state is suitable due to the
legitimate use of linearization in cases where states or measurements are large and small
numbers at the same time. The states needed for describing the movement are in this case:
Earth-centered Earth-fixed (ECEF) frame position, velocities, accelerations, clock bias, and
clock bias rate. These states in their absolute values are in at least three different magnitude
orders (ECEF 10°, velocities, and accelerations from 10! to 102.)

The EKF needs two models: the system and the measurement model. Regarding the system,
the model of 3DoF (Equation 6.2) calculates the acceleration at each time step, leading to a
non-linear propagation equation Ay, = f(Ayy). Its linearization,

Axuk#»l

r 2 1 [ Az ]
Ayt 100AT 0 0 AT2/2 0 0 00 Ak
Azypi1 010 0 AT 0 0 AT?/2 0 0 0 Azzk
Adypi1 001 0 0 AT 0 0 AT?/20 0 N
Ay 000 1 0 0 AT 0 000 N
Al _looo 0o 1 0 0 AT 0 00 Nk (6.4)
cuktl = 1000 0 0 1 O 0 AT 0 0 el :
AZypia 000M, 0O 0 1 0 0 00 Luk
Afuk1 000 0 My 0 0 1 0 00 Afuk
AZygs1 0000 0 M. O 0 1 00 AZyg
Acdtypi1 0000 0 0 O 0 0 1AT || Acdtuk
| Acsiogr] L0000 0 0 0 0 0 0 1 4 Acsiy ]
__ (mp:d®/8)Cpy (2 _ (mwpd?*/8)Cpqy /. 2 .
where M, —Q—T(ux/]u\ +ul), M, = ————="2(u/|u| + |u|) and the z-component:
wp-d=/8)C . . . . .
M, = —W(u? /|u] + |u|) came from the aforementioned linearization of Equation 6.2.

The effect is constraining the relationship between velocity and acceleration. In the case
of the acceleremoter-aided version these terms would be zero, leading to a fully kinematic
version of the propagation step. This can also be written in matrix notation, analogous to
Equation 5.26:

AXUk+1 = Fk_lAXk + Vg Vg~ N(Oa Qk) ) (65)
being v, the process noise term. This term will the noise variances of the sensors in the

accelerometer aided approach (Equation 6.1), whereas will be heuristically tuned to the model
uncertainties in the case of the rocket model aided approach. The Jacobian matrix of the
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measurement equations obtained from the non-linear version measurement Equation 6.3 is
rewritten for convenience,

pire = dig, + 5t + oup (6.6)
where:
die = (@5 — ) + W — vup)? + GE — 2n)? | (6.7)
and then,
pin = (G857 = )ty + (G5 = Gur) g + GEF = Zun)az, + 015 + 0 . (6.8)

Its Jacobian matrix can be written,

- A T [Goy, @y, ax, O O 0 0 0 0 101
. . . i Amuk T
: : : : : : : Ayuk
Apni Gay, Qyn, Gzn, 0 0 0 0 0 0 0 Azyp
N 0 0 0 az, ay, az, 0 0 0 01 izf;uk
Yuk
: = : ﬁzuk , (6.9)
Apxi 0 0 0 asy ayy asy, 0 0 0 01 A
Apig 0 0 0 0 0 Ay, Qyy, Gy 0 AT AZyk
. Achty,
N : S ; Do : ot | LAkt
L Apn L 00 0 0 0 0 asy ayy asy O0AT |
alr _g Tz _ 2Tr_y . . .
where g, = — =55, ay;, = —y““dﬂ, U, = ——%=—"._ A more detailed derivation can be
found in [51]. The EKF measurement equation in matrix notation analogous to (5.18),
Apy,
Ay,

where Hj is the linearized observation model, that maps the state space error into the
measures error and will be used to calculate K and P, A, is the Position-Velocity-Time
(PVT) estimation error at the instant k. The pseudorange rate measurements gy can be
extracted from the received signal deviation with respect to the nominal carrier frequency f.,

-Tx . Ty . Tx .
Tl — Tuk . Uin' — Yuk | it — Zuk | fC
I S 6.11
Jay ( a4 ) - (6.11)
c/ fe k
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6.4 Real time implementation in GNSS-SDR framework

Reviewing the algorithmic design of a navigation receiver is of special importance for an SDR
receiver because the SDR concept potentially provides the possibility to redesign well-known
navigation signal processing techniques to implement more complex algorithms compared to
hardware receivers.

The choice of a particular implementation strategy of a VI'L algorithm for a real-time software-
defined GNSS receiver is tightly coupled to its internal structure and information flow. In
this work, we selected the well-known open source receiver implementation GNSS-SDR [64].
We choose it for its modular code structure and for its flexibility to use existing synchronous
and asynchronous information exchange mechanisms between signal processing blocks.

GNSS-SDR is internally based on the GNU Radio [65] data streaming transport mechanism
between signal processing blocks. GNU Radio is, by design, a concurrent multitasking SDR
framework in which each processing block has its own input and output data buffers. Thanks
to the buffering system, it is possible to execute concurrently the operations of several chained
signal processing blocks. The complete set of interconnected signal processing blocks is called
a flow graph. Each signal processing block in the flow graph is consequently working in a
different receiver signal time, and this fact implies that, for instance, if it is required to send a
message from the positioning engine (which is placed at the very end of the GNSS-SDR flow
graph) to the tracking blocks, this information will arrive when the tracking is processing
signal at some point in a future time with respect to the time of positioning engine. It is not
possible to block the flow graph and wait for the message to arrive at the tracking block, as
this leads the entire flow graph to enter a deadlock state trying to fill its intermediate buffers,
as explained in [50] and [59].

The architecture proposed in this work is summarized in Figure 6.5. Following the tracking
blocks, the telemetry decoder blocks, demodulates telemetry and timestamp signal times-
tamping in the GNSS time frame (Time of Week). After that, all channels are fed to the
observables block, which produces code and carrier observables at a common reception time.
Finally, the custom implementation of the PVT VTL KF block receives all the observables at
receiver time Tgp,s and executes the VTL Kalman filter loop.. After each VTL KF epoch, it is

required to send the new state information ©;(7T,ps) = | fdi, fdi] to the i — th satellite tracking
block using an asynchronous messaging mechanism.

Correction computed at T4

8(Tin) = [F18i{Ton)

Figure 6.6: Detail of TRK-KF propagation of a vector carrier tracking correction.

However, due to the limitations imposed by the flow graph operation, when this message
arrives, the Kalman tracking filter processes a future time (Figure 6.6), with a time advance of
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AT; = Tix, — Tobs- Note that, due to the status of the internal buffers, AT; may be different
for each satellite channel. The tracking Kalman filter projects the received state information
from T, to its current signal time T, using the state transition matrix (see Section 5.3.3),

10 AT, &L
. >
©:(To) = 8 (1) 27T1AT1 WAA;? ©:(Tons) - (6.12)
00 0 1

The fact that for each VTL epoch state update, there is a delay in its application to the
tracking loops requires the VTL to not execute the next loop epoch until it is ensured that
the last correction was applied to all the visible satellites. If this is not taken into account, the
VTL loop would be using observables that are not corrected with the KF VTL state updates,
accumulating error and sending back new worse corrections to the TRK-KF' (orange line in
Figure 6.5). Therefore, there is a superior limit for the feedback frequency, directly related to
the latency of the implementation. In a regular real-time operation in an x86 architecture,
assuming that the system has reached a steady state without signal overflows, the complete
loop delay is bounded to AT; < 250 ms. By notifying the application of the state corrections
to the VTL Kalman Filter algorithm engine, the VTL states can be propagated in time from
the last correction to the current time and then execute a new prediction and update cycle.
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Algorithm 1 Vector Tracking Loop implemented with an Extended Kalman Filter.

Require: List of N satellites with their corresponding measurements at instant k: satellites’
position and velocity; transition matrix Fy; previous PVT solution X, ,, , and its

covariance matrix f’k,”k,l, estimation of covariance matrices Q; and Ry.
Ensure: Estimation of Xug 1, and its covariance.
1: if PVT solution available then
2:  Activate the vector tracking loop in the next iteration.
3: end if
Vector tracking loop operation:
Initialization (First time only)
4: Use the last least squares PV'T solution as initial state Yj.
5: Use the last PVT solution variance as initial 150|0 and Q.
Prediction
Xuﬂkfl = Fk)zuk,”k,l
pk\kq = ka’kfuqu;‘g + Qkk
fori=1toi=< N do
Compute Py(Pui,,_,» Th' Yik's Zix") as in 6.6.
10:  Compute Qg1 gy » Ly

11:  Compute p(Fuiy, . ¥4 k", 247 as in 6.8,

12: end for

13: Construct Hy,—; with the results of step 12.
Update

14: Sy = Hk|k—1]-5k|k—1H£‘k,1 + Ry,

15: K = pk\klelak—l(Sklk)_l

16: A,?k\k = pr—1+ Ap;, — Aﬁklk—lA

170 Apik = pr-1 + Afp(=A) — Apk-1

18: Compute Xuy, = Xug, T Kk[Aﬁk‘kAﬁHk

19: ].Sk‘k = (I — Kkaz\k—l)PMk—l(I — Kka“g_l)T + KkRng (Joseph form)

]T
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Chapter 7

Results

In this chapter, simulation and field test results that compare different GNSS tracking
architectures are presented. On the one hand, analyze traditional Scalar Tracking Loop
(STL) architectures, which include the classic PLL-DLL per channel, PLL-DLL-FLL per
channel, and Kalman Filter per channel. On the other hand, explore the Vector Tracking
Loop (VTL) architecture, which applies a Kalman Filter across all channels in a vectorized
approach. As described in Section 5.3, this combination is necessary for vector architecture in
a Software-Defined Radio (SDR) receiver. The following sections provide the results of the test
conducted to measure the performance comparison between these architectures, highlighting
their strengths and differences.

7.1 Materials and Methods

7.1.1 Experimental setup description

The simulation is performed with a Spirent GSS7700 and Spirent GSS9000, GNSS hardware
simulator (L1 signal) [116]. The receiver front-end is an USRPX310 [12], and the samples are
sent in real time by Gigabit Ethernet to a standard laptop computer running a GNSS-SDR
Receiver instance (Figure 7.1).

A representative flight simulation is performed for the rocket, with a range of 14 km and a
shooting elevation of 800 mil (45°), with an apogee altitude of 10 km. The receiver integration
time is 1 ms, and the output of the PVT rate is 50 Hz. Before launch, 3 minutes of static
waiting is used to ensure an initial converged PVT solution. The model used for this simulation
has been described in Chapter 2.

The satellites vehicles (SV) in view can be seen in Figure 7.2. To ensure repeatability of the
experiments, each channel of the SDR is forced to track a specific SV (Table 7.1).

For clarity, the dynamics are summarized as follows: The rocket starts with a strong acceler-
ation of one hundred times gravity (100 g, equivalent to 980 m/s?). (caused by the thrust
rocket motor) for a few seconds (1 s - 2 s), followed by a flight affected only by gravity and
air friction (fundamentally a ballistic flight). After the rocket motor runs out, the vehicle
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Figure 7.1: Experimental Setup.

b G20
°

Figure 7.2: Satellites present during launch in the simulations and their position in the sky.

is rapidly decelerated, since it happens to be flying at high speed without propulsion, but
within the atmosphere, at a rate 20 times that of gravity (20 g or 196 m/s?). The flight will
last about 60 seconds. The trajectories taken are at launches with an elevation of 33.708°
and a range of 20 km. Figure 7.3 shows the simulated dynamics of the rocket.

Vector Tracking State
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Figure 7.3: Vehicle states accounted in the PVT Kalman Filter: position, velocity, acceleration,
clock bias and clock drift.
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Table 7.1: GNSS-SDR tracking channels and associated SV PRN.

GNSS-SDR SV PRN
tracking Channel
0 20
1 17
2 12
3 9
4 5
5 4
6 2

Figure 7.4: Field tests elements. MC-25 rocket (left) and tracking radar (right) used in field
tests (CEDEA).

7.2 Architecture comparison

The Figure 7.7 and the following ones are organized as explained in Chapter 5: the top left is
the constellation. To its right are the information bits, with I shown in blue and Q shown
in orange. Below are the values of the magnitudes of the correlations. Bottom left are the
values of the PLL discriminator (Equation 5.4) and the DLL discriminator (Equation 5.3),
with and without filtering applied.

7.2.1 PLL/DLL tracking performance

A typical GNSS receiver uses a combination of Phase-Locked Loop (PLL) and Delay-Locked
Loop (DLL) to accurately track the carrier phase and code phase of GNSS signals.

The performance of the proposed implementation is compared to the existing two-step plus
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classical Least Squares implementation in the original GNSS-SDR implementation, based on
the RTKLIB libraries [151] (in the legend as RTKLIB solution). The latter was unable to

follow the launch dynamics, accumulating errors during launch. This is especially relevant to
the Z velocity of the rocket.

7.2.2 PLL/DLL-Frequency assisted tracking performance

The previous architecture proved not to be enough, due to the significant relative motion
between the satellite and receiver. As showed in the previous section, the PLL must rapidly
and accurately adjust to changes in the carrier frequency and phase caused by Doppler shifts.
This could not be achieved by increasing the bandwidth (the only option in that architecture).
In this architecture this is solved by adding a Frequency Loop (FLL). This FLL provides a
feedback loop that continuously adjusts the local oscillator to match the phase of the incoming
signal, ensuring precise carrier phase tracking even under high dynamic conditions.

The Delay-Locked Loop (DLL) is used to track the code phase of the GNSS signal. It ensures
that the locally generated replica of the PRN code is in synchronization with the incoming
satellite signal. In high dynamics scenarios, the DLL must quickly adapt to changes in the
propagation delay caused by rapid changes in the receiver’s position. This is critical for
maintaining accurate pseudorange measurements, which are essential for precise positioning.
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2500 500 3300 500
——————|Rocket Rocket Rocket Rocket
Launched Launched [ =====—__i Launched Launched
0 3200
3000 0
— = -500 3100 -
N N - ] N
= = ==h B 500
- - 3000 o
£ 3500 2 -1000 = =
& 212900
C%‘ QO 1500 5 C% -1000
-15 —_—
-4000 2800 1500
-2000 2700
-4500 -2500 2600 -2000
0 100 200 300 0 100 200 300 0 100 200 300 0 100 200 300
Time [s] Time [s] Time [s] Time [s]
Doppler frequency channel 5 Doppler frequency channel 6 Doppler frequency channel 7
3400 3000 6000
Rocket Rocket Rocket
Launched Launched Launched
3200
2000 5000
—. 3000 — — \
2800 E. 1000 & 4000
% _2 —2 - GNSS-SDR
e 2600 2 0 53000 Spirent (ground truth)
= 2400 A a
-1000 2000
2200
2000 -2000 1000
0 100 200 300 0 100 200 300 0 100 200 300
Time [s] Time [s] Time [s]

Figure 7.5: Doppler results on channel classic PLL/DLL-Frequency assisted tracker.

As can be seen in Figures 7.5 and 7.6, it is capable of following the satellites, even in phases of
flight with very large accelerations and jerks, providing a position solution. However, in those

channels subjected to exceptionally difficult conditions (channel 7, SV 2), signal tracking is
lost.

The lock in the satellite signal is lost along the boost phase, as can be seen in Figure 7.7: both
in the constellation, which coalesces to a single point, and in the phase and code discriminators,
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Figure 7.6: Doppler Error on channel classic PLL/DLL-Frequency assisted tracker.
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Figure 7.7: Tracking results on channel classic PLL/DLL-Frequency assisted tracker.

which increase above the lock thresholds. This requires entering in the acquisition stage,
which takes more than 30 s to recover the channel lock.

This architecture is the one used in [66] in a real launch of the proposed rocket, obtaining
a PVT solution throughout the flight. This would also be the architecture analyzed in the
Field test scenario, and its behavior will considerably worsen during an actual flight. During
a launch, effects such as clock acceleration sensitivity due to the rocket motor, vibrations, or
the rotation of the vehicle itself, are added to the Doppler shift and lead to the loss of lock on
more satellites.
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7.2.3 Kalman filter Tracking performance

This architecture differs from the previous one in the use of a Kalman Filtering (KF) in each
of the channels. This is still a Scalar Tracking Loop (STL) architecture. These KF tracking
systems are more resistant to variable conditions due to their adaptive nature (reflected in
equations 5.20 for the model and 5.21 for measurements).
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Figure 7.8: Doppler results on channel Kalman Filter.
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Figure 7.9: Doppler Error on channel Kalman Filter.

This architecture improves the Doppler estimation with respect to the classical approach
(Figure 7.8) in the estimation of Dopplers per satellite. In this case, compared to the previous
estimates, Doppler is estimated throughout the flight. This improvement in Doppler shift
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estimation allows for better SNR than in the previous case (constellation in Figure 7.10),
although it is not enough for a clear satellite and barely maintains the phase and code
discriminators at appropriate thresholds.

Channel 7 (PRN 2rocket KF, 50Hz) results
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Figure 7.10: Tracking results on channel Kalman Filter.

As can be seen in Figure 7.10, the KF-based correlator trusts the model more than the
measurements. When the launch is performed, the C'/Ny decreases and, therefore (equation
5.20), the variances grow, and the filter trusts the model.

However, this model does not account for the acceleration variation experienced at launch
(since it cannot measure any acceleration). For this reason, it presents a constant error of 1.5
kHz with respect to the real Doppler (Figure 7.9). It is not possible to decode the message
bits, but the lock is not lost. Since the rocket does not stop accelerating, it is not possible
to know if the channel would return to the proper lock when this movement ceases. The
variances of this KF model (diagonal elements of the Q matrix) are adjusted for all satellites
together, considering the expected dynamics for all of them. Adjusting the filter to track the
relative dynamics of this specific SV separately would worsen the tracking conditions for the
remaining SVs in view.

7.2.4 Vector tracking loop performance
Vector tracking loop with rocket model

In Figure 7.11, it can be observed how feeding back the PVT solution, using a rocket 3DoF
model to calculate the acceleration, improves Doppler feedback estimation compared to the
open-loop versions for SV PRN 2. In this case, compared to the previous estimations, the
Doppler is estimated along the entire flight, contrary to the classical architecture, and better
than the open-loop KF tracking.

This improvement in Doppler shift estimation allows for better SNR than in the previous
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case (constellation in Figure 7.13), although it is enough for a clear satellite bit navigation
message, and maintains the phase and code discriminators at appropriate thresholds.
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Figure 7.11: Doppler results on VTL aided by the rocket model.
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Figure 7.12: Doppler error on VTL aided by the rocket model.

This architecture provides an accurate estimation of the Doppler within the whole flight.
This information can be used to calculate the rocket’s trajectory, adjust its flight path, and
ensure that it reaches its target accurately and safely on guided rockets. The summary of the
behavior of the different architectures is recapitulated in Figure 7.14

Moreover, the use of GNSS for providing information on the rocket’s attitude, including roll,
pitch, and yaw, requires an adequate lock on the SV signals. and it is used for stabilizing
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Figure 7.13: Tracking results on VTL aided by the rocket model.
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on the different architectures

the rocket and ensuring it maintains its orientation during flight. In addition, it is worth
mentioning that the stress caused to the GNSS receiver frequency oscillators in high accelera-
tion environments is perceived as an additional Doppler drift. This effect could be significant,
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depending on the quality of the oscillator and how it is mounted in the rocket. If the receiver
is not properly mounted on the rocket, it could even be a dominant process. This change in
frequency and phase noise dependence with acceleration can be difficult to model, as some
recent works present in [79]. The inclusion of the mechanic stress on the clock in real time
architectures should be included as part of the model in the future.

Vector tracking loop with accelerometer assistance

In Figure 7.15, it can be observed that feeding back the acceleration experienced by the
rocket during flight improves Doppler feedback estimation compared to Kalman Filtering
tracking, and equals the behavior of the model-aided version. This is clearer in the estimation
of SV PRN 2. In this case, compared to the STL estimations, the Doppler is accurately
estimated throughout the entire flight. This improvement in Doppler shift estimation allows
the best SNR in the channel (constellation in Figure 7.17) and maintains the phase and code
discriminators at appropriate thresholds.
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Figure 7.15: Doppler results on VTL aided by the accelerometer sensor.

This architecture presents the same behavior and results that are comparable to those of
the model version. Introducing an accelerometer as an aid would be a priori the same as
introducing it as a help in STL tracking loops.

However, it is easier for the acceleration in a real-time architecture to be introduced as
presented. This aid in a STL architecture would require projecting the acceleration of the
mobile in each of the tracking channels, at a different synchronization moment for each of
them.

Noise in the Carrier Doppler: comparison

In the context of applying GNSS receivers to sounding rockets, it is worth highlighting that
STL designs capable of handling acceleration levels of 40-50g are both feasible and well

86



CHAPTER 7. RESULTS

Error in Doppler: channel 1 Error in Doppler: channel 2 Error in Doppler: channel 3 Error in Doppler: channel 4
50 200 50 200
Rocket Rocket Rocket Rocket
Launched Launched Launched 150 Launched
0
0 8 100
N 50 =) w T w
B S B S o
5 5 5 5
) = = =
=100 = = 50 = 0
a a a a
g g g g 50
& 150 & & &
-100 -100
-200
-150
-250 -150 -200
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [s] Time [s] Time [s] Time [s]
Error in Doppler: channel 5 Error in Doppler: channel 6 Error in Doppler: channel 7
50 350 500
Rocket Rocket Rocket
Launched 300 Launched Launched
400
0 250
= = = 300
= = 200 =
- 50 P B
= < 150 & 200
S & S
5 2 100 ]
- - = 100
R E
g Z 5 g
5] 5] 5] 0
-150 Of
s -100
-200 -100 -200
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Time [s] Time [s] Time [s]

Figure 7.16: Doppler error on VTL aided by the accelerometer sensor.
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Figure 7.17: Tracking results on VTL aided by the accelerometer sensor.

documented in the literature (for example, see [103], [133], [L61]). However, these designs
come with trade-offs: in addition to requiring meticulous loop filter design, they necessitate
the use of larger loop bandwidths, which result in noisier navigation measurements and higher
tracking thresholds.

These drawbacks are mitigated in a VTL implementation. As illustrated in Figure 7.18,
the PLL-FLL used under static conditions shows a variance of 5Hz, whereas Figure 7.19
demonstrates that the VTL achieves a much lower variance of 1Hz.
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Figure 7.18: Noise of the Doppler measurements of the different SV, in the STL architecture.
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Figure 7.19: Noise of the Doppler measurements of the different SV, in the VTL architecture.

7.3 Laboratory Real Time Hardware tests

Simulations are performed with the characteristics of Table 7.2. These are the characteristics
used later on the real rocket launch at the test site. In addition, the unavailability of the
signal in the launch tube is emulated, since it is one of the major issues faced by the receiver.
This allows us to check if the reacquisition time of the receiver will be or not enough for this
scenario.

With this scenario, tests were performed (Figure 7.20). In the conducted tests, the aims
were: checking the algorithm architecture, measuring the expected TTFF, validating the
tracking and acquisitions loops behavior for Doppler experienced by those GNSS signals, and
measuring re-acquisition time after launch tube exit.
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Table 7.2: Simulated scenario parameters.

Max Elevation Max Velocity Max Roll Range
Acceleration Angular Velocity
980 m/s? 33.708 °© 800 m/s 18000 deg/s 20 Km

Conducted Emision test

In-House model Spirent 9000 ADRVE381-Z7035 ADRVICRR PC

Radiated Emision test

1) e EETRTY || O — i
In-House medel Spirent 2000 a :

ADRVDI61-Z7035  ADRVICRR

(a) Laboratory tests configurations (b) ADRV9361 card used

Figure 7.20: Laboratory trials configuration.

The hardware used is in Figure 7.20 b), the ADRV9361 card. This card has an AD9361 with
a Xilinx FPGA Z7035. The GNSS-SDR receiver is separated into the Processing System (PS)
and Programmable Logic (PL). The acquisition and tracking channels are embedded in the
PL, whereas the remaining parts of the receiver are embedded in the PS (Figure 4.2). In this
case a Spirent 9000, with a configuration equal to the Spirent 7700 is used.

7.3.1 Acquisition Results

The TTFF is measured, which will determine the time to wait with the electronics on before
introducing the rocket into the launcher. The time said for the configurations used and the
architecture of the receiver (with 8 GPS L1 tracking channels and an integration time of 1 ms)
is on average 2 minutes and 32 seconds with a variance of 10 seconds. After this, wait about
5 more minutes before cutting off the emitted signal, so that the receiver has acquired and is
tracking at least 6 satellites. After 20 minutes with the signal cut off, the launch simulation
is performed. At this moment, the receiver has a signal again, and it takes between 11 and 15
seconds to have a PVT solution again.

Table 7.3: Simulated acquisition time results.

TTFF Time without GNSS Reacquisiton time
212 +£10 s 1800 s 15 s (worst case)
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7.3.2 Tracking Results

Figure 7.21 shows partial results of the Signal Tracking block of a specific channel for the
scenario. The rocket launch is about 170th seconds, as can be seen from the Raw PLL
discriminator graph. The rocket flight continues until the end of the simulation. As can be
seen in the outputs of the correlators, in the middle graph right in Figure 7.21, even in the
moments of the greatest acceleration the correct signal tracking is not lost. In the filtered
output of the PLL (lower left graph in Figure 7.21) it can be seen how the system is able to
follow the frequency changes throughout the stage.
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Figure 7.21: Intermediate results of the Signal Tracking block for Scenario.

7.3.3 Navigation Solution Results

With the performance of the tracking loops shown, the SDR receiver is able to demodulate the
navigation messages received from the satellites and to calculate the observables (pseudorange
and carrier phase), allowing one to calculate the navigation solution (position, speed, and
time). This is shown in Figure 7.22.

7.4 Field tests

The focus of the tests is (7) checking when the solution is available, (iz) in the case of losing
track of the navigation solution, how long it takes the system to get a new one, and (ii7)
measuring how accurate it is, whenever it is available.

Throughout the flight, key data points, including the PVT solution (position, velocity, time),
rocket rotation speed, acceleration, C'/Ny and Doppler measurements from 6 of the 8 possible

90



CHAPTER 7. RESULTS
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Figure 7.22: Navigation solution obtained in Scenario.

channels, were continuously recorded and transmitted by telemetry to the launch site. This
approach is necessary because the rocket is launched over the sea, making it impossible
to recover the electronics on board after launch. Due to the constraints of the telemetry
bandwidth, no additional parameters were transmitted.

7.4.1 Acquisition Results
7.4.2 Tracking Results

The carrier-to-noise density ratio (C'/Np) of 6 satellites is recovered, as can be seen in Figure
7.23. Four of the channels are recovered approximately at the same time, around 9 seconds
after launch. The other two are tracked 3 seconds later. All of them exhibit a good C/N;
value (around 40 to 45 dB-Hz)

The Doppler of each of the six recorded satellites is shown in Figure 7.23. As can be seen,

around 18 seconds after launch, the Doppler seems to remain constant. This coincides with
the apogee of the flight (Figure 7.24).
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Figure 7.23: Field trials results, C'/Ny and Doppler.
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Figure 7.24: Velocity magnitude, altitude and vertical velocity of the field tests.

7.4.3 Navigation Solution Results

The GNSS-SDR trace agrees with the trajectory provided by the tracking radar in altitude,
Figure 7.24), and in velocity calculated by the receiver (the same figure, vertical component
and magnitude). The time it takes the receiver to achieve a valid navigation solution is
around 14 seconds from the launch, which is consistent with the simulation tests (Section
5.3.2). Although it is true that later after the re-acquisition, around the apogee, there are
about 5 seconds where the receiver is not able to maintain an adequate PVT solution. This,
together with the Doppler values shown in the previous section, leads us to think that it is
the effect of the local oscillator in the receiver, which has a drift in its frequency due to the
acceleration of the rocket (both longitudinal and rotational).
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Chapter 8

Conclusions

This work explored the navigation systems required for the guidance of rockets and projectiles,
focusing primarily on GNSS (Global Navigation Satellite Systems) and GNSS-IMU sensor
fusion methodologies. The aim is to ensure precision and reliability in the high-dynamic
environments. The study has contributed to the understanding of projectile navigation,
introducing both theoretical advances and practical implementations.

The research emphasizes that the distinct challenges posed by projectile dynamics, such as
extreme acceleration, rapid rotational motion, and the constraints imposed by the compact size
of the munitions, demand specific tailored receivers and sensors. Traditional approaches have
proven inadequate, requiring the development of specific sensors or architectures. Addressing
these distinct challenges led us to understand the change in the search space for signal
acquisition or that special attention of the oscillator used in the receivers is needed. Moreover,
new tracking architectures that can deal with intense velocities, accelerations, and jerks were
explored and compared. The correct tracking loops behavior ensure that GNSS signals are
captured and maintained even during the most dynamic portions of the flight, providing
insight into the mechanisms through which projectiles can be guided with precision over long
distances, overcoming the inherent limitations of previous systems.

The comparative analysis of different Scalar Traking Loops (STL) solutions against Vector
Tracking Loop (VTL) filtered solutions shows the efficacy of these tracking algorithms in
mitigating high-dynamics signal scenarios. The VTL filtered solution consistently demonstrates
better performance in the SV under the worst accelerations and jerks, compared to the STL
output, especially during the launch phase. This improvement in performance suggests that
the VTL algorithm effectively compensates for the high dynamic environment of a rocket
launch, and would be a correct choice for these scenarios. The agreement of the VTL solution
with the true simulated value further validates the behavior of the VTL filtering approach
in tracking precision. In terms of trajectory, the raw least squares PVT solution, from the
STL measurements, exhibits a notable deviation during the early phase of the launch. This
discrepancy can be attributed to the limitations of the least-squares algorithm in handling the
rapid motion and complex dynamics of the rocket under high acceleration forces. In contrast,
the VTL solution, designed to handle more complex tracking conditions, demonstrates much
closer alignment with the ground truth, especially as the rocket moves into a more stable
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flight regime. The filtering process appears to significantly reduce the error margin, probing
its ability to manage high frequency noise and the rapid dynamics present during the initial
stage of the rocket’s trajectory. The launch data also reflect the tracking errors and signal
deviations inherent in real-world rocket launch conditions, with some deviation between the
predicted and actual paths, particularly in the early stages of flight. Despite these challenges,
the receiver provides an accurate solution, although not during the entire flight.

A critical contribution of this thesis is the examination of GNSS-SDR (Software-Defined
Radio) receiver implementation, which provides a flexible and scalable solution that enhances
signal processing capabilities during flight. The use of SDR in this context allows for adaptable
mission-specific configurations that improve the robustness of navigation systems. Through
empirical data gathered from field tests and simulations, this work shows that GNSS-SDR
systems, when tuned correctly, can maintain navigation integrity throughout various flight
phases: from launch to terminal guidance. In this regard, sensor fusion has emerged as
an essential solution, where the combination of GNSS receivers and inertial sensors allows
real-time adjustments and corrections that mitigate errors caused by external factors such as
signal degradation, mechanical stress, or environmental interferences. Furthermore, research
validates the effectiveness of sensor fusion navigation in modern projectile systems. By
integrating GNSS and accelerometers, the system continuously estimates the position and
trajectory of the projectile, aids the GNSS tracking loops in an ultra-tight integration,
providing functional navigation system capable of deliver PVT solution even under the
extreme conditions experienced.

In conclusion, this thesis highlights the transformative potential of GNSS-SDR and sensor
fusion technologies in rocket and projectile navigation. By tackling both theoretical and
practical challenges in high-dynamic environments, it not only summarizes the current
state-of-the-art but also opens new pathways for innovation in the field of precision-guided
munitions. Although significant progress has been made in trajectory tracking and acceleration
management during rocket launches, certain aspects still require further refinement. This is
particularly true in the launch phase, where discrepancies in velocity and position remain
more pronounced. The VTL filtering solution has proven to be a valuable enhancement for
signal tracking, but additional efforts in algorithmic optimization will be essential to ensure
precise position tracking throughout the entire flight in future launches.

8.1 Future work

Looking ahead, several pathways are possible for future research and development. One of
the most promising directions is the exploration of alternative signal processing techniques
that could further enhance trajectory prediction and correction in real time. Signal resilience
and sensor fusion will also be key enablers, particularly in environments where GNSS signals
are compromised. As reliance on GNSS navigation systems grows, so does the need to
mitigate vulnerabilities such as signal loss in GNSS-contested environments, where adversaries
employ jamming or spoofing techniques (commonly referred to as NavWar scenarios). The
development of machine learning algorithms for trajectory prediction and real-time error
correction is another critical area of exploration. By leveraging neural networks and other
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Al-driven techniques, navigation systems could be trained to better recognize and adapt to
dynamic flight conditions. These systems would anticipate disturbances such as wind gusts or
mechanical instabilities, enabling more sophisticated and autonomous trajectory adjustments
during flight. Additionally, the integration of Al could significantly optimize the real-time
fusion of multiple sensors, leading to more accurate and reliable navigation.

In terms of resilience to signal jamming and interference, exploring alternative signals is
crucial. Low Earth Orbit (LEO) satellite constellations provide navigation capabilities, either
by design as Iridium STL signal, or as a Signal-Of-Oportunity (SoOP) as Starlink. These
improvements could ensure accurate, continuous navigation even when traditional GNSS
signals are unavailable or compromised.
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