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Abstract

Deep-space missions heavily rely on ground stations and human involvement to deter-
mine the spacecraft position via radiometric tracking and plan the maneuvers execution
to allow the satellite to reach its target orbit. These operations are usually defined as
Guidance, Navigation, and Control (GNC). However, this traditional approach presents
scalability challenges as the number of deep-space assets increases rapidly. The delays and
costs associated with ground control became overwhelming, necessitating a shift towards
autonomous GNC operations, where the operations are performed directly on board,
hence limiting the need for communications with ground and hence mission costs. In the
realm of space exploration and deep-space missions, where precise trajectory predictions
are essential, the ability to propagate an object’s orbit quickly and accurately becomes
indispensable. Rapid and reliable orbit propagation is key for performing precise orbit
determination and to predict the spacecraft future trajectory, aiding in navigation and
ensuring mission success. Power efficiency is also a vital consideration in space missions,
where resources are often scarce. Optimizing the orbit propagation process to consume
minimal power is fundamental as the available power is limited and hence an efficient
utilization of onboard resources is mandatory. Efforts are therefore focused on developing
specialized hardware, such as Field-Programmable Gate Arrays (FPGAs), that can effi-
ciently handle the demanding computations involved in orbit propagation. FPGAs offer
the potential for high-speed processing with reduced power consumption, making them
well-suited for onboard satellite computing. This thesis uses the PYNQ-Z2 as a showcase
to explore the possibilities of orbit propagation acceleration onto FPGAs. Different orbit
scenario are analyzed, to validate and estimate the performance of FPGA-based orbit

propagation, showing a gain of 76% wrt to CPU-based computation.

Keywords: Deep Space, FPGA, Orbit Propagation, Computational Efficiency, Power

Consumption, Hardware, Space Missions



////M//////////é N 1 \\\\\\\ / \m\\ %
2N /// \ 117717/ s
//// N\ //// ////::_:::\\\ //) \\\ \\\\
NN 779477770770 00 /2 2
NN N e otrts
oty HH1100177 070070 2 2
SO 77752777777 000 2 2 2 2 27
J ///// /// N //// ////N///////////é __ ________,5\ I \\\\\\\ \\w\\ \\\\\\\\\\\\\\ =
~ 3N M s
N T e
—— f ot
—— = R
- ““\\\\\\\\\\\\\\\\\\m\\\w\w\\ 77 /////////////,/////////////// //// ///UU/
N RN R
1 NN
5577 NN
2 T I A O O



Abstract in lingua italiana

Le missioni nello spazio profondo si basano principalmente su stazioni terrestri e coinvol-
gimento umano per determinare la posizione del veicolo spaziale tramite il tracciamento
radiometrico e pianificare ’esecuzione delle manovre per consentire al satellite di raggiun-
gere la sua orbita di destinazione. Queste operazioni sono generalmente definite come
Guida, Navigazione e Controllo (GNC). Tuttavia, questo approccio tradizionale presenta
sfide di scalabilita a causa dell’aumento rapido del numero di risorse nello spazio pro-
fondo. I ritardi e i costi associati al controllo da terra stanno diventando significativi, ren-
dendo necessaria una transizione verso sistemi GNC autonomi, dove le operazioni vengono
svolte direttamente a bordo, limitando quindi la necessita di comunicazioni con la terra
e riducendo 1 costi della missione. Nell’ambito dell’esplorazione spaziale e delle missioni
nello spazio profondo, dove la previsione accurata delle traiettorie é fondamentale, diventa
indispensabile avere la capacita di propagare rapidamente e accuratamente I'orbita di un
oggetto. La propagazione rapida e affidabile dell’orbita ¢ fondamentale per eseguire una
determinazione dell’orbita precisa e per predire la futura traiettoria del veicolo spaziale,
agevolando la navigazione e garantendo il successo delle missioni. L’efficienza energetica
rappresenta anche un fattore cruciale nelle missioni spaziali, dove le risorse sono spesso
limitate. L’ottimizzazione del processo di propagazione dell’orbita per ridurre il consumo
energetico a bordo é fondamentale. A tal fine, sono in corso diversi sforzi nello sviluppo
di hardware specializzato, come le FPGA (Field-Programmable Gate Arrays), che sono
in grado di gestire in modo efficiente i calcoli complessi necessari per la propagazione
dell’orbita. Le FPGA offrono 'opportunita di elaborare i dati ad alta velocita con un
consumo energetico ridotto, rendendole adatte per I’elaborazione a bordo dei satelliti.
La tesi in questione fa uso della PYNQ-Z2 come esempio per esplorare le possibilita di
accelerazione della propagazione dell’orbita utilizzando le FPGA. Vengono analizzati di-
versi scenari orbitali per convalidare e stimare le prestazioni della propagazione dell’orbita

basata su FPGA, mostrando un guadagno del 76% rispetto al calcolo basato su CPU.

Parole chiave: Spazio Profondo, FPGA, Propagazione dell’Orbita, Efficienza Com-

putazionale, Consumo di Potenza, Hardware, Missioni Spaziali
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]_ Introduction

Deep-space Guidance, Navigation, and Control (GNC) in present times heavily relies on
ground-based operations, where ground antennas are required to acquire radiometric ob-
servations for orbit determination and powerful workstations are employed for trajectory
optimization to determine the most effective propulsion system actuation, necessitating
ground stations and human involvement. However, this traditional approach introduces
significant delays and costs, posing scalability challenges for space missions. As the num-
ber of deep-space assets increases rapidly, reliance on ground control will overwhelm ex-
isting facilities. In Figure 1.1, the number of missions planned and launched in the past

two decades is depicted!. It is evident that the number of missions has been growing
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Figure 1.1: Small Satellite missions (<500 kg) past and predicted launches per year
[Estimation based on data available on nanosats.eu/tables# (last accessed on July 2,
2023)]

exponentially, with a notable peak in deep-space missions occurring in 2022, mainly due

Inanosats.eu/tables#, last accessed: July 2, 2023


https://www.nanosats.eu/tables
https://www.nanosats.eu/tables
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to the release of 10 CubeSats via during the NASA mission Artemis I. This increase
is mainly due to the deployment of constellations such as OneWeb, Starlink which are
taking advantage of these cheaper satellite platforms, which are standardized and suit-
able for mass production. However, without a shift in approach and the implementation
of efficient onboard computation, the capacity for deep-space missions will soon become
saturated. To address these limitations and enable the future exploration of deep-space

probes, autonomous GNC operations without human intervention are crucial [3].

Autonomous GNC systems require efficient propagation and prediction of the probe’s
trajectory while consuming minimal energy. Orbit propagation plays a vital role in the
Orbit Determination (OD) process, requiring fast and reliable propagation forward in

time.

Orbit propagation is the process of propagating an object’s state forward in time, based
on a mathematical model and on an initial state value. Autonomous spacecraft systems

rely on efficient determination and prediction of the probe’s trajectory in various contexts.

On-Board Computer (OBC) systems on modern satellites have several key performance
criteria that need to be considered. These include memory capacity, software reliability,
hardware resilience to the space environment, and low power consumption compared to

general computers [31].

Typically, the power budget for CubeSats in Low-Earth-Orbit (LEO) ranges from 2 to
8 Watts, which makes integration with FPGAs a challenging task. For example, the
Virtex4QV Radiation Tolerant FPGA family’s average power consumption ranges from
1.25 to 12.5 Watts [5]. Generally speaking, the IPC-7000 from Space Micro is a specific

example of OBC, with a power consumption of 401/2.

The objective of this thesis is to study the efficiency of an FPGA for onboard satellite
computing in LEO and Deep-Space missions. It aims at comparing against the CPU
counterpart computational speed and power consumption in a cost-effective system like
the FPGA PYNQ-Z2. Additionally, the thesis explores the complexity of designing op-
timized systems without writing Hardware Description Language (HDL) code, rather

implementing the IP module in High-Level Synthesis (HLS) using C language.

This exploration is guided by the research question highlighted in the box below. Through
this investigation, the thesis aims to contribute valuable insights into the development of

future autonomous orbit propagation systems on-board of satellites.

Zsatnow.com /products,/on-board-computers /space-micro/116-1219-ipc-7000, Last accessed: July 2,
2023


https://www.satnow.com/products/on-board-computers/space-micro/116-1219-ipc-7000
https://www.satnow.com/products/on-board-computers/space-micro/116-1219-ipc-7000
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What are the advantages and potential improvements in accuracy and
efficiency of orbit propagation in satellites when employing FPGA
technology?

1.1. Thesis Organization

In the next chapter of this thesis I will start by giving some introduction about the use
of GNC systems on board of spacecrafts, then I will proceed introducing the two-body
problem in astrodynamics, describing its mathematical properties. I will also delve into
numerical solutions used for mathematical integrations, as they are the main ingredient
of orbit propagation. I will conclude with some background information about previous

works in similar topics.

Then, I will proceed with the following chapter by describing the FPGA PYNQ-Z2 ar-
chitecture and its functionalities, and how the Vivado Design Suite IDE can be used to
program its Programmable Logic (PL). In the fourth chapter, I will go in details about

the work flow for the design, concluding in the fifth chapter with some valid results.
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2 ‘ Background

Guidance, Navigation and Control (GNC) is a fundamental aspect for estimating space-
crafts position, predicting their orbit and correcting their trajectory. GNC systems may
operate both onboard or from ground stations. Guidance refers to the process of determin-
ing the desired path or trajectory for a vehicle or system to achieve a specific objective.
It involves making decisions on how the system should move or maneuver to reach a
target or follow a desired trajectory. The guidance system provides high-level instruc-
tions or commands to steer the vehicle towards the intended goal. Navigation, or Orbit
Determination (OD), involves the determination of a vehicle’s position, orientation, and
velocity in a given reference frame. It is the process of estimating the current state of the
vehicle, including its position, velocity, and attitude, with respect to a known reference
frame or coordinate system. Navigation systems utilize sensors, such as GNSS, inertial
measurement units (IMUs), and other external measurements, in order to determine and
update the vehicle’s state. Control involves the manipulation of actuators or Reaction
Control Systems (RCS) to steer the vehicle and maintain desired attitude. It focuses on
the execution of commands generated by the guidance and navigation systems to ensure

the vehicle follows the intended trajectory and achieves its objectives [26].

As mentioned in Chapter 1, this thesis focuses on the propagation aspect of OD. OD is
fundamental for determining the position and velocity of an object in space, typically a
satellite or a spacecraft, based on observations of its position over time and on mathemat-
ical models [25]. Once the initial object’s state (i.e. position and velocity) is estimated,
the orbit propagation involves numerically integrating a mathematical model to predict
the object’s future state(s) in time. The mathematical model typically includes the grav-
itational forces acting on the object from celestial bodies (such as the Earth, Moon, and
other planets), as well as atmospheric drag, solar radiation pressure, and other relevant

perturbations.

To assess the exact location of a probe, both at the beginning of the OD and during the
algorithm to make some corrections, some observations need to be done, and are nowa-

days usually operated from ground stations [3]. In deep-space, Earth-based radiometric
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tracking techniques are typically used, in order to provide highly accurate orbit informa-
tion [35]. Although this technique yields extreme accuracy in position and velocity, it still
requires ground stations and human-in-the-loop operations. As mentioned in Chapter 1,
this paradigm will soon become unsustainable, and autonomous GNC are the key for the

next missions

In the next sections I will introduce a mathematical model used for describing the motion
of an object in space, its numerical solutions, and finally some techniques usually employed

for orbit propagation.

2.1. Astrodynamics models

Mathematical models are used for reconstructing the initial state vector of a probe and
propagating its orbit through time. By iteratively integrating the mathematical models,

the probe’s trajectory can be estimated with precision as it travels through space.

2.1.1. Two-Body Problem

z

Figure 2.1: Two-body problem illustration

The mathematical model chosen for this work comprises the equations of motion of the
two-body problem. The 2-body problem is a fundamental concept in celestial mechanics
that involves the gravitational interaction between two bodies, typically a large primary
body (such as a planet or star) and a smaller secondary body (such as a satellite or
spacecraft). The problem assumes that the masses of the bodies are significant compared
to other forces acting upon them, and that the bodies move in isolation without any

significant influence from other celestial bodies [25].

In the 2-body problem, the primary and secondary bodies are considered point masses,

meaning their sizes and shapes are neglected, and only their masses and positions are
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considered. The gravitational force between two bodies is described by Newton’s law of

universal gravitation:
mq - Mo

F=Gg.L 2
Ir[[?

(2.1)
The key objective of the 2-body problem is to determine the motion of the secondary
body under the influence of the gravitational force exerted by the primary body. Given

Equation 2.1 and the illustration at Figure 2.1, we can derive the equations of motion of
the bodies:

. mi1me
_q
mir; ”1'2 —I‘1”3<r2 rl)
.. 1My
p— G— JR—
moTo ||I'1 — I_2||3 (rl r2)

Defining the relative position r := ry — ry; and the gravitational parameter pu := G(m; +

ms), the motion of P; with respect to P, can be described as:

i+ =0 (2.2)
r — = .
Ml

Combining Equation 2.2 with a spacecraft state vector x = (r,v)T, where r represents the
position vector, and v represents the velocity vector, we obtain the equations of motion

of a satellite:

f (2.3)

Equation 2.3 is a system of first-order Ordinary Differential Equations (ODEs). It models
the ideal case, without atmospheric drag, solar radiation pressure, or perturbations from
other celestial bodies. These factors may be incorporated into the ODEs to improve the

fidelity of the dynamic model.

2.2. First-Order ODEs

A differential equation is an equation that comprises one or more unknown functions,
their derivatives and a given function. Solving a differential equation involves finding the

unknown function.

In Ordinary Differential Equations (ODEs), the unknown function has only one real or
complex independent variable, often denoted as x. The order of the differential equation

is defined by the highest derivative order of the equation. Therefore, a first-order ODE
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can be generally indicated as:
dy
where z is the independent variable, y(z) is the unknown function and f(z,y) is the given

function.

To solve a first-order ODE, it is necessary to determine the antiderivative of the unknown

function, which involves the process of integration. For example, the solution of:

dy
dx

(x) = cos(x)

is the integral of cos(x):
y(z) = sin(z) + C

The equations of motion of Equation 2.3 are said to be explicit, because the derivative of
the unknown function appears on the left-hand side of the equations, while the functions

and their independent variables only appear on the right-hand side.

2.2.1. Initial-Value Problem (IVP)

As seen in the previous example, the solution of a first-order ODEs includes the unknown
integral constant C'. When an ODE is defined along with an initial condition which
specifies the value of the unknown function at a given point in the domain, the exact
solution of the ODE can be found. A system with an ODE and an initial condition is
called Initial-Value Problem (IVP), and it is in general defined as:

d
ﬁ = f(y,x)
y(wo) = Yo

If an initial condition is indeed added to the previous example:

dy
dx
y(0) =1

() = cos(x)

replacing y(0) = 1 to the solution we can find the value of C:

y(0) =sin(0)+C=1 = C=1
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Therefore, the final solution to the IVP problem of the example is indicated as:

y(xr) = sin(z) + 1

In this example, f was depending only on z and not on y(z), hence the problem could
be solved with a simple integration. However, when the integral becomes too complex,
approximate numerical solutions are usually employed, such as for example the Runge-
Kutta method.

2.3. IVP Numerical Solutions

Initial-value problems can be approximated with iterative solutions, solving the unknown

function step-by-step starting from the initial value.

Below, I will briefly address three numerical solutions: the Euler method, the linear
multistep method, and lastly the Runge-Kutta method. Single-step methods (such as
Euler method) refer to only one previous point and its derivative to determine the next
value. Methods such as Runge-Kutta take some intermediate steps (for example, a half-
step) to obtain a higher order method, but then discard all previous information before
taking a second step. Multistep methods instead attempt to gain efficiency by keeping
and using the information from previous steps rather than discarding them. Consequently,

multistep methods refer to several previous points and derivative values.

2.3.1. Euler Method

The Euler Method is the easiest and most straightforward method to solve IVPs. The
idea behind it is that, for each time step, the derivative of the function is calculated and
it is propagated until the next time step, starting from the previous solution. Hence, the
error will depend on the length of the time step, as shown at Figure 2.2. The shortest is

the time step, the more precise is the approximation.

In the Euler method the next epoch is obtained by the equation:

dy
Yn+1 = Yn + hf(yn7tn> A f(ymtn) = %(tn)

where h = At.
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y(t) = et

104/ At =1/20s
— At=1/4s
10y — At=1s

numerical error

0 2 4 6 8 10
t [s]

Figure 2.2: Error using the Euler method for y(t) =

2.3.2. Linear Multistep Method

As mentioned, the linear multistep method is a linear combination of the previous points
and derivative values. An example of linear multistep is the Adams-Moulton method,

which equations are reported below:

Yn = Yn—1 + hf(yn—htn—l)

1
Ynt+1 = Yn + éh (f(yn—i-h tn+1> + f(ym tn))

) 8 1
s tne) 15 s ) = 55 )

n - n h
Yn+2 = Yn+1 + (12

9 19
Yn+3 = Yn+2 + h ( f(yn+37 tn+3) + ﬂf(yn—l-% tn+2)

24
__f(yn-i-la tn-i-l) + 21_4f(ynatN))

251 646
Yn+4a = Yn+3 + h (720f(yn+47 2fn-i—4) + %f(yn—i-?n tn+3)
264 106 19

2o 2 ts2) 4 250 s tst) = 7507t

where, as before, h = At and f(yk, tr) = 2 (t,).
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2.3.3. Runge-Kutta Methods

The Runge-Kutta method achieves higher accuracy compared to simpler methods by
considering multiple intermediate steps within each interval. It is known as a "multi-
stage" method because it evaluates the derivative function at various points within a

single step to estimate the slope and update the solution accordingly.

The most commonly used variant of the Runge-Kutta method is the fourth-order Runge-
Kutta (RK4) method. The RK4 method uses four intermediate stages to calculate the
solution at each interval. However, there are other variants such as the second-order
Runge-Kutta (RK2) method and the higher-order Runge-Kutta methods [9].

It is important to note that the Runge-Kutta method is a numerical approximation tech-
nique, and the accuracy of the solution depends on the step size chosen and the complexity
of the ODE being solved. Selecting an appropriate step size and considering error control

mechanisms can help ensure accurate and reliable results.

In Runge-Kutta, the next epoch is obtained by:
Ynt+1 = Yn + I Z bik; (2.4)
i=1

where the k; elements are the intermediate stages, and they are evaluated as:

kl = f(tna yn)
ky = f(tn + c2h, yn + (a21k1)h)
ks = f(tn + csh, yn + (as1k1 + asaka)h) (2.5)

kS = f(tn + Csh7 Yn + (aslkl + astQ +...+ as,sflksfl)h)

The constants b;, a; and ¢; presented in the Equations 2.4 and 2.5 are coefficients defined
in the Butcher tableau. Depending on the precision and the order of the algorithm,
the coefficients of the Butcher tableau may be different. The c-values, also known as
the stage time nodes, determine the internal sub-intervals within the main integration
interval. The a-values indicate the weights or contributions of the derivative evaluations
at different stages. The b-values represent the contribution of each k; stage to the final
solution update. As an example, the Butcher tableau of the classic fourth-order Runge-
Kutta (RK4) method is reported at Table 2.1.
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Ci ajj bl

1
0 6
111 1
2 2 3
1 1 1
2 0 2 3
1{o 0o 1|}

Table 2.1: Butcher tableau of RK4

Adaptive Runge-Kutta Methods

Adaptive methods are advanced numerical approaches that dynamically adjust the step
size used in the numerical integration process to achieve a balance between accuracy and
computational efficiency. Unlike fixed-step methods, where the step size remains constant
throughout the integration, adaptive methods modify the step size as needed based on

the local behavior of the solution.

The primary motivation behind adaptive methods is to handle situations where the so-
lution of the ODE exhibits varying behaviors across different regions of the integration
interval. In some regions, the solution may vary rapidly, requiring smaller steps to capture
the fine details accurately. In other regions, the solution may change slowly, allowing for

larger steps without sacrificing accuracy.

Adaptive methods employ an error estimation technique to monitor the accuracy of the
numerical solution. The error estimation is typically based on the difference between two
approximations obtained using different step sizes. By comparing the local error estimate
to a predefined tolerance, the adaptive algorithm determines whether the step size should

be increased or decreased.

Implementing an adaptive method involves additional computational overhead due to the
error estimation and step size control mechanisms. However, the benefits of improved
accuracy and efficiency often outweigh the additional computational cost, especially for

problems with complex and rapidly changing solutions.

In adaptive methods, two different orders of the Runge-Kutta method denoted as p and
q (¢ > p) are calculated, typically with ¢ = p + 1. To ensure computational efficiency,
the two orders share the same function evaluations, indicated by the coefficients a;; [13].
This approach allows for an efficient calculation of the error without incurring significant
additional computational cost. Runge-Kutta ¢(p) methods use the higher order as primal

and the lower order only to compute the Local Truncation Error (LTE), instead Runge-
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Kutta p(¢g) methods use the higher order to compute the LTE.
The order step calculation for determining the LTE is given by:
Unt1 = Yn + hz bik;
i=1
Then, the LTE of the order scheme is calculated as:

entl = Ynt1l — Unt1 = hZ(bi - 61>k1

=1

The optimal step size, which is a step size that allows the tolerance to be respected while
avoiding too many computational steps, can be determined using the Runge-Kutta orders

and the calculated error between order p and ¢:
§
hyy1 = 0.9, [—} (2.6)
lensal]
where ¢ is the maximum allowable local error.

For this thesis, the Butcher tableau of RK5(4)7M has been used [13|, which is also used
in the Matlab function ode45 [33|. The corresponding tableau is reported in Table 2.2.

*
Ci aij bi b i
0 35 5179
384 57600
1 1
z = 0 0
3 3 9 500 7571
10 40 40 1113 16695
4| m _56 32 125 393
5 45 15 9 192 640
8 19372 25360 64448 212 _2187  _ 92097
9 6561 2187 6561 729 6784 339200
1 _9017 _355 46732 49 _ 5103 11 187
3168 33 5247 176 18656 84 2100
1 35 0 500 125 _2187 11 0 1
84 1113 192 6784 84 40

Table 2.2: Butcher tableau of RK5(4)7M

2.4. State Estimation Techniques

In the field of autonomous navigation, the Kalman filter and the batch filter are powerful

estimation tools that have been extensively used in navigation of robotic systems operating
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in unknown environments [26]. Both the batch filter and the Kalman filter are two
methods that can be applied to nonlinear systems. The main difference to keep in mind
between batch filter and Kalman filter is that the former is non-recursive and the latter

is sequential.

2.4.1. Kalman Filter

The Kalman filter [22] is a powerful recursive algorithm that serves as an effective tool
for the fusion of information from a measurement system with the dynamics of a model.
This fusion process results in a more precise estimation of the system state than what
could be achieved by relying solely on the measurements or dynamics. The measurement
system, the dynamics model, and the fusion algorithms selected within the filter each play

a crucial role in shaping the final navigation solution.

Moreover, the standard Extended Kalman filter (EKF) operates under the assumption of
fixed uncertainties in stochastic error parameters within the dynamics and measurement
models. These uncertainties are known to propagate through the filter, influencing the
accuracy of the output. However, the impact of these uncertainties can typically be
mitigated to a reasonable extent through the careful process of tuning the EKF. This
tuning process involves adjusting the parameters of the filter to optimize its performance,

thereby enhancing the reliability and accuracy of the navigation solution it provides.

In essence, the Kalman filter is a sophisticated tool that leverages the power of recur-
sive algorithms and information fusion to deliver accurate system state estimations. Its
effectiveness, however, is contingent on the quality of the measurement system, the dy-
namics model, and the chosen fusion algorithms, as well as the successful mitigation of

uncertainties through the tuning of the EKF.

The efficacy of the Kalman filter is demonstrated by advanced GNC systems used in
recent missions [15], such as PRISMA [11], CanX-4/5 [§], and AVANTI [16].

The Unscented Transformation (UT) is a crucial component in the implementation of
Kalman Filters, specifically the Unscented Kalman Filter (UKF). The UKF leverages the
UT to predict means and covariances in nonlinear systems, which is particularly useful
in on-board orbit reconstruction. This process is essential in various applications, such
as relative dynamics and orbit determination. This method uses a set of weighted sigma
points that match the properties of the prior distribution. This approach resembles a
Monte Carlo method but does not use random sampling, requiring only a small number
of points [21].
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2.4.2. Batch Filter

Batch filters provide a robust method for estimating the state of a system at a specific
epoch using a set of measurement data. The batch filter works by minimizing the sum of
the squares of measurement residuals. As for the Kalman filter, it adjusts the estimated
state to minimize the difference between the predicted and actual measurements. This
process often involves iterative methods and requires a good initial estimate to ensure

convergence.

Instead of what it is done by the Kalman filter, the batch filter considers all the mea-
surements and not only the last one. This yields to more precise but also much more

expensive computations [27].

The work in [27] discusses two types of batch filters: the batch least squares filter and
the non-recursive unscented batch filter. The batch least squares filter is a traditional
method that has been widely used in orbit determination. However, the non-recursive
unscented batch filter can be more stable and may require fewer iterations for convergence,
especially when dealing with highly nonlinear systems or when considering large initial
errors, long sampling periods, and large measurement noises. The unscented batch filter
has the advantage of being able to handle strong nonlinearity better than the traditional
batch least squares filter. This is particularly important in the context of satellite orbit
determination, where the motion of the satellite is influenced by various nonlinear factors
such as gravitational forces, atmospheric drag, and solar radiation pressure. However, the
unscented batch filter requires a good initial estimate to ensure convergence. Moreover,

it can be computationally intensive, especially for large systems.

2.5. Onboard GNC Solutions

One of the first onboard autonomous navigation systems (AutoNav) implemented in deep-
space was for the Deep-Space 1 (DS1) mission. Launched by NASA in 1998, DS1 was a
technology demonstration mission aimed at testing advanced technologies for future space
exploration. The AutoNav system on DS1 utilized a combination of imaging and image
processing techniques to autonomously navigate and guide the spacecraft. It employed
a technique known as "image matching," where the spacecraft compared the real-time
images of celestial objects with the pre-stored reference images to determine its position

and orientation [6, 7|.

[41] introduces an innovative architecture for a robust and reconfigurable FPGA-based

computer, specifically designed for use in critical Guidance, Navigation, and Control
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(GNC) systems. The architecture is engineered to counteract Single Event Upsets (SEUs),
a common source of malfunction in space applications. The architecture employs a combi-
nation of multi-layer reconfiguration and multi-layer Triple Modular Redundancy (TMR)
techniques, providing a comprehensive solution to SEU-related issues. The architecture
has been successfully implemented using FPGA technology and has been integrated into
the GNC system of a circumlunar return and reentry flight vehicle, demonstrating its
practical applicability. The study does not focus on a specific piece of hardware but
rather emphasizes the broad application of FPGA-based computers within GNC systems.
The research underscores the potential of such systems in enhancing the reliability and

adaptability of deep space exploration missions.

In the context of autonomous spacecraft operations, the work of Hao et al. [19] presents a
significant advancement. They propose an intelligent Guidance, Navigation, and Control
(GNC) system that incorporates state-of-the-art Al components for on-orbit manipula-
tion. The system leverages a monocular camera and a keypoint-based Deep Learning
(DL) framework for relative navigation, a critical aspect for autonomous close proxim-
ity operations in orbital robotic missions. Furthermore, the system includes onboard
computational hardware suitable for Computer Vision (CV), underscoring the potential
for using onboard technology such as Field-Programmable Gate Arrays (FPGAs) or mi-
crocontrollers in space applications. This research highlights the potential of integrating
advanced Al components and onboard technology to enhance the autonomy and efficiency

of GNC systems for deep space exploration.

[34] discusses the process of orbit propagation and determination for Low Earth Orbit
(LEO) satellites. The paper emphasizes the importance of accurate orbit determination,
which is achieved through the analysis of position and velocity measurements from a
space-based GPS receiver located on the satellite itself. The paper also highlights the
use of a nonlinear filtering method for immediate orbit tasks, which requires more precise

satellite orbit state parameters in a short time.

Segret et al. [32] discuss the development of an autonomous Guidance, Navigation, and
Control (GNC) technology called BIRDY-T for a CubeSat. The authors present an On-
Board Orbit Determination (OD) system that uses asynchronous optical measurements
for triangulation, which then feeds into a Kalman filter. The system is designed to handle
various mission profiles, including cruise and proximity operations. The authors also
discuss the importance of a tailor-made ground segment, developed with experts in deep
space dynamics and on-board software architecture, for mission preparation. The study
emphasizes the potential of using advanced algorithms and onboard technology, such as

FPGASs or microcontrollers, for autonomous OD in deep space missions.
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[1] demonstrates the practical application of advanced algorithms and hardware acceler-
ation in the field of space exploration. Specifically, the use of the SSRLCV library for
3D terrain information generation, and the implementation of this library on the MOCI
CubeSat equipped with a Nvidia TX2i GPU, exemplifies the potential of using advanced

algorithms for autonomous onboard execution.

The work of Pitonak et al. [28]| presents the development of an FPGA-based hardware-
accelerated quantized Convolutional Neural Network (CNN) for on-board cloud cover
classification. The authors propose a workflow that includes training the classification
model, observing the impact of quantization on model accuracy, and exploring hardware
architecture design space to identify configurations with the highest throughput and min-
imal FPGA resource utilization. The proposed method, CloudSatNet-1, is implemented
on FPGA and demonstrates high accuracy and low false-positive rate in cloud cover clas-

sification.

2.6. Omnboard Processing for Spacecrafts

In the context of developing future spacecrafts, especially SmallSat platforms for deep-
space missions, the challenge lies in balancing the demand for onboard sensors and science
processing with the constraints of reduced power, size, weight, and cost [17]|. The harsh
space environment necessitates the use of radiation-hardened (rad-hard) hardware, which
is often costly. Companies like Xilinx have been producing rad-hard FPGAs for space
applications, such as the RT Kintex UltraScale FPGA, the Virtex 5QV FPGA, and the
Virtex 4QV FPGA!. However, rad-hard processors often cannot match the computational
capabilities of common processors due to their inherent redundancy and other protective
features [18]. The paper by George and Wilson [17] presents a solution in the form
of hybrid computing, which combines rad-hard devices and Commercial Off-The-Shelf
(COTS) devices. This approach aims to achieve both high reliability and performance,
making it particularly relevant for the goal of accelerating the orbit determination (OD)

algorithm with an FPGA for autonomous execution onboard a spacecraft.

In the challenging environment of space, electronic components encounter particles from
various sources such as Earth’s magnetic field, galactic cosmic rays, and solar-weather
events. The interaction of these particles with electronics can lead to two broad cate-
gories of effects: long-term cumulative effects and short-term transient effects. Cumula-
tive effects encompass phenomena like Total Ionizing Dose (TID) levels, circuit ionization,
enhanced Low-Dose-Rate Sensitivity (ELDRS), and Displacement-Damage Dose (DDD).

xilinx.com /applications /aerospace-and-defense /space.html#products
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On the other hand, transient effects, often referred to as Single-Event Effects (SEEs), in-
clude Single-Event Upsets (SEUs), Single-Event Transients (SETs), Single-Event Latchups
(SELs), Single-Event Functional Interrupts (SEFIs), and others. These effects are primar-
ily due to undesired alterations in voltage levels, consequently affecting current flow in
electronic components [14]. The NASA Electronic Parts and Packaging (NEPP) program
provides guidance for understanding and mitigating these radiation effects, emphasizing

the importance of radiation hardness assurance (RHA) for reliable space system design
[17].

In the realm of custom circuit devices, there exists a balance to be struck between the
use of high-cost, cutting-edge devices known as Application-Specific Integrated Circuits
(ASICs) and the use of less efficient, cost-effective devices known as Commercial Off-
The-Shelf (COTS) products. A promising solution lies in the utilization of reconfigurable
devices, which are characterized by their adaptive designs that can be programmed to
create a variety of architectures and circuits. Field-Programmable Gate Arrays (FPGAs)
are the most commonly associated with reconfigurable computing. These devices offer
several advantages over general-purpose CPUs or microprocessors. Firstly, they allow
designers to create custom, application-specific architectures that can exploit algorithmic
parallelism. Secondly, FPGAs are typically more energy-efficient than general-purpose
processors, enabling designers to achieve significant computational speedup on an ap-
plication while consuming less energy. Furthermore, they are able to apply a circuit
reconfiguration at runtime by applying the so-called partial reconfiguration, which allows

the device to adapt to the best possible solution [24].

An hybrid system are often the most suitable for complex applications. For instance, a
GPU, which excels in graphical computations, is often paired with a CPU for more general
computations. Similarly, an FPGA is typically interfaced with a host device, often a CPU,
to handle tasks that are less suited for parallelism or pipelining, or tasks for which the
FPGA has not been configured. This is particularly relevant in the context of Xilinx’s
Zynq FPGAs, a family of devices that integrate both a CPU and an FPGA in the same
System on a Chip (SoC), primarily interfaced through an AXI interface. These hybrid
systems, like the Xilinx Zyng-7020 SoC, combine fixed (dual ARM Cortex-A9/NEON
cores) and reconfigurable (Artix-7 FPGA fabric) logic?.

Zxilinx.com/products//silicon-devices /soc/zynq-7000.html
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2.7. Uncertainties Propagation (Monte Carlo)

The Monte Carlo method is a powerful statistical technique that enables numerical so-
lutions to complex problems through random sampling [23]. The Monte Carlo method

plays a crucial role in simulating uncertainties associated with the initial condition.

The first step entails framing the problem in probabilistic terms. After OD is performed,
the covariance (uncertainty) associated to the navigation solution is obtained and sam-
pled to generate N initial conditions. Subsequently, each initial condition gets propagated
forward in time for each set of random inputs using deterministic physics, solving the
equations of motion mentioned in Section 2.1. The outcomes of the deterministic calcu-
lations for each set of random inputs are subsequently analyzed to provide a probabilistic

description of the spacecraft’s future state.

In the environmental modelling process, Monte Carlo analysis is one of the methods com-
monly used in uncertainty assessment and characterisation. It is applicable for different
purposes of application, stages of the modelling process, and sources and types of uncer-
tainty addressed. This method is particularly useful when dealing with complex systems

with multiple sources of uncertainty [29].

In the field of dark matter indirect detection, Monte Carlo methods are used to compute
signals of TeV-scale Dark Matter annihilations and decays in the Galaxy and beyond. The
method is used to estimate uncertainties in the computation of energy spectra of various

particles [10].

In risk assessment, an Advanced Monte Carlo Method based on interval analysis approach
and Monte Carlo simulation is proposed to propagate uncertainties in an atmospheric
dispersion model. The purpose is to compute with accuracy the geographical region in
which the concentration of the considered toxic gas is less than the threshold of irreversible
effects [30].

Finally, in [12] the Monte Carlo method is used in the context of testing the proposed
method for initial orbit determination and subsequent follow-on tracking. Two test cases
have been considered: a single orbit case with a Monte Carlo sampling of the measurement

data, and a grid of multiple orbits with a single set of data per orbit.

2.8. Adimensionalization

Adimensionalization involves transforming the variables and parameters of a system of

equations into dimensionless quantities. This can help to reduce the number of parameters
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in the system, simplify the analysis, and reveal scaling laws and similarities between

different systems.

In case memory constraints are present in the design, adimensionalization can be used to

optimize the number of bits necessary for representing a value.

In this case, the adimensionalization involves defining two constants: length L and time 7.

Considering the equations of motion (Equation 2.3), the two constants can be initialized

as:
L3
72
L
== Ivol

Once chosen the parameters length and time, each value must be transformed according

to the new normalization:

r=L-r
L *
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If chosen accordingly to these rules, the normalization factors L and 7' cancel out in the
implementation of Runge Kutta. For example, when calculating an intermediate stage

ki=f(x+h Z;_l a;;k;), the normalized transformation would be:
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It is straightforward to see that the normalized factors cancel out. This property is
proved in any passage of the algorithm, hence, adimensionalized inputs will not affect the

outputs.
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3 FPGA Overview

In the ever-evolving landscape of digital system design, the demand for flexible and ef-
ficient solutions has grown exponentially. Field-Programmable Gate Arrays (FPGAs)
have emerged as a compelling option, offering unparalleled versatility and performance

compared to traditional fixed-function integrated circuits.

FPGAs present a unique proposition by allowing users to dynamically configure the be-
havior of digital circuits, even after the manufacturing process. This characteristic grants
designers the ability to adapt and modify their circuits, making FPGAs suitable for a
wide range of applications that require flexibility and customization. By leveraging con-
figurable logic blocks interconnected by programmable routing channels, FPGAs enable
the realization of complex digital systems, ranging from small-scale embedded designs to

large-scale computational architectures.

One of the primary advantages of FPGAs lies in their ability to achieve high-performance
computing through parallel processing. By harnessing the parallelism of multiple logic
blocks, FPGAs can execute tasks in a concurrent and efficient manner, thereby acceler-
ating computationally intensive operations. This makes FPGAs an appealing choice for
applications that demand real-time processing, high-speed data handling, and hardware

acceleration.

The programming or configuration of FPGAs is typically accomplished using hardware
description languages (HDLs) such as VHDL or Verilog. These languages provide a means
to describe the desired behavior of the digital circuit in a textual or schematic form. With
the synthesis of HDL code into a configuration bitstream, the FPGA can be programmed

to execute the specified functionality, further enhancing its adaptability and versatility.

As FPGA technology continues to advance, it has become more accessible to a broader
range of engineers and developers. Integrated development environments (IDEs) and
higher-level synthesis tools have simplified the design process, allowing users to work at
higher levels of abstraction. This shift enables students, researchers, and practitioners to
explore and exploit the capabilities of FPGAs without being burdened by the intricacies

of low-level hardware design.
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3.1. Xilinx Software

Xilinx offers a comprehensive suite of software tools and development environments that
complement their programmable logic devices. These software tools are designed to enable
efficient and streamlined FPGA development, helping designers unleash the full potential

of Xilinx devices.

One of the key software offerings from Xilinx is the Vivado Design Suite. Vivado provides
a complete development ecosystem for designing, implementing, and optimizing FPGA
designs. It includes various modules and features such as IP integrator, high-level synthe-
sis, system-level design, and advanced verification capabilities. Vivado allows designers
to work at different levels of abstraction, from algorithmic design to register-transfer level

(RTL) coding, making the development process more intuitive and efficient.

Xilinx Vitis High-Level Synthesis (HLS) is a powerful tool that enables designers to ac-
celerate their development process by raising the level of abstraction. Vitis HLS allows
designers to write algorithms and complex data processing tasks in high-level languages
such as C, C++, or OpenCL, and then automatically transforms them into highly op-
timized hardware designs for Xilinx FPGAs. It provides a range of advanced features
to assist in the optimization process, such as directive-based pragmas, dataflow control,
pipelining, loop unrolling, resource sharing, and memory optimization techniques. These
features enable designers to explore different architectural trade-offs and fine-tune their
designs to achieve the desired performance, area, and power efficiency. By leveraging Xil-
inx Vitis HLS, designers can significantly reduce development time and effort, accelerate
time-to-market, and achieve high-performance implementations of complex algorithms on
Xilinx FPGAs. It bridges the gap between software and hardware design, enabling a more

efficient and productive development experience for FPGA-based systems.

3.2. Xilinx Products

Xilinx offers a wide range of Field-Programmable Gate Arrays (FPGAs) that cater to
diverse application requirements. Here is an overview of some of the key Xilinx FPGA

product families:

e Virtex UltraScale+: The Virtex UltraScale+ family is Xilinx’s flagship FPGA prod-
uct line. These FPGAs deliver exceptional performance and integration capabilities,
making them suitable for high-end applications such as data centers, networking,
and Advanced Driver-Assistance Systems (ADAS). They offer a scalable architecture

with advanced DSP, memory, and connectivity resources.
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e Kintex UltraScale+: The Kintex UltraScale+ FPGAs provide a balance of perfor-
mance, power efficiency, and cost-effectiveness. They are designed for a wide range
of applications, including wireless communications, video processing, and industrial
automation. These FPGAs offer high-speed serial transceivers, ample Digital Signal

Processing (DSP) resources, and on-chip memory options.

e Artix-7: The Artix-7 family offers a cost-optimized FPGA solution ideal for ap-
plications that require moderate performance and low power consumption. These
FPGAs are suitable for applications such as motor control, medical devices, and
consumer electronics. Artix-7 devices provide a good balance of capabilities and

affordability, making them popular for cost-sensitive projects.

e Spartan-7: The Spartan-7 family is focused on providing low-cost, entry-level FP-
GAs with sufficient performance for a range of applications. These FPGAs are suit-
able for IoT devices, automotive electronics, and consumer applications. Spartan-7
devices offer a good combination of low power consumption, small form factor, and

ease of integration.

e Zynq UltraScale+: The Zynq UltraScale+ family combines FPGA fabric with high-
performance ARM processors in a single device. These devices are known as System-
on-Chip (SoC) FPGAs and offer the benefits of both programmable logic and em-
bedded processing. Zynq UltraScale+ devices are suitable for applications that
require high flexibility and real-time processing, such as embedded vision, industrial

control, and automotive systems.

3.2.1. Xilinx PYNQ-Z2 Overview

The Xilinx PYNQ-Z2 is an embedded development board designed for applications in
the field of embedded systems and programmable logic. It combines the power of Xil-
inx’s Zyng-7000 SoC (System-on-Chip) with the Python programming language and an

accessible development environment.

At the core of the PYNQ-Z2 board lies the Xilinx Zyng-7000 SoC, which integrates a dual-
core ARM Cortex-A9 processor and an FPGA fabric. This combination allows developers
to leverage the flexibility and performance of FPGA-based hardware acceleration alongside

the convenience of a traditional processor.

One of the standout features of the PYNQ-Z2 board is its support for the PYNQ (Python
+ Zynq) framework. PYNQ enables users to rapidly design and deploy embedded systems
using Python, a widely adopted and user-friendly programming language. With PYNQ),
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Figure 3.1: PYNQ-Z2 board [Resource from tulembedded.com/FPGA /ProductsPYNQ-
Z2.html (Last accessed: July 2, 2023)]

developers can take advantage of pre-built overlays and libraries, making it easier to

develop and accelerate applications with FPGA-based hardware.

The PYNQ-Z2 board provides a range of peripheral interfaces, including HDMI, USB,
Ethernet, and GPIOs, making it versatile and suitable for a wide range of projects. It
also offers expansion connectors, such as Arduino and Raspberry Pi headers, allowing for

compatibility with various add-on boards and modules.

The development workflow for the PYNQ-Z2 board involves using the PYNQ framework,
which provides Jupyter notebooks as an interactive development environment. These
notebooks allow developers to write and execute Python code while accessing the under-
lying FPGA fabric and peripherals of the board. This streamlined development process
enables rapid prototyping, debugging, and system integration.

The PYNQ-Z2 board offers an exceptional value proposition, being remarkably affordable
with a price tag of approximately $150. This affordable price, however, does come with
certain resource limitations. Despite these constraints, demonstrating the applicability
of my work on this FPGA serves as a strong foundation, especially when considering
future missions that may have a more generous budget. By showcasing the effectiveness
of my work on a cost-effective platform like the PYNQ-Z2, it highlights the potential

for even greater achievements and possibilities when equipped with additional resources

Inewark.com /search?st=tul-corporation, last accessed: July 2, 2023
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and funding. This approach serves as a prudent and strategic starting point, allowing for

scalability and adaptability as projects progress and budgets expand.

3.2.2. PYNQ-Z2 Architecture

The PYNQ-Z2 is divided into Processing System (PS) and Programmable Logic (PL)
(Figure 3.2). The former refers to the ARM-based processing unit integrated into the

AXI
Interfaces

Programmable
Logic

Figure 3.2: PYNQ-Z2 architecture overview

Zyng-7000 SoC. It consists of dual-core ARM Cortex-A9 processors running at a specified
clock frequency. The processing system handles the execution of software tasks, such as
running operating systems (e.g., Linux) and applications. It manages system resources,
interfaces with external peripherals, and provides a familiar programming environment
for software development. The PL refers to the FPGA fabric within the Zyng-7000 SoC
(Artix-7 FPGA). The FPGA fabric can be programmed using Hardware Description Lan-
guages (HDLs) or High-Level Synthesis (HLS) tools, enabling hardware customization

and acceleration for specific applications.

PS-PL Interface

Usually, one of the starting points when programming an FPGA is to manage the interface
Host-FPGA. FPGAs often need to be paired with a Host, either for performing more
general computations or even just to manage the control flow of the FPGA used. As
already mentioned in previous paragraphs, the PYNQ-Z2 is a System on Chip (SoC) and
the paradigm Host-FPGA is already embedded into the board.
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In order to connect CPU and FPGA, this SoC employs employs the Advanced eXtensible
Interface protocol (AXI), which is very common in ARM systems. There are three types
of AXI Interfaces that connect the FPGA to the CPU [39]:

e AXI Coherent Port (ACP): This interface is used for coherent access to the PS’s L2
cache and DDR memory. It operates asynchronously and has a data width of 64
bits.

e AXI General Purpose (GP): These interfaces connect slave peripherals to the PS
and are used for general-purpose communication between the PS and PL. They

operate asynchronously and have a data width of 32 bits.

e AXI High Performance (HP): These interfaces are used for high-performance data
transfer between the PS and PL. They operate asynchronously and can have a data
width of 32 or 64 bits.

Figure 3.3 reports the block diagram of the interconnections of the Zynq PS, which is
also shown in [39]. The AXI GP interfaces are directly linked to the ports of the master
interconnect and the slave interconnect, without any extra FIFO buffering. Unlike the
AXI HP interfaces, which utilize advanced FIFO buffering to enhance performance and
throughput, these interfaces do not have that feature. As a result, the performance of
these interfaces is determined by the capabilities of the master and slave interconnect
ports. It is important to note that these interfaces are primarily intended for general-

purpose use and are not designed to achieve high performance.

The four AXT HP interfaces are designed to offer high-speed data paths to the DDR and
OCM memories for PL bus masters. Each interface consists of two FIFO buffers, one for
reading and one for writing traffic. The PL to memory interconnect is responsible for
connecting the AXI HP ports to either two DDR memory ports or the OCM. The AXI
HP interfaces are also commonly referred to as AFI (AXI FIFO interface), highlighting
their buffering capabilities.

One of the two AXI GP ports has been used for control signals, and two of the HP ports
for high-performance memory-mapped interconnection. Using the AXI Memory-Mapped
protocol for the AXI HP ports, bursts can be used to smooth out long-latency transfers
(more details about bursts in Section 3.4.1). To avoid stalls during the transactions, this

architecture comprises FIFO buffers of 1kB for both reads and writes.
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DSP Blocks
Digital Signal Processing (DSP) blocks are optimized for multiply and add (MAC) oper-

ations, and they are a lot used for vector or matrix multiplication, expecially in Neural
Networks. The PYNQ-Z2 has 220 DSP48E1 blocks, reported in [37] and at Figure 3.4.
One DSP block can multiply two’s complement digits of 18 and 25 bits each. For multi-

48-Bit Accumulator/Logic Unit

B \\
T RO
25x18
Multiplier

Pre-adder

c r Pattern Detector

Figure 3.4: DSP48E1 functionality [37]

UG479_ct

plying more bit-width digits, more than one DSP have to be cascaded together.

The pre-adders in the DSP blocks make them very convenient and fast for MAC opera-
tions. In addition, DSP48E1 blocks has some registers in critical points of the data flow
that allow pipelined operations up to three stages (3 clock cycles). Therefore, in case of a
limited number of resources, the same DSP can be re-utilized in a pipelined manner with

an Initiation Interval I1 = 1 clock cycle.

Storage

The PYNQ-Z2 board memory capabilities can be divided into three main components:

e DDR: This is the global memory, which is depicted at Figure 3.3. It is directly
connected to both the FPGA and CPU for performance purposes.

e Block RAM (BRAM): This memory is internal to the FPGA. The information stored

in BRAMs can be immediately accessible.

e Distributed RAM: This type of memory is actually fabricated with FFs and LUTs.
The storage capability depends on the number of LUTs and FFs used, but for depths
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greater than 128 bits BRAM should be used [36].

The BRAM in true dual-port consists of 36kb of storage area and two completely indepen-
dent access ports, A and B, reported at Figure 3.5 from [38]. The RAM itself is divided
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36-Kbit Block RAM
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—— | RSTRAMB
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Figure 3.5: True dual-port RAMB36 [38]

into two identical blocks of 18kb each, with structure and behaviour fully symmetrical.
More blocks can be cascaded to augment the ports capability. For example, the RAMB36
in simple dual-port mode comprises one port of 72 bits and a 36kb storage array. The
PYNQ-Z2 is composed by a total of 630kb of block RAMs, therefore counting 280 blocks
18kb of storage.

3.3. Xilinx Vitis HLS Workflow

The Vitis High-Level Synthesis (HLS) tool is a high-level synthesis tool that allows C,
C++4, and OpenCL functions to become hardwired onto the device logic fabric and
RAM/DSP blocks. Vitis HLS implements hardware kernels in the Vitis application accel-
eration development flow and uses C/C-++ code for developing RTL IP for Xilinx device
designs in the Vivado Design Suite.

HLS code gives the developer the ability to specify some of the low-level details of an
FPGA implementation, like the amount of resources to use for a particular operation, or

the protocol used for the interfaces, or again the clock frequency of the generated IP.
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Vitis HLS supports two design flows: the Vitis Kernel flow or the Vivado IP flow. The
former is more restrictive than the Vivado IP flow, and the kernels produced by the HLS
tool must meet the specific requirements of the platforms and Xilinx Runtime (XRT) [40].
The latter is more flexible and less structured than the Vitis Kernel flow. It supports a
wide variety of interface specifications and data transfer protocols, and does not naturally
have the XRT requirements of the Vitis system. The Vivado IP flow provides much greater
discretion in your design choices, however, leaves the integration and management of the

IP up to you as well. T employed Vivado IP flow, which includes the following steps:
1. Compile, simulate, and debug the C/C++ algorithm.
2. View reports to analyze and optimize the design.
3. Synthesize the C algorithm into an RTL design.
4. Verify the RTL implementation using RTL co-simulation.
5. Package the RTL implementation into an IP and export it.

6. Integrate the IP into the IP Integrator of Vivado and build a block design.

3.3.1. Write Code for Simulation and Testing

The HLS code implementation comprises a source code and a test bench. The test bench
is pure software and can be written in C+-+ without any particular constraint, whereas
the source code, where the kernel is implemented, must respect some implementation

constraints, like not using dynamic memory allocation or functional programming.

The source code is composed by a top-level function (the kernel function), serving as the
accelerated function on the FPGA, along with optional lower-level functions for enhanced
code readability and maintainability. The arguments of the top-level function define
the interface signals between the FPGA and the Host. Pragmas can be used to specify
which ports the interface arguments must be implemented into. For example, a pointer
interface could both be implemented with an AXI Memory-Mapped protocol or an AXI
Lite protocol, depending on the design choices. In general, the source code can be enriched
with pragmas to optimize the throughput or reduce resource consumption, depending on

the objective of the application.

As mentioned earlier, the source code can be thought to be divided into levels. The kernel
function is the top-level, and will be synthesized as an RTL module by the tool. If, after
the synthesis, the RTL module calls other submodules, they are said to be lower-level

modules. An illustration of this concept is available at Figure 3.6. In the example, the
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HLS C Code RTL Verilog Code
// top-level function module kernel(argl, arg2, arg3){
kernel(argl, arg2, arg3){ I do things;
LEV1 do things; sum(a,b);
sum(a,b); do things;
do things; I 11 ’ }
} MAPPING T
I 1
1 call( : call()
H v
LEV2 sum(a,b) EEV2 Sum (L)
HLS C Code
// top-level function RTL Verilog Code
kernel(argl, arg2, arg3){
LEV1 do things; module kernel(argl, arg2, arg3){
sum(§,b); do things;
do things; —— INLINING —$| LEV1 a+h;
} do things;
I }
1 call()
1
v
LEV 2 | sum(a,b) ‘

Figure 3.6: High-Level-Synthesis hierarchy

HLS code gets compiled in two different RTL implementations. In the top one, the levels
are mapped as they are coded in HLS, resulting in two different RTL modules mapped
into FPGA. The bottom one is instead a process called “inlining”, i.e. the function called
gets inlined into the upper-level callee and results in only one level implemented in RTL.
Vitis HLS default behaviour is to inline functions when possible, as it usually results
in a more optimized hardware behaviour. However, at the same time, it may result in
more resource consumption and less control over the implementation part. It is therefore

important to understand the concept of hierarchy level before starting the design.

When using C code to develop RTL Intellectual Property (IP) for FPGA implementation,
certain inherent limitations arise with respect to the supported constructs. To ensure
successful synthesis, the code written must pre-determine the precise amount of resources
required for FPGA implementation. I will delve into some of the limitations taken into

account later on in this manuscript.

Constructs Limitations

In HLS implementation, the resources have to be known before the execution of the ap-

plication. Therefore, dynamic memory allocation, a common practice in software devel-
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opment, is prohibited when implementing source code in HLS. Consequently, alternative
strategies must be employed to manage data and memory efficiently within the constraints

of the RTL IP development process.

Another significant limitation pertains to the use of pointers in Vitis HLS. Firstly, Vitis
HLS does not support general pointer casting, restricting casting capabilities solely to
native data types. Secondly, while Vitis HLS does allow the use of pointer arrays for
synthesis, it imposes specific conditions on their usage. Each pointer within the pointer
array must point to a scalar or an array of scalars. However, arrays of pointers are not

permitted to point to additional pointers.

Finally, the use of functional programming is not admitted in HLS. Although it is a very
convenient construct for Runge-Kutta algorithms, it is not synthesizable in HLS. Hence,
when calling the Runge-Kutta function, instead of passing as argument the ODE function
like it’s done for C++ or Python, every single parameter has to be singularly forwarded
through the ODE callee. In Algorithm 3.1 and 3.2 the difference between the two methods
is shown. Functional programming is much easier to maintain and extend: without it, for

each modification to the f arguments, the kernel must be also modified.

Algorithm 3.1 Functional programming

1: def f(x, f_args); > The arguments args are the same for each call of f.
2:

3: f_args < initial values.

4: lambda(x) = f(x, f_args);

5:

6: call kernel(lambda(x), kernel_args):

7 RN

8  x < update value

9 call lambda(x); > args is implicitly passed through lambda.
10:

Algorithm 3.2 Traditional programming

: def f(x, f_args); > The arguments args are the same for each call of f.
: f_args < initial values.
call kernel (lambda(x), f_args, kernel_args):

x < update value
call f(x, f_args); > args must be explicitly passed to f.
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Code Optimization

Vitis HLS strives to optimize code performance by leveraging parallelism and pipelining
techniques, whenever applicable. The software incorporates default optimization options,
while also allowing developers to specify additional optimizations using pragmas. Pragmas
serve as directives to guide the tool’s behavior, enabling developers to tailor optimizations

to their specific needs.

When optimizing code in Vitis HLS, two primary directions can be pursued. The first
direction focuses on throughput and latency, aiming to maximize throughput and mini-
mize latency to the greatest extent possible. This approach is geared towards achieving

high-performance execution.

The second direction emphasizes resource consumption and power efficiency. By minimiz-
ing resource utilization, this optimization direction seeks to reduce power consumption,

making it particularly beneficial in power-constrained environments.

The optimal trade-off between throughput, latency, and resource consumption depends
on the specific application being accelerated. Developers must carefully consider the
requirements of the application and strike a balance that satisfies the desired goals. By
effectively managing these trade-offs, developers can ensure that the optimized code meets

the required performance, resource utilization, and power consumption targets.

Pipelining code helps reducing the Initiation Interval (II) between one iteration and the
next one, consequently reducing the latency for the whole loop. Pipelining involves cutting
the computation in independent stages (like read, compute, write), and overlap subsequent
iterations. I reported an example at Figure 3.7. The function func, without pipelining,
would have to wait for 3 clock cycles at each iteration. It is easy to see that the more

iterations are employed in a loop, the more gain pipelining creates.

While pipelining can be achieved without increasing the number of resources, paralleliza-
tion inherently requires more resources to compute. A very common process of paral-
lelization is loop unrolling, where the computations of each iteration happen at the same
time. Loop unrolling is not possible if the next iteration is dependent on the result of the
previous one. At Figure 3.7d unrolling is shown, assuming that each iteration of the loop

is independent from one another.

Arbitrary Precision Data Types

Arbitrary precision (AP) data types allow your code to customize the bit-width of the

variables, without necessarly using the standard types (double, float,int . ..). The smaller
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1. void func(m,n,o0){
for (i=0 to 2){
op_Read;

2.

3.

4, op_Compute;

5. op_Write; -
6

7.

.}
}

(a) Loop example
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(b) Without loop pipelining
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Figure 3.7: Loop optimizations [40]
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bit-widths result in hardware operators which are in turn smaller and run faster. This
allows more logic to be placed in the FPGA, and for the logic to execute at higher clock
frequencies. AP data types are provided in an HLS library and allow the developer to
model data types of any width from 1 to 1024 bits. This default maximum bit-width may
be overridden manually by the developer. AP data types can also be used to implement
fixed-point data types. Fixed-point types are a useful replacement for floating point types,
because floating points are complex and resource-hungry to implement on FPGA. Unless,
unlikely, the entire range of the floating-point type is required, the same accuracy can
often be implemented with a fixed-point type. Moreover, hardware integer operators, like
add or mul can be also used for fixed-point, without the need of instantiating different

modules.

Vitis HLS provides a library with AP data types operations, including the square root
function. However, these operations have limited bit-width requirements. Specifically,
considering [ the integer number of bits, I’ the fractional number of bits and W = + F
the total number of bits, they must adhere to the following bit-width specifications:

1. ap_fixed<W,I> where [ < 33 and F' < 32
2. ap_ufixed<W,I> where [ < 32 and F < 32
3. ap_int<W,I> where [ < 33

4. ap_uint<W,I> where [ < 32

As explained in Section 4.3.1, these limitations have been a problem for implementing the

fixed-point square root operation, hence the need to implement a custom function.

3.4. AXI Protocols

The AMBA (Advanced Microcontroller Bus Architecture) AXI (Advanced eXtensible In-
terface) protocol is a part of ARM’s system IP. This protocol is designed for high-speed,
high-frequency system designs and includes features that make it suitable for high-speed

sub-micron interconnect.

AXI is a point-to-point interconnect that connects one master (initiator) to one slave
(target). Data is transferred between the master and slave using a write channel to the

slave or a read channel to the master.

There are 3 types of AXI4-Interfaces (AMBA 4.0)2:

Zhttps:/ /support.xilinx.com /s /article/1053914?language=en US, Last accessed: July 2, 2023
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e AXI4 (Full AXI4): For high-performance memory-mapped requirements.

e AXI4-Lite: For simple, low-throughput memory-mapped communication (for exam-

ple, to and from control and status registers).
e AXI4-Stream: For high-speed streaming data.
The AXI protocol defines 5 transaction channels:

e Read Address Channel: This channel is used to send the address from which data

is to be read.

e Read Data Channel: This channel is used to receive the data that has been read
from the memory. It also carries information about whether the read operation

succeeded or failed.

o Write Address Channel: This channel is used to send the address to which data is

to be written.

e Write Data Channel: This channel is used to send the data that is to be written to

the memory.

e Write Response Channel: This channel is used to receive information about whether
the write operation succeeded or failed. This is necessary because in the AXI pro-

tocol, writes can fail, unlike in the standard five-port SRAM interface.

A channel is an independent collection of AXI signals associated with the VALID and
READY signals.

To read content from the memory, the master sends the address to read from through the
read address channel, and when the memory is ready to send back data it reads the data
from the read data channel. For the writing, the master tells the memory where to write
data through the write address channel, waits for the memory to be ready for receiving
the data, and then sends the data through the write data channel. The write response

channel communicates the success or failure of the data written [4].

3.4.1. AXI4 Memory Mapped

The Full AXI4 supports burst transfers and out-of-order transactions. Out-of-order trans-
actions enable the system to continue processing other transactions while waiting for a
response of a particular transaction. Bursting involves transferring multiple transfers, or
beats, in only one transaction. Bursting transactions is necessary for high-performance

data flows.
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The number of beats for each burst is called burst length, and it can go up to 16 for the
AXI3 protocol and 256 for the AXI4 protocol. Considering that the Zynq PS utilizes the
AXI3 protocol, a maximum burst length of 16 is considered in this case. The beat size of
the protocol is defined as 128 bits, but the HP ports in the PYNQ-Z2 between the DDR
and the PL can go up to 64 bits. Hence, a length of maximum 64 bits can be considered

in this case.

The concept of a burst transaction is very similar to a pipelined loop. An illustration

is shown at Figure 3.8. Being the DDR an external memory, the latency to fetch data

Time >

....................................................... DDR (Slave) =res=ssssasasasansarararass T SRR

Write
Request

Space

Kernel (master) »#bfededideemnmiiiiiiiiiiniiee e M,

+——————— Read Latency ————— +————— Write Latency ————

Figure 3.8: AXI burst transaction [40]

and write data is in the order of dozens of clock cycles, which is huge if compared to
1 clock cycle needed to read from BRAM in the FPGA. Hence, instead of loading each
single element independently from external memory, the idea is to load the most possible
amount of elements in one transaction, store them to the internal BRAMs, and proceed
the computation loading and storing from and to BRAMs. In the same way, writing to
DDR can be optimized by storing the most possible amount of results inside internal
BRAMs and then writing them to external memory in one transaction. From the master,
only the initial address and the burst length is indicated, so that there is no need to wait

for the latency round-trip each time.

AXI-MM in Vitis HLS

In Vitis HLS, the AXI Memory-Mapped protocol can be configured in three different

modes:

e offset = off: The base address where to write to or read from of the memory is

sets at the HLS level. In this mode, the base address cannot be changed at run-time.
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e offset = direct: The address can be changed at run-time, while the HL.S module

is computing

e offset = slave: The address is chosen by the Host and is set to the HLS through
an AXI Lite connection. After setting the address, the HLS can read from global

memory.

I chose the slave mode for my implementation, because it is more flexible than the off
mode and less complex than the direct. At Figure 3.9 the data flow for this mode is
shown. The Host starts by writing the content that the HLS module will have to read

Processing

FPGA DDR
System

____________________ = o= == == = Write content to address » = = <

Setup addressto _ _ _ -
read/write from/to

------- Start FPGA = = = = = = J)

------ Read from address = = = = <)

m———--

: Computation

===

------ Write to address » = = = =
€ == Signal end of computation » = = =
-------------------- == = = Retrieve result at address = = = <

Figure 3.9: AXI Master slave mode data flow

from DDR, and proceeds later on to communicating to the FPGA the starting address of
the DDR. This communication happens through the AXI Lite protocol, where the signal
exchanged is a 64-bit address. This operation may be repeated for different AXI HP ports,
up to 4. After setting the addresses, the Host starts the HLS module, which reads from
memory, computes and writes to memory. In the end, the HLS module signals the Host,

which can proceed to retrieve the information from the DDR, which is now updated.

It is worth noticing that between the top-level arguments of the HLS module and the DDR,
Vitis HLS employs the so called “AXI Adapter”, which works as bridge between the IP
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and the Zynq PS. The AXI Adapter supports ports up to 512-bit wide PL-side, converting
them to normal 64-bit ports PS-side. A 512-port is broken down into 8 blocks of 64 bits
each, and the adapter will manage the transfer of data over a number of clock cycles?.
With this configuration, there is the theoretical possibility to transfer 512 bits per clock
cycle, but it is very unlikely that happens. As shown in Section 3.2.2, the FIFO buffers
between the Memory Interconnect and the PL allow for asynchronous interconnection, as
the ones between the MI and the DDR. However, to ensure a 512 bits/cc transfer the
MI and DDR should have a frequency 8 times higher than the PL. In addition, PL-side,
the information must be stored inside BRAMs, which have a limited number of ports.
Finally, synthesizing a 512-bit wide port occupies a lot of resources in terms of LUTs and

FFs. As a consequence, it is rarely worth it widening the port up to 512 bits.

3.4.2. AXI4 Lite

AXIA4 Lite is a simplified variant of the AXI protocol, designed for simple, low-throughput

memory-mapped communication (for example, to and from control and status registers).

The key functionality of AXI4-Lite operation encompasses several important aspects.
Transactions within the AXI4-Lite protocol have a burst length of 1, ensuring each trans-
action involves a single data transfer. Furthermore, the protocol always utilizes the full
width of the data bus, differently from Full AXI4. It is worth noting that AXI4-Lite
supports a data bus width of only either 32-bit or 64-bit configurations.

Finally, all accesses within the AXI4-Lite protocol are non-modifiable and non-bufferable,

and the protocol does not support out-of-order transactions.

3.5. Synthesis Analysis in Vitis HLS

During synthesis analysis, the tool shows the amount of resources estimated for the HLS
module, its estimated slack time (if negative, the module does not process all the infor-
mation at each clock cycle), the operational units utilized and the correspondent lines in

the source code.

In addition to these pieces of information, the schedule viewer can show an estimated
schedule for each operation of the module. For example, in case of a loop pipelined, it
will show if the Initiation Interval required is respected or if some limitations arose, such

as a dependency limitation. When parallelization is required but it cannot be applied for

3discuss.pynq.io/t/axi-burst-size-in-pyng-z2-vs-vitis-hls /5448 / 157u=davide-giacomini, Last accessed:
July 2, 2023
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resource limitations, the synthesis analyzer and in particular the schedule viewer show

where and why the parallelization has not been applicable.

The analyzer can also show the mapping between C functions hierarchy and RTL modules

hierarchy.

3.6. RTL Co-simulation

After generating the Register Transfer Level (RTL) design through synthesis and analysis,
it can be co-simulated using the same test function employed for software simulation.
During co-simulation, the resources required for FPGA implementation and the clock
frequency imposed during synthesis are taken into consideration. Co-simulation offers
a more accurate analysis of timing behavior, allowing for a detailed examination of the

design’s performance.

It is worth noting that co-simulation results may differ from software simulation outcomes,
even if the software simulation was successful. This disparity can occur due to various
factors, such as the inclusion of FPGA-specific constraints and the impact of physical
implementation on timing. Hence, co-simulation provides a valuable means to identify
potential timing issues and verify the design’s behavior under more realistic hardware

conditions.

3.7. RTL IP Export

Once the design is generated, it can be exported as an RTL IP. This exportation enables
seamless integration of the accelerated function into the block design using the Vivado
Design Suite. The exported RTL IP encompasses all the essential information required

for smooth integration with the PS during block design.

The IP generated includes vital components, such as the Verilog and VHDL implementa-
tions, ensuring compatibility with different design languages. Additionally, it incorporates
constraints specified in an xdc (Xilinx Design Constraints) file. These constraints define
critical aspects of the IP’s behavior and interface, facilitating proper integration with the
PS in the block design.

3.8. IP Block Design Integration

The TP Block Design Integrator in Vivado is a powerful tool that enables seamless in-

tegration and configuration of Intellectual Property (IP) blocks within a larger system
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design. It is a key component of the Vivado Design Suite, which is widely used in the
field of digital design and FPGA development.

The TP Block Design Integrator simplifies the process of creating complex designs by pro-
viding a graphical environment for block-level design and integration. It allows designers
to combine IP cores, customized logic, and other design elements into a cohesive system,

facilitating efficient hardware-software co-design.

One of the main advantages of the IP Block Design Integrator is its user-friendly interface,
which allows designers to drag and drop IP blocks from a predefined catalog and intercon-
nect them using a graphical canvas. This visual representation of the design simplifies the
creation of connections between different modules, reducing the complexity and potential

for errors.

Furthermore, the IP Block Design Integrator offers advanced features for configuring
and customizing IP blocks. Designers can modify parameters, set constraints, and define
interfaces for each IP block to tailor its behavior to the specific requirements of the system.
This flexibility allows for integration of both Xilinx-provided and user-defined IP blocks

into the overall design.

3.9. Python Productivity for Zynq

PYNQ), which stands for “Python productivity for Zynq”, refers to the Python interface
that enables smooth communication between the Processing System (PS) and the Pro-
grammable Logic (PL) components of the PYNQ board. As mentioned in Section 3.2.2,
the PYNQ board consists of an ARM CPU and an Artix-7 FPGA, with the CPU acting
as the Host which controls the FPGA. The PS runs on an Ubuntu operating system and

provides Jupyter notebooks as a convenient interface to interact with the FPGA.

The PS of the PYNQ-Z2 board can be easily accessed through SSH and it appears as
a normal Ubuntu-based operating system*. The system has a home page and a Jupyter
notebook folder accessible through browser. This approach simplifies the development
process by providing a familiar and accessible programming environment. Through a
Jupyter notebook file, Python can be leveraged to run any kind of application on the
board CPU. Moreover, the system comes with the library pynq incorporated in Python,
offering extensive functionality to program interface the CPU with DDR and FPGA. It

also contains a bunch of IPs ready to be imported and harnessed.

By leveraging the capabilities of the PYN(Q framework, users can easily combine the power

4pynq.readthedocs.io/en/v3.0.0/getting_started /pynq_z2 setup.html, Last accessed: July 2, 2023
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of Python programming with the flexibility of FPGA-based hardware acceleration. This
integration eases development tasks and facilitates rapid prototyping and experimenta-

tion.



43

4: Methodology

In this chapter, I will thoroughly explore the intricate steps taken to enhance the efficiency
of the orbit propagation algorithm on the FPGA PYNQ-Z2. The fundamental goal of this
implementation is to showcase the viability of accelerating the orbit propagation problem

on devices with limited resources, such as the PYNQ-Z2.

4.1. Problem Definition

As a fundamental benchmark to highlight the capabilities of accelerated computations for
orbit propagation, particular emphasis was placed on the two-body problem, extensively
discussed in Section 2.1.1. The equations of motion, in the absence of non-conservative

forces, have been represented in Equation 2.3.

In this context, the orbit propagation involves solving the Initial-Value Problem (IVP)
given by the aforementioned set of Ordinary Differential Equations (ODEs) and the initial

state vector xg = (rg, vo)’:

x = Ax r
. with x =
x(to) = (ro, Vo) v

I discussed some possible numerical solution to an IVP in Section 2.3. While the Euler

OM ]] (4.1)

method is the simplest and least computationally intensive approach, its Local Truncation
Error (LTE) is too high for Orbit Determination (OD) applications. Linear-multistep
methods may achieve the LTE desired, but their steps are fixed in size and cannot adapt
to the orbit shapes. On the other hand, the Runge-Kutta methods have proven to be a
more suitable alternative, offering a manageable computational complexity and a variable

step size depending on the LTE tolerance set in advance by the user.
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4.2. OD Implementation

As discussed in Section 2.3.3, the Runge-Kutta method is renowned for its high accuracy,
which can vary depending on the order of the method and its adaptability. Adaptive
Runge-Kutta methods, in particular, offer the flexibility of adjusting the step size based
on the maximum allowable Local Truncation Error (LTE) for a given application. In the
context of Low Earth Orbit (LEO), an LTE in the order of micrometers (1072 km) is
typically considered acceptable, whereas for interplanetary orbit, an LTE in the order of

meters (107" AU) may be deemed acceptable.

For the purpose of this work, the RK5(4)7M method has been implemented, aiming
for better comparability with the Matlab implementation. The equations described in
Section 2.3.3 has been applied, utilizing the Butcher tableau provided in Table 2.2. Due
to the constrained resources on the FPGA, the calculation of the optimal step size has
been implemented differently than the one outlined in [13] (Equation 2.6), because the
equation of the paper squares and roots, which are generally extremely inefficient. Instead,
it has been employed a fixed scale factor which determines whether the time step should
be extended or reduced at each iteration. Specifically, I utilized a scale factor of 1.11 to
extend the time step and a scale factor of 0.99 to reduce the time step. By using these
scale factors, the goal was to achieve a sub-optimal yet effective time stepping strategy.
This ensured that the propagation algorithm could effectively handle orbit variations while

maintaining the desired level of accuracy throughout the simulation.

In the context of OD, adaptability in the step-size is fundamental expecially for eccentric
orbits. The point farthest from the object around which another object is orbiting is
referred to as the “apocenter”, while the point closest is known as the “pericenter” (Fig-

ure 4.1). Near the pericenter, the speed of the orbiting object increases as the gravitational

Pericenter -~ ~. Apocenter
) o

Figure 4.1: Apocenter and pericenter illustration

attraction increases, hence the position and velocity change rapidly. To accurately capture
these rapid changes, a smaller step size is needed to ensure that the numerical integra-
tion accurately represents the orbit’s trajectory. On the other hand, near the apocenter,

the object’s velocity is lower, and the position and velocity changes are less pronounced
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compared to the pericenter. Therefore, a larger step size can be used without sacrificing
much accuracy. This is why it was so important to employ an adaptive step size based

on the accuracy required.

I implemented the algorithm using three different programming languages: Python, C++,
and HLS C. Python was essential for its ease of use and allowed me to quickly compare
my implementation with MATLAB. C++ was used for extensive testing and served as
a bridge to validate the HLS C code. Finally, HLS C was necessary for Vitis HLS to
synthesize the RTL counterpart specifically for the FPGA. By leveraging the strengths of
each language, I could ensure comprehensive testing, efficient development, and successful

synthesis for the FPGA implementation.

Based on the reference provided in [13] for the RK5(4)7M method, my algorithm employs
7 intermediate stages denoted as k;. To begin, I will present a high-level pseudo-code
that can be universally applied to all implementations. Later, I will delve into specific
variations among the implementations. The high-level pseudo-code is outlined in Algo-
rithm 4.1.

There are several minor implementation adjustments to the RK5(4)7M algorithm that
have been made. Firstly, the time step is now bounded by a maximum and minimum
value. If the minimum time step, denoted as hy,, is set too high to maintain the local
truncation error (LTE) within the specified tolerance atol, a flag is raised to indicate that
the LTE exceeded the tolerance at some point during the computation. This flag serves
as a notification to the interface that the LTE may not have remained within the desired

tolerance throughout the algorithm execution.

Moreover, the two-body problem equations of motion do not depend explicitly on time,
as shown in Equation 2.3. The ODE function f(t,,x,) therefore does not really need the
time instant as input. Hence, the function indicated in the algorithm only depends on
the state vector: f(x,).

Additionally, a refinement has been introduced by combining the computation of x,,;
with the calculation for the seventh intermediate stage ky. This optimization is possible
because the values of b; and a;7 in Table 2.2 are identical. As a result, it becomes feasible to
pre-calculate the next state vector, and use it to derive the value of ky. This improvement

helps to reduce redundant calculations and streamline the algorithm’s efficiency.

Lastly, a specific scenario has been addressed to ensure precise alignment with the final
time stamp provided as an input. If the sub-optimal predicted time step exceeds the

specified final time, an adjustment is made to ensure that the algorithm reaches the final
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Algorithm 4.1 Runge-Kutta 5(4)7M Algorithm

1:

— = =
T

O W W W W W W N NN DNDNDDNDNIDNDDNIDNRFE P P = = /= &=

37:
38:
39:

Inputs: ODE function f(x), initial and final time ¢, and ¢, initial state vector x,
initial time step hg, maximum and minimum allowable time step Ay and Ay, and
absolute tolerance atol.

Initialize matrix x and vectors t and h with their initial values.
h, < hg, t, < to, X, < Xo, flag < true > Values initialization.

while ¢, <ty do
if ¢, + h, > t; then
hp =ty —t, > Adjust the last step to end exactly at t; if necessary.
end if

Update k;:

ki = f(x,)

: > Intermediate stages as mentioned in Equation 2.5
ke = f(xn + (agiki + agka + ... + agsks)h)

End Update
tpi1 <ty +h > Prepare next time stamp ¢, 1.
Xpi1 ¢ X, + R Z?:1 b;k; > Prepare next state vector x,,.1.
ky <+ f(Xp11) > Calculate last stage k.
LTE < |h 3.0 (b — b)k|| > Calculate LTE with norm.
if LTE < atol or h,, < hy, then
Append x,,.1, t,i1, and h, to x, t, and h > Store X, 1 and 1.
Xp & Xpt1, by < tptt > Prepare next iteration.
hpip < 1.11- hy, > Increase time step.

if LTE > atol and h,, < hy;, then
// If atol is not respected and h can’t be decreased, raise a flag and continue
flag < false
end if
else
// If atol is not respected and h can be decreased, decrease h and repeat
hn—i—l <~ 0.99- hn
end if

h,, < max (min(hnﬂ, Pmax) hmin) > Update time step.

end while
return x,t, h, flag
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time exactly. Consequently, in this particular situation, the time step might become
smaller than the minimum time step. By implementing this adjustment, the algorithm
guarantees that the computation concludes precisely at the intended final time while

maintaining consistency with the defined time step constraints.

In this context, the function f(x) used for the intermediate stages is defined by the set of
ODEs of Equation 4.1:
x = Ax =: f(x)

The implementation of this function is straightforward and can be found in Algorithm 4.2.
In the current implementation, only conservative forces have been considered, reflecting
the ideal case scenario without atmospheric drag, solar radiation pressure, or perturba-

tions from other celestial bodies.

Algorithm 4.2 ODE Algorithm

1: Inputs: state vector x,, = (r,,, vy,)T

2:

3 Ty ¢ Vy > Calculate new position vector
4 Viyq & — - Tplra |73 > Calculate new velocity vector
5:

6:

T
return x,.1 < (rpi1, Vi)

4.3. High Level Synthesis Implementation

Before delving into the High Level Synthesis (HLS) implementation, it is essential to
provide a comprehensive overview of the workflow associated with Xilinx Vitis HLS. As
discussed in Section 3.3, Vitis HLS offers two distinct flows: the Vivado IP flow and the
Vitis kernel flow. For this specific use case, it has been leveraged the Vivado IP Flow,
as the objective was to accelerate the orbit propagation algorithm, generate its IP, and

interface it with the Zynq Processing System (PS) using Vivado’s block design capabilities.

It has been employed a visual comparison strategy to verify the accuracy of the computed
orbit, as outlined in the results (Chapter 5). Initially, the computed orbit has been
compared against a test function and then against a reference orbit. The objective of the
reference orbit comparison was to assess the accumulated error between the precise orbit
and the computed one. Additionally, it has been conducted a comparison between the
kernel and the test function to examine the variation in precision between double floating
points and fixed points. As expected, in this specific case, there were no inconsistencies
between the two, since the chosen fixed-point configuration adequately preserved precision

by utilizing a sufficient number of bits.
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The exact orbit was calculated using a MATLAB function called keplerUniversall.
This implementation represents our reference trajectory, since it provides the analytical
solution of the keplerian motion at the desired time instant from a set of initial conditions.
The computed time stamps and their corresponding state vectors of the orbit have been
stored in a csv file. Afterwards, the saved state vectors have been compared with the

state vectors obtained as output from the aforementioned MATLAB function.

The test function has been implemented in C+4+, which bears resemblances to the Python
implementation. Similar to Python, it has been utilized functional programming tech-
niques? for a neater coding style. Standard vectors and arrays were employed to facilitate
dynamic memory allocation. However, it is worth mentioning that these methodologies
are incompatible with HL.S programming. Further analysis will be done in the subsequent

discussions.

In the next sections more details will be seen about the HLS implementation, starting
by assessing the problem of precision, and continuing with how to implement interfaces
between the Programmable Logic (PL) and the Processing System (PS), finally completing

with several ways of optimizing the code for better synthesis.

4.3.1. Arbitrary Precision Implementation

One of the first things to consider when implementing complex calculus for FPGA imple-
mentation is to choose whether to employ floating point precision or fixed point precision.
Floating point precision representations use a sign bit (S), E exponent bits and M man-
tissa bits. Figure 4.2 shows a visual representation of the double floating point precision.

The formula for converting binary representation to decimal format involves calculating

S bit
——— Exponent (E bits) i) Mantissa (M bits) {
MSB LSB

Figure 4.2: Floating point representation

(=1)%(1 + m) x 2(¢7%9%) where s is the sign bit, m is the value of the mantissa, and e is
the value of the exponent. The bias is needed to represent negative exponents and it’s

defined as 2(F=Y — 1, where E is the number of bits for the exponent part. Illustratively,

mathworks.com /matlabcentral /fileexchange /35566-vectorized-analytic-two-body-propagator-kepler-
universal-variables?s tid=prof contriblnk, Last accessed: July 2, 2023
2en.cppreference.com /w/cpp/header /functional, Last accessed: July 2, 2023


https://www.mathworks.com/matlabcentral/fileexchange/35566-vectorized-analytic-two-body-propagator-kepler-universal-variables?s_tid=prof_contriblnk
https://www.mathworks.com/matlabcentral/fileexchange/35566-vectorized-analytic-two-body-propagator-kepler-universal-variables?s_tid=prof_contriblnk
https://en.cppreference.com/w/cpp/header/functional
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an instance of double precision floating point representation can be observed in the binary
number 1 10000000001 001010. .. 0, which can be translated to its binary equivalent as
—1.00101, x 22, resulting in the decimal value of —4.625,.

At Table 4.1 are shown the characteristic values of single and double floating point pre-

cision. It is worth noticing that the floating point precisions have a huge range. These

Type | Size | S E M | Precision Range

single | 325 | 1b| 8b |22 ~ 1038
double | 645 | 1b | 115|520 ~ 104308

Table 4.1: Precision values for floating point representation

values, particularly for the double type, are very convenient considering the required or-
der of magnitude tolerance for this specific application. As discussed in Section 4.2, the
magnitude can range from a tolerance requirement of 107 to 107!'. Nevertheless, the
implementation of floating point operations such as dmul (double-precision floating-point
multiplication) or dadd (double-precision floating-point addition) necessitates significantly

more resources and power consumption compared to their fixed-point counterparts.

In contrast, the utilization of fixed point representation presents notable advantages,
primarily in terms of implementation simplicity and the ability to employ the same oper-
ational units as integers for addition and multiplication. Within the HLS, the fixed point
representation follows a specific structure, utilizing I bits for the integer part and F' bits
for the fractional part. For unsigned representation, the sign bit is not required, while
the signed representation allocates the MSB of the integer part for sign representation.
When defining a fixed point data type in HLS, the developer has the option to specify
the quantization mode (@) and the overflow mode (O). By default, the quantization
mode truncates the number towards negative infinity, and the overflow mode does not
incorporate any control or saturation mechanisms for overflow handling. These default
modes are less computational complex to implement. The declaration of a fixed point
data type is straightforward and can be implemented using the syntax ap_[u] fixed<W,
I, Q, 0> where "W" denotes the total number of bits allocated for the representation
(W=I+F).

The formula for converting fixed-point binary representation to decimal format involves
calculating (—1)*I.F. For example, the previous value —4.625,; is now represented by
1100.1015, assuming the fixed point is signed and I = 3, F' = 3. Of course, depending

on the number of bits chosen for the representation at design phase, the application will
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be able to bear only a certain amount of precision. If for example the tolerance is set to
1072, the algorithm must be able to have a precision of at least the same as the tolerance,
with the truncation set to the thirty-first fractional bit (log,(107%) = —29.90).

In my implementation, the fixed-point configuration has been set to 40 integer bits I and

60 fractional bits F'. At Table 4.2 there are the precision and range illustrated. It is

Type Size | S 1 F Range Precision
fixed point || 856 | 16300 | 55b | ~ £5.369 x 10® | 27°° ~ 2.78 x 10717

Table 4.2: Precision values for Fixed point representation

notable how the precision is still enough for representing the tolerance required by the
application, but the range of values is much stricter of the floating points. Moreover,
the fixed-point occupy more space than the floating point, which require at most 64 bits
of storage. The absence of an exponent part in the fixed-point representation makes it

impossible to keep up with the floating point.

As mentioned in Section 3.3.1, the HLS library provides the square root function for
unsigned fixed value with a fractional part less than or equal to 32 bits. The maximum
precision employable with this bit-width is 2732 ~ 2.33 x 1071% in input to the square root
function. This is not bearable, considering how usually a square root is the consequence of
a previous square operation. Considering, for example, an error in the order of ~ 1072, as
soon as the error gets squared, the number of bits to maintain the same precision should

double (=~ 10718), yielding to the impracticability of the library.

To fix this problem, I had to come up with a custom implementation, inspired from a
pseudo-code thought for HDL code®. I implemented that code in HLS C, and I later on
used that function to call the square root of a number with any bit-width. The pseudo-
code of the custom square root can be found at Algorithm 4.3. In my implementation,
the bit-width of the result is given in advance as input of the function, as long as the
integer part of the result is I,.; > ceil(I;,,/2). Even though the fractional part may be of
any length, for avoiding a drop in accuracy, it should follow the same rule of the integer
part (Fes > ceil(Finp/2)). In the HLS implementation there are other controls and some
optimizations pragmas, but the pseudo-code provided should cover the idea behind the

square root of a fixed point number.

3projectf.io/posts/square-root-in-verilog/, last accessed: July 2, 2023


https://projectf.io/posts/square-root-in-verilog/
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Algorithm 4.3 Custom Square Root

1: Inputs: input radicand X
2:
A0, T+ 0,Q«+0 > Initialize values

3
4:
5. while () width is less than the expected result width do
6:  Left shift X by two places into A

7. Set T =A-{Q,01}
8:  Left shift @
9

10: if T'> 0 then

11: A«T
12: Q0] + 1
13:  end if

14: end while
15:

16: return @

4.4. Interface Arguments

The FPGA can interface the Processing System (PS) through the AXI protocol. The
arguments of the top-level function of the HLS code are synthesized as AXI ports in
input or output. For control signals, AXI Lite is the best choice, as it is less complex to
implement. On the other hand, for directly accessing the memory to load large vectors

or matrices, the AXI Memory-Mapped interface is the best choice.

The AXI-MM interface is called AXI Master in Vitis HLS (m_axi), and it sets a direct
connection between the FPGA and the external DDR memory. I implementd the so called
“slave mode” (offset=slave), introduced in Section 3.4.1, to control the address of the

memory-mapped interface.

As discussed in Section 3.4.1, the burst capability of AXI-MM is fundamental for high-
performance data transfers. Moreover, although Vitis HLS may widen up the ports until
512 bits, it would have been a waste of resources, given that they would not have been
exploited. At Table 4.3 are illustrated all the AXI parameters set in my implementation.
I widened the port to 128 bits to keep up with the DDR frequency and I set the burst
length at 16. Given the Zynq FIFO buffers capability, I set the write outstanding write
requests to 8. The outstanding read requests are set to 1 because the HLS module only

reads the first element in memory.

Two of the top-level arguments are array: one stores the state vectors and the other one
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offset | data width | r/w burst len | read outs. | write outs

slave 128 b 16 1 8

Table 4.3: AXI master parameters

the time stamps. I used one AXI HP port for each, and I used the AXI-MM protocol
for direct memory access. Moreover, I saved the elements of the arrays in the DDR as
double floating points, as they occupy less storage and are much easier to manage when
interfacing the DDR to the CPU in Python. The resources taken to convert the numbers
in fixed-point while storing them into the BRAM is negligible.

The other top-level arguments are control signals, either in input or output which are
implemented with the same AXI GP port using the AXI Lite protocol. To implement the
AXI Master in offset slave, I also added the addresses of the arrays as control signals to
the GP port.

The idea behind this burst optimization is to bring the information the closest possible
to the computational source. As better explained later on in Section 4.8, the latency
required to read from DDR is dozens of clock cycles, while the latency for reading from
BRAM is only 1 clock cycle. Burst optimization is able to amortize the latency of the

first read into a series of sequential immediate reads, or writes.

4.5. Pipeline Optimization

In the HLS implementation there a lot of multiply and accumulation (MAC) operations
inside loops, in order to calculate the intermediate stages k; and the error LTE of the
Runge-Kutta algorithm. The number of DSP used for one MAC operation depends on the
bit-width of each value. In my implementation, each value has 100 bits, which translates
in 15 DSPs needed for each MAC operation. Therefore, one operation results already in
the 14.7% of the total DSPs available on the board. This is the reason why, when possible,
I opted for pipelining rather than parallelize.

I will take as an example the HLS implementation of the next state vector update (line
18 of Algorithm 4.1):

6
Xstep+1 = Xstep +h E bzkz

i=1
In C, each element of vectors like x or k must be explicitly updated, resulting in the

simple for loop at Algorithm 4.4. In this case, the best implementation for the nested
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Algorithm 4.4 State Vector Update

1: State vector has N elements
2: forn=0to N —-1do

3: mac<+ 0

4: fori=0to 6 do

5: mac <— Bli] - k[i][n]

6: end for

T Ynewt|N] & Yeurr[n] + h - mac
8: end for

loops could be different depending on the application. The easiest one is the sequential
implementation, which requires each iteration to end before starting the next one (Fig-
ure 3.7b). In this case, the initiation interval (II), measured in clock cycles (CC), depends
on the number of stages required at each iteration. The overall latency will result in the
single iteration latency multiplied by the number of iterations. Another way to implement
this nested loop is to pipeline only the inner loop (Figure 3.7c). In this case, the inner
loop would have IT = 1, and the total latency for it would be Nj; + (Latency;; — 1) clock
cycles. In this case though the outer loop would still not be pipelined.

If we pipeline instead only the outer loop, Vitis HLLS will unroll the inner loop by default
(Figure 3.7d). This is a very throughput efficient way of dealing with nested loops but
it is extremely inefficient in terms of resource utilization. Moreover, if we unroll a 6-
iterations loop with each MAC being 15 DSPs, we are basically occupying the 41% of
the DSP resources of the whole board in one single loop. This approach is better with
most expensive devices. To avoid unrolling the inner loop, the key word “rewind” can
be added to the pipeline pragma, and in this case the outer loop doesn’t wait for the
last iteration of the inner loop to finish. Algorithm 4.5 shows the same example with the

added pragmas.

Algorithm 4.5 State Vector Update Pipelined

1: forn=0to N —1do
2:  #pragma HLS PIPELINE rewind

mac 0
for i =0 to 6 do
#pragma HLS PIPELINE

mac <— Bli] - k[i][n]
end for
100 Ynewt|n] & Yeurr[n] + h - mac
11: end for
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4.6. Function Hierarchy

The HLS code comprises a hierarchy of functions, and the RTL code is generated depend-
ing on it. The top-level function can be considered such as the main() function in a C
program. It is in the top-level and its arguments are implemented as port interfaces. I

covered this concept in details in Section 3.3.1.

Vitis HLS tries to optimize throughput by merging different C functions together in
the RTL implementation. When this happens, the code of the function called is said
to be “inlined” at the same hierarchy of the callee. This behaviour usually increases the
number of resources used for the operations. The developer may need just one sub-optimal
implementation to be used repeatedly, such as one module built for a multiplication, say,
100x100 bits. In this case the module can be isolated through a different function in
C, and to avoid the inlining process, a specific pragma can be added to the code. At

Algorithm 4.6 an example of the MUL implementation is shown. In normal circumstances,

Algorithm 4.6 Function “multiply(x,y)”

1: Inputs: inputs x and y with a specific bit-width pre-determined
2: #pragma HLS INLINE off
3: return z -y

isolating a multiplication inside a different function is a pattern mistake that unnecessarily
complicates the readability and maintainability of the code. In this case, though, inlining
the multiplications into the HLS code may lead to implementations of MUL with different
bit-widths (even 1 bit of difference), leading to the useless duplication of resources. On the
other hand, with this isolation, and choosing the maximum possible bit-width necessary,

the same module can be used as needed without any resource duplication.

Even with inlining disabled and loops pipelined with rewind, the tool could duplicate the
number of instances of the function isolated for throughput efficiency. To avoid unwanted
behaviour, Vitis HLS lets the developer specify how many instances of a function can
be allocated inside the design. In case of the function multiply, this limitation can be

indicated with the pragma:
#pragma HLS ALLOCATION function instances=multiply limit=1

This pragma doesn’t work if the aforementioned precautions are not taken: if the outer
loop gets pipelined without the rewind enabled, the inner loop gets unrolled, hence re-
sources must be duplicated; if the outer loop does not get pipelined, the resources do not

get duplicated, but the algorithm uselessly stalls to wait for the end of the inner loop;
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finally, if the modules are not isolated through with inline disabled, unwanted duplications

could be triggered for reasons like bit-width differences.

Now we can re-write the small loop analyzed in Algorithm 4.5 with all the pragmas and

the functions inlined. The new optimized code is shown in Algorithm 4.7.

Algorithm 4.7 State Vector Update Optimized

1: #pragma HLS ALLOCATION function instances=multiply limit=1
2: #pragma HLS ALLOCATION function instances=macply limit=1
3:

:forn=0to N —-1do

4

5:  #pragma HLS PIPELINE rewind

6:

7. mac< 0

8 for:=0to6 do

9: #pragma HLS PIPELINE

10:

11: macply(mac, Bli], k[i][n]) > mac <— Bli] - k[i][n]
12:  end for

130 Ynewt|?] ¢ Yeurr[n] + multiply(h, mac) > Ynewt 1] < Yeurr[n] + b - mac
14: end for

4.7. Operation Order Optimization

A way to optimize the code is to change the order of the operands without changing the
final results. Consider the velocity derivative introduced in Equation 2.3, which I report

here:
1

[[r[}?

This equation contains the cube of the norm of the position vector r. If r is a three-

dimensional vector, the explicit form of the cube of the norm is:

3
ww—(w@+@+@)

For each operation, in general, to avoid truncation, the result bit-width is different than
the inputs bit-width. When multiplying two values z = x - y, the bit-width of the result
z is the sum of the input’s integer parts and their fractional part. Instead, the result of
an addition z = z + y will have the same configuration plus one bit in the integer part to
store all possible values. Hence, the cube of the norm will need three times the original

bit-width in the result to conserve the same precision.
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To alleviate the precision problem, the order of the operations used for the derivative can

o=~ () (1)

In this case, the maximum needed number of bits to avoid truncating the result is given

be changed:

by the square norm |[|r||?>. Say the vector r has I integer bits and F fractional bits, the
medium-step bit-width needed will be (2+ 27+ 2F), since it is composed by a three-input

addition of squared values.

4.8. Memory Constraints

The FPGA alone does not have the BRAM necessary to store all the information that
will be given as output to the host. This board has 630kB of BRAM available in the
FPGA and 512M B of external memory DDR3, connected with the FPGA and the CPU
through the AXI protocol. As mentioned in Section 3.4.1, external memory requests are
extremely inefficient, but they can be bursted. Hence, the ideal flow of data is to store on
the BRAM the maximum storable information, work with it inside the FPGA (BRAM
has indeed only lcc latency), and then burst write the computed information back to the

external memory.

Therefore, in my implementation I added a control to write back to global memory each
time I reached the storable limit of the BRAM. A small pseudo-code snippet is shown in
Algorithm 4.8

Algorithm 4.8 State Vector Update Optimized
1: while ¢, <ty do

2 if BRAM full then

3 Copy local content to external DDR

4 Clean internal BRAM

5.  end if

6

7

Store new state vector in BRAM
end while

4.9. Vivado Block Diagram

The Vivado IDE is a tool for Register Transfer Level (RTL) development using Hardware
Description Languages (HDLs). The general flow of a development with Vivado follows
these steps: it starts with a source code written in an HDL language (like Verilog or

VHDL) simulated with a test bench code; if the simulation succeeds, the developer can
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synthesize the design, where the resources consumption and an estimate of the timing
get defined; during implementation the synthesized code gets placed and routed into
the FPGA, highlighting any last possible issue; finally, the bitstream to be uploaded is

generated from the implemented design.

The tool has also an IP Integrator section, where a block design can be visually generated
dragging and dropping IP modules and connecting them to each other. At Figure 4.3 I am

showing the final block design for my implementation. As seen in the HLS development

Figure 4.3: Block design

in Section 4.4, my design interfaces the CPU of the PYNQ-Z2 with two AXI HP ports
and one AXI GP port. At Figure 4.4a you can see indeed three ports: m_axi_X_BUS,
m_axi_T_BUS and s_axi_control. The first two ports are directly connected to the
DDR through the HP ports of the PYNQ-Z2 (s_axi_HPO and s_axi_HP1 of Figure 4.4b),
whereas the last port is connected to the GP port of the PYNQ-Z2 (m_axi_GPO of Fig-
ure 4.4b).

processing_system7_0

" =-S_AXI_HPO_FIFO_CTRL
oor+ |}
runge_kutta_45_0 [[[4s_ax_rP1_rFo_cTRL
= = = b FIXED_lO—4 "
b |+ S_AXI_HPO
. i - usenn_o+ ||
= . . H Cm—:| S AXI_HP1 .t
e - «| - 5_axi_control m_axi_X_BUS - }:3 i i ) M_AXI_GPO- i
- i M_AXI_GPO_ACLK =
i  — FCLK_CLKO
ap_clk m_axi_T_BUS+ = S_AXI_HPO_ACLK
) FCLK_RESETO_N
ap_rst_n interrupt S_AXI_HP1_ACLK

ZYNQ?Y Processing System

(a) Module TP (b) Zynq PS IP

Figure 4.4: TP modules

Moreover, depending on the frequency indicated during synthesis, the IP Integrator tool
lets the developer manually modify the ap_clk signal and the Phase-Locked Loop (PPL)
of the PS which manages the interface with the PL. To avoid mismatching, the general
clock and the PLL have to be set so that the PS interface runs at the same clock cycle of
the PL module.
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Once built the block design, Vivado auto-manages the wrapping of the code and the
generation of new HDL code. Depending on the frequency set, the synthesis generates a

design more or less rich of LUTs and FFs.

In this stage, the Vivado tool may generate a synthesis with a resource consumption much
different than the one estimated with the HLS tool (usually higher), and sometimes the
amount of resources chosen after the Vivado synthesis exceeds the limits of the device.
In this case, the implementation is impossible and the design must be re-implemented
starting from the HLS code. This is why it is very important to understand what is more
or less happening under the hood already at HLS level. The more a developer knows what
they are doing, the less time is wasted coming back and forth from and to this stage of

the synthesis.

The last stage before generating the bitstream is the actual P&R (Place and Route). Here
the amount of resources has already been chosen and the design is placed on the board.
In this stage, the timing reports estimated during synthesis may change (usually they get
worse), leading to a negative slack. A negative slack is the consequence of a design where
the signals do not propagate properly in a clock cycle, leading to incorrect results. To
tackle this problem without changing the design, the PL frequency could be lowered, but

the entire process, starting from the IP generation in HLS, must be redone.

4.10. Python Interface

Once the bitstream gets generated, it is ready to be loaded into the board. As mentioned
in Section 3.9, the PYNQ-Z2 does not need an external Host to be interfaced with, as
the paradigm Host-FPGA is already hardwired into the board through the connection
CPU-FPGA.

Once accessed the board, a small program in Python can be written in Jupyter notebook
to test that the bitstream of the FPGA works properly. To upload the bitstream, a bit
file and a hwh file must be imported to the notebook. If the desing is called for eaxmple

““design_1"’, the bitstream and the description file are usually located here:

e <project_name>/<project_name>.gen/
sources_1/bd/design_1/hw_handoff/design_1.hwh

e <project_name>/<project_name>.runs/impl_1/design_1_wrapper.bit

Once moved in a known location, obviously reachable from the application, the two files

have to be renamed in the same way.



4| Methodology 59

Once the bitstream is uploaded, the overlay library of the pynq module lets you get the IP
object for further manipulation. To interface the FPGA with the DDR, the processor must
firstly allocate some memory to the DDR, as depicted at Figure 3.9. In the Algorithm 4.9

there is a pseudo-code of this phase illustrated.

Algorithm 4.9 Jupyter pseudo-code

: from pynq import Overlay
: from pynq import allocate

1
2
3
4 Upload bitstream to the board

5. overlay < Overlay("./design_1_wrapper.bit")
6: rk45_ip < overlay.runge_kutta_45_0

7

8

9

: Allocate space in the DDR and initialize it
: buffer_y_FPGA < allocate(( max_rows, N ), np.float64)
10: buffer_t_FPGA < allocate(( max_rows, ), np.float64)
11:
12: buffer_y_FPGA[0] + yy > yo = Initial state vector
13: buffer_t_FPGA[0] < t,
14:
15: Write control signals to the AXI Lite input port
16: for each port address and its value do
17:  rk45_ip.write(address_port , LSB_value)
18:  rk45_ip.write(address_port + 0x04, MSB_value)
19: end for
20:
21: // Start IP run
22: rk45_ip.write(0x00, 1)
23: while rk45_ip.read(0x00) & 0x04 != 0x04 do
24: wait
25: end while
26: buffer_y_FPGA.invalidate()
27: buffer_t_FPGA.invalidate()
28:
29: // Read from AXI Lite output ports
30: size = rk45_ip.mmio.read(address_size, length=4)
31: flag = rk45_ip.mmio.read(address_flag, length=4)
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5 Results

For analysis purposes, the algorithm was tested in Low Earth Orbit (LEO), Geostationary
Transfer Orbit (GTO) and Interplanetary Orbit.

LEO refers to an orbit that is relatively close to Earth’s surface, typically ranging from a
few hundred kilometers up to about two thousands kilometers. Satellites in LEO complete
orbits around the Earth relatively quickly, typically within a couple of hours, depending on
the orbit semi-major axis, and have an eccentricity typically less than 0.25, resulting in an
almost circular orbit. This is mainly due to the scientific and commercial objectives of such
missions, which are mainly intended for Earth observations or communication purposes
(e.g., Starlink constellation). In such cases circular orbits guarantee constant and stable
observations and communication conditions. Currently, the majority of the satellites are
in LEO, such as the International Space Station (ISS), which altitude oscillates between
413km (pericenter) and 422km (apocenter). The ISS orbit has a period of around one

hour and thirty minutes.

GTO is an elliptical orbit that is used to transfer satellites from the initial launch stage
to a geostationary orbit. Geostationary orbits are positioned around 35, 786km above the
equator and have the same rotational period as the Earth, making the satellites appear
stationary relative to the Earth’s surface. The inclination of such orbit is very low, and in
most cases is within few degrees from the equatorial plane. GTO is a highly elliptical orbit,
with eccentricity around 0.7. Its pericenter is typically around LEO and its apocenter
as high as geostationary orbit [20]. Therefore, this kind of orbit is mainly populated by
depleted launchers upper stages or transfer modules, even though also some telescope

missions might exploit this kind of orbits.

Interplanetary orbits refer to the paths followed by objects traveling between planets
within our solar system. These orbits are highly elliptical and have an orbital period
in the order of years. I will test the system under these conditions using the orbit of
the comet 67P/Churyumov-Gerasimenko (abbreviated as 67P), seen by ESA’s Rosetta
spacecraft in 2014. Its orbit lasts 6.45 years and oscillates between a perihelion of 1.24AU
and an aphelion of 5.68AU.
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The eccentricities of the orbit influence the choice of the time-step during an adaptive
propagation algorithm. They are defined in a range between 0 and 1, where 0 represents

a circular orbit and the closer to 1, the more eccentric the orbit appears (Figure 5.1).

- Eccentricity: 0.0
- Eccentricity: 0.2
- Eccentricity: 0.4

Eccentricity: 0.6
Eccentricity: 0.8

Figure 5.1: Elliptic orbit by eccentricity

LEO and GTO have been tested in the Earth-Centered Inertial (ECI) reference frame,
and 67P in the Sun-Centered Inertial (SCI) reference frame. The initial values fed to the

orbit propagator are the values at the pericenters. They are reported in Table 5.1.

To obtain the exact orbit of an object given the initial conditions and the gravitational
parameter, it has been employed the MATLAB function keplerUniversal, mentioned in
Section 4.3.

To compare the implemented algorithm with an already existent and well-tested baseline,
the orbit has been propagated using the MATLAB function ode45'. The implemented
algorithm is based on the same paper which the MATLAB implementation gets inspira-
tion from [13]. The Butcher tableau used in the MATLAB implementation refers to the
RK5(4)7M variant of the paper, (reported at Table 2.2). More implementation details
are accessible in Section 4.2.

Ymathworks.com /help/matlab /ref/ode45.html, Last accessed: July 2, 2023



https://www.mathworks.com/help/matlab/ref/ode45.html
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Initial Values LEO GTO 67P
r, 6,893.65 km 6,054.31km | 3.94 x 107¢ AU
r, 607.77 km —3,072.04 km 1.28 AU
r, 1,052.69 km —133.12 km | 7.00 x 1072 AU
\ —1.31 km/s 4.65 km/s —6.90 AU /year
vy 3.72 km/s 9.19 km/s 1.49 AU /year
v, 6.44 km/s —0.62 km/s | 0.36 AU/year
Semi-major Axis 7,000.00 km 36,130.24 km 3.46 AU
Eccentricity 1.00 x 1078 0.81 0.65
Inclination 1.05 rad 0.06 rad 0.07 rad
Long. of Ascending Node 0.00 rad 2.36 rad 0.63 rad
Argument of Pericenter || 6.66 x 10~® rad 3.46 rad 0.39 rad
True Anomaly 0.17 rad 6.28 rad 0.55 rad

Table 5.1: Initial state values
To compare two orbits I calculated the positions and velocities Euclidean distances for each

epoch and I plotted them in a logarithmic graph. Given a target state vector x = (r,v)?

and an estimated state vector x = (r, V)7, the Euclidean distances are defined as:

5 (5.1)

5.1. Algorithm Reliability

As mentioned above, to assess the correctness of the general algorithm, which corresponds
to the pseudo-code illustrated in Algorithm 4.1, I compared its distance from the exact

orbit against the distance from the exact orbit of the MATLAB implementation.

In the next pages, I am reporting the distance error for each of the three orbits. At
Figure 5.2 you can see the propagation error of the LEO orbit, at Figure 5.3 you can
see the error of the GTO orbit, and at Figure 5.4 the one of the interplanetary orbit.

The Python implementation is indicated in red, and the MATLAB implementation is
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Figure 5.2: LEO propagation error with respect to keplerUniversal. The red line repre-

sents the error of the custom Python implementation, the black line represents the error

of the MATLAB function ode45. The bottom graph represents the time step variation

per time in the Python implementation.
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GTO Orbit
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Figure 5.3: GTO propagation error with respect to keplerUniversal. The red line rep-

resents the error of the custom Python implementation, the black line represents the error

of the MATLAB function ode45. The bottom graph represents the time step variation

per time in the Python implementation.
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67P Orbit
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Figure 5.4: 67P propagation error with respect to keplerUniversal. The red line repre-
sents the error of the custom Python implementation, the black line represents the error
of the MATLAB function ode45. The bottom graph represents the time step variation

per time in the Python implementation.
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indicated in black. The horizontal axis is normalized with the orbital period, for a better
visualization of pericenter and apocenter, and the vertical axes are normalized with the
unit of measure used in the propagation. Finally, the tolerance given in input to the LEO
and GTO orbits is in the order of micrometers, instead for the last orbit is in the order

of meters.

Both the error shapes of Python and MATLARB are similar, and they are both in the same
order of magnitude. The visible difference in accuracy resides in a difference in the way
the Local Truncation Error (LTE) gets calculated in the two implementations. As shown

in Algorithm 4.1, the custom algorithm calculates the LTE as:

7

Ry (b — b))k;

i=1

LTE =

and then it compares it to the absolute tolerance given in input so that:

LTE < atol

Moreover, it is worth mentioning that the intermediate stage vectors k; are composed by
both position and velocity components. The two components are usually not of the same
magnitude, hence, inside a norm, the smaller one will give a negligible weight to the LTE.
To avoid this problem, it is important to normalize the inputs so that the two components

will have similar weights in the norm calculation, as mentioned in Section 2.8.

In the graphs, it is also reported how the value of the time step h varies with time. As
mentioned in Section 4.2, the orbital velocity is very high at the pericenter and smaller at
the apocenter, hence the time step is larger at the apocenter and smaller at the pericen-
ter. The automatic step-size control is therefore tuning the integration step to preserve
the target step tolerance. Knowing that the starting point in these simulations is the
pericenter, the time step behaviour mirrors the expectations. The LEO orbit is known for
being almost circular, with very small eccentricity. In fact, the time step stays constant

during the whole orbital period, oscillating around 10 seconds.

5.2. HLS Synthesis

One of the most complex functions to optimize was the acceleration in the equations of
motion (Equation 2.3):
: 1
v=———r:= f(r)
[z[[?
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In Runge-Kutta, this equation is applied when calculating the velocity components of the
intermediate stage k;. The intermediate step update for the velocity components of the

two body problem, as explicitly shown in Algorithm 4.1, is implemented as:

i—1
kv,i = f (I’ + h Z aijkw)
J

where r is the vector with the position components of the state vector, and k, ; is the

vector with the velocity components of the intermediate stages.

For implementation purposes, the sum can just be considered a vector of constants, called:

1—1
C, = hZazjkv’j (52)
J

As a result, the velocity components of the intermediate stage are obtained by:

r+ c,
—p————— = f(x +
rep Tt

V,i

As explained in Section 4.7, for accuracy purposes, this equation is implemented as:

! r+c,
ky, = — 5.3
’ (||r+cr||2) (Hr+crll) (5:3)

Here, the loops for calculating the squared sums of the norms have been pipelined, and

only one external module has been created to be used by both the divisions. As shown
later on in Table 5.2, the division consumes indeed a lot of resources, and it also takes a

huge amount of clock cycles to complete.

As mentioned in Section 4.6, HLS transforms code into RTL modules with certain hierar-
chies. By disabling the inlining feature and controlling the number of allocations for each
function, the compiler can be commanded to not duplicate some resources. In the design,
three total single modules have been created: multiply, macply and division. As I
just mentioned aforementioned, divisions take a lot of resources and a lot of time, hence
the dedicated module. Multiplications and MAC operations, instead, are very convenient
to implement with Digital Signal Processing (DSP) blocks, which are a limited number
inside the PYNQ-Z2. These operations are very frequent inside the kernel function, but
only one big module has been created to accommodate any precision, and it gets called
multiple times in a pipelined fashion. Overall, the hierarchy level of the RTL modules is

shown at Figure 5.5.
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LevelO ----
4 4 ¥
Levell ---- ode_fpga multiply macply sqrt
v
Level 2 ---- vel_der
A 4 )!
Level 3 ---- division sqrt

Figure 5.5: RTL modules hierarchy
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At Table 5.2 are reported the estimations of resource utilization of the most relevant mod-

ules after HLS synthesis, and their estimated clock cycle latency. First of all, this table

Module LUT FF DSP | Latency (cc)

macply 294 0 15 —
multiply 14,833 0 46 —

ode fpga 18,347 | 4,082 61 1,293

vel der 17,456 | 1,998 61 1,251
division 1,549 1,101 199
vel der sqrt 530 453 91
kernel sqrt 530 453 91
total (kernel) || 55,170 | 11,320 | 122 —

Table 5.2: Vitis HLS resource utilization estimation

reports the resources of the code only after some optimizations have been applied. For

instance, when a single division module was not yet created, the compiler used to synthe-

size the two divisions separately, duplicating RTL code. This resulted in approximately

6000 LUTs employed for each division, leading to roughly 12k LUTSs necessary, which are
more than the 20% of the available resources on the PYNQ-Z2.

The square root implementation was not isolated, as it consumes a negligible amount of
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resources. In this case, the compiler generated two instances of a module sqrt.

Lastly, the MAC operations and the multiplications were so redundant which it was a
great waste of resources duplicating them. Moreover, given the large bit-width used in
this application, the implementation of multiply costs 46 DSP blocks, and the imple-
mentation of macply costs 15 DSPs. This is why one module had to be big enough
to handle the worst case scenario. In case of a multiplication, both the integer parts
and the fractional parts of the result should be equal to the sum of both the inputs
(Ir = I + I, Fgr = F} + F3). Instead, for an addition, the result must have an integer
bit-width as the largest input integer part plus 1 bit (/g = max{Il;, I} + 1).

Given the limited bit-width, the user has to be aware of the following constraints:

e At any moment during the computation, the intermediate stages k;, the constants c
defined in Equation 5.2, and the single elements of the local truncation error vector
e = hzzzl(bi — b )k; must be representable with a signed fixed point configured
with I = 30 and F' = 55.

e The minimum representable value is 27 = 275 ~ 2.78 x 10~'". I tested a minimum

tolerance of 10711,

Because of these constraints, it is better to normalize the values so that position and
velocity vectors are reasonably comparable, and so that all the possible values of the orbit

can be represented in the system.

5.3. IP Block Design Integration

After exporting the RTL design, it has to be integrated with the Zynq Processing System
(PS) of the board. This step is done in Vivado, which I introduced in Section 4.9.

Vivado is an IDE for writing RTL instructions in an HDL language like Verilog or VHDL,
but it offers several automation flows that can be used when integrating an HLS code
exported from Vitis HLS. In the Flow Navigator of Vivado there is a section called “IP

Integrator”, which makes easy for a designer to create a block design.

In this case, it was only needed to interface the IP with the Zynq PS through the AXI
interface, which has been thoroughly declared and customized at the HLS level. An
overview of the final block design is depicted at Figure 5.6a. In this configuration, three
ports must be connected to the PS: the slave AXI port and the two master AXI ports.
The generated IP uses AXI4, instead the Zynq PS uses the AXI3 protocol. This is one
of the reasons why we need a built-in Vitis HLS IP called AXI Interconnect between the
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Figure 5.6: Block design using Vivado IP Integrator

ports. As mentioned in Section 3.4.1, the AXI Interconnect has also tha ability to modify
the ports bit-width PL-side, yielding to a more flexible behaviour. In the kernel module,
the slave port is the control port, which is piloted by the Host, instead the master ports

are data buses dedicated to the array of state vectors X and the array of time instants t.

I connected the control port to the first master General Purpose port of the PS, and
the two IP master ports to the slave High-Performance ports of the PS. As shown in
the architecture depicted at Figure 3.3, the Memory Interconnect inside of the Zynq has
direct access to the DDR through two master ports.

After connecting the interfaces, the clock of the system must be correctly set to the same

frequency as the one set for the kernel module, changing the value of the IO PLL.

Once these precautions are taken into account, the synthesis and the implementation can
be run, and finally the bitstream can be generate. Then, after the bitstream has been
generated, Vivado shows in a report the estimated timings and the resource utilization.
At Table 5.3 is shown the total resource utilization of the design after implementation.
Even though in the design there was almost nothing parallelized, the resource utilization

in this board is still pretty heavy, mostly due to the large bit-width of the operands.

Vivado also reports an estimate of the power consumption of the chip, reported here in
Table 5.3, and it also checks if the timing constraints defined in the design are met. In
particular, the Worst Negative Slack (WNS) reported in Table 5.3 is the smallest difference

between the end of the needed computation in one clock cycle and the end of the clock

” = S_AXI_HPO_FIFO_CTRL DDR+4 ”—
FIXED_lO 4 ”—

=il S_AXI_HPL M_AXI_GPO - f  imm
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Utilization | LUT FF BRAM | DSP
Resources || 25,862 | 15,357 225 141
Percentage || 48.61% | 14.43% | 80.36% | 64.09%
Power Tot. Est. On-Chip Power: 1.473 W
Timing Worst Ngative Slack: 27.162 ns

Table 5.3: Resource utilization after design implementation.

cycle itself. If the WNS is negative, it means that the design takes more time than the
clock cycle to finish propagating all the signals.

A second configuration has been synthesized, changing the module hierarchy and gen-
erating therefore the least amount of duplications possible, hence the least amount of
resources. Although, the timings after implementation were not met. The results are

reported at Table 5.4. A failure for timing could be solved either changing the HLS logic,

Utilization | LUT FF BRAM | DSP

Resources || 34,979 | 27,111 220 122

Percentage || 65.75% | 25.48% | 78.57% | 55.45%
Power Tot. Est. On-Chip Power: 1.464 W
Timing Worst Negative Slack: —6.511 ns

Table 5.4: Failed synthesis implementation. The timing constraints are too stringent for

the complexity of the logic.

or reducing the clock frequency of the PL. Considering that the gain in resources and
power consumption was negligible, the chosen solution has been to change the HLS logic

rather than the PL frequency.

5.4. Power Consumption

To check the real power consumption of the board, a USB Power Meter? has been used.
Given that the board power supply is a USB cable, the USB Power Meter can be put in
series to the power supply, as it uses a very low resistance to measure the current drained
by the board. The USB Power Meter employed here has a resistance of R = 970 uf).

Zhttps://www.amazon.com /gp/product/BOTFMQZVW2 /ref=ppx_yo_dt b _asin_title 007
_s007ie=UTF8&psc=1, Last accessed: July 2, 2023


https://www.amazon.com/gp/product/B07FMQZVW2/ref=ppx_yo_dt_b_asin_title_o07_s00?ie=UTF8&psc=1
https://www.amazon.com/gp/product/B07FMQZVW2/ref=ppx_yo_dt_b_asin_title_o07_s00?ie=UTF8&psc=1
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In Table 5.5 the measures taken while running the board are reported. It has been reported

Application Status || Time | Current | Power | Energy
Idle State — 280 mA | 1.393 W —
LEO CPU 125.39 s | 303 mA | 1.511 W | 189.46 J
LEO FPGA 30.03 s | 303 mA | 1.511 W | 45.38 J
GTO CPU 251.19 s | 303 mA | 1.511 W | 379.55 J
GTO FPGA 56.57 s | 303 mA | 1.511 W | 85.48 J

67P CPU 98.34 s | 305 mA | 1.511 W | 148.59 J
67P FPGA 23.98 s | 305 mA | 1.511 W | 36.23 J

Table 5.5: Board power consumption for 67P orbit

the power drained by the whole board, as the PYNQ-Z2 does not have the PMBus, which
is a chip often included on development boards to measure power®. Although the power
drained to run the ARM CPU or the Artix FPGA is the same, the time taken by the
FPGA is much shorter than its CPU counterpart. As a result, the total energy consumed
by the FPGA is less than the energy employed by the CPU.

5.5. FPGA Results

Once run all the three testing orbits, the euclidean distances from the MATLAB orbit
and from the Python-computed orbit for both the position and velocity vectors have been

plotted, as explained in the introduction of Section 5.

At Figure 5.7a there are the distances from the baseline for each orbit, starting from
LEOQO in the top-left and finishing with the 67P orbit at the bottom. The Python orbit is
indicated in red, but it cannot be seen as the FPGA orbit perfectly overlaps the Python
one. The three results show the adaptability of the code in both low and high eccentric
orbits, denoting a high precision even with very low tolerances (107! for the interplanetary
orbit).

3discuss.pynq.io/t/how-to-measure-power-consumption /523 /6, Last accessed: July 2, 2023


https://discuss.pynq.io/t/how-to-measure-power-consumption/523/6
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6 ‘ Conclusion

In this thesis, it has been analyzed the efficiency of implementing in the FPGA PYNQ-
Z2 the numerical method Runge-Kutta 5(4)7M. This algorithm can be used for orbit

propagation on board of spacecrafts in LEO or deep-space environments.

In the preceding description, a comprehensive outline has been provided regarding the
work flow necessary to write high-level synthesis code with the Vitis HLS IDE, highlighting
advantages and disadvantages with respect to direct High-Description Language (HDL)
programming. It has also been shown how relatively fast it is to design a system with HLS,
without the need of caring too much about low-level details. In fact, there was no need
to write AXI interfaces, and complex operations have been automatically synthesized by
the software in the correct RTL modules. For example, the DSP blocks of this board have
multipliers 18 x 25, which is not enough for the bit-width used. Hence, several DSPs have
to be cascaded together, which is is a task completely automated in the HLS compilation.
On the other hand, designers do not have much control on what is happening under the

hood, leading to some sub-optimized constructs.

It has been proved negligible difference between this implementation and MATLAB’s
ode45 implementation, and a comparison between the final FPGA propagation and the

baseline orbit proved correctness and consistency after several revolutions.

Finally, the final resource and power consumption of the implemented design have been
shown, comparing the ARM CPU of the board against its FPGA. Although the power
drained is the same, the overall energy consumption of the FPGA is one order of magnitude
less than its CPU counterpart. Moreover, the idle power consumption of the board is
around 1.393 W, which is less than the CubeSats power consumption range. However, it
should be taken into account that this board is not resistant to space environments, and

that resistant FPGAs may have different results.
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6.1. Future Work

As seen in the results, the resource constraints of this FPGA make it hard to parallelize
more than one propagation at a time, as it is a very affordable board, with a price around
$133%. Although, there are FPGAs on the market with a lot more resources, where more

advanced applications could apply.

The RT PolarFire FPGA? is an example of a product with more resources and resistant

in space. A comparison is shown at Table 6.1.

FPGA Name | LE (LUT+DFF) | DSP | RAM Price

PYNQ-Z2 85,000 220 | 630 kB ~ $130
RT PolarFire 481,000 1,480 | 33 MB | = $20, 000?

Table 6.1: RT PolarFire vs PYNQ-Z2

Using more performing FPGAs could enable parallel computations, reducing the time
needed for a single propagation or allowing multiple propagations, building a pool of dif-
ferent results at the same time. For example, by selecting an FPGA capable of performing
at least seven simultaneous propagations - one for the nominal solution and the others
for the propagation of the sigma points - it becomes feasible to implement an Unscented
Transform scheme. As mentioned in Section 2.4.1, the Unscented Transform is a method
for predicting means and covariances in nonlinear systems, which is crucial in applications

such as orbit reconstruction and determination.

Moreover, new reference frame systems may be employed to simplify internal operations

and reduce the resource-hungry ones like divisions and square roots.

For analysis purposes, initial value perturbations can simulate the inaccuracy of the mea-
surement systems when assessing the initial state of the spacecraft. With more resources,
several different initial states can be propagated in parallel, and the propagated inaccuracy

can be derived from them.

If it is necessary a lower-level control over the operations of the algorithm, new de-
signs using the CORDIC (COordinate Rotation DIgital Computer) may be implemented.
CORDIC is an iterative algorithm that uses simple shift and add operations to approx-

Luk.farnell.com /search?st=tul-corporation, Last accessed: July 2, 2023
Zmicrochip.com/en-us/products/fpgas-and-plds /radiation-tolerant-fpgas /rt-polarfire-fpgas, Last ac-
cessed: July 2, 2023


https://uk.farnell.com/search?st=tul-corporation
https://www.microchip.com/en-us/products/fpgas-and-plds/radiation-tolerant-fpgas/rt-polarfire-fpgas
https://www.microchip.com/en-us/products/fpgas-and-plds/radiation-tolerant-fpgas/rt-polarfire-fpgas
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imate mathematical functions like trigonometric functions, vector rotations, and loga-
rithmic calculations. One of the significant advantages of the CORDIC algorithm is its
simplicity and regularity, which makes it well-suited for hardware implementations. It is
widely used in applications where hardware resources are constrained or where high-speed

computation is required [2].

Another way to speed up computation may be to implement difficult operations such as
squares and roots in a designated hardware, like an external calculator, and the easiest
but repetitive computations in FPGA. In this case, the interface between external device
and FPGA is usually the bottleneck, hence, a thorough analysis of the advantages and

disadvantages is needed.

With Vitis HLS, developers can also program some specific functions in Verilog, interfacing
the resulting IP blocks with the HLS code. This may be useful when low-level control is

needed in small local parts of the algorithm.

Finally, new rad-hard and space-graded FPGAs can be used to simulate the algorithm and
assess its correctness and accuracy. The use of other types of devices is mostly important
for analysing the difference in efficiency with different hardware features, such as more

resources or a radiation hardened device.

To conclude, let’s recall the fundamental research question:

What are the advantages and potential improvements in accuracy and
efficiency of orbit propagation in satellites when employing FPGA
technology?

We have seen how the FPGAs are extremely flexible in terms of programmability and they
can be tuned with respect to the goal of the mission. In general, they exhibit superior
performance compared to CPUs while maintaining equivalent power consumption, and
they may be programmed without writing HDL code, with the help of advanced HLS
tools. In general, FPGAs consume less power while achieving very high performance, and

can be easily programmed without too many low-level details.
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