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Inertial measurement data collection for
beamforming on a moving platform

Ana Crkvenjas

Department of Microtechnology and Nanoscience
Chalmers University of Technology

Abstract

This project demonstrates how to maintain the beam of a wireless antenna system
in the right direction while moving. Beamforming typically performs best when
the antenna is stationary. However, for an antenna mounted on something like a
drone or a car, it tends to tilt and rotate, which can disturb the signal. We solve
this by measuring how the antenna moves its roll, pitch, and yaw using a small
sensor called a 9-DoF IMU (nine degrees of freedom inertial measurement unit),
which for the record includes an accelerometer and a gyroscope. Then we use a
filter to combine these data and determine the exact orientation of the antenna at
each moment. With that information, we update the direction of the signal (beam)
so that it stays pointed at the target, even while the platform is moving. We tested
this using a computer simulation that shows how the signal beam behaves in 2D
(two dimensions) and 3D (three dimensions). The results show that the use of IMU
data helps the antenna system maintain a strong and accurate signal, even during
motion.

Keywords: Beamforming, wireless antenna, tilt, rotate, roll, pitch, yaw, intertial
measurement unit






Acknowledgements

I want to thank my university supervisor, Professor Lars Svensson, for his invaluable
guidance, constant support, and feedback regarding all aspects of the project. I
also appreciate my company supervisor, Henric Brostrom, for his mentorship and
support during my time at the company. His insights, encouragement, and practical
suggestions were of great help.

Thank you so much, family and friends, for always motivating and patiently standing
by me throughout my studies. Your support gave me strength and certainty, without
which I could not have completed this journey.

Ana Crkvenjas, Gothenburg, August 2025

vii






List of Acronyms

IMU Inertial measurement unit

9-DoF IMU  Nine degrees of freedom inertial measurement unit
2D Two dimensions

3D Three dimensions

ISAC Integrated Sensing and Communication

5G Fifth generation of cellular network technology
6G Sixth generation of cellular network technology
LoS Line of sight

TX Transmitters

RX Receivers

UEs User Equipment

OFDM Orthogonal Frequency Division Multiplexing
PAPR Peak to Average Power Ratio

QAM Quadrature Amplitude Modulation

QPSK Quadrature Phase Shift Keying

IFFT Inverse Fast Fourier Transform

DAC Digital to Analog Converter

ADC Analog to Digital Converter

MIMO Multiple Input Multiple Output

CSI Channel State Information

GPS Global Positioning System

MPU-6050 6-axis motion tracking sensor

12C Inter-Integrated Circuit Protocol

SPI Serial Peripheral Interdace Protocol

UART Universal Asynchronous Receiver/Transmitter Protovol
MIO Memory-Mapped Input/Output

GPIO General Purpose Input/Output

IP Intellectual Property Core

SCP Secure Copy Protocol

SFTP Secure File Transfer Protocol






Contents

1 Introduction
1.1 Related work . . . . . . . .
1.2 Purposeand goal . . . . . ... ...
1.3 Thesisoutline . . . . . . . . ...

2 Theory and technical background

2.1 Sensing topologies . . . . . . . ...
2.2 User equipments (UEs) in sensing systems . . . . . . ... ... ...

2.2.1 Impact of mobility on wireless communication . . . . . . . ..

2.2.2  Impact of mobility on sensing capabilities . . . . . ... ...
2.3 OFDM framework . . . . . .. .. .. ... ...
2.4 Fundamentals of antennas and beamforming . . . . . . . .. ... ..

2.4.1 Definition of beamforming and its importance . . . . . . . ..

2.4.2 Introduction to antenna arrays . . . .. .. .. ... ... ..
2.5 Impact of boat motion on antenna array . . . . .. .. .. ... ...
2.6 Homogeneous coordinates . . . . . . . ... . ... .. ... ... ..
2.7 Computing the steering vector from IMU data . . . . . . .. ... ..
2.8 Preprocessing the collected data . . . . . . ... ... ... ... ...
2.9 Motion compensation in beamforming . . . . . . ... ... 0L L.

2.10 Inertial measurement unit for motion tracking . . . . . .. .. .. ..
2.11 PYNQ-Z1 board technical background . . . . . .. ... .. ... ..

3 Approach
3.1 Motion Tracking Using the MPU6050 Sensor . . . . . . .. ... ...
3.2 FPGA Setup and Integration . . . .. ... ... . ... ... ....
3.3 Real-time visualization . . . . . . . ... ... .. ... ... ... ..

4 Design
4.1 Hardware acceleration . . . . . . ... ... ... L.
4.2 Design implementation . . . . . . .. ..o

5 Results

6 Discussion
6.1 FPGA Resource Utilization . . . . . . . . . .. ... ... ......
6.2 Matlab or Jupiter . . . . ... ...
6.3 Planned vs. Actual Timeline . . . . . . . . ... ... ... ... ...

29
29
30
30

31
32
33

37

X1



Contents

7 Conclusion

8 Future work
8.1 Communication Problems . . . .. ... ... ... ...
8.2 Improving the FPGA and Processing System Connection

Bibliography

A Appendix 1

xii

51

53
93
93

55



1

Introduction

In the next generation of networks, 6G will revolutionize wireless communication
by combining ultra-fast speeds, intelligent connectivity, and advanced sensing capa-
bilities. In 6G networks, mobile devices will use advanced antennas and Al-driven
beamforming to maintain fast and stable connections. Unlike 5G, which reacts to
signal changes, 6G will predict and adjust in real-time, reducing delays and improv-
ing data speeds. It will also use terahertz (THz) frequencies, enabling ultra-fast
wireless communication with minimal interference. One of the biggest advances in
6G is its ability to sense and map the environment. It will use wireless signals not
only for communication but also for detecting objects, similar to radar. For ex-
ample, at an intersection, 6G can identify all vehicles, pedestrians, and obstacles,
then share this data with nearby cars to prevent accidents. It will also measure the
location, speed, and direction of objects, even if they don’t have sensors or transmit-
ters. These features will be crucial for self-driving cars, smart cities, and futuristic
applications like holographic communication and fully immersive augmented real-
ity (AR). By combining communication, sensing, and Al, 6G will create a highly
intelligent and connected world [1].

In bistatic integrated sensing and communication (ISAC) systems, platform motions
such as acceleration, yaw, pitch, and roll introduce modulation effects that degrade
sensing accuracy. Understanding and compensating for these effects requires an an-
alytical approach to modeling platform movement, inertial measurement data, and
beamforming techniques. This chapter provides an introduction to motion com-
pensation in ISAC systems, covering kinematics, IMU (inertial measurement unit)
modeling, beamforming theory, and platform stabilization methods [2]-[3]. Beam-
forming on a moving platform presents significant challenges due to the dynamic
nature of both the transmitter and receiver, as well as the surrounding environment
[4]. In an urban setting such as the one in Figure 1.1, signals often encounter obsta-
cles such as buildings, vehicles, and other structures that cause reflection, diffraction,
and scattering. These phenomena disrupt the direct path between the transmitter
and receiver, leading to signal degradation and multipath interference. When a
moving platform, such as a vehicle, is involved, the problem becomes more complex
because the optimal beam direction must be continuously adjusted to maintain a re-
liable connection. The constantly changing environment introduces rapid variations
in signal strength. Additionally, in modern communication systems like 5G, mo-
bile phones act as both transmitters and receivers while base stations are connected
to a centralized server, real-time tracking and beam alignment become crucial for
optimizing communication performance. In 5G networks, each mobile phone con-



1. Introduction

tains multiple antennas that enable beamforming. These mobile phones themselves
act as moving platforms, continuously adjusting their beam direction to maintain a
strong connection with the nearest base station. As users move, their devices must
rapidly adapt to changes in signal conditions, avoid interference, and optimize data
transmission [5]-[6].

Base station Base station
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Transmme'ﬂ \ E
E Receiver

Receiver o 0

i Receiver

Transmitter

Figure 1.1: Environment for sensing in 5G network

1.1 Related work

Recently, much effort has been put into researching the area of motion compensation
for ISAC Systems on mobile platforms like vehicles or drones. Most of the studies
centered around kinematic platform motion modeling techniques with IMU data
to mitigate the effects of acceleration, yaw, pitch, and roll on signal quality. Sig-
nal processing techniques for beamforming have been further developed to respond
better to motion and environmental changes so that signal direction and strength
are enhanced. Other researchers studied the division of labor between sensing and
communicating where some radar-like functions are able to identify obstacles and
modify the communication accordingly. In 5G systems, Al with real-time feedback
has been employed in beam management and alignment and for 6G initial works
are focusing on combining terahertz communication with intelligent beamforming
and environmental awareness [3]. Addressing the issues of mobility, multipath in-
terference, and dynamic beam control have been assisted by existing work towards
creating motion-aware ISAC systems. Various studies have explored the impact
of platform motion on radar and communication systems, addressing issues such
as Doppler effects, phase errors, and adaptive beamforming techniques. Recent ad-
vances in [SAC systems have emphasized the need for accurate motion compensation
models that leverage IMUs and digital beamforming algorithms. For example, pre-
vious work has demonstrated the effectiveness of Kalman filtering and sensor fusion
for real-time motion estimation. Our work extends these approaches by integrating
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a 6DoF (six degrees of freedom) IMU-based model with adaptive beamforming on
a System-on-a-Chip (SoC) platform [7].

1.2 Purpose and goal

The purpose of this project is to improve the accuracy of sensing in dynamic en-
vironments by compensating for platform-induced motion errors. Specifically, the
project aims to develop a mathematical model that maps 9DoF IMU data onto a
steering vector for digital beamforming. The primary objectives are:

» To analyze and model the effects of acceleration, yaw, pitch, and roll on target
detection and clutter.

o To design an algorithm that translates IMU data into motion compensation
parameters for beamforming.

o Implement and validate the proposed model on PYNQ Z1 and Raspberry Pi
platform integrated with an IMU sensor.

A successful implementation of this model will enhance the reliability of bistatic-
implemented [SAC systems, improving performance in real-world applications.

1.3 Thesis outline

This thesis is structured as follows.

o Chapter 1: Introduction — Provides an overview of the problem statement,
objectives, and importance of motion compensation in ISAC systems.

o Chapter 2: Technical Background — Covers the theoretical concepts, in-
cluding platform kinematics, IMU-based motion modeling, Doppler and phase
modulation effects, and beamforming principles.

o Chapter 3: Methodology — Details the proposed approach, including math-
ematical modeling, signal processing techniques, and hardware implementa-
tion.

o Chapter 4: Implementation — Describes the integration of the model with
the PYNQ Z1 platform and IMU, along with considerations of software and
hardware.

o Chapter 5: Results — Presents experimental results, performance analysis,
and validation of the proposed approach.

o Chapter 6: Discussion —Interprets, analyzes, and reflects on the results and
findings.

o Chapter 7: Conclusion — Summarizes key findings and suggests directions
for future research.
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Theory and technical background

This chapter will explain the key technical and theoretical concepts that are the
basis of this thesis. Understanding these principles is important to fully understand
the design, implementation, and results of the study. We will cover the main ideas
and technologies that support the work, providing the necessary background to
understand the later sections of the thesis.

2.1 Sensing topologies

Sensing technologies are important because they help the communication system
detect objects, track movement, and improve the reliability of communication. By
integrating sensing with communication, 6G can support applications such as smart
cities, autonomous vehicles, and advanced security. Different sensing topologies af-
fect how well the system can gather and use this information, making them a key
part of ISAC networks. Sensing topologies define how transmitters and receivers are
arranged within an ISAC system, significantly impacting performance, deployment
complexity, and adaptability. The primary sensing topologies considered in the con-
text of ISAC systems include monostatic, bistatic, and multistatic configurations[§].

In a monostatic topology, the transmitter and receiver are co-located, making it
the simplest and most commonly used configuration. This setup benefits from
straightforward synchronization and strong signal correlation, but suffers from self-
interference, which can limit detection capabilities, especially in cluttered environ-
ments. Bistatic sensing, on the other hand, involves separate locations for the
transmitter and receiver, providing unique advantages in detecting stealth targets
and reducing vulnerability to jamming. However, bistatic systems require precise
synchronization and advanced signal processing due to the varying bistatic angle
and non-uniform propagation paths [9]-[10]. Multistatic sensing extends the con-
cept of bistatic by incorporating multiple transmitters and/or receivers, offering
improved target tracking, improved spatial coverage, and greater resilience against
interference. Although multistatic systems provide superior sensing accuracy and
robustness, they introduce significant challenges in terms of network coordination
and data fusion[11], see Figure 2.1.
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Figure 2.1: Sensing topologies

To optimize sensing performance under different conditions, ISAC systems can im-
plement a topology-switching framework that dynamically transitions between these
configurations based on real-time network and environmental factors. Simulations
have shown that bistatic sensing often delivers the best trade-off between perfor-
mance and deployment feasibility, making it a strong candidate for future ISAC
implementations in 6G networks [8].

2.2 User equipments (UEs) in sensing systems

In the sensing and communication systems, different user equipment is included,
such as smartphones and other connected devices. These devices can act as trans-
mitters (TX) and/or receivers (RX) within a multi-static radar setup. However, for
this to work effectively, UEs need to be properly synchronized, and their location
and orientation must be accurately known. Some UEs may also be deployed by
network operators and remain stationary, which can help address synchronization
and accuracy issues that arise from mobile devices. By strategically placing station-
ary UEs performance and sensing capabilities of a radar system can be significantly
improved [12].

One of the key limitations in radar sensing involves the base stations themselves.
Depending on the specific environment, a base station might face interference that
prevents it from effectively receiving radar signals. This interference can come from
a variety of sources, including physical obstacles like buildings, trees, or even other
electronic signals, which can all distort or block radar waves. As a result, radar-
based sensing might be unreliable in areas with a lot of obstructions or noise. In
practical terms, this means that while a base station may handle communication
tasks efficiently, it may not be effective for radar sensing in certain situations, lim-

6
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iting its utility for tracking or monitoring objects [13].

To overcome this limitation, multistatic radar setups require multiple radar nodes
to maintain a clear line-of-sight (LoS) to the target object. In these systems, radar
signals are sent and received from several different points, and each object must be
within the LoS of both transmitters and receivers to be properly detected. However,
in typical cellular networks, the goal is to minimize the overlap of cells to reduce
interference between different network regions. While this approach is effective for
communication purposes, it can pose a challenge for radar sensing. The need for
clear LoS connections between multiple radar nodes means that overlapping cells
might actually be beneficial for radar systems, creating a potential conflict between
optimal network design for communication and the requirements for effective radar
sensing [12].

To improve the accuracy of radar sensing, additional sensors can be added to the
network. These sensors, often receivers (RX), are strategically placed in known loca-
tions with precise orientations. By incorporating these fixed sensors into the existing
communication infrastructure, radar sensing systems can significantly improve their
accuracy. With the exact position and angle of the sensors determined beforehand,
the system can more reliably track objects and gather data, reducing errors caused
by environmental factors or misalignment. This approach ensures that the radar
system is not entirely dependent on the base station or mobile devices, but instead
leverages fixed, highly accurate sensors to enhance the overall sensing performance
[13].

UEs, such as smartphones or other connected devices, also have the potential to
contribute to radar sensing by acting as both transmitters and receivers. These UEs
can be integrated into the radar system to create a more dynamic and distributed
sensing network. However, for this to work effectively, synchronization is crucial.
UEs must be carefully coordinated in terms of timing, and their location and ori-
entation must be known with high accuracy. This is especially important since the
mobility of UEs could introduce errors if their position is not accurately tracked.
Without proper synchronization, the radar system could face challenges in deter-
mining the exact location of objects or estimating distances, which would affect its
overall performance.

To address the challenges posed by the mobility of UEs, network operators can de-
ploy stationary UEs that remain fixed in one location. These stationary devices
help solve the problems related to the synchronization of mobile devices, as they do
not move and therefore do not require constant updates to their position or orien-
tation. By strategically placing these stationary UEs within the network, operators
can create a more stable and accurate radar system. This approach allows the radar
network to rely on fixed sensor nodes, improving the overall sensing capability and
reducing errors that might arise from the constant movement of mobile devices [12]-
[14]. Usage of user equipment in a sensing topologies is given in the Figure 2.2.
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Figure 2.2: UEs in sensing topologies

In an ISAC system, in addition to stationary nodes that were described above,
we also have moving nodes, which introduces several challenges that affect both
communication and sensing functions. Unlike static deployments, moving nodes
cause dynamic variations in channel conditions, beamforming requirements, and
synchronization, leading to increased system complexity. In Figure 2.3,a node in
motion is illustrated, demonstrating the dynamic behavior of the system.

/ \ (‘I I)) Mobile devise Ce,l,l Phone

onacar

(«I‘I)) o) T;

Figure 2.3: Moving node in an ISAC deployment

2.2.1 Impact of mobility on wireless communication

When a transmitter or receiver is in motion, the received signal experiences a
Doppler shift which changes the carrier frequency. This can be expressed as:
v fe
fa= J cos(6) (2.1)

c

where f; is a Doppler shift (the change in frequency), v is the speed of moving device,
fe is the original frequency of the signal, ¢ is the speed of light and € is the angle
between the direction of the movement and the signal path. When the device moves
towards the signal, the frequency increases (higher pitch), and when it moves away,
the frequency decreases (lower pitch). This change in frequency can cause problems

8
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like signal distortion and communication errors. To fix these issues, methods like
adaptive equalization and channel estimation are used. Adaptive equalization helps
adjust the signal in real-time to correct frequency shifts, while channel estimation
predicts the changes and adjusts the transmission settings, ensuring clear and re-
liable communication even with movement. These techniques are essential to keep
the signal accurate and prevent errors in dynamic situations [15].

As the node moves, multipath interference causes fast fading, which results in rapid
fluctuations in the received signal strength. Fading means that the signal can take
multiple paths to reach the receiver, each with a different delay and phase shift. The
channel response, which describes how the signal behaves over time, can be modeled
using a time-varying impulse function:

N

h(t,7) = Z ai(t)ejd’i(t)é(T —7(t)) (2.2)

=1

In this equation, a;(t) represents the amplitude of the i-th path, ¢;(t) is the phase
shift of the i-th path, and 7;(¢) is the delay of the i-th path. From provided formula
we can see that as channel impulse response changes signal is fluctuating [16].

2.2.2 Impact of mobility on sensing capabilities

In ISAC systems, beamforming is used to direct signals toward specific targets,
and this is crucial for sensing. When the transmitter and receiver are moving, the
direction of the signal (beam) must constantly be adjusted to maintain a strong
connection. The required beam angle 6, is calculated using the following formula:

0y = tan ™ (yt_y> (2.3)

Ty — Ty

If the beam direction isn’t updated in real-time as the transmitter or receiver moves,
the signal will get misaligned. This misalignment reduces the strength of the signal
and makes sensing less accurate. To solve this problem, techniques like Al-based
beam tracking may be used, which predict the movement patterns of the devices
and adjust the beam direction accordingly. Additionally, data from IMUs can be
combined to compensate for motion, helping keep the beam properly aligned despite
movement. These solutions ensure that the system maintains accurate sensing and
communication even when the nodes are in motion [17].

Moving nodes introduce timing synchronization errors, which can negatively impact
both sensing and communication. As the nodes move, the distance between them
changes, which in turn affects the propagation delay. The delay at any given time,
7(t), is given by the formula:

T(t) = —= (2.4)

where d(t) is the time-dependent distance between the nodes, and ¢ is the speed of
light. As the distance between the nodes changes, the delay also fluctuates, causing
synchronization issues. To address these issues, the system must continuously ad-
just its time synchronization to account for these changes. Additionally, predictive
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algorithms are needed to compensate for the variations in delay, ensuring that both

sensing and communication remain accurate and reliable despite the movement of
the nodes [17].

2.3 OFDM framework

Orthogonal Frequency Division Multiplexing (OFDM) is already used in 5G net-
works, and it will likely continue to be used in 6G due to its ability to deliver high
data rates and robustness against interference and signal fading. OFDM is a method
of transmitting data by dividing it into multiple smaller data streams that are sent
simultaneously over different frequencies. These data frequencies are orthogonal,
meaning they don’t interfere with each other, allowing for highly efficient use of the
frequency spectrum. 6G networks will demand high transmission rates, low latency
and the ability to handle massive amount of data. Using OFDM has many chal-
lenges as well such as frequency offset and PAPR (peak to average power ratio).
Frequency offset occurs when there is a mismatch between transmitter and receiver
frequencies. This can lead to errors in the signal reception and data loss. It is
particularly problematic in high-speed, high-frequency 6G environments. Peak to
average power ratio refers to the difference between the peak power and the average
power of a signal. In OFDM, the signal’s peak power can be much higher than its
average power. In 6G network the complexity of communication system will increase
and machine learning techniques will be used to help optimize and solve some of the
issues OFDM faces. Machine learning algorithms can be used to predict and correct
frequency offset by analyzing the patterns in the communication systems [18].

An OFDM transmitter uses a QAM (Quadrature Amplitude Modulation) modula-
tor, which takes the incoming data and converts it into symbols that can represent
multiple bits at once. This allows the system to send more data in a given time.
Next, a serial-to-parallel converter splits this data into several parallel streams be-
cause OFDM transmits data over many different frequencies simultaneously. After
that, the IFFT (Inverse Fast Fourier Transform) is applied to the parallel data
streams, which changes the data into a format suitable for transmission over mul-
tiple subcarriers, essentially making it ready to be sent over the air. To make sure
the signal can handle any delays or interference during transmission, a cyclic prefix
is added. This is a small copy of the signal’s beginning portion that’s repeated at
the start of each symbol, which helps prevent issues like echoes or multipath inter-
ference. Finally, the signal is sent through a Digital-to-Analog Converter (DAC),
converting the signal from digital form to an analog signal, which can be transmitted
through the communication channel, such as over the air in wireless communication.
The signal will then travel through the channel, where it might face some noise or
interference before reaching the receiver.

In Figure 2.4,a basic block diagram for OFDM system is used. For systems with
multiple antennas, digital beamforming is applied after the serial-to-parallel conver-
sion stage and before the IFFT stage. Digital beamforming involves adjusting the
data for multiple antennas by applying a precoding matrix to optimize signal trans-
mission across antennas and spatial layers. After precoding, the symbols are ready

10
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for OFDM modulation. But before modulation (IFFT), they need to be placed onto
the time-frequency grid to define exactly where each symbol will be transmitted in
the frequency and time domains. Once this mapping is done, the signal is ready for
IFFT (Inverse Fast Fourier Transform), which will turn it into the actual waveform
for transmission [18]-[19].

QAM symbols in
frequency domain: N low-rate stream 1/NT;

1 OFDM symbol

1 X[0] x[0] N-+CP samples: (N+CP)T,

rate R/log,M| buffer [

=1L 1 XTI (1]
¥ Add Cyclic

R bps QAM X | Serial-to- |1 Prefix, and () s(r)
Parallel i IFFT Parallgl- °
Converter |1 to-Serial
i : complexity: Converter
: ‘ NlogN cos(2mfyt)
XIN —11 X[V —1]
Transmitter
N symbols

Figure 2.4: OFDM transmitter [18]

The OFDM receiver works by reversing the steps taken by the transmitter to recover
the original data. First, it receives the signal through the channel, which may have
added some noise or distortion. The receiver then removes the cyclic prefix, which
was added at the transmitter side to prevent issues from multi-path interference.
After removing the cyclic prefix, the receiver uses FFT (Fast Fourier Transform) to
convert the received signal from the time domain back into the frequency domain.
This step is essential because OFDM transmits data on multiple sub-carriers, and
FFT helps separate the data from each individual sub-carrier, allowing the receiver
to analyze them independently. Once the data is separated, parallel-to-serial con-
version is used to combine the parallel streams back into a single serial data stream,
just as they were originally split at the transmitter. Finally, the QAM demodulator
is used to decode the modulated symbols, such as QPSK (Quadrature Phase Shift
Keying) or 16QAM, and translate them back into bits, effectively recovering the
original message sent by the transmitter. In short, the receiver takes the distorted
signal, removes the unnecessary parts, processes it to separate the data, and then
decodes it to retrieve the original information[19], see Figure 2.5.

11
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Figure 2.5: OFDM receiver [18]

Inside each base station there is a centralized transmitter or receiver or both that
takes the data(video, text, internet traffic), splits it into multiple subcarriers (differ-
ent frequency channels), modulates the sub-carries to prepare them for transmission.
Then, the MIMO (Multiple Input Multiple Output) system takes these OFDM-
modulated signals and transmits them through multiple antennas. The OFDM
transmitter is not inside each antenna. Instead, the OFDM transmitter processes
the signal first, and then the MIMO antennas transmit the processed signal over the
same frequency band. This enables spatial multiplexing, where each antenna can
transmit different data, increasing the overall capacity of the communication sys-
tem. Each antenna receives a slightly different version due to reflections, obstacles,
or different transmission paths [18].

2.4 Fundamentals of antennas and beamforming

Antennas are essential components in modern wireless communication and radar
systems that enable transmission and reception of electromagnetic waves. Although
a single antenna can transmit signals in all directions, antenna arrays offer greater
control over signal directionality, enabling enhanced performance through beam-
forming. Beamforming is a signal processing technique that steers signals in specific
directions by adjusting the phase and amplitude of signals across multiple antenna
elements. This technique is used in 5G and 6G networks, radar systems, and satellite
communications, where precise signal directionality is required to improve efficiency,
reduce interference, and improve coverage. In this section, we review the funda-
mentals of antennas, the principles of beamforming, and the different beamforming
techniques that are essential to achieve high-performance wireless communication
systems [20].

2.4.1 Definition of beamforming and its importance

As already mentioned, beamforming is a method that makes signals clearer by fo-
cusing them in specific direction. It helps increase data capacity between network
towers and user devices by making communication more efficient. Instead of send-

12
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ing signals in all directions, beamforming focuses them directly toward intended
receiver. This reduces interference and allows multiple users to receive stronger,
clearer signals at the same time. As a result, more data can be transmitted without
delays or disruptions, improving internet speed and reliability [20]-[21].

Beamforming began as a straightforward technique and has evolved significantly
over time. In its early stages, it used fixed phase shifters to create beams at a single
frequency. These simple phase shifters would adjust the signal phase in a specific
pattern, resulting in a directional signal. As technology progressed, a switching
system was introduced, incorporating multiple phase shifters that allowed for more
flexibility in beamforming. This was a significant step, as it enabled the system to
switch between different beams, improving performance. Eventually, the technol-
ogy advanced even further, and fully adjustable phase shifters were integrated into
each antenna element. This development made beamforming much more dynamic,
enabling the creation of adaptive beams that could be steered in any direction as
needed. The simplified analog beamforming framework is introduced in Figure 2.6.
In this setup, the main focus is on explaining how the entire system works [22].

Analog beamforming is a way to control how a radio signal is sent out from multiple
antennas. First, the signal, which carries data like voice or internet information,
is converted into a radio wave (called a radio frequency (RF) signal) so it can
travel wirelessly. This signal is then sent through feedlines, which are like wires
that deliver the signal to each antenna in the system. However, before the signal
reaches each antenna, it is delayed slightly using phase shifting. Phase shifting
means changing the timing of the signal so that some antennas send it a little
earlier and some a little later. This small delay is very important because it controls
how the waves from all the antennas combine in the air. When done correctly, the
waves add up in one direction (making the signal stronger there) and cancel out in
other directions (reducing interference). This allows the system to steer the signal
toward a specific location without physically moving the antennas. This makes
communication clearer, stronger, and more efficient by sending the signal exactly
where it is needed while avoiding unwanted areas. When the signal is received, it is
adjusted, and filtered and converted back into a digital signal. Analog beamforming
has limitations as well like precise control and difficulty to handle multiple users
[21]-[22].
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Figure 2.6: Analog beamforming

Digital beamforming is a more advanced way of directing wireless signals compared
to analog beamforming. It helps solve the problems of scalability, especially when
working with many antennas. In digital beamforming, each antenna has its own
Digital-to-Analog Converter (DAC) and Analog-to-Digital Converter (ADC), which
allows multiple beams to be sent and received at the same time, see Figure 2.7.
Unlike analog beamforming, which relies on adjusting the timing (phase) of signals
to steer the beam, digital beamforming processes signals mathematically using a
technique called precoding. Precoding adjusts the signals before they are sent out
so that they combine in a way that creates beams in specific directions. This means
the system can send signals to multiple users at once without interference, making
it especially useful for Multi-User MIMO (MU-MIMO). Precoding typically requires
knowledge of the channel conditions, known as Channel State Information (CSI),
which can be obtained through feedback from the receiver or estimated at the trans-
mitter. However, digital beamforming requires more power and is more expensive
because of the extra processing involved [22].
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Figure 2.7: Digital beamforming
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2.4.2 Introduction to antenna arrays

An antenna array is a set of N spatially separated antennas. The number of antennas
in an array ranges from two to several thousand. An antenna array helps improve
the signal by making it stronger, reducing noise, and focusing the signal in certain
directions. This leads to better reception, helps find where signals are coming from,
and makes the connection clearer overall. The simplest form of an array is the one
that has two elements, where two identical antennas are positioned along an axis.
The total signal from the antenna array is the result of adding up the signals from
each individual antenna, taking into account their strength and direction. [23]. The
total electric field is just the sum of the fields from each antenna.

E, = E\ + By (2.5)

For a two-element array positioned along the z-axis, the radiated electric field in the
far-field region is given by:

0 .
g, =

. (kd cos 6+3) . (kd cos 6+3)
= FERTE | T
Ay

kIole % cos@ |eti 2

(2.6)

This equation shows how the radiated field is influenced by the element spacing,
phase shifts, and the direction of observation where k = 27” is the wave number, d
represents the spacing between the two antenna elements, 3 is the phase difference

between them, and 6 is the observation angle [23].

From this, we define the Array Factor (AF) as:

AF = 2cos [;(kdcosﬂ + ﬁ)] (2.7)

or in normalized form:

(AF),, = cos B(kd cos 6 + 5)} (2.8)

The array factor is a function of the geometry of the array and the excitation phase.
By varying the separation d and/or the phase [ between the elements, the char-
acteristics of the array factor and of the total field of the array can be controlled
[24].

Now if we want to expand the concept with N uniformly-spaced elements, we can as-
sume that phased array consists of multiple antennas outputs X1, X5, X5, X4, ..., X,
arranged in a defined geometry. Each element in the array is assigned a weighting
factor that adjusts its amplitude and phase. The output signals from all elements
are summed to form the overall radiation pattern. The sum of the output signal of
the phased array is shown in Figure 2.8.
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Wz

W

Figure 2.8: Summing of the signals to form output in phased array

In reference to the figure 2.8, the output of the antenna array can be written as:
N
Y =Y w,E, (2.9)
n=1

For an N-element uniformly spaced linear array, where elements are separated by
distance d, the array factor is given by:

N-—1
AF(Q) _ Z ejn(kdcos9+ﬁ) (210)
n=0

By changing the phase [ or the distance d between the antennas, we can control
the main direction of the signal, reduce unwanted signals (sidelobes), and adjust the
spots where there’s no signal (nulls), which helps in steering the beam and reducing
interference.

Previously it was shown how uniformly-spaced antenna array is calculated, but if
we want to steer the array towards the desired direction selected weight can be
calculated by using this formula :

W — ej(decost) (211)

In this equation, k£ represents the wave number, and d is the spacing between ad-
jacent array elements. These weights adjust the phase and amplitude of the signal
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at each antenna element, helping to focus the beam towards the target direction.
However, a problem can occur in uniformly spaced arrays when the spacing between
the antenna elements is too large. In this case, the array may also radiate strong
signals in other directions, creating grating lobes, which are unwanted beams that
appear due to the antenna elements being spaced too far apart, causing the array to
unintentionally radiate energy in directions other than the desired one. These addi-
tional radiation beams can lead to interference, changing the direction and efficiency
of the main beam [20].

To address the issue of grating lobes and improve beam steering capabilities, phased
array antennas are designed to dynamically adjust the phase and amplitude of indi-
vidual antenna elements in a controlled manner. Unlike traditional antenna arrays
with fixed element properties, phased arrays incorporate adaptive beamforming tech-
niques to optimize radiation patterns in real-time. A phased array antenna consists
of multiple radiating elements, where each element’s signal is controlled through
electronically adjustable phase shifters, which means that direction of the signal
is changed by adjusting the phase of each antenna. This allows the overall radia-
tion pattern to be modified without mechanically moving the array, making phased
arrays highly flexible for various applications, including radar, wireless communica-
tions, and satellite systems. [20]. The formula below calculates the phase shift for
each antenna element in a phased array to steer the main signal beam in the desired

direction:
w, = 6j(kdncos Oq+dn) (212)

By carefully selecting ¢,,, phased array antennas can achieve beam steering, null
steering, and beam shaping, allowing for greater control over signal directionality
and interference suppression.

2.5 Impact of boat motion on antenna array

Even though beamforming was described in previous sections, in this section the
entire problem will be presented with more details. Imagine a boat sailing across the
vast Atlantic Ocean, equipped with an array of antennas. These antennas help the
boat stay connected by communicating with satellites and other vessels. They are
used for navigation, weather updates, and sending signals over long distances. Even
in the middle of the ocean, the antenna array ensures the boat can receive important
information and stay in touch with the outside world. As the boat speeds through
the sea, its antenna array is constantly affected by six different types of motion. It
surges forward and backward along the x-axis, swayed side to side along the y-axis,
and heaved up and down along the z-axis due to the waves. Additionally, the boat
experienced rotational movements: rolling from side to side (¢), pitching forward and
backward (), and yawing left and right (¢/). Each of these motions influences how
the antennas transmit and receive signals, making precise beamforming adjustments
necessary to maintain stable communication [25]. An illustration is given in Figure
2.9.
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Figure 2.9: Movements of a floating boat

As the boat is moving through the sea, the antennas are not staying in the fixed
positions. Normally, the position of each antenna in the array was defined by fixed
coordinates (z,, Yn, 2,). However, because the boat was in motion, the actual po-
sition of each antenna at any given time changed. This movement was influenced
by two factors: rotation and velocity. The rotation, represented by rotation matrix,
explained the tilting motions of the boat, roll, pitch, and yaw. Meanwhile, the veloc-
ity vector captured the boat’s linear movements—surge, sway, and heave. Together,
these effects determined the true position of each antenna at any moment, which was
crucial for adjusting the beamforming process and maintaining clear communication
[25]. A true position of antenna is given by the formula:

Pu(t) = pn(0) + R(K(1))pn(0) + v(t)t (2.13)

Changing the position of the antenna array has great effect on antenna signals.
When the ship is stationary, the antenna array works by aligning the phase of the
signals received at each antenna. This alignment is mathematically represented by

the formula:

a(f) = [ O w0 i Dhsing] (2.14)

Signal phase in this formula depends on number of antennas (V),the spacing between
them (d), the signal frequency (w), and the angle of the incoming signal (6). The
signal phases are perfectly aligned, so the system can process them easily. However,
when the ship moves, everything changes. The motion of the ship causes phase
shifts in the received signals, making it harder to maintain synchronization. The
new signal formula for a moving ship becomes:

(N—1)d
c

a(e’ /i(t)) — ejzp(t) sinf ejqﬁ(t)cos@ . ej (wsin 0+ (t)+y(t)) (215)
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The new formula a(f, k(t)) accounts for the ship’s motion. It includes additional
factors that represent the yaw, pitch, roll, surge, and sway of the ship. Yaw ((t))
causes slight shifts in the phase. Pitch (6) and roll (¢(t)) change the angle at which
the signal arrives, which affects the received signal. Surge (&(t)) and sway (y(t))
cause Doppler shifts—frequency changes due to the motion of the ship—that distort
the signal. In simple terms, the ship’s movement messes up the timing and angles
at which the antennas receive the signal [25].

If we want to predict which of these motions matters most for the signal received
or transmitted by an array of antennas on a moving boat Taylor series expansion
can be used. From this expansion we can conclude how sensitive the signal is to the
changes in the boat’s position and direction.

da(0) da(8)
50 Af + 96

A¢+agf)5g(t)+ 5 (D) (2.16)

Aa(0,t) ~

2.6 Homogeneous coordinates

In Euclidean coordinates, a point in the 3D space is represented by a triple of coordi-
nate values (x, y, z), which indicates its position along three axes. In homogeneous
coordinates a fourth value is added, called weight. These extra dimensions made
homogeneous coordinates useful in processes like rotation, transformation, and scal-
ing. Standard 2D Cartesian coordinates and 3D Euclidean coordinates make some
transformation (such as translation) difficult to express using simple matrix multi-
plication. So, a 3D point for Eucledian to homogeneous coordinates is represented
as (z,y, z) = (z, y, z, w) [26].

As a type of transformation, translation refers to the movement of an object from one
place to another without rotation. In homogeneous coordinate system, translation is
represented as matrix multiplication with translation matrix. If we want to translate
a point P(z,y, z) by (T,,T,,T.), we use a 4x4 homogeneous translation matrix:

(2.17)

o OO =
O O = O
O = O O
’_‘zﬁ@%&;ﬂ

Multiplying the point’s homogeneous coordinates P, = [x,y, z, 1] by the translation
matrix gives:

100 T, [z x+T,

. o1 0 T |y y+T,

P=T-Ph=1y o 1 7| |2 2+ T, (2.18)
000 1] [1 1

This translates the point P(x,y, z) to a new position P'(z + Ty, y + 1Ty, z + T%).

Rotation in 3D refers to rotating an object around one or more of the coordinate
axes. The rotation is represented by a rotation matrix that can be applied to any
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point or vector in 3D space. There are three main types of rotations in 3D, depending
on which axis the object rotates around [26] - [27]. The rotation matrix for a roll
(rotation around the x-axis) is:

1 0 0
Ri(6)= |0 cos(d) —sin(o) (219)
0 sin(¢) cos(¢)

The rotation matrix for a pitch (rotation around the y-axis) is:

cos(d) 0 sin(0)
RO =| 0 1 0 (2.20)
—sin(f) 0 cos(6)

The rotation matrix for a yaw (rotation around the z-axis) is:

cos(y) —sin(yp) 0
R.(¢) = |sin(¢)) cos(¢p) 0 (2.21)
0 0 1

These rotation matrices can be combined to perform rotations around multiple axes.
For example, to perform a combined rotation of pitch, roll, and yaw, the total
rotation matrix is the product of the individual rotation matrices:

Rtotal = RZ(w) : Ry(e) : Rz(¢) (222>

To apply the rotation to a point P(z,y, z), the rotation matrix is multiplied with
the point’s homogeneous coordinates:

Pl - Rtotal : Ph <223)

This rotates the point P(x,y, z) by the specified roll, pitch, and yaw angles.

One of the transformations that will be described but not used in this master thesis
is scaling. This transformation changes the size of an object in 3D space. We can
scale an object uniformly (in all directions) or non-uniformly (in different directions).
Scaling is represented by a scaling matrix [27].

For example, to scale a point P(z,y, z) by factors s,, s,, s, along the x, y, and z
axes, the scaling matrix is:

s 0 0 0
o s, 00
S=10 ¢ s 0 (2.24)
0 0 0 1

Multiplying the point’s homogeneous coordinates Pj, = [SL’ Yy oz 1} by the scaling
matrix gives:
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s; 0 0 0 T Sy X
P o 10 s, 0O Y Sy Y
Pr=5-h = 0 0 s, 0] |z S, 2 (2.25)
0O 0 0 1 1 1

This scales the point P(x,y, z) to a new position P'(s, - z,s, -y, s, - z), effectively
changing the size of the object.

In the most of the cases, rotation, translation and scaling will be combined to
manipulate the object position, orientation and size by multiplying the respective

transformation matrices:
71totaLl =T- Rtotal =S (226)

Then this matrix can be applied to the point P:

P = Tiotal = Pn (227)

2.7 Computing the steering vector from IMU data

When the sensor moves, its orientation changes based on rotational and translational
components. To determine how much sensor moved in space meaning in position x,
y, z we use translation vector [28].

28
T =|t, (2.28)
t

To determine whether translation has occurred, we compute the displacement from

acceleration:
T:/vdt://adt2 (2.29)

where a is the measured acceleration from the IMU. If acceleration is zero, there is
no translation. If we want to check where the sensor is pointing after rotation, we
use rotational matrix.

R=R.(V)R,(0)R.(¢) (2.30)
Multiplying these three matrices together gives:

cos 6 cos cos fsin vy —sinf
R = |sin¢sinfcosy — cospsiny sin ¢sin @ sin + cos ¢ costy  sin ¢ cos
cos ¢sinf cos) +sin ¢siny cos ¢ sinfsiny — sinpcosy cos @ cosb
(2.31)

To account both rotation and translation, sensor position has to be updated like
this:
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P =TP (2.32)

In this equation T' stands for homogenous transformation matrix that can be calcu-

lated as follows:
Ry Rig Rz ty

Roy Ryy Ros ty

T = 2.33
R31 Rsx Rsz t. (2:33)
0 0 0 1
The entire transformation point can be expressed as:
2/ Rin Rz Riz t.] [x
Y| |Ran Ra R t,| |y
2"\ |Rsi Rsa Rsz t.| |z (2:34)
1 0 0 0 1] |1

This transformation is particularly important in antenna beamforming, where the
azimuth and elevation angles describe the direction in which the antenna is pointing.
The azimuth angle represents the horizontal direction of the antenna’s radiation
pattern [28]. It is measured in the XY-plane from a reference direction, typically
the positive X-axis, spans from 0° to 360°, and can be calculated like this:

tamf1<y> (2.35)

l‘l

The elevation angle denotes the vertical direction of the antenna’s radiation pat-
tern. It is measured from the horizontal plane (XY-plane) upward along the Z-axis,
ranging from 0° (on the horizon) to 90° (directly overhead). This angle describes
how the antenna’s radiation pattern is oriented above or below the horizon [28]. For
instance, an elevation angle of 45° indicates that the antenna’s main lobe is directed
halfway between the horizon and the zenith, and it can be calculated like this:

!/

_ z

Figure 2.10 shows the azimuth and elevation angles used to describe the orientation
of an object in 3D space.
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Figure 2.10: Azimuth and elevation angles illustration [29]

2.8 Preprocessing the collected data

Once the raw IMU data is acquired, it undergoes preprocessing to clean and smooth
the data, which can be noisy due to factors like vibrations or electrical interference.
The preprocessing step involves filtering the data using either the Kalman Filter or
the Complementary Filter. The Kalman Filter is a more advanced technique that
uses a recursive approach to estimate the system’s state. It involves two main steps:
the prediction and update steps [30]. In the prediction step, the state is predicted
based on the previous state and control input:

where 7, is the predicted state, A is the state transition matrix, wu is the control
input, and B is the control input matrix. In the update step, the K} is computed,
and the state estimate is corrected using the measurement:

P_HT
Ky=—%*_" 2.38
*“ HP_HT + R (2.38)

In the Kalman gain equation, P} represents the state estimate covariance, H is the
measurement matrix, R is the measurement noise covariance, and K}, is the Kalman
gain that optimally blends the predicted state and measurement.

The Complementary Filter, on the other hand, is a simpler method that combines
accelerometer and gyroscope data using the formula:

Qk = (Gk_l + At . wk) + (1 — CY) . Qaccel (240)

where 0 is the estimated angle, w; is the angular velocity from the gyroscope,
and @,.ce is the angle computed from the accelerometer data. The constant «
determines the weight given to the gyroscope versus the accelerometer data. Both
filtering techniques help eliminate noise and smooth out sudden changes in the data,
ensuring that the cleaned data can be used for the next step in the process, such as
the beamforming computation for the antenna array [31].
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2.9 Motion compensation in beamforming

Once all data are collected and preprocessed, the next step is to do the beamforming
computation with the set of formulas that were provided in previous chapter. As
was mentioned, when a platform (like a boat or drone) moves, it causes the sig-
nals received by the antennas to become distorted. To correct this and keep the
beamforming system working properly, we need to make adjustments based on the
platform’s movement. The main adjustments we have to do are: correcting the
phase shifts, correcting Doppler shifts, and tracking the platform orientation [32].

As the platform moves, the antennas will experience slight phase shifts due to the
relative motion. To correct these phase shifts, we will calculate the phase correction
for each antenna element based on the platform’s velocity and acceleration data.
The phase shift correction for antenna element is given by:

‘gcorrected - goriginal + Aemotion (241)

where Oorigina is the initial phase calculated from the signal’s angle of arrival and
Abotion 18 the phase shift caused by the platform’s movement, which can be deter-
mined by the motion-induced velocity and acceleration data provided by the IMU.

The movement of the platform relative to the incoming signal causes Doppler shifts
in frequency, meaning the frequency of the received signal will appear different
due to the relative motion. This must be corrected to prevent distortions in the
beamforming process [32]. The Doppler frequency shift can be calculated as:

v

fdoppler = Efcarrier (242>

The Doppler shift correction is applied by adjusting the signal’s frequency as it
is received. This ensures that the received signal matches the expected frequency,
regardless of the platform’s motion.

The antenna array’s steering vector a(6,t) is updated dynamically based on the
platform’s orientation. To update the steering vector, the corrected phase will be
used and calculated. To adjust the vector two angles azimuth 6 and the elevation ¢
will be used [33]. The steering vector for all antennas in the array can be expressed
as:

i (W()sind) | oi($(t)cosh) | I oya(wsinO+i(t)+5(1))

eI () sind) | oi($(t) cosb) | d rrya (wsinb+E(t)+5 (1)
a(0,k(t)) = . (2.43)

eI (W()sin0) | oj((t) cos0) | oI rn—mya (wWsind+i(t)+y(t))
Here, each row corresponds to the steering vector for a specific antenna element in
the array, where the index n varies from 0 to N — 1. The term (N — 1) - d ensures

the phase shift for each antenna element is adjusted based on its position within the
array.

Once the phase shifts and Doppler corrections are applied, the final step is to apply
the updated steering vector in real-time beamforming computations, this would
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involve dynamically adjusting the weights for each antenna element to focus the
beam in the desired direction.In equation 2.44, a(#,t) is the updated steering vector
and S is the vector of received signal data.

Beamformed Signal = a(6,t) - S (2.44)

In a Python implementation (using the PYNQ framework or other computational
systems), this formula would be applied continuously in a loop, where you read the
real-time data from the MPU6050 IMU, compute the angles 6, ¥ (t), and ¢(t), and
update the steering vector for the antenna array.

2.10 Inertial measurement unit for motion track-
ing

Inertial measurement unit (IMU) device tracks the movement of an object in the
space. It uses a combination of sensors to detect changes in the position, orientation,
and velocity of the object. IMUs are commonly used in devices like airplanes, boats,
drones, and smartphones to help determine the object’s motion and orientation with-
out relying on external references (like GPS). An IMU usually contains three main
sensors that work together to measure different aspects of motion: accelerometer,
gyroscope, and magnetometer [3].

An accelerometer is a sensor that measures the linear acceleration of an object along
three axes (x, y, and z), which corresponds to how quickly the object is speeding up
or slowing down in any direction. It detects changes in velocity, whether the object is
moving forward, backward, up, down, or sideways. By continuously measuring these
accelerations, the accelerometer provides real-time data on the object’s movement
and position. In applications like drones or boats, the accelerometer helps track
the object’s speed, direction, and any forces acting on it, such as when the boat
accelerates forward or tilts due to waves. This data allows the system to adjust and
control the motion to ensure smooth navigation and maintain stability, making the
accelerometer essential for tracking motion and maintaining accurate positioning in
dynamic environments [34].

A gyroscope is a sensor that measures the rate of rotation, or angular velocity, of
an object around its axes (roll, pitch, and yaw). It detects how fast an object is
rotating in three directions: roll (side-to-side tilt), pitch (up-and-down tilt), and
yaw (turning left or right). By continuously tracking these rotations, the gyroscope
provides real-time data on the object’s orientation, helping to maintain stability
and control. In applications like drones, for example, the gyroscope detects if the
drone is tilting or rotating unexpectedly, and this data is sent to the flight controller
to make adjustments, such as powering specific motors to correct the orientation.
This enables the object to maintain a desired position and direction, making the
gyroscope crucial for ensuring smooth, stable motion in dynamic environments.
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A magnetometer is a sensor that measures the magnetic field around an object, typ-
ically to determine its orientation relative to the Earth’s magnetic field, or magnetic
north. It detects changes in the direction and strength of the magnetic field along
three axes (x, y, and z) [3]. By measuring the magnetic field, the magnetometer
helps determine the heading or direction of the object, much like a compass. In
applications like boats or drones, the magnetometer provides essential data about
the object’s orientation, helping to correct and maintain its course. For example, if
a drone turns or drifts off course, the magnetometer helps the system understand
which direction it is facing, enabling it to make adjustments to ensure the object
stays on the desired path. This makes the magnetometer vital for accurate navi-
gation and orientation, especially in environments where GPS signals may not be
reliable [34].

In the figure 2.11 IMU sensor MPU-6050 that will be used during this project is
shown.

Accelerometer e . & Gyroscope

|=
im

5

Figure 2.11: IMU sensor MPU-6050
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2.11 PYNQ-Z1 board technical background

The PYNQ-Z1 (Python Productivity for Zynq) is an FPGA development board
built around the Xilinx Zyng-7000 SoC (System on Chip). This chip combines a
dual-core ARM Cortex-A9 processor with programmable logic (FPGA fabric) on
the same die, enabling close interaction between software and hardware in a single
device.

The hardware system block diagram, as shown in Figure 2.12, illustrates how dif-
ferent components are connected inside the FPGA. It typically includes the ARM
processing system, various custom IP blocks for signal processing or control, AXI
interconnects (Advanced eXtensible Interface) for data exchange, and peripheral in-
terfaces such as 12C (Inter-Integrated Circuit), SPI (Serial Peripheral Interface), and
GPIO (General-Purpose Input/Output). This diagram provides a clear overview of
how hardware modules are structured and how they communicate with software,
enabling efficient real-time data processing and hardware acceleration.
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Figure 2.12: A hardware system block diagram of a PYNQ 71

The PYNQ framework simplifies FPGA development by allowing control logic to
be written in Python, typically within Jupyter Notebooks. These Python scripts
run on the ARM processor inside the Zynq chip and are used to control hardware
blocks, called IP cores (Intellectual Property cores), on the FPGA fabric. These
IP cores are grouped into what is known as an overlay, which usually consists of a
bitstream (.bit) file that programs the FPGA and a hardware description (.hwh)
file that provides metadata about the design.

It is important to understand that Python is not used to design the hardware itself,
but rather to interact with and control it. When developers need custom hardware,
they write logic in C or C++ using tools such as Vivado HLS (High-Level Synthe-
sis) or Vitis HLS. This code is then synthesized into HDL (Hardware Description
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Language), packaged into an IP core, and connected within a Vivado block design.
Once complete, the hardware is compiled into a new bitstream that is loaded onto

the PYNQ board.
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Approach

This chapter explains how we will implement and test beamforming on a moving
platform. The main goal is to track the movement of the platform in real time,
understand how this motion affects the signal received by an antenna array, and
then adjust the beamforming process to correct for these disturbances. To do this,
we will first use an inertial measurement unit (IMU) sensor to measure how the
platform moves. This motion data will then be processed and used to adjust the
way signals are combined in the antenna array. Then we need to handle these real-
time calculations efficiently and adjust the phase of signals received by the antennas
to maintain clear communication despite movement. By combining motion tracking
and signal processing, we aim to demonstrate how adaptive beamforming can work
effectively on moving platforms such as boats, drones, or vehicles.

3.1 Motion Tracking Using the MPU6050 Sensor

Sensor of movement that will be used is MPU6050 (Motion Processing Unit 6050)
sensor, which is a small motion sensor. To use this sensor in an embedded system
(microcontroller or FPGA), we need a way to transfer data between the sensor
and the processing unit. One of the most efficient ways to do this is by using 12C
communication. The MPUG6050 acts as a slave device, which means that it waits
for instructions from a master device. The master device plays a critical role in 12C
communication by controlling the clock signal (known as SCL, or Serial Clock Line)
that ensures that both devices stay synchronized, see Figure 3.1.

Master sends the command ("Send Gyroscope data")

Sensor sends back the data ("Gyro X=120,Y=95,Z=-30")

Figure 3.1: 12C communication to IMU sensor MPU-6050
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3.2 FPGA Setup and Integration

To make the FPGA perform a specific task, an overlay must be created, which is a
file that configures the FPGA to carry out that task. This process typically begins
with designing the hardware functionality we want to implement. One efficient way
to do this is by using C or C++ in a tool called Vitis HLS (High-Level Synthesis)
[35]-[36]. This approach lets we describe your hardware behavior using high-level
code instead of traditional hardware description languages. The goal is to turn
your C/C++ code into a hardware block (known as an IP core) that can be used
inside a larger system design for the FPGA. The process starts by writing algorithm
or hardware logic in C or C++4, such as a signal processor, data filter, or math
function. Once the code is written, it is simulated to check that it works correctly.
After simulation, the next step is synthesis, where Vitis HLS converts your C/C+-+
functions into a hardware description that can be run on an FPGA. Once the raw
data is collected from the sensor and stored on the FPGA board, the next step is to
process and visualize the data. This includes plotting the sensor outputs, calculating
the array factor, and analyzing how it influences the beamforming performance or
overall system behavior [35].

3.3 Real-time visualization

Python-based Jupyter Notebooks on the PYNQ-Z1 board are used to provide a user-
friendly interface for monitoring and controlling the system. The real-time sensor
data from the MPUG6050 is visualized within the Jupyter Notebook, allowing users
to observe the platform’s motion and how the beamforming system is adjusting in
response. The real-time data, including acceleration and angular velocity, can be
graphed, and users can see the dynamic beamforming adjustments made by the
system. This makes it easy to analyze the system’s performance and verify that
the compensation techniques are working as expected. For visualizing the real time
sensor data and dynamic beamforming adjustments, Plotly is most recommended
as it allows creation of interactive plots that users can zoom, but simpler static
visualization can be performed as well by using the Matplotlib [36].
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Design

The overall design of the system consists of several key components working in
tandem to track the platform’s movement and optimize the beamforming process
of the antenna array. In Chapter 3, we outlined the necessary components for
tracking platform movement an IMU sensor and the FPGA PYNQ-Z1 board using
[2C communication. To track the platform’s movement and adjust the beamforming
in real-time, the sensor data is fed into a complementary filter. The filter is used
to combine accelerometer and gyroscope data, providing a more accurate estimate
of the platform’s orientation. Based on this, the azimuth and elevation angles are
calculated, which are critical for adjusting the antenna array’s signal phases.This
adjustment ensures that the antenna array maintains optimal signal quality even as
the platform moves. Next, the array factor of the antenna array is calculated based
on the adjusted signal phases. The array factor represents the radiation pattern of
the antenna array, and its values are stored for analysis. We also analyze how much
memory the array factor requires and plot it to visualize the system’s performance.
Entire system design is illustrated in Figure 4.1.

¥ N

Store Azimuth and
Elevation angles

Transformation of inside board
obtained data

Complementary
filter

Manipulate Array

Figure 4.1: System design
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To conclude, important components for this design are IMU sensor, complementary
filter inside FPGA board and array factor stored inside FPGA memory. In this
design, we mathematically compute the array factor and the beam that is formed
based on the phase adjustments. However, when connecting a real antenna array
to the system, hardware acceleration becomes essential. This is because real-time
adjustments to beamforming need quick and efficient processing, which regular soft-
ware can’t handle, especially not in fast-changing environments. That’s why in the
next section, we’ll discuss how hardware acceleration helps solve this problem.

4.1 Hardware acceleration

FPGA hardware acceleration may be used to handle the heavy calculations needed
for beamforming, which is important in real-time applications where we need quick
responses and low latency. Low latency means the system needs to process data
quickly, without any noticeable delay. For example, if the platform (like a drone or
robot) moves, the antenna’s signal must quickly adjust to stay focused on the target.
If the system is too slow, the antenna might point in the wrong direction, losing
the signal or reducing performance. Beamforming involves complex tasks like phase
correction and Doppler shift compensation, which are computationally heavy. Phase
correction adjusts the timing of signals from different antennas to make sure they all
combine in the right direction. Since each antenna might be positioned differently,
this requires a lot of math to calculate for each one. Doppler shift compensation
deals with changes in the signal frequency due to the movement of the platform,
and correcting this also needs fast processing. All of this requires processing lots of
data in real time, which is why beamforming is computationally demanding.

PYNQ Z1 board is very efficient and helps keep the system responsive. This means
the antenna can be adjusted dynamically, ensuring it’s always pointed in the right
direction with minimal delay. This approach makes system fast, energy efficient and
capable of handling large amounts of data, which is perfect for applications where
real-time performance is critical, such as adjusting signals based on the movement
of the platform. PYNQ-Z1 has some built-in hardware called fixed peripherals, like
12C, SPI, and UART. These are ready to use and don’t need to be built in the
FPGA. In order to connect a motion sensor and establish communication, one of
fixed 12C peripherals must be enabled. To use them, we have to turn them on in
Vivado and connect them to the right pins (MIO). If this is not set this up correctly,
the processor won’t be able to talk to [2C sensor, because the connection isn’t made
yet.
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4.2 Design implementation

To start with design first step is to physically connect sensor and the board. To use
the board, we usually connect it to a laptop or desktop computer using a USB cable
or through a network cable (Ethernet). This lets us open and run Jupyter Notebooks
that are stored inside the board. So before uploading and running our overlay, we
make sure that all the devices are connected properly so the system can work as
expected. Additionally, other devices can be added to make the system more useful.
For example, LEDs can be used for status indication, switches for manual control,
or displays to show real-time data or system status. These external devices can be
connected to the PYNQ board through PMOD ports or GPIO headers, allowing
interaction with the FPGA based design. By integrating such devices, the system
can become more interactive and provide more feedback to the user.

Now when the board is connected we need to create a custom overlay for the PYNQ
framework. For this project we need two custom overlays. The first overlay handles
the I2C communication between the FPGA and an external device, such as an
IMU sensor. For this overlay, the Vitis HLS code was pre-written because the 12C
communication block is already designed and implemented within Vivado. The
second overlay, which is done from scratch in Vitis HLS, calculates the array factor
(AF) for an antenna array using an FPGA. It takes in inputs like the precoder values
(which control the antenna phase shifts), the distance between antenna elements,
the wavelength, and the azimuth/elevation angles for scanning. The overlay then
calculates the signal strength for each direction the antenna scans and normalizes
the results. By creating an overlay, the process becomes much faster, allowing the
system to adjust the beamforming in real-time. This is important for applications
like antenna array signal processing, where quick adjustments are needed to maintain
a strong signal. After this overlay is implemented, a testbench is created to simulate
and verify how the overlay behaves in different situations. The testbench helps
ensure that the array factor calculations are working correctly and that the FPGA
can handle real-time beamforming tasks efficiently. Block diagram is shown in Figure
4.2.
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Figure 4.2: Block diagram of antenna array overlay and testbench

After completing the design in Vitis HLS, the next step is to export the RTL (Reg-
ister Transfer Level) code, which is a hardware description (typically in Verilog or
VHDL). This RTL code defines the hardware logic for the custom IP (Intellectual
Property) core created from the high-level C/C++ code. Once exported, the RTL
is imported into Vivado, where it is integrated into a block design. In Vivado, the
custom IP core is connected to other system components, like the Zynq Processing
System, through an AXI interface. After the design is validated and all components
are correctly connected, a bitstream file (.bit) is generated, which configures the
FPGA with the synthesized hardware logic. Additionally, a hardware description
file (.hwh) is created, which provides the PYNQ platform with information about
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the hardware structure. These files are then transferred to the PYNQ board, where
the design can be used for real-time signal processing or beamforming tasks. In the
Figure 4.3 the block design diagram in Vivado is shown.
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Figure 4.3: Vivado block diagram

To use the created overlay in a Jupyter Notebook on the PYNQ board, we write
Python code that loads the bitstream using the Overlay class from the PYNQ library.
Once loaded, custom hardware is ready to be used. If block uses AXI interfaces
which this does and it’s mainly used for [2C communication, we can control it from
Python using libraries such as AxiGPIO for simple inputs and outputs, or MMIO (
Memory-Mapped Input/Output) for direct memory access.

In summary, creating a custom overlay in PYNQ using C++ involves writing and
synthesizing the design in Vitis HLS, integrating it in Vivado, generating the bit-
stream and configuration files, and using Python code in Jupyter Notebooks to run
and test the design on the FPGA. This approach makes it much easier to build
and test powerful FPGA based systems, especially for people more familiar with
software programming than hardware design.
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Results

This chapter presents the results obtained from reading raw sensor data and esti-
mating orientation using the MPUG6050 and magnetometer sensors. The data was
collected via 12C communication at a sampling rate of 100 Hz for 100 seconds. The
sensor was moved in a sequence of rotations yaw, followed by roll, and then pitch,
to capture changes in orientation. After the rotations, the sensor was also moved
around to record its translation through space. During this time, accelerometer,
gyroscope, and magnetometer measurements were continuously recorded. The ac-
celerometer data provided linear acceleration along the three axes (x, y, z), while the
gyroscope measured angular velocity, and the magnetometer captured the magnetic
field values. The raw sensor readings corresponding to the first ten data samples
were recorded and presented in the following table for further analysis in the Table
5.1.

Index ax ay az gx | gy gz mx my | mz
1 0.5204 | 0.0029 | 1.9999 | -357 | -651 | 1455 | -29147 | -28818 | 90
2 0.5198 | 0.0031 | 1.9999 | -930 | 71 | -284 | -29147 | -28818 | 90
3 0.5204 | 0.0034 | 1.9999 | -936 | 79 | -287 | -29147 | -28818 | 90
4 0.5192 | 0.0028 | 1.9999 | -940 | 76 | -288 | -29147 | -28818 | 90
5 0.5187 | 0.0026 | 1.9999 | -935 | 78 | -296 | -29147 | -28818 | 90
6 0.5194 | 0.0018 | 1.9999 | -944 | 86 | -301 | -29147 | -28818 | 90
7 0.5181 | 0.0031 | 1.9999 | -934 | 82 | -292 | -29147 | -28818 | 90
8 0.5183 | 0.0039 | 1.9999 | -942 | 80 | -289 | -29147 | -28818 | 90
9 0.5201 | 0.0039 | 1.9999 | -939 | 76 | -292 | -29147 | -28818 | 90
10 0.5189 | 0.0055 | 1.9999 | -932 | 72 | -290 | -29147 | -28818 | 90

Table 5.1: Sensor Data Sample without Angles

The table shows original measurements, which are helping us understand where
the data started and how processing of these data changes over time and how that
affects the final results. The acceleration values indicate that the device is mostly
steady, with gravity acting mainly on the z-axis. The gyroscope readings show
small rotational movements, while the magnetometer data remain fairly constant,
suggesting a stable magnetic environment during the measurements.

If these measurements are repeated over longer period of time, somewhat different
results will be obtained if different movements are performed. The variability in
the repeated measurements provides a foundation for further processing, such as
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applying filters or sensor fusion algorithms, to improve accuracy and robustness in
orientation tracking. First, the magnetometer data needs to be calibrated to reduce
noise and bias. Uncalibrated data introduces errors in sensor fusion algorithms,
causing incorrect orientation or heading estimation when combining accelerometer,
gyroscope, and magnetometer data.

Sensor Vectors at Step 0

— Accelerometer
— Gyroscope
—— Magnetometer

Figure 5.1: Rotation of IMU sensor

In the Figure 5.1 these values are plotted in the real time and they are changing
according to the movement of the sensor. When we watch the square rotate, we
are actually seeing a live, real-time animation of the sensor’s orientation in space.
This helps understand how the sensor (or the device it’s attached to) is positioned
and moving without needing to interpret raw numbers. The orientation angles (roll,
pitch, yaw) give a complete description of the sensor’s 3D orientation over time.

The presented image is only measurement of raw sensor data. In order to track
the real sensor data, we also need to calculate linear velocity and position by in-
tegrating acceleration over time. This is important to understand how the device
moves through space, allowing us to track its exact location and motion dynamics.
To calculate the sensor’s movement accurately, we first compute linear velocity by
integrating the measured linear acceleration over time, using the formula

Vg = Up—1 + akAt, (51)

vy = vo + a1 X At = 0+ 0.5204 x 0.01 = 0.005204 m/s (5.2)

38



5. Results

From equation 5.2, for the time step of 0.01 we can conclude that the initial velocity
vy is small, indicating that the movement at the beginning will be minimal. This
suggests that the sensor will take its current position as initial. As the time interval
increases and as the sensor moves further from the initial position, both velocity
and position increase as well. Negative velocity and position values can be expected
when the acceleration a; or velocity v; components are negative in the formula,
reflecting movement in the opposite direction.

Then, we find the linear position by integrating the velocity.
Pk = Pr—1 + VAL (5.3)

p1=po +v1 X Al =0+ 0.005204 x 0.01 = 5.204 x 10~° m (5.4)

From equation 5.4 we observe that the displacement p; at time step 0.01 is very
small, which confirms that the sensor has only moved a tiny distance from its initial
position. This small change is consistent with the low velocity value calculated
before .

These calculations convert raw acceleration data into velocity and position esti-
mates, allowing us to track the sensor’s trajectory and determine key orientation
parameters. By incorporating linear velocity and position data, the system can dy-
namically adjust the orientation of the antenna, compensating for movement, and
ensuring more precise beam steering and better overall performance. In applications
like antenna arrays, accurately knowing the position and movement of the sensor
is crucial to calculate the azimuth and elevation angles. These angles describe the
direction of the antenna relative to a reference frame, which directly affects the ar-
ray’s ability to focus signals and improve reception or transmission. From Figure
5.2 we can see the full trajectory of our sensor while moving through space. At the
beginning when we start moving the device, position in which device is currently in
will be evaluated as initial position (0,0) which we can see from the figure. Later as
we move from the starting position, we can see different direction of trajectory and
the position and orientation of the sensor are changing as well, which was already
predicted by observing the formulas for position and velocity. It is important to
track the sensor’s movement because the beam needs to follow the same direction
as the sensor.
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Estimated Sensor Translation

—— Tajectory

X (m) =2 -150

Figure 5.2: Tracking movement of the IMU sensor

Now when we have successfully tracked the sensor’s movement, including its orien-
tation and trajectory, we use a complementary filter to improve the accuracy of this
tracking. The complementary filter combines data from the accelerometer and gy-
roscope: the accelerometer gives reliable long-term orientation, while the gyroscope
provides smoother short-term changes. By blending them, the filter reduces noise
and drift, giving a more stable and accurate estimate of the sensor’s orientation
over time. Filter has its own parameter o that affects how we estimate the sensor’s
orientation, which is important for calculating its movement path, or trajectory. To
understand better the effect of the complementary filter, we analyzed how changing
the o factor influences the estimated sensor trajectory which is illustrated in the
Figure 5.3. In the previous plot, we used a fixed « value to track the movement.
Now, by adjusting «, we can observe how the trajectory changes: when alpha is set
closer to 1, the trajectory becomes smoother and more responsive due to the domi-
nance of the gyroscope data, but over time, it may drift away from the actual path.
On the other hand, when alpha is reduced, the trajectory appears more stable and
less affected by drift, as it relies more on accelerometer data, but this also introduces
more noise and jitter. These differences clearly show how tuning alpha impacts the
balance between smoothness and accuracy in trajectory estimation.
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Sensor Trajectory vs. Filter Coefficient
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Figure 5.3: Influence of the complementary filter on the sensor trajectory

Now that the data has been processed using the complementary filter, we can esti-
mate the sensor’s orientation in terms of roll, pitch, and yaw angles. These are the
three main angles used to describe the orientation of an object in 3D space. The
roll and pitch angles are calculated by combining accelerometer and gyroscope data
using the complementary filter, which helps reduce noise and improve stability. The
yaw angle, however, is more challenging to estimate accurately, as it relies mainly
on gyroscope data due to the accelerometer’s limitations in detecting horizontal
rotation.

In the plot shown in Figure 5.4, the roll, pitch, and yaw angles are displayed over
time. From this figure, we can observe how the orientation of the sensor changes
during the movement. For example, steady changes in yaw indicate rotation around
the vertical axis, while fluctuations in pitch and roll reveal tilting or swinging mo-
tions. The estimated roll, pitch, and yaw angles show a realistic and expected range
of motion. The roll and pitch angles vary approximately between —75° and +75°,
indicating that the sensor experienced moderate tilting and rotation around the
side-to-side and front-back axes. This is typical in scenarios where the device un-
dergoes dynamic motion but remains within physically reasonable orientation limits.
Although the yaw angle appears to span from 0° to 360°, this range is the result
of small oscillations around the 0°/360° boundary rather than a true full rotation.
This behavior is common in orientation data when minor movements occur near the
wrap-around point. The complementary filter still performs effectively, providing
stable and accurate estimates without significant drift or noise.
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Figure 5.4: Influence of the complementary filter on the sensor trajectory
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To convert these angles into more intuitive directional angles azimuth and elevation
we use the rotation matrix corresponding to these Euler angles. Azimuth represents
the angle between the projection of the sensor’s forward direction onto the horizontal
plane and a reference direction (usually true north), and the elevation denotes the
angle between the sensor’s forward direction and the horizontal plane. First we
have to construct the rotation matrix R by applying yaw, pitch, and roll rotations
sequentially around the Z, Y, and X axes, respectively. Assuming the sensor’s
forward direction aligns with the sensor-frame X-axis, the rotated direction vector
v is obtained by multiplying the rotation matrix R by the unit vector along the
X-axis. The components of v = (x,y, z) are then used to calculate the azimuth and
elevation angles. Specifically, the azimuth is computed as arctan 2(y, x), representing
the horizontal angle, while the elevation is obtained as arcsin(z), indicating the
vertical angle. This method provides a clear geometric interpretation of the sensor’s
orientation.

By accurately calculating these angles, we can simulate the sensor pointing direction
over time, which is essential for applications such as beam steering, target tracking,
or direction-of-arrival estimation in array signal processing. In Figure 5.5, the 3D
beam pattern is shown for an azimuth angle of 0° and an elevation angle of 0°. In
this case the IMU sensor is not moving at all and instantly the azimuth and elevation
angles are 0°, respectively. This is the first test case that demonstrates our algorithm
works correctly when the sensor is stationary, the beam remains steady and does
not move.
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3D Beam Pattern of Full-Array Digital Beamforming
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Figure 5.5: Azimuth and elevation angels at position 0°

Based on the azimuth and elevation angles of 0°, we can calculate the array factor
pointing directly towards the center of the coordinate system. This condition is
visually represented in Figure 5.6, where the 3D beam pattern shows a strong,
centralized lobe. The central point in the plot marks the direction corresponding
to these angles, and since they are both zero, it remains fixed in the center of the
plot. The surrounding smaller dots around the sphere indicate the radiation pattern
of the antenna in other directions. These dots show how much energy is radiated
at different angles relative to the main beam. This visualization confirms that the
antenna is radiating or receiving signals in the forward direction, without any tilt
or rotation, and serves as a reference point for analyzing how changes in orientation
would affect the beam steering and spatial response.
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Figure 5.6: Array factor at position 0°

When the sensor is moved or rotated in space, its orientation changes relative to the
original reference frame. This movement directly impacts the azimuth and elevation
angles, which define the direction in which the beam is pointing. Initially, when the
sensor was stationary, the azimuth and elevation angles were both at 0°, pointing
straight ahead. However, after the sensor undergoes translation or rotation, these
angles update to reflect the new direction of the sensor. As a result, the beam
is no longer pointing in the original forward direction; instead, it is now oriented
according to the updated azimuth and elevation angles. This shift means that
the beam is directed toward a different region in space, aligning with the sensor’s
new pose. By analyzing the time series of these angles, we identify points where
the azimuth and elevation approach specific values, such as —35° azimuth and 40°
elevation. The antenna array thus dynamically steers its radiation pattern based
on the sensor’s movement, allowing it to track the new pointing direction. The
azimuth and elevation angels are shown on the figure 5.7 are obtained as the median
values calculated from all other measured angles, providing representative target
values like —35° azimuth and 40° elevation. From the figure we can also see the
beam pattern for 9 DoF (nine degrees of freedom),which reflects how the device’s
orientation captured through yaw, pitch, and roll affects the direction and shape of
the beam in 3D space.
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3D Beam Pattern with 9-DoF IMU Compensation
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Figure 5.7: Azimuth and elevation when sensor is moved

With the relocation of the sensor to a new position and direction, the array factor
of the antenna array is manipulated to maintain sync with the pose of the sensor.
With the sensor’s movement or rotation changed, relative phase differences among
unique antenna elements vary, thereby steers the main lobe of the array factor the
location of maximum reception or radiation away from the original center. This
dynamic steering action causes the beam no longer to point straight ahead but
rather towards the sensor’s new location in space. This is visually indicated by
the peak of the beam pattern shifting from center to some other point in space.
This movement of the main lobe occurs because the array continuously adjusts its
direction, placing its energy at the new position and orientation of the sensor. This
means the beam pattern now becomes asymmetrical relative to the original frame,
with the main lobe clearly pointing in the direction of the current orientation of the
sensor, and side lobes and nulls adapt as well. This becomes crucial for applications
that require precise beam steering and tracking, since it enables the antenna array
to dynamically track the sensor’s motion and maintain optimal signal quality. From
the Figure 5.8 it is evident that our beam moved in the calculated direction of —20°
azimuth and 40° elevation.
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Beam Pattern with 9-DoF IMU Compensation
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Figure 5.8: Array factor when sensor is moved

Since the array factor was very large when run in a Jupyter Notebook, it required a
lot of memory space, which made the entire simulation very slow. To speed up the
simulation, the new Array Factor overlay was rewritten in C and C++ and then up-
loaded to the PYNQ board. As shown in Table 5.2, the optimized implementation of
the Array Factor overlay demonstrates significant improvements in execution time
and resource efficiency. The design completes each operation in approximately 8.25
ns, well within the 10 ns target, and achieves a higher-than-expected clock speed
of 120 MHz. The processing time per data item is reduced to approximately 6 mi-
croseconds, compared to over 20 microseconds in the earlier Python-based Jupiter
Notebook implementation. Additionally, the design efficiently utilizes FPGA re-
sources such as BRAM and DSP blocks, while avoiding reliance on URAM. These
results confirm that the overlay is well-suited for real-time beamforming tasks.

Parameter Value

Clock Speed (Target / Actual) 100 MHz / 120 MHz + 20 MHz
Operation Time (Target / Actual) | 10 ns / 8.25 ns &+ 1.7 ns

Clock Cycles per Operation 593

Processing Time per Data Item 6 us

BRAM (Block RAM) Used 64

DSP Units Used 549

Flip-Flops (FFs) 71,444

Lookup Tables (LUTs) 70,796

URAM (Ultra RAM) Not Used

Table 5.2: Performance and Resource Utilization of Array Factor Overlay on
PYNQ-Z1
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Overall, the design is fairly complex but balanced, using enough resources to work
efficiently. For example, if the clock speed is 100 MHz, it would take about 6 mi-
croseconds to process one data item. Array Factor is only one array stored inside
PYNQ board but moving it directly to the PYNQ insead of the Jupyter Notebook
was a good decision. Compared to the earlier implementation, the new C/C++
overlay achieves significantly improved performance. The Jupiter Notebook version
suffered from memory overhead and slow execution time, often taking over 20 us
per data operation. In contrast, the current design processes each data item in
approximately 6 us, thanks to optimized memory access and dedicated hardware
acceleration. Furthermore, the new overlay uses FPGA resources efficiently while
delivering high responsiveness, which is essential for real-time beam tracking sys-
tems.

Based on the analysis of the sensor’s movement and the corresponding array factor
behavior, it is evident that the antenna array’s beam direction dynamically responds
to changes in the sensor’s position and orientation. Initially, when the sensor is
stationary, the beam points straight ahead, aligned with the original azimuth and
elevation angles set at 0°. However, as the sensor translates or rotates, the relative
phase shifts between antenna elements cause the main lobe of the array factor to
steer away from the center. This steering effect leads to the beam pointing toward
the sensor’s updated location in space, as illustrated by the displacement of the main
lobe in the radiation pattern. The beam pattern’s peak, represented by the central
dot in the visualizations, moves correspondingly with the sensor, demonstrating
how the antenna array continuously adapts its focus to track the sensor’s movement.
These results confirm that the array factor effectively captures the sensor’s dynamics,
enabling precise beam steering that aligns with the sensor’s changing pose. This
capability is critical for applications requiring real-time directional tracking and
adaptive beamforming.
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Discussion

6.1 FPGA Resource Utilization

During the course of this project, the PYNQ-Z1 board was selected as the main
hardware platform due to the fact that it has a Zynq SoC with an ARM processor
and a programmable FPGA fabric. This powerful architecture is suitable for projects
requiring parallel processing, custom hardware accelerators, and high-speed inter-
facing. But in this specific implementation, the FPGA resources were not utilized in
depth. The reason behind this is the nature of the sensor. It is a low-power, compact
sensor that provides accelerometer and gyroscope data on a shared 12C interface.
The data acquisition process therefore did not include computationally demand-
ing processes or high-bandwidth communication requiring custom logic design or
parallel data processing in the FPGA fabric.

Most of the functionality, including [2C communication and basic signal processing,
could be efficiently managed by the ARM processor within the processing system
of the PYNQ board. Therefore, programmable logic (PL) was not used extensively,
which meant that the hardware acceleration and reconfigurable logic feature of the
board to its full potential was not explored in depth.

In upcoming studies, even more sophisticated sensors or real-time data processing
capabilities can be incorporated in order to leverage the FPGA resources better.
For instance, sensor fusion algorithms, high-speed filtering, or DMA channels for
faster data transfer could be added to fully exploit the programmable nature of the
PYNQ board and demonstrate its superiority over mere software-based methods.

6.2 Matlab or Jupiter

In this thesis, most of the data analysis and visualization were done using Jupyter
Notebook. This platform is user-friendly and allows combining code, results, and
explanations in one place, making it easy to explore data step-by-step. It is especially
useful for beginners and students because it helps to understand the data quickly
and document the work clearly.

However, Jupyter Notebook is not the only way to work with sensor data. For
more advanced analysis, simulation, and visualization, MATLAB is widely used in
both research and industry. MATLAB offers powerful tools for signal processing,
beamforming, and antenna array analysis, making it easier to simulate how beams
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move when sensors change position or orientation. It also has good support for
connecting with hardware platforms like Arduino, which means we can combine
real-time sensor data with complex simulations in one environment. This makes
MATLAB very useful for testing and improving algorithms related to sensor fusion
and beam steering. Arduino can handle basic data processing like filtering and
calibration before sending the data to a computer for further analysis.

The focus of this research was on understanding how sensor arrays behave when the
sensor moves or rotates. Using Jupyter Notebook helped in initial data exploration
and visualization, but combining this with MATLAB for live sensor tracking and
Arduino for detailed modeling would provide a more complete picture. This com-
bination would not only improve the accuracy of the results but also make it easier
for developers to test and implement practical solutions.

In summary, the choice of platform depends on the research goals and the user’s
needs. For students and developers who want an easy and flexible way to analyze
sensor data, Jupyter Notebook is a great start. For deeper analysis and simulation,
MATLAB provides advanced tools and integration options. Using these platforms
together can create a powerful workflow that covers data collection, processing, and
visualization, making it easier to understand sensor behavior and antenna array
performance. Future work could focus on creating smoother integration between
these tools to offer a better user experience and more efficient research process.

6.3 Planned vs. Actual Timeline

The Gantt chart in the Appendix outlines the planned schedule for the master the-
sis project in 2025. The initial stages included a thorough topic introduction and
literature review, followed by Matlab code implementation and debugging. The
project also involved investigating hardware components, exploring Linux and Vi-
vado user interfaces, and implementing VHDL code for the sensor system. According
to the plan, major milestones such as the planning report, halftime report, and fi-
nal presentation were scheduled to track progress throughout the project timeline.
However, during the project execution, several unforeseen challenges arose, particu-
larly related to setting up the PYNQ board and enabling I12C communication with
the sensor hardware. These technical difficulties significantly slowed down progress,
resulting in less time available for implementing all the necessary calculations and
equations. Consequently, some parts of the Matlab and VHDL implementation had
to be scaled back or postponed, highlighting the importance of hardware integration
issues in embedded system projects. Despite these setbacks, the project achieved
key milestones and provided valuable insights into the complexities of sensor data
acquisition and real-time processing.
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Conclusion

This thesis explored the simulation and deployment of beamforming techniques on
a mobile platform through the integration of antenna array signal processing and
sensor data. The basic intent was to understand how the orientation and position of
a sensor, when mounted on a dynamic platform, influence the beam direction and
array factor of an antenna system.

Throughout the course of the project, we demonstrated how inertial measurements
provided by an IMU sensor (MPU6050) can be used to track movement and rotation
of a platform in real-time. By processing acceleration data to compute position
and using gyroscopic data to compute orientation, it was possible to dynamically
update the azimuth and elevation angles of the beam. These angular changes were
then referenced to recompute the array factor, effectively steering the beam pattern
to follow the movement of the platform. It was discovered that even slight shifts
in the orientation of sensors caused significant changes in the beam direction. The
central point of 0°, where the main lobe of the radiation pattern was originally
situated, shifted as the platform rotated and translated, showing the new direction
of transmission or arrival. This demonstrates the feasibility of using beamforming
for mobile or wearable applications where directionality and precise targeting of
signals are required.

Although the simulation results and theoretical context were successfully utilized, a
few practical problems were encountered. Hardware setup issues, such as the con-
figuration of 12C communication with the PYNQ board, limited the time to fully
implement real-time equations and calculations in hardware. Further, the FPGA
resources on the board were largely underused since the IMU sensor was lightweight
and low-complexity. Yet, this project lays a solid foundation for future work on
real-time, adaptive beamforming on mobile systems. Incorporating additional ad-
vanced sensor fusion techniques, using other hardware resources in the FPGA for
accelerating the process, and extending to multi-sensor or multi-array systems could
further enhance system responsiveness and accuracy.

In summary, beamforming on a moving platform is not merely feasible but also
highly relevant to current applications in wireless communication, robotics, and the
military. With further development, the system can evolve into a robust real-time
adaptive array system that can achieve intelligent direction tracking and spatial
filtering in complex environments.
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Future work

In the future, several areas can be improved to make the system work faster and
more efficiently. The focus will be on solving problems with communication, im-
proving how the FPGA and processing system work together, and speeding up
some processes with better hardware.

8.1 Communication Problems

Right now, the PYNQ-Z1 board sends data over WiFi/Ethernet to the laptop. This
can be slow, and sometimes there is a delay because the system is using JSON (a
format for sending data) and the HTTP protocol. These methods add extra steps
to the communication, slowing things down. Some of the possible solutions to this
problem are:

o Compress Data: Before sending data, we can compress it to make it smaller.
Smaller data takes less time to send, which will help improve the speed.

o Use Faster Data Formats: Instead of using JSON, we could switch to faster
formats like msgpack or protobuf. These formats are smaller and quicker to
process, meaning less delay in communication.

e Send Data in Batches: Right now, the system sends each reading separately,
which can be slow. Instead, we can send multiple readings at once (batching).
This will reduce the number of times the system has to send data, speeding
things up.

« Use TCP/UDP for Faster Transmission: Instead of using HTTP, which
has some overhead, we could use TCP or UDP for faster communication. These
protocols are quicker and more direct, especially for high-speed data transfer.

8.2 Improving the FPGA and Processing System
Connection

Another problem is how the FPGA and processing system (PS) communicate with
each other. Currently, it uses the 12C interface, which involves multiple steps and
can be slow. Each time the system reads data from a sensor, it has to go through
multiple processes, causing delays. Some of the possible solutions to this problem
are:
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8. Future work

o Create a Custom IP Block: One way to make things faster is to build
a special IP block that directly handles the I2C communication. This would
allow the FPGA to control the data transfer without involving the processing
system, speeding up the process.

« Use DMA (Direct Memory Access): DMA can move data directly be-
tween memory and devices without using the processing system. This can
reduce delays and make the data transfer faster.

e Use Interrupts Instead of Polling: Right now, the system probably checks
for data continuously (polling), which uses extra CPU power. Using interrupts
would allow the system to only react when new data is available, saving time
and resources.

Overall, future improvements will focus on helping the system perform better and
be more responsive, especially in real-time applications.
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Appendix 1

Thesis project 2025
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Figure A.1: Gantt diagram for master thesis project 2025.
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