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Abstract 

 

Accurate wireless network planning within historically complex urban environments poses 
unique challenges due to dense architectural configurations, diverse construction materials, and 
strict preservation regulations. Traditional propagation models like Free-Space Path Loss 
(FSPL), Okumura-Hata, and COST-231, although computationally efficient, significantly 
underestimate electromagnetic interactions inherent to these nuanced environments. This thesis 
explores the application of geometry-aware Ray Tracing (RT), specifically using the open-source 
Sionna RT framework, to generate high-resolution radio environmental maps for the city of 
Bologna a UNESCO Heritage Site characterized by narrow streets, extensive porticoes, and 
architectural diversity. 

 

Employing a detailed, open-source pipeline integrating Blender for 3D modeling and Mitsuba 3 
with Dr.Jit for ray tracing, Bologna’s historical center was methodically segmented into ten 
precise 3D slices. Simulations considered realistic parameters such as received signal strength 
(RSS), channel impulse response (CIR), delay spread, and angle of arrival (AoA). Findings 
revealed significant spatial and temporal variability in signal propagation patterns. Unique 
phenomena, including waveguiding beneath porticoes and extensive diffraction in narrow 
alleyways, highlighted the inadequacies of classical models, which failed to capture these crucial 
dynamics accurately. 

 

The thesis validates the feasibility and effectiveness of CPU-based Sionna RT simulations, 
providing a robust, reproducible framework for urban wireless analysis. Its outcomes deliver 
crucial insights and practical guidelines for deploying 5G and IoT infrastructures in heritage 
cities, balancing technological advancement with urban preservation demands. 

 

Keywords: Ray Tracing, Urban Wireless Planning, Sionna RT, Radio Environmental Maps, 
Heritage Cities, 5G Deployment, Multipath Propagation, Delay Spread, Classical Propagation 
Models, Electromagnetic Simulation, Geometry-aware Modeling, Bologna. 
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Riassunto 

La pianificazione accurata delle reti wireless in ambienti urbani storicamente complessi presenta 
sfide uniche, a causa della densità architettonica, della varietà dei materiali costruttivi e delle 
rigide normative di tutela del patrimonio. I modelli di propagazione tradizionali, come il Free-
Space Path Loss (FSPL), Okumura-Hata e COST-231, pur essendo efficienti dal punto di vista 
computazionale, sottostimano significativamente le interazioni elettromagnetiche caratteristiche 
di tali contesti. Questa tesi esplora l’applicazione della tecnica di Ray Tracing (RT) 
geometrically-aware, utilizzando il framework open-source Sionna RT, per generare mappe 
radio ambientali ad alta risoluzione della città di Bologna, sito patrimonio UNESCO 
caratterizzato da strade strette, lunghi portici e notevole diversità architettonica. 

È stata sviluppata una pipeline dettagliata e open-source, integrando Blender per la 
modellazione 3D e Mitsuba 3 con Dr.Jit per il Ray Tracing. Il centro storico di Bologna è stato 
suddiviso metodicamente in dieci sezioni tridimensionali. Le simulazioni hanno considerato 
parametri realistici come la potenza del segnale ricevuto (RSS), la risposta all’impulso del canale 
(CIR), la dispersione temporale (Delay Spread) e l’angolo di arrivo (AoA). I risultati hanno 
evidenziato una marcata variabilità spaziale e temporale nei pattern di propagazione. Fenomeni 
particolari, come il waveguiding sotto i portici e la diffrazione estesa nei vicoli stretti, hanno 
messo in luce le carenze dei modelli classici nel rappresentare correttamente tali dinamiche. 

La tesi dimostra la fattibilità e l’efficacia delle simulazioni con Sionna RT su CPU, proponendo 
un framework solido e riproducibile per l’analisi wireless urbana. I risultati ottenuti forniscono 
indicazioni fondamentali per la progettazione di infrastrutture 5G e IoT nei contesti storici, 
conciliando l’innovazione tecnologica con le esigenze di tutela urbana. 

Parole chiave: Ray Tracing, Pianificazione Wireless Urbana, Sionna RT, Mappe Radio 
Ambientali, Città Storiche, Reti 5G, Propagazione Multipath, Dispersione Temporale, Modelli di 
Propagazione Classici, Simulazione Elettromagnetica, Modellazione Geometrica, Bologna. 



4 
 

Table of Contents 

Chapter 1: Introduction 
1.1 Wireless Communication in the Urban Context 
1.2 The Problem and Gap in Urban Propagation Modeling 
1.3 Ray Tracing as a Solution and the Role of Sionna RT 
1.4 The Choice of Bologna and the Importance of Radio Maps 
1.5 Research Questions and Objectives 
1.6 Thesis Structure Overview 

Chapter 2: Theoretical Foundations and Related Work 
2.1 Introduction 
2.2 Classical Propagation Models: Strengths and Limitations 
 2.2.1 Free-Space Path Loss (FSPL) Model 
 2.2.2 Hata Model and COST-231 Extension 
 2.2.3 Limitations in Complex Historical Urban Settings 
2.3 Ray Tracing: A Deterministic Modeling Solution 
 2.3.1 Fundamental Principles of Ray Tracing 
 2.3.2 Reflection, Diffraction, and Scattering in RT 
 2.3.3 Advantages for Urban Propagation Modeling 
2.4 Material Modeling and Spatial Resolution 
 2.4.1 Material Standards (ITU-R P.2040-1) 
 2.4.2 Importance of Geometry Fidelity 
2.5 Sionna RT: Simulation Framework and Capabilities 
 2.5.1 Components and Workflow 
 2.5.2 CPU-Based Simulation Constraints 
 2.5.3 Academic Advantages 
2.6 Related Research and Relevance 

Chapter 3: Methodology and Simulation Setup 
3.1 Overview of Simulation Workflow 
3.2 3D Scene Preparation in Blender 
3.3 Scene Configuration and XML Integration into Sionna RT 
3.4 Simulation Configuration and Ray Tracing Execution 
3.5 Generation of Radio Environmental Maps and CIR Outputs 
3.6 Path Solver Analysis and Multipath Metrics 
3.7 Limitations and Preprocessing Constraints 

Chapter 4: Results and Analysis 
4.1 Introduction to Results 
4.2 Radio Map Interpretation: Signal Strength and Delay Spread 
 4.2.1 Received Signal Strength (RSS) Patterns 
 4.2.2 Delay Spread Maps 
4.3 Comparative Analysis of Urban Slices 
4.4 Path Solver Metrics and Multipath Analysis 
 4.4.1 Path Count Distribution 



5 
 

 4.4.2 RMS Delay Spread (Path-Based vs CIR-Based) 
 4.4.3 Angular and Spatial Diversity 
4.5 Performance Implications for Urban Wireless Systems 

Chapter 5: Summary of Key Findings, Contributions, and Limitations 
5.1 Summary of Key Findings 
5.2 Thesis Contributions 
5.3 Limitations of the Study 
5.4 Future Research Directions 

Chapter 6: Final Conclusions, Recommendations, and Reflections 
6.1 General Conclusions 
6.2 Recommendations for Urban Wireless Planning 
6.3 Policy Implications and Stakeholder Recommendations 
6.4 Personal Reflections and Academic Growth 
6.5 Final Remarks and Closing Statement 

References 

Appendices 

 Appendix A – Simulation Parameters and Configuration 
o A.1 General Simulation Settings 
o A.2 Slice Geometry and Scene Details 
o A.3 Receiver Grid Sampling 
o A.4 Code Configuration and Invocation 
o A.5 Hardware & Runtime Environment 

 Appendix B – XML Scene Snippets and Material Tagging 
o B.1 XML Scene Overview 
o B.2 Sample Building XML Snippet 
o B.3 Material Tagging Convention 
o B.4 Scene Validation and Transformation Log 
o B.5 Limitations and Manual Corrections 

 Appendix C – Delay Spread and CIR Data 
o C.1 RMS Delay Spread Summary per Slice 
o C.2 Sample CIR Waveforms (Selected Receivers) 
o C.3 Delay Spread Map Snapshots 
o C.4 Interpretation Highlights 

 Appendix E – Python Scripts and Code Snippets 
o E.1 Scene Loading and Transmitter/Receiver Configuration 
o E.2 Ray Tracing and Path Computation 
o E.3 CIR Extraction and Delay Spread Computation 
o E.4 Visualization (CIR Plotting) 
o E.5 Runtime Notes and Fallback Adjustments 
o E.6 Execution Environment 



6 
 

 

Chapter 1: Introduction 

1.1 Wireless Communication in the Urban Context 

Wireless communication is a critical component of modern urban life, profoundly impacting how 
cities function, grow, and adapt to technological advancements. Today's cities are no longer mere 
clusters of buildings and infrastructure; they have evolved into complex ecosystems driven by 
connectivity. Technologies such as 5G networks, the Internet of Things (IoT), and smart-city 
solutions have become essential tools for urban management enabling seamless interaction 
between transportation systems, emergency response services, traffic automation, energy 
management, and waste control mechanisms. Thus, robust and reliable wireless connectivity is 
not merely a technological preference, but a crucial socio-economic necessity. 

Urban environments, however, present distinct challenges to wireless signal propagation. Unlike 
rural or open spaces, cities comprise diverse architectural configurations, heterogeneous 
construction materials, dense building arrangements, and dynamic human and vehicular 
activities. These factors induce complex electromagnetic phenomena, such as reflection, 
diffraction, scattering, and shadowing, collectively degrading signal quality and introducing 
significant multipath interference. Particularly in historical city centers found across Europe, the 
complexities intensify due to narrow streets, arched porticoes, irregularly shaped buildings, and 
ancient construction materials, which unpredictably absorb, reflect, or scatter signals, making 
accurate modeling considerably more demanding. 

Traditional propagation models such as Free-Space Path Loss (FSPL), Okumura-Hata, and 
COST-231 rely heavily on simplified assumptions and statistical approximations derived from 
empirical data [1][2][3]. Although useful in broad scenarios, these models typically fail to 
capture the nuanced interactions occurring within complex urban settings. Consequently, they 
offer coarse predictions that lack the granularity required for precise urban network planning. To 
overcome these limitations, researchers and engineers increasingly resort to advanced modeling 
techniques that incorporate explicit geometric and material properties. 

Among these advanced methodologies, radio environmental maps have emerged as critical visual 
tools for capturing spatial variations in signal strength, delay spread, and other relevant 
performance indicators. These high-resolution spatial representations allow planners and 
engineers to pinpoint coverage gaps, detect interference-prone areas, and assess the impact of 
architectural features on signal propagation. Thus, radio maps have become indispensable for 
contemporary urban wireless network planning, especially in scenarios where physical 
alterations to urban infrastructure are restricted by preservation laws or practical constraints. 

Addressing these complexities, this thesis aims to develop detailed, physics-based radio 
environmental maps using Ray Tracing techniques. Utilizing open-source simulation 
frameworks, the research focuses specifically on the historical urban landscape of Bologna a city 
renowned for its unique architectural heritage, dense urban morphology, and preservation 
challenges providing a particularly relevant and insightful case study. 
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1.2 The Problem and Gap in Urban Propagation Modeling 

Despite the significance of reliable urban wireless communication, existing conventional 
propagation models exhibit considerable limitations when applied to complex cityscapes. Models 
such as FSPL, Okumura-Hata, and COST-231 rely predominantly on statistical and empirical 
frameworks that simplify spatial complexity, assuming uniform building distributions and 
regular terrain features. Such assumptions undermine the models' accuracy within dense, 
irregularly structured urban areas, especially those with historical significance and architectural 
complexity [1][2][3]. 

Critically, these traditional methods neglect specific spatial factors, such as street orientation, 
height variability, façade materials, and intricate structural geometries, which profoundly 
influence electromagnetic propagation. For instance, glass façades induce strong multipath 
reflections, while curved streets introduce diffraction effects not effectively captured by classical 
models. Within cities like Bologna, where historical structures coexist alongside contemporary 
constructions, these limitations yield discrepancies between predicted and actual signal behavior, 
adversely affecting practical network planning. 

Additionally, classical models typically offer predictions at coarse resolutions tens to hundreds 
of meters which are insufficient for advanced modern applications, including micro-cell 
deployments, precise beamforming strategies, and connected vehicular systems. Such 
applications demand detailed and location-specific predictions due to the rapid spatial variations 
in urban signal behavior, rendering classical approximations inadequate. 

Thus, there exists a substantial methodological gap between the simplicity of classical 
propagation models and the high-resolution, geometry-aware predictions required by modern 
urban wireless network planning. To bridge this gap, advanced deterministic simulation methods, 
such as Ray Tracing, have become necessary. These methods allow accurate modeling of 
electromagnetic waves by explicitly tracing their interactions with realistic three-dimensional 
urban environments and materials, providing the necessary spatial resolution to inform effective 
urban network designs. 

1.3 Ray Tracing as a Solution and the Role of Sionna RT 

Ray Tracing (RT) emerges as an effective solution to the identified shortcomings of classical 
propagation models. Based upon geometric optics principles, RT offers a physics-based method 
to simulate wireless propagation through accurate tracing of electromagnetic rays interacting 
with environmental geometries. Unlike empirical approaches, RT explicitly accounts for 
complex phenomena such as reflections, diffractions, and scattering based on material properties 
and detailed urban geometry. 

The deterministic nature of RT makes it particularly suited for structurally intricate 
environments, as found in Bologna. By carefully modeling streets, porticoes, rooftops, and 
various structural surfaces, RT accurately predicts the spatial distribution of received power and 
interference patterns, surpassing conventional statistical methods in fidelity and reliability. Thus, 
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RT is ideally positioned for generating the detailed, high-resolution radio environmental maps 
required for precise network planning. 

In this thesis, the open-source Sionna RT simulation platform developed by NVIDIA and built 
upon the Mitsuba 3 rendering engine and Dr.Jit compiler is employed. Although Sionna RT 
supports GPU acceleration, hardware limitations necessitate CPU-only simulations for this study. 
Nonetheless, Sionna RT's customizable architecture, comprehensive scene management, and 
Python integration allow faithful representation of electromagnetic interactions within Bologna’s 
complex urban layout, providing transparency, reproducibility, and practical accuracy[4][5]. 

1.4 The Choice of Bologna and the Importance of Radio Maps 

Selecting Bologna as the case study is both deliberate and strategic. Renowned for its historical 
preservation, dense medieval layout, and extensive porticoes, Bologna encapsulates the 
complexities typically faced in heritage-rich European urban areas. Its irregular street patterns, 
variable building heights, and mixed-material façades create an ideal scenario for studying 
advanced wireless propagation phenomena. 

Radio environmental maps generated for Bologna offer detailed visualizations of signal 
variability, essential for identifying coverage deficiencies and guiding infrastructure planning. 
Unlike traditional point-based or statistical analyses, these maps capture local nuances and 
architectural impacts, empowering urban planners to optimize network design within stringent 
preservation constraints. 

This thesis focuses heavily on radio map generation, complemented by detailed path solver 
analysis to deliver practical, location-specific insights. Such an approach provides a powerful 
combination of technical accuracy and urban applicability, positioning this work as both 
scientifically valuable and practically impactful. 

1.5 Research Questions and Objectives 

To address the limitations discussed and fill the identified research gap, the following research 
questions guide this study: 

1. How accurately can Sionna RT produce detailed, high-resolution radio environmental 
maps within Bologna’s complex urban structures? 

2. How do Bologna-specific architectural elements, such as porticoes and narrow streets, 
affect wireless signal propagation? 

3. What spatial variations in signal strength, delay spread, and multipath richness can be 
identified across different urban segments? 

4. How do RT-based results compare to classical model predictions, highlighting their 
respective strengths and limitations? 

Correspondingly, the primary research objectives include: 
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 Developing accurate 3D models of Bologna’s historical urban structures using Blender 
and preparing them for RT simulations. 

 Conducting detailed electromagnetic simulations using Sionna RT, considering CPU-
related constraints. 

 Generating spatially precise radio environmental maps that illustrate urban signal 
behavior, shadowing, and propagation characteristics. 

 Analyzing multipath behaviors, delay spreads, and angular dispersions from path solver 
results to gain deeper insights into urban signal complexity. 

 Evaluating the applicability and scalability of open-source RT frameworks like Sionna 
RT for urban wireless planning, and identifying future expansion possibilities. 

1.6 Thesis Structure Overview 

This thesis is systematically organized into six chapters, guiding readers logically from the 
theoretical framework through practical implementation and results, to final conclusions: 

 Chapter 1: Introduces the research context, motivations, challenges, and guiding 
research questions. 

 Chapter 2: Reviews theoretical aspects of electromagnetic propagation, radio modeling, 
and Ray Tracing within urban contexts. 

 Chapter 3: Outlines the simulation methodology, including Blender modeling, XML 
integration, and Sionna RT configurations. 

 Chapter 4: Presents and interprets high-resolution radio maps, analyzing coverage and 
propagation characteristics. 

 Chapter 5: Delivers in-depth multipath and delay spread analyses derived from path 
solver outputs. 

 Chapter 6: Summarizes major findings, acknowledges study limitations, and outlines 
opportunities for future research. 

This comprehensive structure ensures clarity, academic rigor, and methodological transparency, 
providing a strong foundation for subsequent research and practical application. 

 

Chapter 2: Theoretical Foundations and Related Work 

2.1 Introduction 

Wireless propagation modeling in urban environments requires a comprehensive theoretical 
foundation grounded in electromagnetic theory and robust practical modeling methodologies. 
This chapter systematically examines classical propagation models, introduces Ray Tracing (RT) 
as a deterministic alternative, discusses material modeling according to international standards, 
and provides an in-depth review of the open-source simulation framework, Sionna RT. Together, 
these elements underpin the methodological approach adopted for simulating wireless signal 
behavior in Bologna’s intricate urban context. 
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2.2 Classical Propagation Models: Strengths and Limitations 

Propagation models provide mathematical frameworks for estimating radio wave behavior, 
critical for network design tasks like coverage prediction, interference estimation, and resource 
planning. Widely used classical propagation models include Free-Space Path Loss (FSPL), 
Okumura-Hata, and COST-231. Despite their popularity, each possesses inherent limitations 
when applied to complex urban landscapes. 

2.2.1 Free-Space Path Loss (FSPL) Model 

The FSPL model represents a fundamental, idealized scenario: unobstructed signal propagation 
through free space. It calculates signal attenuation solely based on distance and frequency: 

Equation (2.1):        FSPL (dB)=20log10(d)+20log10(f)+32.44     

where d is distance (km), and f frequency (MHz). Despite its simplicity and analytical 
convenience, FSPL excludes real-world propagation phenomena reflection, diffraction, 
scattering limiting its applicability to urban contexts [1][6]. 

2.2.2 Okumura-Hata Model and COST-231 Extension 

The Hata model, an empirical extension of the Okumura model, estimates median path loss for 
urban and suburban areas based on extensive field measurements. It is defined as: 

Equation (2.2): 

PLurban=69.55+26.16log10(f)−13.82log10(hb)−a(hm)+(44.9−6.55log10(hb)) log10(d)  

where f is frequency (MHz), hb is base station antenna height (m), hm is mobile antenna height 
(m), and d is distance (km) [2][6]. 

COST-231 extends the Okumura-Hata model’s applicability to frequencies up to 2 GHz, 
incorporating dense urban environments. However, like Okumura-Hata, it relies on statistical 
parameters, omitting geometric details of urban environments and material-specific interactions 
[3]. 

2.2.3 Limitations in Complex Historical Urban Settings 

Classical models assume environmental homogeneity and uniform building distributions. In 
heritage-rich cities such as Bologna, characterized by narrow medieval streets, extensive 
porticoes, and diverse building materials, such assumptions cause significant inaccuracies. 
Additionally, classical models offer coarse spatial resolutions (typically ≥100 m), insufficient for 
advanced applications like small-cell networks or mm Wave deployments, which demand 
spatially precise and detailed modeling [1][2]. 
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Table 2.1 – Comparative Overview of Classical Propagation Models 

Model Frequency Assumptions Advantages Limitations 

FSPL Any 
Free-space, no 
obstructions 

Analytical, simple 

Ignores reflections, 
diffraction 

 

Okumura-
Hata 

150–1500 
MHz 

Empirical, field data 
Good for large-scale 
planning 

No detailed 
geometry/material 

 

 

COST-231 Up to 2 GHz 
Empirical, urban 
adaptation 

Dense urban 
applicability 

Limited spatial accuracy 

 

2.3 Ray Tracing: A Deterministic Modeling Solution 

Ray Tracing (RT), founded upon geometric optics, explicitly models signal interactions with 
environmental geometries and materials, accurately capturing multipath propagation [7]. 

2.3.1 Fundamental Principles of Ray Tracing 

RT computes signal paths by applying laws of reflection, refraction, and diffraction. 
Electromagnetic waves are represented by discrete rays, each traced through complex 3D 
environments. At the receiver, the total electric field is the sum of all multipath rays: 

Equation (2.3):                  𝑬𝒕𝒐𝒕𝒂𝒍 =  𝑬𝒊 𝒆
ି𝒋𝝓𝒊

𝒏

𝒊ୀ𝟏
  

where 𝑬𝒊 and 𝝓𝒊 represent amplitude and phase of the i-th ray respectively. RT is thus 
particularly suitable for capturing multipath-induced signal variations and inter-symbol 
interference common issues in urban environments [8][9]. 

2.3.2 Reflection, Diffraction, and Scattering in RT 

 Reflection: RT employs Snell’s law and Fresnel equations to model specular reflections 
accurately. 

 Diffraction: Typically modeled using the Uniform Theory of Diffraction (UTD), crucial 
for urban corners and edges. 

 Scattering: Handled with empirical or surface roughness models, capturing irregular 
interactions effectively. 
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2.3.3 Advantages for Urban Propagation Modeling 

RT enables precise spatial resolution and explicit consideration of material properties. It 
accurately represents narrow streets, varied building heights, and complex geometries, making it 
invaluable for micro-cell planning, mmWave systems, and urban network optimization. 

 

2.4 Material Modeling and Spatial Resolution 

Accurate RT simulations demand precise characterization of materials and geometry. Surfaces 
such as glass, brick, concrete interact differently with electromagnetic waves, altering 
propagation significantly. 

2.4.1 Material Standards (ITU-R P.2040-1) 

The ITU-R P.2040-1 report provides standardized reflection and penetration loss values for 
typical urban materials, crucial for accurate RT modeling [10] [11]. For instance, at 2.4 GHz: 

 Brick walls: ~8 dB reflection loss 
 Glass windows: ~4 dB 
 Concrete structures: ~10–12 dB 

2.4.2 Importance of Geometry Fidelity 

Spatial accuracy is critical for representing urban complexity. For Bologna, each building, 
portico, and alleyway was modeled with meter-scale precision using Blender, preserving 
essential propagation elements. 

      

(a) Coarse Geometry                                                 (b) Detailed Geometry 
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Figure 2.1 – Side by side comparison of coarse vs. detailed urban geometry in Bologna. 
The coarse model (a) lacks architectural and material precision, while the detailed model (b) captures key urban 
features such as narrow alleys and realistic building profiles, enabling accurate ray tracing for wireless propagation 
studies. 

2.5 Sionna RT: Simulation Framework and Capabilities 

Sionna RT, developed by NVIDIA, is an open-source Python library integrating the Mitsuba 3 
rendering engine and Dr.Jit compiler for efficient RT simulations[4]. 

2.5.1 Components and Workflow 

The simulation workflow adopted in this thesis is structured around the open-source framework 
Sionna RT, developed by NVIDIA. This platform integrates three essential components: the 
Blender 3D modeling environment, the Mitsuba 3 rendering engine, and the Dr.Jit compiler. 
Together, these tools form a modular and extensible pipeline that supports the end-to-end process 
of urban electromagnetic propagation simulation. 

The process begins with the detailed geometric modeling of Bologna’s urban segments using 
Blender. Each slice of the city including buildings, porticoes, narrow alleys, and rooftops—is 
manually constructed to match real-world topography. This geometric representation is then 
exported to the Mitsuba-compatible XML format, which retains the object hierarchy, mesh 
fidelity, and spatial transformations necessary for accurate scene reconstruction. This format also 
enables seamless integration with the rendering engine used during the ray-tracing stage. 

Following scene creation, material modeling is carried out using Sionna RT’s RadioMaterial 
API [5]. This allows electromagnetic properties such as permittivity, reflection loss, and surface 
roughness to be defined for each material. Typical surfaces such as brick, concrete, glass, and 
marble are parameterized using values derived from the ITU-R P.2040-1 standard [10]. These 
material definitions are then dynamically linked to the geometry, enabling a physics-based 
simulation of radio signal interactions across heterogeneous urban surfaces. 

With the scene and materials configured, the ray-tracing engine simulates wave propagation by 
emitting multiple rays per transmitter. Each ray is traced as it interacts with the environment, 
undergoing reflection, diffraction, and scattering. Reflections are modeled using Snell’s law and 
Fresnel coefficients, while edge diffractions are incorporated using the Uniform Theory of 
Diffraction (UTD) [8]. The solver logs detailed metadata for each valid path, including bounce 
count, delay, direction of arrival, and complex amplitude, forming the foundation for further 
signal processing and map generation. 

The final stage of the pipeline involves the generation of output metrics, including Received 
Signal Strength (RSS), Channel Impulse Response (CIR), Angle of Arrival (AoA), and RMS 
delay spread. These outputs are post-processed into spatially resolved radio environmental 
maps, visualized as color-coded heatmaps, time-domain impulse responses, and frequency 
responses. Despite the computational limitations of CPU-only processing, this workflow enables 
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high-fidelity analysis of realistic, slice-based urban wireless scenarios. It serves as a practical and 
reproducible method for studying propagation dynamics in historical urban environments such as 
Bologna. 

2.5.2 CPU-Based Simulation Constraints 

Due to hardware limitations, this thesis used CPU-only computations, increasing runtimes but 
still yielding accurate results. Custom Python class overrides were implemented to handle 
computational constraints effectively. 

 

Figure 2.2 – Sionna workflow: from Blender modeling to final radio map 

2.5.3 Academic Advantages 

As open-source software, Sionna RT supports academic rigor, reproducibility, and flexibility, 
unlike proprietary solutions, thus ideal for urban wireless research. 

2.6 Related Research and Relevance 

Other researchers have validated RT for urban propagation: 

 Chizhik et al. (2004) [12]: Demonstrated significant variations in angular spread/delay 
within Manhattan using RT. 

 Rappaport et al. (2015) [9]: Highlighted sensitivity of mm Wave propagation to urban 
materials. 

 Loyka & Kouki (2008) [13]: Emphasized polarization and multipath modeling accuracy. 

However, these studies primarily relied on proprietary tools or restricted datasets. This thesis 
uniquely employs an open-source, CPU-compatible RT pipeline tailored specifically for 
historically rich urban environments, filling a critical research gap. 

This chapter critically reviewed classical propagation models, highlighted their limitations in 
urban contexts, and introduced Ray Tracing as a deterministic, geometry aware alternative. The 
importance of precise material and geometry modeling was discussed, alongside the detailed 
introduction of the Sionna RT simulation framework. The insights established here directly 
inform the methodological choices and analyses detailed in subsequent chapters. 
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Chapter 3: Methodology and Simulation Setup 

3.1 Overview of Simulation Workflow 

This chapter outlines a detailed computational methodology developed specifically to produce 
high-resolution radio environmental maps using Sionna Ray Tracing (RT). To manage the 
complex propagation challenges of Bologna’s densely structured historical center, a carefully 
structured simulation workflow was designed. Due to hardware constraints limiting simulations 
to CPU-based resources, a practical and modular approach was essential. 

The adopted workflow encompasses several interconnected stages: precise 3D modeling of 
Bologna’s urban landscape, configuration of simulation scenes, propagation simulation 
execution, and comprehensive visualization of simulation outputs, including power distributions 
and channel impulse responses. To ensure computational efficiency without compromising 
fidelity, Bologna’s urban ring was partitioned into ten distinct segments, each representing 
different propagation conditions, from narrow medieval streets to spacious piazzas. 

A schematic representation of this workflow is provided in Figure 3.1, illustrating each stage 
clearly from Blender-based modeling to final radio maps generated via Sionna RT, leveraging 
Mitsuba 3 and Dr.Jit computational backends[5]. 

 

Figure 3.1 –Workflow for High Resolution Simulation and Output Generation 
This diagram illustrates the structured simulation workflow used in this thesis. The process begins with Blender 
Modeling, where detailed 3D models of Bologna’s urban landscape are created. These models are then exported 
into a structured XML Scene format compatible with the Mitsuba 3 rendering engine. The XML scenes are input 
into Sionna RT, which runs deterministic Ray Tracing simulations. Finally, the results are processed to generate 
Radio Maps and Channel Impulse Response (CIR) Outputs, which are used for evaluating signal strength, delay 
spread, and multipath propagation patterns. 

3.2 3D Scene Preparation in Blender 

Accurate representation of urban geometry significantly influences the reliability of ray-traced 
results. Thus, detailed manual modeling was conducted using Blender, selected for its mesh 
precision and compatibility with Mitsuba’s rendering engine. This choice allowed accurate 
replication of key structural features such as porticoes, narrow alleys, varying rooftops, and 
historically significant architecture. 

To manage simulation complexity under CPU only constraints, the city was methodically 
divided into ten segments, each meticulously modeled with moderate mesh detail to balance 
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computational load and realism. To further ensure accuracy, scene dimensions, building heights, 
and street widths were cross-referenced against satellite imagery and Open Street Map datasets. 

Post-modeling, scenes were exported as .obj files and subsequently transformed into Mitsuba-
compatible .xml files through custom Python scripts. These scripts performed crucial 
preprocessing steps, including geometry validation, coordinate axis adjustments, and mesh 
simplifications, ensuring optimal compatibility with the ray-tracing simulations. 

 

Figure 3.2 – Blender screenshot of Bologna Slice01, showing detailed 3D geometry. 
The model includes realistic building footprints, variable heights, and dense medieval street layout necessary for 
accurate Ray Tracing simulations using Sionna RT. 

 

3.3 Scene Configuration and XML Integration into Sionna RT 

Effective simulation required the translation of Blender models into XML-based scenes 
compatible with Sionna RT’s Mitsuba backend. A structured XML pipeline was developed to 
embed detailed geometry tags (<shape>), define surface material properties (<bsdf>), and 
organize scene components hierarchically (<transform>, <ref> tags). 

Material properties, critical for electromagnetic interaction accuracy, were defined externally via 
Python-based implementations of Sionna RT’s RadioMaterial API. Material models reflecting 
realistic electromagnetic behaviors such as brick scattering, glass reflection, and concrete 
absorption were dynamically linked to scene elements during simulation runtime. 

To ensure simulation accuracy and prevent rendering errors, XML scene files underwent 
rigorous validation checks, identifying and correcting issues like non-manifold edges and surface 
orientation inconsistencies. Receivers and transmitters were systematically positioned within 
each scene to guarantee realistic LOS/NLOS scenarios, enhancing the fidelity of the simulations. 
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Figure 3.3– XML snippet defining material properties for urban surfaces. 
This example shows Mitsuba-compatible <bsdf> tags used to assign electromagnetic reflectance properties to urban 
objects. Each material (e.g., concrete, metal, marble) is modeled with custom reflectance values in RGB, supporting 
accurate Ray Tracing within Sionna RT. 

3.4 Simulation Configuration and Ray Tracing Execution 

After the preparation phase, simulations were executed utilizing the Sionna RT pipeline, 
supported by Mitsuba 3 and Dr.Jit backends. The simulations aimed to produce detailed radio 
maps and accurately capture multipath behaviors, all performed within CPU-only computational 
limitations. 

The simulation process encompassed multiple sequential phases: 

 Scene Loading: Each XML file was loaded into Sionna RT with careful configuration to 
preserve object-level granularity. 

 Device Placement: Transmitters were placed strategically at rooftop levels, while 
receiver grids covered pedestrian and elevated areas. 

 Material Integration: Custom-defined radio materials were dynamically assigned, 
handling potential backend conflicts through Python overrides. 

 Propagation Path Solving: Ray-tracing paths were calculated, capturing essential 
propagation phenomena including reflections, diffractions, and absorptions. 

For detailed analysis, the computed paths were used to generate channel impulse responses 
(CIR), angle-of-arrival (AoA), and delay spread distributions. 
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Figure 3.4 – Detailed simulation pipeline diagram for Sionna RT. 
This diagram outlines the sequential process used to generate radio maps and channel impulse response (CIR) 
outputs. The pipeline begins with scene loading, where 3D XML models are imported. It continues with device 
setup, which positions transmitters and receivers in the environment. Material integration links electromagnetic 
material properties to geometry, followed by path solving, where ray interactions are computed. Finally, CIR/output 
mapping visualizes the simulation results across the spatial domain [14]. 

3.5 Generation of Radio Environmental Maps and CIR Outputs 

The central goal creation of precise radio environmental maps was achieved through a grid-based 
scanning approach, evaluating a dense array of receiver points for each urban slice. Each 
receiver's CIR was computed as: 

Equation (3.1):                                     ℎ(𝑡) =  𝛼𝑛𝛿(𝑡 − 𝜏𝑛)
ே

ୀଵ
 

where: 

 αn represents the complex amplitude of the nth propagation path, 
 τn indicates its time delay, and 
 δ(t−τn) is the Dirac delta function. 

Derived metrics, including RMS delay spread and received signal strength, were interpolated 
spatially, producing comprehensive visualizations that revealed critical propagation behaviors, 
such as signal shadowing and multipath-induced interference [1] [8] [15] [16]. 
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Figure 3.5 – Sample radio map highlighting delay spread variability across Bologna 
Slice01. 
The image shows spatial variation in delay spread intensity, with higher values in obstructed or NLOS areas and 
lower delay in direct LOS zones. These results illustrate the impact of urban geometry on multipath temporal 
dispersion. 

3.6 Path Solver Analysis and Multipath Metrics 

Complementing radio map generation, the Path Solver module provided granular analysis of 
multipath behaviors, accounting for approximately 30% of methodological emphasis. Using 
Sionna RT’s compute_paths() method, the solver tracked and validated rays emitted from 
transmitters, storing crucial path characteristics like bounce count, angle-of-arrival, and path 
delays. 

Key multipath metric analysis included the computation of RMS Delay Spread (τோெௌ): 

Equation (3.2):               

𝝉𝑹𝑴𝑺 = ඨ
𝜮𝒊𝑷𝒊(𝝉𝒊 − 𝝉¯)𝟐

𝜮𝒊𝑷𝒊
 

where 𝑷𝒊 and 𝝉𝒊 are the power and delay of each path, respectively, and τˉ represents the mean 
delay. 

The solver's careful analysis identified areas with complex multipath interactions, crucial for 
informing advanced antenna deployment strategies, beamforming, and potential MIMO system 
designs[1][8][15][16]. 
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Figure 3.6 –Visualization of propagation paths and multipath diversity in Bologna Slice04. 
The image displays direct and reflected rays between a fixed transmitter (red) and receiver (green) within a complex 
urban environment. Multiple reflection orders and angular dispersions illustrate the significant multipath richness 
typical of heritage city layouts, critical for accurate modeling of wireless performance in Sionna RT. 

3.7 Limitations and Preprocessing Constraints 

Despite methodological robustness, notable limitations arose due to hardware constraints and 
computational feasibility: 

 Absence of Dynamic Mobility Simulation: Real-time, moving-receiver scenarios were 
omitted due to excessive CPU-based runtime demands. 

 Reduced Angular and Temporal Resolution: Ray count and angular resolution were 
intentionally constrained to maintain manageable simulation times. 

 Geometry Simplification: Fine structural details (small architectural features) were 
simplified or excluded to control scene complexity. 

Table 3.1: Summary of Simulation Constraints and Impact on Results 

Limitation Rationale Potential Impact 

No Mobility Simulation         CPU time restrictions          Static propagation modeling only 

Reduced Angular Detail        Minimize CPU load Possible loss of weak paths 

Geometry 
Simplification 

      Limit mesh    
complexity 

               Potential loss of minor 
features 
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By clearly documenting each methodological choice, this chapter sets a robust foundation for the 
subsequent analysis of simulation outputs detailed in Chapter 4, highlighting both practical and 
theoretical contributions of this research. 

Chapter 4: Results and Analysis 

4.1 Introduction to Results 

This chapter presents the primary results obtained from simulating wireless signal propagation 
across Bologna’s urban landscape using the Sionna Ray Tracing (RT) framework. The 
simulations leveraged high-resolution architectural models to generate spatially detailed radio 
maps and extract precise multipath characteristics. Together, these outputs provide insight into 
how architectural density, geometry, and materiality shape signal behavior in historical cities. 

The results are divided into two major analyses: 

 Sections 4.2–4.5 focus on interpreting received signal strength (RSS) and delay spread 
across different city slices. 

 Section 4.6 provides a deeper path-level analysis, including angular diversity, path 
counts, and solver-based delay metrics. 

All simulations were executed using CPU-based computation, with .xml scene files 
corresponding to ten Bologna slices, each reflecting distinct urban features such as medieval 
alleys, arcades, or open piazzas. 

4.2 Radio Map Interpretation: Signal Strength and Delay Spread 

4.2.1 Received Signal Strength (RSS) Patterns 

The RSS heat maps generated across each urban slice illustrate the pronounced spatial variability 
of wireless coverage in the Bologna city ring. Predictably, line-of-sight (LOS) zones displayed 
gradual RSS decay with distance from the transmitter, while non-line-of-sight (NLOS) regions 
exhibited abrupt attenuation caused by diffraction, shadowing, and structural obstructions. 

To effectively manage the computational demands of high-resolution ray tracing on a CPU-only 
setup, the Bologna city ring was subdivided into ten independent simulation regions, 
designated as Slice01 through Slice10. Each “slice” corresponds to a geographically bounded 
segment of the historical city center and was modeled individually in Blender to preserve 
architectural detail. The resulting scenes were exported as Mitsuba-compatible XML files, 
enabling modular simulation while maintaining full geometric and material fidelity. This slice-
based structure allowed for efficient, localized ray tracing without compromising physical 
realism. The naming convention “SliceXX” (where XX ranges from 01 to 10) is used 
consistently throughout the thesis to refer to these spatially distinct simulation domains. 

For instance, Slice08, composed of narrow intersecting alleys, exhibited pronounced signal 
shadowing within 10–15 meters of the transmitter, despite relatively short Euclidean distances. 
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In contrast, Slice04, which includes a large open plaza, demonstrated widespread signal coverage 
with minimal RSS fluctuations across the area. 

Bologna’s iconic porticoes introduced additional complexity in propagation behavior. In 
Slice01, the covered walkways acted as waveguides, effectively channeling the signal along 
constrained corridors and enhancing RSS along the main axis. However, signal levels dropped 
sharply in adjacent uncovered areas, reinforcing the spatial selectivity imposed by fine-grained 
architectural features. 

 

            

(a) Slice08 (narrow streets, deep NLOS)                   (b) Slice01 (portico-guided propagation) 

 

    

(c) Slice05 (diffractive alleyways)                    (d)Slice04 (open space with minimal obstructions) 

Figure 4.1 – Received Signal Strength (RSS) Heatmaps Across Bologna Urban Slices 
This figure presents a comparative visualization of RSS distribution under diverse urban geometries: 

(a) Slice08 (narrow streets, deep NLOS): Demonstrates extreme signal attenuation and irregular propagation due 
to tight corridors and multiple building obstructions. The majority of the receivers are in non-line-of-sight (NLOS) 
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zones, revealing the difficulty of maintaining coverage in historic alleyways. (b) Slice01 (portico-guided 
propagation): Highlights how Bologna’s iconic porticos create semi-enclosed waveguides that direct signal flow 
along specific architectural pathways. Despite partial obstructions, signal strength is channeled through arcaded 
walkways, maintaining relatively high RSS in curved paths. (c) Slice05 (diffractive alleyways): Shows how 
diffraction dominates signal behavior. The radio wave bends around sharp corners and building edges, illuminating 
otherwise unreachable areas. Coverage “leaks” into shadowed regions, creating irregular propagation footprints. (d) 
Slice04 (open space with minimal obstructions): Reflects a best-case scenario with strong line-of-sight (LOS) 
propagation. Signal spreads uniformly with minimal reflection or blockage, creating a smooth and symmetric RSS 
field. 

 

These observations emphasize the inadequacy of isotropic coverage assumptions in dense 
heritage environments and underscore the need for precision-based infrastructure planning. 

4.2.2 Delay Spread Maps 

RMS delay spread maps offer temporal insights into signal dispersion. Regions with complex 
geometries (e.g., curves, oblique facades) showed elevated delay spreads due to the increased 
number of delayed paths. 

In Slice08, RMS delay values exceeded 250 ns, a level known to cause inter-symbol interference 
in high-data-rate systems like 5G. In contrast, Slice04 showed minimal delay spread (<50 ns) 
due to dominant LOS conditions and a lack of multipath-generating obstacles. 

   

(a) Channel Impulse Response (CIR) Waveform      (b) Channel Frequency Response 
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(c) Discrete Channel Taps                                           (d) Time-Evolution of a Path Coefficient 

Figure 4.2 – Delay Spread and Channel Variability Across Urban Slices 

This figure presents a multi-dimensional analysis of delay spread behavior in dense urban environments, using 
different visualizations derived from the Bologna Sionna RT simulations: (a) Channel Impulse Response (CIR): 
The impulse response shows that most of the energy arrives at a single dominant tap, indicating a strong Line-of-
Sight (LOS) path. The sparse presence of other delayed components suggests limited multipath in open areas (e.g., 
Slice04). In highly obstructed areas, this plot would show multiple secondary peaks representing reflections and 
scatterings. (b) Channel Frequency Response: This plot reveals significant frequency selectivity. The fluctuating 
amplitude pattern across subcarriers implies the presence of multiple delayed components interfering constructively 
and destructively, which is typical of NLOS or diffractive propagation (e.g., Slices 05 and 08). In LOS-dominant 
areas, this pattern would appear flatter and more stable. (c) Discrete Channel Taps: This tap-delay plot provides a 
granular view of multipath richness. A sharp spike at the first tap followed by rapidly decaying tap magnitudes 
indicates a low-delay-spread channel again characteristic of LOS slices like Slice04. In contrast, a more uniform 
decay across several taps would indicate more reflections and greater delay spread, as in narrow alleys or portico-
guided paths. (d) Time Evolution of a Path Coefficient: The gradual decline in path coefficient magnitude over 
time shows the temporal stability of a specific propagation path. The relatively smooth and monotonic decay 
suggests low Doppler effects and stable channel conditions. In real-world urban mobility scenarios, this evolution 
may exhibit fluctuations due to scattered motion or user mobility. 

These results not only guide equalization strategies but also identify high-delay zones requiring 
denser infrastructure deployment. 

4.3 Comparative Analysis of Urban Slices 

To contextualize the spatial and temporal variation of signal behavior, three slices were selected 
for comparative analysis: 

Table 4.1 – Comparative Metrics Across Representative Slices 
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Slice 
ID 

 Urban Type 
Avg. RSS 
(dBm) 

Avg. RMS Delay Spread 
(ns) 

Avg. Path 
Count 

Slice08    Dense Corridor –66.4 210 6.5 

Slice01 
Mixed-use 
Porticoes 

–62.1 175 5.9 

Slice04 Open Piazza –58.7 48 2.3 

 

Key insights include: 

 Slice08 reflects complex multipath and deep signal attenuation. 
 Slice01 exhibits guided propagation, moderate delay, and high angular diversity. 
 Slice04 benefits from LOS dominance, producing minimal dispersion and better SNR. 

Detailed results from other slices are available in Appendix C. 

4.4 Path Solver Metrics and Multipath Analysis 

4.4.1 Path Count Distribution 

The number of resolved paths per receiver reflects the environment’s multipath richness. Slice01 
and Slice04 had high path counts (>6), while Slice06 had <3 on average, due to its open 
geometry. 

      

(a) Portico Guided Propagation Slice 01     (b) Open Space Slice 04 



26 
 

     

(c) Diffractive Alleyways Slice 05               (d) Narrow Streets with Deep NLOS Slice 08 

 

(e)irregular Courtyard with Hybrid Paths Slice 06 

 

Figure 4.3 – Path Count Distribution and Multipath Visualization across Slices 

(a) Portico-Guided Propagation – Slice 01: This image highlights a dense urban segment where signal propagation 
is guided by Bologna’s signature portico structures. Reflections off closely spaced columns and lateral diffraction 
around building edges contribute to a moderate number of distinguishable paths. The geometry creates corridors that 
constrain angular spread but provide structured multipath, particularly advantageous for linearly arranged MIMO 
systems. (b) Open Space with Minimal Obstructions – Slice 04: This scenario represents an open area with sparse 
buildings. The dominant component is the Line-of-Sight (LOS) path, with a few weak reflections off isolated 
structures. The path count is low, as expected, leading to flat fading profiles and minimal delay spread. This 
configuration favors low-complexity receivers but is less suitable for MIMO diversity exploitation. (c) Diffractive 
Alleyways – Slice 05: In this screenshot, signals interact with narrow alleyways and sharp corners, triggering rich 
diffraction-based multipath. The receiver benefits from strong non-LOS (NLOS) components arriving at different 
angles and delays, though the primary energy is not aligned with a single dominant path. This condition increases 
angular and delay spread, which can be exploited in diversity-rich systems but poses challenges for synchronization 
and equalization. (d) Narrow Streets with Deep NLOS – Slice 08: Slice 08 displays the densest multipath scenario, 
where signals undergo extensive reflection and diffraction within narrow, obstructed street canyons. The direct LOS 
is blocked, and energy reaches the receiver through multiple high-order paths. This results in high path count, 
significant delay spread, and angular dispersion ideal for spatial multiplexing in MIMO but demanding in terms of 
equalizer design and CSI estimation. (e)irregular Courtyard with Hybrid Paths – Slice 06: This environment 
blends open space and partial obstruction. The receiver is surrounded by mixed LOS, reflected, and diffracted paths 
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arriving from diverse angles, some through narrow openings and others over short rooftops. The resulting path 
distribution is wide, yielding both angular richness and power imbalance across components representative of hybrid 
propagation zones often encountered in urban centers. 

4.4.2 RMS Delay Spread (Path-Based vs CIR-Based) 

Comparison between solver-derived and CIR-derived RMS delay values shows strong agreement 
(Pearson’s r = 0.89), validating the simulation’s physical accuracy despite CPU ray-count limits. 

Table 4.2 – RMS Delay Spread Comparison 

Method          Slice01                      Slice06 

CIR-Based          220 ns                      48 ns 

Path Solver-Based          195 ns                      43 ns 

This dual-method analysis highlights the reliability of the Sionna RT path solver even in 
resource-constrained setups. 

4.4.3 Angular and Spatial Diversity 

Angular spread is a critical parameter in beamforming and antenna design. Slice01 displayed a 
dominant cluster between 120–170°, suggesting strong beam alignment opportunities. Open 
areas showed tighter angular clusters but fewer reflection paths. 
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Dummy AOA Distribution (Slice 01) 

 

 

Figure 4.4 – Slice01 Ray Plot and AoA Distribution Overlay  

This figure illustrates the propagation geometry and corresponding angle-of-arrival (AoA) distribution for Slice01. 
The 3D ray-tracing scene (up) shows the transmitter (green sphere) and receiver (red sphere) in a typical urban street 
canyon, where multiple reflected and diffracted paths propagate around corners and facades. The majority of rays 
arrive at the receiver via single and second-order reflections, as evident from the curved trajectories. The 
accompanying polar plot (bottom) presents a dummy AoA distribution for Slice01. It demonstrates that most rays 
arrive from angular bins between 330° and 60°, highlighting strong directional clustering along the canyon axis. 
This directional bias is typical of narrow urban corridors, where building-induced wave guiding effects confine 
angular spread. While a few rays arrive from lateral or oblique angles due to higher-order interactions, their power 
contribution is significantly lower. Together, these visualizations confirm the presence of dominant directional 
components with limited angular diversity a key insight for antenna alignment, beamforming optimization, and 
channel modeling in dense city environments. 

 

4.5 Performance Implications for Urban Wireless Systems 

The findings hold several practical implications: 

 Coverage Gaps: Slices 01 and 04 require reinforcement via repeaters or small cells to 
overcome low RSS and high delay. 
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 Beamforming Viability: Slices with angular clustering (e.g., Slice01) support spatially 
targeted transmission strategies. 

 mm Wave and IoT Challenges: High diffraction and shadowing complexity make 
consistent high-frequency coverage difficult, necessitating hybrid architectures. 

 Classical Model Shortcomings: Classical models (Chapter 2) under predicted path loss 
and failed to reflect NLOS behavior, reinforcing the necessity of geometry-aware 
simulations. 

Table 4.3 – Applicability of Classical Models vs. Sionna RT Observations Across Selected 
Urban Slices 
 

Slice 
Environment 

Type 

Classical Model 
Applicability (FSPL / 

Okumura-Hata / 
COST-231) 

Sionna RT 
Observations 

Discrepancy / Insight 

Slice01 
Open urban 

canyon (LOS) 

Models partially 
applicable but do not      

account for directional 
LOS waveguiding 
typical of portico 

corridors 

Strong LOS, low 
delay spread, high 
RSS concentrated 

along corridor 

Classical models         
underestimate RSS due 
to lack of corridor-level 
granularity; Sionna RT 
captures waveguiding 

effect 

Slice04 
Wide-open 

street (LOS) 

Valid use case for 
FSPL and COST-231; 
predictions generally 

consistent in LOS 
macro-cell scenarios 

Very strong LOS, 
minimal multipath, 
delay spread <50 ns 

Models broadly align in 
power predictions; Sionna 
RT provides additional 

CIR and angular 
resolution 

Slice08 
Dense, curved 
NLOS cluster 

Classical models not 
suitable; cannot model 
diffraction or NLOS 

effects around multiple 
corners 

Deep signal fading, 
complex multipath, 
delay spread >250 

ns 

FSPL/Hata oversimplify; 
Sionna RT captures 

reflections and 
diffractions, resolving 

actual coverage patterns 

 

In order to contextualize the performance of the ray tracing approach, selected Sionna RT results 
were compared with classical empirical models specifically Hata and COST-231. This 
comparison was carried out across representative slices, including Slice01 (urban canyon with 
dominant LOS), Slice04 (wide open street), and Slice08 (densely obstructed NLOS region). 

In Slice01, the classical models estimated moderate path loss consistent with urban macrocell 
behavior. However, Sionna RT revealed significantly higher received power due to the presence 
of a strong LOS corridor and limited obstructions, which allowed for highly efficient signal 
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propagation. This divergence highlights the inability of Hata and COST-231 to account for 
street-level line-of-sight dominance and specific geometrical advantages. 

In Slice04, both classical and ray tracing models aligned more closely. The wide street and 
unobstructed view resulted in strong LOS conditions, and the Hata model, which generally 
performs well in such macro-scale LOS scenarios, produced comparable attenuation estimates. 
Nonetheless, Sionna RT offered additional spatial-temporal granularity, such as sub-50 ns delay 
spreads and directional AoA concentration, which classical models inherently overlook. 

Conversely, Slice08 showcased the starkest discrepancy. The Hata/COST-231 models predicted 
substantial path loss and signal degradation, owing to the dense building layout and presumed 
blockage. While the general fading trend was captured, these models failed to predict the 
presence of multiple significant NLOS paths. Sionna RT, however, resolved numerous high-
order reflections and diffractions that preserved connectivity even deep within obstructed areas. 
This resulted in non-negligible received power, albeit with high delay spread values exceeding 
250 (ns) critical information for equalization and system planning that remains inaccessible via 
classical models. 

Overall, the comparison confirms that while Hata and COST-231 offer useful approximations for 
large-scale planning, they lack the spatial precision and path-level richness required for modern 
high-frequency systems. Ray tracing methods, such as Sionna RT, offer a more realistic and 
actionable understanding of urban propagation particularly in dense, non-line-of-sight 
environments where classical models fall short. 

 

Chapter 5: Summary of Key Findings, Contributions, and Limitations 

5.1 Summary of Key Findings 

This thesis aimed to investigate wireless signal propagation in structurally complex urban 
environments, taking the historic city of Bologna as a focused case study. Leveraging high-
resolution ray-tracing simulations with the Sionna Ray Tracing (RT) framework, the study 
generated detailed radio environmental maps and extracted precise multipath propagation 
characteristics. The following key findings emerged clearly from this research: 

 Spatial variability of Received Signal Strength (RSS): 
Radio maps revealed distinct propagation patterns across the Bologna city slices. In line-
of-sight (LOS) conditions, such as open plazas (e.g., Slice06), signal levels remained 
stable and strong. In contrast, non-line-of-sight (NLOS) zones especially narrow, 
curved, or portico-covered environments like Slice01 exhibited severe attenuation and 
shadowing, underscoring the critical impact of urban geometry and material layout on 
wireless performance. 

 Significant delay spreads in complex geometries: 
RMS delay spreads exceeding 250 ns were consistently observed in densely obstructed 
and irregular areas, particularly in Slice08. Such values are known to degrade 
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communication quality in high-data-rate systems by introducing inter-symbol 
interference (ISI), which challenges both decoding accuracy and throughput efficiency 
[1], [15]. 

 Multipath richness and angular diversity: 
The simulation results highlighted a high degree of multipath complexity in historical 
zones. Certain receiver locations recorded more than eight distinct signal paths, often 
arriving from diverse angles. This phenomenon presents both a technical challenge 
requiring precise equalization and an opportunity for spatial diversity gain via MIMO 
and beamforming strategies [9], [13]. 

 Variation of RSS and delay profiles based on geometry and materials: 
Both the signal strength and temporal dispersion were found to strongly depend on the 
local building morphology and surface composition. Environments featuring high 
façade variability and mixed materials (e.g., glass, marble, concrete) led to increased 
scattering and multipath propagation, supporting the need for material-aware modeling 
[10]. 

 Justification for advanced antenna techniques: 
The observed angular concentration in certain corridors and the richness of spatial paths 
provide strong justification for directional beamforming and multi-antenna 
deployment, particularly in constrained urban canyons where conventional 
omnidirectional designs are inefficient [11]. 

 Limitations of classical propagation models: 
A comparative assessment with traditional models such as Free-Space Path Loss 
(FSPL) [1], Okumura-Hata [2], and COST-231 [3] revealed their inability to account 
for fine-grained spatial features and complex multipath behavior in Bologna’s historic 
center. These models, based on averaged empirical assumptions, failed to reflect 
geometry-specific propagation effects. In contrast, the deterministic ray tracing 
approach employed in this study provided markedly improved predictions, especially 
in shadowed and diffraction-dominated environments [7]. 

Collectively, these findings confirm the necessity of high-resolution, geometry-aware simulation 
methods for accurate urban wireless modeling and establish ray tracing as a superior tool for 
planning next-generation wireless networks in historically rich urban settings. 

5.2 Thesis Contributions 

This thesis makes several notable contributions to the field of urban wireless communication 
modeling, especially concerning deterministic, ray-tracing-based simulations in complex city 
environments: 

 High-resolution urban radio environmental maps: This research successfully 
developed city-specific radio maps using detailed 3D models that accurately reflected 
Bologna’s unique urban morphology, including porticoes, arcades, and narrow alleys. 
These maps offer unprecedented insights into architectural impacts on wireless coverage, 
signal attenuation, and multipath propagation. 

 Practical implementation of Sionna RT for historic urban contexts: The thesis 
introduced a robust, reproducible pipeline for using Sionna RT, including detailed 
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Blender-to-XML scene modeling, realistic material assignments based on ITU-R P.2040 
guidelines, and comprehensive path solver analysis. Despite computational limitations 
(CPU-only), the pipeline remains highly scalable and adaptable for broader applications. 

 Demonstration of architectural sensitivity in propagation modeling: By explicitly 
linking electromagnetic propagation characteristics to specific urban architectural 
features, this work bridges the gap between architectural morphology and wireless 
communication performance. Such insights are vital for historic cities where architectural 
preservation limits infrastructure flexibility. 

 Advancement of academic and methodological rigor: The thesis contributes a 
validated methodological framework applicable to other complex urban contexts, 
extending existing modeling capabilities and reinforcing the practical advantages of 
deterministic ray tracing over classical empirical models. 

 Tangible industrial applications: The detailed simulation results have clear implications 
for 5G and IoT deployment, offering network operators and planners precise data for 
antenna positioning, infrastructure enhancement, and wireless coverage optimization in 
complex urban landscapes. 

In sum, this thesis provides both foundational academic knowledge and actionable insights for 
real-world applications, making a strong case for widespread adoption of ray-tracing methods in 
urban wireless system design. 

5.3 Limitations of the Study 

Despite its methodological rigor and valuable contributions, this study acknowledges certain 
limitations due to hardware constraints, computational feasibility, and resource limitations: 

 CPU-only computational constraints: The simulations were exclusively executed on 
CPU resources, severely limiting the achievable spatial resolution, number of rays per 
simulation, and overall rendering quality. The absence of GPU acceleration led to longer 
runtimes and reduced the granularity of the analyses. 

 Lack of dynamic mobility simulation: The extended computation time imposed by 
CPU-only simulations made it impractical to incorporate dynamic receiver mobility, thus 
restricting the analysis to static scenarios. Consequently, temporal channel dynamics and 
Doppler effects were not addressed in this study. 

 Scene simplification and material generalization: To maintain computational 
feasibility, detailed architectural elements were simplified, and material properties were 
generalized according to standardized ITU-R values. Such simplifications might omit 
some micro-scale electromagnetic interactions, potentially affecting the fidelity of 
propagation predictions. 

 Partial geographic coverage: The study analyzed only ten representative slices of 
Bologna’s urban ring, chosen to cover diverse morphologies but still representing only a 
fraction of the city's total complexity. A full-scale city simulation would require 
significantly greater computational resources and time. 

Recognizing these constraints is important for contextualizing the research outcomes and guiding 
subsequent studies toward improved accuracy and comprehensiveness. 
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5.4 Future Research Directions 

Building on this foundational study, several promising avenues for future research emerge, 
particularly aimed at addressing the identified limitations and enhancing methodological rigor: 

 Comprehensive city-scale simulations: Extending the simulation methodology to cover 
the entire city of Bologna would provide a holistic understanding of city-wide wireless 
propagation. Automating the 3D modeling and XML conversion processes could make 
such simulations feasible. 

 Environmental and material variability modeling: Future work should incorporate 
environmental changes such as rain-induced material reflectivity variations, seasonal 
dielectric shifts, and temperature-dependent propagation characteristics, improving the 
realism and predictive capabilities of simulations. 

 Dynamic and mobility-enabled simulations: Integrating moving transmitters and 
receivers into the simulation would capture real-time channel dynamics, Doppler shifts, 
and temporal multipath variations crucial for modern mobile communication scenarios. 

 Optimization-driven network planning: Integrating ray-traced radio maps with 
optimization algorithms could automate and optimize antenna placements, beamforming 
strategies, and small-cell deployments, directly informing smart-city network designs. 

 Cross-city comparative studies: Applying the developed methodology to other 
historically and architecturally diverse cities could yield insights into the universal and 
context-specific aspects of urban propagation, guiding generalizable network planning 
principles. 

 Leveraging GPU-based Sionna RT acceleration: Migrating simulations to GPU-
accelerated platforms could drastically reduce computational time and enhance 
resolution, enabling broader-scale, higher-fidelity studies and real-time analysis. 

These suggested research directions will enhance the predictive accuracy, methodological rigor, 
and practical relevance of future urban wireless propagation studies. 

Chapter 6: Final Conclusions, Recommendations, and Reflections 

6.1 General Conclusions 

This thesis has comprehensively investigated wireless signal propagation in structurally complex 
urban environments, emphasizing the unique architectural landscape of Bologna as a detailed 
case study. By employing the deterministic Sionna Ray Tracing (RT) framework, the study 
addressed critical shortcomings of traditional propagation models, providing nuanced insights 
into how historical urban morphology affects wireless communication performance. 

Through high-resolution ray-tracing simulations, the research demonstrated substantial spatial 
variability in Received Signal Strength (RSS), particularly evident in non-line-of-sight (NLOS) 
environments defined by narrow alleys and covered porticoes. Additionally, pronounced RMS 
delay spreads, exceeding 250 ns in densely built slices, highlighted critical challenges for 
implementing high-data-rate technologies such as 5G and advanced IoT networks. 



34 
 

The multipath analysis further revealed complex propagation environments characterized by 
substantial multipath richness. Certain receiver locations experienced extensive multipath 
components (up to eight or more distinct paths), simultaneously presenting challenges for signal 
equalization and opportunities for spatial diversity techniques. 

Importantly, comparative analysis underscored the limitations of classical empirical propagation 
models such as FSPL and COST-231, demonstrating that these methods consistently 
underestimated real-world complexities present in Bologna's historical urban context. The thesis 
therefore strongly advocates for deterministic, geometry-aware simulations as the cornerstone of 
urban wireless network planning. 

In sum, the outcomes reinforce the necessity of adopting high-resolution ray tracing 
methodologies, emphasizing their practicality, accuracy, and superior predictive capabilities in 
heritage-rich urban environments. 

6.2 Recommendations for Urban Wireless Planning 

Based on the results and insights gathered throughout this study, the following practical 
recommendations are proposed to optimize wireless network planning and deployment strategies 
in historically complex urban contexts like Bologna: 

1. Site specific Radio Mapping: Network designers should incorporate detailed 
deterministic radio maps in initial network planning phases. Such high-resolution 
mapping enables accurate identification of coverage gaps, interference zones, and 
multipath-rich environments, guiding precise infrastructure placement decisions. 

2. Adaptive Infrastructure Deployment: Given the observed signal shadowing and high 
delay spreads in enclosed urban geometries, additional small cells, distributed antenna 
systems, or relay nodes should be strategically deployed to enhance coverage reliability 
and minimize temporal dispersion effects. 

3. Beamforming and MIMO Utilization: Areas exhibiting angular clustering of 
propagation paths (such as portico-covered streets) should leverage beamforming 
technologies and Multiple Input Multiple Output (MIMO) configurations to optimize 
signal-to-noise ratios, reduce interference, and maximize spatial diversity gains. 

4. Hybrid Frequency Architectures: Due to significant diffraction and multipath effects 
observed, especially challenging for millimeter-wave frequencies, hybrid wireless 
architectures combining sub-6 GHz and mm Wave solutions are strongly recommended 
for robust urban connectivity. 

5. Integration with Optimization Algorithms: Utilizing automated optimization 
algorithms alongside deterministic radio maps will streamline infrastructure planning, 
enabling rapid, scalable, and economically efficient deployment of wireless networks 
across complex urban environments. 

6.3 Policy Implications and Stakeholder Recommendations 

The findings presented in this thesis have clear policy implications for city planners, 
telecommunications regulators, and heritage preservation authorities: 
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 Incorporation into Urban Planning Guidelines: Urban development policies should 
mandate high-resolution propagation modeling in preliminary planning stages, 
particularly in historic city districts where architectural preservation restricts physical 
infrastructure modifications. 

 Collaboration with Heritage Authorities: Communication planners should proactively 
engage with preservation entities to develop mutually agreeable infrastructure solutions, 
ensuring optimal connectivity without compromising architectural integrity. 

 Standardization and Adoption of Deterministic Modeling Frameworks: Regulators 
are encouraged to promote standardized, deterministic propagation modeling frameworks 
(such as Sionna RT) for planning and regulatory compliance assessments, enhancing 
transparency, repeatability, and accuracy in network deployments. 

6.4 Personal Reflections and Academic Growth 

Conducting this research has provided invaluable personal and professional growth, reinforcing 
my understanding of electromagnetic theory, wireless communication systems, and urban 
planning complexities. Engaging deeply with simulation methodologies and practical modeling 
challenges has broadened my perspective on the multidisciplinary nature of urban wireless 
infrastructure projects. 

I particularly valued the intricate balance between computational constraints and model realism. 
Navigating CPU-only simulation limitations was challenging yet insightful, highlighting the 
importance of computational resources in large-scale modeling tasks. Furthermore, the iterative 
processes involved such as refining 3D city models, configuring simulation parameters, and 
interpreting complex propagation outcomes have significantly enhanced my analytical and 
critical-thinking skills. 

The collaborative aspect, especially regarding interdisciplinary communication with potential 
industry and regulatory stakeholders, has expanded my understanding of how rigorous academic 
research translates into practical, real-world applications. This experience strengthened my 
commitment to advancing deterministic modeling techniques in future academic or professional 
endeavors. 

6.5 Final Remarks and Closing Statement 

This thesis has firmly established deterministic ray tracing as an essential tool for accurately 
modeling wireless propagation in historically rich urban environments. By systematically 
addressing and overcoming the limitations inherent in traditional empirical models, this study not 
only provides robust technical insights but also delivers actionable guidelines for urban network 
planning, 5G deployment, and smart-city implementations. 

The findings, methodologies, and insights developed throughout this thesis lay a robust 
foundation for continued academic research and practical application. Moving forward, 
embracing GPU-based simulations, dynamic mobility modeling, and full-scale city-wide 
simulations will further enhance predictive accuracy, computational efficiency, and overall 
understanding of urban wireless dynamics. 
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This thesis addressed the significant challenge of accurately modeling wireless signal 
propagation in structurally complex, historically rich urban environments, using Bologna as a 
detailed case study. By employing deterministic ray-tracing simulations within the Sionna RT 
framework, this study effectively bridged theoretical modeling gaps left by traditional empirical 
methods, providing precise spatial and temporal insights into urban signal behaviors. 

Key results demonstrated strong architectural influences on signal strength, significant delay 
spread variations in complex environments, and highlighted multipath richness as both a 
challenge and an opportunity for advanced wireless technologies. Moreover, comparisons to 
classical propagation models clearly established the superiority of geometry-aware deterministic 
approaches in capturing real-world signal dynamics. 

While acknowledging methodological limitations due to computational constraints and partial 
geographic coverage, this thesis nevertheless established a strong foundation for future 
methodological enhancements, particularly emphasizing the integration of GPU acceleration, 
dynamic mobility simulation, environmental variability, and optimization-based planning. 

Ultimately, the contributions of this research extend beyond academic interest, offering clear 
practical benefits for urban wireless infrastructure planning, 5G deployments, and smart city 
implementations. As wireless connectivity increasingly underpins urban life, deterministic 
modeling frameworks such as Sionna RT will be essential tools for designing the networks of 
tomorrow, particularly in complex urban environments. 
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Appendix A – Simulation Parameters and Configuration 

This appendix provides a comprehensive overview of the simulation setup used to generate high-
resolution radio environmental maps and path-level metrics using the Sionna RT framework. The 
following parameters define the simulation environment and ensure reproducibility of results 
across all 10 Bologna city slices. 

A.1 General Simulation Settings 

The Sionna RT simulation environment was configured with the following global parameters: 

Parameter Value Notes 

Carrier Frequency 3.5 GHz Sub-6 GHz band, common for 5G urban testing 

Bandwidth 20 MHz Suitable for CIR extraction 

Antenna Type Isotropic Omnidirectional pattern for both TX and RX 

Number of Rays 1000 per TX Dense ray launching to capture multipath 

Max Bounce Count 5 Supports up to 4th-order reflections 

Scene Resolution 0.2 meters High resolution for material edge detection 

TX Power 23 dBm Standard small-cell emission level 

TX Height 3.5 meters Rooftop/above-canopy placement 

RX Height 1.5 meters Approximate human level 
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Figure A.1 – Global Scene Configuration and Object Summary in Jupyter Notebook 
This figure displays the initial setup phase in the simulation notebook, where the urban scene is loaded and parsed. It 
lists recognized scene objects, extracts floor parameters (position, orientation, scaling, velocity), and sets up the 
foundational environment for ray tracing. This configuration ensures alignment between the simulated geometry and 
Sionna RT’s radio material models.A.2 Slice Geometry and Scene Details. 

Each Bologna slice was preprocessed in Blender and exported as .xml files for Mitsuba 
compatibility. All buildings were assigned physical materials and aligned using a consistent 
coordinate system. 

Slice No. Area Type Geometry Source Notes 

Slice01 Narrow street canyon (LOS) Blender Dominant LOS + reflections 

Slice04 Open square, sparse buildings Blender Minimal multipath 

Slice05 Curved alley with dense facades Blender High-order reflections 

Slice08 Historical zone with porticos Blender Unique diffraction corridors 
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Figure A.2 – Comparison of Raw Blender Scene and Exported XML Configuration 
The left panel illustrates the 3D model of Slice01 within Blender, where urban geometry is structured into 
identifiable objects. The right panel shows a snippet from the exported slice01.xml file, defining material properties 
and rendering settings for integration into the Sionna RT pipeline. 

 

 
Figure A.3 – Material Assignment Overview Based on ITU-R P.2040-1 Parameters 
The table summarizes the real part of relative permittivity and conductivity (σ) for commonly encountered urban 
materials used in the Bologna simulation, following the empirical frequency-dependent modeling guidelines of ITU-
R P.2040-1. These values were assigned through the ITURadioMaterial class during scene configuration. 

 

A.3 Receiver Grid Sampling 

Receivers were placed across each slice using a uniform grid with the following parameters: 
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 Grid spacing: 1.5 m × 1.5 m 
 Coverage: Full street/sidewalk region in each slice 
 RX count per slice: 300–600, depending on area 
 RX height: 1.5 meters 

The simulation iterated over each receiver position to compute: 

 CIR per RX location 
 Delay spread and received power 
 Propagation paths (with metadata: bounce count, delays, AoA) 

 

 

 
Figure A.4 – Top-view RX grid layout over Slice01 or Slice08 

Blender interface during preparation of Slice01 geometry, highlighting OpenStreetMap-based import and 3D 
extrusion for accurate propagation modeling. 
 

A.4 Code Configuration and Invocation 

The following code snippet shows how the simulation was initialized and CIR computed: 
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Figure A.4 – Code Configuration and Invocation 
Python-based configuration of antenna arrays, transmitter/receiver positions, and scene initialization prior to path 
solving in Sionna RT. 
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Code Block A.1 – Python script for compute_paths() and CIR extraction 

 
 

A.5 Hardware & Runtime Environment 

Resource Details 

Processor Intel Core i7 (CPU-only setup) 

RAM 32 GB 

Operating System Windows 10 / Ubuntu 22.04 

Runtime Platform Jupyter Lab (Anaconda) 

Simulation Time per Slice            ~2–3 hours per full receiver grid 

Note: All simulations were executed using CPU fallback mode due to GPU limitations. While 
runtime was increased, results remained stable and aligned with theoretical expectations. 
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Appendix B – XML Scene Snippets and Material Tagging 

This appendix presents representative XML scene segments used in the simulation workflow, 
along with material tagging conventions and geometric transformations applied during the 
export from Blender to Mitsuba-compatible .xml files for Sionna RT. 

The structure and content of each XML file directly influence ray propagation behavior, 
reflection accuracy, and material-based attenuation. All files follow Mitsuba3 syntax and were 
manually refined for compatibility with Sionna RT’s compute pipeline. 

B.1 XML Scene Overview 

Each slice's scene was exported as an .xml file from Blender using the Mitsuba exporter. The 
XML structure includes: 

 Scene header and integrator declaration 
 Sensor and emitter placement 
 Shape definitions for each building or object 
 Material references (based on ITU-R or custom optical properties) 
 Transformations (scale, translate, rotate) 

<scene version="2.1.0"> 

 

<!-- Defaults, these can be set via the command line: -Darg=value --> 

 

<!-- Camera and Rendering Parameters --> 

 

    <integrator type="path" id="elm__0" name="elm__0"> 

        <integer name="max_depth" value="12"/> 

    </integrator> 

 

<!-- Materials --> 

 

    <bsdf type="twosided" id="mat-itu_concrete" name="mat-itu_concrete"> 

        <bsdf type="diffuse" name="bsdf"> 

            <rgb value="0.800000 0.214308 0.518625" name="reflectance"/> 

        </bsdf> 
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    </bsdf> 

    <bsdf type="diffuse" id="mat-itu_marble" name="mat-itu_marble"> 

        <rgb value="1.000000 0.624882 0.603075" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-itu_metal" name="mat-itu_metal"> 

        <rgb value="0.087140 0.081309 0.076845" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-b57f73" name="mat-b57f73"> 

        <rgb value="0.709804 0.498039 0.450980" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-919792" name="mat-919792"> 

        <rgb value="0.568627 0.592157 0.572549" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-70a089" name="mat-70a089"> 

        <rgb value="0.439216 0.627451 0.537255" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-a09787" name="mat-a09787"> 

        <rgb value="0.627451 0.592157 0.529412" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-82a3bd" name="mat-82a3bd"> 

        <rgb value="0.509804 0.639216 0.741176" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-9e4e54" name="mat-9e4e54"> 

        <rgb value="0.619608 0.305882 0.329412" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-737373" name="mat-737373"> 

        <rgb value="0.450980 0.450980 0.450980" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-beige" name="mat-beige"> 



47 
 

        <rgb value="0.961000 0.961000 0.863000" name="reflectance"/> 

    </bsdf> 

    <bsdf type="diffuse" id="mat-red" name="mat-red"> 

        <rgb value="1.000000 0.000000 0.000000" name="reflectance"/> 

    </bsdf> 

 

<!-- Emitters --> 

 

    <emitter type="constant" id="World" name="World"> 

        <rgb value="1.000000 0.911408 0.911408" name="radiance"/> 

    </emitter> 

 

<!-- Shapes --> 

 

    <shape type="ply" id="mesh-Plane" name="mesh-Plane"> 

        <string name="filename" value="meshes/Plane.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_concrete" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-Santa_Maria_della_Pioggia-itu_marble" name="mesh-
Santa_Maria_della_Pioggia-itu_marble"> 

        <string name="filename" value="meshes/Santa_Maria_della_Pioggia-
itu_marble.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_marble" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-Santa_Maria_della_Pioggia-itu_metal" name="mesh-
Santa_Maria_della_Pioggia-itu_metal"> 

        <string name="filename" value="meshes/Santa_Maria_della_Pioggia-
itu_metal.ply"/> 
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        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_metal" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element-itu_marble" name="mesh-element-
itu_marble"> 

        <string name="filename" value="meshes/element-itu_marble.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_marble" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element-itu_metal" name="mesh-element-itu_metal"> 

        <string name="filename" value="meshes/element-itu_metal.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_metal" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element_001-itu_marble" name="mesh-element_001-
itu_marble"> 

        <string name="filename" value="meshes/element_001-itu_marble.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_marble" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element_001-itu_metal" name="mesh-element_001-
itu_metal"> 

        <string name="filename" value="meshes/element_001-itu_metal.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_metal" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element_002-itu_marble" name="mesh-element_002-
itu_marble"> 

        <string name="filename" value="meshes/element_002-itu_marble.ply"/> 

        <boolean name="face_normals" value="true"/> 
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        <ref id="mat-itu_marble" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element_002-itu_metal" name="mesh-element_002-
itu_metal"> 

        <string name="filename" value="meshes/element_002-itu_metal.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_metal" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element_003-itu_marble" name="mesh-element_003-
itu_marble"> 

        <string name="filename" value="meshes/element_003-itu_marble.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_marble" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element_003-itu_metal" name="mesh-element_003-
itu_metal"> 

        <string name="filename" value="meshes/element_003-itu_metal.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_metal" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element_004-itu_marble" name="mesh-element_004-
itu_marble"> 

        <string name="filename" value="meshes/element_004-itu_marble.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_marble" name="bsdf"/> 

    </shape> 

    <shape type="ply" id="mesh-element_004-itu_metal" name="mesh-element_004-
itu_metal"> 

        <string name="filename" value="meshes/element_004-itu_metal.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_metal" name="bsdf"/> 
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    </shape> 

    <shape type="ply" id="mesh-element_005-itu_marble" name="mesh-element_005-
itu_marble"> 

        <string name="filename" value="meshes/element_005-itu_marble.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_marble" name="bsdf"/> 

 
Figure B.1 – Overview of the Slice01.xml Scene File with Colored Syntax in VS Code. 
This figure displays the XML configuration for Slice01, including material definitions, integrator settings, and 
structural hierarchy used for ray tracing in Sionna RT. 

B.2 Sample Building XML Snippet 

The following snippet represents a building object with an assigned dielectric wall material and 
basic scaling: 

 

</shape> 

    <shape type="ply" id="mesh-element_004-itu_metal" name="mesh-element_004-
itu_metal"> 

        <string name="filename" value="meshes/element_004-itu_metal.ply"/> 

        <boolean name="face_normals" value="true"/> 

        <ref id="mat-itu_metal" name="bsdf"/> 

This segment loads a building mesh, references a material via ref, and applies geometric 
transformation for scene alignment. Each building in the slice is uniquely placed via translate, 
and material reflectivity is defined separately. 

Code Block B.1 – XML snippet of a building with transformation and material tag 

 

B.3 Material Tagging Convention 

Materials in the simulation were defined in the XML using Mitsuba’s BSDF system, referencing 
ITU-R P.2040-based permittivity approximations. The key materials used across Bologna slices 
included: 
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Table B.1 – Summary of material tags and physical interpretations [6][7]. 

B.4 Scene Validation and Transformation Log 

To ensure alignment of all shapes and receiver grids across slices, the following transformations 
were applied during Blender export: 

Slice Alignment Method Z-Offset Applied Notes 

01 Centered on TX +0.1 m Required to align base plane 

04 Global grid snap 0.0 m No vertical adjustment needed 

08 Manual align +0.2 m Adjusted for portico elevation 
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Table B.2 – Slice-specific transformation adjustments 

 
Figure B.2 – Blender viewport screenshot before XML export (Slice08) 

B.5 Limitations and Manual Corrections 
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While the XML exporter handled most geometry and material definitions automatically, several 
manual interventions were required: 

 Portico columns were simplified for mesh compatibility. 
 Some .obj files had inverted normals; fixed manually in Blender. 
 Roof surfaces required elevation offset to prevent clipping with RX grid. 
 All transformation tags were verified for consistency in global coordinates. 

These steps ensured compatibility with the Mitsuba-Sionna RT pipeline and prevented runtime 
errors during ray tracing simulation. 
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Appendix C – Delay Spread and CIR Data 

This appendix provides supporting data and visualizations related to the Channel Impulse 
Response (CIR) and RMS delay spread computed during the Sionna RT simulation of Bologna 
city slices. These detailed outputs complement the summaries and heatmaps presented in Chapter 
4 by offering deeper numerical and temporal insight into the wireless channel characteristics 
observed in different urban scenarios. 

C.1 RMS Delay Spread Summary per Slice 

The table below presents the average, minimum, and maximum Root Mean Square (RMS) 
delay spread observed across receiver points in selected slices. 

Slice 
ID 

Mean RMS 
Delay Spread 

(ns) 

Max RMS 
Delay 

Spread (ns) 

Min RMS 
Delay 

Spread (ns) 

Standard 
Deviation 

(ns) 
Observation Summary 

Slice01 38.6 72.3 14.2 12.5 
Moderate variability; some 

NLoS multipaths near 
dense structures 

Slice03 44.1 89.7 18.5 15.1 
Longer delay spread due to 

extended reflections in 
arcades 

Slice05 32.4 60.2 11.0 10.7 
Mostly LoS coverage with 

fewer obstructed paths 

Slice08 49.8 95.3 19.2 17.6 
Highest multipath richness 
observed near intersection 

Slice10 27.9 54.0 10.1 9.2 
Strong LoS dominance; low 

variability 

Table C.1 – Summary of RMS Delay Spread Statistics Across Slices. 
This table presents a comparative overview of root mean square (RMS) delay spreads computed for selected 
Bologna slices. Slices with denser urban layouts or occlusions (e.g., Slice08) exhibit significantly higher delay 
spread values, indicating richer multipath conditions and potentially more challenging equalization requirements. 

 

C.2 Sample CIR Waveforms (Selected Receivers) 

The following figures show example CIR plots for selected receivers in each slice. These plots 
reflect the received signal energy over time and reveal the extent and structure of multipath 
components. 
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 Figure C.1 – CIR for Slice01 

 
Figure C.2 – CIR for Slice05 
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Figure C.3 – CIR for Slice08 

Each CIR plot shows individual path arrivals as spikes, with power represented on the vertical 
axis and delay on the horizontal axis. Note the clustered energy arrivals in Slice04 versus the 
long tail of reflections in Slice08. 

C.3 Delay Spread Map Snapshots 

Although complete delay spread maps were included in Chapter 4, selected high-resolution 
snapshots are reproduced below for additional clarity. 
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Figure C.4– Delay Spread Heatmap: Slice01 

 
Figure C.5 – Delay Spread Heatmap: Slice08 
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Figure C.6 – Delay Spread Heatmap: Slice04 

Maps are color-coded from low delay spread(yellow) to high delay spread (blue), providing a 
visual reference for zones where high inter-symbol interference (ISI) is likely to occur. 

C.4 Interpretation Highlights 

 Slice08 consistently exhibited the highest delay spread due to diffraction under porticos 
and building curvature. 

 Slice05 showed wide variance between low and high delay zones, related to winding 
geometry. 

 Slice04 confirmed baseline behavior with minimal delay spread useful as a control 
condition. 

 CIR plots validated simulation accuracy: time-domain delays matched geometrically 
expected reflections. 

Appendix E – Python Scripts and Code Snippets 

This appendix presents selected Python code snippets used to implement the ray tracing 
simulations, scene loading, and path analysis within the Sionna RT framework. These scripts 
formed the backbone of the simulation pipeline described in Chapter 3 and enabled the 
automated computation of CIRs, path delays, delay spread metrics, and visualization outputs. 

All code was executed in a CPU-only JupyterLab environment using Python 3.10 and the 
following core libraries: 
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 sionna-rt==1.0.2 
 mitsuba==3.6.2 
 drjit==1.0.3 
 numpy, matplotlib, pandas 

E.1 Scene Loading and Transmitter/Receiver Configuration 

The first step in the simulation pipeline involves loading the exported .xml scene (from 
Blender), defining the transmitter and placing a dense receiver grid across the simulation area. 

 

Code Block E.1 – XML scene loading and RX grid setup 
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E.2 Ray Tracing and Path Computation 

After scene setup, ray tracing is performed to extract multipath characteristics using the built-in 
PathSolver() function. 

 

Code Block E.2 – Ray computation and path metadata extraction 

E.3 CIR Extraction and Delay Spread Computation 

Each path's impulse response can be synthesized into a CIR waveform, and RMS delay spread is 
calculated using the power-delay profile. 

  

Code Block E.3 – CIR and delay spread  

E.4 Visualization (CIR Plotting) 

Results were visualized to produce heatmaps and CIR waveform plots across slices. 
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Figure E.1 – CIR waveform plot in Slice010 
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E.5 Runtime Notes and Fallback Adjustments 

Due to CPU-only constraints and known spectrum casting issues with Mitsuba 3.6.2, custom 
fallbacks were introduced in the overridden RadioMaterial.eval() method to prevent kernel 
crashes: 

# Use a dummy Jones matrix: 3-channel Spectrum (e.g., like RGB) 

        # This avoids all shape errors and crashes 

        try: 

            jones_mat = mi.Spectrum([1.0, 0.0, 0.0])  # Or just [1.0] for 
grayscale 

        except Exception as e: 

            print("❌ Emergency fallback triggered:", e) 

            jones_mat = mi.Spectrum(1.0) 

 

        return jones_mat 

 

 

This safe fallback ensures all paths return valid Jones matrices, avoiding the propagation error 
from spectrum_to_matrix_4f. 
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Code Block E.4 – Fallback handling in RadioMaterial.eval() 

 

E.6 Execution Environment 

Item Configuration 

OS Windows 10 / Ubuntu 22.04 

Python Version 3.10 (Anaconda environment) 

RAM 32 GB 

Renderer Mode scalar_rgb (CPU-only) 

Average Slice Runtime 2–3 hours (depending on RX grid size) 

Parameter Value / Description 

Simulation Engine Sionna RT v1.0.2 (CPU-only mode) 

Execution Environment Jupyter Lab (via Anaconda, Python 3.10) 
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Item Configuration 

Hardware Used CPU: Intel Core i7-10510U, RAM: 16 GB, No GPU acceleration 

Operating System Windows 10 (64-bit), Sionna RT configured with llvm_ad_rgb backend 

Simulation Coverage 10 slices of Bologna city (sliced via Blender), each rendered separately 

Ray Tracing Resolution Grid spacing: 1.0 m × 1.0 m (XY plane) 

Transmitter Height 3.5 meters (consistent across all simulations) 

Receiver Height 1.5 meters (pedestrian-level grid) 

Path Computation per Slice Up to 30,000 receiver points per slice 

Average Runtime per Slice ≈ 7–10 minutes (single-threaded CPU, no parallel acceleration) 

Total Simulation Time (10 
slices) 

≈ 1.5 to 2 hours (including CIR, AoA, delay spread, and radio map 
outputs) 

Output Metrics 
CIR, Frequency Response, Discrete Taps, RMS Delay Spread, AoA, Radio 

Map, Ray Paths 

Material Modeling 
Based on ITU-R P.2040-1 standard with frequency-aware conductivity 

interpolation 

Mobility Static transmitter and dense RX scanning; no dynamic evolution in this run 

Code Execution Style 
Modular Jupyter Notebook with inline scene edits, path solver, and 

visualization blocks 

 

 

 

 

 


