MODELING AND STATISTICAL ANALYSIS OF
AUTOMOTIVE RADAR NETWORKS USING LINE
COX PROCESSES

MOHAMMAD TAHA SHAH

BHARTI SCHOOL OF TELECOMMUNICATIONS AND
MANAGEMENT

INDIAN INSTITUTE OF TECHNOLOGY DELHI

JULY 2025



© Indian Institute of Technology Delhi (11TD), New Delhi, 2025



Modeling and Statistical Analysis of Automotive Radar

Networks Using Line Cox Processes

A THESIS

SUBMITTED IN FULFILLMENT OF THE REQUIREMENTS FOR

THE DEGREE OF

Doctor of Philosophy

by
Mohammad Taha Shah

to

Bharti School of Telecommunications and Management
INDIAN INSTITUTE OF TECHNOLOGY DELHI

July 2025



Dedicated to My Creator



THESIS CERTIFICATE

This is to certify that the thesis entitled “Modeling and Statistical Analysis of Au-
tomotive Radar Networks Using Line Cox Processes”, submitted by Mohammad
Taha Shah to the Indian Institute of Technology Delhi, for the award of the degree of
Doctor of Philosophy, is a record of the original, bona fide research work carried out by
him under my supervision and guidance. The thesis has reached the standards fulfilling the
requirements of the regulations related to the award of the degree. The results contained
in this thesis have not been submitted in part or in full to any other University or Institute

for the award of any degree or diploma to the best of our knowledge.

July 2025

Prof. Gourab Ghatak

Assistant Professor

Department of Electrical Engineering
Indian Institute of Technology Delhi
New Delhi, 110016

2025, Indian Institute of Technology Delhi



ACKNOWLEDGEMENTS

First and foremost, all praise and gratitude are due to my creator Allah (S.W.T),
the Most Gracious and Most Merciful, for granting me the strength, guidance, and per-
severance to complete this journey. Without His blessings and unwavering support, this

accomplishment would not have been possible.

I would like to express my deepest gratitude to my supervisor Prof. Gourab Ghatak,
whose invaluable guidance, constructive feedback, and constant encouragement have been
instrumental in shaping this thesis. Your expertise and dedication to fostering academic

growth have been a source of immense inspiration throughout this process.

To my beloved parents Imtiyaz Ahmad Shah and Rubeena Jabeen, and my sister
Sidrah Imtiyaz, words cannot adequately convey my appreciation for your unconditional
love, sacrifices, and steadfast belief in me. Your unwavering support has been the foundation
upon which I have built my aspirations, and I am eternally grateful for everything you have

done for me.

A heartfelt thank you goes to my dear friend Sabrina Khurshid, whose companionship,
encouragement, and shared moments of laughter helped lighten the challenges along the way.
Your presence has been a constant reminder that no endeavor is too daunting when faced

with true friendship.

Lastly, I acknowledge myself for embracing this challenge with determination, resilience,
and hard work. This thesis reflects not only years of study but also personal growth, patience,

and commitment—a testament to what can be achieved through perseverance.

I extend my sincerest thanks to everyone who has contributed directly or indirectly
to this work. May this effort serve as a stepping stone toward greater achievements and

continued learning.

Thank you!!

i



ABSTRACT

KEYWORDS: Stochastic Geometry, Line processes, Cox processes, Binomial line Cox pro-

cess, Automotive Radar, Meta Distribution

The rapid evolution of wireless communication systems and automotive radar technologies
has introduced new challenges in modeling, analyzing, and optimizing complex network
environments. This thesis addresses these challenges by developing advanced spatial models
based on stochastic geometry—specifically, the novel binomial line Cox process (BLCP) and

the classical Poisson line Cox process (PLCP).

While the Poisson line process (PLP) and PLCP have been widely used to represent street
networks and spatial distributions in wireless systems, their assumptions of homogeneity and
stationarity limit their ability to model real-world urban and suburban environments. To
overcome these limitations, this thesis introduces the binomial line process (BLP) and its
associated Cox process BLCP, which capture non-stationarity by accounting for varying
street densities, finite street lengths, and spatial heterogeneity. These models offer a more
accurate representation of urban layouts, encompassing both dense city centers and sparsely

distributed suburban regions.

Analytical expressions are derived for key spatial metrics of the BLP, including radial
line length density, intersection density, and distance distributions. These metrics quantify
how average street characteristics evolve with distance from the city center, revealing the
modeling flexibility of the BLP. The analytical framework is applied to location-dependent
performance evaluations, such as user connectivity in wireless networks and radar detection
reliability in vehicular networks. To validate the theoretical modeling of the BLP, we cap-
italize on geospatial data obtained using the OSMnx tool, which facilitates the extraction
and analysis of detailed urban street network data. By fitting the parameters of the BLP to
real-world data, we demonstrate their ability to accurately capture the spatial characteristics

of urban environments.

il
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The BLCP serves as the novel way for modeling wireless networks in this work, capturing
the non-homogeneous deployment of access point (AP)s along streets. By deriving the
probability generating functional (PGFL) for the BLCP, the thesis analyzes transmission
success probability and conducts location-based performance evaluations. Further analysis
includes deriving the meta distribution (MD) of the signal-to-interference-plus-noise ratio
(SINR) and calculating conditional success moments to characterize behaviors like local
delay and transmission density. These insights provide a foundation for designing robust

wireless systems adapted to spatial heterogeneity.

In the domain of automotive radar networks, the thesis leverages the BLP and BLCP
to evaluate radar detection probability under varying conditions of street density, vehicle
density, and beamwidth. This analysis yields insights into the impact of street density, ve-
hicular density, and beamwidth on radar detection probability, offering valuable guidance
for automotive manufacturers and network operators aiming to optimize system designs
under practical conditions. To enhance detection efficiency, the thesis proposes optimiza-
tion frameworks based on MD and negative moment analysis. These frameworks enable
fine-grained tuning of radar parameters such as transmission probability and beamwidth,
maximizing system reliability. Specifically, by leveraging the first negative moment of the
MD, we derive metrics related to the timing of the first successful detection. These met-
rics are then utilized to optimize the transmission probability, ensuring improved system

efficiency and reliability

In summary, this thesis advances the state-of-the-art in stochastic geometry, specifically
line Cox processes, by introducing the BLP and the BLCP as powerful tools for analyzing
and optimizing heterogeneous network systems. Each chapter concludes with a system de-
sign insight that bridges theoretical and practical perspectives, offering readers—including
network operators, urban planners, engineers, and policymakers—actionable takeaways to
guide real-world implementation. It addresses the growing demands of modern urban land-
scapes, such as the need for ubiquitous high-speed communication networks, efficient utiliza-
tion of street-level infrastructure, and the deployment of intelligent transportation systems

to support connected and autonomous vehicles.
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