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1. What is Ray Tracing for Radio Propagation?

Radio waves propagate through complex
environments (cities, indoors, tunnels).

Ray tracing (RT) simulates individual ray
paths between transmitter and receiver.

Each path undergoes interactions:
reflection, diffraction, scattering.

RT provides site-specific channel models Street-cany raytracirjl o
used for network planning and 5G/6G
design.
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What is Differentiable Ray Tracing?

Differentiable RT allows computing gradients of any output w.r.t. any
Input parameter.

Enables inverse problems: antenna placement, material calibration,
localization.

End-to-end optimization through the full RT pipeline using automatic
differentiation (AD).

Naturally integrates with machine learning frameworks.
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What is Differentiable Ray Tracing?

Traditional RT
CPU-oriented
Non-differentiable
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What is Differentiable Ray Tracing?

Traditional RT Differentiable RT
CPU-oriented —  GPU-enabled
Non-differentiable Optimization-ready
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Key Challenges

« Speed: tracing thousands to millions of ray path candidates.
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« Mixed interactions: handling reflection, diffraction, refraction, etc.
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Key Challenges

Speed: tracing thousands to millions of ray path candidates.
Mixed interactions: handling reflection, diffraction, refraction, etc.

GPU constraints: avoiding branching, warp divergence, and excessive
memory.

Differentiability: AD frameworks impose implementation constraints.
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Ph.D. Journey: A Timeline

2020/07
Student job
(Craeye)

s

2020/07 - Student job (Craeye)

Wind turbine placement and communications project using two-ray model and NASA
elevation/terrain data.
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Ph.D. Journey: A Timeline

2020/07
Student job
(Craeye)

°t

2020/08
Student job
(Oestges)

2020/08 - Student job (Oestges)
Ported RT tool from MATLAB to Python; this is where Min-Path-Tracing was first created
without knowing it was "novel".
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Ph.D. Journey: A Timeline

2020/07
Student job 2h[l21m'53
(Craeye) Ph.D. start

X :

2020/08
Student job
(Oestges)

2021/09 - Ph.D. start
Start of the Ph.D. at UCLouvain.
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Ph.D. Journey: A Timeline

2020/07
Student job 2021/09
(Craeye) Ph.D. start
2022/05-06
2020/08 SITB + COST
Student job Lyon +
(Oestges) Doctoral
school

2022/05-06 - SITB + COST Lyon + Doctoral school

First presentations of early research results at SITB, COST meeting in Lyon, and doctoral
school.

Context [ Timeline ] Smoothing ML Path Sampling FPT Conclusion




Ph.D. Journey: A Timeline

2023/03
(Cracye) Ph.D. start Florence
(MPT)
2022/05-06
2020/08 SITB + COST
Student job Lyon +
(Oestges) Doctoral
school

2023/03 - EUCAP Florence (MPT)
Presented Min-Path-Tracing method.
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2023/03
EuCAP

Florence
(MPT)

2021/09
Ph.D. start
2022/05-06
SITB + COST
Lyon +
Doctoral
school

Timeline )

o

Smoothing

2023/12
Confirmation

2023/12 - Confirmation
Ph.D. checkpoint validating the research trajectory.
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2023/03
EuCAP

Florence
{MPT)

2021/09
Ph.D. start
2022/05-06
SITB + COST
Lyon +
Doctoral
school

-

2024/03
EuCAP

Glasgow
(Smoothing)

2023/12
Confirmation

2024/03 - EUCAP Glasgow (Smoothing)

Timeline )

Smoothing

Presented the smoothing technique.
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2020/08
Student job

(Oestges)

Context

Ph.D. Journey: A Timeline

2023/03
EuCAP

Florence
(MPT)

2021/09
Ph.D. start
2022/05-06
SITB + COST
Lyon +
Doctoral
school

Timeline )

‘

Smoothing

2024/03
EuCAP

Glasgow
(Smoothing)

® .T

2024/04
COST stay
Cesena

2023/12
Confirmation

2024/04 - COST stay Cesena
Short-term COST visit launching the ML-based path tracing collaboration.
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Ph.D. Journey: A Timeline

2024/03

EuCAP
Glasgow
(Smoothing)
2023/03 2024/06
2020/07
Student job 2021/09 EuCAP COST
(Craeye) Ph.D. start Florence Helsinki +
(MPT) DiffeRT2d
J’T . - . o oo .
2022/05-06
2020/08 SITB + COST 2024/04
Student job Lyon + COST stay
(Oestges) Doctoral Cesena
school
2023/12
Confirmation

2024/06 - COST Helsinki + DiffeRT2d
Presented ML progress and introduced DiffeRT2d in the COST meeting in Helsinki.
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Ph.D. Journey: A Timeline

2024/03
EuCAP

Glasgow
(Smoothing)

2023/03 2024/06
2020/07
Student job 2021/09 EuCAP COST
(Craeye) Ph.D. start Florence Helsinki +
(MPT) DiffeRT2d

s - . s o oo o

2022/05-06
2020/08 SITB + COST 2024/04
Student job Lyon + COST stay
(Oestges) Doctoral Cesena
school

2024/09-12
202312 Long stay
onfirmation Bg|0gﬂa

2024/09-12 - Long stay Bologna

Long research stay on ML generative path sampling and Multipath Lifetime Map developments.
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Ph.D. Journey: A Timeline

2024/03

2025/01
EuCAP :
COST Dublin
Glasgow (ML)

(Smoothing)

2023/03 2024/06
2020/07
Student job 2021/09 EuCAP COST
(Craeye) Ph.D. start Florence Helsinki +
(MPT) DiffeRT2d

o - . s o oo o o

2022/05-06
2020/08 SITB + COST 2024/04
Student job Lyon + COST stay
(Oestges) Doctoral Cesena
school
2024/09-12
2ﬂ.23”.2 Long stay
Confirmation Bologna

2025/01 - COST Dublin (ML)

Presented ongoing ML path tracing work.

Context [ Timeline ] Smoothing ML Path Sampling FPT Conclusion




Ph.D. Journey: A Timeline

2024/03 2025/01
i COST Dublin
Glasgow (ML)

(Smoothing)

2023/03 2024/06
2020/07
Student job 2021/09 EuCAP COST
(Craeye) Ph.D. start Florence Helsinki +
(MPT) DiffeRT2d

&T L T 4 ® .T L : @ T

2022/05-06
2020/08 SITB + COST 2024/04 2?3?;%4
Student job Lyon + COST stay Stockholm
(Oestges) Doctoral Cesena (MLM)
school

2024/09-12
202312 Long stay
onfirmation Bg|0gﬂa

2025/04 - EuCAP Stockholm (MLM)
Presented Multipath Lifetime Map contribution.
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Ph.D. Journey: A Timeline

2023/03
student job 2021/09 o
(Cracye) Ph.D. start Florence
(MPT)
2022/05-06
2020/08 SITB + COST
Student job Lyon +
(Oestges) Doctoral
school

2024/03

2025/01
EuCAP :
COST Dublin
Glasgow (ML)

(Smoothing)

2024/06
COSsT
Helsinki +
DiffeRT2d

2024/04
COST stay
Cesena

2025/05 - ICMLCN Barcelona (ML)
Presented ML-based generative path sampling.

Context [ Timeline ] Smoothing
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2023/12 Long stay
Confirmation Bologna
ML Path Sampling FPT
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Barcelona
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2025/04
EuCAP

Stockholm
(MLM)
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Ph.D. Journey: A Timeline

2024/03

2025/01
EuCAP ;
Glasgow CDS;’MDLL;IJHH
(Smoothing)
2023/03 2024/06 2025/05
(Craeye) Ph.D. start Florence Helsinki + Barcelona
(MPT) DiffeRT2d (ML)
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2022/05-06

2020/08 SITB + COST 2024/04 2?33;?,4
Student job Lyon + COST stay Stockholm
(Oestges) Doctoral Cesena (MLM)

school

2024/09-12
Long stay
Bologna

2023/12
Confirmation

2025/09
COST Lille

2025/09 - COST Lille
Contributed a chapter section to the COST book during the Lille meeting.
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Ph.D. Journey: A Timeline

2024/03

2025/01
EuCAP .
Glasgow CDS;’MDLL;IJHH
(Smoothing)

2020/07 232{:3;:{;3 2024/06 ;fgrquéﬂr\f ——
Student job 2021/09 . COST . Submission
(Craeye) Ph.D. start Florence Helsinki + Barcelona R

Y (MPT) DiffeRT2d (ML) Pl
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2022/05-06

2020/08 SITB + COST 2024/04 2?33;?,4
Student job Lyon + COST stay Stockholm
(Oestges) Doctoral Cesena (MLM)

school

2024/09-12
Long stay
Bologna

2023/12
Confirmation

2025/09
COST Lille

2026/03 - Submission to npj

Submitted the journal paper on ML-based generative path sampling to npj Wireless Technology.
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Ph.D. Journey: A Timeline

2024/03

2025/01
EuCAP :
Glasgow CDS;’MDLL;IJHH
(Smoothing)

2020/07 2?3;‘;3 2024/06 :fgfﬂs‘éﬂrf 2026/03
Student job 2021/09 . COST . Submission
(Craeye) Ph.D. start Florence Helsinki + Barcelona ot

Y (MPT) DiffeRT2d (ML) P]
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2022/05-06

2020/08 SITB + COST 2024/04 2?3?;?,4 2026/04
Student job Lyon + COST stay Stockholm EuCAP Dublin
(Oestges) Doctoral Cesena (MLM) (FPT)
school

2024/09-12
Long stay
Bologna

2023/12
Confirmation

2025/09
COST Lille

2026/04 - EUCAP Dublin (FPT)

Presented Fermat Path Tracing work.
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2020/07
Student job
(Craeye)

s

2020/08
Student job

(Oestges)

Context

Ph.D. Journey: A Timeline

2023/03
2021/09 EuCAP
Ph.D. start Florence
(MPT)
2022/05-06
SITB + COST
Lyon +
Doctoral
school
Timeline ] Smoothing

2024/03 ——
o COST Dublin
Glasgow (ML)

(Smoothing)

2024/06
COST
Helsinki +
DiffeRT2d

@ .T& &

2025/05
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{ML)

o« oo
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Ph.D. Journey: A Timeline

2024/03

2025/01
EuCAP .
Glasgow CDS;’MDLL;IJHH
(Smoothing)

2020/07 232{:3;:{;3 2024/06 ;fgrquéﬂr\f ——
Student job 2021/09 . COST . Submission
(Craeye) Ph.D. start Florence Helsinki + Barcelona R

Y (MPT) DiffeRT2d (ML) Pl
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2022/05-06

2020/08 SITB + COST 2024/04 2?3?;?,4 2026/04
Student job Lyon + COST stay Stockhalv EuCAP Dublin
(Oestges) Doctoral Cesena (MLM) (FPT)
school

2024/09-12
Long stay
Bologna

2023/12
Confirmation

2025/09
COST Lille

@ Smoothing @ ML Path Sampling @ Fermat Path Tracing
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Ph.D. Journey: A Timeline

' : N
CICRRE MaGE0 Geometry Paths
preprocessing candidates

Input scene |'

(TX, RX, objects, ...)

Paths
tracing

Electromagnetic nELE':;‘;':t'i'c Paths
field at RX figlds post-processing
All rays from

TXto RX

® Smoothing @ ML Path Sampling @ Fermat Path Tracing
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Ph.D. Journey: A Timeline

r{.‘ife.'?e model) G t \ atis .
IF[ PVES'?GT;E”S} ’ canc?itdastes } ® ML Path Sampllng

Input scene |'

(TX, RX, objects, ...)

g } 3 Fermat Path Tracing

fields

All rays from
TX to RX

Electromagnetic = TR Paths .
field at RX (_{ IAENERE post-processing CD SmOOthlng
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Discontinuity Smoothing: Motivation
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Discontinuity Smoothing: Motivation

Depth=3, diffraction ON
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Discontinuity Smoothing: Motivation

Depth=3, diffraction OFF
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Discontinuity Smoothing: Motivation

Depth=2, diffraction OFF
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Discontinuity Smoothing: Motivation

Depth=1, diffraction OFF
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Discontinuity Smoothing: Motivation

« Disabling diffraction removes many valid
propagation paths.

Depth=1, diffraction OFF
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Discontinuity Smoothing: Motivation

« Disabling diffraction removes many valid
propagation paths.

« Reducing the maximum reflection depth
creates sharp coverage holes.

Depth=1, diffraction OFF
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Discontinuity Smoothing: Motivation

« Disabling diffraction removes many valid
propagation paths.

« Reducing the maximum reflection depth
creates sharp coverage holes.

« These hard transitions produce

discontinuities in received power. o
Depth=1, diffraction OFF
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Discontinuity Smoothing: Motivation

Disabling diffraction removes many valid
propagation paths.

Reducing the maximum reflection depth
creates sharp coverage holes.

These hard transitions produce

discontinuities in received power. o
Depth=1, diffraction OFF

Gradient-based optimization becomes
unstable near these boundaries.
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