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Shape from X
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X is Visible Light
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Shape from ?



EPFL AT A GLANCE 9

Shape from ?



EPFL AT A GLANCE 10
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X is Radio Frequency



Benefits of 
Radio Frequency
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Zhao, Mingmin, et al. "Through-wall human pose estimation 

using radio signals." Proceedings of the IEEE conference on 

computer vision and pattern recognition. 2018.

Benefits of 
Radio Frequency
Penetration
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Benefits of 
Radio Frequency
Reflection
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Non-Line-of-Sight (NLoS)
using Radio Frequency Signals

Imaging Non-Line-of-Sight 3D geometry with Radio Frequency Signals 16

Through Fog Through Box Around Corner
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Can we reconstruct high resolution shape from radio 

Frequency Signals? 



How to reconstruct surfaces 

from visible light? 

Two steps: from Light to RF
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How to reconstruct surfaces 

from RF signals?
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What is 3D Reconstruction? Sparse -> Density



Imaging Non-Line-of-Sight 3D geometry with Radio Frequency Signals 20

How to get an Image
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How to get an Image
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How to get an Image
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How to get an Image
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How to get an Image

Color

Occupancy

Color

Occupancy

Color

Occupancy

Color
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If you can remember occupancy for all points, 
you can do reconstruction.

Color

Occupancy
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Neural Network
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Neural Network is a General  Memory
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Neural Network is a General  Memory
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Neural Network is a General  Memory

zebra

Sheep

Zebra

Sheep
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Neural Network is a General  Memory

Point A

Point B
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4
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Color, occupancy
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If you can remember all the zebras from few 
images, you can remember all the 3D points 
from  few points.
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Neural Radiance Fields (NeRF)

Point A Point B
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Neural Radiance Fields (NeRF)

Point A Point B
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Neural Radiance Fields (NeRF)

Position of points
Color

Occupancy
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What is Neural Implicit 3D Reconstruction?
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No explicit color or occupancy for you to train.
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Neural Implicit 3D Reconstruction

Neural

Network
Rendering

Rendered Image Reference Image

3D Position

Occupancy

Color
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How to Render 2D from 3D?



Surface

Embedded Color
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𝐯

𝐜 𝐨, 𝐯 =෍
𝑖=1

𝑛

𝑤𝑖𝐜𝑖

𝐜(𝐨, 𝐯)

𝐜1 𝐜2 𝐜3 𝐜4 𝐜5 𝐜6 𝐜7



Surface

Opacity
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𝐯

𝐜 𝐨, 𝐯 =෍
𝑖=1

𝑛

𝑤𝑖𝐜𝑖

𝐜(𝐨, 𝐯)
𝐜𝑖

𝜶𝑖

Opacity

how much light absorbed at that point.



Surface

Accumulated Transmittance
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𝐯

𝐜 𝐨, 𝐯 =෍
𝑖=1

𝑛

𝑤𝑖𝐜𝑖

𝐜(𝐨, 𝐯)
𝐜𝑖

𝑻𝑖

Transmittance

how much light passes through the 

scene before reaching the camera



Surface

Volumetric Rendering
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𝐯𝐜(𝐨, 𝐯)
𝐜𝑖

𝜶𝑖
𝑻𝑖

𝐜 𝐨, 𝐯 =෍
𝑖=1

𝑛

𝑤𝑖𝐜𝑖

= ෍
𝑖=1

𝑛

𝑻𝑖𝜶𝒊𝐜𝑖
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From 3D Geometry to Light behavior

Incident light Transmitted light



Surface

Bridge between 3D geometry and light
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𝐯𝐜(𝐨, 𝐯)

𝑰1

Beer–Lambert Law
ⅆ𝑰

ⅆ𝑡
= −𝝆 𝑡 𝑰(𝑡)

𝑰2 𝑰3

𝑰𝑖

𝝆(𝑡)



Bridge between 3D geometry and light
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Beer–Lambert Law
ⅆ𝑰

ⅆ𝑡
= −𝝆 𝑡 𝑰 𝑡

ⅆ𝐼

𝐼
= −𝜌 ⅆ𝑡

න
1

𝐼
ⅆ𝐼 = −න𝜌ⅆ𝑡

ln 𝐼(𝑡𝑖+1) − ln 𝐼 𝑡𝑖 = −න
𝑡𝑖

𝑡𝑖+1

𝜌ⅆ𝑡



Surface

Beer–Lambert Law
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𝐯𝐜(𝐨, 𝐯)

𝑰1 𝑰2 𝑰3

𝑰𝑖

𝝆(𝑡)

Solve 1st ODE

𝑰 𝑡𝑖+1 = 𝑰 𝑡𝑖 exp −න
𝑡𝑖

𝑡𝑖+1

𝝆(𝑡) ⅆ𝑡

𝚫𝑻𝑖

𝐯



Surface

Transmittance
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𝐯𝐜(𝐨, 𝐯)

𝚫𝑻1 𝚫𝑻2

𝚫𝑻𝑖−1

𝑰𝑖+1 = 𝑰𝑖𝚫𝑻𝑖

1



Surface

Opacity
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𝐯𝐜(𝐨, 𝐯)

𝚫𝑻1 𝚫𝑻2

𝚫𝑻𝑖−1

𝜶𝑖 = 1 − 𝚫𝑻𝑖 = 1 − exp −𝝆𝑖𝛿𝑡𝑖

𝑰𝑖+1 = 𝑰𝑖𝚫𝑻𝑖

𝜶𝑖

1



Surface

Accumulated Transmittance
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𝐯𝐜(𝐨, 𝐯)

𝚫𝑻1 𝚫𝑻2

𝚫𝑻𝑖−1

𝜶𝑖 = 1 − 𝚫𝑻𝑖 = 1 − exp −𝝆𝑖𝛿𝑡𝑖

𝜶𝑖

𝑰𝑖 = 𝑰0𝚫𝑻1𝚫𝑻2𝚫𝑻3⋯ = 𝑰0𝑻𝑖−1

1



Surface

Volumetric Rendering
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𝐯𝐜(𝐨, 𝐯)
𝐜𝑖

𝜶𝑖
𝑻𝑖

𝐜 𝐨, 𝐯 =෍
𝑖=1

𝑛

𝑤𝑖𝐜𝑖

= ෍
𝑖=1

𝑛

𝑻𝑖𝜶𝒊𝐜𝑖



SurfaceWhat’s Left?
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𝐯𝐜(𝐨, 𝐯)

𝐜 𝐨, 𝐯 =෍
𝑖=1

𝑛

𝑤𝑖𝐜𝑖

=෍
𝑖=1

𝑛

𝑻𝑖𝜶𝒊𝐜𝑖

𝝆(𝑡)

𝜶𝑖 = 1 − exp −𝝆𝑖𝛿𝑡𝑖

𝑻𝑖 = 1 − 𝜶1 1 − 𝜶2 ⋯(1 − 𝜶𝑖−1)
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Use Neural Network to Represent the Surface

Neural

Network
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Signed Distance Function (SDF)

Ω

𝜕Ω

sⅆf 𝐱 = −ⅆist(𝐱, 𝜕Ω)

sⅆf 𝐱 = ⅆist(𝐱, 𝜕Ω)



Signed 
Distance 
Function 
(SDF)
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Ω

𝜕Ω

sⅆf 𝐱 = −ⅆist(𝐱, 𝜕Ω)

sⅆf 𝐱 = ⅆist(𝐱, 𝜕Ω)



Surface 
Representation
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Neural

Network sⅆf(𝐱) sⅆf(𝐱) = 𝟎
Surface

3D Position



Signed 
Distance 
Function 
(SDF)
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sⅆf(𝐱) < 𝟎
Inside

sⅆf(𝐱) > 𝟎
Outside

sⅆf(𝐱) = 𝟎
Boundary



Normal 
Representation
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𝐧 =
∇sⅆf 𝐱

∇sⅆf(𝐱)
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𝑡

How to Represent Density Distribution on the 
Ray from the Surface?



Surface

Continuous Perspective 
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𝐼(𝐨, 𝐯) 𝐯

𝑻 𝑡

𝝆(𝑡)

𝑡

Beer–Lambert Law
ⅆ𝑰

ⅆ𝑡
= −𝝆 𝑡 𝑰(𝑡)



Surface

Continuous Perspective 
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𝐼(𝐨, 𝐯) 𝐯

𝑻 𝑡

𝝆(𝑡)

𝑡

Solve ODE

𝑰 𝑡 = 𝑰 0 exp −න
0

𝑡

𝝆(𝑢) ⅆ𝑢

𝑻(𝑡)



Surface

Assumption
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𝐼(𝐨, 𝐯) 𝐯

𝑻 𝑡

𝑡

Core Assumption:

𝑻 𝑡 = 𝐒𝐢𝐠𝐦𝐨𝐢𝐝 𝐬𝐝𝐟 𝐱
“the surface is simply a plane that approaches infinitely far off the camera”

Wang, Peng, et al. "Neus: Learning neural implicit surfaces by volume rendering for multi-view reconstruction.” Advances in neural 

information processing systems. 2021

𝐬𝐝𝐟



Surface

Sigmoid Function
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𝐼(𝐨, 𝐯) 𝐯

𝑻 𝑡

𝑡

Neus Assumption:

𝑻 𝒕 = 𝚽 sⅆf 𝐱 𝑡, v

𝐬𝐝𝐟



Neus Volumetric Rendering
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Two functions

𝑻 𝑡 = 𝚽 sⅆf 𝐱 𝑡, 𝐯

𝜶𝑖 = 1 −
𝚽 sⅆf 𝐱 𝑡𝑖+1, 𝐯

𝚽 sⅆf 𝐱 𝑡𝑖 , 𝐯

𝑻𝑖 = 1 − 𝜶1 1 − 𝜶2 ⋯(1 − 𝜶𝑖−1)

𝜶𝑖 = 1 −
𝑻𝑖+1
𝑻𝑖



Summary
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𝐜 𝐨, 𝐯 =෍
𝑖=1

𝑛

𝑤𝑖𝐜𝑖

=෍
𝑖=1

𝑛

𝑻𝑖𝜶𝒊𝐜𝑖

𝜶𝑖 = 1 −
𝚽 sⅆf 𝐱 𝑡𝑖+1, 𝐯

𝚽 sⅆf 𝐱 𝑡𝑖 , 𝐯

𝑻𝑖 = 1 − 𝜶1 1 − 𝜶2 ⋯(1 − 𝜶𝑖−1)
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Summary

Neural

Network
Rendering

Rendered Image Reference Image

3D Position

SDF

Color
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How to apply Neural 
Radiance Field to 
Radio Frequency?



High-Fidelity 
Reconstruction 
from Visible Light
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Munkberg, Jacob, et al. "Extracting triangular 3d models, 

materials, and lighting from images." Proceedings of the 

IEEE/CVF Conference on Computer Vision and Pattern 

Recognition. 2022.

3D Geometry

Surface Materials

Lighting



Challenges  of Radio 
Frequency Imaging: 
Lower  Resolution
&
Higher Noise
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Guan, Junfeng, et al. "Through fog high-resolution imaging 

using millimeter wave radar." Proceedings of the IEEE/CVF 

Conference on Computer Vision and Pattern Recognition. 

2020. Point cloud Heat Map



Challenges  of 
Radio Frequency 
Imaging: 
dominated by 
specular reflection
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Dodds, Laura, et al. "Around the corner mmWave imaging in 

practical environments." Proceedings of the 30th Annual 

International Conference on Mobile Computing and 

Networking. 2024.



Challenges  of Radio 
Frequency Imaging: 
Data Driven
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Zhao, Mingmin, et al. "Through-wall human pose estimation 

using radio signals." Proceedings of the IEEE conference on 

computer vision and pattern recognition. 2018.
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D
e

p
th

Azimuth
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𝑃 𝐱 = ෍

𝑡

𝑠 𝑡 × 𝑠𝑚
∗ (𝑡)

Time delay 𝜏 =
2𝑑

𝑐

ⅆ

FMCW Signal 𝑡

𝑓
𝑘

We mix the transmitted signal and received signal:  𝑠𝑚 𝑡 = 𝑠𝑡𝑥 𝑡 × 𝑠𝑟𝑥
∗ 𝑡 = 𝐴𝑒−𝑗2𝜋 𝑓+𝑘𝑡 𝜏 = 𝐴𝑒−𝑗2𝜋 ⋅ 𝑘𝜏 ⋅ 𝑡 𝑒−𝑗2𝜋⋅𝑓𝜏

𝑘 𝑘

FMCW Signal 𝑡

𝑓
𝑘

𝜏
𝑠tx(𝑡) 𝑠rx(𝑡)

𝑠𝑚 𝑡

𝑠 𝑡

𝑃(x)

Matched Filter



Imaging Non-Line-of-Sight 3D geometry with Radio Frequency Signals 75Matched Filter

𝑃 𝐱 = ෍

𝑖=1

𝑁ant

෍

𝑡

𝑠 𝑖, 𝑡 × 𝑠𝑚
∗ (𝑖, 𝑡)
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Pipeline

Neural

Network
Rendering

Matched 

Filter

3D Position

Rendered

MF Imaging

Ground Truth

MF Imaging

SDF

Signal Power
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Pinhole model is not applicable in RF

Color

Occupancy

Color

Occupancy

Color

Occupancy

Color



Imaging Non-Line-of-Sight 3D geometry with Radio Frequency Signals 80

Camera model

𝑁ray

𝑁s

Vision computation: 𝒪(𝑁𝑠𝑁ray𝐶mlp)
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Pinhole model is not applicable in RF
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Antenna model
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Antenna model

𝑁ray

𝑁ant

𝑁s

RF computation:𝒪(𝑁ray𝑁𝑠𝑁ant𝐶mlp)

Vision computation: 𝒪(𝑁𝑠𝑁ray𝐶mlp)
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Revisit: Vision Rendering

𝐜 𝐨, 𝐯 =෍
𝑖=1

𝑛

𝑤𝑖𝐜𝑖

=෍
𝑖=1

𝑛

𝑻𝑖𝜶𝒊𝐜𝑖

𝜶𝑖 = 1 −
𝚽 sⅆf 𝐱 𝑡𝑖+1, 𝐯

𝚽 sⅆf 𝐱 𝑡𝑖 , 𝐯

𝑻𝑖 = 1 − 𝜶1 1 − 𝜶2 ⋯(1 − 𝜶𝑖−1)
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RF Rendering

𝑇 1.Calculate 𝛼𝑖 , 𝑇𝑖 for each 

sample

2.Although 𝛼𝑖 , 𝑇𝑖 are ray 

dependent, we 

approximately using the 

same 𝛼𝑖 , 𝑇𝑖 for all 

antennas.

𝒪(𝑁ray𝑁𝑠𝐶mlp)
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RF Rendering

𝑇 1.Calculate 𝛼𝑖 , 𝑇𝑖 for each 

sample

2.Although 𝛼𝑖 , 𝑇𝑖 are ray 

dependent, we 

approximately using the 

same 𝛼𝑖 , 𝑇𝑖 for all 

antennas.

𝒪(𝑁ray𝑁𝑠𝐶mlp)
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How to adjust Transmittance?

𝑇

𝑇′
𝑇 ≠ 𝑇′



Imaging Non-Line-of-Sight 3D geometry with Radio Frequency Signals 88

Remember: vision assumption

Surface

𝐼(𝐨, 𝐯) 𝐯

𝑻 𝑡

𝑡

Core Assumption:

𝑻 𝑡 = 𝐒𝐢𝐠𝐦𝐨𝐢𝐝 𝐬𝐝𝐟 𝐱
“the surface is simply a plane that approaches infinitely far off the camera”

Wang, Peng, et al. "Neus: Learning neural implicit surfaces by volume rendering for multi-view reconstruction.” Advances in neural 

information processing systems. 2021

𝐬𝐝𝐟
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How to adjust Transmittance?

𝑇

𝑇′

𝑇′ = 𝑇 − Φ𝑠 𝑓 𝐱𝐬 +Φ𝑠(𝑓(𝐱𝐬
′))

Φ𝑠 𝑓 𝐱𝐬

Φ𝑠 𝑓 𝐱𝐬
′

Φ𝑠 𝑓 𝐱

𝑇 = Φ𝑠 𝑓 𝐱 − Φ𝑠 𝑓 𝐱𝐬
𝑇′ = Φ𝑠 𝑓 𝐱 − Φ𝑠 𝑓 𝐱𝐬′

𝒪(𝑁ray𝑁𝑠𝐶mlp + 𝑁ray𝑁ant𝐶mlp)
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Revisit: Vision Rendering

𝐜 𝐨, 𝐯 =෍
𝑖=1

𝑛

𝑤𝑖𝐜𝑖

=෍
𝑖=1

𝑛

𝑻𝑖𝜶𝒊𝐜𝑖

𝜶𝑖 = 1 −
𝚽 sⅆf 𝐱 𝑡𝑖+1, 𝐯

𝚽 sⅆf 𝐱 𝑡𝑖 , 𝐯

𝑻𝑖 = 1 − 𝜶1 1 − 𝜶2 ⋯(1 − 𝜶𝑖−1)
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NeRF limitation: diffusion only
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Reflection
Camera

𝝎𝒐

𝝎𝒊

𝐜 𝝎𝒐 = න
Ω

𝐿 𝝎𝒊 𝑓 𝝎𝒊, 𝝎𝒐 𝝎𝒊 ⋅ 𝐧 ⅆ𝝎𝒊

Cook, Robert L., and Kenneth E. Torrance. "A reflectance model for computer graphics." ACM Transactions on Graphics (ToG) 1.1 

(1982): 7-24.

𝐧



Normal 
Representation
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𝐧 =
∇sⅆf 𝐱

∇sⅆf(𝐱)
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Reflection of radar

𝐬 𝝎𝒐 = 𝐿 𝝎𝒊 𝝎𝒊 ⋅ 𝐧

𝑇

𝑇′

𝝎𝒐

𝝎𝒊
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Pipeline

Neural

Network
Rendering

Matched 

Filter

3D Position

Rendered

MF Imaging

Ground Truth

MF Imaging

SDF

Signal Power
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Thank you 
for your 
attention !

P R E S E D E N T E D  B Y

Jiachen Lu
Imaging Non-Line-of-Sight 3D geometry with Radio Frequency Signals
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