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1. Introduction
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Depth Imaging
• Depth sensing: determining a 2D surface in a 3D space.
• Methods for depth imaging:

– Laser Scanners
• + High depth accuracy
• - Mobile parts (rotary mirrors)
• - Hard tradeoff between resolution and acquisition rate

– Stereo Systems
• + Passive, in presence of enough ambient light
• - Bulkiness: at least two cameras and enough parallax
• - Impossible to find correspondences in textureless scenes
• - Parallax problem: hard tradeoff between large and small paralaxes

– Light Coding Technology. Paradigmatic example: Microsoft Kinect (v1)

Quadcopter with a 
Kinect sensor mounted 
on it, used to perform 
visual odometry and 
mapping. Courtesy of 
Albert S. Huang.

The PR2, from Willow 
Garage, features a stereo 
camera pair in its head. 
Additionally a Kinect (v1) 
was mounted on top.
Image taken at the AIS 
Laboratory of the Albert-
Ludwigs-Universität 
Freiburg.

Karmin2 stereo cameras from Nerian Vision 
Technologies, with baselines of 10 and 
25cm.

Microsoft Kinect (v1) sensor, featuring an 
RGB camera and a pair NIR-pattern emitter 
and NIR camera for depth sensing.

The Velodyne HDL-64E: A 64-channel 
LiDAR with 120m range, able to deliver up to 
2.2ൈ 10 points per second with <2cm 
accuracy.
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Continuous Wave Time-of-Flight Imaging
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• Microsoft Kinect (latest release: Azure)

ToF Module

Commercial CW-ToF Camera Technologies

Pixel bandwidth: 320MHz
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Commercial CW-ToF Cameras
• Photonic Mixer Device (PMD). Selene module from 

pmdtechnologies ag:

Tested with up to 160MHz
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Pulsed Time-of-Flight Imaging
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Commercial Pulsed CW-ToF Cameras
• Hamamatsu 

S11963-01CR:

Pulse width: T=22ns

• Analog Devices 
AD-96TOF1-EBZ:

Max. Pulse width: T=50ns
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Multiple-Path Interference (MPI):
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• CW-ToF:
– Interference of several sinusoids is also a sinusoid. 

Impossible with monotone CW-ToF.
– The scene should be probed at different frequencies.

• Pulsed-ToF:
– Acquisitions at different time shifts between 

Illumination Control Signal (ICS) and Demodulation 
Control Signals (DCS) are required.

• The Challenge: how to acquire more raw images 
within the same acquisition time?

How to Resolve Multiple Paths per Pixel?
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2. Sensing Model
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3. Single-Shot ToF Cameras
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• Multiplex in time domain (sequential acquisition)
– Problem: linear growth of acquisition time

• Multiplex in spatial domain. Our alternatives:
1. Multi-Aperture Ultra-High-Speed (MAUHS) CMOS 

Image Sensor (CIS)
2. Multi-tap Macro-Pixel-based Ultra-High-Speed CIS

How can we measure according to 
different sensing functions?
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Multi‐aperture Macro‐pixel
Shutter Per aperture Per subpixel
Disparity Exists ‐
Lens Special lens array Ordinary lenses

Macro-Pixel (MP)Multi-Aperture (MA)
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Conventional CMOS pixel Lateral electric-field
charge modulator (LEFM)

- Slow charge transfer
- Return charges

- Fast charge transfer
- No return charges 

Photo-
diode Photodiode
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How do the sensing functions of MP 
pixels look like?
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Y. Shirakawa et al., MDPI Sensors 20, Article 1040 (2020).
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4. Parametric Estimation 
from Fourier Samples
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• How to Extract the Fourier Samples?

Linear
Measurements

Linear
Measurements RotationRotation Moore‐Penrose 

Pseudoinverse
Moore‐Penrose 
Pseudoinverse
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5. Experimental Results
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Synthetic Experiments with Real Sensing Functions:
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Objective light

Interference light

Transparent
acrylic plate

Mirror

Single-shot
ToF camera

Impulse light source

Mirror with
a window

0.3m

1.1 or 1.9m

Objective
light

Interference
light
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Amplitude, Path 1 Amplitude, Path 2 Amplitude, Path 1 Amplitude, Path 2

Depth, Path 1 Depth, Path 2 Depth, Path 1 Depth, Path 2
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Amplitude, Path 1 Amplitude, Path 2 Amplitude, Path 1 Amplitude, Path 2

Depth, Path 1 Depth, Path 2 Depth, Path 1 Depth, Path 2
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Summary of Results with Real Data:

Ground Truth MA‐ToF MP‐ToF
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5. Conclusions
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Thank you for
your Attention!

Don’t hesitate forwarding your questions to:
heredia@zess.uni-siegen.de


