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A Study on High Precision and High Speed 
Time-of-flight CMOS Image Sensor for Range Imaging 

 
ABSTRACT：This dissertation contributes to the field of 3-dimensional (3D) imaging technologies by 

presenting an in-depth study of a high-precision and high-speed indirect time-of-flight (iToF) CMOS 
image sensor. The research covers various aspects, including background knowledge, key technologies, 
system development details, potential applications, and proposed future improvements. By addressing 
the challenges and limitations of existing iToF imaging systems, this study aims to broaden the potential 
applications of 3D imagers in the field of machine vision. 

In Chapter 1, an overview of 3D imaging technologies and their key requirements is provided. 
Various approaches, including stereo vision, structured light, and time-of-flight, are discussed. Among 
these approaches, the iToF ranging methodology is selected for this study due to its potential benefits, 
such as lower power consumption, good depth precision with a scalable range, small system footprint, and 
the ability to achieve higher frame rates. The operation principle and important parameters of the iToF 
ranging system are also described, laying the foundation for the subsequent chapters. 

Chapter 2 delves into the key technologies required to realize the targeted iToF imager. These 
technologies include the adoption of a 4-tap short pulse (SP) modulation, sub-frame ToF operation, high-
speed charge modulator, and high-density memory with auto-zeroing operation. The 4-tap iToF scheme is 
implemented to reduce motion artifacts in scenes with moving objects, while the SP modulation improves 
depth precision under a high signal-to-noise ratio (SNR) system. The sub-frame ToF operation with a high 
conversion gain (CG) pixel is proposed to enhance the SNR, with an optimal subframe number of 8 
identified for achieving better depth image quality. Charge domain binning is employed to reduce system 
noise in high-precision (HP) mode, while subframe readout enables high temporal resolution in high-
speed (HS) mode. To maintain good demodulation contrast (DC) and increase charge collection efficiency, 
a relatively large photodiode (PD) with an optimized potential gradient is required. Furthermore, in-pixel 
memory with high-density Si trench capacitors and auto-zeroing operation enables sub-frame operation 
with a smaller memory array and higher PD fill-factor (FF). 

Chapter 3 provides detailed information on the implementation and verification of the prototype 
iToF sensor with high-precision and high-speed depth imaging capabilities. The proposed iToF imager 
features a pixel array of 134H×132V pixels, each with a size of 22.4H µm×16V µm. Each pixel is equipped 
with a 4-tap high-speed charge modulator and a 4×8 memory array. The optimized high-speed charge 
modulator can collect the photon-generated electrons within 0.8 ns. The sub-frame ToF operation consists 
of 8 subframes with SP modulation. HP mode imaging adopts 4-tap modulation with memory averaging 
readout, while HS mode uses pseudo-2-tap operation and obtains 8 frames of burst images by reading out 
the memory individually. The iToF imager achieves an unprecedented performance in HS mode, achieving 
up to 10 Kfps range imaging. Additionally, less than 1.77% depth noise and an R-FoM (Range Figure-of-
Merit), which determines the best efficient working range, of 16pJ/pixel are achieved at 0.4-5.4 m in HP 
mode. The HP mode showcases the ability for constructing 3D environments, while the HS mode can be 



applied to advanced machine vision tasks such as rapid motion recognition and analysis. The iToF imager 
shows promise for use in automotive safety systems for behavior monitoring and accident detection, 
representing a new direction for high-speed 3D imaging applications in machine vision and beyond. 

Chapter 4 introduces a novel 2-tap 4-phase (2T-4PH) iToF ranging method using half-pulse (HP) 
modulation with sub-frame operation. HP modulation is achieved by using a modulated light with half 
the pulse width and double the amplitude, which allows obtaining different ranging algorithms for HP1 
and HP2 with BGLC (Background Light Canceling) ranging results. The operation principle of the 
ranging method is explained, and theoretical depth noise equations are derived and verified through 
experiments. Compared to the conventional continuous square-pulse (SP) modulation, the HP modulation 
exhibited a depth noise reduction of >25% and >29% for the 0.4-3 m range using the HP1 and HP2 
methods, respectively, and can be utilized in different scenarios. HP1 is recommended for indoor 
applications requiring high depth precision and high frame rate, while HP2 has an advantage in lower 
SNR ranging systems or long-distance ranging under strong ambient light. The combination of the 2T-
4PH scheme and sub-frame operation effectively suppresses motion artifacts due to the compact 
modulation periods, ensuring high-quality depth imaging with moving targets. The proposed technologies 
can be adopted in 2-tap iToF sensors to enhance their ranging performance without increasing the 
modulation period or frequency, resulting in higher frame rates and lower power consumption. 

In Chapter 5, a BSI 3-D stacked 2-tap iToF pixel was designed, which utilizes all the proposed 
technologies in this research and enables an improved performance in area efficiency, light sensitivity, 
depth precision, framerate, and high-speed imaging. 

In summary, this study provides a comprehensive investigation into a high-precision and high-speed 
iToF CMOS image sensor, addressing key challenges and limitations in existing iToF imaging systems. 
The prototype sensor demonstrates an unprecedented 3D imager that can deliver high-quality depth 
images while maintaining the ability to capture high-speed images. The developed iToF imager showcases 
potential applications in various fields, particularly in machine vision and automotive safety systems. 
Finally, the promising directions for the future improvement are discussed and followed by a practical 
implementation. This study contributes valuable insights and advancements to the field of high-precision 
and high-speed 3D imaging technologies, setting the stage for further developments in the future. 
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Chapter. 1.  

Introduction 

1.1. Research Background 

In recent years, the market of CMOS image sensor (CIS) has expended significantly. 

For the applications of machine vision, such as object tracking, pattern recognition, and 

motion detection, image sensors have specific requirements that differ from those used 

on consumer cameras for human eyes. Machine vision aims to enable automated systems 

to "see" and process visual information for various industrial and commercial tasks. The 

key requirements of imager sensors include: 

 

Ø Response linearity: Ensuring consistent and reliable image analysis by directly 

correlating light intensity with sensor output signal. 

Ø Frame rate: Detecting and analyzing rapid scene changes or fast-moving objects for 

improved system responsiveness. 

Ø Spatial resolution: Capturing detailed information for precise measurements, defect 

identification, and pattern / feature recognition. 

 

These specific features ensure machine vision systems to efficiently analyze visual 

data and perform various tasks effectively. However, relying solely on a conventional 2-

dimensional (2D) imager can result in errors when processing complex environments due 

to the lack of depth information. 
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To improve the reliability and robustness of machine vision, three-dimensional (3D) 

imaging provides crucial spatial information that enables machines to better understand 

and interact with their surroundings. Various methods can be used to achieve 3D imaging, 

including stereo vision, structured light, and time-of-flight, each with its own benefits and 

limitations that are suitable for specific applications.  

 

Ø Stereo vision, which uses two cameras to reconstruct 3D views by calculating the 

pixel-wise displacement between images, has been widely adopted in autopilot and 

autonomous systems due to its system flexibility [1]. 

Ø Structured light works by projecting a known pattern onto an object and recovering 

its 3D geometry using triangulation algorithms. This technique offers great precision 

for short-range imaging and has been successfully applied in biometric systems for 

facial recognition [2]. 

Ø Time-of-flight (ToF) technology has gained significant attention in recent years. It 

obtains a depth map by measuring the traveling time of light emitted from a sensor 

system to an object using either a direct (dToF) or indirect (iToF) approach. The 

dToF method uses a single-photon avalanche diode (SPAD) and has been utilized in 

light detection and ranging (LiDAR) systems, providing consistent ranging quality 

over a wide range of distances [3]–[6]. On the other hand, the iToF method shows 

great potential in applications such as behavior monitoring, gesture recognition, 

object counting, and augmented/virtual reality (AR/VR), and so on. It offers several 

advantages, including scalable detection range, low power consumption, cost-

effectiveness, and system compactness [7], [8]. 
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1.2. The Key Requirements for 3-D Imaging  

1.2.1. Global Shutter  

The global shutter function, which controls the exposure timing of all pixel arrays 

simultaneously, can ensure high-quality images without rolling distortion under a moving 

scene. For machine vision applications, it is crucial to accurately analyze the state of the 

captured environment. Furthermore, active illumination is required for both structured 

light and ToF-based 3D imaging techniques, where good synchronization between the 

emitter and sensor systems is necessary. Therefore, global shutter is indispensable for the 

realization of range imagers. 

1.2.2. Pixel Count  

A higher pixel count provides better image resolution, allowing for more detailed 

information to be observed. In 3D imaging applications such as medical assistance and 

biometric security systems, higher image resolution is desired. In recent years, advances 

in process technology have enabled commercial CIS with pixel pitches of less than 1µm, 

which can be utilized by stereo vision and structured light approaches.  

On the other hand, ToF-based range imagers are also rapidly improved, with dToF 

using SPAD arrays scaled down to pitches of around 5-10µm [9], [10], and iToF structures 

achieving even smaller pitches of less than 5µm [11]–[14]. Although increasing the pixel 

count by shrinking the pixel size can result in better image resolution, it can also reduce 

photon sensitivity, leading to longer exposure periods due to decreased incident light. 

Therefore, for the development of high-speed imagers, to achieve shorter frame periods 

with higher pixel counts, it is more practical to expand the area of the pixel array. 
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1.2.3. Frame Rate 

High frame rate imaging allows a better motion detail owing to higher temporal 

resolution. The 3-D imaging with a frame rate at standard video rates (30/60 fps) can be 

adopted to object modeling, gesture recognition and behavior monitoring, whereas a 

performance level around 1 Kfps is needed for rapid object tracking and dynamic 

projection mapping usages [15]. In recent years, new possibilities have emerged in the 

field of computer vision, including robotics, industrial automation, autonomous vehicles, 

and medical assistance systems. To enhance the reliability of scene analysis and decision-

making for tasks such as object recognition, tracking, and navigation, depth images with 

higher temporal resolution are required. 

A structured light stereo algorithm as well as a dToF sensor has been reported that 

achieved such frame rate [15], [16]. However, the GPU acceleration in complex post-

processing and high-speed readout requirements not only limit the feasibility toward a 

higher frame rate and image resolution but also increase the system power consumption 

and complexity that reduce the portability of the sensor system. In contrast, the iToF based 

range imagers offer several advantages, such as scalable detection range, low power 

consumption, cost-effectiveness, and compactness of the system. Nevertheless, no iToF 

approaches have been reported for high-speed 3D imaging. 

1.2.4. Power Consumption 

Power consumption is a crucial factor to consider when designing sensor systems, 

especially for portable or battery-powered applications. The larger the pixel array and 

higher frame rate, the more power is needed for high-speed readout, which can negatively 

impact the portability and durability of the system. Additionally, heat dissipation is 
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another concern, as high temperatures can cause thermal noise, lower linearity, and higher 

dark current, which all lead to lower image quality. Proper cooling mechanisms are 

necessary to maintain optimal performance and image quality. 

For a 3-D imaging system, stereo vision requires two high-resolution cameras, while 

structured light algorithms require a continuous projector light source and external 

computation. Similarly, dToF ranging using SPAD structures requires an additional power 

system to generate high-level negative voltage for reversed biasing. These additional 

power demands can become a bottleneck when seeking to achieve higher frame rates, 

higher pixel counts, and more compact ranging systems. 

1.2.5. Detectable Range  

The detectable range of a 3-D sensor is determined by its ability to provide reliable 

and accurate measurements at a given distance. The depth accuracy and precision are two 

key parameters used to evaluate the ranging performance of a 3-D sensor. Depth accuracy 

refers to the linearity error in the ranging result compared to the ground truth, while depth 

precision measures the temporal variation in the depth values over successive frames.  

The detectable range of stereo vision is strongly related to the distance between two 

cameras and the baseline, which can be adjusted for different applications. However, 

achieving compactness and reducing software complexity remain challenges. Structured 

light has excellent precision at short range (<1m) [2], but its performance decreases 

rapidly with increasing distance due to the triangulation algorithm and patterned light 

projection. The dToF approach is usually chosen for wide range detection applications, 

providing consistent ranging precision from sub-meter to hundreds of meters. In contrast, 

for higher precision at short to medium range (<5m), iToF ranging methods have been a 

popular choice that have been reported to achieve less than 1% depth noise [11].  
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1.2.6. Outdoor Usage  

While applying a 3-D imager to an outdoor environment, changes in the ambient 

lighting condition might affect the ranging performance. The stereo vision requires 

enough illuminance from a scene to ensure a good image quality for depth calculation. 

This suggests that supplementary lighting might be needed at night to maintain the 

reliability for the applications such as autonomous systems. On the contrary, the other 

technologies, which use the active illumination, will encounter with performance 

degradation under a strong ambient light environment. Therefore, considering the 

spectrum of sunlight, the infrared (IR) light emitter with a wavelength of 850 nm or 940 

nm is usually preferred for the silicon-based 3-D sensing system. 

Fig. 1-1 summarizes the 3-D imaging technologies. 

Fig. 1-1  3-D imaging technologies 

Stereo Vision Structured Light Time-of-Flight (ToF)

Direct ToF Indirect ToF
Trigger based Modulation based
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1.2.7. Challenges from 2-D to 3-D Imager 

Camera-based 3D imaging technologies, including stereo vision and structured light, 

to achieve high range resolution and improve the overall performance of these systems, 

several challenges need to be addressed.  

 

Ø High-resolution cameras: To provide better range resolution, higher resolution 

cameras are required. However, higher resolution sensors come with larger pixel 

arrays, which demand higher readout speeds to maintain real-time imaging. 

Ø High-speed readout: Increasing the resolution of cameras often leads to larger data 

volumes. High-speed readout mechanisms and efficient data transfer are essential to 

handle the increased data flow and maintain high frame rates. 

Ø Larger scale imaging system: With the requirement of multi-camera and patterned 

lighting, the physical size of the imaging system also tends to grow. This may pose 

challenges in terms of space constraints and portability, especially in applications 

where compact setups are necessary. 

Ø Data processing and computational requirements: Images from high resolution 

cameras need to be processed and analyzed. Powerful computational resources are 

necessary to handle the data and extract meaningful information from the images. 
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On the other hand, to achieve high precision in Time-of-flight based 3D imaging, 

several factors need to be considered: 

 

Ø Sensitivity: The sensor should be designed or optimized to have high sensitivity to 

the IR wavelength used for the active lighting. This ensures that the sensor can 

effectively detect the modulated light signals. 

Ø Charge Transfer Efficiency: The photodiode's design and material properties should 

be optimized to maximize the charge transfer efficiency, ensuring that the generated 

charge is correctly modulated and measured. 

Ø Modulation Technique: The method of modulating the light is crucial for accurate 

ToF measurements. Different techniques, such as square-wave modulation or 

sinusoidal modulation, can be used to achieve better precision. 

Ø Background Noise Reduction: ToF systems are susceptible to background noise, 

which can affect depth measurements. Advanced noise reduction techniques are 

employed to minimize the impact of noise on the ranging results. 
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1.3. Indirect Time-of-Flight (iToF) Technique 

Out of the various 3-D imaging technologies discussed earlier, the iToF-based 

CMOS imagers stand out for their advantages of lower power consumption, good depth 

precision with scalable range, and small system footprint. Moreover, due to the simplicity 

of post-processing, these sensors can achieve high frame rates, making them suitable for 

a wide range of machine vision applications. 

1.3.1. Key Parameters 

There are several parameters that can influence the performance of an iToF sensor. 

In this context, the pixel and circuit-dependent coefficients are focused:  

Ø N Taps 

It refers to the number of nodes where the demodulated signals are collected during 

charge integration in the pixel. Note that this number is not always equal to the 

number of transfer gates (TG) in some iToF pixel designs which have a charge 

overflow path.  

Ø Modulation Frequency (!!) 

With a unit modulation cycle of "" , the frequency is defined as, 

 
## =

1

""
 Eq. 1-1 

Note that for the impulse modulation iToF, the pulse width of modulation light, "$, 

is often used for comparison instead of modulation frequency. 

Ø Demodulation Contrast (DC) 

The DC describes the capacity of an iToF pixel to transfer the photon-charges into 

the designated tap according to a certain modulation frequency. It is defined as, 
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 Eq. 1-2 

where N is the number of tap, and the integrated signal in each tap is denoted by -%. 

The ideal DC is 100% but will decrease due to the limited charge transfer speed and 

system bandwidth. In general, smaller pixel size and lower modulation frequency 

can achieve a higher DC [7], [17]. 

Ø Full-Well Capacity (FWC) 

The number of charges that a single tap can store before reaching saturation is known 

as FWC. Ideally, this capacity should be proportional to the capacitance of the 

floating diffusion (CFD) and inversely proportional to the conversion gain (CG).  

Ø Dark Random Noise (RN) 

The temporal variation of the consecutive frames under a dark condition that induced 

by the dark current shot noise and circuit readout noise. It is often expressed in the 

term of electrons, which represents the total noise power input referred to the floating 

diffusion (FD). Therefore, it is also inversely proportional to the pixel CG. 

Ø Signal-to-Noise Ratio (SNR) 

SNR is a crucial parameter related to image quality in an iToF system. The signal 

originates from the reflected modulated light, while the noise consists of read noise 

(RN) and photon shot noise from the signal and background light (BGL). It can be 

obtained by,  

 
-78 = 20 :;<

7&

=7& + 7,- + 87
.
 Eq. 1-3 

where 7&  and 7,-  are the number of total integrated electrons in a unit pixel 

during a single frame from modulated light and BGL, respectively.  
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1.3.2. Operation Principle 

Fig. 1-2 shows the basic idea of an indirect time-of-flight (iToF) ranging operation, 

where a modulated light is emitted to illuminate a scene. Once the light is reflected by an 

object, it is received by a photon detector and converted into electrons. Using an iToF 

pixel, the photon charges are demodulated into individual taps by toggling transfer gates 

with an opposite phase.  

After the modulation, by measuring the relationship between integrated signals in 

each tap, the time shift ratio (R) and the distance can be obtained by Eq. 1-4, where c is 

the speed of light and "$ is the pulse width of modulated light. 

 

Fig. 1-2 Basic idea of an indirect time-of-flight (iToF) ranging operation. 
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In theory, the time shift measurement should be directly proportional to the distance 

of the object being measured. However, there are various non-ideal factors that can affect 

the accuracy of the measurement, such as background light, pixel dark current, incomplete 

charge transfer, limited SNR, clock propagation delay, clock jitter, unstable power supply 

for the circuit and emitter, reflected stray light, heat buildup during the operation, and 

even the imperfect shape of the modulated light. As a result, these factors can introduce 

ranging uncertainty into the iToF sensor system.  

 

1.4. Targets of iToF Sensor Development 

To provide a more reliable and robust spatial information with the iToF range imager, 

lots of research have been conducted in the last decade. The main targets of iToF ranging 

system development include improving charge transfer efficiency, enhancing depth 

precision, extending detection range, improving ambient light resistance, and suppressing 

motion artifacts. 

1.4.1. Charge Transfer Efficiency 

During the modulation, the light generated electrons are expected to be transferred 

and collected into the designated tap. However, for the conventional pinned photodiode 

(PPD) based demodulator, the DC will have a fast degradation as the increase of 

modulation frequency and pixel pitch due to the weak electric field (E-field) across the 

photodiode. To improve the ranging performance, the development of a high-speed 

charge transfer pixel is required.  

The types of iToF charge modulator are categorized and described as follows. 
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Ø Shaped Pinned Photodiode (S-PPD) [18] 

Compares to the conventional square structure PPD, different shapes of PPD with 

triangular, constant-field and L-shaped have been reported to be useful to increase 

the DC owing to a stronger lateral E-field. Among these shapes, the L-shaped PPD 

with a linear doping gradient depicted in Fig. 1-3(a), shows a best efficiency that can 

transfer most of the electrons within 5 ns for a path around 5 µm. In addition, 

implementing a compact tap structure can make use of the gate-induced fringe field 

to improve the electron sorting efficiency, achieving a DC of 61% at 100 MHz by 

TCAD simulation. However, reshaping the PPD scarifies the fill-factor (FF) and 

results in a lower photon-sensitivity.  

 

Ø Lateral-Electric-Field Modulator (LEFM) [19]–[21] 

To achieve better control of the E-field, the draining only modulator (DOM) 

structure with the LEFM has been introduced. As shown in Fig. 1-3(b), for a 2-tap 

LEFM pixel, two sets of gates are placed at both sides of the charge draining path to 

generate a steeper potential at the depleted region between the two taps. This 

structure allows effective demodulation of the photon-charge while maintaining an 

adequate potential barrier for another draining path. The measured DC of ~77% for 

a 2-tap 16.8 µm pixel was achieved at a gate pulse width of 20 ns. However, the 

requirement of negative bias and the doubled amount of gates layout may lead to a 

higher power consumption during demodulation. 

Recently, with the shrinking of the iToF pixel, a high lateral E-field can be obtained 

even without using the DOM structure. A high DC of over 90% was achieved at 100 

MHz for a 2-tap 3.5 µm pixel [12]. 
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Ø Current-Assisted Photonic Demodulator (CAPD) [22], [23] 

The CAPD device, as depicted in Fig. 1-3(c), creates a strong drift field by 

implanting the electrode next to each tap instead of using poly-gates to induce the 

E-field for draining the photon-charges. By applying an alternating voltage biasing, 

the created current leads the electrons across the diode to the designated taps. This 

structure can provide high-speed modulation ability even with a larger pixel size. 

Besides, without the requirement of physical gates, a simpler process and lower cost 

can be expected. Moreover, without the requirement of physical gates, a simpler 

process and lower cost can be expected. A DC of around 85% was achieved at 100 

MHz for a 2-tap 10 µm pixel. However, the leakage current between the electrodes 

results in an increase in power consumption while shrinking the pixel size. 

 

Ø QE modulation detector (QEM) [24] 

The QEM based detector, also known as a photogate modulator, covers the surface 

of PD region with an extended gate for each tap, as illustrated in Fig. 1-3 (d). These 

QEM structures not only enhance the controllability at lateral E-field but also 

increase the strength of vertical E-field. These QEM structures not only enhance 

lateral E-field controllability but also increase the strength of the vertical E-field. 

This indicates that faster charge collection speed can be expected while 

demodulating the photon-charges, resulting in good DC even with high-frequency 

operation. It reached up to 78% DC at 320 MHz and 87% at 200 MHz for a 2-tap 

3.5 µm pixel [13]. However, the challenge of this structure is the higher parasitic 

capacitance due to the larger gate size. Therefore, the peak current and propagation 

delay of the clock driving circuits should be carefully taken care of to prevent 

inducing fixed pattern noise (FPN) to the depth image [11]. 
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(a)         (b) 

(c)         (d) 

Fig. 1-3 Pixel diagrams of (a) S-PPD (b) LEFM (c) CAPD (d) QEM 
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1.4.2. Depth Precision Enhancement 

As expressed in Eq. 1-5, in an iToF ranging system, the measured depth random 

noise was revealed to be inversely proportional to the DC, SNR, and modulation 

frequency [14].  

 
&3LAℎ	7;?G3	(M/) 	∝

1

&'
∙
1

-78
∙
1

##
 Eq. 1-5 

Ø Increase the System SNR 

To improve the system SNR of iToF imagers, increasing the FWC and exposure time 

are common strategies [14], but it comes at the expense of higher input referred noise 

due to a lower conversion gain (CG) caused by higher FD capacitance. On the other 

hand, the binning methods can also improve SNR but at a cost of spatial resolution. 

Methods had been compared among the charge domain, analog domain, and digital 

domain binning [8]. Among these, the charge domain binning, which integrates 

electrons from multiple pixels into a shared FD, shows the best SNR improvement 

efficiency under low photon signal conditions with the same exposure period. 

 

Ø Increase the Modulation Frequency  

In recent years, there has been a trend towards shrinking pixels to achieve higher 

image resolution. However, this often leads to lower photon sensitivity and limited 

FWC, which can result in worse depth noise. To address this, iToF sensors must 

operate at higher modulation frequencies to recover ranging performance [13]. This 

presents challenges in both pixel and system implementation, including maintaining 

DC, mitigating peak current, compensating for clock jitter, ensuring light source 

robustness, extending detection range, and more. 
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1.4.3. Detection Range Extension 

When adopting an iToF ranging method, it is important to determine the system 

frame rate, detection range, and cut-off depth performance to meet the requirements of 

each 3-D imaging application. However, even with a certain emitted light power, which 

is often limited by eye-safety criteria, the intensity of light reflected by the target will 

decrease rapidly as a function of distance squared as expressed in Eq. 1-6.  

 
L012340(J) =

P ∙ Q56370

R(J ∙ ABH	(S 2⁄ )).	
 Eq. 1-6 

where Q56370 is the power of light source, P is the target reflection coefficient, S is the 

beam divergence of the emitted light and J is the distance between light source and 

target. In general, the modulation period will be adjusted to reach the highest possible 

SNR at the shortest distance based on the FD saturation level. In this case, the lowest 

depth precision will occur at the maximum detection range due to the degradation of the 

received signal and SNR. 

Although operating with a higher modulation frequency can provide better depth 

precision, it can also result in a decrease in the maximum unambiguous range (dmax) due 

to the phase wrapping as expressed in Fig. 1-4 and Eq. 1-7, 

 
J#18 =

I

2 × ##
 Eq. 1-7 

Fig. 1-4 The unambiguous range limitation due to phase wrapping. 
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The followings describe the concepts to extend the detectable range while able to 

enhance the depth precision. 

Ø Multi-Frequency Modulation [25] 

As it is already known that higher modulation frequency can reduce ranging 

uncertainty while lower frequency can allow a wider unambiguous range. Fig. 1-5 

shows the combination of these modulations, which can retain depth precision and 

increase the ambiguous range substantially. The J#18 is determined by the lowest 

adopted frequency and the ranging uncertainty is equivalent to the operation with 

the averaged frequency. This scheme requires a systematic frequency selection to 

improve the depth precision while ensuring the robustness for phase unwrapping. 

Fig. 1-5 Concept of multi-frequency modulation. 

Ø Range-Shift Operation [26] 

To achieve high range resolution, modulation using a small duty light pulse is useful, 

but it can result in a short unambiguous range. To address this issue, multiple 

subframes with range-shifted operation have been reported. As shown in Fig. 1-6, 

by applying shifted light pulses with a designated offset, each subframe can have an 

individual scope range. This method offers good flexibility for selecting the 

Distane

low
fm

Phase

high
fm

Distane



 
Introduction 

 １９ 

detection range while ensuring depth precision. However, an additional draining gate 

design on the iToF pixel is required to drain out the uncorrelated light-generated 

electrons outside the TG demodulation period. Besides, the requirement of more 

temporal multiplexing can lead to worse motion blur issue when operating with a 

moving scene. 

Fig. 1-6 Concept of range-shift operation 

1.4.4. Ambient Light Resistance Improvement 

To comply with the eye-safety criteria for IR light, the average light intensity during 

the modulation period is limited. However, the commonly used continuous wave (CW) 

modulation method experiences a significant degradation in SNR under strong ambient 

light conditions, resulting in poor depth performance. Although a higher FWC pixel 

design can enhance the BGL tolerance level, it still involves a trade-off against larger 

pixel size, higher RN, and longer frame period. Moreover, a BGL cancelling (BGLC) 

ranging scheme must be adopted to correct the depth error caused by the signal offset 

generated by BGL. Fig. 1-7 depicts a 2-tap iToF system affected by ambient light. 
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Fig. 1-7 An iToF system affect by ambient light. 

 

Ø Short Pulse (SP) Modulation [21], [27] 

Compares to the CW modulation, which modulates the light at 50% duty ratio, the 

SP modulation uses a smaller duty ratio light pulse but with higher peak power. As 

shown in Fig. 1-8, the energy-concentrated light pulse can increase the proportion of 

signal charge to resist the impact from BGL. With the combination of SP modulation 

and range-shift operation, the outdoor usage ability can be improved. However, the 

distortion of the light pulse due to the limited bandwidth should be considered. 

Fig. 1-8 Concept of short pulse (SP) modulation to enhance the BGL resistance. 
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Ø On-Chip Background Light Cancelling (BGLC) [28]–[30] 

Due to the requirement of BGLC, the 2-tap iToF needs two modulation periods with 

a R 2⁄  phase shift to acquire 4-phase signals, which will be explained in detail in 

section 4.1. Instead of using the individual signals in Eq. 1-4, the differential charges 

from both phase are used for the BGLC ranging calculation. In this case, on-chip 

BGLC scheme can be implemented using either cross-connected capacitors or a 

charge amplifier with capacitive feedback. Furthermore, the common-mode rejected 

delta-integration BGLC (Δ-INT BGLC) scheme, as shown in Fig. 1-9, allows the 

implementation of sub-integration that can accumulate the modulated signal while 

preventing the FD from saturation to resist stronger BGL in an outdoor environment. 

Fig. 1-9 Concept of Δ-INT BGLC scheme 

1.4.5. Motion Artifact Suppression 

For a conventional 2-tap iToF operation, two consecutive frames are required to 

recover the depth error induced by ambient light. While capturing moving objects, this 

temporal multiplexing will lead to an increase of motion blur. Although the high-speed 

readout circuit can be implemented to reduce the frame-to-frame processing latency, the 

improvement is still limited especially with a high pixel count imager. To enhance the 

robustness of 3-D imaging applications, iToF with motion artifact suppression is essential.  
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Ø Multi-Tap Pixel Structure  

The multi-tap architectures implement more than two signal integration nodes for 

photon-charge storage. An operation example of 3-tap pixel with SP modulation is 

shown in Fig. 1-10 (a), where two-tap are used for modulating the signal charge from 

emitted light, and the other tap samples the offset from BGL [31], [32]. Fig. 1-10 (b) 

shows the operation of 4-tap pixel with CW modulation, where the 4-phase signals 

are sampled within a single modulation cycle [11], [33]. In these cases, the depth can 

be computed using the signals from a same frame, hence the motion artifact can be 

significantly suppressed. However, the implementation of multi-tap indicates a 

lower FF and a larger pixel size. Besides, the offset induces by the tap and readout 

path mismatch might become a problem for depth non-linearity.  

Recently, a pseudo-4-tap (P4T) demodulation method has been reported, where the 

two adjacent 2-tap pixel from odd-even rows are operated with a R 2⁄  phase 

difference [30], [34]. This enables the acquisition of 4-phase signals simultaneously. 

 

(a)          (b) 

Fig. 1-10 Operation concept of (a) 3-tap SP modulation (b) 4-tap CW modulation. 
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1.5. Purpose of Study 

For the development of indirect time-of-flight based CMOS image sensor, research 

have been reported on the improvement of image resolution, depth precision, detectable 

range, and outdoor usage ability. These can be helpful for enhancing the robustness and 

reliability for various existed 3-D imaging applications. However, when it comes to the 

high-speed 3-D imaging demands, including instant change detection and rapid motion 

recognition for machine vision purpose, depth images with higher temporal resolution are 

required. While structured light and dToF approaches have been reported, there are 

limitations in achieving higher imaging performances and better system portability.  

On the other hand, iToF imagers with higher FWC are often preferred to achieve 

higher system SNR and ambient light tolerance. Additionally, smaller pixel pitch is also 

desired to improve DC when increasing the modulation frequency. However, these limit 

the increase in frame speed due to the longer exposure period and multi-frequency 

synthesis demands. Consequently, current iToF imaging system designs need to 

compromise between these trade-offs, resulting in a confined field of applications. 

In this study, a feasible way to realize an iToF CIS is desired to provide a fine ranging 

precision while having the capacity to capture high-speed depth images for more potential 

machine vision applications. 

The proposed prototype sensor in this study features a 4-tap high-speed charge 

modulator, a sub-frame ToF operation utilizing high-density trench capacitors, and an 

improved ranging method using half-pulse 2-tap 4-phase modulation. The combination 

of these technologies successfully exhibits the possibility of realizing a high-precision 

and high-speed 3-D imager. The potential applications and future improvements of this 

innovation are demonstrated and discussed. 
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1.6. Contents of Dissertation 

Chapter. 1 gave a concise overview of 3-D imaging technologies and their key 

application requirements. Among these approaches, the indirect time-of-flight (iToF) 

ranging is chosen for this study due to its comprehensive performance. The operation 

principle, key parameters, and reported techniques of the iToF sensor were described. The 

aim of this study is to develop a high-precision and high-speed iToF range image sensor 

to broaden its potential applications in machine vision field. 

Firstly, a prototype high-speed (HS) and high precision (HP) 4-tap iToF range imager 

is proposed. The concepts of the key technologies, including short pulse modulation, 

high-speed charge modulator, and sub-frame iToF operation, are explained in Chapter. 2. 

In Chapter. 3, the implementation details with the design, fabrication, and verification are 

described, followed by a demonstration and discussion. In addition, a potential 

application in automotive safety systems is depicted. 

Secondly, a practical scheme for future improvement is proposed in Chapter. 4, using 

a new half-pulse (HP) 2-tap 4-phase ranging method with sub-frame ToF operation. The 

operation diagram and ranging algorithms are explained, followed by theoretical depth 

noise calculation. The measured performance is evaluated using the previous prototype 

iToF sensor, and sample images are demonstrated. Additionally, techniques for further 

utilization are discussed.  

In Chapter. 5, the proposal of next generation high-speed and high precision iToF 

range imager is described.  

Finally, the conclusion of this study is summarized in Chapter. 6. 
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Chapter. 2.  

Key Technologies for High-Precision and 

High-Speed Range Imaging 

2.1. Overview 

Fig. 2-1 illustrates the key technologies that will be discussed in detail in this chapter 

for the realization of a high-precision and high-speed iToF range imager. 

They include the utilization of 4-tap short pulse modulation to improve depth noise, 

the implementation of sub-frame ToF operation to increase system SNR and enable high-

speed image acquisition, the integration of a high-speed charge modulator to enhance 

photon-electron collection efficiency, and the adoption of high-density in-pixel memory 

with auto-zeroing operation to improve pixel area efficiency. 

 

Fig. 2-1 The key technologies in this work. 
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2.2. 4-Tap Short Pulse (SP) Modulation 

While targeting on realizing an iToF imager for high-speed imaging, multi-tap pixel 

structures are suitable scheme due to the capability of mitigating the motion artifact while 

capturing a moving scene.  

A 4-phase sampling iToF system, utilizing sinusoidal modulated light and a 4-tap 

charge modulator, has been reported to provide higher depth precision by achieving 

higher DC with continuous wave (CW) modulation based on the natural sampling theory 

[33]. In CW modulation, sinusoidal emitted light is preferred owing to its stability and 

the ability to perform multi-frequency modulation, which extends the unambiguous range. 

However, ensuring the robustness of phase unwrapping at high modulation frequencies 

remains a challenge.  

On the other hand, short pulse (SP) modulation with 4-tap 1-drain LEFM pixel 

structures have also been demonstrated for iToF imagers. These structures focus on 

ambient light resistance and long-range detection. [27]. However, the range-shift 

operation used in these structures limits the framerate and requires an extra draining gate 

design in the modulator.  
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Fig. 2-2 shows the timing diagram of a 4-tap iToF operation using CW and SP 

modulation, which having an equal averaged light intensity for receiving a same amount 

of photon electrons from emitted light. The modulation cycle ("") is equally divided by 

4 sampling clocks with a pulse width of "$. The reflected signals from the modulation 

and ambient light are both converted into electrons and demodulated into floating 

diffusions by Tap1, Tap2, Tap3, and Tap4, and denoted by Q1, Q2, Q3, and Q4, respectively. 

The distance J"9 and J&$ with background light cancelling (BGLC) can be obtained 

by Eq. 2-1 and Eq. 2-2, assuming the ideal sinusoidal and square pulse modulated lights 

are given,  

 
J"9 =

I

2
∙
1

2R##
∙ BABH U

(E. − E:) − (E+ − E;)

(E. − E:) + (E+ − E;)
V Eq. 2-1 
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Fig. 2-2 Timing diagram of 4-tap iToF operation 

The error propagation method can be adopted for an iToF system to evaluate the 

ranging result effected by variable’s uncertainty [7],  

 

M< = X6+
YJ

YE%
/

.

∙ ME%
.

)

%*+

 Eq. 2-3 

where N is the number of tap and ME%. is the total noise power including shot noise and 

readout noise in a tap. Thus, the theoretical depth noise, M<_"9 and M<_&$, can be derived 

as follows [21], [33],  
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where &' is the demodulation contrast and 8& = 7> 7&⁄ . The number of total electrons 

collected in a unit pixel, which was generated by modulated light, is denoted by 7&. The 

number of electrons generated by BGL in a unit tap is denoted by 7, , and the total 

electrons is denoted by 7,-. The FD input referred readout noise, which came from the 

pixel transistors and readout circuits, is denoted by 87. With SP modulation, the number 

of signal electrons in Tap2 is proportional to the phase shift (^) and is denoted by 7>. 

 To compare the performance of CW and SP modulation, different RN levels were 

applied. The theoretical curves and system SNR are shown in Fig. 2-3. Using a 

modulation frequency (##) of 25 MHz, the unambiguous range spans from 0.4-6m with 

a pulse duration ("?) of 10ns and cycle time ("@) of 40ns. Here, 7& of 20K at the 0.4m 

without BGL (7,- = 0) was assumed. The DC of 90% for both modulation types are 

used. The SNR is calculated by Eq. 2-6. 

 
-78 = 20 log

7&

=7& + 7,- + 87
.
 Eq. 2-6 

 

1

10

100

1000

0 1 2 3 4 5 6

N
oi

se
 (e

- )

Distance (m)

0
10
20
30
40
50

0 1 2 3 4 5 6

SN
R

 (d
B)

Distance (m)

RN = 0
RN = 5e-
RN = 20e-

!"#$	&#'()	( &!)

,)"

-.)"



 
Key Technologies for High-Precision and High-Speed Range Imaging 

 ３０ 

(a)  

(b)  

Fig. 2-3 (a) System noise and SNR (b) Theoretical depth noise 
over distance with different RN levels. 

As indicated in the simulation result, if the system SNR is predominantly affected 

by the shot noise of the modulated light, SP modulation can lead to superior depth noise. 

However, in cases of higher RN, the SNR deteriorates more quickly, leading to a reduced 

advantage with SP modulation. 

Therefore, to achieve lower depth noise and higher frame rates, the strategy is to 

develop a 4-tap iToF image sensor using SP modulation with enhanced SNR. In this work, 

a single frequency SP iToF system without drain gate and range-shift technique is 

employed to minimize the image processing effort and maximize the frame speed. 

 In Fig. 2-3, the wavy depth noise curve is shown using the SP modulation. This result 

occurs because the phase (^) is repeated within the range from 0 to 1 for the four 

modulation time windows (TW1~4). Therefore, the signal electron in the Tap (7>), which 

is proportional to ^, will also repeat from 0 to 7&, leading to the wavy noise curve. 
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2.3. Sub-Frame ToF Operation 

In an image sensor system, increasing the full well capacity (FWC) and exposure 

time are common strategies to achieve higher SNR. However, a higher floating diffusion 

capacitance leads to a lower conversion gain (CG), which in turn results in higher input 

referred noise. On the other hand, Pixel binning techniques, including charge domain, 

analog domain, and digital domain binning, can reduce the readout noise but have the 

disadvantage of lower spatial resolution [8]. Furthermore, these approaches require longer 

frame-to-frame latency, increasing the pixel counts due to the array readout time, making 

them unsuitable for improving higher framerates. Therefore, alternative methods must be 

explored to achieve both high SNR and high temporal resolution. 

In this study, a sub-frame ToF operation is proposed to achieve sufficient SNR while 

maintaining high temporal resolution imaging. This approach utilizes the memory array 

by dividing the full modulation period from a conventional ToF operation into subframes, 

where signals are sampled into separate memory cells after the modulation is completed, 

as illustrated in Fig. 2-4. 

Note that the sub-frame ToF operation can be implemented using two different 

memory array approaches, depending on the specific requirements. In-pixel memory 

arrays offer advantages such as shorter sampling periods and lower power consumption, 

while column-wise memory arrays may be preferred for the demand of pixel shrinkage. 
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Fig. 2-4 Operation principle of the sub-frame ToF operation. 

 Through the sub-frame ToF operation, it is possible to perform two types of 

imaging modes by applying different readout timings, as shown in Fig. 2-5. 

(a)  

(b)  

Fig. 2-5 (a) High-precision mode and (b) High-speed mode readout. 

2.3.1. High Precision Mode 

In HP mode, as shown in Fig. 2-5 (a), the signals sampled from the modulated 

subframes are combined using charge-domain binning, which is performed by mixing the 

Sub-Frame #NSub-Frame #1 Readout...
Modulation & Sample and Hold

SUM

High Precision Mode (HP)

HP Mode Frame Time

...Readout
#1

Readout
#N

HS Mode Frame Time

High-Speed Mode (HS)
Sub-Frame #NSub-Frame #1 ...

= 1/FPSHS

Modulation & Sample and Hold

... Sub-Frame #NSub-Frame #1

Full Modulation Frame

<1> n/N...

<1> <2> ... <n>...<3>

<1> n/N......S/HRST RST S/H

RST <n-1>

...

QMOD

Conventional 

x n
...

QMOD/N
Sub-Frame

x n/N

S/H

Conventional ToF Operation 

Sub-Frame ToF Operation 

Array 
Readout

MEM
MEM
ARY.

Array 
Readout



 
Key Technologies for High-Precision and High-Speed Range Imaging 

 ３３ 

signal charges in the memories. This approach helps in reducing the noise from the pixel 

operation, including shot noise, flicker/thermal noise of pixel transistors, and kTC noise 

of the in-pixel memory, due to the averaging effect. The theoretical SNR is expressed by 

Eq. 2-7, 

 

 
-78A$ = 20 log

7&

\b7& + 7$BC
.
+ 7(D(

.
c 7&EFG⁄ + 7"H-I

.
 

d	7$BC =
M$BC

'e
;	7(D( =

M(D(

'e
;	7"H-I =

M"H-I

'e
f 

Eq. 2-7 

 

where 7&EFG  is the number of subframes, 'e  is the conversion gain. 7&  is the 

received signal electrons and 7$BC , 7(D(  and 7"H-I  represent the number of noise 

electrons from pixel, in-pixel memory, and readout circuits, respectively, which can be 

calculated using the FD referred noise voltage, M$BC, M(D( and M"H-I divided by 'e. 

The calculated SNR characteristics using different number of subframes are shown 

in Fig. 2-6 (a). Firstly, a reference is established using the conventional operation with a 

CG of 10 µV eJ⁄  for comparison with the sub-frame operation. Secondly, a constant 

'e 7&EFG⁄ (µV eJ⁄ ) of 10 and 7& ∙ 7&EFG 	(eJ) of 100,000 are used to have an equal 

amount of signal electrons under a certain exposure condition. In this simulation, the in-

pixel memory capacitance of 30 fF is used, and M$BC of 300µV, M(D( of 370 µV and 

M"H-I of 200 µV are assumed, which are reasonable values for state-of-art image sensors. 

Fig. 2-6 (b) illustrates the improvement in SNR achieved by HP mode. For shorter 

distances, only a slight improvement is observed due to the dominance of shot noise. As 

the distance increases, a better SNR can be obtained by using a higher number of 

subframes with a higher CG, leading to a reduction in equivalent noise electrons.  
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In this study, the optimal number of subframes was found to be 8, taking into account 

the trade-off between SNR enhancement and hardware complexity.  

(a)  

(b)  

Fig. 2-6 Calculated results with different numbers of subframes. (a) SNR 
characteristic over distance. (b) SNR enhancement at short/long distance. 

2.3.2. High Speed Mode 

As shown in Fig. 2-5 (b), in HS mode, the signals are read out individually from 
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burst imaging with a high temporal resolution. The frame rate in burst mode is determined 

by the subframe period, which is the sum of the reset, modulation, and sampling periods, 

as shown in Fig. 2-4. Therefore, to achieve higher frame rates, it is important to increase 

the photon sensitivity and reduce the modulation counts. The SNR is expressed by Eq. 

2-8, 

 
-78A& = 20 :;<

7&

\7& + 7$BC
.
+ 7(D(

.
+ 7"H-I

.
 Eq. 2-8 

 

On the other hand, the available record length is determined by the number of 

subframes. Thus, the duration of the record time can be expressed by Eq. 2-9,  

 

 
83I;4J	&j4BA?;H	 = 	

7&EFG

#4B@34BA3
 Eq. 2-9 

 

For the HS mode, increasing the number of subframes allows for a longer recording 

duration. However, a larger in-pixel memory array will limit the ability of pixel shrinkage 

for higher image resolution. Therefore, the selection of the subframe number and the 

desired framerate should be based on the specific application requirements. 

Note that the burst images obtained by HS mode can be readout and refresh with a 

period of "24K24I7, which will be used for comparison in the measurement results. In 

general, the "24K24I7 is proportional to the pixel count and sub-frame number. 
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2.4. High-Speed Charge Modulator 

Due to the limitation of eye-safety criteria, instead of increasing the optical power, 

enhancing the photon sensitivity becomes the key to reduce the sub-frame time. Therefore, 

large photodiode (PD) size with lateral electric field (E-field) optimization [35] allows a 

better charge collection efficiency while ensuring a good DC. 

The followings describe the concepts for optimizing the charge modulator for high-

speed iToF imaging: 

 

Ø Increasing the size of PD to increase the number of generated photon charges. 

Ø Enlarging the n-layer region to enhance the charge collection efficiency.  

Ø Creating a dopant concentration ladder to generate an electric field toward the center 

of modulator [36] 

Ø Implementing a compact 4-tap structure to improve the electron sorting efficiency 

by utilizing fringe electric field. 

Ø Generating a linear potential gradient along the charge transfer path to ensure 

efficient driving of generated electrons regardless of their initial position. 

 

The implementation and simulation details are to be shown in Section. 3.1.2. 
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2.5. High Density Memory with Auto-Zeroing Operation 

To reduce the sampling period and minimize the exposure deadtime between 

subframes, an implementation of in-pixel memory array is used in this work. Therefore, 

a high-density memory is desired to enhance the area efficiency for higher fill-factor (FF).  

A high-density Si trench capacitor device has been reported that achieves 25 fF/µm2 

with low leakage current for signal sample/hold (S/H) usages [37]. However, to enable 

noise reduction through correlated double sampling (CDS), twice the number of memory 

cells is required. To address this issue, the auto-zeroing operation is adopted [38]. 

(1) Floating diffusion (FD), coupling capacitor (CAZ), and memory (CMEM) are reset. 

(2) The pixel reset is turned off while the memory reset remains connected.  

(3) The memory reset is turned off to initiate the voltage coupling, allowing the integrated 

signal at FD to be sampled.  

Through this process, the generated thermal noise and voltage offset from FD reset 

can be eliminated. Compares to the conventional CDS operation, the required memory 

cells are reduced by half, resulting in better pixel area efficiency.  

Fig. 2-7 The operation principle of auto-zeroing sampling. 
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2.6. Summary of Chapter. 2 

In this chapter, the key technologies for realizing a high-precision and high-speed 

iToF range imager were introduced.  

When capturing moving objects, the 4-tap iToF schemes are useful in mitigating 

motion artifacts. Meanwhile, using short pulse (SP) modulation with enhanced SNR can 

lead to better depth noise performance. However, the conventional high FWC strategy 

suffers from higher FD input referred noise due to lower conversion gain (CG). Besides, 

the framerate is limited due to the requirement of long exposure time. 

Therefore, sub-frame ToF operation with high CG was introduced. In high-precision 

mode (HP), the system SNR is improved by performing the charge domain binning, with 

an optimal subframe number of 8 based on SNR enhancement and hardware complexity. 

On the other hand, in high-speed mode (HS), the high temporal resolution images are 

obtained by readout the subframes individually. 

To reduce the subframe period for high-speed imaging, using a modulator with a 

larger photodiode (PD) region can increase photon sensitivity. In this case, optimizing the 

potential gradient to improve electron transfer efficiency is important to maintain good 

demodulation contrast (DC). 

Finally, for implementing sub-frame operation, in-pixel memory is adopted to reduce 

the sampling period and minimize exposure dead time between subframes. However, the 

conventional CDS operation requires more memories that limits the pixel fill-factor (FF). 

Therefore, the combination of high-density capacitor and auto-zeroing operation achieves 

circuit noise reduction while improving the pixel area efficiency.  
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Chapter. 3.  

Implementation and Verification of the 

Prototype 4-Tap iToF Range Imager 

3.1. Development 

This section describes the development of a prototype 4-tap iToF sensor based on 

the technologies introduced in Chapter. 2.  

3.1.1. Chip Architecture 

The functional block diagram of the proposed iToF imager is illustrated in Fig. 3-1. 

The pixel array is composed of 134H×132V pixels arranged in a back-to-back group to 

enhance the memory array area efficiency, with a pixel size of 22.4H µm×16V µm [39]. 

 The global drivers are used to generate the control signals for pixel and memory 

during global shutter operation. The clock tree circuits are utilized to synchronize the 

trigger of modulation pulse generators, which are implemented using shift registers, 

across the pixel array. To ensure accurate demodulation under high-frequency modulation, 

two sets of drivers from both the top and bottom sides of the pixel array are used to drive 

the demodulation clocks (TGs), minimizing pulse distortion. Additionally, LED trigger 

and delay control circuits are employed to fine-tune the modulation light pulse edge.  

During the rolling readout, where the control clocks are generated by vertical shift 

register (VSR), the signals in the pixel memory arrays (MEM) are sampled by the column 
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sample/hold (CSH) with a column pitch of 5.6 µm. Subsequently, the analog output 

signals, which are selected by the horizontal shift register (HSR), from the output buffer 

(OB) are quantized by an off-chip 14-bit ADC. 

 

Fig. 3-1 Functional block diagram of the prototype iToF sensor 
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3.1.2. Pixel Structure 

In this prototype sensor, a 4-tap iToF pixel with an in-pixel memory array was 

developed. The demodulator part includes a high-speed charge collection photodiode 

(PD), demodulation gates (TG1-TG4), four sets of buried channel source follower (PSF) 

and current source (PCS) with a cascode switch (CSC). The memory part consists of four 

auto-zeroing capacitors (CAZ), 4×8 1-T 1-C analog memory array, and control devices 

(MW, MRST, MPHs), which share a voltage buffer (MSF, RSEL) for column readout. 

The analog memory capacitor (CMEM) and CAZ are constructed using high-density Si 

trench capacitors, which provide a capacitance of 30 fF and 170 fF, respectively. The 

circuit and layout diagrams of the pixel can be seen in Fig. 3-2 (a) and (b). 

Fig. 3-2 (c) shows the cross-sectional diagram of the PD. In this work, three levels 

of n-layer (N1-N3) with different concentration and energy are used to generate the 

potential ladder to collect the photon-electrons to the center of modulator. Additionally, a 

spiky triangular-shaped layout was utilized to create a linear potential gradient along the 

charge transfer path [40], [41]. This ensures that the generated electrons can be driven 

efficiently regardless of their initial position.  
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(b)   

(c)  

Fig. 3-2 Developed 4-tap iToF pixel with in-pixel memory array  
(a) Circuit diagram (b) Layout diagram (c) Cross sectional diagram 
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The potential diagrams in Fig. 3-3 (a) and (b) show the simulation results of the 

electron transportation with the demodulation of TG1 and TG2, respectively. In these 

simulations, the electrons were initially placed at a depth of 1 µm from the far end of the 

PD. The results demonstrate the successful collection of electrons to FD1 and FD2.  

Fig. 3-4 (a) shows that the proposed high-speed charge modulator can collect charges 

from the photodiode with an electric field of over 1200 V/cm across the PD to the farthest 

floating diffusion (FD2 and FD4). To reduce power consumption, a TG-ON voltage of 

2.4V and TG-OFF voltage of 0.4V were used while maintaining good electron sorting 

efficiency. Fig. 3-4 (b) shows the potential at the demodulation gates while sorting the 

electrons to the FDs. The diagrams verify the effectiveness of the potential ladder and 

spiky triangular-shaped layout, and the high-speed charge modulator can collect charges 

within 0.8 ns, which was calculated by electron mobility in silicon (>1000 cm2V-1s-1). 

(a)                                (b) 

Fig. 3-3 Simulated potential diagrams with electron transfer path  
(a) TG1 turn on (b) TG2 turn on 
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(a)  

(b)  

Fig. 3-4 Potential diagram of (a) Charge transfer path (b) TG switching  
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3.1.3. Sensor Operation  

The timing diagram shown in Fig. 3-5 (a) illustrates the operation of the sub-frame 

in detail. At the beginning of each sub-frame (t1), the PD, FDs and CMEM are reset using 

ΦTG, ΦPR, and ΦMR/ΦPHs/ΦMS signals, respectively. At the same time, both plates of 

CAZ are forced to DC voltages by enabling PSF and ΦMW. The auto-zeroing operation is 

then performed by ΦPR and ΦPH in sequence (t2, t3) to eliminate the thermal noise and 

offset from FD reset. Meanwhile, the modulation is initiated with LED and TGs toggling. 

After the modulation is completed, the 4-tap signals are simultaneously sampled into the 

corresponding memories by ΦMS (t4). During the modulation, PSF and PCS are disabled 

by ΦCSC to reduce the power consumption. 

To optimize the HP and HS modes, different modulation types and readout timing 

are applied, as shown in Fig. 3-5 (a) and (b), respectively. 

Ø High-Precision Mode (HP) 

In HP mode, a conventional 4-tap iToF modulation (LEDHP) is applied to extend the 

unambiguous range. During the readout, to achieve higher SNR for lower depth 

noise, the signal charges stored in the 8-memory of each tap are summed up before 

the column sample/hold (S/H) operation. 

Ø High-Speed Mode (HS) 

In HS mode, a pseudo-2-tap iToF modulation (LEDHS) is employed to increase the 

system SNR, despite having a shorter detection range. This is accomplished by 

doubling the light pulse frequency, which is demodulated alternatively by TG1/TG2 

and TG3/TG4. Consequently, the selected memories in PH1&PH3 and PH2&PH4 

are mixed before the column S/H, completing the pseudo-2-tap operation. Finally, 

the memory signal of each subframe is readout in sequence to obtain burst images. 



 
Implementation and Verification of the Prototype 4-Tap iToF Range Imager 

 ４６ 

For both modes, the delta-double sampling (DDS) readout is performed at VMO to 

reduce both fixed pattern noise and low frequency noise due to MSF readout.  

 

(a)  

(b)  

Fig. 3-5 Timing diagram of (a) Sub-frame ToF operation (b) Column readout 
operation of HP and HS mode. 
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3.2. Fabrication 

The developed prototype chip was fabricated using a 0.18-μm 1-poly-Si 5-metal CIS 

process technology with 8-µm-thick P-epitaxial on N-substrate wafer. The power supply 

voltage is 3.3V/2.8V/2.4V for analog/digital/TG circuits, respectively. The chip size is 

4.8 mmH × 4.8 mmV and the micrograph with floorplan are shown in Fig. 3-6. 

Fig. 3-6 Chip micrograph with floorplan 
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3.3. Verification 

This section describes the verification system setup and the measurement results of 

the prototype iToF sensor.  

3.3.1. System Noise  

In this prototype sensor, a conversion gain (CG) of 84.8 µV eJ⁄ , and a FWC around 

12	keJ were confirmed. Fig. 3-7 illustrates the simplified signal readout path and its 

stage noise in terms of noise power. In HP mode, a FD referred noise of 4.8	eJ  is 

measured, consisting of the noise from pixel circuits (3	eJ) and readout circuits (3.8	eJ).  

 

Fig. 3-7 The circuit noise of signal readout path. 
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different distances (d) in an iToF system.  

The LCG exhibits an advantage over HCG in higher illuminance conditions, where 

shot noise dominates the SNR, due to its higher FWC. In contrast, the HP mode provided 

more than 8.4 dB SNR enhancement across the measured illuminance range, contributing 

to better depth noise performance in iToF range imaging, even at a longer distance. 

 

Table 3-1 summarizes the basic characteristics of these modes. It should be noted 

that the LCG was calculated using a factor of 8, referred to HCG. Additionally, the total 

integrated signal electrons are proportional to the exposure time, where HP is the same as 

LCG and 8 times higher than HCG. 

Fig. 3-8 compares the SNR characteristic of HCG, LCG, and HP under different 

illuminance levels, which can be used to indicate the maximum achievable SNR at 

different distances (d) in an iToF system.  

The LCG exhibits an advantage over HCG in higher illuminance conditions, where 

shot noise dominates the SNR, due to its higher FWC. In contrast, the HP mode provided 

more than 8.4 dB SNR enhancement across the measured illuminance range, contributing 

to better depth noise performance in iToF range imaging, even at a longer distance. 

 

Table 3-1 Characteristic summary of different modes 

HCG LCG HP HS
CG (!" #!⁄ ) 84.8 10.6 84.8 84.8

FWC (#!) 12k 96k 12k 12k

Expo. (a.u.) x1 x8 x8 x0.1 - 0.5

RN (#!) 10.4 83.2 4.8 7.9
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Fig. 3-8 SNR characteristic comparison. 
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3.3.2. Demodulation Contrast 

Fig. 3-9 (a) shows the 4-tap demodulation characteristic obtained by shifting the 

delay between light pulse and TG1 pulse. A pulse width of 10 ns was applied in this 

measurement. Ideally, all signal electrons should be collected in the designated tap, but 

due to the limited charge transfer efficiency, some charges may remain and be collected 

by the following tap, leading to a degradation in the demodulation contrast (DC).  

Due to the asymmetrical structure of the charge modulator, electrons being sorted to 

Tap2/4 experience a longer electron transfer path and weaker electric field compared to 

those being sorted to Tap1/3. As a result, the amplitude of the signal collected by Tap2/4 

is lower than that Tap1/3. 

The DC characteristic of the proposed 4-tap iToF sensor with SP modulation has 

been evaluated and plotted in Fig. 3-9 (b) with different demodulation pulse widths ("$) 

and was calculated by Eq. 3-1 [42]. 

 
&'% = max+

2-% − -&'(

-&'(
/ , 1ℎ343		-&'( =6-%

:

%*+

 Eq. 3-1 

where the demodulated signal in each tap is denoted by -%.  

An averaged 4-tap DC of 78.7% was obtained with a 10 ns demodulation pulse by 

analyzing the data from 10x10 pixels in the center of the array. However, there is a 14% 

difference in DC between Tap1/3 and Tap2/4 due to the unbalanced efficiency in electron 

transfer. Assuming that the transfer time difference of each tap remains constant, 

decreasing pulse width ("$) exacerbates the difference in DC between the taps.  
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(a)  

(b)  

Fig. 3-9 Demodulation characteristic of tap.  
(a) Delay Shifting with a Tp of 10ns (b) DC with different pulse width (Tp) 

  

30

40

50

60

70

80

90

100

5 7.5 10 12.5 15 17.5 20 22.5 25

D
C

(%
)

Demodulation Pulse Width (ns)

Tap1
Tap2
Tap3

Tap4
4-Tap AVG.

78.7%
@10ns

0

0.2

0.4

0.6

0.8

1

1.2

0 10 20 30 40

N
or

m
al

iz
ed

 O
ut

pu
t (

0~
1)

 

Time Shifted Delay (ns) 

Tap1 Tap2 Tap3 Tap4 SUM

TG1 Pulse ...
Light Pulse ...

Delay



 
Implementation and Verification of the Prototype 4-Tap iToF Range Imager 

 ５３ 

3.3.3. Measurement System 

 Fig. 3-10 shows the measurement setups for evaluating the depth performances. 

The evaluation was conducted by analyzing the central 10×10 pixels over 100 consecutive 

frames. The target used in the setup was a 90% reflective white flat board, and the system 

utilized an 850 nm vertical-cavity surface-emitting laser (VCSEL) with a peak power of 

8-W to generate the modulation light pulse with a "$ of 10 ns. An IR bandpass filter was 

used along with an F/1.4 lens, and the measurement was carried out indoors with a 

fluorescent light intensity of less than 500 lx. 

The detailed system parameters are summarized in Table 3-2. 

Fig. 3-10 Measurement setups for depth performance characterization. 
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Table 3-2 System parameters for depth measurement 

 
 

The modulated light and TG pulses were set to 10 ns, which allowed for an 

unambiguous range of 1.5 m with a single time-window (TW). The HP operation offers 

4-TW with a cycle time ("") of 40 ns, whereas the HS mode has only 1-TW due to the 

pseudo-2-tap operation. Note that there was a time delay of approximately 1 ns between 

the TG1 pulse and the light pulse. The slope and time offset of the measured depth were 

calibrated for each TW. 

  

Parameter Value

Chip

Process 0.18 µm 1P5M FSI CIS
Array size 134×132

Pixel size 22.4µm×16µm with a fill factor of 21.6%

Exposure time 1.0-ms / subframe @ HP mode(1
0.5-ms / subframe @ HS mode(2

Emitter

Emitter type VCSEL with a FoI of 60°×45°
Wavelength 850 nm with a bandwidth of 2 nm

Optical power
8-W peak power (2×4-W) 
1.44-W avg. power @ HP mode(1
0.50-W avg. power @ HS mode(2

Lens
Optical filter 82.6% transmission @ 850 nm
F# 1.4
Focal length 25 mm

1)At 90fps; 2)At 2 Kfps with 33.3ms refresh period;
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3.3.4. Depth Accuracy and Precision 

Ø High Precision Mode 

The theoretical depth noise of the proposed HP mode was compared. The equation 

can be expressed by Eq. 3-2,  

 

MA$ =
I

8##

m
7>(1 − 8&)

7&EFG
+ 2(

7,
7&EFG

+ 87A$
.
)(1 − 38& + 38&

.)

&' ∙ 7&
 

 

Eq. 3-2 

where the measured readout noise is denoted by 87A$. Here, ## of 25 MHz, 7, 

of 0, 87A$ of 4.8, 7&EFG of 8, DC of 0.86 for TW2/4 and 0.72 for TW1/3 were 

applied. At the distance of 0.4 m, 7& of 20,000 was used, with 12,000 electrons in 

Tap1 and 8,000 in Tap2.  

Fig. 3-11 (a) and (b) show the measured results of depth accuracy and depth noise, 

respectively. The system is capable of measuring distances ranging from 0.4 to 5.8 

m at a 90-fps framerate with an exposure time of 1.0-ms per subframe. The measured 

depth nonlinearity was <1.62%, which was attributed to tap mismatches, non-ideal 

distortion caused by the limited bandwidth of the light pulse, and reflected stray light 

from the measurement system. The depth noise was measured to be <1.77 % for the 

range within 5.4 m. Compared to the conventional HCG and LCG operation, the 

proposed HP mode provides a better depth noise performance across all ranges. 
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(a)  

(b)  

Fig. 3-11 (a) Depth accuracy (b) Depth precision of HP mode 
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Ø High Speed Mode 

The equation of HS mode, which was calculated with pseudo-2-tap operation, can 

be expressed by Eq. 3-3, 

 

MA$ =
I

8##

m
7>(1 − 8&)

7&EFG
+ 2(

7,
7&EFG

+ 87A$
.
)(1 − 38& + 38&

.)

&' ∙ 7&
 

 

Eq. 3-3 

where the measured readout noise is denoted by 87A&. Here, ## of 50 MHz, 7& 

of 16400, 7, of 0, 87A& of 7.9, DC of 0.72 were applied.  

The depth performance of each subframe was characterized separately. Fig. 3-12 (a) 

and (b) show the depth measurement results obtained at 2 Kfps with 0.5-ms exposure 

time. The shorter exposure time allows for a closer measurable range of 0.3 m 

without signal saturation. The 8-subframe averaged depth nonlinearity was <1.91%, 

with depth noise <1.82 for the range of 0.3-1.4 m. 
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(b)  

Fig. 3-12 (a) Depth accuracy (b) Depth precision of HS mode 

 

The noise curves for both HP and HS modes, calculated based on measured system 

parameters, provide a reliable estimate of expected depth noise. However, it is important 

to note that in practical iToF measurements, several limitations and uncertainties can 

affect depth performance, such as clock distortion and jitter, limited bandwidth of 

modulated light pulse for SP modulation, unstable sensor and emitter power, and heat 

buildup during sensor operation. To achieve relatively stable measurement results, this 

prototype sensor used external voltage sources and an ADC. Additionally, a heat sink was 

attached to the designed emitter module to address heat buildup during operation. 

The figure-of-merit (FoM) can be calculated using Eq. 3-4 [11], where the depth 

noise is the maximum value measured in the selected range in terms of percentage (%), 

and the pixel rate (PR) is calculated using Eq. 3-5. In HS mode, the equivalent pixel rate 

is expressed as Eq. 3-6. 
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n;o =

L;134 × J3LAℎ	H;?G3

L?p3:	4BA3(Q8) ×	7-1?	
	q

Lr

L?p3:
s Eq. 3-4 

   
 

88 = #4B@3	4BA3 × L?p3:	I;jHA	 q
L?p3:	

G
s Eq. 3-5 

   
 

Q8A& =
7&EFG × L?p3:	I;jHA

43#43Gℎ	L34?;J	
									q

L?p3:	

G
s Eq. 3-6 

 

The conventional FoM offers a quantitative way to measure the performance in 

terms of power efficiency and ranging precision. However, as depicted in Fig. 3-13, the 

efficiency diminishes as the distance increases due to the growing depth noise. Therefore, 

it is necessary to include the distance information in the FoM equation to identify the 

optimal working range that yields the best efficiency for an iToF imager. 

 

 

Fig. 3-13 Conventional FoM over distance. 
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In an iToF ranging system, the modulation period is adjusted based on the signal 

saturation level at the minimum distance. Meanwhile, the power of the modulated light 

decreases rapidly with depth, limiting the maximum distance due to low SNR. Hence, the 

detection range ratio (DDR) is incorporate into the range-FoM (R-FoM) equation which 

is defined as Eq. 3-7 and plot in Fig. 3-14. 

 

 
8-n;o	 = 	

n;o

&3A3IA?;H	4BH<3	4BA?;	(&88)
q
Lr

L?p3:
s Eq. 3-7 

   
 &88 = (&?GABHI3(LC &?GABHI3(B))⁄  Eq. 3-8 

 

Fig. 3-14 Range FoM over distance. 

 

By adopting the R-FoM, the optimal working range with the best efficiency for the 

proposed iToF imager is 16pJ/pixel at the range of 0.4-5.4 m. 

Table 3-3 summarizes the performance of the developed iToF sensor. 
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Table 3-3 Performance of the developed iToF range imager. 

  

Process Tech. 0.18µm FSI

Pixel pitch(µm) 22.4×16

Pixel archit. 4-tap

Pixel array 134×132 
(1

Modulation speed
25MHz (HP), 50MHz (HS)

(10ns short-pulse)

Demodulation contrast 78.7% @ 10ns PW 
(1 

Conv. Gain 85µV/e
-

Frame rate(fps) 90 (HP) 2K-10K (HS)

Read noise 407µV 670µV

Depth noise <1.77% @ 0.4~5.4m <1.82% @ 0.3-1.4m 
(2

Chip power 77.8mW 40.1mW 
(2

FoM(pJ/pixel) 216 86

R-FoM(pJ/pixel) 16 18.4

1) 
4-tap averaged DC;  

2) 
Measured at 2 Kfps with 33.3ms refresh period; 
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3.3.5. Sample Images 

The experimental setup for demonstrating the high-precision mode (HP) is shown in 

Fig. 3-15 (a). The sensor was operated at 90 fps in an indoor environment with < 500-lx 

fluorescent light. The nearest object was placed at a distance of 45 cm, and an alphabet 

"U" was positioned 15 cm in front of the background panel, at a distance of 2.55 m. 

 

Fig. 3-15 Experimental setup for HP mode demonstration. 
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Fig. 3-16 shows the captured images of HP mode. The intensity map demonstrated 

a rapid decrease in reflected light as the distance increased, leading to poor depth 

resolution at longer ranges when using HCG without subframe ToF operation.  

In contrast, the proposed HP mode still delivered fine depth resolution and a distinct 

image of “U” without requiring frame averaging. The depth error observed at the edge 

region surrounding the objects was attributed to the "flying pixel" effect caused by spatial 

sampling issues [43]. 

 

 

Fig. 3-16 Captured images of HP mode at 90 fps. 
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On the other hand, the scenes captured using the high-speed mode (HS) are shown 

in Fig. 3-17. In the first scenario, an alphabet "T" was spinning at a speed of around 

4500rpm, obstructing the objects behind it. In the second scenario, a bouncing plate 

propelled by rubber bands was used to create rapid movement towards the sensor. Without 

the HS mode readout operation, the rapid motions in both scenes induced serious motion 

blur, making it difficult to recognize the pattern and direction of the moving objects. 

 

(a)          (b) 

 

(c)          (d) 

Fig. 3-17 Experimental setup for HS mode demonstration. 

~1.2m

~0.9m

~0.7m
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The HS mode allows the captured frame to be disassembled into 8 burst frames, as 

shown in Fig. 3-18. These images were captured at 2 Kfps and 4 Kfps with 0.5-ms and 

0.25-ms temporal resolution, respectively. The HS mode provides clear depth images of 

the background objects and observing target during high-speed motion, enabling accurate 

analysis and recognition. 

(a)  

(b)  

Fig. 3-18 Captured images of HS mode at (a) 2 Kfps (b) 4 Kfps 

0.5ms0ms 1.0ms 1.5ms

2.5ms2.0ms 3.0ms 3.5ms

0ms 0.25ms 0.5ms 0.75ms

1.0ms 1.25ms 1.5ms 1.75ms
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3.4. Applicability of the Proposed Range Imager 

The development of iToF sensors in both HP and HS modes offers a range of benefits 

for various applications. In practical settings, the HP mode is well-suited for constructing 

3D environments for human behavior analysis. The features of low depth noise, 

suppressed motion artifact, and wide-range imaging capability enable precise and 

accurate measurements, making it useful in applications such as gesture control, VR/AR, 

and security monitoring system. The HS mode, on the other hand, provides high temporal 

resolution images that are suitable for machine vision tasks such as rapid motion 

recognition and analysis.  

Moreover, the combination of HP and HS modes offers significant potential in event-

driven applications such as comprehensive automotive safety systems. For example, as 

shown in Fig. 3-19, in regular circumstances, the HP mode can continuously monitor the 

driver's behavior for gesture control and alert them in case of any signs of impairment, 

while the HS mode can be activated in case of any sudden impact or collision.  

 

Fig. 3-19 HP mode for behavior recognition.  
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In the event of severe accidents, where the deceleration forces can exceed 50-G and 

cause the human body to come to a sudden halt within a couple milliseconds. At this 

moment, a high-speed burst imaging is needed to record the crucial spatial information. 

The experiment shown in Fig. 3-20 (a) and (b) indicate the successful application of 

HS mode imaging in capturing the roll-over and impact accidents of a car at 5 Kfps and 

10 Kfps, respectively. The imaging method allowed for the observation of the pattern on 

the target as well as the rotation and displacement movement of the target. Besides, by 

analyzing the movement among the recorded frames, the velocity of the target can be 

calculated. These information can be used by an automotive safety system to analyze 

depth images and detect any abnormal events, triggering emergency support if necessary. 

The captured burst images can then be used to analyze the rapid motion and detect 

any potential injuries that might have occurred. Additionally, the event-driven HS mode 

can quickly capture and analyze the relevant data without requiring continuous operation 

at such high framerate, reducing power consumption, and extending the system lifespan. 

 

  



 
Implementation and Verification of the Prototype 4-Tap iToF Range Imager 

 ６８ 

(a)  

(b)  

Fig. 3-20 Demonstration of a scenario for the car accident using the proposed 
sensor with HS mode at (a) 5 Kfps and (b) 10 Kfps. 
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3.5. Discussions  

3.5.1. Sensor Improvement  

Firstly, the sensor resolution can be significantly enhanced by introducing backside 

illumination (BSI) and 3D stacking technologies, which would improve the layout 

flexibility and area efficiency to achieve higher fill-factor.  

Secondly, IR-responsivity enhancing technologies such as micro-lenses, deep trench 

isolation (DTI) [44], [45], and pyramid surfaces for diffraction (PSD) structures [46], [47] 

can be adopted to reduce the exposure time, resulting in higher frame speed and lower 

power consumption. Thirdly, to achieve better DC, creating a doping gradient on p-epi 

would be beneficial in increasing the charge collection efficiency in the vertical direction, 

resulting in better depth precision.  

Lastly, the readout noise can be reduced by implementing a column-ADC circuit and 

using higher density in-pixel memory with textured deep trench SiN capacitors [48] or 

high-capacity DRAM capacitors [49], [50]. Moreover, by utilizing high-density 

capacitors and 3D stacking techniques, it is possible to implement more in-pixel memory, 

which can extend the duration of burst imaging even at higher frame rates. Note that the 

frame time of HS mode is only limited by memory reset and sampling time, which is less 

than 1 μs in this work. 

These advancements in sensor technology can enable higher resolution, lower power 

consumption, faster frame rates, and better ranging performance for the development of 

high-speed and high precision iToF depth imagers. 
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3.5.2. Automotive Application  

The high precision and high framerate of the developed 3D imager make it a 

promising technology for various automotive applications, such as behavior monitoring 

and event-driven accident detection. However, to be successfully applied in real-world 

automotive scenarios, there are several other challenges that need to be addressed: 

Ø Scene adaptability: Automotive environments can vary significantly, from bright 

daylight to low-light conditions, and from urban streets to rural roads. The 3D imager 

must demonstrate robust performance across different lighting conditions and adapt 

to various types of scenes to ensure accurate depth sensing and object detection. 

Ø Signal interference: In automotive settings, there may be various sources of light 

interference, such as streetlights, reflections from shiny surfaces, and especially 

from ranging cameras of other vehicles. The 3D imager should be able to effectively 

filter out unwanted light sources and focus on the relevant depth information to avoid 

inaccuracies in the measurements. 

Ø Temperature robustness: Vehicles are exposed to a wide range of temperatures, from 

extremely cold to hot climates. The 3D imager must be designed for temperature 

variations and maintain its performance under challenging thermal conditions. 

Ø Fast data processing: Automotive applications demand real-time processing 

capabilities, especially for safety-critical tasks like accident detection and collision 

avoidance. The 3D imager should provide fast and efficient data processing to enable 

quick response times and decision-making. 

Addressing these challenges can provide the way for safer and more advanced 

automotive applications in the future. 
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3.6. Summary of Chapter. 3 

This chapter described the details of the implementation and verification of the 

prototype iToF sensor with high-precision and high-speed depth imaging capability. 

 The pixel array consists of 134H×132V pixels, with a pixel size of 22.4H µm×16V µm. 

Each pixel has a 4-tap high-speed charge modulator and a 4×8 memory array. The sub-

frame ToF operation is constructed by 8 subframes with SP modulation. High-precision 

mode (HP) imaging is performed by giving 4-tap modulation with memory averaging 

readout. In contrast, high-speed mode (HS) performs pseudo-2-tap operation, then obtains 

the burst images by readout the memory individually.  

The proposed iToF imager achieved high-performance results, including up to 10 

Kfps range imaging with the HS mode and less than 1.77% depth noise for a range of 0.4-

5.4 m with the HP mode. Additionally, the best efficient working range was determined 

by range-FoM (R-FoM), achieving 16pJ/pixel with the range of 0.4-5.4 m. 

The potential application of the iToF imager in automotive safety systems was 

demonstrated, as it can be used for behavior monitoring and accident detection. This 

development represents a new direction for high-speed 3-D imaging applications in 

machine vision and beyond.
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Chapter. 4.  

Half Pulse 2-Tap 4-Phase iToF Ranging 

Method with Sub-Frame Operation 

4.1. Conventional 2T-4PH iToF Sensor 

The 2-tap pixel architecture has been a popular choice to realize an iToF ranging 

system due to the structure simplicity and better matching between taps. However, due to 

the requirement of background light cancelling (BGLC), the 2-tap iToF needs two 

modulation periods to acquire 4-phase signals.  

 

where I  is the speed of light, and 8&$  is defined as time-shift ratio. For the 

conventional SP modulation, 8&$ can be obtained by Eq. 4-3 and Eq. 4-4. 

 
 

8&$ =

⎩
⎪
⎨

⎪
⎧
1

2
(1 +

∆EM

|∆EM| + {∆EN .⁄ {
)	, ?#	∆EN .⁄ ≥ 0	

1

2
(3 +

−∆EM

|∆EM| + {∆EN .⁄ {
)	, ?#	∆EN .⁄ < 0

	 Eq. 4-3 

   
  ∆EM 				= E2M − E1M 

∆EN .⁄ = E2N .⁄ − E1N .⁄  
Eq. 4-4 

 

where the differential charges, ∆EM and ∆EN .⁄ , are used to cancel the offset from circuit 

and system, regardless of the BGL level, ensuring a reliable iToF depth calculation. 
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Fig. 4-1 shows the operation principle of conventional 2-tap 4-phase (2T-4PH) 

operation with continuous square pulse (SP) modulation[28], [30]. The modulation cycle 

time and pulse width are denoted by ""  and "&$, respectively, where "&$ = "" 2⁄ . The 

4-phase operation are achieved by two modulation periods, Q~(0, R 2⁄ ) , with R 2⁄  

phase shift. The 2-tap sampling clocks and the integrated charge signals are represented 

by "BL1(0, R 2⁄ ),	 "BL2(0, R 2⁄ ),	 E1(0, R 2⁄ )	 and	 E2(0, R 2⁄ ),	respectively.	 	

The distance (J ) between the sensor and object can be obtained by the light 

traveling time ("-PG), 

 
&?GABHI3(J) =

I

2
× "-PG Eq. 4-1 

   
 "-PG = "&$ × 8&$ , 1ℎ343		0 ≤ 8&$ < 2 Eq. 4-2 

 

where I  is the speed of light, and 8&$  is defined as time-shift ratio. For the 

conventional SP modulation, 8&$ can be obtained by Eq. 4-3 and Eq. 4-4. 
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(1 +

∆EM

|∆EM| + {∆EN .⁄ {
)	, ?#	∆EN .⁄ ≥ 0	

1

2
(3 +

−∆EM

|∆EM| + {∆EN .⁄ {
)	, ?#	∆EN .⁄ < 0

	 Eq. 4-3 

   
  ∆EM 				= E2M − E1M 

∆EN .⁄ = E2N .⁄ − E1N .⁄  
Eq. 4-4 

 

where the differential charges, ∆EM and ∆EN .⁄ , are used to cancel the offset from circuit 

and system, regardless of the BGL level, ensuring a reliable iToF depth calculation. 
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Fig. 4-1 Operation principle of conventional 2T-4PH continuous SP modulation. 

 

By using the conventional 2T-4PH operation, the BGLC ranging result can be 

obtained. However, increasing the modulation frequency to improve the depth precision 

can result in a reduction in the unambiguous range due to phase wrapping (as discussed 

in Section. 1.4.3). In addition, the intensive power consumption and dissipation during 

the exposure period, mainly caused by the toggling demodulation gates and modulated 

light source, may affect the robustness and durability of the iToF system.  

On the other hand, as shown in Fig. 4-2, conventional 2T-4PH operation requires 

temporal multiplexing by two consecutive frames to construct depth image. This frame-

to-frame processing latency can result in motion artifacts when capturing moving objects. 
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Fig. 4-2 Motion artifact issue due to frame-to-frame processing latency. 

4.2. Key Technologies  

To address these issues, a new approach using half-pulse (HP) modulation with sub-

frame 2-tap 4-phase operation is introduced. 
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4.2.1. Half Pulse 2-Tap Modulation 

Fig. 4-3 shows the operation principle of proposed 2T-4PH operation with half-pulse 

(HP) modulation. The modulation cycle time and pulse width are denoted by ""  and 

"A$, respectively, where "A$ = "" 4⁄ . The distance (J) can be obtained by Eq. 4-1 and 

Eq. 4-5. 

 "-PG = "A$ × 8A$ , 1ℎ343		0 ≤ 8A$ < 4 Eq. 4-5 

Fig. 4-3 Operation principle of proposed HP modulation. 

Here, 8A$ is the time shift ratio defined from a range of 0 to 4 through the time-

window, TW(1) to TW(4). Based on the ranging result, Eq. 4-6 and Eq. 4-7 are applied 

to determine the TW. 
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"ä = ã

(1), 		?#	-E < 0, &E < 0

(2), 		?#	-E > 0, &E < 0

(3), 		?#	-E > 0, &E > 0

(4), 		?#	-E < 0, &E > 0

	 Eq. 4-6 

   
  -E	 = ∆EM + ∆EN .⁄  

&E = ∆EM − ∆EN .⁄  
Eq. 4-7 

 

HP modulation with two ranging methodologies, denoted as HP1 and HP2 and 

expressed in Eq. 4-8 and Eq. 4-9, respectively, are proposed to obtain the time shift ratios, 

8A$+ and 8A$., respectively.  

 
 

8A$+ =

⎩

⎪
⎪
⎪

⎨

⎪
⎪
⎪

⎧0 +
E2N .⁄ − E2M

E1N .⁄ + E2N .⁄ − 2 ∙ E2M
	@	"ä(1)

1 +
E2M − E1N .⁄

E1M + E2M − 2 ∙ E1N .⁄
						@	"ä(2)

2 +
E1N .⁄ − E1M

E1N .⁄ + E2N .⁄ − 2 ∙ E1M
	@	"ä(3)

3 +
E1M − E2N .⁄

E1M + E2M − 2 ∙ E2N .⁄
						@	"ä(4)

 Eq. 4-8 

   
 

8A$. =

⎩

⎪
⎪
⎪

⎨

⎪
⎪
⎪

⎧
1

2
∙ (1 −

∆EN .⁄

∆EM
)					@"ä(1)

1

2
∙ (3 +

∆EM

∆EN .⁄
)					@"ä(2)

1

2
∙ (5 −

∆EN .⁄

∆EM
)					@"ä(3)

1

2
∙ (7 +

∆EM

∆EN .⁄
)					@"ä(4)

 Eq. 4-9 

 

Using HP modulation, HP1 method requires three individual integrated signals to 

obtain 8A$+ in each TW, whereas HP2 method uses two differential demodulated charge 

signals for the BGLC depth calculation. 
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To compare the depth characteristics of the ranging methods using both SP and HP 

modulations, Fig. 4-4 illustrates the parameters of an iToF system. The theoretical	depth	

noise	(M<)	can	be	derived	by	applying	the	propagation	of	errors	as	follows, 

	

 
&3LAℎ	7;?G3	(M<) =

I

8##
×
MQ

&'
 Eq. 4-10 

   
 

MQ_&$ =
=(7& + 27, + 287

.)(1 − 48& + 88&
.)

7&
 Eq. 4-11 

   
 

MQ_A$+ =
=7-PG(1 − 8&) + 2(7, + 87

.)(1 − 38& + 38&
.)

7&
 Eq. 4-12 

   
 

MQ_A$. =
=(7& 2⁄ + 7, + 87

.)(1 − 28& + 28&
.)

7&
 Eq. 4-13 

 

Fig. 4-4 Indirect ToF system with 2T-4PH operation using SP and HP modulation. 
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where ## is modulation frequency, DC is the demodulation contrast and 8& = 7-PG 7&⁄ . 

The number of total electrons integrated in a unit pixel during a single frame from the 

emitted light and BGL are denoted by 7& and 7,-, respectively. 7-PG is the number 

of demodulated electrons from 7& in the single tap. The readout noise referred to pixel 

floating diffusion (FD) is denoted by RN.  

The derivation assumes that the waveforms are perfect square shapes and that the 

BGL has a constant value during the modulation. Therefore, 8&  will increase 

proportionally from 0 to 1 along the time shift, "-PG, in each time window, and 7, in 

both taps will be equal to 7,- 2⁄ . Note that the amplitude of the emitted light in HP 

modulation is doubled compared to SP modulation to maintain an equal average light 

intensity during modulation. 

Fig. 4-5 (a) shows the SNR characteristic of an iToF system with 7,- of 300, RN 

of 5eJ, and 7& of 20,000 at 0.4m, calculated using Eq. 1-3. Note that 7& decreases 

rapidly as a function of distance squared, whereas 7,- remains constant for all ranges. 

Fig. 4-5 (b) compares the theoretical depth noise curves of SP, HP1 and HP2 ranging 

methods with a DC of 90%. The detection range is set to 0.4-4m at a ## of 37.5-MHz. 

The precision enhancement was obtained by the ratio of HP to SP modulation and is 

depicted in terms of percentage. 

As illustrated by the simulation results, both HP methods achieve a lower depth noise, 

but with a different area of strength. While the system SNR is dominated by the shot noise 

from 7&, HP1 method can enhance the depth precision efficiently, especially when 8& 

is close to 0 or 1 at each TW. On the contrary, HP2 method shows its advantage at longer 

distances, where 7& < 7,- + 287
. , and guarantees a consistent noise reduction 

capability for all ranges. 
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(a)  

(b)  

Fig. 4-5 (a) SNR characteristic of an iToF system  
(b) Theoretical depth noise curves of SP, HP1 and HP2 ranging methods. 
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4.2.2. Sub-Frame 2T-4PH Operation 

The BGLC scheme in a 2-tap iToF structure requires two exposure periods. In 

Section 2.3, the sub-frame ToF operation with in-pixel memory was introduced, which 

can minimize the deadtime between subframes due to the short sample/hold (S/H) period.  

Fig. 4-6 illustrates the concept of motion artifact suppression with sub-frame 4-phase 

sampling. Compared to the conventional 2-frame operation depicted in Fig. 4-2, the sub-

frame operation provides a reduction in frame-to-frame latency owing to the compact 

modulation periods. This allows an effective suppression of motion artifacts while 

capturing moving targets. In the sub-frame 2T-4PH operation, the array readouts are 

performed after finishing the 4-phase modulation. 

 

Fig. 4-6 Sub-frame 2T-4PH operation for motion artifact suppression. 
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4.3. Equivalent System  

The proposed technologies were verified using the 4-tap iToF imager in Section 3.1 

with adjusted operation timing. 

4.3.1. Pixel Structure 

The equivalent pixel circuit diagram is shown in Fig. 8, which consists of a high-

speed charge collection photodiode (PD), demodulation gates (TGs), buried channel 

source follower (PSF), current source (PCS), cascode switch (CSC), auto-zeroing 

capacitor (CAZ) and 2×8 1-T 1-C analog memory (CMEM) with control devices (MW, 

MRST, MTs, MSs), which share a column readout buffer (MSF). 

 

Fig. 4-7 The equivalent 2-tap pixel structure with in-pixel memory array. 
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4.3.2. Sensor Operation 

Fig. 4-8 (a) depicts the timing diagram of the sub-frame 2T-4PH integration, where 

Q~(0, R 2⁄ ) modulations are performed and sampled into the memory array alternatively. 

Auto-zeroing sampling is carried out in each subframe to eliminate the reset thermal noise. 

Fig. 4-8 (b) depicts the timing diagram of array readout. The charge-domain binning 

is applied to each phase by mixing the signal charges in the corresponding memories 

before the column sampling to increase the system SNR. Lastly, the sampled signals of 

Q~(0) and Q~(	R 2⁄ ) are readout in sequence. 

(a)  

(b)  

Fig. 4-8 Timing diagram of (a) Sub-frame 2T-4PH operation (b) Array readout. 
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4.4. Verification 

The basic sensor characteristics has been summarized in Section 3.3, where a single-

tap FWC around 12keJ, and a readout noise floor of 5.4eJ with 4-subframe averaging 

were confirmed. A DC of 85% with a 20 ns demodulation pulse width was obtained, 

where the modulation light was generated by an 850 nm VCSEL.  

4.4.1. Depth Accuracy and Precision 

For the range measurement, each subframe has an exposure time of 0.6ms, and the 

imaging system was set to 60 fps with the modulation frequency of 25 MHz. This 

corresponds to an unambiguous range of 1.5 m for a single time-window (TW). However, 

due to the circuit timing constraints, the measurable range was limited to 1.5 m with 

conventional SP modulation using TW(1), and 3.0 m with proposed HP modulation using 

TW(1) and TW(2). The measured depth nonlinearity was <2%. 

The experimental data in Fig. 9 shows that the depth precision was enhanced by 44% 

and 31% at 1.5 m using the HP1 and HP2 ranging method, respectively. The experimental 

results demonstrate a good agreement with the theoretical calculations presented in 

Section 4.2.1, which can be utilized to estimate the depth precision for the 2-tap iToF 

ranging methods. The differences observed between the experimental and theoretical 

results were explained in Section 3.3.4. The simulation results show that HP1 and HP2 

can reduce noise by >25% and >29%, respectively, for the range of 0.4-3 m.  
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(a)   

(b)  

Fig. 4-9 (a) Depth precision (b) Depth accuracy. 
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4.4.2. Sample Images 

Fig. 4-10 demonstrated the captured sample images with a hand waving from the 

left-front to the right-rear. A serious depth distortion was observed while using the 

conventional 2-frame operation with SP modulation. In contrast, with the help of 

proposed HP ranging methods and sub-frame sampling, clearer depth images were 

obtained with lower noise and suppressed motion artifact. 

It should be noted that there is still some depth uncertainty at the edge of the hand 

in the image captured using the HP2 method, which uses both ∆EM and ∆EN .⁄  for the 

depth calculation. This uncertainty is caused by the multiple subframes with long 

integration time that increased the time differences of Q~(0, R 2⁄ ). To further improve 

the motion artifact, the emitter power can be increased or IR-sensitivity enhancing 

technologies such as micro lens, deep trench isolation (DTI), and pyramid surfaces for 

diffraction (PSD) structure can be adopted to reduce the required exposure time. 
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Fig. 4-10 Captured sample images with hand movement. 

  



 
Half Pulse 2-Tap 4-Phase iToF Ranging Method with Sub-Frame Operation 

 ８８ 

4.5. Discussions 

The HP ranging methods enable enhancement of the depth precision for a 2-tap range 

imager, without requiring an increase in modulation period or frequency. With the use of 

HP modulation, the HP1 and HP2 ranging methods offer advantages under different 

circumstances. 

Fig. 4-11 (a) shows the simulated depth noise curves at a ## of 37.5 MHz without 

BGL. Here, a fixed 7& 87⁄  of 5000 was used for different capacitance values of FD, 

which is inversely proportional to the conversion gain. While targeting a depth precision 

around 1% error for 0.4-4 m range, HP1 method can achieve with the lowest amount of 

signal charge (7& = 20k), whereas the SP modulation needs 4 times higher number to 

reach a similar performance. This indicates a higher framerate and lower power 

consumption can be expected using the HP modulation.  

Therefore, the HP1 method is recommended for indoor 3-D imaging applications, 

such as industrial automation or motion sensing devices, where high precision and high 

framerate are desired for a 2-tap iToF range imager with high system SNR and weak 

ambient light influence.  

On the other hand, in outdoor environments where there is stronger ambient light, 

HP2 method can offer a more stable depth imaging performance. As shown in Fig. 4-11 

(b), HP2 provides a better depth precision at longer distances compared to SP method, 

which requires double the amount of signal charge. Meanwhile, the implementation of 

the on-chip BGLC scheme can be achieved through different methods, such as cross-

connected capacitors or a charge amplifier with capacitive feedback. The differential 

output can also help to reduce data-rate burden and power consumption for high-speed 

readout circuits, leading to higher resolution or higher framerate. Additionally, the 
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common-mode rejected Δ-INT BGLC scheme can enable sub-integration accumulation 

of the modulated signal while preventing the FD from saturation under strong BGL. It 

has been reported that this scheme can tolerate ambient light levels over 100 klx. 

The HP2 ranging method can be introduced to a wider range of applications, such as 

outdoor robotics and autonomous vehicles, owing to the outdoor usage capability.  

 

(a)  

(b)  

Fig. 4-11 Estimated sensor performance using SP and HP modulation 
(a) without BGL (îRS = 0) and (b) with a constant BGL (îRS = 2000) 
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4.6. Summary of Chapter. 4 

In this chapter, a 2-tap 4-phase (2T-4PH) iToF ranging method using half-pulse (HP) 

modulation with sub-frame operation were presented.  

The HP modulation is achieved by applying a modulated light with half of the pulse 

width and double the amplitude. By applying different ranging algorithms, HP1 and HP2 

BGLC ranging results can be obtained. Both HP1 and HP2 methods have been shown to 

provide better ranging precision than continuous square-pulse (SP) modulation and be 

utilized in different ways. The HP1 method is recommended for indoor applications 

where the highest depth precision is desired. In contrast, the HP2 method has an 

advantage in lower SNR ranging systems, such as those in strong ambient light 

environments or for long-distance ranging. 

On the other hand, the combination of the 2T-4PH BGLC scheme and sub-frame 

operation effectively suppresses motion artifacts due to the compact modulation periods. 

The proposed HP methods can be adopted in 2-tap iToF sensors to enhance their 

ranging performance without increasing the modulation period or frequency, resulting in 

a higher framerate and lower power consumption. Additionally, to ensure high-quality 

depth imaging with moving targets, the motion artifact suppression was demonstrated by 

utilizing the sub-frame 4-phase sampling. 

The developed technologies show a promising potential to enhance the performance 

and reliability for various 3-D imaging applications. 
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Chapter. 5.  

Proposal of a BSI 3D-Stacked 2-Tap iToF 

Range Imager 

5.1. Key Concepts 

The prototype iToF sensor demonstrated in Chapter. 3 exhibits the potential to 

achieve high quality depth images while also having the capacity to provide high temporal 

resolution 3-D images. However, to enable more applications, longer recording durations 

of burst images are desired, which requires a larger number of in-pixel memory cells. 

This, in turn, leads to larger pixel sizes and lower fill-factors, resulting in lower resolution 

and framerate. On the other hand, although the 4-tap iToF ranging scheme has the 

advantage of mitigating motion artifact and achieving lower depth noise, the requirement 

of more transistors, the potential for tap mismatch, and the complexity of the pixel layout 

may limit the performance of sensor system.  

To address these issues, the introduction of a 2-tap iToF pixel structure, backside 

illumination (BSI), and 3D stacking technologies can significantly improve pixel area 

efficiency while realizing the next generation of high-speed and high-precision range 

imager. Additionally, the depth noise and motion artifact can be suppressed using the 

proposed half-pulse (HP) 2-tap 4-phase (2T-4PH) ranging method with sub-frame 

operation, which was introduced in Chapter. 4. 
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5.2. Development of Charge Modulator System 

Fig. 5-1 shows the circuit diagram of the proposed 2-tap 4-phase iToF pixel with a 

size of 16.8H µm×16.8V µm. The pixel is constructed by a 3-D stacked structure with 

sensor chip and memory chip. The 2-tap charge modulator is implemented in sensor chip, 

which comprises a BSI high-speed charge collection photodiode (PD), demodulation 

gates (TGs), two sets of source follower (PSF) and current source (PCS) with cascode 

switch (CSC). The memory chip consists of two auto-zeroing capacitors (CAZ), 4×16 1-T 

1-C analog memory array, control devices (MW, MRST, MTs), and voltage buffers (MSF, 

RSEL) for column readout. Note that two column buffers (MSF) are implemented to 

increase the column readout speed. The 3-D stacking nodes between chips connects the 

output of PSF and the bottom plate of CAZ.  

 

Fig. 5-1 The circuit diagram of proposed 2T-4PH iToF pixel. 
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Ø Sensor Chip 

Fig. 5-2 (a) shows the layout diagram of the 16.8-μm pitch pixel, while Fig. 5-2 (b) 

depicts the cross-sectional diagram of the BSI photodiode (PD).  

The design concepts are summarized as follows. 

1) To generate the lateral and vertical E-fields that collect the photon-electrons to 

the center of the modulator efficiently, three levels of n-layer (N1-N3) and a deep 

n-well (DNW) are used. This approach is applied to a 6-μm-thick P-epitaxial on 

N-substrate wafer. 

2) To reduce photon-charge crosstalk and stabilize the substrate ground voltage, the 

n-type and p-type pickups are placed surrounding the PD. 

3) To enhance the photo-responsivity for IR wavelengths, which have a deeper 

absorption length, the bottom metal (Metal 1) covers the PD area to reflect the 

light comes from the backside. The metal is connected to ground voltage. 

   (a)         (b) 

Fig. 5-2 (a) Layout diagram (b) Cross-sectional diagram of the BSI 2-tap iToF pixel 
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Fig. 5-3 (b), (c) and (d) show the simulation results of the charge demodulation with 

potential diagram at X-Y, Y-Z, and X-Z plots, respectively. In this simulation, an electron 

was initially placed at a depth of 5 µm from the far end of the PD.  

The results show that the electron was successfully transferred to the FD along the 

created potential gradient, where the vertical E-field guided the electron towards the 

surface of the PD and the lateral E-field collected the electron to the demodulating gate. 

The designed charge modulator can collect the electrons within 1.0 ns from the backside. 

(a)         (b) 

(c)         (d) 

Fig. 5-3 Simulated potential diagrams with electron transfer path.  
(a) Layer plot (b) X-Y plot (c) Y-Z plot (d) X-Z plot 

(c)

(d)

e-
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Ø Memory Chip 

Fig. 5-4 shows the simplified circuit and layout diagram of the 16.8-μm pitch 4-

phase memory array, which is composed of 16 memory cells for each phase, and two 

CAZ for 2-tap modulation with auto-zeroing operation. In this design, the estimated 

capacitance of CMEM and CAZ are around 25 fF and 200 fF, respectively. 

Note that the memory array of E1(0) and E2(0) share the same MSF buffer to 

eliminate the offset induced by process variation. Therefore, using either Eq. 4-3 or 

Eq. 4-9 for the BGLC ranging calculation can result in better depth accuracy. The 

3D stacking nodes, serving as the bottom plate of the CAZ, are connected to top metal 

(Metal 5) denoted by the red “X”.  

 Fig. 5-4 Simplified circuit and layout diagram of the 4-phase memory array. 
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Ø 2-Tap TG Clock Generator 

To ensure good linearity and ranging accuracy, it is crucial to carefully control the 

duty ratio between TG1 and TG2, while also avoiding overlap between the TG 

clocks, which can lead to a reduction in demodulation contrast (DC). 

Fig. 5-5 illustrates the system diagram of TG clock generator and the generated 

waveforms. The clock divider utilizes D flip-flops (DFFs) to ensure a duty ratio of 

50%. The non-overlap circuit produces TG clocks with a latency of ~0.5 ns between 

clocks to avoid overlap. The switching of Q~(0, R 2⁄ ) can be controlled by the 

TG_PH signal. Finally, the TG_Flip signal can be used to flip the TG clocks as a 

potential solution for balancing tap mismatch. 

Fig. 5-5 System diagram and waveform of 2-tap TG clock generator. 
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The circuit simulated waveforms is shown in Fig. 5-6 (a), where a 200-MHz 

CLK_IN clock from FPGA was used. The CLK_ENH enables the DFF to generate the 

divided clock of CLK_DIV2 at 100-MHz. The TG_ENH signal is used to enable the TG 

phase generator, while the PIX_RST signal is used to force the TGs to reset the pixel FDs. 

Fig. 5-6 (b) and (c) show the zoom-in views of the PH(0) and PH(π/2), respectively, 

which are controlled by TG_PH. The generated pulse width of ~10ns and the nonoverlap 

TG clocks of ~550ps were confirmed. 

 

 (a) 

(b)         (c) 

Fig. 5-6 Circuit simulation of the TG clock generator.  
(a) Signal waveforms (b) Phase 0 (c) Phase π/2 
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5.3. Comparison  

The dimensions of the prototype 4-tap (Section 3.1.2) and the proposed 2T-4PH iToF 

pixels are compared in Table 5-1. 

Firstly, the backside illumination (BSI) technique enables an ideal fill-factor (FF) of 

100%, which enhances the efficiency of charge collection. The deep n-well structure 

increases the depth of the photodiode with a strong vertical E-field, reducing the charge 

transfer time and improving the demodulation contrast (DC). Additionally, although a 

thinner epitaxial thickness is used, metal reflection doubles the equivalent absorption 

length, enhancing the photon-responsivity for infrared light. These benefits improve the 

depth noise, reduce the required exposure time and power consumption. 

Secondly, the 3D stacking technology significantly improves area efficiency. 

Furthermore, the 2-tap pixel requires only half the number of auto-zeroing capacitors 

(CAZ), enabling doubling of the memory cell count in the pixel implementation. The 

larger memory array allows for better noise performance under HP mode and longer 

record length under HS mode. Additionally, the use of two column voltage buffers allows 

for parallel readout, which helps increase the frame speed. 

Finally, he designed 4-phase TG clock generator with non-overlap clocks and flip 

function for 2-tap operation can enhance the depth accuracy with improved linearity. 

Using the proposed 2T-4PH iToF pixel with half-pulse modulation and sub-frame 

operation, a higher resolution, higher depth precision, higher framerate, and longer 

recording length can be expected in the development of the next generation high precision 

and high-speed iToF range imager. 

  



 
Proposal of a BSI 3D-Stacked 2-Tap iToF Range Imager 

 ９９ 

Table 5-1 Comparison of 4-tap and 2T-4PH iToF pixel. 

 

Parameter Prototype 4-tap Proposed 2T-4PH

Pixel
Process Tech. 0.18µm FSI 0.18µm BSI

Pixel pitch (µm) 22.4×16 16.8×16.8 (Stack)

Pixel architecture 4-tap 2-tap

Modulator

P-epi thickness (µm) 8 µm 6 µm

Vertical E-field 
depth (µm)

~1.5 µm (1 ~4.5 µm (1

Maximum Charge 
Transfer Time

~0.8 ns ~1.0 ns

Fill factor (%) ~21.6 100

Memory
Memory cell 4×8 4×16

Auto-zeroing cap. 4×170 fF 2×200 fF

SF buffer 1 2

PERF.

Read noise 
@ HP mode

407 µV 360 µV (2

Record Length 
@ HS mode

8 frames w/   BGLC
8 frames w/o BGLC

16 frames w/   BGLC
32 frames w/o BGLC

1)Spectra simulation (>1000 V/cm); 2)Estimated by circuit stage noise (Fig.3-7); 
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Chapter. 6.  

Conclusion 

This dissertation has presented a comprehensive study of a high precision and high-

speed indirect time-of-flight (iToF) CMOS image sensor, including background 

knowledges, key technologies, system development details, potential applications. 

Additionally, a practical implementation for the future improvements were also proposed. 

In Chapter. 1, an overview of 3D imaging technologies and their key requirements 

was introduced. Out of these approaches, the iToF ranging methodology was selected for 

this study due to its advantages, such as lower power consumption, good depth precision 

with scalable range, small system footprint, and potential for achieving higher frame rate.  

The operation principle and important parameters of the iToF ranging system were 

described. The targets of the iToF imager development and reported techniques have been 

explained, including achieving a better charge transfer efficiency, higher depth precision, 

wider detection range, stronger ambient light resistance, and suppressing motion artifacts. 

However, the current iToF imaging system designs require trade-offs when adopting these 

techniques, resulting in a limited field of applications. To broaden the potential 

applications of 3D imager in machine vision field, a prototype high precision and high-

speed iToF range image sensor was developed. 

 

Chapter. 2 introduced key technologies for realizing the targeted iToF imager, 

including 4-tap short pulse (SP) modulation, sub-frame ToF operation, high-speed charge 

modulator and high-density memory with auto-zeroing operation. 
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The 4-tap iToF scheme was implemented to reduce motion artifact for moving 

scenes, while SP modulation improved depth precision under a high SNR system. A high 

CG pixel with sub-frame ToF operation was proposed to improve SNR, with an optimal 

subframe number of 8 for better depth image quality. Charge domain binning reduced 

system noise in high precision (HP) mode, while subframe readout achieved high 

temporal resolution in high-speed (HS) mode. To maintain good DC and increase charge 

collection efficiency, a relatively large PD with optimized potential gradient was required. 

The in-pixel memory with high-density Si trench capacitor and auto-zeroing operation 

enabled sub-frame operation with a smaller memory array and higher PD fill-factor (FF). 

 

Chapter. 3 described the details of the implementation and verification of the 

prototype iToF sensor with high-precision and high-speed depth imaging capability. The 

applicability of the proposed range imager was also demonstrated. 

 The proposed iToF imager features a pixel array of 134H×132V pixels, with a pixel 

size of 22.4H µm×16V µm, and each pixel is equipped with a 4-tap high-speed charge 

modulator and a 4×8 memory array. The sub-frame ToF operation consists of 8 subframes 

with SP modulation. HP mode imaging adopts 4-tap modulation with memory averaging 

readout, while HS mode uses pseudo-2-tap operation and obtains 8 frames of burst images 

by readout the memory individually. The iToF imager achieved an unprecedented 

performance in HS mode, achieving up to 10 Kfps range imaging. Also, less than 1.77% 

depth noise and an R-FoM, which determined best efficient working range, of 16pJ/pixel 

were achieved at 0.4-5.4 m in HP mode.  

The iToF imager has the potential to be used in automotive safety systems for 

behavior monitoring and accident detection. This represents a new direction for high-

speed 3-D imaging applications in machine vision and beyond. 
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In Chapter. 4, a novel 2-tap 4-phase (2T-4PH) iToF ranging method using half-pulse 

(HP) modulation with sub-frame operation was introduced.  

The HP modulation was achieved by using a modulated light with half the pulse 

width and double the amplitude, which allows obtaining different ranging algorithms for 

HP1 and HP2 BGLC ranging results. Both methods were demonstrated to provide better 

ranging precision than continuous square-pulse (SP) modulation and can be used in 

different scenarios. HP1 is recommended for indoor applications requiring high depth 

precision, whereas HP2 has an advantage in lower SNR ranging systems or long-distance 

ranging under strong ambient light. In addition, the combination of the 2T-4PH scheme 

and sub-frame operation effectively suppresses motion artifacts due to the compact 

modulation periods, ensuring high-quality depth imaging with moving targets.  

The proposed technologies can be adopted in 2-tap iToF sensors to enhance their 

ranging performance without increasing the modulation period or frequency, resulting in 

a higher frame rate and lower power consumption. 

 

Chapter. 5 presents the design of a practical implementation of a 2T-4PH iToF pixel, 

which incorporates innovative features to enhance performance. The use of backside 

illumination (BSI), deep n-well (DNW) structure, and metal reflection improves charge 

collection efficiency and demodulation contrast (DC). Additionally, the 3-D stacking 

technology enables a larger memory array size, resulting in longer recording duration 

under HS mode. Furthermore, the proposed HP modulation and sub-frame operation 

combination allows for higher resolution, depth precision, and framerate. These 

advancements hold great potential for the development of the next generation high 

precision and high-speed iToF range imager. 
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Finally, the value of this study is summarized in Fig. 6-1. The proposed sub-frame 

ToF operation is the key to enable innovations in high-speed and high precision depth 

imaging. Moreover, the novel 2T-4PH half-pulse ranging methods with the development 

of BSI with 3-D stacking modulator can lead to better sensor performance. 

 

Fig. 6-1 Value of this study 

 

This study developed and demonstrated the unprecedented high-speed range 

imaging as well as the depth precision enhancement using a prototype iToF range imager. 

The directions for future improvements were also proposed. The development opens a 

new avenue for machine vision and show promising potential to enhance the performance 

and reliability for various 3-D imaging applications. 
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