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Abstract 

The nervous system regulates important bodily functions. It is crucial to comprehend its 

dynamics and functionality to prevent or treat brain-related diseases. Although numerous strategies 

for studying brain function have been developed, they remain poorly understood due to their 

complexity, and each method has limitations. Optical imaging is an essential technique for brain 

research. It allows the living brain to be closely observed. It has many functional interactions and 

changes to be investigated over many scales. A scanning microscope, such as confocal or two-

photon microscopy, can image the exposed cortex at the cellular level. However, it is not suitable 

for a wide field of view. Besides that, fluorescence microscopy is a common method of studying 

the brain. These methods all face the same issue. The experimental setup with the microscope 

made it impossible to observe the animal while it was moving freely or exhibiting natural behavior 

due to the huge equipment setup. Several groups have created miniaturized devices to circumvent 

these constraints to solve such problems. These devices still utilize conventional microscope optics 

in combination. As a result, the necessary equipment, such as tethered and huge attached devices, 

occasionally obstruct the animal's natural behavior. 

   A complementary metal-oxide-semiconductor (CMOS)-based implantable optical 

imaging device is an alternative method for observing neural activity. At the same time, the subject 

is in motion and likely to perfectly solve the mentioned problems within the near future due to its 

powerful on-chip processing capabilities and cost advantage. Previously, our team has succeeded 

in developing ultra-small and lightweight implantable CMOS image sensors for contact imaging. 

Therefore, not only is it suitable for implantation, but it also has the potential to be an entirely 

wireless device in its compact size. 
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   This time, we developed an image sensor to enhance intrinsic signal imaging. This 

method was chosen as an alternative way to study the mouse brain without having to take an extra 

step for genetic modification. Changes in signal intensity correlate with various brain states. Some 

crucial reactions in the mouse brain result in a minuscule signal change. Thus, a high-performance 

image sensor is required to detect those changes of approximately 0.1 percent. A signal-to-noise 

ratio (SNR) greater than 60 dB and high linearity are required to observe these small signals. 

Typically, the peak SNR of a typical active pixel sensor (APS) is 40–50 dB. It has a large number 

of image sensors designed for biological applications. Several image acquisitions approaches, 

including linear and logarithmic, well-capacity adjusting, dual or multiple sampling, multiple 

integration time, time-based, and self-reset procedures, have been introduced. However, the 

majority of the strategies have only enhanced DR performance. Due to the photodiode's limited 

well capacity, they haven't made much progress in increasing the peak SNR. Among the mentioned 

techniques, only the self-reset technique solves the well capacity limitation while also improving 

SNR. 

   In our previous research, Sasagawa et al. proposed using a self-resetting pixel to achieve 

a high effective SNR. With the improved version, Yamaguchi et al. obtained a high SNR of 64 dB, 

which can detect the hemodynamic signal from the mouse brain along with the stimulation. A 

Schmitt trigger inverter is used as a detecting circuit for pixel saturation in our proposed pixel. 

There are alternatives, such as a comparator based on a differential amplifier or an inverter chain, 

which suffer the cost of increased area consumption. The Schmitt trigger inverter has the advantage 

of only requiring a few transistors and less power consumption. Nonetheless, the experiment could 

be enhanced. If the device has a high enough effective SNR, it has a chance of receiving a higher-

definition signal from the brain. We discovered that the active circuit connected to the Vrst has 
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insufficient stability and may result in a signal drop or a 3 dB increase in noise at the initial reset. 

Consequently, it has become a low offset for the SNR since then. This voltage drop must be 

minimized to increase the effective SNR.  

   This time, we present alternate methods for enhancing the self-resetting image sensor. 

One uses a modified photodiode structure to increase full-well capacity (FWC) to get an even 

better SNR. P-diff/N-well/P-sub was chosen as a photodiode because its physical structure has a 

greater thin layer area than that of a comparable-sized N-well/P-sub. This allows the pixel to 

manage more electrons per reset cycle. It minimizes self-resets and prevents the unstable phase. 

An alternative option is to use a MOS capacitor to increase a FWC and improve its linearity. In 

addition, a new relay board with improved performance was utilized. Additionally, we built image 

processing to minimize the system's artifacts. 
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Chapter 1 Introduction 

1.1 Research background  

The brain is among the most intricate organs. Almost all the creatures use their brains for 

memory, learning, and emotional expression. It controls nearly all bodily functions. These brain 

functions have been realized by a neural network of more than 100 billion nerve cells 

communicating via trillions of synapses. But how does it work? What if we can fully comprehend 

it? We discovered that understanding brain function could help in treating neurodegenerative 

diseases. Long-term, a deeper understanding of brain circuits is likely to yield new treatments for 

debilitating brain diseases. Consequently, there is a great need for brain imaging technologies to 

examine animals and their natural behavior. 

The measurement of brain neuron activity in freely moving mice is expected to be a 

significant step forward in revealing brain functions. Implantable devices for electrical or optical 

measurements allow for monitoring neuronal activity in the awake brains of mice and rats. Optical 

neural recording techniques have been promising tools in recent years. The optical approach has 

various advantages over standard electrophysiology, including the absence of electrical noise and 

the simultaneous imaging of a wide region, number of neurons, or selective recording from 

genetically targeted neurons. The optical neural recording technology includes both intrinsic and 

extrinsic optical recordings. Intrinsic neural recording methods use small changes in optical 

properties of brains to emphasize the dynamic reaction, such as blood flow and oxygenation, 

cellular volume change, or refractive index change, without external indicators [1]. 

To understand how the brain processing in mammals, animals must be able to interact with 

their environment in entirely natural behavior. Therefore, there is a high demand for implantable 
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devices to observe the mouse brain in an awake condition. Some groups have developed new 

devices to observe the correlation between brain functions and behavior. Figure 1 shows head-

fixed imaging and a compact head-mounted device developed for calcium imaging in moving mice 

[2], [3]. Most of them are based on a miniaturized microscope system with an image sensor that is 

commercially available or employing an optical fiber in combination with the microscope [2]–[6].  

    

Figure 1 (a) shows a head-fixed mouse for performing brain imaging. (b) shows a head-

mounted imaging device for freely moving mouse [2]. 

 
 

1.2 Problem statement 

 Even though various devices have been developed to handle these experiments, most of 

the devices still require large and heavy equipment in combination or in the form of tethered 

devices. The awake mouse can sometimes be learned, but only in the head fix condition due to the 

required equipment. The wiring of the tethered device also hinders the entirely natural behavior of 

the mouse in the situation. Therefore, the best solution is to apply completely wireless devices, 

whose weight, size, and high accuracy or high signal-to-noise ratio (SNR) must be 
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considered. However, before realizing such a novel device, the imaging module, as the most 

important part of the device, still needs more development. 

1.3 Research purpose 

This thesis proposed the latest version of the self-reset image sensor with an extremely 

high SNR to become the intrinsic signal imaging device. The SNR is reached at over 70 dB, which 

is higher than the 60 dB required to perform intrinsic signal imaging [7]. I also demonstrated an 

in-vivo imaging device implementing this self-reset image sensor for blood flow imaging. The new 

smart buffer board to work with the image sensor and the latest developed image processing 

techniques are also used in this research for the first time. 

 To gain an even higher effective SNR, I utilize self-resetting techniques along with 

enlarging the full-well capacity (FWC) of the image sensor pixel. This time, I introduce two 

methods for enlarging the FWC. One is using the modified photodiode structure to increase the 

capacity of the photodiode itself. The P-diff/N-well/P-sub structure was chosen as it gives higher 

FWC than the N-well/P-sub structure, which is usually used. Another method is for the FWC to 

be enlarged by introducing a MOS capacitor in the pixel. Both strategies yield different outcomes, 

which will be discussed throughout the thesis. 

These prototypes in this study are significant steps toward the ideal device for in-vivo 

imaging in freely moving animals. Because of its design, which is tailored to a specific application, 

this image sensor has not only a sufficiently high SNR but also a small size and light weight. The 

architecture inside was designed to optimize power consumption, which is closely related to the 

heat in the system that must be concerned with the implantable device. Thus, it potentially is 

implemented in the imaging module of the ideal wireless imaging device within the near future. 
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1.4 Thesis overview 

In this section, a brief overview of the thesis was provided. This thesis has five chapters, 

which are shortly explained below. 

Chapter 1: Introduction 

This chapter serves as a synopsis of the thesis. A brief history of the research theme and 

how it came to be demanded of this special CMOS image sensor is clarified. The current problems 

and limitations of brain imaging are then discussed. Then, the goal of this study is to solve the 

problems that have been identified. 

Chapter 2: Brain imaging overview and Self-reset image sensor  

A literature review is given about the devices that have been implemented and a brief 

history of this research theme. This chapter discusses a few techniques commonly utilized in brain 

imaging and the demand for innovative imaging devices that can break through barriers. We also 

introduce the idea of a self-reset image sensor here in this chapter as it is used for the other 

applications and leads to the concept of our techniques. There is a history of our self-resetting 

CMOS image sensors. This chapter talks about the past improvements and limitations of the self-

reset image sensor. It also talks about the in-vivo experiment that used the self-reset image sensor 

to successfully image the brain. 

Chapter 3: Self-resetting image sensor utilizing the modified structure photodiode method 

and MOS capacitor method 

The most recent version of the self-resetting image sensors would be present. Both utilizing 

the modified structure photodiode method and the MOS capacitor method will be discussed in this 
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chapter, including the new relay board and evaluation. The state-of-the-art benefits of this 

advancement are discussed. Finally, linearity and FWC are defined. 

Chapter 4: In-vivo imaging and Image processing 

After the evaluation is complete, the self-reset image sensor is assembled into the in-vivo 

imaging device and demonstrated in the experiment that is performed with the anesthetized and 

head-fixed mouse for the blood flow imaging. The apparatus used in the experiment are discussed. 

The necessary image processing that this image sensor requires is revealed in this chapter. The 

final image is displayed and leads to the discussion. 

Chapter 5: Conclusion, and Future of this work 

The final chapter of this thesis summarizes all the research results and concludes the 

outcomes of the thesis. Following that, potential avenues for future research are discussed. 
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Chapter 2 Brain imaging overview and Self-reset image 

sensor 

2.1 Optical imaging of the brain and observation of neural activities 

Mammalian brains use sequences of action potentials in a huge population of neurons to 

process complex information such as sensations, movements, and difficult cognitive activities. 

Brains use neural networks made up of over ten billion neurons to process such complex signals 

at the same time. Individual neurons are known to have hundreds or thousands of synaptic 

connections with other neurons. Therefore, the functions of individual neurons or connections are 

challenging to investigate because of these intricate connections [1].  

This chapter briefly reviews the representative optical techniques for in-vivo neural signal 

imaging in brain research. We first present the current methods for detecting extrinsic neural 

signals using calcium indicators and the latter method that applies intrinsic signal imaging, which 

comes from the change of the natural optical properties of the hemodynamics. These are for being 

a background for our device properties and pointing out that the compact high performance 

imaging device is needed. After that, we introduce the concept of the self-resetting image sensor 

through the existing research.  

2.1.1 Extrinsic optical signal imaging using calcium indicator 

Using activity-dependent fluorescent proteins, such as calcium indicators and voltage-

sensitive dyes, has become popular in recent years [8]. It's primarily because of the development 

and improvement of the optical detecting device that turns physiological signals into changes in 

fluorescence and the development of a suitable device for detecting fluorescence. Combined with 
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genetic modification approaches, these extrinsic optical signals are becoming a powerful tool for 

studying neural signaling in cultured neurons, brain slices, or even living animals [9]. 

Consequently, the recording of somatic calcium signals is frequently used to monitor neuronal 

action potentials. Since during the resting state, the intracellular calcium concentration in most 

neurons is maintained at less than 100 nM, whereas it increases 10 to 100 times during the 

formation of action potentials [10]. Thus, monitoring these changes can emphasize the correlation 

between dynamic brain activity and specific stimulation.  

To monitor the calcium signal based on brain activity, several devices and approaches were 

developed for this application. As mentioned, it is necessary to observe the brain while it is in 

natural behavior. Therefore, various head-mounted devices have been developed [2], [5], [11], 

[12] and also a lot of techniques using optical fiber [13].  

2.1.2  Intrinsic signal optical imaging 

Intrinsic optical signal imaging is a technique for measuring physiological changes 

associated with neuronal activity without an additional procedure for labeling. This is because 

intrinsic signal imaging is derived from the changes in the optical properties of neural tissues. 

Small alterations detect the intrinsic signal imaging in reflected light in the blood flow, the 

oxygenation of hemoglobin, the cellular volume, and the membrane potential from physiological 

changes in the brain. Therefore, Intrinsic optical signal imaging measurement mainly indicates 

cerebral blood volume (CBV) [14], [15]. 

 It was also combined with other methods like flavoprotein autofluorescence imaging (FAI) 

to calibrate the result that it was mixed with the hemodynamic signals [16]. Numerous biological 

and medical research have utilized green fluorescence imaging (e.g., GCaMP calcium indicator 
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and also flavoprotein autofluorescence imaging, FAI) to better understand the mechanisms of brain 

activity during resting and stimulation states [17], [18]. During functional brain imaging, 

hemoglobin in cerebral blood flow (CBF) also absorbs green fluorescence. Thus, the CBF response 

could significantly impact the green fluorescence signals derived from the activation of neuronal 

during the study. 

In order to eliminate the effects of light absorption on the signal during brain activity, a 

study has devised a correction technique for green fluorescence imaging. The compensating 

method's fundamental principle is that CBF affects the light absorption rate. To get rid of this 

fluctuated the CBF. Intrinsic signal imaging could be applied and detect the quantity of the 

absorption quantity that was affected by the CBF. Consequently, if they simultaneously measure 

FAI and intrinsic signal imaging in an animal's brain, the effects of CBF's light absorption on FAI 

signals can be compensated by parallel intrinsic signal imaging. The diagram in Figure 2 shows 

how the study work to compensate for FAI with intrinsic signal imaging. In conclusion, they 

effectively demonstrated accurate estimation of brain function independent of hemodynamics, 

indicating that this method can be used to estimate brain function in animal models of stroke and 

dementia. To perform this parallel imaging, they use the scheme of the head-fixed experiment as 

shown in Figure 3. 
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Figure 2 A schematic diagram of the correction method. The absorption and scattering 

effects of cerebral blood flow contained in the flavoprotein autofluorescence imaging (FAI) 

signal were removed [16]. 

 

Figure 3 shows Diagram of the experimental apparatus used for simultaneous flavoprotein 

autofluorescence imaging (FAI) in parallel with intrinsic optical signal imaging (IOSI). This 

process also relies on additional preparation cranial window to expose cortical [16]. 
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The result is that the FAI measurement was frustrated and pulled down by the CBF. Thus, 

it could be compensated by deducting the consequence of the intrinsic signal imaging, which 

detected mainly the CBF. The imaging result is shown in Figure 4. 

 

Figure 4 shows the result of the parallel imaging [16]. 

From Figure 4, an uncorrected FAI shows the percent change of the signal that the CBF 

pulls down. After the compensation, it shows that the correct value from the FAI measurement has 

a lot lower peak than the uncorrected FAI. 
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2.2 Optical Imaging Devices for in-vivo observation 

2.2.1 Calcium imaging using a head-mounted device 

Calcium-imaging techniques also use the mountable device, making it possible to observe 

the target neurosignal in a moving mouse. The head-mounted module is portable and can be carried 

by an adult mouse, which allows the mouse under study to move freely in an arena. Rely on the 

commercial imaging module, and the following is one of the most recently head-mounted devices 

designed for calcium indicator imaging technique. The device breakdown, appearance, and head-

mounted setup are shown in Figure 5 [2]. 

   

Figure 5 (a) One of the most recent head-mounted devices, which also relies on miniscope, 

the well-known commercial imaging module. (b) An imaging of a mouse wearing the head-

mounted device and engaging in natural behavior [2]. 

 

Figure 6 shows another example of the miniaturized microscope being a head-mounted device 

[11] These devices still mainly rely on the scheme of a miniaturized microscope, which mainly 

uses the commercial imaging module as an imaging part. This device is designed for volumetric 

calcium imaging. 
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Figure 6 (Left) shows the diagram of the calcium imaging device, which is capable of 

volumetric imaging. The device is a combination of head-mounted miniscope technology and 

light field microscopy. (Right) an adult mouse with the head-mounted device attached [5]. 

 

As shown in Figure 5 and Figure 6, the design of the device is bulky. It occasionally obstructs the 

mouse behavior in some postures or activities, including noise or error in the data due to the device 

design and its unstable setup. This bulky system is a penalty from housing design to handle the 

optic system. Since the imaging module still needs a lens in combination.   

2.2.2 Contact imaging with implantable CMOS image sensor 

 To comprehend normal brain activities during animal behavior, such as motion and sensing, 

a technology for optical imaging of the brain under conditions of free movement is crucial. The 

majority of brain imaging investigations employ anesthetized laboratory animals. This brain 

imaging equipment is too large for experimental animals such as rats. According to reports, the 

neuronal activity of the brain differs between non-anesthetized and anesthetized states. Therefore, 

to understand the biological neural activity corresponding to animal behavior, we need an imaging 

technique of the brain functions under freely moving conditions. 



13 

 

 This is where contact imaging takes place. These imaging techniques could be 

implemented without concern for the optical system. Thus, its imaging part is a very compact 

device and is suitable for in-vivo imaging in behavioral experiments. In our group, we can design 

an implantable CMOS image sensor for contact imaging in freely moving conditions[19]–[23]. 

Figure 7 depicts a contact imaging image sensor developed by our group. The input and output 

signals of the sensor were transmitted to a control board through a relay board using four wires. 

As shown in Figure 7, our image sensor typically requires at least 4 pads for the clock, VDD, 

ground, and output. Basically, for controlling the image scanning and the data output from the 

imaging [24]–[26]. This image sensor was based on a 0.35-μm CMOS standard process. The 

miniaturized imaging device implementing this image sensor chip is described in Figure 8 and 

Figure 9. The specification of the chip is shown in Table I. 

 

Figure 7 Layout of an image sensor to be mounted on contact imaging module [24]. 
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Table I Specification of the 4 pads image sensor developed by our group 

Technology 0.35-μm 2-poly 4-metal standard CMOS process 

Operating voltage (V) 3.3 

Chip size (μm2) 1048 × 2700 

Pixel array size (μm2) 900 × 1920 

Pixel type 3-transistor active pixel sensor 

Photodiode N-well/P-sub 

Pixel size (μm2) 7.5 × 7.5 

Fill factor (%) 44 

 

The operational amplifier and digital buffer on the relay board were utilized to regenerate 

the attenuated signals. As the sensor output is an analog signal, the control board was equipped 

with an analog-to-digital converter for transferring the signals to a personal computer (PC) for 

control and measurement. The sensor's analog output signals were transformed into 14-bit digital 

information. Using a custom PC application, the signals were acquired and analyzed. In the contact 

imaging procedure, the surface of the imaging device would be contacted by the brain surface 

directly. Figure 8(a) represents the graphic of in-vivo imaging device employing this image sensor, 

which attached to the polyimide cable (Taiyo Industrial). This design separates the imaging portion 

of the device from the controlling portion or relay board, making imaging configuration easier. 

Figure 8(b) shows a diagram of the imaging setup. The image sensor is attached to the brain surface 

directly and illuminated by built-in LEDs. 
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Figure 8 shows a diagram of an imaging device using this image sensor, which is surrounded 

by 9 LEDs for the illumination. (a) An overview of the device imaging part. (b) Graphic 

shows implementing of this image sensor with built-in illumination [24]. 

 

The lateral imaging part in Figure 9(a) shows the real iamging decive. It connected to the 

controller board. This stretched imaging part not only reduces the invasiveness of the implantation 

site but also less restricts the movement of the animals. Moreover, it will make it easier to 

implement in multiple device imaging experiments. Figure 9(b) depicts the imaging part attached 

to the brain surface with the LED turned on for self-illumination.   

          

Figure 9 (a) The appearance of the in-vivo imaging device, including its controlling part, 

which is connected to the PC. (b) The imaging device contact directly to the brain surface 

[24]. 
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The imaging process is simplified because only the imaging part is involved. A view of the 

surface of the brain through a microscope is shown in Figure 10. The area marked in Figure 10 

contains the imaging location that comes from this sensor. The image obtained from the device 

while still inside the living organism is displayed here. In this example, the rat must be anesthetized, 

and its head must still be fixed to the stereotaxic equipment. The target area's skull and dura were 

removed. Removal of the dura allowed for precise observation of the vessels on the surface of the 

brain. 

 

Figure 10 Image of the brain surface taken by the microscope shows the target area for 

contact imaging and image captured by the imaging device was show [24]. 
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2.3 High SNR image sensors 

At a particular input level, the SNR is the ratio between the signal and the noise. The SNR 

is represented by the equation below. 

𝑆𝑁𝑅 = 20 log (
𝑆𝑖𝑔𝑛𝑎𝑙

𝑛𝑜𝑖𝑠𝑒
) [𝑑𝐵] 

Therefore, to increase the peak SNR, the noise source must be inspected in order to provide 

overcoming strategies. As theoretically suggested in Figure 11, a virtual image sensor was used 

to simulate noise in the CMOS image sensor, consisting of photo-conversion characteristics, 

photon shot noise, and read noise (noise floor) as a function of incident photons. 

 

Figure 11 Photon shot noise and read noise as a function of incident photon [27]. 
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When photons strike the detector, they generate free electrons, and the movement of these 

electrons generates a measurable electric current or photo current. Shot noise in the current 

measurement results from the unpredictable character of these free electrons. The number of 

electrons generated will fluctuate at random in every given time interval. According to the Poisson 

statistics for uncorrelated random discrete events, the standard deviation of the average number of 

electrons generated randomly in a given time interval, n, is equal to the square root of n. Hence, 

the photon shot noise can be calculated by the equation. 

𝜎𝑆ℎ𝑜𝑡 𝑁𝑜𝑖𝑠𝑒  ≃ √𝑛  

The photon shot noise increases with the light intensity and is only dominant when it is 

higher than the read noise. Thus, it caused the limitation in the high light intensity region, as shown 

in Figure 12.  

 

Figure 12 SNR as a function of incident photons of the typical image sensor [27]. 
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 Due to the photon shot noise limit, the typical or conventional image sensor has a peak 

SNR of approximately 50 dB because of the size of its FWC [27]. This FWC is the maximum 

amount of charge that can accumulate on the photodiode's capacitance. When this photodiode 

capacitance is full of the charges produced by photons, it is saturated and unable to measure any 

additional light signals. 

2.4 High FWC image sensors 

FWC is the parameter that limits the peak SNR in the typical pixel. Various strategies were 

developed to enlarge the FWC. In terms of pixels with high full-well capacitance, there were pixels 

with high FWC designed to realize a high dynamic range to handle such a specific function. The 

existing high FWC pixel will be present in this section.  

Due to the fact that some imaging techniques, such as full-field optical coherence 

tomography (OCT), require a very high SNR and sufficient high resolution, an image sensor with 

an unusually high FWC was manufactured for this use [28]. This image sensor uses pixels that 

were designed for high FWC, which can handle 2Me- with a 12 μm pixel pitch. It was interesting 

since the FWC was enlarged by implementing a MOS capacitor. The pixel schematic is shown in 

Figure 13. A parallel MOS capacitor is added to the photodiode to achieve the required FWC. The 

image sensor was fabricated by 0.18 μm CMOS image sensor process. The application of this 

image sensor is so close to the concept of the self-resetting pixel since it aims to be used in a high 

SNR region where photon shot noise is the dominant noise. The low SNR response region of the 

OCT image sensor will typically be clipped. 
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Figure 13 Pixel of the global shutter image sensor with 2Me- FWC [28]. 

 

Though the CMOS image sensor process was used, a regular n-well/p-sub structure can be 

used as a photodiode. Because the benefits of lower dark current and lower read noise offered by 

pinned photodiodes are not essential for the OCT application and it is hard to achieve in the 

available pixel pitch. The fill factor is 25% even the fine process was used due to the penalty of 

introducing the MOS capacitance. The final image acquired from this high FWC pixel was shown 

in Figure 14. 

 

Figure 14 OCT image obtained using image sensor using high FWC of 2 Me- (left) and a 

typical image sensor with a 90 Ke- FWC (right) (LL Tech) [28]. 
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Another interesting technique was reported. It is the image sensor designed for achieving 

extremely high DNR using a novel design called lateral overflow integration capacitor (LOFIC) 

[29], [30]. This image sensor was also designed using the 0.18 m CMOS image sensor process. 

This technique introduces the additional capacitors and is called an overflow capacitor, which is 

connected in parallel with the floating diffusion (FD). Figure 15 illustrates the pixel schematic. 

To achieve such a high DNR, the overflow capacitor was controlled by a switch so that the flooded 

electrons from the FD could be stored in this additional capacitor. The pixel layout is shown in 

Figure 16. The pixel size is 16×16 μm2. 

 

Figure 15 The block diagram of the image sensor with two-stage LOFIC [30]. 

 



22 

 

From Figure 15, the overflow capacitors are shown as LOFIC1 and LOFIC2 in the pixel 

schematic. As shown in figure 16, the fill factor is 52.8% fabricated by the fine process. The 30% 

of the pixel was occupied by the overflow capacitor as LOFIC1 and LOFIC 2. 

 

Figure 16 Layout of the pixel with LOFIC shows that it occupies 30% of the pixel area[30]. 

 

Figure 17 shows the measured SNR characteristics of the image sensor with two-stage 

LOFIC. A maximum SNR of 70 dB was achieved at high DNR by switching to the LOFIC2 stage. 

 



23 

 

 

Figure 17 SNR characteristic of the LOFIC image sensor. The discontinue plot is due to the 

state switching  [30]. 

 

2.5 The existing self-reset image sensors 

 The advantage of the CMOS image sensors is the ability to implement signal processing 

circuitry within the pixel. Self-resetting pixels can avoid pixel saturation and effectively increase 

the FWC. In such cases, pixel saturation is quite a challenging issue in CMOS image sensors. The 

pixel saturation also causes a limit in dynamic range (DR), the ratio between the largest and 

smallest photocurrent that a certain quantity can be measured. This photocurrent is the charge 

generated by absorbing photons. The amount of charge is handled by the pixel’s FWC. There are 

many research efforts to increase the DR of CMOS image sensors. Various image-acquiring 

strategies were introduced, including logarithmic [31], multiple integration time [32], dual or 

multi-sampling [33], time-based [34], and self-reset techniques [35]–[40]. Among these 

techniques, the self-reset technique was particularly outstanding. This technique works by 

overcoming the limitations of the FWC. Thus, it can achieve improvement in both DR and SNR. 

Therefore, it may be advantageous for in-vivo imaging functions that demand a high SNR and DR. 
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The existing image sensor with a self-resetting function from the other groups would be displayed 

to familiarize with the pixel design and overview of the image sensor. The existing self-reset image 

sensor was designed for various functions. The following is counted as a digital pixel sensor (DPS) 

based on a pulse width modulation scheme (PWM) [35]. This design aims for a wide operating 

range with low power consumption. The schematic and layout of this self-resetting pixel are shown 

in Figure 18. 

           

Figure 18 (a) The digital pixel block diagram. (b) The pixel layout with totally 45×45 μm2 

[41]. 

 With PWM, it seems the pixel has a built-in ADC on the pixel. Using a Gray counter, the 

photocurrent signal is encoded as a pulse-width signal and converted to an 8-bit digital code. Then 

it was stored in on-pixel storage. The DR of the pixel can be adjusted via modulating the counter 

circuit. This pixel has a wide and adjustable DR. However, the design takes a penalty from 

including the digital circuit into the pixel. The chip is fabricated by the 0.35-μm CMOS standard 

process. The fill factor is 12%, and the pixel size is 45×45 μm2. The comparator and digital latch 

control its signal level for triggering the self-reset function.   
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 The next CMOS image sensor implementing the self-reset technique increased DR and 

peak SNR performance [36]. Utilizing 0.18 μm CMOS process, the pixel fill factor is 50%. The 

pixel layout is shown in Figure 19. 

 

Figure 19 The layout of the self-reset pixel fabricated by 0.18 μm CMOS process [40]. 

 This pixel consists of a photodiode, a reset block, and a time-to-digital converter (TDC) 

block. Focusing on the reset block, it has a comparator, a bistable half-latch, and a regenerative 

switch to restart the integration. A schematic of the reset block in combination with TDC is shown 

in Figure 20. In this case, the resetting numbers are required for acquiring the image. Thus, the 

reset counting circuit is included. The most important aspect of this design over the others is the 

SNR performance improvement since the other methods have limited SNR performance due to the 

limited FWC of a photodetector. 
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Figure 20 Schematic of the Reset block and the TDC block. This circuit features built-in 

counting the number of resets and analogue-to-digital conversion (ADC) [40]. 

 

Figure 21 shows SNR performance compared with the other approaches [40]. 
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 By the methods, this pixel has quite a large FWC. Thus, noises along the light intensity 

could be analyzed. According to the result in Figure 21. The readout noise and reset noise seem 

to be dominant over the shot noise in the low light intensity conditions. The difference from the 

theoretical trends is slightly overestimated from the pixel’s readout noise. At high light intensity 

conditions, Photon shot noise becomes the main noise source, and the peak SNR trend is getting 

close to the theoretical curve. The SNR keeps increasing proportionally to the photocurrent and 

the high light intensity without saturation. However, it was found that the peak SNR occasionally 

drops due to the self-reset noise accumulation, which includes the self-reset time delay and also 

the crosstalk from the switching and comparator. 

2.6 Self-reset image sensors for in-vivo imaging 

In the previous research, we propose a complementary-metal-oxide-semiconductor 

(CMOS) image sensor with a self-resetting system with a high SNR to detect a small intrinsic 

signal such as a hemodynamic reaction or neural activities in the mouse brain. However, one 

strategy to improve the performance of this image sensor is to increase its FWC. In this study, the 

two most recent generations of advancements will be examined. Using a modified photodiode 

structure is one technique, while the most recent generation employs MOS capacitors. In 

conjunction with the image sensor, a buffer board is required. Thus, the most recent PCB board is 

displayed. Before going through the latest achievement, background and brief history of the self-

reset image sensor are provided. Finally, we will describe the differences between our design and 

the self-reset image sensor developed by the other group. 

Previously, we proposed and demonstrated an implantable CMOS image sensor with self-

resetting pixels [42]–[46]. The self-resetting function is implemented using a four-transistor 
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Schmitt trigger inverter. The pixel has no counter for the number of self-resets because the 

application does not require a radiometric (linear) response. The pixel is fabricated using the 0.35-

μm 2-poly 4-metal standard CMOS technology, which results in a pixel size of 15 μm × 15 μm and 

a fill factor of 31%. The effective peak SNR is more than 60 dB. This is quite enough for intrinsic 

signal detection arising from hemodynamic responses in a living mouse brain. The target area of 

the proposed self-reset CMOS image sensor performance is shown in Figure 22. 

 

Figure 22 Target area of the self-reset CMOS image sensor compared to the other image 

sensor [42]. 

An implantable imaging device was fabricated to detect local conversion between 

oxyhemoglobin (HbO) and deoxyhemoglobin (HbR) in brain tissues. An imaging experiment of 

hemodynamic responses in the cortical sensory area accompanied by forelimb stimulation of a 

living mouse was demonstrated. The implantable imaging device for intrinsic signal detection is 

expected to be a powerful tool to measure b rain activities in living animals used in behavioral 

analysis. 
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We employ a Schmitt trigger inverter as a self-reset level sensing circuit. There are 

other alternatives, including a comparator based on a differential amplifier and an inverter chain. 

A benefit of the Schmitt trigger inverter is its small number of transistors. It allowed allocating 

more pixel space to the other component. Figure 23(a) shows a Schmitt trigger inverter circuit we 

used. As a simple comparator, this group of circuits will detect when the voltage of a photodiode 

(PD) falls below a threshold. 

 

 

Figure 23 (a) circuits of Schmitt trigger inverter, which consists of 3 p-channel transistors 

and an n-channel transistor and (b) Self-reset pixel [46]. 
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The pixel output cannot be fixed due to the hysteresis characteristics. As a result, a reliable 

self-resetting operation is achieved. Our prior pixel also employed this architecture, and the self-

resetting circuit worked perfectly. However, as the PD voltage falls below or near the threshold, 

the Schmitt trigger inverter’s power consumption rises. This effect causes the pixel to heat up, 

increasing noise and can cause the chip to malfunction. Thus, reducing power consumption is 

required. One of our goals is to develop an implantable self-resetting image sensor, so the pixel 

size should be maintained. As a result, the Schmitt trigger inverter’s power consumption was 

lowered by operating it at a low voltage in the later generation. The power supply line is 

independent of the rest of the pixel and can be regulated separately. The number of transistors and 

the size of the circuit are the same as in our previous pixel. We can lower the gate-source voltages 

of the transistors by lowering the supply voltage. As a result, low current consumption is attained. 

2.6.1 Self-reset pixel 

A pixel circuit design is shown in Figure 23(b). The pixel contains eleven transistors. The 

output circuit’s source follower (SF) is made up of p-channel transistors. This is because the 

threshold voltage of self-resetting is reduced by reducing the supply voltage for the Schmitt trigger 

inverter. However, the Schmitt trigger inverter in our self-resetting is made of p-channel transistors. 

As a result, the additional area penalty associated with utilizing a p-channel transistor is negligible. 

The row select switch is also made up of a p-channel transistor, which lets the full signal from the 

p-channel SF pass through. 

2.6.2 The previous generation self-reset image sensor and Characteristics 

The image sensor specifications of the previous version are shown in Table II. The standard 

0.35-μm 2-poly-4-metal CMOS process was used. The Schmitt trigger inverter’s supply voltage is 
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1.7 V, while the other circuit’s supply voltage is 3.6 V. The pixel dimensions are 15 by 15 meters. 

The fill percentage is 29%.  

Table II Specification of the previous generation self-reset image sensor 

Technology 0.35-μm 2-poly 4-metal standard CMOS process 

Chip size 1.1 × 3.0 mm 

Pixel size 15 × 15 μm2 

Photodiodes n-well / p-sub 

Fill factor 29 % 

Operating voltage 3.6 V 

 

In terms of noises, the principal temporal noise sources in an image sensor are the readout 

circuit’s thermal noise T, pixel reset noise (RST), and photon shot noise (SN). Photon shot noise 

is proportional to the square root of the number of photoelectrons in this case. Other sounds, such 

as 1/f noise and random telegraph noise, can be ignored in high-intensity applications since they 

are relatively weak. Noises observed in self-reset image sensors will be examined further. 

 We evaluated the characteristics of the fabricated pixel. An array of green LEDs with an 

emission peak of 525 nm was used as a light source. A diffusion plate was used to obtain uniform 

illumination. The bias voltage Vb and the reset voltage Vrst were set to 2.6 and 2.0 V, respectively. 

The frame rate was set to 11.25 frames per second. Figure 24(a) shows the signal output as a 

function of the irradiated light power. The vertical axis is the sensor output. The output was 

reconstructed by adding a product of the pixel output amplitude and a number of self-resets. The 

raw data shows a saw-tooth curve. However, the reconstructed data is proportional to the light 

power. Here, the nonlinearity of the sensor output was also compensated for in the measured result. 
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As shown in Figure 24(b) shows the noise level, which is the standard deviation of the 

sensor output as a function of light intensity. The pixel array’s median value is displayed. In areas 

with low light intensity, it is practically flat. The readout and pixel reset noises determine the noise 

floor in this case. Because this sensor lacks a noise reduction circuit such as correlated double 

sampling, the noise level is relatively high compared to standard four-transistor active pixel 

sensors. The noise level rises in proportion to the incident light intensity and is proportional to the 

square root of it. Thus, the photon shot noise is dominant in this region. However, compare to the 

typical image sensor noise component from Figure 11, the self-resetting process generates 

additional noise after the first resetting is triggered due to the resetting, which it could cause an 

unstable stage. At an intensity of 2.310 × 10-6 W/cm2, the first self-resetting occurs. On average, 

self-resetting adds about 1.5 dB to the noise level in this case. On the other hand, the noise level 

is dependent on light output and varies from pixel to pixel.  
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Figure 24 (a) Signal and (b) noise intensity as functions of incident light power. The 

wavelength of the irradiated light is 525 nm [46]. 

 

2.6.3 In-vivo imaging with the previous generation self-resetting image sensor 

Previously, our group succeeded in performing in-vivo imaging with a self-resetting image 

sensor. For detecting local conversion between oxyhemoglobin (HbO) and deoxyhemoglobin 

(HbR) in brain tissues, a self-resetting image sensor and orange light-emitting diodes (LEDs; λ= 

605 nm) were included in an implantable imaging device. We exhibited imaging of hemodynamic 

responses in the sensory cortex region of a living mouse in response to forelimb stimulation. The 

implantable imaging device for intrinsic signal detection is anticipated to be a potent tool for 
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analyzing the behavior of living animals by measuring brain activity. The device implanting the 

self-resetting image sensor for this hemodynamic response is shown in Figure 25. 

 

Figure 25 The in-vivo imaging device made for Hemodynamic response imaging. 

The result of this hemodynamic response imaging is shown in Figure 26 [7].  

 

Figure 26 in-vivo imaging result of the hemodynamic response by stimulating the hindlimb 

of the mouse. (a) shows a result of the right front limb. (b) shows the result from the hindlimb 

[7]. 
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More than that, the self-resetting image sensor also succeeded in implementing 2-color imaging. 

The experiment diagram is shown in Figure 27. The captured image is shown in Figure 28. 

 

Figure 27 (a) Graphic shows an experiment set-up. (b) micrograph of the self-reset imaging 

device in this experiment [46]. 

 

 

Figure 28 Images captured in time lapse from the 2-color imaging [46]. 
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The upper and lower rows are images for the wavelengths of 465 nm (blue) and 630 nm 

(red), respectively. High-contrast boundaries resulting from self-resets were observed. At 465 nm, 

the blood vessels were visible because of the high optical absorption by hemoglobin. The 

differential images show the difference in intensity from the reference images. The black or white 

spots resulted from the change in the number of self-resets. They can be reduced by estimating and 

correcting the self-reset number. After the stimulation, continuous intensity changes were observed 

for each wavelength. The correlation of the intensity changes between the two wavelengths was 

not high. This suggests that the results include blood density and the ratio of HbO to HbR. 

2.7 Discussion 

 Research points out clearly that monitoring neural activity from the living brain is 

necessary for studying the neural circuit and its complicated function. Various approaches have 

been developed for this function, such as electrophysiology and optical imaging. However, when 

it comes to requiring a high definition of the observing part, it turns out that optical imaging 

methods have better capabilities than electrophysiology. In many cases, electrophysiology keeps 

suffering from high noise and other artifacts. Furthermore, an unbearable limitation is the inability 

to record the specific neurons. Therefore, optical imaging is a worthwhile and significant 

innovation.  

 According to the literature, extrinsic signal optical imaging, such as calcium imaging or 

green fluorescence, is far more practical for moving free-moving animals. Maybe this is the 

outcome of the advanced and more complicated preparation needed for green fluorescence 

imaging. So far, many devices have been developed for the task. Those existing devices mainly 

rely on a commercial part for an imaging module designed for multipurpose and adaptability. The 
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majority of these devices still use the miniaturized-microscope concept. Therefore, the device must 

be in combination with the lens. Though the lens provides a high definition in imaging, it comes 

with equal weight in a trade-off, which is the weight and size of the device. Because the optical 

system must be considered when designing the device housing.  

 Along with the advancement of green fluorescence imaging, intrinsic optical signal 

imaging also proves its strong advantage over green fluorescence imaging because it can be 

performed without genetic engineering in preparation and has a good capability of imaging 

cerebral blood flow. This could have advantages regarding multi-wavelength imaging for 

calibration in green fluorescence imaging. However, it was discovered that the measurement 

equipment and devices still need to be developed since most of the measurements so far are still 

in head-fixed mouse experiments. How potent could intrinsic signal imaging be incorporated into 

the head-mounted device or implanted in combination with any other technique? Therefore, an 

intrinsic signal image was chosen to be made into a small device at this time. 

 Among the various imaging methods, it has one outstanding feature that suits the 

application the most. It is contact imaging. With the lensless image sensor, it has the potential to 

be utilized to develop an imaging device that is implantable despite its extremely small size and 

light weight. According to the image sensor, which can work without a lens, the device design and 

packaging size can be drastically decreased. Despite some of the constraints, the numerous design 

and techniques that have been discussed so far can be integrated and truly make this a functional 

device easily. 

 The challenging issues in CMOS image sensors are both dynamic range and SNR. Despite 

the earlier work that had been done to expand the dynamic range, it was discovered that one method 

could be useful for in-vivo brain imaging. It is the self-reset technique that can improve dynamic 
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range and SNR at the same time. This technique overcomes the parameter that caps the SNR 

directly, which is the limitation of FWC. Utilizing this technique, it could be integrated at a pixel 

level under the capabilities of the CMOS standard process. Normally, the existing self-reset image 

sensor did not design for in-vivo imaging and mainly aimed to expand the dynamic range.  

The existing self-reset image sensor from the other group was created mainly to expand 

the dynamic range. Fortunately, this technique recycles the FWC as if the pixel could handle the 

flooded electrons. This mechanic overcomes the limitation that caps the peak SNR, which is the 

limitation of FWC. Consequently, this method simultaneously increases both the DR and SNR. 

Consequently, applying this method could also benefit in-vivo imaging since the image sensor for 

this specific application requires an extremely high SNR. In addition, a high DR is a positive trait 

that can be advantageous in certain circumstances. 

Since in-vivo imaging is quite a unique function, the existing device might not be suitable 

for this application due to its physical properties and spatial resolution. To realize a pixel with a 

self-reset function, the circuit for the self-reset trigger must be included in the pixel. And for 

acquiring images, a reset counting circuit might be necessary for the image reconstruction. All of 

these related circuits were built-in for good image reconstruction, but the trade-off was an excess 

pixel size. For the self-resetting trigger circuit, a comparator is a common choice for detecting the 

photocurrent level and triggering the self-resetting. For these reasons, it results in a very low fill 

factor even with the excess pixel size. The fill factor is quite important for contact imaging, which 

always suffers from light diffraction and also depends on the illuminating strategy in the 

experiment setup. Thus, the pixel will get a burden as it needs to make the most of the photons that 

have been delivered.  
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Previously, our group presented the self-resetting image sensor. Our implantable image 

sensor devices have no lenses and are used by contacting the samples directly. The self-reset 

function was realized by the 4-transistor Schmitt trigger inverter, which utilized 3 p-channel 

transistors and 1 n-channel transistor. This circuit functions as a simple comparator to detect when 

the voltage of the parasitic capacitor of the photodiode is getting lower than the threshold of the 

inverter. Then, the self-reset would be triggered.  In the first generation of self-resetting image 

sensors, it was discovered that the power consumption of the Schmitt trigger increased as the 

photodiode voltage decreased and approached the threshold. 

Consequently, it caused both power consumption and thermal issues. Therefore, it is 

necessary to separate the power supply line from the rest of the circuit to be independently 

controlled. Accordingly, the Schmitt trigger was operated freely with low voltage. Thermal and 

power consumption issues were resolved. Resultantly, the self-reset pixel circuit appears in figure 

22. The operating voltage for this Schmitt trigger has been optimized to 1.7 V. 

The self-reset image sensor from our group needs no reset counting circuit since our target 

signal is the very small change of the light intensity between frames. Thus, this subtraction image 

was acquired by subtracting each frame from the reference frame. So, the small changes in these 

values would be emphasized as an intrinsic signal. Accordingly, the reset cycle number is 

unnecessary. However, the number of reset cycles could be approximated by counting the image 

data acquired at low light intensity. Under these conditions, our self-resetting pixel could be so 

small that it could be manufactured using the standard 0.35-μm CMOS process. The comparison 

between those existing self-reset image sensors and the latest self-reset image sensor from our 

group [7] is shown in Table III. Since the advantages of our self-resetting image sensor is to detect 
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the small changes brain signal in each frame with high SNR, the comparison would be focused on 

the effective SNR, pixel size, and fill factor which is directly related to the application. 

Table III Comparison of the existing self-reset image sensor 

 [47] [48] [40] [49] [7] 

Technology (μm) 0.25 0.35 0.18 0.50 0.35 

Tr./pixel N/A N/A 43 28 10 

Pixel size (μm2) 45 × 45 25 × 25 19 × 19 49 × 49 15 × 15 

Self-reset type Comparator Comparator Comparator Schmitt trigger Schmitt trigger 

Counter 8-bit 1-bit 6-bit 6-bit - 

Fill factor 23% 27% 50% 25% 31% 

Maximum frame 

rate 

1 kHz 15 kHz 1 kHz > 1 kHz 300 Hz 

Peak SNR N/A 74.5 dB 55.6 dB 65 dB 59 dB 

 

This image sensor was designed for high light intensity operation to achieve a high SNR. 

Therefore, the noise that typically affects the signal within the region of low light intensity can be 

disregarded. Only the dominant noise in the region of high light intensity should be considered. 

Theoretically, the only dominant noise at high light intensity is the photon shot noise.  

 Even if the self-reset function for obtaining high SNR has been accomplished and refined 

to resist the shot-noise limit, this self-reset image sensor has the potential for even greater 

efficiency. Depending on the self-resetting downtime, it may generate an unstable stage during 

operation, particularly at high resetting frequencies. Therefore, it is preferable to lower the number 

of reset cycles in order to achieve a more stable operation and eliminate the system’s artifacts. 

Moreover, it was discovered that after the initial reset, as depicted in Figure 29, the SNR decreases 
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and forms a new offset for the remainder of the process. This issue should be resolved to enhance 

imaging performance. 

         

Figure 29 SNR characteristic of the previous self-reset image sensor shows the SNR drop 

after the self-resetting was triggered [46].   

 

2.8 Summary 

 To push forward in-vivo imaging, there still needs to be a lot of advancement in imaging 

devices. It was discovered that each optical imaging method also needs different conditions and 

approaches. Thus, it was found that the existing device design for green fluorescence imaging, 

such as calcium imaging, is by far more practical and closer to completely free-moving animals. 

Moreover, within such a complicated organism like the brain, every method has its limitations. So, 

for the next step of in-vivo imaging, multi-wavelength or double device imaging is required for 

learning more complicated neuronal activities. Intrinsic signal imaging is one method of advantage 

in imaging cerebral blood flow. It could be used to learn many kinds of activities and be combined 

with other methods to enhance its purpose. Thus, a more advanced imaging device for intrinsic 

signal imaging is needed. In addition, from this study, it was found that the device of the future 
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will not only be able to image its target neuron but also size or possess the capabilities to work in 

combination with other methods, including small size, light weight, wide dynamic range, and high 

SNR. 

 Using the self-reset method, our group developed a self-resetting image sensor for in-vivo 

imaging in order to achieve such a promising device. A 0.35-μm CMOS standard process was used 

to fabricate the chip. Through numerous enhancements, the pixel size has remained at 15×15 μm2 

to preserve an adequate spatial resolution for the unique purpose. The self-resetting pixel does not 

require the reset counting circuit since the image acquisition method detects minor light intensity 

changes between frames by subtracting the image. The peak SNR reaches over 60 dB. However, 

there are ways to improve the image sensor, as it has been found that self-resetting causes 

downtime and an unstable stage. Thus, reducing the number of self-resetting cycles should reduce 

the artifact introduced by the resetting system. To solve the SNR-drop after triggering the self-

resetting also needs inspection. 
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Chapter 3 Self-resetting image sensor utilizing the 

modified structure photodiode method and MOS 

capacitor method 

An outstanding performance of the image sensor is required to identify changes in intrinsic 

brain signals of roughly 0.1 percent. A high SNR of greater than 60 dB is necessary to monitor 

these small signals. In prior work, we proposed a self-resetting pixel to produce a highly effective 

SNR. We reached an SNR of 64 dB, which allowed us to detect the hemodynamic signal from the 

mouse brain while also stimulating it. The experiment, however, can yet be improved. If the 

device’s effective SNR is high enough, it has a chance of receiving a better high-definition signal 

from the brain. We discovered that the active circuit connected to the Vrst is unstable, which could 

result in a signal drop, or a 3 dB increase in noise during the initial reset. It then serves as a floor 

for the entire SNR after triggering the first self-reset. This voltage loss must be minimized to 

improve the efficiency of this imaging device. 

This time, two methods were demonstrated for improving this self-reset CMOS image 

sensor. The first method uses a modified photodiode structure to enhance photodiode capacity and 

attain even better effective SNR. P-diff/N-well/P-sub structure was chosen as a photodiode 

because its physical structure offers a greater thin layer area than N-well/P-sub at the same size, 

resulting in a better capacity. The pixel will be able to handle more electrons in a single resetting 

cycle. In other words, it minimizes the amount of self-resetting cycles and avoids the unstable 

period. At this time, we also employed a new relay board with improved performance. We also 
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developed an image processing to decrease artifacts caused by the self-resetting mechanism. 

Figure 30 shows the device implementation concept.  

 

Figure 30 A self-reset implanted image sensor for sensing an inherent signal from a 

hemodynamic reaction is shown. The proposed image sensor was mounted on the relay 

board, which was encircled by LEDs. 

 

3.1 The principle of self-resetting image sensor  

Self-resetting image sensors detect the level charge amount in the capacity and reset it 

before saturation. As a result, the effective pixel capacity and the amount of light that can be 

processed can be enhanced. High dynamic range imaging is one benefit of its applications. Our 

goal, however, is to achieve a high effective SNR. Photon shot noise is the dominating other noise 

factors when the light intensity is very strong. Its value is proportional to the square root of the 

incident light signal. The keys to realizing a high SNR are avoiding pixel saturation and handling 

many photon charges. We must first establish the parameter limiting the effective SNR before 

discussing high SNR in the self-resetting sensor. The photon shot noise is the predominant noise 

under high-intensity conditions. The total noise of the self-reset sensor 𝜎𝑆𝐸𝐿𝐹𝑅𝑆𝑇  is approximate, 



45 

 

𝜎𝑆𝐸𝐿𝐹𝑅𝑆𝑇  ≃  𝜎𝑆𝑁√
𝜎𝑅𝑆𝑇

2

𝐹𝑊𝐶
+ 1        (1) 

𝜎𝑅𝑆𝑇 is the pixel reset noise, 𝜎𝑆𝑁 is the Photon shot noise, and FWC is the FWC of the pixel. In 

the case of sufficiently high FWC, the total noise asymptotically approaches 𝜎𝑆𝑁 . Then, the signal 

components are shown as equation (2). 

𝑉𝑠𝑖𝑔 =  𝑉𝑜𝑢𝑡 + 𝑁 ∙ 𝐴𝑜𝑢𝑡           (2) 

 

From equation (2), 𝑉𝑠𝑖𝑔  is the reconstructed pixel output, 𝑉𝑜𝑢𝑡  is the pixel output, 𝑁  is the 

number of resetting cycles, and 𝐴𝑜𝑢𝑡 is the maximum amplitude of the pixel. The effective SNR 

is described as equation (3). 

𝑆𝑁𝑅𝑒𝑓𝑓 =  𝑉𝑠𝑖𝑔/𝜎𝑆𝐸𝐿𝐹𝑅𝑆𝑇          (3) 

We discovered that the SNR of the self-reset sensor is about the same as a typical image 

sensor under high light intensity conditions using equations (1) and (3). The 𝑉𝑠𝑖𝑔  can go as high 

as proportional to the light intensity because the self-resetting technology prevents the pixel from 

becoming saturated. After the signal reconstruction post-process, the intensity signal can be 

obtained by compensating for an estimated number of resetting cycles. The effective high dynamic 

range is one of the benefits of self-resetting pixels. However, in this study, we concentrated on 

detecting tiny signals with a high SNR, such as the changing intrinsic brain signal. Therefore, the 

number of self-resetting required for reconstructing the pixel output is not required in this 

demonstration because the target signal is the very small intensity that changes in each frame, 
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obtained by subtracting the reference frame from each frame of raw data, not the normal image or 

real light intensity. 

3.2 Self-reset pixel with modified photodiode structure 

3.2.1 Pixel circuit 

The prior version’s circuit design is still in use. The 4-transistor Schmitt trigger inverter 

from the previous generation is still used. In order to save electricity, it is powered by a lower 

voltage (VDD2) than the other components. Figure 31 shows the pixel circuit with the Schmitt 

trigger inverter included. 

 

Figure 31 The schematic of the self-reset pixel with a low-voltage driven Schmitt trigger 

inverter. The PD is composed of P+/N-well/P-sub. 

The type of photodiode used in this study was P+/N-well/P-sub. Compared to the normal 

n-well/p-sub arrangement, commonly used in 3-transistor APS pixels, this structure enhances the 

photodiode’s capacitance. The pixel size, however, remains constant at 15 × 15 μm2. The pixel 
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contains 11 transistors, which is the bare minimum for this method. Figure 32 illustrates the 

suggested pixel with a photodiode arrangement. 

 

Figure 32 Layout of the pixel with P+/N-well/P-sub photodiode.  

 

3.2.2 Pixel simulation 

The pixel circuit operation was simulated. VDD1, VDD2, and Vb were set to 2.4, 2.5, and 

1.8 V, respectively. In addition, to imitate the photocurrent to the PD, a 1 nA constant current 

source was put in parallel with the PD. Figure 33 shows the results that self-resets occur many 

times. The photocurrent gradually lowers the VPD once the PD is charged to the reset voltage (Vrst) 

by an external reset. The node X in Figure 31 is inverted and becomes HIGH when it decreases to 

the threshold of the Schmitt trigger inverter. 

Furthermore, the inverter circuit inverts the signal, and the reset signal of node Y becomes 

LOW. This LOW state has a duration of roughly 100 nanoseconds. During this time, no optical 
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signal may be detected. The output change during this interval is 1/1.67×104 of the voltage swing 

of VPD when the frame rate is 30 fps, and the number of self-resets is 20 times per frame. The 

SNR reaches 70 dB in this situation. Because the photon shot noise, the dominating temporary 

noise, is expected to be around 1/3×103, the self-reset time in this situation is sufficient. 

 

Figure 33 Simulation results of the self-resetting pixel. (b) is the magnified plot of the self-

resetting region. X, Y correspond to the nodes indicated in Figure 31. 

 

3.2.3  Image sensor chip and specification 

Figure 34 shows an image of the created chip. The 0.35-μm 2-poly 4-metal standard 

CMOS process was used. Table IV shows the specifications. There are 128×128 pixels in all. The 
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basic structure of this image sensor is the same as our implantable image sensor, with the control 

line decreased by using an external clock to provide a control signal. On the other hand, the analog 

signal line is brought in from the outside. As a result, seven signal lines exist. During self-reset, 

the Vrst drops significantly. However, this must be reduced. Installing a sufficient performance 

bias inside the chip is tough. An analog voltage signal is output from the picture sensor. 

      

Figure 34 Photograph of the proposed image sensor with 128 × 128 pixel array. 

 

Table IV Specifications of the chip 

Technology 0.35-μm 2-poly 4-metal standard CMOS process 

Chip size 2.7 × 2.1 mm2 

Pixel size 15 × 15 μm2 

FWC enhancing P+/N-well/P-sub 

Fill factor 30 % 

Pixel number 128 × 128 

Operating voltage 3.3 V 

Pixel type 3-Tr active pixel sensor with 4-Tr 

128 x 128

Pixel array

0.5 

CLK VDD VDD2 VRST GND OUTVB

Bias circuit

mm

Out bufferPOR

Horizontal scanner

Vertical scanner

Column amplifier
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3.3 Imaging module with a self-reset image sensor 

This custom printed circuit board (PCB) was designed and fabricated to connect the image 

sensor and the data processing board. Since the output of the image sensor is an analog signal, it 

is equipped with a preamplifier circuit. As mentioned in the previous section, Vrst must be stable. 

It is required to minimize the amplitude and duration of the voltage drop due to self-reset. Since it 

is difficult to obtain a sufficient response speed in an active circuit, passive noise filters (NFM18PC, 

Murata) have been inserted into the Vrst line on this board. On the other side, the image sensor and 

six LEDs were mounted, as shown in Figure 35. 

    

Figure 35 The finished device ready for the application.  

Figure 35 shows the photos of the relay board (left), the preamplifier circuit, and the passive noise 

filters. (Right) The image sensor is positioned at the center of the PCB, between the LED arrays 

to take advantage of the high light intensity. We chose bluish-green surface mounted diode LED 

with a center wavelength of 530 nm (SMLP13EC8TT86, ROHM). The image sensor surface was 

waterproofed by covering it with a fiber optic plate and sealing it with epoxy glue. 

0.5 cm

Connector

Image sensor

LED array

Operational amplifier

Passive noise filter
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Because the intended use is to implant into the mouse brain, we must consider the heat conditions 

and the waterproof packing. After connecting the electrodes with aluminum wires, epoxy was 

utilized to preserve all of the electrode surfaces. An artifact is caused by a light incident from the 

side of the picture sensor. To prevent this, a black color resist was used between the LEDs and the 

sensor. A fiber optic plate covers the image sensor itself (FOP, J5734, Hamamatsu). The FOP is 

an optical device comprised of a network of micro-optical fibers. It transmits an image incident on 

its input surface directly to its output surface. The thickness of the chip was 500 μm. This FOP 

protects the image sensor surface and maintains a safe distance between the brain surface and the 

mounted LED, as heat can cause damage. 

3.4  Imaging Device characteristics 

3.4.1 Pixel Output 

Based on the pixel circuit shown in Figure 31, Vb can control the current that runs through 

the p-channel transistor Mb. Thus, the self-resetting time can be changed. The voltage was set to 

2.5 V with a reset time of about 0.1 μsec.  

The chip was illuminated by a homogeneous beam with a peak emission wavelength of 

530 nm in this measurement. The test was carried out at room temperature. The output signal as a 

function of the light intensity is shown in Figure 36. The self-resetting is activated when the pixel 

voltage VPD displayed in Figure 31 falls below the threshold of the Schmitt trigger inverter. As a 

result, the output signal is reset to zero. As a result, the output has the shape of a saw tooth. When 

the number of self-resetting is known, the true lit signal may be easily reconstructed. The 

reconstructed signal output is also presented in Figure 36. The output amplitude and an estimated 

number of self-resetting were added to the signal for reconstruction. As a result, the prototype 



52 

 

device has light intensity nonlinearity, and the slope change is significant, particularly just before 

and after self-reset. As a result, in the imaging experiment using this device, a look-up table was 

created based on this finding, and image processing was used to rectify the image. 

 

Figure 36 The signal from the pixel with P+/N-well/P-sub photodiode as a function of the 

light intensity. 

Figure 37 depicts the effective SNR versus light output. It was calculated using Eq (3). 

Figure 37 shows the results of the prior n-well/p-sub structure (a) and the p +/n-well/p-sub structure 

(b). The plot points with low SNR appear at the boundary of the self-resets in the high light 

intensity zone. It can be decreased by self-resetting and fixing the artifacts. A typical noise curve 

was fitted to get the solid line. Figure 37 indicate that SNR increases by order of magnitude in 

low illuminance by 20 dB and 10 dB in high illuminance. This is compatible with the fact that in 

low illuminance, noise independent of light intensity, such as external resetting and pixel readout, 

is dominant. In high illuminance, on the other hand, photon shot noise dominates. The SNR was 

increased using the noise filter described in the following section, resulting in a highly effective 

SNR of 70 dB or higher in both pixels. 
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The older version has a lower capacity due to the changed photodiode construction. As a 

result, it has a greater SNR in low light than the new pixel. This area, however, is unimportant for 

our objectives. In the high illuminance range, however, the effective SNR is roughly the same. 

Because of the limited photodiode capacity, the device self-resets more frequently and enters an 

unstable state. Particularly, the noise grows due to self-resetting dead time and the residual error 

of response nonlinearity. These problems can be rectified by reducing the number of resets. At a 

light intensity of 1.35 mW/cm2, the n-well/p-sub structure had 52 times of self-resetting and the p-

diff/n-well/p-sub structure had 21 times. Regarding the period of self-resetting, the ratio of PD 

capacitances in the previous and current sensors is roughly 1:2.6. As a result, the total effective 

SNR is nearly the same, but the current design has resulted in a more stable device. 

 

Figure 37 (a) SNR of the pixel with N-well/P-sub photodiode, (b) SNR the pixel with P+/N-

well/P-sub photodiode. 
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3.4.2 Performance Improvement by the Relay Board 

In a prior study, the noise increased dramatically after the first self-reset was triggered due 

to some factor that kept lowering the total effective SNR, as shown in Figure 29. It was 

hypothesized that this was due to the reset potential briefly dropping and the Vrst potential not 

returning to a constant value until the self-reset process was completed. Thus, it causes an 

additional unstable state and is included in the noise from the self-resetting system. The new relay 

board was developed for this issue by introducing a noise filter (NFM18PS, Murata) on the Vrst 

line. This is to support the self-resetting procedure and ensure that the Vrst can be fully retrieved at 

the ending of each self-resetting procedure. The result from implementing this new relay board 

compared to the previous version is shown in Figure 38. 

 

Figure 38 shows the reconstructed data and noise of the self-reset pixel comparing between 

(a) using the previous version of PCB and (b) using the latest version of PCB introducing the 

noise filter. 

 The noise is increasing due to the photon shot noise which is the dominant noise in this 

region. Refer to the noise in typical image sensor from the Figure 11. In the case of a self-resetting 

image sensor, the self-resetting appears to be an additional noise source since the self-resetting 
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causes an unstable state. Thus, providing a more stable operation could reduce the noise and realize 

a higher SNR. Figure 39 shows the noise comparison between the previous version of the relay 

board and the latest version, which uses a noise filter. The result has it that the noise was reduced 

drastically. Therefore, the SNR is improved.  

 

Figure 39 Noise level as function of light power comparing between relay board with and 

without noise filter. 

 

The difference in effective SNR with and without a filter is shown in Figure 40. The data 

from the filter-equipped device is also used in the result that is seen in Figure 37. The dashed line 

is the curve that was fitted to the data without the filter. Only the offset from the fitted curve for 

the device with the filter has been modified in this case.  
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Figure 40 Effective SNR as a function of incoming light intensity between image sensors 

employing relay boards with and without a noise filter on the Vrst line. 

 

As with previous devices, there was a considerable SNR loss on the initial self-reset 

without the filter. The filter, on the other hand, did not cause a noticeable rise in noise. As a result, 

we achieved an SNR improvement of roughly 4 dB. To decrease noise, we used a passive filter. 

According to the simulation results, the self-reset process should take no more than 0.1 nsec. That 

means a response bandwidth of at least 10 GHz is necessary. Low power and active electronics 

make accomplishing such a fast response challenging. Stable operation is achieved by attaching 

an external filter with a capacity sufficiently greater than the pixel capacity and rapidly charging 

the PD capacity in the pixel. The results reveal that our latest relay board has minimized the SNR-

dropping behavior during the first self-resetting. The later result within this thesis is the data from 

the device that equipped the new relay board. 
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3.5 Self-resetting image sensor pixel with Metal-Oxide-Semiconductor 

(MOS) capacitor 

 One method for enhancing the FWC is using a MOS capacitor. Another version of the self-

reset image sensor will be presented. In terms of increasing the FWC, introducing an additional 

capacitor into the photodetector node is a straightforward idea of the concept. This additional 

capacitor can be realized using a MOS capacitor. According to the low-voltage driven Schmitt 

trigger, it has less penalty to use the p-channel transistor as a MOS-capacitor for this time.  

3.5.1 MOS capacitor 

The MOS capacitor is normally a two-terminal device consisting of three layers: a 

metal gate electrode, a separating insulator, which usually is an oxide layer, and a silicon substrate 

or body. The MOS capacitor structure diagram is shown in Figure 41. The MOS capacitor that 

was used in this study was realized by introducing a p-channel transistor to directly connect to the 

photodiode. The source and drain of the transistor are connected to the VDD to realize the structure 

as shown in Figure 41. The connecting regulation is shown in Figure 42 within the next section. 

The gate was connected to the VPD, the body of the transistor was connected to the VDD. This 

MOS capacitor will work in depletion mode. 
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Figure 41 shows a typical p-channel MOS capacitor structure. 

According to minority charge was the main role in this mode. It can't maintain high 

capacitance at high frequency since those minority charges can't follow the changes of the signal 

at high frequency. However, intrinsic signal imaging of the brain's activities does not require such 

a high frame rate. The frame rate of this image sensor is set to 15 fps. Thus, it is low enough to 

maintain the performance of the MOS capacitor. 

3.5.2 Pixel circuit 

 The circuit of this version is quite similar to the pixel with the modified photodiode. 

However, N-well/P-sub photodiode was used instead. The PMOS-capacitor was inserted at the 

photodetector node. The schematic of this version is shown in Figure 42. The pixel layout is shown 

in Figure 43.  
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Figure 42 The schematic of self-reset pixel with MOS-capacitor. The body of the p-channel 

MOS capacitor was connected to the VDD, while the gate was connected to the PD node. 

 

Figure 43 Layout of the self-reset pixel with MOS-capacitor (Mcap).  

 

The MOS capacitor seems to take extra space until it stays out of the pixel frame, as seen 

in Figure 43. However, the MOS capacitor was well designed to take place in the free space of 

the next pixel. Thus, the pixel size and chip dimensions are not changed. An array of these pixels 

is shown in Figure 44. The MOS capacitor could take up some space in the neighboring pixel. 

The pixel pitch is not changed. 

Mcap

N-well/P-sub
Photodiode
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Figure 44 Array of the pixel with MOS capacitor, which is managed to overlap into 

neighboring pixel for maintaining the pixel pitch. 

 

3.5.3 Image sensor chip and specification 

 As mentioned, the pixel size and chip dimension are not changed, but the overall chip 

appearance stays the same, as shown in figure 32. All of the related parts or relay board can be 

used the same as the other version. The specification is listed in Table V.  
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Table V Specifications of the chip 

Technology 0.35-μm 2-poly 4-metal standard CMOS process 

Chip size 2.7 × 2.1 mm2 

Pixel size 15 × 15 µm2 

FWC enhancing MOS capacitor 

Fill factor 30% 

Pixel number 128 × 128 

Operating voltage 3.3 V 

Pixel type 3-Tr active pixel sensor with 4-Tr 

Schmitt trigger inverter for self-resetting 

 

3.5.4 Performance Improvement by introducing MOS capacitor 

 For this version, the input parameter is the same setup as the modified photodiode version. 

Through the evaluation, the pixel output is shown in Figure 45. It was found that this version has 

moderate FWC compared to the pixel using a modified photodetector according to the self-reset 

function was triggered at lower light intensity. The resetting cycle numbers are also higher at the 

same light intensity. Thus, FWC could be estimated. 

 



62 

 

 

Figure 45 Evaluation result from both version of the pixel. (Left) The pixel with modified 

photodiode structure (Right) The pixel with MOS-capacitor. 

 

Though this version has a smaller FWC, it has been seen clearly that the pixel with MOS 

capacitor offers better linearity from the plot in Figure 45. In given the fact that the capacitive 

characteristics of the photodiode mostly influence the linearity, it was discovered that an extremely 

large FWC results in a slight decrease in linearity, as seen by an evaluation. This linearity can be 

evaluated through the R-squared value of the pixel within the range of intensity before the self-

resetting is triggered. To compare the linearity of these two image sensors, the sample of pixels 

was selected from the center of the image sensor for 225 pixels. The result is shown in figure 46. 

This graph is plotted from the R-squared of the raw data within the range of intensity before the 

self-resetting would be triggered.  
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Figure 46 Histogram shows linearity through the R-squared values of the 225 selected pixels 

at the center of both versions of the image sensor. 

 

The linearity in the low light intensity region is affected by various sources, including 

readout noise and also the capacitive characteristics of the photodiode. From the figure 46, it was 

found that the pixel with MOS capacitor offer a lot better linearity compared to the pixel with 

modified photodiode. And even though the FWC of the pixel with MOS capacitor is not extremely 

large, it could provide an identical high SNR as the pixel with the modified photodiode. The SNR 

evaluation result is shown in Figure 47. The pixel with the MOS capacitor has a smaller FWC, as 

indicated by the first self-resetting was triggered at a lower intensity than the pixel with the 

modified photodiode. 
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Figure 47 (Left) SNR of the pixel with N-well/P-sub photodiode, (Right) SNR the pixel with 

MOS capacitor. 

 

3.6 Discussion  

3.6.1 The improvements of self-resetting image sensor 

From the evaluation result, it was found that enlarging the FWC obviously improves the 

self-resetting operation by reducing the resetting cycles since it reduces the fluctuating data and 

probability to appear as a resetting boundary after the image processing. However, the relative 

performance of these two variants of the image sensor is different. It was found that the self-reset 

pixel with a modified photodiode structure has a two-times larger FWC than the pixel with a MOS-

capacitor due to its physical structure and properties. Hence, it has lower light sensitivity and also 

a better performance at reducing the self-resetting cycles. On the other hand, though the pixel with 

MOS-capacitor has a smaller FWC in comparison, it still has a moderate FWC for the function. 

At the same time, it offers better linearity, which is very important for image acquisition. As a 

result, the pixel with a MOS-capacitor appears to be the most compromising candidate for future 

generations. However, the limitation of the pixel with the MOS-capacitor is the operating 

frequency due to the electrical properties. 
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In combination with the new relay board, the low SNR offset after the self-resetting was 

initiated was solved. Therefore, the in-vivo imaging device implementing the new image sensor 

has better performance. 

3.6.2 Comparison with Other Sensors in the Previous Works 

The proposed pixel is modest and small yet has a high fill factor. The SNR is up to 64 dB 

for the previous prototype [7]. This time, we increased the SNR to over 70 dB using the modified 

photodiode structure or MOS capacitor while keeping the other parameters, such as pixel size and 

fill factor, stay the same as optimized for the application. Furthermore, the larger FWC technique 

provides a more stable operation. Because a higher FWC minimizes the number of self-resetting, 

the unstable stage could be avoided. It was outstanding compared to the existing device regarding 

the unique in-vivo imaging application. Because the pixel has a small circuit, we can achieve a 

higher fill factor at a finer fabrication than other self-reset pixels. The proposed image sensor was 

developed to track the activity of the brain. As a result, the great dynamic range is less significant 

than the small intensity change, which is the target signal. Thus, what is important is that the SNR 

is high enough to detect small changes in brain activity.  

Furthermore, the fill factor is an important parameter to detect illumination effectively 

because it allows you to avoid utilizing too much light intensity to complete the task, which can 

raise the temperature and harm the brain. In addition, without using a self-resetting counter circuit, 

this proposed image-acquiring technique has the probability of broadening the variety of 

applications. 
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3.6.3 Limitations of pixel performance  

In terms of frame rate, based on the simulation presented in Figure 33, the self-reset down 

time along the resetting process can be ignored since this application does not require such a high 

frame rate. However, the self-resetting duration should be shorter for applications that need a high 

SNR and a high frame rate, such as voltage-sensitive dye imaging, which requires a frame rate of 

around 1 kHz or more. Thus, the frame rate of the current design is not enough. Even if Vb is 

adjusted to reduce the self-reset time, the simulation indicates that VPD will not be reset securely 

until it touches the Vrst level properly. To accomplish high-speed functioning, modifications such 

as increasing the size of the reset transistor are required. 

3.7 Summary 

Both versions of the self-reset pixel were improved to reach over 70 dB. The pixel with a 

modified photodiode has a larger FWC, lower light sensitivity, and drastically reduced self-

resetting cycles, but it has poor linearity. Though the nonlinearity could be fixed by calibration 

with the pixel characteristic measured in advance, it could still be a problem if the brightness 

changes significantly. On the other hand, the pixel with MOS-capacitor has a smaller FWC. Thus, 

it has higher sensitivity and is moderately effective at reducing the self-resetting cycles. However, 

it offers better linearity. Hence, it performs better if handling high contrast imaging is needed. The 

limitation of this pixel is the operation frequency since the capacitance of the MOS capacitor will 

be affected. 

  



67 

 

Chapter 4 In-vivo imaging and Image processing 

4.1 Experimental setup 

The inherent signal was observed at the mouse brain surface for the imaging demonstration. We 

used the C57BL/6JJmsSlc wild-type mouse from Japan SLC, Inc. The barrel cortex, a sub-region 

of the somatosensory cortex, is the target area. It is in charge of the mouse whisker, which will 

be used for physical stimulation. The experiment setup diagram is depicted in Figure 48. The 

mouse was anesthetized, and the stereotaxic device was used to stabilize and fix it. The imaging 

device was positioned on the target location of the brain's surface. We went with bluish green 

with a 527 nm central wavelength (SMLP13EC8TT86, ROHM). This time, the mouse we 

utilized was a wild type. All animal experiment operations were conducted under Nara Institute 

of Science and Technology's animal care and experimental rules.  

 

Figure 48 The imaging equipment was put in the somatosensory cortex area on the left side 

of the brain, while stimulation was done on the opposite side. 

 

 The image sensor was mounted on the latest version of the relay board and tested with the 

built-in LED. Figure 49(Left) depicts a device with a turn-on LED. The image sensor was 

To controller

The image sensor

Physical 
stimulator
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concealed and was visible through the FOP. The mouse brain surface was prepared as shown in 

Figure 49(Right). The dura was removed. Thus, the blood vessel on the brain surface was shown 

clearly and easily for the imaging alignment. As suggested in Figure 50, the device was aligned 

on the brain surface, targeting the somatosensory cortex.  

  

Figure 49 (Left) The imaging device with the built-in LED turned on. (Right) Mouse brain 

surface with roughly scale for locating the somatosensory cortex. 

 

 

Figure 50 The device was perfectly aligned to the brain surface. 
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As depicted in Figure 51, the raw image could be viewed through the user interface of the 

custom program called ‘CIS-NAIST’, in order to verify the alignment. Despite the absence of a 

reset counting circuit, this program's interface allows for a rough count of the reset number. 

 
 

Figure 51 CIS-NAIST user interface for the alignment and observing the mouse brain. 

 

 Since this image sensor is designed to work at a very high light intensity, the image data 

needs post-processing to analyze the brain surface signal. The image processing will be described 

in the next part. 
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4.2 Image processing and Imaging results 

Since the self-reset function is integrated into each pixel, the pixel can reset itself freely or 

whenever the voltage level drops down to the threshold. When taking an image, it usually consists 

of the different light intensity between each area. Therefore, the area with a high light intensity 

will trigger the self-reset function first before the pixel in the darker area where the voltage level 

is not yet touching the threshold. Thus, leave the boundary like an onion ring called “Resetting 

boundary,” as shown in Figure 52. The self-reset image sensor takes this image in combination 

with a lens to show the self-resetting that occurs along the surface with different light intensities. 

 

Figure 52 An image taken by the self-reset image sensor using a lens to show the resetting 

boundary along the surface with different light intensity. 

 

The photographs of the mouse brain are shown in Figure 53. Figure 53(a) shows a 

photograph taken using a microscope. The yellow square indicates the location of the image sensor. 

A raw output image is shown in Figure 53(b). A frame rate of 15 frames per second was used. 

The imager resets itself when the light intensity hits the threshold. As a result, the image shows 

the fringe pattern of the folded intensity. This is not a problem for our purpose, which is to examine 



71 

 

the intensity change from a reference image. The effective SNR is crucial for detecting minor 

intensity variations in the intrinsic signal. The normal image can also be reconstructed using a 

reference image or an estimation technique. Figure 53(c) depicts the rebuilt image. 

 

Figure 53 The brain surface with the target area, raw image, and post-process image. 

 

 

 

 

 

 

 

Microscope image 
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4.3 Image Reconstruction 

4.3.1 Correction of folding artifacts by self-resetting 

An example of raw imaging is shown in Figure 54. The pixel output becomes a folded 

waveform due to self-reset as shown in Figure 55(a). Generally, a mechanism for counting the 

number of resets is required to restore an image. However, it is not always necessary to irradiate 

light and observe weak changes, as is the purpose of this research. The amount of irradiation light 

can be controlled, and the amount of change in the signal observed from the immediately preceding 

frame is small. If only the relative amount of change is observed, counting the number of self-resets 

is not necessary. In addition, if the intensity of the light source is gradually increased during 

measurement, the number of self-resets can be confirmed by tracing the history. 

  The observation target was a living mouse, and an imaging device was placed on its brain 

surface. The image is one frame at the observed light intensity. It is a folded image at the boundary 

between self-reset and the number of times. Figure 55(a) is a graph showing the signal strength 

change at a boundary point. It can be seen that when the intensity gradually changes and exceeds 

the threshold value, the number of resets changes, and the output fluctuates greatly. In intrinsic 

imaging on the brain surface, it can be assumed that extremely large fluctuations do not occur. It 

means that large fluctuations are changes in the number of resets. The result of setting the threshold 

value and removing the artifact is shown in Figure 55(b). In this result, there are still artifacts left. 

Residual artifacts occur because they had intermediate values during self-setting. There are two 

possibilities for the intermediate values. The first is the case that the change is smaller than the 

threshold, although the pixel was self-reset. The second is the case where the value is intermediate 

but exceeds the threshold value and is counted twice.  
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Figure 54  Raw image of the brain surface acquired by the self-reset sensor. 

 

Figure 55 Correction of artifacts by self-resetting. 

 

500 μm
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In order to deal with this, the correction is made based on the frames up to two frames before. 

The result is shown in Figure 55(c). Improvements can also be seen for artifacts that could not be 

detected the first time. Finally, strong peaks were removed, as shown in Figure 55(d). 

 When reconstructing, it is necessary to add the maximum amplitude of the pixel multiplied 

by the number of self-reset times. However, there are variations in MOSFET characteristics. If the 

maximum amplitude is constant over the entire imaging region, an artifact will occur in which the 

output fluctuation near the reset boundary becomes large. In order to reduce this, the maximum and 

minimum values of each pixel were acquired from the frame of the measurement data, and the 

corrected values were used.  

4.4 Nonlinearity correction 

 As shown in Figure 45, there is pixel output nonlinearity. Nonlinearity was also present in 

intra-pixel photodiodes with a simple n-well/p-sub structure, which is difficult to remove 

completely. In this design, the p+/n-well/p-sub structure is used to increase the pixel capacitance 

per area, but this increases the capacitance change due to voltage and further increases the 

nonlinearity. The amount of change in output with respect to light intensity gradually changes with 

the output voltage, but the point where the output becomes the maximum value and the point where 

it becomes the minimum value are connected by the correction of folding by the self-reset sensor. 

Therefore, a very large difference can be seen near the boundary of the number of resets. 

 The nonlinearity is greatly influenced by the capacitive characteristics of the photodiode 

and is then given by the source follower of the readout circuit. To correct this, we prepared a look-

up table (LUT) that linearizes the output from the image sensor output as a function of irradiation 
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light intensity data. The relation of output versus input is plotted in Figure 56. Here, for the 

nonlinear correction, the same one was used for the entire pixel array. 

 

Figure 56 Output versus input of the look up table for pixel nonlinearity correction. 
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Figure 57 shows a line scan of the blood vessel. The dark streaks show the migration of 

red blood cells. by plotting the brightness change in the blood vessel over time. Blood flow in the 

blood vessels causes a diagonal pattern to appear. Blood flow velocity was measured at 1.4-2.8 

mm/sec.  

                            

Figure 57 Line scanning image processed from the self-reset image sensor. The dark strip 

shows high density of the red blood cell moving along the vessel along the time. 
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4.5 Discussion 

According to the design of an image sensor, the pads for connecting the circuit are typically 

situated in front of the chip on the same side as the pixel array. This can present difficulties in 

some instances, particularly in in-vivo contact imaging. The pixel array could not be aligned 

perfectly or attached closely to the imaging target area. In addition, there is a significant possibility 

that the wire bonding will be physically damaged along the alignment. Consequently, a fiber optic 

plate (FOP) is used. The FOP is composed of micron-sized optical fibers in the bundle. The 

incident image from one FOP end face was transferred to the opposing face. The FOP helps to 

raise the imaging surface above the wire bonding. It shields the wire-bonding point from physical 

damage and improves the device alignment conditions. However, it was confirmed that there was 

no significant error or noise due to using FOP throughout the process. 

After confirming that the image sensor was properly aligned to the imaging target area 

using the CISS-NAIST program's live view, the resetting numbers can be counted by increasing 

the light intensity. However, the reset counting gets harder when the light intensity goes very high. 

However, when the light intensity goes very high, the reset counting gets harder in case of the 

exact number the reset counting is required. With this high SNR, it was found that the imaging 

data suffers from the heartbeats and breathing that cause noise. Thus, an additional technique was 

required to improve the reconstructed image quality. 

Using FOP in this imaging device, almost sufficient spatial resolution was obtained with a 

pixel size of 15 μm square. In addition, almost no additional noise due to mounting on the living 

body was observed. For pulsating noise, the frequency component was removed using FFT. Clear 

improvements were seen in the captured images. The range of brightness is ± 1%, and the result 
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shows that slight changes in brightness can be observed. However, this technique can only be used 

in post-processing. In order to observe in real-time during the experiment, it is necessary to 

introduce a digital filtering technique. 

In Figure 57, due to the high SNR, the change in brightness due to the concentration of red 

blood cells in the blood vessels is visible. In this experiment, the frame rate was set to 15 fps. The 

resolution of the flow velocity can be improved by increasing the brightness of the light source 

and improving the frame rate. However, it is necessary to consider the effect of heat on the 

observation target. 

4.6 Summary 

So far, the blood flow imaging has succeeded using the new self-reset image sensor. The 

imaging processing was conducted using the subtraction of the reference frame. Thus, the different 

light intensities between frames were emphasized, and the blood cells moving along the blood 

vessel were clearly observed. According to the characteristics of the pixel, the lookup table was 

applied to compensate for the nonlinearity. In addition, the fast Fourier transform method was 

utilized to bring about a gradual reduction in the pulsating noise. With the use of these imaging 

results, the velocity of the blood could be measured. 
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Chapter 5 Conclusion, and Future of this work 

5.1 Conclusion 

I successfully designed and fabricated a self-resetting image sensor with an SNR of over 

70 dB. The pixels with a higher FWC were designed to reduce the self-reset frequency and improve 

operating stability. Both versions of the pixel have mostly identical performance in terms of SNR. 

This is due to the photon shot noise limit, as shown in Figure 58. However, the result is that 

enhancing by introducing MOS capacitor provides better linearity, which could benefit imaging 

and image processing. The new relay boards help get rid of the SNR drop at the first self-resetting 

as the evaluation result was shown in Figure 40. By stabilizing the reset voltage during self-reset, 

additional noise from self-resetting was decreased by about 4 dB. Thus, the maximum efficiency 

SNR can be acquired.  

 

Figure 58 Effective SNR of the fabricated chips. Both versions reach 70 dB. 
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 To summarize the development of this study, the improvements are shown in Table VI. 

The result shows that the pixel with the MOS capacitor has the most balanced properties 

improvement since it could achieve such a high SNR of over 70 dB with the moderate stability of 

the self-resetting system due to the FWC size. However, it offers better linearity compared to the 

other generations. 

Table VI comparison between generations of the self-reset image sensor  

 
Generation 1 

[7] 

Generation 2 

[50] 
Generation 3 

Photodiode N-well/P-sub P+/N-well + N-well/P-sub 
N-well/P-sub + MOS 

capacitor 

FWC 0.19 Me- 0.72 Me- 0.3 Me- 

Performance 
Low FWC,  

Low stability 

High FWC, Good 

stability, but poor 

linearity 

Moderate FWC,  

Good stability,  

and good linearity 

 
 

The comparison between this work and the other existing self-reset image sensor is shown 

in Table VII. Within this study, the image processing script was also developed and be able to 

extract the intrinsic signal from the data acquired by these self-reset image sensors. This prototype 

device is tiny enough to be put on the mouse head. It is envisaged that it can be used to observe 

brain activity linked with diverse behaviors.  
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Table VII Comparison of the existing self-reset image sensor 

 [47] [48] [40] [49] This Work 

Technology (μm) 0.25 0.35 0.18 0.50 0.35 

Tr./pixel N/A N/A 43 28 10 

Pixel size (μm2) 45 × 45 25 × 25 19 × 19 49 × 49 15 × 15 

Self-reset type Comparator Comparator Comparator Schmitt trigger Schmitt trigger 

Counter 8-bit 1-bit 6-bit 6-bit - 

Fill factor 23% 27% 50% 25% 30% 

Maximum frame 

rate 

1 kHz 15 kHz 1 kHz > 1 kHz 300 Hz 

Peak SNR N/A 74.5 dB 55.6 dB 65 dB > 70 dB 

 
 

5.2  Future of this work 

As it proved that the self-resetting strategy has the potential to realize such an ideal device 

for the specific application like an in-vivo imaging. this strategy could be improved by using a 

finer process, which would result in a higher spatial resolution and larger fill factor. Thus, the 

device aims to have a larger FWC which means higher stability.  

Compared to the pixel applying LOFIC technique [29], [30], which fabricated with 0.18 

µm 1-Poly-Si 5-Metal process, the image sensor can achieve 70 dB with 16 µm pixel pitch and 

52.8% fill factor. However, 30% of the pixel area was occupied by the capacitor for the LOFIC 

circuit. With this condition, our self-resetting system design would occupy smaller area, which 

means the other parameters could be optimized, such as larger fill factor which enlarged FWC, or 

including the other noise reducing circuit with optimized fill factor.  

 The successful development of back-illuminated (BI) image sensors was a major turning 

point for CMOS image sensor technology, enabling the developments of structure for image 
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sensors. In the first front-illuminated (FI) structures as shown in Figure 59(a), light had to pass 

through a gap between metal wires to reach a photodiode. With this limitation, it was hard to make 

the pixel size of the sensor smaller. By the BI structure in Figure 59(b), this allows more light to 

be collected at the pixel. The resulting images have less digital noise, and the performance can be 

highly improved.   

 

Figure 59 (a) Front illuminated structure, (b) Back illuminated structure [51]. 

 

 According to this advanced fabrication process, it is able to realize a stacked structure as 

shown in Figure 60. This time the chip is provided as top and bottom part, or even more than two 

layers [52].  

 

Figure 60 diagram shows the evolution of the image sensor with a stacked structure [51]. 
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 Using this technology, the self-reset image sensor could be advantageous from the bottom 

part as it could include other circuits or techniques to provide more FWC to the pixel. However, 

this capability is up to the limitations of the process scale. Since the separated part of the chip 

needs to connect through the via connector. The fine-pitch Cu-Cu connection has been proposed 

[51]. The present pitch was reduced to 1 μm as shown in Figure 61. 

 

Figure 61 Development of Cu-Cu connection. (a) Diagram shows the bonding interface of the 

Cu-Cu connection and (b) Trend of the connector pitch [51]. 

 

With this cutting-edge technology, the self-resetting pixel technique would be able to 

implement more complex circuits to enhance its performance. Providing more FWC may be 

applicable if the pixel size and fabrication process scale are optimally balanced.  
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