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ABSTRACT 

Harvesting energy from ambient sources is vital for extending the operational 

lifetime of electronic systems deployed in inaccessible environments where battery 

replacement is difficult, if not impossible. Ambient sources can power an electronic system 

as long as the ambient energy source persists and is harvested efficiently, potentially leading 

to an infinite operational lifetime.  

Both image sensors and solar cells require sufficient illumination for proper 

operation. Ultra-low power complementary metal oxide silicon (CMOS) active pixel sensor 

(APS) imagers can be powered through harvesting the solar energy incident on the focal 

plane of the image sensor.  

The focus of this study is developing techniques for designing ultra-low power 

CMOS APS imagers and maximizing the energy harvested on their focal planes with the 

ultimate goal of achieving continuous self-powered operation. Fundamental problems 

associated with designing ultra-low power CMOS APS imager systems and on-chip energy 

harvesting and power management systems are addressed in this research. 

The technical inquiry is divided into four research objectives. The first objective is 

the investigation of fundamental operating principles of photovoltaic energy harvesters and 

the problems associated with their design. The second objective is to develop pixel 

structures, which can harvest energy and capture images continuously, as opposed to the 

current EHI pixels which can harvest energy and capture images sequentially. The third 

objective is developing micro power management systems for utilizing the harvested energy 

as a usable power source and integrating these systems with the image sensor. The fourth 
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objective is designing an ultra-low power CMOS APS imager which could be powered by 

the harvested energy. 

The intellectual merits include: (1) providing a foundation for a new area of research 

on energy autonomous CMOS APS image sensors, (2) understanding the challenges in the 

design of ultra-low power image sensors, (3) understanding the challenges in the design of 

high efficiency solar energy harvesting structures, (4) developing high efficiency micro 

power management systems.  

Two EHI type CMOS APS imagers that achieved all the set goals of the research are 

reported in this work. A new EHI pixel technology was developed for the first sensor (3rd 

generation EHI) for increasing the harvested energy fifteen times (15x) compared to the 

earlier EHI pixel technology. The pixel used in the 4th generation EHI sensor was designed 

for capturing images and harvesting energy simultaneously. Power generation capacity of 

the 4th generation EHI sensor was reduced by 33% compared to the 3rd generation EHI 

sensor. The 4th generation EHI imager achieved the world’s lowest power consumption 

(270nW) while producing low-noise images at 0.7 frames per second, with a 96x96 

resolution paving the way for an autonomous CMOS APS imager sensor. 
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CHAPTER 1 - INTRODUCTION 

Complementary metal-oxide-semiconductor (CMOS) image sensors has received a 

growing interest and become the dominant image sensor technology within the last two 

decades. This progress was due to low power consumption, high integration capability, and 

low manufacturing cost of CMOS image sensors. 

Unlike the Charge Coupled Device (CCD) imagers, CMOS image sensors do not 

require dedicated manufacturing processes. They are built in the same mainstream CMOS 

electronic manufacturing processes used for manufacturing analog, digital, and mixed signal 

integrated circuits (ICs), such as digital logic ICs, microprocessors, memory, and application 

specific integrated circuits (ASICs). Therefore, CMOS image sensors can be integrated with 

peripheral digital and analog electronics. Complete camera systems can be integrated on chip, 

thus reducing the component, packaging, and system costs, [1].  

CMOS IC manufacturing technology has grown faster than any other technology in 

history. Transistors became smaller, faster, and cheaper with continuous technology scaling in 

every process generation. Thus, more transistors were integrated on microchips, enabling 

denser and faster ICs that provide extended performance.  

The main concern in CMOS IC and electronics design had been to achieve better 

performance at any cost. However, as the focus of electronic design shifts towards mobile 

applications, traditional optimization techniques targeting speed and performance are replaced 

with optimizations for energy efficiency. This is driven by the demand for agile portable 

multimedia systems that have been dominating the electronics market for the past decade. 

These systems should be designed to minimize power consumption while maintaining the 



2 
 

high performance demanded by customers. Thus, new design and integration techniques are 

required to overcome tradeoffs between energy consumption and performance. 

A considerable portion of the image sensors manufactured today is used in battery-

powered portable devices. Low cost image sensors consuming low power with highly 

integrated functionality are needed for these portable applications. Thus, one of the main 

design criteria for image sensors for portable applications is to minimize power consumption 

while maintaining the imager performance at a satisfactory level. 

Portable devices put a limit on physical size and weight of the power source. 

Therefore, limited battery capacity mandates low-power designs, not only image sensor level 

but also on system level. A charge coupled device (CCD) image sensor dissipating 3 watts 

(W) of power will run less than an hour on a 1.2 V battery with 2000 mAh capacity, while a 

low-power CMOS image sensor consuming 3 µW will run 91 years on the same battery. 

Increased heat generation due to increasing circuit density is a serious problem even 

for non-portable electronics systems. Therefore, power consumption has to be well controlled. 

Reduced thermal management and packaging costs result in cheaper electronic products with 

better reliability. Thus, it can be argued that the overall system cost can be reduced by 

utilizing low power design techniques. 

Also, environmental concerns increase the demand for low-power designs and design 

techniques. Handling dead batteries had become a serious issue, mainly because, today’s 

advanced battery technologies contain heavy metals and toxins. . Low power electronics 

design maximizes the useful lifetime of these energy source, while meeting performance 

requirements of the application and reducing the number of the batteries used over a certain 

time frame. 
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The power consumption of a system is set by the performance metrics of the 

application. Consumer electronics such as digital still cameras (DSCs), camcorders, portable 

multimedia devices, mobile phones, and tablets are all equipped with one or more high 

resolution image sensors. While power consumption of these image sensors puts a significant 

constraint on the battery life of the device, the high performance (resolution, frame rate, etc.) 

demanded by consumers limits the energy savings. Yet, there are applications which do not 

require high resolution images taken at high frame rates. Many modern wireless sensor 

applications require sensors to operate in isolated, dangerous, or off-limit remote areas for 

extended periods of time. In most cases, it is very hard to access these sensor systems to 

recharge or replace those power sources. Thus, it is required that the devices operate in an 

extremely energy efficient manner, while providing the demanded performance, making 

battery lifetime the top design priority.  

Even the operation lifetime of a very low power, low-leakage, and energy-efficient 

system is limited by the finite energy stored and/or left on the power source or battery. 

Therefore, it is desirable for the sensors and/or systems to harvest ambient energy in the 

environment to assist the power source or completely eliminate the need for one. Designing 

electronic systems with energy harvesting capability is a promising field of study resulting in 

devices that could operate in isolated remote locations over extended periods of time.  

The photovoltaic (PV) energy converter is a viable choice, among energy harvesters, 

due to its high conversion efficiency and compatibility with standard CMOS processes, [2]–

[5]. Fortunately, the level of illumination required for operating an image sensor to capture 

images is sufficient enough for powering the imaging system if the light energy is harvested 

efficiently. Furthermore, the same PN-junction structures that are used for capturing scene 
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images in modern semiconductor image sensors could be reconfigured for harvesting required 

energy, thus eliminating the need for dedicated solar energy harvesting structures. Integrating 

energy harvesting capability into image sensors enables a reduction in the system cost and 

volume, [6]–[10]. The design of energy autonomous electronic systems are only possible by 

combining highly efficient on-chip energy harvesting structures and ultra-low power circuits 

and systems, [11]. 

1.1 Motivation and Goals 

The focus of this research is to develop an energy autonomous, extremely low-power 

CMOS active pixel sensor (APS) imager. An energy autonomous CMOS imager can harvest 

the energy on its focal plane from the focused image and use the harvested solar energy to 

maintain its operation throughout its operating lifetime with no need to replace or recharge the 

power source. Research efforts are focused on two aspects to realize this energy autonomous 

image sensor: (1) reducing the power consumption of image sensor electronics by 

investigating and developing new circuit design techniques; (2) improving the energy 

harvesting efficiency of the micro solar cell structures embedded in CMOS APS pixels.  

The world’s first low-power image sensor with meaningful energy harvesting capacity 

was developed and presented in 2011 [10]. The Energy Harvesting and Imaging (EHI) sensor 

technology consumed impressively low power with good image quality and reasonable speed. 

The power consumption of the image sensor with 54x50 pixel resolution operating at 7.4 

frames per second (FPS) was only 13.5 µW. However, the harvested energy was limited. 

Fundamentally, energy autonomous operation of the EHI imager was not possible with 

maximum harvested power of 3.5µW by the micro solar cell structures in the pixels. The 

second issue with this first EHI image sensor and its micro solar cell structure was the 
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sequential operation which did not allow the EHI imager to capture images and harvest 

energy at the same time. 

Thus, the motivation of this research is to improve the existing EHI technology and 

achieve energy autonomous operation in next generation EHI imagers. To achieve these, the 

research is divided into four research goals. The first goal is to investigate the fundamental 

principles, limits, and issues associated with photovoltaic energy harvesters in order to 

develop new energy harvesting pixel structures that can harvest more power than that of the 

current state-of-the-art 1st generation EHI imager. The second goal is the investigation and 

development of continuous mode micro energy harvesting and imaging structures as opposed 

to the current state-of-the-art structures that harvest energy and capture images sequentially. 

The third goal is to develop and integrate micro power management circuits, systems, and 

techniques that can condition the harvested energy. The fourth goal is to design and build an 

ultralow-power CMOS imager system which can be powered by harvested energy on the focal 

plane.  

1.2 Applications 

The primary commercial markets for an energy autonomous image sensor are wireless 

sensor applications deployed in the human body, such as visual implants, in highly toxic 

environments, and in remote hard to access areas. There are also military applications that 

require sensors to operate in enemy territory that might be hard or impossible to access for 

maintenance. Therefore, replacing or recharging the power sources or batteries is not an 

option for these sensor applications requiring energy autonomous operation. 
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1.3 Contributions 

This research resulted in several advancements in the field of CMOS image sensors 

with low-power consumption and energy harvesting capabilities.  

The initial phase of this research work explored new energy harvesting micro solar 

cell structures to overcome aforementioned short comings of the 1st generation EHI imager 

that motivated the first two goals of this research. This part of the research resulted in 

developing new energy harvesting micro solar cell structures that roughly produce an order of 

magnitude (10x) higher energy than that of the existing 1st generation EHI pixels.  

The second (2nd) generation CMOS EHI image sensor using the same basic pixel and 

readout circuits and architecture was developed in 0.18μm CMOS process and published in 

2012 [11]. The pixels in the 1st and 2nd generation EHI sensors were built by using different 

layers of the CMOS process. By comparing the energy harvesting capacity of the 1st and 2nd 

generation EHI devices, it was demonstrated that the manufacturing layers used in building 

the energy harvesting photodiode played an important role in energy harvesting capacity, 

[12]. These findings were used for building new energy harvesting micro solar cells with 

roughly ten times (10x) greater energy conversion efficiency for the third (3rd) and forth (4th) 

generation EHI sensors that have optimized sensor architectures and circuit design techniques.  

The second contribution of this study is achieving continuous energy harvesting an 

imaging on the same focal plane. A unique pixel structure that can harvest energy with high 

conversion efficiency and capture images simultaneously was developed and integrated into 

the fourth (4th) generation EHI sensor.  

The third contribution of this study is developing on chip power management systems 

that can condition harvested solar energy and generate usable power supply voltage 
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efficiently. Power management systems that can convert negative harvested voltage to a 

higher positive voltage are integrated on chip in the proposed 3rd and 4th generation EHI 

imagers.  

The fourth contribution of the research is designing extremely low power image 

sensor electronics. Imager electronics and architecture were optimized for operating with low 

supply voltage while achieving the required image sensor performance. Unique readout 

architecture was developed to minimize the number of blocks that consume static power. The 

analog blocks that consume static power are biased with extremely low currents. All these 

unique solutions and approaches were integrated in the 4th generation EHI imager. Design 

details and measurement results are presented in subsequent chapters.  

The overall outcome of this research is the design and implementation of the world’s 

first energy autonomous CMOS image sensor that combines continuous mode highly efficient 

energy harvesting micro solar cell structures with ultra-low power CMOS electronics.  

1.4 Organization of the Thesis 

Chapter 1 introduces the research motivation, goals, and applications. It also 

summarizes the research contributions and the organization of this thesis.  

Chapter 2 gives general background on CMOS active pixel sensor (APS) imagers. 

First, general information on CMOS image sensors are provided. Second, a brief historical 

background on CMOS image sensors is presented followed by a comparison of CMOS APS 

and CCD technologies and technical trends. Third, CMOS image sensor architectures, their 

functional sub-blocks and design requirements are discussed. 
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Chapter 3 discusses low-power CMOS image sensor design techniques. First, the low-

power design methodology in CMOS image sensors at different levels of abstraction is 

presented.  

Chapter 4 discusses the energy harvesting and imaging (EHI) sensor concept. First, 

details of solar energy harvesting are presented. Second, energy harvesting image sensors 

reported earlier are presented. Third, details of the 1st and 2nd generation EHI sensors 

developed in the VLSI Sensor Research Group (VSRG) of the University of Idaho are 

presented.  

The remaining chapters discuss the primary contributions and measurement result of 

this work including: 1) new circuit and architecture level ultra-low power CMOS image 

sensor design methodologies, 2) two new energy harvesting and imaging (EHI) sensor 

designs, 3) details of the 3rd generation energy harvesting and imaging APS imager designed 

for 1 V operation with 3.3 μW core chip power consumption at 8 FPS and 46 μW power 

harvesting capacity, 4) 4th generation energy harvesting and imaging active pixel sensor 

designed for 0.8 V operation with less than 1 μW core chip power consumption and 31 μW 

power generation capacity. 

Architectural and circuit details of the 3rd and 4th generation energy harvesting and 

imaging sensors are presented in Chapter 5 and Chapter 6. The ultra-low power image sensors 

are designed for 1.2V and lower supply voltage operation dissipating one-to-two orders of 

magnitude less power than that of the current state of the art CMOS APS imager.  First, the 

image sensor architecture and details of analog and digital building blocks in these ultra-low 

power EHI type CMOS APS imagers are presented. Second, the energy harvesting mode of 

operation and power management blocks are presented. 
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Chapter 7 reports measurement results of the 3rd and 4th generation EHI sensors.  First, 

electro-optical and imaging performance characteristics of the 3rd and 4th generation EHI 

sensor are measured and reported. Second, the power generation capabilities of the two 

sensors are characterized. Third, the performance and efficiency of the power management 

blocks are characterized. Fourth, 3rd and 4th generation sensors are compared to each other and 

other similar image sensor technologies in the literature.  

Chapter 8 summarizes major accomplishments achieved in this research and presents 

ideas for future research. 
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CHAPTER 2 - CMOS IMAGE SENSORS 

Solid state image sensor is a semiconductor device that converts photon energy 

incident on the photo sensitive element (i.e. pixel) into electrical signal (current or voltage). 

Photons absorbed by the photosensitive materials or structures energize electrons in the 

valence band into conduction band generating ideally one electron-hole pair per absorbed 

photon. Image sensor effectively separates these photo-generated electrons from holes, 

converts them into an electrical signal, processes this signal, and regenerates the scene image 

dropped on the pixel array. 

The most commonly used material in mass production of electronic devices today is 

silicon. Silicon has a bandgap which makes it a suitable material for absorbing visible light 

spectrum. Therefore, silicon is commonly used for manufacturing image sensors, [13]. 

A brief technological and historical background on complementary metal oxide 

semiconductor (CMOS) image sensors with emphasis on active pixel sensor (APS) is 

presented in this chapter. First, basics of solid state image sensors are presented. Second, a 

brief historical background on image sensors together with a comparison of CMOS APS and 

CCD technologies and technical trends for CMOS APS is presented. Third, image sensor 

applications are presented. Forth, a generic CMOS image sensor architecture and its 

functional blocks are introduced. Finally a summary of the chapter is presented. 

2.1 Brief Historical Background on Image Sensors 

First solid state image sensors before charge coupled device (CCD) and CMOS active 

pixel sensors (APS) were the metal oxide semiconductor (MOS) image sensors. In the 1960’s 

several groups around the world achieved varying degrees of success in building solid-state 
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image sensors. In 1967, Weckler proposed using PN-junctions as pixels operating in photon 

flux integrating mode, [14]. The generated photo current discharges the initial charge stored 

on the parasitic capacitance of the PN-junction. The change in the stored charge will be 

proportional to time integral of the photocurrent. He proposed addressing the pixels using a 

PMOS switch and converting the current pulse into a voltage pulse using a series of resistors. 

An image sensor with 100x100 array of photodiodes operating in a photon flux integration 

mode was reported in 1968, [15].  Noble described several configurations of self-scanned 2D 

silicon image detector arrays in 1968, [16]. Buried photodiodes were also discussed to reduce 

dark current as well as regular photodiodes. Noble also discussed a charge integration 

amplifier for readout, and the first use of a MOS source-follower transistor in the pixel for 

readout buffering. Chamberlain reported an improved model of the sensor in 1969, [17]. The 

main issue with these early MOS image sensors was the fixed-pattern noise (FPN) due to 

pixel-to-pixel variations. FPN was explored in 1970 by Fry, Noble, and Rycroft, [18].  

The CCD image sensor array was first reported in 1970, [19]. Low FPN was one of 

the main reasons for its adoption. Another reason for adoption of CCDs was the smaller pixel 

size due to simplicity of the CCD pixel. 

After the CCD’s introduction, the main focus of research and development has been 

CCD sensor performance for decades. Criteria such as quantum efficiency, pixel fill factor 

(fraction of photo sensitive area to total pixel area), dark current, charge transfer efficiency, 

smear, readout rate, lag, readout noise, full well, and dynamic range favored CCDs over other 

solid state imagers. Number of pixels integrated in image sensors has been increasing steadily 

due to the resolution demand of new TV formats (i.e. HDTV) and scientific applications. In 

parallel, pixel size has been reduced to increase circuit density on sensor and to reduce cost. 
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Because of their low image quality due to immature manufacturing technology, MOS image 

sensors had received little or no attention and research effort in 1970s and 1980s unlike 

CCDs. 

Two independently motivated efforts have led to the rebirth of MOS and CMOS 

image sensors in early 1990s.  The first effort was to create low cost, reasonable performance, 

highly functional single-chip imaging systems by researchers at the University of Edinburgh 

in Scotland and Linkoping University in Sweden.  The second was the effort by researchers at 

U.S. Jet Propulsion Laboratory (JPL) to design highly miniaturized, low-power, instrument 

imaging systems for next-generation deep space exploration spacecraft needed by U.S. 

National Aeronautical and Space Agency (NASA). The technology developed at JPL was 

subsequently transferred to AT&T Bell Labs, Kodak, National Semiconductor and several 

other major US companies, including Photobit (later Aptina). These efforts have led to 

significant advances in CMOS image sensors and the development of the CMOS APS 

imagers. The CMOS APS imager performance had become competitive with CCDs in terms 

of read noise, dynamic range and responsivity as of early 2000s. A noteworthy one is the 

CMOS APS imager developed by A. Krymski et al. from Photobit Corp. that was featured as 

500 frames per second frame rate, 1024 x 1024 array size, 8-bit digital output with 450mW 

power consumption in 1999, [20]. In 2000, Foveon announced a CMOS image sensor with a 

resolution of 4,096 x 4,096, which is about twice the resolution of 35mm film by some 

measures. By 2009, market share of CMOS image sensors suppressed CCDs in practically 

every application market.  
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2.2 Comparison of CMOS APS and CCD Technologies 

Charge-coupled devices (CCDs) and CMOS image sensors are both implemented in 

silicon substrates. The optical properties of the substrate dictate image sensor response to 

light. Therefore, CCDs and CMOS image sensors have similar responses to light known as 

quantum efficiency. The two technologies differ mostly in readout and process steps used 

during manufacturing. 

The CCD is basically an analog shift register that shifts electrons collected in pixels to 

an output amplifier. The efficient shifting of electrons through thousands of stages requires 

dedicated CCD fabrication processes providing perfect charge transfer that deviate from main 

stream CMOS manufacturing processes. The charge transfer operation requires multiple high 

voltage supplies, which is incompatible with low-power/low-voltage CMOS processes. CCD 

fabrication processes are also optimized for minimizing the pixel dark current and improving 

the quantum efficiency. The CMOS APS on the other hand operates from a single supply. 

CCD performance has been perfected with tremendous research effort since their 

introduction. They achieve low readout noise, high dynamic range, and excellent photo 

responsivity. However, dedicated CCD fabrication process precludes cost-efficient integration 

of on-chip supplementary circuits. Timing generators, clock drivers, signal processors, and 

analog to digital converters (ADCs) are commonly off-chip increasing power consumption 

and volume of CCD based camera systems. CCDs are capacitive devices in nature and 

significant supply currents are needed by the circuits driving horizontal and vertical CCD shift 

register circuits. On the other hand, CMOS APS needs address only one or two rows for 

readout and/or reset and uses much less power compared to the CCDs, [1][21]. 
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The most important advantage of CMOS APS image sensors over CCDs is their 

ability to integrate many functional blocks (i.e analog and digital signal processors, drivers, 

ADCs, DAC, etc.) on-chip same die as the pixel array. Integration of electronics enables 

miniaturization of imaging systems and reduces amount of interfaces. The CMOS APS, which 

is fabricated in common CMOS process technologies, offers low-power consumption, low-

supply voltage operation, good imaging performance, low noise, no lag, no smear, good 

blooming control, simple clocks and monolithic integration. Additionally, random pixel or 

window access is possible since the pixel outputs are not shifted out sequentially, [1]. 

CCD has analog output(s) running at high frequency with a large voltage swing. 

Driving analog data off-chip requires very large bias current to charge output pad capacitors 

at the serial data rate because the analog output must settle quickly to preserve dynamic range. 

In contrast, the CMOS APS imager with on-chip ADC(s) has digital output. Driving digital 

output pad requires less current since digital output is much more robust and settling is not an 

issue. The overall power consumption of pixel readout circuits in CMOS APS imagers such as 

pixel source followers and charge amplifiers are significantly lower compared to CCD output 

amplifiers, [22].  

Despite aforementioned advantages, image quality of CMOS APS imagers have been 

lacking behind the CCDs for many years. Early CMOS image sensors suffered from large 

FPN caused by wide dark current variations. However, this issue is improved over the past 

two decades and modern CMOS APS imagers have similar or in some cases better FPN 

performance than the CCDs.  
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2.3 CMOS Image Sensors 

When a flux of photons is incident on a semiconductor material, the photons that have 

energy exceeding the semiconductor’s bandgap energy generate electron hole pairs. Photon 

energy is given by (2.1). 

 

λ
ν hchE ==           (2.1) 

 

Silicon bandgap energy of 1.11 eV corresponds to a wavelength of 1100nm which 

means silicon material absorbs photons with wavelengths shorter than 1100nm. Photons 

absorbed in semiconductor image sensors goes through several steps before a scene image is 

generated as shown on Figure 2-1. 

 

 

Figure 2-1. Journey of impinging photons in an image sensor. 
 

 

Electron hole pairs generated in semiconductor material recombine unless they are 

separated. Positive (holes) and negatively (electrons) charged carriers can be separated by 

applying an electric field. The separated charges could either be quantified as a current or 

stored on a capacitor and converted to a voltage.  Two structures are commonly used for 



16 
 

applying electric field and storing photo generated charges; a reverse biased PN-junction 

diode (photodiode) or a Metal Oxide Semiconductor (MOS) capacitor (photogate), [23]. 

Conversion of photons to electrical charge is followed by reading out the collected 

charge. The collected charge is converted into measurable voltage or current quantities. The 

analog voltage or current is buffered, processed and converted to digital data. These 

operations can be done at different levels. In CCDs charge transfer and buffering are on chip 

and signal processing and digital conversion are off chip. In all CMOS APS imagers buffering 

is done in pixel. Readout, signal processing and digital conversion may be global, column 

level, or pixel level. 

CMOS image sensor system in general consists of a pixel array, row and column 

addressing circuits, column read out circuits, analog signal processors (ASPs) and analog to 

digital converters as shown in Figure 2-2. The pixels are typically selected one row at a time 

by row addressing circuit built as either a shift register or a decoder. The pixels are read out 

through vertical column busses connected to column readout circuitry. Column readout is 

followed by analog signal processors (ASPs). The ASP(s) perform functions such as charge 

integration, gain, sample and hold, correlated-double-sampling and FPN suppression. Analog 

output from ASP(s) is converted into digital video by the ADC block. ADC block might 

consist of a single or multiple ADCs. Column parallel image sensors have an ASP and an 

ADC on each column of pixels. In this structure a shift register or a multiplexer is required for 

reading out the ADC outputs. Column Series image sensors have global ADC(s) processing 

analog outputs from all columns. In this architecture, analog outputs of the ASPs delivered to 

the ADC are selected by column addressing logic that can be either a shift register or decoder. 
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amplifier. Passive pixel consists of a photodiode and an access switch. When the access 

switch is turned on, the photodiode is connected to a column bus. A column charge amplifier 

connected to the column bus keeps the voltage on the column bus constant and reduces 

thermal noise, [16].  When the photodiode is accessed, the voltage on the photodiode is reset 

to the column bus voltage. The charge transferred to the photodiode, is converted to an output 

voltage by the column amplifier. The photodiode passive pixel has a very high pixel fill factor 

(ratio of photosensitive area or photodiode to total pixel area) due to the fact that only on 

access transistor is integrated in each pixel along with the photodiode. Thus, the pixel size can 

be very small. A second selection transistor could also be added to achieve X-Y addressing. 

Quantum efficiency of the passive pixel (ratio of collected electrons to incident photons) can 

be quite high as a result of the large pixel fill factor and absence of polysilicon layer found in 

CCDs and photogate pixels. 

 

 

Figure 2-3 Passive CMOS pixel schematic and column amplifier. 
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Figure 2-4. Schematic of a there transistor (3T) photodiode type CMOS APS pixel.  
 

Reset transistor sets the photodiode node to a known voltage (VR) at the beginning of 

integration period. This voltage is stored on the depletion capacitance of the photodiode. The 

stored negative bias increases the built-in electric field from N-region to P-region in the PN-

junction. During the integration period, reset transistor is turned off, photodiode is floating 

and exposed to light. Light exposure creates excess electron hole pairs. The built in electric 

field drifts photo generated electrons to N-region and holes to the grounded P-region. Drifted 

photo generated charges discharge the photodiode capacitance during the integration period. 

Thus, at the end of integration period, the final voltage across the photodiode depends on the 

light level. Pixels receiving more light will discharge faster than those receiving less light. 

Pixel source follower transistor is basically a voltage buffer for driving the capacitive column 

bus isolating the floating photodiode node from the readout electronics and allowing non-

destructive readout. Row select transistor connects the pixels in selected row to the column 

bus. More complex CMOS APS pixel structures with added transistors for improving 

performance are also available. However, all CMOS active pixels have the similar basic 

operation. 
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Figure 2-5. Cross sectional view of photodiode in 3T CMOS APS Pixel. 
 

Cross sectional view of a photodiode is shown as shown on Figure 2-5. Extended field 

oxide (FOX) formed around n+ regions in standard sub-micron CMOS processes induce dark 

currents due to stress centers, [25]. Surface defects and surface recombination centers are 

other sources of dark current which also cause quantum loss in shorter wavelengths. These 

surface recombination centers absorb photo generated charges created close to the surface. 

Since the short wavelength photons are absorbed close to the surface, the photodiode response 

to blue/UV spectrum is poor.  

Blue response and dark current issues related to surface defects are improved by 

burying the n-region under a thin surface p+ region as shown in Figure 2-6. This structure is 

known as buried photodiode or pinned photodiode and requires special manufacturing 

process. The doping concentrations have to be very well controlled to shape the photodiode’s 

potential well correctly, [23]. The potential well in the buried photodiode allows complete 
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charge transfer from the photodiode to a floating diffusion. Therefore, a floating diffusion 

node and a transfer gate are added to the pixel for low noise readout. FD node is reset and the 

reset level is read. After that, the buried photodiode charge is transfer to the FD node by 

turning the TX gate on. The floating diffusion node is read again representing the signal level. 

The difference between these values is the absolute signal proportional to the light. This 

readout scheme is known as correlated double sampling (CDS) readout and it suppresses 

thermal noise from pixel reset, 1/f noise from the in-pixel source follower, and fixed pattern 

noise due to pixel-to-pixel variation in pixel transistors.   
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Figure 2-6. Cross sectional view of a buried (pinned) photodiode in CMOS APS pixel. 
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2.3.1.2.2 Photogate Type CMOS APS 

The photogate type APS was developed in 1993 for high performance scientific 

imaging and low light applications at JPL, [26]–[28]. Photogate concept was adapted from 

CCD technology for low noise charge collection. The photogate type APS pixel schematic is 

shown in Figure 2-7. 

When a positive voltage is applied to the photogate (PG) electrode, the holes are 

repelled and a depletion layer is formed under the gate oxide. The depletion region collects 

photo generated electrons while the holes flow to the ground due to the internal electric field 

across the depletion region. The charge collection region in a photogate extends to surface of 

silicon just like the photodiode. However, in photogate, the surface or the MOS device 

channel has better quality than that of the photodiode leading to lower surface dark current. In 

addition, there is no stress related dark current component in photogate. These lead to a very 

low dark current. The surface effects can be reduced even more by using buried photogate. 

Signal charge is integrated under the photogate while the floating diffusion node (FD) 

and transfer gate (TX) are added to the pixel for correlated double sampling and low noise 

readout. The photogate-type APS is typically larger than the photodiode-type APS due to the 

added components.  

FD node is reset and the reset level is read first. Then the charge under the photogate 

is transfered to the FD node by pulsing the photogate and turning the TX gate on. The FD 

node voltage is read after the charge transfer again. The difference between the values before 

and after charge transfer is the absolute signal value accumulated under the PG during 

integration period.  
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have also been shown to have lower overall power consumption, [31]. Column parallel 

architecture is preferred also because of the higher speed of multiplexing digital data 

compared to the multiplexing analog signals, [30]. 

Introduction of high speed analog-readout circuits allowed faster analog multiplexing 

and implementing high speed serial readout channels, [30]. Column series architecture uses a 

single global charge amplifier and ADC for the whole imager. A single ADC runs at higher 

speed and it is not practical to build high resolution and high speed imagers. However a single 

global ADC avoids the addition of fixed pattern noise and it saves chip area.  

Comparison of different topologies available for CMOS image sensor integration are 

listed and compared in Table 2-1.  

 
Table 2-1. Comparison of ADC topologies for CMOS image sensors. 
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2.4 Summary 

An overview CMOS image sensors was presented in this chapter. A brief historical 

background on image sensors was followed by a comparison of CMOS active pixel sensor 

(APS) technology and CCD technology. Finally, CMOS image sensor and its functional 

blocks were introduced. Pixel circuits, analog signal processing, and analog-to-digital 

converter were discussed in detail. 
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CHAPTER 3 - LOW-POWER CMOS IMAGE SENSOR 

DESIGN 

Many modern mobile applications require image sensors to operate in off-limit areas 

for extended durations. Such systems are expected to provide reliable operation without 

human interference Examples of such systems include, but are not limited to, retinal 

prosthesis, and wireless sensors operating in remote, hard to access areas. Powering these 

systems is a serious challenge. Limited battery capacity is a serious constraint limiting the 

operation lifetime of such systems. Moreover, the physical size of the battery is limited by the 

specifications of these applications. Therefore, energy efficiency is the key design priority not 

only for designing these systems but also for the image sensors that would be integrated in 

these remote wireless sensors systems. 

Compact and fully integrated active pixel sensor (APS) imagers can be built in 

standard CMOS manufacturing technology. Integrating all components of the imager 

electronics on-chip results in smaller interconnect capacitances and lower overall dynamic 

power consumption. While, ultra-low power high-speed image sensor sub-systems can be 

designed at relatively low cost in scaled CMOS technologies. [1]  

Low-power CMOS image sensor design requires a well-defined design methodology 

to handle the power budget. Cost, power, speed, and performance tradeoffs need to be 

considered to achieve the specifications with minimal power.  

In this chapter, the factors contributing to total power consumption in a CMOS image 

sensor are presented first. Second, energy figure of merit (eFoM) for comparing power 

consumption of different CMOS image sensor designs is introduced. Third, low-power design 
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methodology in CMOS image sensors is described at different levels of abstraction. Fourth, 

low voltage image sensor design techniques in the literature are reviewed. Finally, all are 

summarized at the end of the chapter. 

3.1 Power Consumption in CMOS Circuits 

There are four main components of power consumption in a CMOS image sensor. 

These are dynamic power consumption (Pdynamic), static power power consumption (Pstatic), 

short circuit power consumption (Pshort), and leakage power consumption (Pleakage). The 

average power consumed in a CMOS circuit is given in (3.1). 

 

 
leakageshortstaticdynamicaverage PPPPP +++=        (3.1) 

 

Dynamic power consumption is the power consumed by a digital gate while switching. 

During input transition, the digital gate charges the load capacitance voltage from one voltage 

level to another charging or discharging the energy stored on the parasitic load capacitor. This 

charge flow from power supply to ground is repeated every time when the digital gate output 

is switched. In general, the output of a gate will not switch at every clock period. Power is 

consumed only when the output node(s) is switched not the input node(s). Average number of 

transitions for the output node per clock cycle is known as transition probability (α). The 

average power consumed in a CMOS circuit due to this charge flow during output transitions 

is given in (3.2). 

 

swingDDLdynamic VVCfP ⋅⋅⋅⋅= α        (3.2) 
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α is the transition probability of the output, f is the operating frequency, CL is the equivalent 

load capacitance, Vdd is the power supply voltage, Vswing is the voltage swing at the output 

node, [32]. 

Static power is consumed by analog blocks such as amplifiers, voltage references, and 

constant current sources. These analog blocks consume power from supply as long as they are 

turned on. Therefore, they are powered off when they are not actively used to prevent 

unnecessary static power consumption. The average static power consumed by an analog 

block is given in (3.3). 

 

staticDDaverage IVP ⋅= β          (3.3) 

 

β is the duty cycle of blocks consuming static power and Istatic is the bias current. 

During output transition of digital circuits, pullup and pulldown transistors are 

simultaneously on for a short duration due to finite rise and fall times of the logic gate input 

signals. This creates a short circuit path from power supply to ground. The power consumed 

due to this short circuit is given by (3.4). 

 

shortDDshort IVP =          (3.4) 

Ishort is the mean current flowing from power supply to ground during the output transition, 

[33]. This current can be minimized using high threshold devices. When sum of the thresholds 

of PMOS and NMOS transistors are larger than the supply voltage, PMOS and NMOS 

transistor will not be on at the same time. Therefore, short circuit current will be minimized 

since it flows only when the pull up and pull down transistors are on simultaneously.  
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Leakage currents of reverse biased PN-junctions in MOS transistors and the 

subthreshold conduction of transistors in cut off mode are the source of leakage power 

consumption, [34]. Leakage power consumed in a circuit is given by (3.5). 

 

leakageDDleakage IVP =          (3.5) 

 

Ileakage is the equivalent total leakage current drawn from power supply. Leakage power is 

consumed as long as the circuit is connected to power supply bus even though no input is 

actively applied unlike dynamic, short circuit, and static power consumptions which are 

consumed only when the circuit has active inputs or outputs. 

Effective ways to reduce dynamic power consumption are to reduce the load 

capacitance, the power supply voltage, the operating speed, and the output activity. 

Technology scaling contributes to power reduction by lowering both the supply voltage and 

the parasitic device capacitances. Reducing the supply voltage reduces switching, static, short 

circuit and leakage power consumptions all together. However, there are limitations to supply 

voltage scaling. Performance of a circuit is reduced as supply voltage is lowered. The 

performance degradation is partially compensated by higher doping levels and lower 

threshold voltages. Reduced transistor threshold voltages allow supply voltage reduction. In 

practice there are limits to the minimum allowable threshold voltage due to reduced noise 

margins and exponentially increasing subthershold leakage current. Moreover, threshold 

voltage variations become more severe as threshold voltage is reduced. Therefore, supply 

voltage scaling has a limit, [35]–[38]. 
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3.2 Power Consumption Figure of Merits 

Power consumption of imagers change with array size and frame rate. In order to 

compare the power consumption performance of different CMOS image sensor architectures, 

an energy figure of merit (eFoM) is used. The energy figure of merit is defined as the energy 

consumed for capturing and digitizing light information by a single pixel. This measure is a 

good indicator of the relative power performance for different image sensor architectures 

operating at different frame rates and array sizes. 

Energy consumed by an image sensor for capturing one frame is given by (3.6). 

 

FR
P

E Total
frame =           (3.6) 

 

PTotal is the total power consumption of the imager IC including all electronics and pads, and 

FR is the frame rate. The eFoM is obtained by dividing the frame energy by the array size. 

Thus, the eFoM is given by (3.7). 

 

nmFR
Pe Total

⋅⋅
=FoM          (3.7) 

 

m and n are the pixel array size on X- and Y-directions. 

The eFoM could be used for image sensors with both analog and digital outputs. Other 

figure of merits are also used for digital output image sensors. The image sensor figure of 

merit (iFoM) is defined for CMOS image sensors that have on chip analog-to-digital 

converters (ADCs) and provide n-bit digital output [10]. The iFoM quantifies the total energy 
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power consumption and manufacturing cost through scaling transistor dimensions, operating 

voltage, and doping.  

Starting with early 1970s, gate length (L), width (W), gate oxide thickness (tox) and 

diffusion depth has been decreasing by 0.7 times every three years. This corresponds to 

doubling of number transistors on a given silicon area. The supply voltage needs to be scaled 

down as the lateral and the vertical dimensions of a MOS device are scaled down in order to 

keep the internal electric field constant. When a voltage (V) is applied across two terminals 

separated by a distance d, the electric field magnitude (E) is given by (3.9). 

 

d
VE =

r
         (3.9) 

 

Since the gate oxide thickness and channel length are scaled with a scaling factor k, 

voltages applied across the gate oxide (VGB) and channel (VDS) needs to be scaled down 

proportionally. Additionally doping concentrations are increased with the same scaling factor 

k to make up for the reduced voltages. Reduced oxide thickness, supply voltage and increased 

doping concentration results in threshold voltages scaled by the same scaling factor, k. Drain 

current (ID) both in saturation and linear regions are also scaled by the same scaling factor as a 

result of scaled W, L, tox, VGS, VDS, and Vth if mobility µn stays constant and channel length 

modulation factor λ is much smaller than 1 as shown in equations (3.10) and (3.11). 
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As the feature sizes are scaled down, transistor and interconnect capacitances are 

decreased proportionally. Moreover, increased number of metal layers in advanced process 

technologies reduce the interconnect capacitances to ground. Reduced capacitances are driven 

by the unchanged device resistances (V/I). Therefore, transistor delay is scaled by the same 

scaling factor as shown in equation (3.12). 

 

k
T

k
I

k
C

k
V

T D
D =

⋅
='          (3.12) 

 
Technology scaling has a quadratic effect on power dissipation of individual 

transistors due to the reduced voltage and current levels as shown on Table 3-1. The power 

delay product is reduced by k3, [39]. 

 

Table 3-1. Effects of technology scaling on device parameters. 
 

Parameter Scaling Factor 

W, L, tox 1/k 

Vdd, Vth 1/k 

Cox 1/k 

Parasitic Capacitance 1/k 

ID 1/k 

Delay (TD) 1/k 

Substrate Doping (NA) K 

Power Consumption 1/k2 

Power-Delay Product 1/k3 
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The next 15 year’s forecast for scaling physical gate size and supply voltage are 

shown in Table 3-2, [40]. The most advanced technology should be chosen for low-power 

consumption as evident from the scaling laws. 

Digital circuits can benefit most from the next generation technology for reducing 

area, speed, and power. However, performance of imaging blocks and analog blocks are more 

sensitive to adverse effects of technology scaling than digital circuits. CMOS image sensors 

require a stable, well-characterized technology. For example, voltage supply reduction has a 

serious impact on the signal-to-noise ratio and dynamic range of the imager. 

 

Table 3-2. 15 years’ feature size and power supply scaling forecast for CMOS processes. 
 

Year of Production 2011 2012 2013 2014 2015 2016 2017 2020 2023 2026 

DRAM ½ Pitch (nm) 36 32 28 25 23 20 17.9 12.6 8.9 6.3 

ASIC Physical Gate 
Length (nm) 26 24 21 19 18 16 14.5 10.8 8.1 5.8 

Power Supply (V) 0.90 0.87 0.85 0.82 0.80 0.77 0.75 0.68 0.62 0.57 

 

Power consumption of CMOS APS image sensors are expected to decrease as supply 

voltages decrease with technology scaling in CMOS processes. CMOS image sensors will 

benefit from technology scaling by reducing pixel size, increasing resolution, and integrating 

more analog and digital circuits on the same chip with the sensor, [41].  

Shallow junctions and high doping concentrations result in low photoresponsivity. 

Shallow trench isolation (STI), thin gate oxide layer, and salicide layers result in unacceptably 

high dark current. In-pixel transistor leakage is another significant source of dark current and 

it increases as technology scales down. Increased number of interconnect layers and the slow 
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3.4 Low-Voltage Image Sensor Design 

Traditional CMOS pixel structures have serious supply voltage limitations and they 

are not suitable for low-voltage operation. Gate to source voltage drop across the pixel reset 

and source follower transistors limit the dynamic range of the image sensor pixel and readout 

electronics following it. In this section supply voltage limitations of a 3T CMOS APS pixel 

(Figure 3-1) will be analyzed which can be generalized for other CMOS APS pixel structures. 

 

 

Figure 3-1. 3T pixel structure and current sink load 
 

When the reset transistor in a 3T pixel turns on, it pulls the FD node to the reset level. 

Ideally this reset level should be power supply voltage. However, there is a threshold voltage 

drop from reset transistor gate to its source. The maximum voltage at FD node of a pixel 

driven by a standard reset signal is given in (3.13). 

 

1,max, MTHDDrstFD VVVV −==         (3-13) 
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The pixel source follower buffers the photodiode node to the column bus (CB). The 

voltage at CB node is given in (3.14). The minimum voltage at the CB node for the source 

follower to stay in the proper operating region is given in (3.15). 

 

3,2,2, MDSMODMthFDCB VVVVV −−−=        (3-14) 

 

4,min, MODCB VV =          (3-15) 

 

VOD,M2 and VOD,M4 are the overdrive voltages of pixel source follower and current mirror load 

transistors, respectively, while VDS,M3 is the drain to source voltage across the select transistor 

M3. Overdrive voltages are set by the column bias current and they are constant for saturated 

transistors conducting constant drain current.  

The absolute minimum voltage at the FD node that is detectable by the source 

follower is given in (3.16). Dynamic range of an imager is given in (3.17). 

 

2,min, MthFD VV =          (3-16) 

 

2,1, MthMthDD VVVDR −−=         (3-17) 

 

The threshold voltage of a transistor with non-zero source to bulk voltage is increased 

because of body effect. Therefore, the threshold voltages of both reset and source follower 

transistors are increased significantly for higher values of VFD. These voltage drops 

significantly limit the usable range of photodiode node voltage or dynamic range (DR). 
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As the light intensity increases, the photodiode discharges faster and the comparator 

switches faster increasing the frequency of the output signal. The comparator performance has 

a major effect on pixel performance. The most important parameter of the comparator is 

lowest minimum detectable input voltage to improve low-light sensitivity and increase frame 

rate. Another desired attribute is small delay to reduce reset-induced nonlinearity and extend 

the saturation frequency at the high-illumination levels. The comparator must have wide 

operating frequency range to ensure good performance at high frame rates. It is also important 

to simplify the comparator circuit in order to reduce the pixel area, while maintaining the fill 

factor and to have the comparator operate at low-supply voltages, [55]–[57]. Alternative 

digital image sensor structures based on pulse width modulation (PWM) have also been 

proposed [21]. PWM based pixels operate with supply voltages as low as 0.45V [59].  

Time based imagers (Figure 3-6) have been proposed as an alternative to PWM 

imagers [23][24]. The time based image sensors measure the time it takes for the photodiode 

node to fall below a reference voltage. 

 

 
Figure 3-6. Time based pixel 
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Supply booster circuit is composed of 3 inverters, a PMOS switch and a capacitor as 

shown in  

Figure 3-7. The booster circuit doubles the supply voltage when the input clock goes 

high. Booster circuit is a highly efficient single-shot voltage converter. 

Boosting the reset signal increases the maximum voltage input to the source follower. 

Boosted reset signal sets the maximum voltage at the source follower input to VDD. When the 

pixel supply voltage and reset clock are boosted together, the maximum source follower input 

is given by equation (3.21) and dynamic range is given by equation (3.22). 

 

1,max, 2 MthDDrstPD VVVV −⋅==       (3-21) 

 

2,1,2 MthMthDD VVVDR −−⋅=        (3-22) 

 

Boosting the Select signal decreases the voltage drop across the select transistor and 

further increases the dynamic range at the pixel output. [46] 

 

 



48 
 

Figure 3-7. (a) Voltage booster circuit schematic, (b) associated waveforms. 
 

Boosted supply voltage (VDDB) is actually less than 2VDD due to the capacitive voltage 

division between the boosting capacitance and the capacitive load. The actual initial value of 

boosted supply voltage (VDDB,i) is given by (3.23). 

 

L
DDDDiDDB CC

CVVV
+

+=,        (3-23) 

 

This voltage will decrease as the circuit draws current from the boosting capacitor. 

VDDB value ∆t seconds after the boosting clock edge is given by (3.24). 

 

L

L

L
DDDD

L
DDDDDDB CC

tI
CC

CVVV
CC

CVVV
+
Δ⋅

−
+

+=Δ−
+

+=   (3-24) 

 

The boosting capacitance should be large enough to minimize the effects of capacitive 

loading on the boosting voltage and ∆V. 

3.5 Summary 

Power dissipation is the prime design constraint for portable systems. The low-power 

system design requires optimization at all levels – technology, circuit and logic, architecture, 

algorithm, and system level. Low supply voltage design methods are emphasized for low-

power CMOS image sensors design. Low voltage image sensor design techniques reported in 

literature have been presented. A summary of current state-of-the-art low power imagers is 

presented in Table 3-3. 
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Table 3-3. Comparison of state-of-the-art low power imagers 
 

PARAMETER [57] Kagawa [59] Hanson [85]Cho [61] Chung [8] Law [10] Ay

Technology 0.35µm 
(2P3M) 0.13µm Bulk 0.13µm 

(1P4M) 0.18µm (1P6M) 0.35µm 
(2P3M) 

0.5µm 
(2P3M) 

Pixel Pitch 10µm 5µm 3.4µm 10µm 15µm 21µm 
Array Size 128x96 128x128 128x128 64x40 32x32 54x50 

Fill Factor 18.50% 32% 38.00% 25.40% 21.00% 32% 

ADC Resolution 9 bit - Ramp 10 bit - Ramp 10 bit - 
Ramp 10 bit - Ramp 8 bit - 

Ramp 10 bit - SAR 

Supply Voltage 1.35 V 0.5 V 0.75 V 0.5 V 1.5 V 1.2 V 
Temporal Noise (Dark)(rms) 0.95 LSB 55.30 LSB 1.92 LSB 0.65 LSB NA 0.98 LSB 

Pixel FPN (Dark) (rms) 0.61 LSB/ 
0.12% NA 6.76 LSB/ 

0.66% 
0.56 LSB/ 

0.055% NA NA 

Column FPN (Dark) (rms) 0.15 LSB/ 
0.03% NA 0.61 LSB/ 

0.06% 
0.16 LSB/ 

0.016% NA NA 

Total FPN (Dark) (rms) NA 67.58 LSB / 
6.6% NA NA 47.16LSB/ 

18.42% 
1.23 LSB/ 

0.12% 

Energy Harvesting (µW) Not capable Not capable Not 
capable Not capable 0.0356 

@29klux 
3.35 @60klux
2.10 @20klux 

Energy Harvesting 
(µW/mm2) Not capable Not capable Not 

capable Not capable 0.155 
@29klux 

2.81 @60klux
1.76 @20klux 

Frame Rate (fps) 9.6 0.5 8.5 15 11.8 78.5 21 7.4 
Power Consumption   (Pixel 

Array) (µW) 0.42 NA NA 1.6 0.45 0.6 NA 0.0264 

Power Consumption 
(Imager Core) (µW) NA 0.7 1.24 NA NA NA NA NA 

Power Consumption  
(Whole Chip) (µW) 55.2 NA NA 65.2 4.95 29.6 15.8 14.25 

iFOM (Pixel Array) 
(pJ/frame*pixel) 3.56 NA NA 6.51 14.8 2.98 NA 1.32 

iFOM (Pixel Array) 
(pJ/frame*pixel) NA 85.4 8.6 NA NA NA NA NA 

eFOM (Whole Chip) 
(pJ/frame*pixel) 467.9 NA NA 265.3 163.9 147.3 734.7 713.2 
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CHAPTER 4 - ENERGY HARVESTING IMAGE SENSORS 

Many modern wireless sensor applications require sensors to operate in isolated, 

dangerous, or remote areas for extended period of time. Typically, it is very difficult to access 

these sensor systems to replace power sources. Thus, it is required that the devices have to 

operate with extreme energy efficiency while providing the demanded performance putting 

battery lifetime as the top design priority. On the other hand, even the operation lifetime of 

very low-power, low-leakage, and energy-efficient systems are limited by the finite energy 

stored and/or left on a power source or battery. Therefore, it is desirable for the sensor 

systems to harvest ambient energy in the environment to assist the power source and/or 

eliminate the need for one.  

Among all different kinds of energy harvesters, photovoltaic (PV) energy converter is 

one viable choice due to its high conversion efficiency and compatibility with standard 

CMOS processes [2]–[4]. Fortunately, the level of illumination required for operating an 

image sensor to capture images is sufficient enough for powering the imaging system if the 

light energy is harvested efficiently. Furthermore, the same PN-junction structures used for 

image capturing in modern semiconductor image sensor pixels could be configured for 

harvesting ambient energy eliminating the need for dedicated solar energy harvester 

structures. Integrating energy harvesting capability into image sensor enables reducing the 

system cost and, volume [8]–[11]. Thus, the design of the energy autonomous electronic 

systems is possible combining highly efficient on-chip energy harvesting structures and ultra-

low power circuits.  



51 
 

 

This chapter presents the energy harvesting image sensor topologies in the literature 

and a comparison of different micro solar cell structures designed, fabricated and tested in this 

study. 

4.1 PN-Junctions under Illumination 

The core of an image sensors and solar cells is a PN-junction photodiode. Integration 

type image sensors utilize PN-junction in reverse bias configuration. Solar cells on the other 

hand are basically forward bias PN-junctions.  

The unilluminated PN-junction is in equilibrium (Figure 4-1). The N-region has a 

higher concentration of electrons and P-region has higher concentration of holes. A region  
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Figure 4-1. Energy band diagram and built in electric field in a PN-junction under 
equilibrium. 

 



52 
 

 

depleted of carriers is formed on both sides of the metallurgical junction. A built in electric 

field directed from N-region to P-region is formed in the depletion region due to ionized 

donor and acceptor atoms. Drift current due to the built in potential and diffusion current due 

to the carrier concentration gradient are balanced and equilibrium is established while the 

Fermi level is constant through the semiconductor, [63]. 

When the PN-junction is illuminated with visible light, excess electron-hole pairs are 

generated in the semiconductor (Figure 4-2). The concentration of these photo generated 

carriers is larger than the equilibrium concentration of minority carriers. Therefore, the 

concentration of minority carriers increases significantly. This increase in the concentration of 

minority carriers leads to the flow of the minority carriers across the depletion region into the 

qausi-neutral regions. Holes will move from N-region to P-region and electrons will move 

from the P-region to N-region. Thus, a photo generated current (Iph ) will start to flow from N-

region to P-region as a result of excess carrier flow. The photo generated current is given by 

(4-1). 

   
( )( )PDNphph LWLqGAAJI ++==        (4-1) 
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Figure 4-2. Flow of photo generated carriers across the depletion region. 
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G is the photo carrier generation rate, q is the electron charge, LN and LP are the diffusion 

lengths of minority carriers, WD is the width of depletion region and A is the junction area. 

The equation reflects the fact that junctions with wider depletion regions and longer diffusion 

lengths have larger photo generated current density. Equation (4-1) also shows that junctions 

with larger area have larger photo currents, [64].  

The excess carriers building up in the semiconductor will disturb the equilibrium and 

the Fermi level will not be constant throughout the semiconductor. The difference between 

quasi Fermi levels in N-region and P-region will lower the built-in potential barrier across the 

depletion region (Figure 4-3). The lowered potential barrier will allow flow of increased 

diffusion current known as recombination current from P-region to N-region, [64]. 
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Figure 4-3. Energy band diagram and built in electric field in a PN-junction under 

illumination. 
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When a reverse bias voltage is applied across the junction, the built-in barrier 

increases further. Recombination current is reduced to zero as potential barrier increases. The 

thermally generated current and photo generated current flows from N-region to P-region. 

When a forward bias is applied to the PN-junction, the potential barrier is lowered 

allowing flow of forward current (recombination current). When the forward bias is larger 

than the open circuit voltage, the forward current suppresses the photo generated current. The 

modified Schockley equation for illuminated PN-junction is given in (4-2). 

 

ph
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sa I
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qV

IVI −⎟⎟
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I(Va) is the current flowing into the p terminal of the PN-junction and Va is the 

potential difference between P-terminal and N-terminal. Net current flowing through the 

junction drops to zero for a positive value of Va commonly referred to as the open-circuit 

voltage (Voc).The corresponding current voltage (I-V) curves of PN-junction illuminated with 

different light levels are shown in Figure 4-4.  

In the open-circuit condition, no net current can flow inside the PN-junction. The 

photo current and the thermal generation current are balanced by the recombination current 

flowing from P-region to N-region. The electrostatic-potential barrier across the junction is 

lowered by an amount of Voc. Voc.is the potential difference between the two terminals of the 

PN-junction and can be measured by a voltmeter. 
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Figure 4-4. I-V curve of PN-junctions under different illumination levels. 
 

When an external load circuit is connected to PN-junction, part of the carriers that 

cross the depletion region will flow through the external circuit. Therefore, excess carier build 

up and Fermi level disturbance is less. As a result built in potential barrier is lowered less than 

the open circuit voltage and less recombination current flows through the junction.  

Under the short-circuit condition, the N-region and P-region are at the same potential. 

Therefore, the built in potential is unchanged. The recombination current is insignificant and 

photo generated current flows through the external wire. This current referred as short circuit 

current (Isc) is the maximum current output from the illuminated PN-junction. 

4.2 Solar Energy Harvesting 

Energy generated by solar cells can be characterized measuring the voltage and 

current output from the solar cell under different loading conditions. Power measurement 

setup for solar cell is shown in Figure 4-5. 
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Figure 4-5. Power measurement setup of a solar cell. 
 

Relation between output current (Iout) and voltage (Vout) is obtained from (4.2). 

Direction of output current is opposite to the diode current. The solar cell I-V equation is 

given by (4.3). 
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It is evident from (4.3) that the output voltage of a solar cell decreases as the load current 

increases. The power output for a specific output voltage Vout is given by (4.4).  
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Power output from the solar cell is zero both at open circuit (Iout=0) and short circuit (Vout=0) 

conditions. Therefore, it is necessary to operate the photodiodes at a point that they will 

deliver the maximum power. Vout corresponding to maximum power output (VMPP) can be 

calculated by setting the derivative of (4-4) to zero. The relation between VMPP and other solar 

cell parameters is given in (4.5). 
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Boltzmann’s constant k and electronic charge q are universal constants and thermal current Is 

is constant for a given PN-junction. Photo generated current Iph depends on illumination 

linearly. Therefore, VMPP is a logarithmic function of light level as shown in (4-5). The open 

circuit voltage for a specific illumination can be calculated using (4-3). 
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It is not possible to get simple closed form algebraic solution for the maximum power point 

voltage (VMPP) and current (IMPP) values in terms of other parameters. However, the relations 

can be calculated numerically using (4-5) and (4-6). There is an approximately linear 

dependence between the VMPP and Voc as expressed in (4-7) [65]. 

 

OCvMPP VkV ×=         (4-7) 

 
kv is called the voltage fraction. Even though kv increases slightly as illumination increases, it 

is fairly constant over wide ranges of illuminations. This equation is the basis of fractional 

voltage maximum power point tracking (FVMPPT) algorithm. Alternatively, a current based 

approach can be taken. The ratio of IMPP and short circuit current (ISC) of the solar cell 

structure called current fraction (kc) can be used for MPPT instead of kv. This method is 

called fractional current maximum power point tracking (FCMPPT) algorithm. However, 

voltage based method is easier to implement and is preferred over the current based method. 

The FVMPPT operation is very simple. The voltage fraction constant is determined by 

measurements under various illumination levels. The MPPT circuit measures the open-circuit 
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voltage Voc either by interrupting the normal operation of the system and storing the measured 

value or by using an identical solar cell (pilot cell) to measure the Voc real time. Open circuit 

voltage is multiplied by the fraction constant by a very simple voltage divider circuit to 

generate a reference voltage. Load of the solar cell is adjusted to set the output voltage equal 

to this reference voltage.  

As every auxiliary system, the circuits implementing MPPT consumes power from the 

energy source while maximizing the power delivered to the load. The power consumed by 

MPPT circuits increase with increased tracking algorithm complexity. Naturally, it is 

desirable that the MPPT circuits consume minimal power, so that it doesn't affect the overall 

power efficiency of the energy harvesting system. The fractional voltage based MPPT 

algorithm and associated circuits are the simplest and most energy efficient. 

4.3 Solar Energy Harvesting Image Sensors: An Overview 

Several different energy harvesting CMOS image sensor topologies capable of 

harvesting energy from the ambient light sources have been proposed,[6]–[11]. Self-powered 

sensor (SPS) concept proposed in [6] and [7] has a dedicated power generating photodiode 

(PGPd) and a dedicated imaging photodiode. The cathode of a power generating photodiode 

(PGPd) is connected to the pixel power supply and the anode is connected to the floating 

power harvesting bus. Figure 4-6(a) shows the general structure of pixels based on SPS 

concept. There are several short comings of this pixel topology. The SPS concept is not 

intended for self-powered operation despite its name. The PGPd acts as a battery in series 

with the circuit power supply generating a voltage higher than the circuit main supply. Since 

the PGPd is current limited, the maximum current PGPd can provide to the pixel is the short 

circuit current of the PGPd. If the pixel tries to draw more current, the effective pixel supply 
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voltage VDD
* drops below VDD and current is limited with the reverse saturation current of 

PGPd. Therefore, when the pixel does not receive enough light to provide the necessary 

current, the regular imager operation is compromised.  

The pixel structure proposed in [8] and [9] is based on reconfigurable photodiode 

concept. Same photodiode is used for harvesting and imaging.  Energy harvesting and 

imaging modes run sequentially. Figure 4-6(b) shows the general structure of these sequential 

pixels. The power output is meaningful. However, two in pixel switches connected to the 

anode side of the forward biased photodiodes cause considerable leakage reducing power 

generation efficiency. 

 

 

Figure 4-6. Pixels based on (a) SPS concept [6], [7], (b) sequential energy harvesting pixel 
[8], [9]. 

 

4.4 The Energy Harvesting and Imaging (EHI) Sensor 

The CMOS energy harvesting and imaging (EHI) active pixel sensor (APS) proposed 

in [10] and [11] is shown in Figure 4-7. The pixel does not need a battery supply during 

energy harvesting. The anodes of energy harvesting photodiodes are connected to a global bus 

and the global bus is switched instead of switching anodes of individual photodiodes. Unlike 
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in pixel switches, these global switches do not receive light and their leakage is insignificant. 

Therefore, possible leakage paths on energy harvesting bus are minimized. Energy harvesting 

photodiode in each pixel acts as micro solar cell producing useful power from light incident 

on the pixel array. 

The pixel is composed of a reconfigurable photodiode (PD2) and four NMOS 

transistors (M1-M4). However, the presence of the permanently grounded substrate 

introduces a second photodiode PD1. Reset (M1), pixel source follower (M2) and row select 

(M3) transistors are the typical transistors in a 3T CMOS APS pixel. M4 shorts the parasitic 

photodiode PD1 to ground in energy harvesting mode (EHM), and it is turned off in imaging 

mode (IM). Both photodiodes are reverse biased during imaging mode (IM) and PD2 is 

forward biased during energy harvesting mode (EHM). [66] 
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Figure 4-7. (a) Energy Harvesting and Imaging (EHI) pixel, (b) imaging mode, (c) energy 
harvesting mode [10], [11], [66]. 

 

Core of the energy harvesting image sensor structure is the reconfigurable floating 

PN-junction PD2. In standard CMOS process, several different types of PN-junction diodes 

can be built using combinations of P-substrate, N+ diffusion, P-diffusion, and N-well layers. 

The PN-junction formed using P-substrate and N+ diffusion or N-well junctions are 

permanently reverse-biased since P-substrate is always connected to most negative potential. 
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These junctions are suitable for CMOS image sensors, but not for an energy harvesting 

photodiode or micro solar cell. Therefore, energy harvesting PN-junctions are formed using 

P-diffusion and N-well layers. 

In energy harvesting mode the photodiode connected between floating diffusion node 

and a global energy harvesting bus (EHB) is forward biased and works as a micro solar cell 

harvesting light energy. M4 is off and global Energy Harvesting Bus is grounded in imaging 

mode. The photodiode is reverse biased with its anode grounded and its cathode connected to 

FD node. The cross sectional view of the energy harvesting and imaging (EHI) pixel is shown 

in Figure 4-8. 

 

 
Figure 4-8. First generation EHI sensor pixel cross section, [10], [66]. 

 

The first generation EHI sensor achieved very low power operation consuming only 

13.5µW. EHI sensor is built in 2P3M 0.5µm CMOS manufacturing process. The pixel array 

size is 54x50. The power consumption of the energy harvesting imager is minimized by 

lowering supply voltage without sacrificing the performance of pixel. Imager was built in a 

high voltage process. Threshold voltages of NMOS and PMOS transistors used in this image 

sensor operating at 1.2 V are 0.8 V and -0.9 V, respectively. The ASP is designed for low-

voltage and low-power operation. Supply boosting technique [46], [67] was used in both pixel 
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source follower (PSF) and analog to digital converter (ADC). The pixel reset and select 

signals were also boosted to improve linearity and voltage range of the pixel source follower. 

Column series single channel global voltage readout is employed to reduce the power 

consumption. The pixel output from each row is first sampled on a column sample and hold 

(S&H) circuit. The absolute pixel signal after correlated-double-sampling (CDS) is amplified 

by a global charge amplifier and converted into digital code by a 10-bit successive 

approximation register (SAR) ADC. 

 

4.5 Energy Harvesting Capacity of On-chip Photodiodes 

The energy harvesting capacity of the imager was limited by the insufficient energy 

generation capacity of the P-diffusion /N-well diode. Second generation EHI sensor was built 

in 2012. Sensor was fabricated in triple well 0.18μm 1P6M CMOS process. The energy 

harvesting capacity was increased by using P-well layer in triple well process, [11]. Chip 

micrographs of the first and second generation EHI imagers are shown in Figure 4-9.  

The main difference between the first and second generations is the layers used for 

building the photodiodes. This structure has 3 different diodes contrary to the 2 diodes in the 

1st generation EHI sensor. N-well/P-sub junctions form the PD1, while the N+ diff/P-well and 

N-well/P-well junctions form the PD2. P-well type energy harvesting and imaging (EHI) pixel 

is shown in Figure 4-10. This EHI pixel just like N-well type EHI pixel is based on three-

transistor (3T) standard APS structure. 
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Figure 4-9. Chip micrographs of; (a) 1st generation EHI sensor [10], [66], (b) 2nd generation 
EHI sensor [11]. 

 



64 
 

 

 

Figure 4-10. Second generation EHI sensor pixel (a) schematic, (b) layout, (c) cross 
section,[11]. 
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The N-well ring decreases the size of P-well considerably. Therefore, the P-well /N+ 

diffusion diode is smaller than the P-diffusion /N-well diode in the N-well type pixel. 

However, the added P-well/N-well junctions increase total junction area for the energy 

harvesting photo diode PD2 resulting in a larger harvesting diode. Moreover, the deep P-

well/N-well junction captures photons in red visible spectrum which could not be captured by 

the shallow junction improving the energy conversion efficiency even more. 

Energy-harvesting efficiency and current-voltage-power (IVP) characteristics of the 

two EHI pixels in energy harvesting mode were measured under different illumination 

conditions corresponding to different day light conditions (5,000lux to 50,000lux). Figure 

4-11 shows the I-V-P curves for the two pixel arrays, [12]. Since the two pixel arrays have 

different sizes, both measurements were normalized for a 1mm2 pixel array. 

Table 4-1 summarizes the maximum power delivered by each array for the given 

illumination condition. Measurements confirm that the P-well type structure making use of 

the large junction area of the P-well delivers more power in a given wafer area proving that 

using deeper PN-junctions improve energy harvesting capacity. [12] 

 

Table 4-1. Output power versus light illumination, [16]. 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Illuminance (Lux) 
Maximum Power Delivered to Load (µW) 

N-Well Pixel P-Well Pixel 

5,000 0.16 0.36 

10,000 0.34 0.79 

20,000 0.70 1.46 

40,000 1.17 3.05 

50,000 1.66 3.96 
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Figure 4-11. Measured current-voltage-power (IVP) curves of the EHI pixel structures; (a) 1st 
generatıon EHI pixel, (b) 2nd generation EHI pixel, [12] 
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4.6 On Chip Power Management System 

The measured relation between VMPP and Voc and the voltage fraction kv for different 

illumination levels is shown in Figure 4-12. Even though kv increases with illumination, the 

value is relatively constant over a very wide illumination range. Therefore, simple fractional 

MPPT method can be used for managing the power output from the EHI sensors. MPPT 

system can be built using only a simple resistive voltage divider and comparator [68]. 

The power management system (PMS) in [68] is integrated into the 2nd generation EHI 

sensor. The PMS harvests solar energy with the maximum power efficiency, stores the 

harvested energy, boosts the output voltage level to the regulated level and eventually 

switches the chip supply from battery to the harvested power whenever it is available. The 

PMS is composed of four major components: MPPT circuit, inductive boost converter, 

regulator, and power management decision block as shown in Figure 4-13.  

MPPT circuit is composed of a comparator and a 4-bit programmable resistive voltage 

divider. A pilot solar cell structure surrounding the EHI pixel array generates the open circuit 

voltage. Open circuit voltage of the pilot solar cell (VPILOT) is equal to Voc of the pixel array. 

VMPP is generated by applying the VPILOT to a large on-chip resistive voltage divider. Thus, 

VMPP is given by (4.8). 

 

( )OCPILOTMPP V
RR

RV
RR

RV ××
+

=×
+

= α
21

2

21

2       (4-8) 

 

OC

PILOT
v V

V
RR

Rk ×
+

=
21

2          (4-9)  

 
 
 
 



68 
 

 

 

 

Figure 4-12.  Relation between VMPP and kv and Voc for different illumination levels for (a) 1st 
generation EHI pixel, (b) 2nd generation EHI pixel. 
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Figure 4-13.  On-chip power management system (PMS) in 2nd gen. EHI sensor, [11], [68]. 
 

 

Even though R1 and R2 are set large enough to minimize the current drawn from the 

pilot cell, the output voltage of the pilot cell is less than Voc. The voltage fraction is reduced 

below the resistive divider ratio by a factor α due to the finite equivalent input resistance of 

resistive voltage divider. The voltage divider ratio is programmable to compensate for this 

error. The resistive divider is adjusted through scan chain registers.   

The comparator output compares the VSOLAR and VMPP and generates a control output 

(VCNT) driving the boost converter. The effective current drawn by boost converter from the 

solar cell keeps solar cells at VMPP. When VSOLAR is less than VMPP, the comparator output is 

"low" and M1 and M2 of the boost converter are off. VSOLAR rises towards VOC with no loading 

until the comparator output switches. When comparator output switches, M1 and M2 turn on 

and VSOLAR decreases as a result of the current drawn from the photodiode array. VSOLAR settles 

at VMPP as the boost converter turns ON and OFF. Fractional Voltage MPPT technique is a 
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very low power and simple technique. Its low power operation compared to more 

sophisticated methods makes up for any minute deviations from MPP. 

Solar cell current flows through the inductor to ground when the M1 and M2 are 

turned on. The output voltage of solar cell (VSOLAR) drops as the current drawn from the solar 

cell increases. When the current reaches the maximum available current (or short circuit 

current) VSOLAR is 0V. MPPT circuit tries to keep the current at the optimum level by sensing 

the VSOLAR. When VSOLAR drops below VMPP, the MPPT comparator turns the NMOS switches 

off and turns the PMOS switch M3 on. As a result, the inductor is floating with 1 terminal 

connected to the storage capacitor. Since the inductor current cannot change instantly, the 

floating inductor supplies a decaying current. Thus, the solar energy stored in the inductor is 

transferred to large external storage capacitor. Since there is no load connected to photodiode 

array, VSOLAR rises. When it rises one hysteresis voltage above VMPP, the output of MPPT 

comparator is toggled again starting a new cycle. This operation continues charging the 

storage capacitor with the maximum efficiency.  Note that the switches in the boost converter 

are driven by MPPT circuit. This integrated topology requires no clocks to drive the switches. 

As such, the circuit can efficiently operate with low power compared to switched-capacitor 

based charge pumps. 

In order to regulate the harvested voltage output at VOUT with low power consumption, 

a charge-skimming regulation technique is utilized. As the floating inductor acting like a 

current source pumps charge to the capacitor, the voltage across the capacitor (VOUT) 

increases. It decreases when load removes charge from the capacitor. If the current consumed 

from the capacitor by the load is larger than the current supplied, the capacitor will eventually 

discharge. However, when the supplied current is larger, voltage will go on increasing. The 
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charge-skimming gate is a simple switch that turns on when VOUT  reaches a preset maximum 

value.  

 

THPREFMAXOUT VVV +=,         (4-10) 

 
The charge skimming gate dumps the excess charge to ground. As the excess charge is 

dumped and the voltage level falls, the switch will turn OFF. The output voltage might have a 

small ripple due to the transistor switching, which is acceptable for power supply of self-

powered CMOS image sensor.   

PMS decision block switches chip power supply (VAA) between the energy storage 

node (VOUT) and the battery (VBATT) voltages. It compares the VOUT and VBATT with a hysteresis. 

If VOUT is one hysteresis voltage (VHYST) above the VBATT voltage, then M5 turns on, and M6 

turns off allowing self-power operation. Meanwhile, MPPT and boost converter continue to 

transfer charge from solar cells to the external capacitor keeping VOUT high. At start up, gate 

of PMOS switch M6 is grounded by a large off-chip resistor (RSTART>5MΩ) and M6 connects 

VAA to VBATT. 

4.7 Summary 

Harvesting energy from environment is an important tool for powering low power 

electronic systems. Solar energy harvesting is suitable for powering image sensors. Since 

image sensors operate in illuminated environments, light energy is readily available. 

Moreover, the photodiodes used in pixels can be used for harvesting the solar energy. Energy 

autonomous image sensors can be built integrating high efficiency solar energy harvesting 

structures with low power image sensors.  
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A power management system harvests maximum available power from the pixel array, 

converts the pixel array output to a usable voltage, regulates the converted voltage and stores 

the generated energy for powering the image sensor and switches between battery power and 

harvested power based on the availability of harvested power.
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CHAPTER 5 - ULTRA-LOW POWER ENERGY 

HARVESTING AND IMAGING (EHI) TYPE CMOS APS 

IMAGER DESIGN 

This chapter presents an ultra-low power CMOS active pixel sensor (APS) image 

sensor designed with energy harvesting capability and operating at 1V supply voltage. The 

energy harvesting and imaging (EHI) APS imager dissipates an order of magnitude lower 

power than the current state of the art low-power CMOS APS imagers reported.  

Besides low-power operation, the power harvesting capacity of the new EHI pixel is 

increased one order of magnitude. The low-power CMOS image sensor described in this 

chapter harvests sufficient energy to power the imager with the amount of ambient light 

illumination needed for capturing the scene images. The image sensor architecture and details 

of the blocks with underlying circuits used in imaging and energy harvesting modes are 

described in detail. 

5.1 Image Sensor Architecture 

The EHI-type CMOS APS concept is based on the fact that the pixel photodiodes used 

for imaging and solar cells are physically identical. An image sensor is basically an array of 

reverse biased PN-junctions. A solar cell is a photodiode operating in forward bias region. 

Therefore, the same PN-junction can be used as an imaging photodiode while reverse biased 

and as a micro solar cell while forward biased. First and second generation EHI-type CMOS 

APS pixels were developed based on this principle of operation and described in previous 

chapter. The 3rd generation EHI-type CMOS APS pixel described in this chapter generates 
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enough energy for imaging operation so that the EHI imager does not need a battery supply. 

As stated before, the physical construction of energy harvesting photodiode affects the energy 

harvesting capacity considerably [12]. The proposed 3rd generation EHI imager uses a 

completely new approach in building the energy harvesting photodiode in each pixel.  

Block diagram of the proposed 3rd generation EHI APS imager is shown in Figure 5-1. 

The EHI imager system is composed of a 64(H) x 45(V) pixel array, low-power readout 

electronics and a novel charge pump. Pixel pitch is 18μm. A low-leakage and mature 0.35µm 

2P4M/3.3V CMOS process was used for fabrication. 

The pixel array is addressed row by row. Rows are selected with a shift register type  
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Figure 5-1. Block diagram of the 3rd generation EHI-type CMOS APS image sensor. 
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could be built. The P-sub layer is permanently grounded. Therefore, anodes of P-sub/N+diff 

and P-sub/N-well junctions are permanently grounded while both terminals of P-well/N+diff, 

P-well/N-well and N-well/P+diff can be connected freely to any potential. The p-sub/n-well 

photodiode generates much larger photo current than the other junctions in CMOS processes. 

The photo generated current in a PN-junction is given by (5.1) 

 
( )( )PDNphph LWLGqAJAI ++⋅⋅⋅=⋅=       (5-1) 

 
G is the photo carrier generation rate, q is the electron charge, LN and LP are the diffusion 

lengths of minority carriers, WD is the width of depletion region, and A is the junction area. 

It is evident from (5-1) that junctions with larger area, wider depletion regions and 

longer diffusion lengths have larger photo generated current, [64]. Since the P-sub/N-well 

junction has very deep sidewalls, the junction area is much larger than other available 

junctions. Moreover, depletion regions extend deeper into lightly doped regions. Since both P-

sub and N-well layers are lightly doped compared to N+ or P+ diffusion layers, the depletion 

region is much wider in P-sub/N-well junction. All these factors lead to a much larger photo 

generated current in the P-sub/N-well junction. 

Since anode of a solar cell is more positive than its cathode, P-sub/N-well photodiode 

can only generate a negative voltage at its cathode. Therefore, in previous EHI pixel 

approaches (1st generation EHI in [18] and 2nd generation EHI in [1]), only the floating anode 

photodiodes were used for energy harvesting photodiodes. The inevitable P-sub/N-well 

junction was treated as a parasitic and shorted to ground during energy harvesting. A very 

large power generation capacity is wasted in these approaches. 
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In the proposed 3rd generation EHI image sensor, the energy harvesting pixel structure 

generates a negative voltage and it is safely handled in a twin well process. This new 

approach of generating and handling negative micro solar cell voltages increases the 

harvested power approximately 10 times. 

There are some issues associated with handling negative voltages in an integrated 

circuit. Since NMOS transistors have P-type bulks and N-type source and drain regions, PN-

junctions are formed at the interfaces. It is desired that all current entering the drain flows 

through the channel into source. A large current will flow from the bulk to source and drain if 

these junctions are forward biased. The magnitude of the forward bulk to source and bulk to 

drain currents can be calculated using the Schockley diode model as given in (5-2), [63]. 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⋅

= 1exp
T

D
sD Vn

VII        (5-2) 

 
Is is the reverse saturation current, n is the diode non ideality factor and VT is the thermal 

voltage. Since the PN-junction forward current is an exponential function of the forward bias 

voltage, it can suppress the drain to source current preventing the regular operation of the 

NMOS transistor. Therefore, the substrate of a NMOS transistor has to be kept at the most 

negative potential in the system, [70]. In a standard CMOS process with no P-well, 

permanently grounded substrate is the bulk of all NMOS transistors. Therefore, handling a 

negative voltage with these transistors is an unconventional practice.  

As long as the bulk of the transistor is kept at the most positive system voltage, there 

will be no leakage problem from source and drain nodes of a PMOS transistor. However, 

turning the PMOS switch on requires a voltage even more negative than the negative voltage 

applied to its drain or source. Charge pump circuits that could generate such negative voltages 
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are available, but they increase circuit complexity and power consumption of the imager. 

Thus, using NMOS switches are a more practical despite the forward bias currents running 

from bulk to source (IBS) and bulk to drain (IBD). The magnitude of the substrate leakage 

currents are not significant for the range of negative voltage values generated on chip. 

Rationale of using NMOS switches for handling the generated negative voltage is discussed in 

detail in section 5.5.1. 

Since P+diff layer can be placed in the N-well with no area penalty, a P+diff/N-well 

photodiode (PD2) can be vertically stacked with the P-sub/N-well photodiode (PD1). The 

second photodiode works as an extra energy harvester in the energy harvesting mode. In 

imaging mode, PD1 and PD2 operating in parallel results in a much wider spectral response 

compared to a typical photodiode type CMOS APS utilizing shallow P-sub/N+diff junction 

only. The deep P-sub/N-well junction (PD1) is more sensitive to red photons while shallow 

P+diff/N-well junction PD2 is more sensitive to green photons. The pixel fill factor is very 

high since two parallel photodiodes are built in the same area in a vertically stacked fashion. 

Cross section of the new EHI photodiodes designed in 0.35µm 2P4M CMOS process is 

shown in Figure 5-2. 

 

 

Figure 5-2. Cross sectional view of the photodiodes in new EHI pixel. 
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diffusion (FD) node. High level of RST signal should be at least one threshold voltage above 

the supply voltage for resetting the pixel to VDD. On the other hand, a PMOS reset transistor 

can pull the PD node to VDD with no threshold voltage drop contrary to a NMOS device. 

Since the PMOS source is fixed at supply voltage, reset transistor will turn on by applying 

ground level to its gate.  

PMOS reset transistor has its drawbacks as well. Since a PMOS device has its own n-

well, it is much larger than an NMOS transistor with the same channel width and length. The 

carrier mobility in P-type transistor is less than that of an N-type transistor. Therefore, the 

channel width must be larger to achieve same conductivity with a PMOS reset transistor. 

Using a PMOS transistor as switch in a conventional CMOS active pixel reduces the fill 

factor of the pixel considerably and is not preferred in commercial applications. Moreover, the 

large N-Well to substrate junction in the pixel will have considerable leakage from power 

supply to ground under illumination. 

In the proposed EHI pixel, the PMOS transistor is built in the N-well used for building 

the photodiodes (PD1, PD2). A very compact PMOS reset transistor can be built this way. 

However, the bulk of the PMOS is connected to its drain in this circuit configuration. During 

the reset phase, the source and drain are shorted. Therefore, connecting the bulk to source or 

drain does not cause a problem during reset. However, the source to bulk junction is forward 

biased as N-well potential drops from VDD during the integration period if the source is fixed 

at supply voltage. As a result, the forward biased junction will leak current to FD node from 

power supply and stop integration. 

 



81 
 

 

 

Figure 5-4. (a) Reset driver circuit driving the new EHI pixel, (b) reset transistor 
configuration during pixel reset operation, (c) reset transistor configuration during integration 

period. 
 

This problem is overcome using a row level reset driver circuit as shown in Figure 

5-4(a). The reset driver switches the VR node to supply voltage only during reset phase and 

switches it to ground at all other times. The source to bulk junction of the PMOS reset 

transistor acts as a third photodiode (PD3) in parallel with PD1 and PD2. The PD3 contributes 

to the integration operation in imaging mode and harvests energy in energy harvesting mode. 

The FD and energy harvesting node of the pixel are the same node. In the imaging 

mode, M4 is turned off and FD nodes are disconnected from the energy harvesting bus 

(EHB). In imaging mode, EH signal is LOW and EHB is connected to power supply (VDD) 

using a global PMOS transistor in order to make sure M4 transistors are completely turned 

off. M4 switch is configured just like an NMOS reset switch in the imaging mode. Therefore, 

it can be used as a soft reset switch in imaging mode. It is possible to achieve soft reset with 

M4 and hard reset with M1. Applying first hard reset and then soft reset reduces the thermal 

noise, [23]. This can be easily achieved adding a simple digital gate to the row driver. During 

the energy harvesting mode, EH signal is high. M4 switches are turned on shorting FD nodes 

in all pixels to EHB and global EHB switch is turned off. All photodiodes deliver the energy 

generated in pixel to EHB. 
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Figure 5-5. Cross section and schematic of the 3rd generation EHI pixel in imaging mode. 
 

During imaging mode, the incident photons are absorbed by the pixel photodiodes and 

converted to voltage. The P+diff /N-well and P-sub/N-well photodiodes are used in parallel 

for imaging. The P+diff /N-well photodiode has a short minority carrier diffusion length in 

the P+diff region due to the high doping concentration of the P+diff layer. Electron-hole (e-h) 

pairs generated in the P+diff region will recombine before they arrive at the depletion region. 

Therefore, the blue response of the EHI pixel is poor. Moreover, e-h pairs generated by 

absorption of red photons deep in the substrate recombine before they reach the depletion 

region of the shallow junction. The P-sub/N-well photodiode has longer diffusion lengths both 

in the N-well and P-sub due to the low doping concentrations of both regions. Depletion 

regions of the side wall junctions of the p-sub/ n-well junction are also wider and these 

depletion regions extend to the surface. Therefore, blue response of the p-sub/n-well junction 

is relatively better than the shallow junction photodiodes.  

The photodiode voltage is buffered by the pixel source follower. Outputs of all pixels 

in a column are connected to the same column bus through the row select transistor. The row 
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select transistor in the selected row is on and all others are off. Therefore, only one pixel is 

connected to a column bus at a time. The voltage drop across the select transistor decreases 

for larger overdrive voltages. This also improves gain linearity of the pixel source follower, 

[69]. Therefore, the select transistor is driven with a boosted select signal.  

5.3 Analog Building Blocks 

Analog signal chain from pixel photodiode node to global charge amplifier (GCA) 

output is shown in Figure 5-6. Incident photons are captured and converted to a voltage signal 

by the pixel photodiode. The photodiode voltage is buffered by the pixel source follower. 

Source follower output is sampled by the column readout circuit. Column outputs are 

amplified by the GCA and analog output is generated. 

 

Figure 5-6. Analog signal chain for imaging mode operation. 
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Figure 5-7 shows the timing diagram for the EHI imager during imaging mode. Row 

readout starts with selecting a row. Outputs of all pixel source followers in the row are 

sampled by the column sample and hold (S&H) circuits. After the signal readout, all pixels in 

the row are reset. Pixel source follower outputs right after the reset are sampled by the column 

S&H circuit. Once the pixel outputs are sampled, the column S&H capacitors are connected 

to the GCA one by one. GCA outputs are sampled by the SAR ADC and then converted to 

digital. After conversion of 64 columns, the row readout is complete and the next row is 

selected. In this readout scheme, integration time of a pixel is the frame time.  

When imager is running at 5 frames per second (FPS), it is clocked with a 2.08 MHz 

master clock. ADC sampling and conversion time for each column is 135 clock periods (64.8 

µs). Column sampling time is 392 clock periods (188.2 µs). Total row time is 9032 (392 + 64 

x 135) clock periods (4.34 ms). Pixel column current sources biasing the pixel source follower 

are controlled by the VLN_EN signal. The current sources are turned on only during column 

S&H.  

 

 

Figure 5-7. EHI imager timing during imaging mode. 
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Global charge amplifier gain in EHI imager can be set to 4x, 2x, 1.33x and 1x.  

Amplifier is the most power hungry block in a CMOS image sensor. Designing a very 

low power charge amplifier is challenging due to the trade-offs between power consumption, 

settling time and bandwidth. 

Global charge amplifier in the CMOS APS imager may be implemented using several 

amplifier topologies including Miller compensated two-stage OPAMP [74], balanced current 

mirror OTA [75], [76], folded cascode differential amplifier [77], and multi-stage amplifier. 

Despite their lower gain, balanced current mirror OTA and Miller compensated OPAMP 

topologies are preferred over folded cascade amplifiers and multi stage amplifiers due to 

power, area, bandwidth and slew rate considerations, [44], [72]. 

 

 

Figure 5-9. Schematic of (a) Miller compensated OPAMP and (b) balanced current mirror 
OTA. 

 

Schematic diagram of the Miller compensated OPAMP and balanced current mirror 

OTA are shown in Figure 5-9. Power consumption of balanced current mirror OTA is shown 
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to be lower than miller compensated two-stage OPAMP with equal gain, slew rate, gain 

bandwidth product and phase margin, [44]. Most important reason for the higher power 

consumption in a Miller compensated OPAMP is the power consumed while charging and 

discharging the compensation capacitance. Since the major part of the voltage gain is 

achieved at the output node in a single stage amplifier, no compensation capacitance is 

needed, [72]. The balanced current mirror OTA is a single stage amplifier with high current 

driving capability and large output swing. Therefore, it is the preferred amplifier structure for 

GCA implementations in image sensors. The current mirror OTA circuit implementation used 

in the EHI imager’s GCA is shown in Figure 5-10. 

Since only the output stage current determines the bandwidth, slew rate and settling 

time, a (1:10) current-mirror ratio is used for decreasing the unnecessary power consumption 

on half of the signal path. The overall transconductance of the amplifier is given by (5-7). 

 

 

Figure 5-10. Current Mirror OTA schematic used in EHI imager’s GCA. 
 
 

m1m g10g ⋅=           (5-7) 
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Figure 5-11. Dynamic Latched Comparator 
 

 

comparator does not consume static power while easily achieving 100kS/s speed for 1V 

power supply in 0.35µm CMOS process that is chosen for the EHI imager. This speed meets 

the requirement of the CMOS image sensors with smaller array sizes less than 10Kpixels for 

low-power applications for up to 20 FPS.  

Operation principle of a SAR ADC is based on binary search. Sampled input voltage 

(Vin) is compared against the output of a digital-to-analog converter (DAC). The SAR ADC 

used in this design uses a binary-weighted capacitor array for DAC to generate binary 

weighted quantization levels. SAR logic implements the binary search algorithm. The 

direction of the binary search is determined by the comparator output, [81]. The number of 

comparison steps is reduced to ADC resolution using binary search. Block diagram of the 

SAR ADC integrated is seen in Figure 5-12.  

The schematic of the 8-bit successive approximation ADC with the binary-weighted 

capacitor array DAC is shown in Figure 5-13. The capacitive DAC is initially discharged. The 
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Figure 5-12. Block diagram of the successive approximation ADC. 
 

GCA output is sampled onto the S&H capacitor (CSH). After sampling the input, the bottom 

plates of DAC capacitors are successively connected to the ADC reference voltage (Vref). This 

switching changes the top plate voltage proportional to the relative size of the capacitor to the 

total capacitance of the network.  The voltage Vx at the top plates is given by (5-12). 

 

ref
T

x V
CC

CV
1

1

−
=         (5-12) 

 
C1 is the total value of capacitors switched to Vref and CT is the total value of DAC capacitors.  

When largest capacitor in the DAC is switched to Vref at first comparison step, the 

sampled input is compared against the Vref /2. Depending on the comparator output, this 

capacitor is kept at Vref or switched back to ground. When the second capacitor is switched to 

Vref at the second step, Vin is compared against either 3Vref /4 or Vref /4 depending on what the 

comparator output was after the first step. The comparator output at each step determines 

comparison value in the next step.  
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Figure 5-13. The 8 bit SAR ADC schematic used in the EHI imager. 
 

The SAR ADC completes conversion in 8 clock cycles.  There is no static power 

consumption in the ADC since a clocked comparator with output latch is used. Main 

component of power consumption is the switching power dissipated for charging and 

discharging the capacitors between GND and VREF. Since VREF is set by the charge amplifier 

output range and the clock frequency is determined by the frame rate, the only way to reduce 

switching power of the SAR ADC is minimizing the unit capacitor size. Minimum size 

polysilicon-insulator-polysilicon (PIP) capacitors are used for building the capacitive DAC to 

minimize the switching power.  

Absolute minimum capacitor size is set by thermal noise of the capacitors. The 

thermal noise should be less than half LSB. The minimum capacitance for this particular 

application is calculated to be 3fF. However, there are practical limitations for the unit 

capacitance size. Since capacitor matching is very critical for ADC linearity, physical 

dimensions of the unit capacitor is chosen larger than the minimum size for good matching. 

Unit capacitor size was chosen as 13fF. 
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(CTAT). Sub threshold MOSFETs behave as exponential devices just like BJTs. Therefore, 

difference between VGS of two MOSFETS (∆VGS) is proportional to absolute temperature 

(PTAT). High threshold voltage NMOS transistors (M1 and M2) are used as the bottom pair 

to ensure deep sub threshold mode operation and building self-biased low voltage cascoded 

current mirrors. If the triode transistor was an ideal resistor, a PTAT current would be 

generated. VGS,M6 decreases with increasing temperature for a constant drain current through 

M7 (ID,M7). Even though channel resistance of triode transistor M6 (RM6) decreases with 

temperature for a constant VGS,M6, decreasing VGS,M6 increases the channel resistance of triode 

transistor M6 (RM6). Unlike a physical resistor, the temperature coefficient of RM6 can be 

controlled by transistor sizing. Increasing channel resistance balances the increasing voltage 

across it (∆VGS). This feedback loop results in a relatively temperature independent current 

when transistor sizes are chosen properly. 

A reference generator is expected to have high power supply rejection. Regular 

threshold NMOS transistors (M1b and M2b) are used for building a self-biased low voltage 

cascoded current mirror. Since theses transistors have smaller threshold voltage, M1 and M2 

are still saturated when the gates are connected together. M1b and M2b limits the change in 

drain voltages of M1 and M2 as supply voltage changes and the reference current generated is 

more stable as supply voltage changes. The generated current is run into diode connected 

transistor M9 and bias voltage Vbias1 is generated to mirror the generated current to analog 

blocks such as column current mirrors and GCA. M9b is connected its drain for building a 

low voltage cascoded current mirror. M9b is biased with the gate voltage of M1 (Vbias2). Bias 

voltages Vbias1 and Vbias2 generated by the reference generator are used in 6-bit programmable 

current DACs for generating bias currents of circuits.  
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voltages are listed in Table 5-1. The forward junction current that could be observed from 

bulk to source junction of a reasonably sized NMOS transistor is less than 100 pA for 0.45V 

forward bias voltage and reaches just 1nA for forward bias larger than 0.5V for pixel EH 

switch transistor. Thus, when a non-illuminated NMOS transistor is used as a switch 

connected to the cathode of a photodiode array generating negative voltage, leakage current 

from ground to the source and drain of the switch will cause an insignificant drop in energy 

efficiency. Therefore, an NMOS transistor can be used safely used in negative energy 

harvesting pixel. It was reported that the sources of NMOS transistors have been connected to 

–Voc and complicated digital circuits have been operated in standard CMOS process 

confirming this analysis, [84]. 

The leakage current is reduced further by allowing the NMOS transistors receive light. 

PN-junctions receiving light behave differently. The relation between diode current and diode 

voltage under illumination is given by (5-14). 

 
Table 5-1.  Leakage Current of NMOS Transistor with VBS>0. 

 
APLLIED NEGATIVE VOLTAGE FORWARD CURRENT 

 1µm/0.35µm transistor 30µm/0.35µm transistor

700mV 1.13µA 17.62 µA 

650mV 178.2nA 2.79 µA 

600mV 24.79nA 386.6nA 

550mV 3.76nA 58.60nA 

500mV 515.9pA 8.03nA 

450mV 81.03pA 1.25nA 

400mV 12.79pA 187.97pA 

350mV 3.00pA 37.51pA 

300mV 1.30pA 12.96pA 
 



 

 

where

act as 

curren

open c

area u

and ph

genera

they e

transis

from i

to the 

the ha

contri

proces

the tra

 5.5.2

which

Figure

EHB c

DI =

 

e Iph is photo

solar cells th

nt. The PN-ju

circuit voltag

unlike the sho

hotodiodes d

ated negativ

exceed at all.

stor junction

it. Therefore

energy harv

arvested ener

bute to energ

ssed on-chip

ansistors are 

Charge P

Since the v

h inverts the 

e 5-20. Char

cannot be tu

D
s Vn

VI ⎜⎜
⎝

⎛
⎜⎜
⎝

⎛
⋅

= exp

generated cu

hemselves a

unction is no

ge of these P

ort circuit cu

due to diode 

e voltage wi

. When the g

n will provid

e, the source 

vesting bus o

rgy. Instead 

gy generatio

p with CMOS

exposed to 

Pump Oper

voltage outp

polarity was

rge pump is d

urned off sim

ph
T

D I
V

−⎟⎟
⎠

⎞
−⎟⎟

⎠

⎞
1

urrent, [64].

and Iph runnin

ot truly forw

PN-junctions

urrent. Even 

parameter d

ill exceed the

generated vo

de its photo g

to bulk junc

or the cathod

its junctions

on efficiency

S transistors

light.  

ration 

put of the mic

s designed. T

driven by a s

mply by apply

h   

The PN-jun

ng from cath

ward biased u

s. Open circu

though Voc w

differences, t

e Voc of the t

oltage is less 

generated cu

ction in an ill

des of energy

s will act like

y. Therefore,

s without any

cro solar cel

The circuit d

standard clo

ying 0V to it

nctions in illu

hode to anod

until the forw

uit voltage is

will be diffe

the differenc

transistor jun

than their op

urrent to EHB

luminated N

y harvesting 

e parallel so

, the generat

y serious lea

ll array is ne

diagram of th

ck. Since the

ts gate, the c

  

uminated NM

de suppresse

ward bias vo

s independen

erent for tran

ce will be mi

nctions by a 

pen circuit v

B instead of 

NMOS transi

photodiodes

lar cells and

ed negative 

akage proble

gative, a nov

he charge pu

e transistors 

clock should

 (

MOS transis

s forward bi

ltage exceed

nt of junctio

nsistor juncti

inute and 

few mili vo

voltage, the 

stealing curr

istor connect

s will not lea

d it will 

voltage can 

ms especiall

vel charge p

ump is shown

 connected t

d be boosted 

102 

5-14) 

stors 

ias 

ds the 

on 

ions 

lts if 

rent 

ted 

ak 

be 

ly if 

ump 

n in 

to 

to 



103 
 

 

negative voltages. The clock is level shifted to negative voltages using a cross coupled 

inverter. When one of the cross coupled inverter outputs are high, gate of the NMOS on the 

other side is high and it turns on. Since sources of the cross coupled NMOS transistors are 

connected to EHB, the output is pulled to EHB voltage. The cross couple inverter outputs 

have slow edges. Therefore, the two outputs are not high simultaneously. When these outputs 

are buffered using standard inverters, non-overlapping clocks are obtained. Non-overlaping 

clocks ensure there is no reverse leakage during clock transitions.  

Timing diagram in Figure 5-21 summarizes the charge pump operation. Power supply 

is needed only for powering the inverters. When CLK 1 is high, bottom plates of C1 and C3 

are switched from ground to EHB trying to decrease the voltage on their top plates by Voc. 

Bottom plates of C2 and C4 are switched from EHB to ground trying to increase the voltage  

 

 

Figure 5-20. Polarity Inverting Charge Pump 
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on their top plates by Voc. Top plate of C1 is connected to ground, top plates of C2 and C3 are 

shorted and top plate of C4 is connected to the storage capacitor. As a result of this switching, 

charge is dumped from ground to C1 top plate, C2 top plate to C3 top plate and C4 top plate 

to storage capacitor. When CLK2 goes high, bottom plates of C1 and C3 are switched from 

EHB to ground trying to increase voltage at their top plates by Voc. Bottom plates of C2 and 

C4 are switched from ground to EHB trying decrease voltage at their top plates down by a 

voltage of Voc. Top plates of C1 and C3 are connected to top plates of C2 and C4 respectively. 

This switching pumps charge from top plates of C1 and C3 to top plates of C2 and C4. The 

storage capacitor has very large capacitance for storing sufficient energy to run the imager in 

imaging mode.  

 

 

Figure 5-21. Charge pump node voltages 
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5.6 Summary 

The prototype 3rd generation EHI sensor was presented in detail. The ultra-low power 

imager is designed to run with a 1V supply voltage. This image sensor could be powered by a 

watch battery for years.  The image sensor architecture and details of analog and digital 

building blocks of the imagers was described. Power dissipation is the main design constraint 

for this image sensor.  Low-power design methodology is considered at all levels of design. 

The energy harvesting mode circuits of the image sensor were also presented in detail. Details 

of the pixel configuration in energy harvesting mode and the inverting charge pump were 

presented.  

Overall, four major differences between the new EHI pixel and other pixels with 

energy harvesting capability were listed. First of all, battery power is needed only for driving 

the gate of EH enable transistors (M4) in the EHI pixels and the EHB switch all other imaging 

circuits are turned off during energy harvesting mode. Secondly, leakage paths on energy 

harvesting bus on the pixel array side and charge pump side are insignificant compared to 

generated power. Thirdly, PMOS reset transistor is used with no fill factor penalty and no 

reset clock boosting is needed. The fill factor is further improved by vertically stacking 

p+diff/n-well and p-sub/n-well junction photodiodes in the EHI pixel. Fourthly, the energy 

harvesting efficiency is increased by an order of magnitude compared to earlier EHI sensor 

[10]. Thus, it is possible to run EHI imager completely by the energy harvested while it is 

inactive.
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CHAPTER 6 - A 0.8V ULTRA-LOW POWER CMOS EHI-APS 

IMAGER WITH CONTINUOUS ENERGY HARVESTING 

This chapter presents the 4th generation energy harvesting and imaging (EHI) APS 

designed for 0.8V operation and extremely low power consumption with continuous time 

energy harvesting capability. 

Even though energy harvesting improved considerably, power consumption reduction 

was limited in the 3rd generation EHI image sensor due to the power hungry analog readout 

channel. Solving the power consumption issues related to the readout channel has been the 

primary motivation while designing the 4th generation EHI sensor. A new breed of CMOS 

image sensor with fully digital readout is developed for this new image sensor to achieve 

ultra-low power consumption. The 4th generation EHI imager design achieves lower power 

consumption than any image sensor reported in the literature today.  

N-well/p-sub junctions are utilized in the new pixel to harvest large power as in the 3rd 

generation EHI sensor. The micro solar cells and imaging photodiodes are built separately 

resulting in a continuous time energy harvesting operation unlike the previous EHI sensors.  

The image sensor architecture and details of the imaging and energy harvesting mode 

blocks are described in detail in this chapter. 

6.1 Image Sensor Architecture 

Digital image sensor architectures such as pulse width modulation imagers [57], [59] 

and time based imagers [61], [85] do not consume static power and they can be operated at 

lower supply voltages compared to active pixel sensor (APS) imagers. However, the digital 
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pixels in these imagers are noisy and image quality is poor. Especially, switching noise due to 

in pixel comparator, charge injection and clock feed through affects the image quality. 

Reducing pixel to pixel variations and improving image quality requires complicated 

compensation schemes [61]. 

CMOS APS imagers have superior image quality. Therefore, low power APS imagers 

are preferred over the digital image sensors. Pixel to pixel variations can be eliminated easily 

by an analog subtraction operation known as by correlated double sampling (CDS) [86]. 

However, bulky sampling capacitors and other analog components in the analog readout 

channel of CMOS APS imagers consume power and silicon area. Especially, the operational 

amplifiers consume considerable static power.  Moreover, these analog blocks limit the 

minimum imager supply voltage. 

In a typical APS imager, pixel reset and signal values are stored on sample and hold 

capacitors and the stored values are buffered to the sample and hold capacitor of analog to 

digital converter (ADC). Typically, a global charge amplifier performs the buffering and CDS 

operations utilizing column sample and hold capacitors. Thus, global charge amplifier is the 

most active, fast, and power hungry block in the low-power APS imagers. 

Proposed image sensor is a new breed of image sensor combining the benefits of 

digital and CMOS APS imagers. The high image quality is accomplished using the APS 

pixels and power consumption is reduced using a fully digital global readout channel. The 

proposed image sensor achieves low-power operation by eliminating the need of a global 

charge amplifier while achieving the required performance. The proposed readout channel is 

composed of eight (8) global SAR ADCs working in parallel. The new EHI imager has larger 

pixel array size of 96(H)x96(V), low-power readout electronics and a novel charge pump. 
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Pixel pitch is 14μm which is smaller than any other EHI pixel sizes. A low-leakage and 

mature 0.35µm 2P4M/3.3V CMOS process was also used for design and fabrication of the 

new EHI imager. 

A considerable power is dissipated while charging and discharging column sample and 

hold capacitors during pixel readout. Therefore, not only the global charge amplifier but also 

these column capacitors are removed from the readout channel to further save imager power. 

Moreover, storing pixel source follower output on a sample and hold capacitor and then using 

this value as input to the ADC requires a voltage buffer which consumes considerable static 

power, too. Thus, new pixel series readout architecture is developed to directly sample pixel 

outputs into ADC. One pixel is sampled and converted at a time by an ADC. The pixels in a 

row are not readout or reset in parallel as in column parallel and column series image sensor 

architectures. Therefore, a standard 3 transistor APS pixel topology cannot be used in the 

proposed pixel series architecture. The new ASP pixel has row and column reset switches in 

series for X-Y addressing.  

Block diagram of the proposed architecture is shown in Figure 6-1. The rows are 

addressed one by one through row decoder and row drivers. Once a row in the pixel array is 

selected, column decoder selects 8 consequent pixels in the row at a time. Selected pixels are 

readout in parallel and sampled by the global SAR ADCs. Subsequently, the selected pixels 

are reset. The reset values are readout and sampled by the SAR ADCs. SAR ADCs convert 

the difference between the pixel outputs sampled before and after pixel reset into 8 bit digital 

codes. The ADC performs correlated double sampling (CDS) of columns function as well as 

the quantization. The digital outputs of 8 ADCs are stored in 64 bit memory and shifted out 

sequentially.  
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Since reset transistors M1 and M2 are NMOS transistors, the maximum voltage at the 

floating diffusion node (FD) is one threshold voltage below their gate voltage. Boosted clocks 

are needed for driving both row and column reset switches due to dynamic range concerns. 

Row and column reset clocks are boosted for resetting the photodiode to VDD, and improving 

the signal dynamic range of the EHI pixel. 

M1
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M4PD1

RRST

GND
SEL

COL

PD2

VDD

FD
M3

EHB

CRST

 

Figure 6-3.  XY- Addressable Pixel Used in 4th Generation EHI Imager 
 

6.3 Readout Channel 

Analog readout channels in typical CMOS APS imagers consume significant power. It 

is composed of large sample and hold (S&H) capacitors and active analog components. Since 

pixel outputs are stored on column sample and hold capacitors, voltage buffers are needed to 

drive output pads or ADCs. If the on-chip ADC sample and hold capacitor is connected 

directly to the column S&H capacitor eliminating the voltage buffer, there will be a charge 

sharing and dynamic range will be reduced significantly. In case of off-chip analog to digital 

conversion, it is impossible to drive the analog output pad with the column capacitor without 
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an active voltage buffer. In early CMOS APS imagers pixel outputs at reset and signal levels 

were stored on two column level S&H capacitors and the voltages stored on these capacitors 

were buffered using two matched source followers [22], [86], [87]. Closed-loop global 

operational amplifiers were added to the readout channel to improve the performance of 

imagers. Source follower type voltage buffers add more attenuation to the readout channel 

since source follower gain is less than unity. Using a closed loop operational amplifier 

introduces gain to the readout channel and restores the conversion gain reduced due to readout 

channel losses and attenuation of source followers. Source followers also increase the FPN 

due to mismatches between  the two source followers [88].  

Charging the large column S&H capacitors used for storing the pixel outputs consume 

significant amount of power. The analog voltage buffers implemented with either the source 

followers or the operational amplifiers results in significant static power consumption. 

Especially the operational amplifier type charge amplifier(s) consume more power than any 

other component in the imager. Therefore, eliminating the amplifier is very critical for 

achieving low power operation.  

The main challenge in removing the charge amplifier from the signal chain is the 

problem of driving the ADC S&H capacitors. Going back to source follower type voltage 

buffers is not an option in low voltage operation since signal range is already limited and 

introducing more attenuation to the readout channel will severely reduce image quality. 

Therefore, the need for a voltage buffer has to be eliminated completely for low-power 

operation. In the proposed structure the column S&H capacitors are removed and the reset and 

signal values are stored on the capacitive digital to analog converters (DACs) of the SAR 
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Figure 6-4. Column readout circuit schematic. 
 

 

Figure 6-5. Timing diagram for the 4th generation EHI imager readout. 
 

Once the pixel outputs are sampled, the SAR ADCs convert the difference between 

two sampled levels of pixel to digital word. The 8 bit content of the 8 global ADC totaling 64 

bits are shifted out of the imager sequentially while the next 8 column of pixels are sampled 

by the ADC S&H circuits.  
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Figure 6-6. Block diagram of the successive approximation register (SAR) ADCs in the 
imager. 
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The power dissipated for switching the capacitive DAC reduces to a quarter of the power 

consumed by conventional switching method when Vref is reduced to one half. 

The ADC samples the pixel output (VSig) on the top plates of binary-weighted 

capacitors in capacitive DAC1. Bottom plates are grounded during signal sampling. The pixel 

output after pixel reset (VRst) is sampled on the top plates of binary-weighted capacitors in 

capacitive DAC2. Bottom plates are connected to Vref during reset sampling. Once SHR is 

completed, bottom plates of second sub-DAC in DAC2 (DAC2b) are switched to ground and 

bottom plates of second sub-DAC in DAC1 (DAC1b) are switched to Vref.  

The effective input of the ADC is compared to Vref and most significant bit (MSB) is 

determined. Inputs of the comparator at this instance are given by (6-2) and (6-3). 

 

2
ref

Rstp

V
VV −=         (6-2) 

 

2
ref

Sign

V
VV +=          (6-3) 

 
32Cu capacitors in DAC2a and DAC1a are switched if MSB is 1. 32Cu capacitors in DAC2b 

and DAC1b are switched if MSB is 0. 16Cu capacitors in DAC2a and DAC1a are switched if 

7h bit is 1. 16Cu capacitors in DAC2b and DAC1b are switched if 7th bit is 0. Switching goes 

on until LSB is determined. Comparator inputs for MSB comparison are preset when SHR 

and SHS signals go low. Therefore, SAR ADC completes conversion in 7 clock cycles after 

the SHR and SHS go low. Details of the novel switching are explained for 3 bit SAR ADC 

example in Figure 6-8. 
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6.6 Summary 

The prototype 4th generation EHI sensor was presented in detail. Imager has a 

completely digital readout channel. Digital circuits can operate with lower supply voltages 

compared to analog circuits. The ultra-low power imager runs with 0.8 V supply voltage 

despite the high threshold voltages.  

Removal of analog readout channel reduces the imager power consumes significantly. 

Imager noise is very low and image quality is very good despite removal of the amplifier from 

the signal chain. 

The energy harvesting circuits of the image sensor were also presented in detail. Pixel 

structure allowing continuous energy harvesting and imaging is presented in detail. Polarity 

inverting charge pump for converting the harvested energy into usable supply voltage was 

also presented.
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Table 7-1. 3rd Generation EHI imager specifications. 
 

PARAMETER SPECIFICATIONS 

Process Technology 0.35μm Technology 

Pixel Pitch 18 μm x 18 μm 

Pixel Type EHI type photodiode APS 

Pixel Fill Factor 65% for PD1; 42.5% for PD2 

Pixel Array Resolution 64(H) x 45(V)  

Imager Die Size 1.5mm x 1.2mm 

ADC Type 8-bit SAR ADC 

Supply Voltage 1.0 – 3.3V 

Maximum Frame Rate 21 fps 

Sensor Output Format 8-bit parallel (digital), 1 channel (analog) 
 

 

Image quality of 3rd generation EHI sensor is characterized with noise measurements. 

Imager noise is measured at 1V and 1.2V power supply voltages at 8 frames per second (fps). 

Noise measurements are summarized in Table 7-2. All measured noise levels are less than 

0.5% of the full scale, thus imager noise could not be observed by the human eye. 

 

Table 7-2.  Noise measurements for 1V and 1.2V supply voltage at 8 fps. 
 

PARAMETER MEASUREMENT RESULTS 

Supply Voltage 1.0 V 1.2 V 

Temporal Noise (Dark) 0.70 LSB 0.50 LSB 

Dark Signal Non-Uniformity (DSNU) 1.20 LSB / 0.47% 0.86 LSB / 0.34% 

Pixel FPN (Dark) 1.17 LSB / 0.46% 0.84 LSB / 0.33% 

Column FPN (Dark) 0.15 LSB / 0.060% 0.11 LSB / 0.043% 

Row FPN (Dark) 0.24 LSB / 0.092% 0.17 LSB / 0.066% 

Temporal Noise (Half Well) 1.21 LSB 0.95 LSB 

Photo Response Non-Uniformity (PRNU) (Half Well) 0.78 LSB / 0.30% 0.57 LSB / 0.22% 

Pixel FPN (Half Well) 0.73 LSB / 0.29% 0.52 LSB / 0.20% 

Column FPN (Half Well) 0.20 LSB / 0.080% 0.18 LSB / 0.071% 

Row FPN (Half Well) 0.17 LSB / 0.068% 0.12 LSB / 0.049% 
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Figure 7-2.  Dark signal non-uniformity and dark temporal noise variation with frame rates. 
 

 

The measured temporal and fixed pattern noise of the image sensor decrease with 

increasing frame rate. Figure 7-2 shows the measured dark signal non-uniformity (DSNU) 

which is the fixed pattern noise (FPN) measured in dark and temporal noise for different 

frame rates at 1.2V supply voltage. As expected, both noises are reduced because as 

integration time decreases (or frame rate increases) the dark current accumulation decreases 

and resulting dark current shot noise reduce accordingly. 

Photo response non-uniformity (PRNU) is measured at half full-well illumination 

level. Figure 7-3 shows the measured photo response of the image sensor, temporal noise, and 

photo response non-uniformity (PRNU) as a function of light exposure at 8 fps and 1.2V 

supply voltage. Pixel photodiode characteristics including conversion gain could be extracted 

from the temporal noise measurement. Imager signal chain is very linear and produces low-

noise images.  
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Figure 7-3.  Measured photo response curve and noise performance at 8fps and 1.2V supply. 
 

The image sensor consumes only 9 μW at 21.2 frames per second (fps) at lower 

supply voltage of 1V that good images could still be produces. This measured figure includes 

the whole chip power consumption counting in pixel array, row and column select logic, row 

driver, analog column readout, SAR ADC, reference generator and pad frame. Measured full-

chip power consumptions of the 3rd generation EHI sensor at 1.6 fps and 21.2 fps for 1.0V 

power supply are summarized in Table 7-3.  

 

Table 7-3. Measured low and high frame rate power consumptions and figure of merits. 
 

PARAMETER MEASUREMENTS 

Frame Rate (fps) 1.6 21.2 

Power Consumption (Whole Chip) (µW) 0.92 9.04 

Power Consumption (Pixel Array Chip) (µW) 0.034 0.202 

Figure of Merit (Whole Chip) (pJ/frame*pixel) 200.9 148.1 

Figure of Merit (Pixel Array) (pJ/frame*pixel) 7.38 3.32 
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(a)      (b) 

 

(c)      (d) 

 

(e) 

Figure 7-5. Test images capture at different frame rates and 1.0V power supply voltage.  
(a) 2.5 fps (b) 5.3 fps (c) 8 fps (d) 12.7 fps (e) 21.2 fps 
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(a)      (b) 

 

(c)      (d) 

 

(e) 

Figure 7-6. Test images capture at different frame rates and 1.2V power supply voltage. 
(a) 2.5 fps (b) 5.3 fps (c) 8 fps (d) 12.7 fps (e) 21.2 fps 
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Figure 7-7. Measured current-voltage-power (IVP) curves of the 3rd generation EHI pixel 
array at various illumination levels. 

 

 

Figure 7-8.  Charge pump input output efficiency and overall energy harvesting efficiency 
 



 

 

7.2 

 7.2.1

image

of ima

2.5 mm

Figu

4th Gene

Sensor Im

4th generat

er. The micro

age sensor co

m x 2.1 mm

 

ure 7-9.  Mic

eration E

mplementa

tion sensor i

ograph of the

ore is about 

m. Chip is pac

rograph of th

EHI Senso

ation 

s built in the

e 4th generat

1.7 mm x 1.

ckaged in 84

he 4th genera
CMOS

or Measur

e same CMO

tion EHI sen

.6 mm. Tota

4 pin grid arr

ation EHI im
S OPTO pro

. 

rements

OS process a

nsor is shown

al chip size to

ray package

mage sensor 
ocess. 

as the 3rd gen

n in Figure 7

ogether with

(PGA84). 

fabricated in

neration EHI

7-9. Physical

h the pad fram

n 0.35μm 2P

137 

I 

l size 

me is 

 

P4M 



 

 

 7.2.2

consu

voltag

readou

Test c

 

 

Image

(fps). 

than 0

4th Gener

The EHI s

umption. Des

ge of the EH

ut architectu

chip specifica

 

PARAM

Process 

Pixel Pit

Pixel Ty

Pixel Fil

Pixel Ar

Imager D

ADC Ty

Supply V

Maximu

Sensor O

 

Image qua

er noise is m

Noise measu

0.5% of the f

 

 

ration EHI 

ensor is desi

spite high thr

I imager cou

ure removing

ations are su

Table 7-4

METER 

Technology 

tch 

ype 

ll Factor 

rray Resolutio

Die Size 

ype 

Voltage 

um Frame Rat

Output Forma

ality of 4rd ge

measured at 0

urements are

full scale, thu

Sensor Im

igned to ope

reshold volta

uld be reduce

g OPAMP ba

ummarized in

4. 4th Genera

on 

te 

at 

eneration EH

0.8V and 1.2V

e summarize

us imager no

maging Mod

erate at low s

ages of trans

ed down to 0

ased charge 

n Table 7-4.

ation EHI im

SPECI

0.35μm

14 μm x

EHI typ

30% 

96(H) x

1.7mm 

8-bit SA

0.8 – 3.

22.4 fp

8-bit se

HI sensor is c

V power sup

ed in Table 7

oise could no

de Measur

supply voltag

sistor in sele

0.8V. This is

amplifier fro

 

mager specifi

IFICATIONS

m, 2P4M CMO

x 14 μm 

pe photodiode

x 96(V)  

x 1.6mm 

AR ADC 

.3V 

s 

eries (digital)

characterized

pply voltage

7-5.  All mea

ot be observ

rements 

ge for minim

ected CMOS

s achieved b

om the analo

fications. 

S 

OS Optoelect

e APS 

d with noise

es at 11.2 fra

asured noise

ved by the hu

mal power 

 process, sup

by the new 

og signal cha

tronics 

e measureme

mes per seco

 levels are le

uman eye. 

138 

pply 

ain/ 

ents. 

ond 

ess 



139 
 

 

Table 7-5.  Noise measurements for 0.8V, 1.2V and 2.0V supply voltage at 11.2 fps. 
 
PARAMETER MEASUREMENT RESULTS 

Supply Voltage 0.8 V 1.2 V 2.0 V 

Temporal Noise (Dark) 0.20 LSB 0.19 LSB 0.09 LSB 

Dark Signal Non-Uniformity (DSNU) 0.25 LSB / 0.097% 0.20 LSB / 0.078% 0.11 LSB / 0.042% 

Pixel FPN (Dark) 0.062 LSB / 0.024% 0.037 LSB / 0.015% 0.018 LSB / 0.007% 

Column FPN (Dark) 0.24 LSB / 0.094% 0.20 LSB / 0.076% 0.10 LSB / 0.041% 

Row FPN (Dark) 0.010 LSB / 0.004% 0.011 LSB / 0.004% 0.010 LSB / 0.004% 

Temporal Noise (Half Well) 0.79 LSB 0.51 LSB 0.32 LSB 

Photo Response Non-Uniformity 
(PRNU) (Half Well) 0.85 LSB / 0.33% 0.62 LSB / 0.24% 0.42 LSB / 0.17% 

Pixel FPN (Half Well) 0.74 LSB / 0.29% 0.52 LSB / 0.20% 0.33 LSB / 0.13% 

Column FPN (Half Well) 0.37 LSB / 0.014% 0.29 LSB / 0.11% 0.19 LSB / 0.076% 

Row FPN (Half Well) 0.19 LSB / 0.075% 0.17 LSB / 0.065% 0.18 LSB / 0.071% 
 

Noise of the imager is observed to decrease as supply voltage increases as shown in 

Figure 7-10. Main reason for this is the decreased pixel dynamic range, reduced ADC input 

voltage range and subthreshold operation of transistors.  

 

 
 

Figure 7-10. Measured FPN and temporal noise variations for different supply voltages and 
frame rates in dark. 
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The image sensor noise is observed to decrease with increasing frame rate. Figure 

7-11 shows how dark signal non-uniformity and temporal noise changes with frame rate at 

0.8V, 1.2V, 1.6V, and 2.0V supply voltages.  

 

  
(a)      (b) 

  
(c)      (d) 

 
Figure 7-11. Dark signal non-uniformity (DSNU or FPN) and temporal noise variation at 

different frame rate and supply voltages for; (a) 0.8V supply voltage, (b) 1.2V supply voltage, 
(c) 1.6V supply voltage, (d) 2.0V supply voltage 

 

Photo response non-uniformity (PRNU) is observed to fluctuate with illumination 

instead of following a general trend. The main reason for this is the mismatches between 

parallel ADC channels. Peak noise corresponds to the pixel values where largest capacitors in 

the sub DACs are supposed to switch. Figure 7-12 shows the measured photoresponse, 

temporal noise and photo response non-uniformity as a function of light exposure at 5.6 fps.  
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Figure 7-12.  Measured photoresponse and noise performance of 4th generation EHI imager at 
5.6 fps and 1.2V supply voltage. 

 

At 0.8V supply voltage, the image sensor core consumes only 0.14 μW and 2.07 μW 

at 0.56 and 22.1 frames per second (fps), respectively. This power consumption includes the 

pixel array, row and column select logic, row and column drivers, SAR ADCs, and reference 

generator. Power consumption together with the pad frame and digital pad outputs increases 

to 0.27 μW and 5.11 μW at 0.7 and 22.4 fps, respectively. Power consumption of the EHI 

sensor at 0.7 and 22.4 fps for 0.8 V power supply are summarized in Table 7-6.  

Switching power of the digital blocks dominate the power consumption of the imager. 

Therefore, the power consumption of the imager has an approximately quadratic dependence 

on power supply voltage. Figure 7-13 shows the variation of energy figure of merit with 

increasing supply voltage.  

Since the image sensor consumes very low static power, dependence of power 
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Table 7-6. Measured power consumptions and figure of merits at 0.8V supply voltage. 
 

PARAMETER MEASUREMENTS 

Frame Rate (fps) 0.70 22.4 

Power Consumption (Pixel Array) (µW) 0.0225 0.131 

Power Consumption (Excl. pads) (µW) 0.14 2.07 

Power Consumption (Whole Chip) (µW) 0.27 5.11 

Figure of Merit (Pixel Array) (pJ/frame*pixel) 3.49 0.63 

Figure of Merit (Excl. pads) (pJ/frame*pixel) 21.46 10.02 

Figure of Merit (Whole Chip) (pJ/frame*pixel) 41.47 24.73 
 

 

Figure 7-13.  Measured energy figure of merit as a function of supply voltage. 
 

consumption on frame rate is approximately linear. Power consumption at lower frame rates 

decreases significantly. Figure 7-14 and Figure 7-15 shows the measured power consumption 

and energy figure of merit as a function of frame rate.  

Power consumption of different blocks in the 4th generation EHI sensor chip at 

different frame rates are listed in Table 7-7. Since the power consumption of digital blocks 
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linearly increase with frequency while the power consumption of analog circuits are more or 

less constant, power consumption at higher frame rates is dominated by digital blocks.  

 

 
(a) 

 

 
(b) 

 
Figure 7-14.  Measured power consumption and energy figure of merit as a function of frame 

rate at different supply voltages: (a) 0.8V, (b) 1.2V. 
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(a) 

 
(b) 

 
Figure 7-15.  Measured power consumption and energy figure of merit as a function of frame 

rate at different supply voltages: (a) 1.6V, (b) 2.0V. 
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7.3 Comparison of 3rd and 4th Generation EHI Pixels 

A comparison of the 3rd and 4th generation EHI sensors are shown in Table 7-8. The 

new imager structure with digital readout used in 4th generation EHI sensor has lower power 

consumption than the CMOS APS structure with analog readout channel used in 3rd 

generation EHI imager as expected. Noise performance of the 4th generation EHI sensor is 

also better than the noise performance of 3rd generation EHI sensor. 

The energy harvesting capacity of 4th generation EHI imager is not as high as the 3rd 

generation EHI sensor. In the 3rd generation EHI sensor, the photo diodes consume 65% of 

total pixel array area. Since the energy harvesting photodiodes are made by placing minimum 

size n-wells in the empty areas between pixels, the energy harvesting photodiode area is 

smaller in 4th generation EHI sensor.  The energy harvesting photodiodes are mostly shaded 

by pixel interconnects running over them and energy harvesting efficiency is reduced. 

Table 7-9 shows the comparison of 3rd and 4th generation EHI sensors with the state-

of-the-art low power CMOS image sensors. The image sensors used in comparison are built 

with different pixel and readout structures. Digital pixels used in image sensors with pulse 

width modulation (PWM) [57], [59] and time based readout [61], [85] can operate at very low 

voltages compared to source follower based active pixels. Therefore, these imagers typically 

have lower power consumption. 3rd generation EHI sensor consumes lower power than the 

imagers with analog readout [8], [10] and two of the digital image sensors. Considering the 

power hungry analog blocks, achieving lower power consumption than digital image sensors 

is a remarkable performance. Energy figure of merit of 3rd generation EHI sensor is 

comparable to the time based imager operating at 0.5V supply voltage in [61]. Therefore, it 

can be argued that building the same imager structure in a process with lower threshold  
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Table 7-8: Comparison of the first-and the second-generation sensors. 
 
PARAMETER 3rd Generation EHI  4th Generation EHI 
Process Technology 0.35μm, 2P4M CMOS 0.35μm, 2P4M CMOS 
Pixel Pitch 18 μm x 18 μm 14 μm x 14 μm 

Pixel type EHI type Photodiode 
APS 

EHI type Photodiode 
APS 

Pixel fill factor 65% for PD1; 42.5% for 
PD2 30% 

Resolution 64(H) x 45(V)  96(H) x 96(V)  
Imager size 1.5mm x 1.2mm 1.7mm x 1.6mm 
ADC Type 8-bit SAR ADC 8-bit SAR ADC 
Supply Voltage 1.0 – 3.3V 0.8 – 3.3V 
Maximum frame rate 21 fps 22.4 fps 
Sensor output  8-bit parallel digital 8-bit series digital 

Harvested Power (µW) 46.0 @ 57 klux 
16.7 @ 20 kLux 

31.36 @ 60 klux 
11.07 @ 20 klux 

Harvested Power Density (µW /mm2) 49.3 @ 57 kLux 
17.9 @ 20 kLux 

17.14 @ 60 klux 
9.78 @ 20 klux 

Temporal Noise (Dark) 0.50 LSB @ 1.2V 0.19 LSB @ 1.2V 
Dark Signal Non-Uniformity (DSNU) 0.86 LSB @ 1.2V 0.20 LSB @ 1.2V 
Pixel FPN (Dark) 0.84 LSB @ 1.2V 0.037 LSB @ 1.2V 
Column FPN (Dark) 0.11 LSB @ 1.2V 0.20 LSB @ 1.2V 
Row FPN (Dark) 0.17 LSB @ 1.2V 0.011 LSB @ 1.2V 
Temporal Noise (Half Well) 0.95 LSB @ 1.2V 0.51 LSB @ 1.2V 
Photo Response Non-Uniformity (PRNU) 
(Half Well) 0.57 LSB @ 1.2V 0.62 LSB @ 1.2V 

Pixel FPN (Half Well) 0.52 LSB @ 1.2V 0.52 LSB @ 1.2V 
Column FPN (Half Well) 0.18 LSB @ 1.2V 0.29 LSB @ 1.2V 
Row FPN (Half Well) 0.12 LSB @ 1.2V 0.17 LSB @ 1.2V 
Power Consumption (Pixel Array) (µW) 0.034 @ 1V, 1.6fps 0.0225 @ 0.8V,0.7fps 
Power Consumption (Excl. pads) (µW) NA 0.14 @ 0.8V, 0.7fps 
Power Consumption (Whole Chip) (µW) 0.92 @ 1V, 1.6fps 0.27 @ 0.8V, 0.7fps 
Energy Figure of Merit (Pixel Array) 
(pJ/frame*pixel) 3.32 @ 1V, 21.2fps 0.63 @ 0.8V, 22.4fps 

Energy Figure of Merit (Excl. pads) 
(pJ/frame*pixel) NA 10.02 @ 0.8V,22.4fps 

Energy Figure of Merit (Whole Chip) 
(pJ/frame*pixel) 148.1 @ 1V, 21.2fps 24.73 @ 0.8V, 22.4fps 
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Table 7-9.  Comparison of EHI sensors to other low power imagers 
 

PARAMETER [57] Kagawa [59] Hanson [85]Cho [61] Chung [8] Law [10] Ay 3rd Gen. EHI 4th Gen. EHI 

Technology 0.35µm 
(2P3M) 0.13µm Bulk 0.13µm 

(1P4M) 0.18µm (1P6M) 0.35µm 
(2P3M) 

0.5µm 
(2P3M) 0.35µm (2P4M) 0.35µm/3.3V 

(2P4M) 
Pixel Pitch 10µm 5µm 3.4µm 10µm 15µm 21µm 18µm 14µm 
Array Size 128x96 128x128 128x128 64x40 32x32 54x50 45x64 96x96 

Fill Factor 18.50% 32% 38.00% 25.40% 21.00% 32% 65% for PD1;  
42.5% for PD2 30% 

ADC Resolution 9 bit - Ramp 10 bit - Ramp 10 bit - 
Ramp 10 bit - Ramp 8 bit - 

Ramp 10 bit - SAR 8 bit - SAR 8 bit - SAR 

Supply Voltage 1.35 V 0.5 V 0.75 V 0.5 V 1.5 V 1.2 V 1.0 V 0.8 V 
Temporal Noise (Dark)(rms) 0.95 LSB 55.30 LSB 1.92 LSB 0.65 LSB NA 0.98 LSB 0.50 LSB 0.19 LSB 

Pixel FPN (Dark) (rms) 0.61 LSB/ 
0.12% NA 6.76 LSB/ 

0.66% 
0.56 LSB/ 

0.055% NA NA 0.84 LSB/ 0.330% 0.037 LSB/ 
0.015% 

Column FPN (Dark) (rms) 0.15 LSB/ 
0.03% NA 0.61 LSB/ 

0.06% 
0.16 LSB/ 

0.016% NA NA 0.11 LSB / 0.043% 0.20 LSB/ 
0.076% 

Total FPN (Dark) (rms) NA 67.58 LSB / 
6.6% NA NA 47.16LSB/ 

18.42% 
1.23 LSB/ 

0.12% 0.86 LSB/ 0.340% 0.20 LSB/ 
0.078% 

Energy Harvesting (µW) Not capable Not capable Not 
capable Not capable 0.0356 

@29klux 
3.35 @60klux
2.10 @20klux 

46.0 @57klux 
16.7 @20klux 

31.36 @ 60klux 
11.07 @ 20klux 

Energy Harvesting 
(µW/mm2) Not capable Not capable Not 

capable Not capable 0.155 
@29klux 

2.81 @60klux
1.76 @20klux 

49.3 @57klux 
17.9 @20klux 

17.14 @ 60klux 
9.78 @ 20klux 

Frame Rate (fps) 9.6 0.5 8.5 15 11.8 78.5 21 7.4 1.59 21.2 0.7 22.4 
Power Consumption   (Pixel 

Array) (µW) 0.42 NA NA 1.6 0.45 0.6 NA 0.0264 0.034 0.202 0.0225 0.131 

Power Consumption 
(Imager Core) (µW) NA 0.7 1.24 NA NA NA NA NA NA NA 0.14 2.07 

Power Consumption  
(Whole Chip) (µW) 55.2 NA NA 65.2 4.95 29.6 15.8 14.25 0.92 9.04 0.27 5.11 

iFOM (Pixel Array) 
(pJ/frame*pixel) 3.56 NA NA 6.51 14.8 2.98 NA 1.32 7.38 3.32 3.49 0.63 

iFOM (Pixel Array) 
(pJ/frame*pixel) NA 85.4 8.6 NA NA NA NA NA NA NA 21.46 10.02 

eFOM (Whole Chip) 
(pJ/frame*pixel) 467.9 NA NA 265.3 163.9 147.3 734.7 713.2 200.9 148.1 41.47 24.73 
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voltages could result in a much better power consumption performance. The power 

consumption of PWM imager in [59] has a much lower energy figure of merit, but the noise 

of this imager sensor is unreasonably high and the image quality is very low compared to the 

3rd generation EHI sensor. 

4th generation EHI sensor has an extra ordinarily low power consumption. Its energy 

figure of merit is comparable to the PWM imager in [59]. The energy figure of merit is 

much lower than all other image sensors. However, comparing 4th generation image sensor 

to [59] needs a deeper analysis. First of all, 4th generation sensor achieves a much lower 

noise and better image quality. Power consumption of the same image sensor could be 

further reduced if it is manufactured in a process with lower threshold voltages. 

 

7.4 Summary 

The measurement results of the two EHI sensors designed for ultra-low power 

consumption and high energy harvesting capacity were presented.  

The 3rd generation EHI sensor in imaging mode of operation is a low power CMOS 

APS imager with analog readout channel. It operates at 1V power supply and consumes 920 

nW total chip power while capturing 64 (H) x 45 (V) resolution video at 1.59 fps. In the 

energy harvesting mode EHI imager can harvest 49.3 µW power per 1 mm2 pixel array area. 

The power harvesting capacity of the 3rd generation EHI imager is far better than previous 

energy harvesting imager structures. 

The 4th generation EHI sensor is a novel low power CMOS APS imager topology 

with fully digital readout channel. Core imager operates at 0.8V power supply and consumes 

only 140 nW power while capturing 96 (H) x 96 (V) resolution video at 0.7 fps. 4th 
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generation EHI sensor can harvest energy continuously unlike the previous EHI structures. 

4th generation EHI imager can harvest 17.14 µW power per 1 mm2 total pixel array area.  

4th generation EHI Sensor consumes one-to-two orders of magnitude less power 

than the state of the art CMOS active pixel sensors. Its power consumption is better than 

most digital imagers operating at supply voltages as low as 0.45V. The imager topology can 

be used to build extremely low power image sensors in processes with lower threshold 

voltages.
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CHAPTER 8 - CONCLUSION 

Harvesting power from ambient sources is vital for sensors and systems deployed in 

hard to access environments where battery replacement is difficult, if not impossible, to 

extend operating lifetime. Ambient sources can power an electronic system as long as the 

ambient energy source is persistent and harvested efficiently, potentially leading to an 

infinite operational lifetime. Beside efficient energy harvesting, various schemes have been 

proposed to eliminate the need for batteries in portable electronics and wireless sensors.  

The most viable ambient energy source for powering an image sensor is solar energy 

bearing in mind both image sensors and solar cells could operate only under sufficient 

lighting conditions. With this to consider, an energy harvesting and imaging (EHI) sensor 

could be developed harvesting solar energy on its focal plane to power an ultra-low power 

CMOS APS imager. Thus, this study was focused on developing ultra-low power design 

techniques at all hierarchical levels of a CMOS APS imager while maximizing the harvested 

energy on the focal plane in an attempt to achieve continuous and self-powered operation. 

The research is divided into four research objectives. The first objective is the 

investigation of fundamental principles, limits, and problems associated with photovoltaic 

energy harvesters. The second objective is the investigation and development of continuous 

mode energy harvesting and imaging pixel structures as opposed to the current state-of-the-

art EHI pixels that could harvest energy and capture images sequentially. The third objective 

is to develop and integrate micro power management circuits, systems, and techniques that 

can condition the harvested energy as a usable power source. The fourth objective is 
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designing an ultra-low power CMOS APS imager which could be powered by the harvested 

energy on the focal plane.  

The energy harvesting capacity of the original EHI sensor [10] is improved 

substantially using N-well/P-sub photodiode for energy harvesting, [12]. The N-well/P-sub 

photodiode increases energy harvesting capacity by more than an order (15x) of magnitude 

compared to the P+diff/N-well diode used in original EHI imager, [10]. The 3rd generation 

EHI imager can harvest up to 46 µW power under bright sunlight of 57KLux.  

Continuous time energy harvesting is achieved in 4th generation EHI pixel by 

implementing energy harvesting micro solar cells and imaging photodiodes independently in 

each pixel. The energy harvesting micro solar cells and imaging photodiodes were built with 

maximum area efficiency using special design methods.  

A unique polarity inverting charge pump is developed for converting the negative 

voltage generated on-chip to a usable positive voltage. The charge pump operates with high 

energy efficiency (~75%) while generating +1.85V without load and +1.26V delivering 

16.65 µA load current.  

An ultra-low power CMOS APS imager which dissipates an order of magnitude less 

power than state-of-the-art CMOS APS imagers could be powered with a watch battery for 

decades. In order to achieve this goal, an ultra-low power design methodology has been 

developed and used at all levels of abstraction. The 3rd generation EHI sensor was built with 

a 64 x 45 array of 3rd generation EHI type CMOS APS pixels, with standard analog readout, 

and on-chip 8-bit SAR ADC operating at 1V power supply. Power consumption is 

minimized at every circuit block. The prototype imager chip is built in a 0.35µm 2P4M 

CMOS technology. The imager dissipates only 9µW of power at 21.2 fps frame rate. This 
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power consumption includes the pixel array, row and column logic, row driver, analog 

readout, bias circuits, SAR ADC, and pad frame. This power consumption is very low 

compared to other CMOS APS imagers reported to date. However, the power hungry blocks 

in the analog readout channel prevent further power consumption reductions.  

The 4th generation EHI sensor was implemented as a special ultra-low power 96 x 96 

CMOS APS with fully digital readout and parallel on-chip 8-bit SAR ADCs operating at 

0.8V power supply. Removal of analog circuits on the readout channel decreases power 

consumption significantly. Power consumption is minimized at every circuit block. The 

prototype sensor chip was also built in 0.35 µm 2P4M CMOS technology. The imager core 

dissipates only 2.07µW power at 22.1 fps frame rate. The core power consumption includes 

the pixel array, row and column logic, row and column drivers, bias circuits and 8 parallel 

SAR ADCs. The power consumption of the complete chip is 5.11µW power at 22.1 fps 

frame rate including the power consumed by 64 bit output shift registers and the pad frame. 

This power consumption is very low compared to other CMOS imagers reported to date.  

The important technical achievements of the designed CMOS APS imager chip in 

this research are as follows: 

- Low-voltage (0.8V) image sensor operation was achieved with very good image quality 

despite high threshold voltage transistors in 0.35μm CMOS process. Power supply 

voltage can be further reduced using modern CMOS manufacturing processes. 

- Extremely low-power consumption is achieved through the ultra-low power design 

methodology and new image sensor readout architecture developed in this research. The 

imager core consumes only 140nW while capturing images at 0.7 fps frame rate with 

good image quality in 4th generation EHI imager. At same frame rate, full-chip power 
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consumption achieved is 270nW. These power consumptions are significantly lower 

than the existing CMOS APS imagers today. They could also be further reduced by 

using modern low threshold CMOS process. 

- Digital readout channel architecture developed in this research increases system 

robustness and simplifies the system design. It eliminates the need for analog blocks and 

reference generators needed for operating these analog blocks. Autonomous System-On-

a-Chip (ASoC) imager operation can be achieved easily adding a digital timing block. 

Adding the digital timing generator will drop the pad count to 4 pads. Eliminating the 

pads will reduce power consumption further.   

- The developed image sensor offers exceptional reduction of system cost and increased 

system robustness and far more reduction of power consumption than earlier sensors 

reported. The energy harvesting capability integrated into the EHI sensor makes energy 

autonomous image sensors possible. The EHI sensor can be operated without a need for 

battery replacement for decades. 

8.1 Future Directions 

There are four directions of future work for EHI sensor design.  

The first is integrating a digital timing generator to achieve autonomous camera-on-

a-chip (ASoC) with only 4 pads: power, ground, digital output, and power output. Reducing 

the pad count will reduce the power consumption by approximately 20%. The timing 

generator will add to the power consumption, but the power savings due to the removal of 

pads will be more than the power dissipated by the timing generator. 
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The second research direction is implanting the CMOS APS imager structure with 

fully digital readout channel in a process with lower threshold voltage transistors. This will 

allow reduction of supply voltage. Thus, power consumption will be reduced significantly. 

The third research direction is designing alternative image sensor structures that can 

operate at lower supply voltages and consume less power than CMOS APS imagers.  

The fourth area is to improve the power management system. Improving the 

efficiency of the on-chip DC-DC converter and integrating a maximum power point tracking 

(MPPT) circuit into the power management system will improve energy harvesting 

efficiency.  
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