
CMOS ACTIVE PIXEL IMAGE SHARPNESS SENSOR 

 

 

BY 

ADITYA RAYANKULA, B.E. 

 

 

 

A thesis submitted to the Graduate School 

in partial fulfillment of the requirements 

for the degree 

Master of Science in Electrical Engineering 

 

 

 

 

 New Mexico State University 

Las Cruces, New Mexico 

August, 2006 

 
 
  

 

 



“CMOS active pixel image sharpness sensor” a thesis prepared by Aditya Rayankula, 

in partial fulfillment of the requirement for the degree, Master of Science in Electrical 

Engineering, has been approved and accepted by the following: 

 

 

 
Linda Lacey 
Dean of the Graduate School 
 

 

 
Paul M. Furth 
Chair of the Examining committee 
 
 
 
 
Date 
 

 

Committee in charge: 

 Dr. Paul M. Furth, Chair 

 Dr. David G. Voelz 

 Dr. Nancy Chanover 

 

 

 

 

 

 

ii



iii

Dedicated to God and my family. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv

ACKNOWLEDGEMENTS 

 

 First of all, I should thank God for all his blessings and guidance throughout 

my life.     

I would like to thank and pay my regards to my advisor Dr. Paul M. Furth for 

his constant support, guidance, encouragement and faith in me throughout my 

graduate studies. I have learnt a lot from him both technically and professionally.   

 I would also like to thank Dr. David G. Voelz for his vital suggestions and 

help during the optical testing of the sensor. I would like to acknowledge Dr. Nancy 

Chanover for agreeing to be on my thesis defense committee. I also want to thank Dr. 

Ram Prasad for supporting me with research assistantship and giving me an 

opportunity to work under him for one semester. 

I want to say special thanks to Dr. Chueh Ting who helped me throughout the 

testing of the sensor in adaptive optics system. Without his efforts, I would have 

never been able to test my sensor in the adaptive optics test setup. I appreciate all his 

time and support.  

I feel fortunate to have made many good friends, too many to mention here, 

during my stay in Las Cruces. Especially, Sampath Rudravaram, Pritesh Shah, Arpith 

Shah, Karhtik Reddy Kothapalli, Bharat Kumar Medasani, Kranthi Vellumsetla, 

Purav Shah et al. who really made me feel at home. 

 Finally, my deepest gratitude goes to my parents, and my brother who have 

been a constant source of unconditional love, patience and understanding.  

 



v

VITA 

May 12, 1983    Born in Hyderabad, AP, India. 

July 2004     Bachelor of Engineering (B.E.) with  
Honors degree in Instumentation and  
Controls from Maharshi Dayanand  
University, Rohtak, India. 

 
August 2005-December 2005   Graduate Research Assistant,   
      Department of ECE,  
      New Mexico State University 
 
August 2005-May 2006   Graduate Teaching Assistant,  
      Department of ECE,  
      New Mexico State University 
 

 

Field of Study 

Major Field: Electrical Engineering (Analog/Mixed-signal microelectronics) 

 

 

 

 

 

 

 

 

 

 

 



vi

ABSTRACT 

CMOS ACTIVE PIXEL IMAGE SHARPNESS SENSOR 

 

 

BY 

ADITYA RAYANKULA 

 

 

Master of Science in Electrical Engineering 

New Mexico State University 

Las Cruces, New Mexico, 2006 

Dr. Paul M. Furth, Chair  

 

 

Optical wavefront aberrations that are mainly caused by atmospheric 

turbulences can be compensated efficiently in real-time using adaptive optics 

systems. Wavefront control based on model-free optimization is a commonly 

employed technique in modern adaptive optics for this purpose. In the model-free 

optimization technique, the wavefront aberration correction is based on direct 

optimization of a system performance metric. Image sharpness is one of the most 

widely used performance metrics. A sensor that can provide an estimate of image 

sharpness accurately and instantaneously is essential in order to correct the wavefront 

in real time. Two such CMOS image sharpness sensors, namely, the logarithmic 



vii

image sharpness sensor and the CMOS active pixel image sharpness sensor are 

discussed in this thesis. 

 The logarithmic image sharpness sensor was developed previous to this thesis 

and tested under static conditions. In this thesis, the operation of this sensor under 

dynamic conditions is explored. The sensor was then successfully incorporated in a 

closed loop adaptive optics system. The results are compared with the pinhole metric 

method. A detailed analysis of the factors that limit this sensor’s performance is done. 

The need for a better sensor is emphasized. 

 A novel image sharpness sensor using CMOS active pixel technology has 

been developed and tested successfully. The details of this sensor’s architecture are 

discussed. The use of active pixel technology allows this sensor to operate at lower 

illumination levels. It can also operate at a higher speed, a characteristic that is 

essential for high-performance real time wavefront correction. Unlike the logarithmic 

image sharpness sensor that has an analog output, this sensor has an eight-bit digital 

output that makes further off chip processing faster. Further, the pixel to pixel 

mismatch was minimized which makes this sensor’s output more reliable. Under 

static and dynamic conditions this sensor has been found far more efficient when 

compared with the logarithmic image sharpness sensor. 
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1. INTRODUCTION 

In astronomy and laser communication applications, wavefront distortions 

induced by atmospheric turbulence deteriorate the quality of the image obtained. 

Adaptive optics is a technique employed extensively for removing such temporally 

and spatially varying optical wavefront aberrations caused by atmospheric turbulence 

in real time. In modern adaptive optics systems, the model-free optimization 

technique is commonly employed to remove such wavefront aberrations. In the 

model-free optimization technique, the wavefront aberration correction is based on 

direct optimization of a system performance metric. Image sharpness is one of the 

most widely used performance metrics. A sensor that can provide an estimate of 

image sharpness accurately and instantaneously is essential in order to correct the 

wavefront in real time.  

The continuous advances in CMOS imaging technology have encouraged a 

new generation of wavefront sensors that have high dynamic range, high spatial 

resolution and can operate at faster speeds. Two CMOS image sharpness sensors, 

namely, the logarithmic image sharpness sensor and the CMOS active pixel image 

sharpness sensor are discussed in this thesis. The logarithmic image sharpness sensor 

was developed earlier, while the CMOS active pixel image sharpness sensor is a 

novel sensor developed as part of this thesis. 

The original contributions of this thesis are listed below: 

• A novel image sharpness sensor, named the CMOS active pixel image 

sharpness sensor, has been developed and tested successfully. The features 

that make this image sharpness sensor one of a kind are: 
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 The use of active pixel technology in the pixel design. 

 Extremely high bandwidth of operation under dynamic illumination 

conditions when compared with other known image sharpness sensors. 

 Ability to operate at very low illumination levels opening up applications 

of the image sharpness sensors in astronomy. 

 Extremely repeatable output as pixel-to-pixel mismatch is very low. 

 An eight bit digital output that makes off chip processing fast. 

• A logarithmic image sharpness sensor that was developed earlier has been 

tested successfully. The novel results obtained from this sensor are: 

 Measurement of bandwidth of operation under dynamic illumination 

conditions. 

 A complete analysis of the pixel to pixel mismatch that causes output 

variation. 

 The sensor was incorporated in a closed-loop adaptive optics system. For 

the first time, the results obtained from this type of sensor are compared 

with those from a pinhole metric sensor on the basis of turbulence 

strength.  

 For the first time, a closed adaptive optics system using an image 

sharpness sensor was used to correct a phase aberrated scene. The results 

are discussed briefly. 

 An outline of the chapters in this thesis follows. In chapter 2, the basic 

components of an adaptive optics system are explained. Further, fundamentals of 

wavefront sensing are discussed with descriptions of commonly used direct and 
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indirect wavefront sensors. Different performance metrics required for indirect 

wavefront sensing are mentioned and their possible VLSI implementations are briefly 

described. Then, a brief history of solid-state image sensing is given. Further, CMOS 

image sensors are compared with charge-coupled device sensors. A detailed 

description and analysis of a photodiode is done. Several commonly used CMOS 

photodiodes are compared. Finally, the operation of two CMOS image sensors, the 3-

T active pixel sensor and the logarithmic active pixel sensor, are explained in detail. 

 In chapter 3, a description of the logarithmic image sharpness sensor is given 

and its drawbacks are discussed. Then, the design, architecture and simulation results 

of the CMOS active pixel image sharpness sensor that was developed as part of this 

thesis, are discussed in detail.  

 In chapter 4, the test results obtained from the manufactured sensors are 

discussed. Testing the sensors involved two stages: electrical testing and optical 

testing. The electrical testing involved testing of an individual pixel and other 

important components of the system. The optical testing involved testing under static 

illumination conditions and dynamic illumination conditions. The pixel to pixel 

output variation over the chip was also examined. The test procedure is described and 

the results obtained from the sensors are compared. Finally, the results obtained from 

the logarithmic image sharpness sensor that was incorporated in a closed-loop 

adaptive optics system are discussed and comparisons are done with a pinhole metric 

sensor.  

 In chapter 5, conclusions are drawn from the test measurements and 

simulation results. Applications of such sensors are discussed. This chapter also 
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contains recommendations for future work that could improve the performance of 

these sensors. 

 Appendix A, shows the layouts of the two chips and all other major 

components in both sensors. It also provides the schematics of the control circuitry of 

the CMOS active pixel sensor.  

 Appendix B provides a mathematical derivation for the pixel output current of 

the logarithmic sharpness sensor. 
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2. FUNDAMENTALS OF ADAPTIVE OPTICS, WAVEFRONT SENSORS     
    AND IMAGE SENSING  

 Laser communication (lasercom) is a rapidly developing technology driven by 

the requirement of communication systems that can communicate at extremely high 

data rates with higher efficiency and at lower costs. Applications which seem 

particularly well suited to lasercom systems include: ground-satellite optical 

communication, communication with remote locations, reconfigurable and mobile 

communication links for military operations, and space systems which would 

otherwise be susceptible to RF interference. Lasercom is also being considered as an 

alternative for ground based fiber optics. Near-ground lasercom over extended 

distances (several km) is affected by wavefront distortions induced by atmospheric 

disturbances causing beam spreading, scintillations and beam wander. Such 

distortions cannot be compensated by increasing the optical power because of eye 

safety and power consumption limitations [WEYR02]. Wavefront control through 

adaptive optics could be employed to correct (at least partially) the effects of 

turbulence [LEVI98].   

Adaptive optics is a technique employed extensively for removing temporally 

and spatially varying optical wavefront aberrations (mainly caused by atmospheric 

turbulences) in real time. Essential for implementing adaptive optics is a technique to 

accurately and instantaneously estimate the phase of the wavefront and correct it in 

real time. Such techniques fall into two main classes: direct wavefront sensing and 

indirect wavefront sensing. Critical to either type of technique is a wavefront sensor 
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that can operate at low illumination levels and fast speeds for real time wavefront 

correction.  

The continuous advances in CMOS imaging technology have encouraged a 

new generation of wavefront sensors that have high dynamic range, high spatial 

resolution and can operate at faster speeds. Although commercially available image 

sensors could be used for wavefront sensing, such systems require off-chip digital 

processing units typically using a CPU/DSP core. The usual limitations of such a 

system are increased computation time, complex interchip interconnections, high 

power consumption and poor scalability [YADI04]. The high level of integration that 

is possible using the current CMOS technologies allows the design of CMOS imagers 

with on-chip (typically in-pixel) image processing circuitry. Implementing image 

processing algorithms that give vital information about wavefront phase at the focal 

plane itself is generally much faster than off-chip processing solutions since the 

designer can use parallel computation techniques to maximize processing speed and 

reduce the amount of data that needs to be sent off-chip to the rest of the system. On-

chip image processing results in the development of inexpensive system architectures 

with high frame rates and low power consumption. 

In this chapter, the basic components of an adaptive optics imaging system are 

explained. Further, fundamentals of wavefront sensing are discussed with 

descriptions of commonly used direct and indirect wavefront sensors. Different 

performance metrics required for indirect wavefront sensing are mentioned and their 

possible VLSI implementations are briefly described. A brief history of solid-state 

image sensing is given. Then, CMOS image sensors are compared with charge- 
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coupled device sensors. A detailed description and analysis of a photodiode is 

presented. Several commonly used CMOS photodiodes are compared. Finally, the 

operation of two CMOS image sensors, the 3-T active pixel sensor and the 

logarithmic active pixel sensor, are explained in detail. 

2.1 Adaptive Optics Systems 

 An adaptive optics (AO) system is an optical system that can adapt in real-

time to compensate for aberrations such as atmospheric turbulence, optical fabrication 

errors, laser device aberrations and thermally induced distortion errors. The principle 

applications of AO are improving image quality in optical and infrared astronomical 

telescopes, imaging and tracking of rapidly moving space objects, and compensating 

for laser beam distortion through the atmosphere [TYSO00]. In astronomy and 

lasercom applications atmospheric turbulence is of main concern.  

 The earth’s atmosphere has three main characteristics that cause restrictions in 

astronomy and lasercom [HARD98]: 

• turbulence, due to solar heating and winds; 

• opacity, due to the absorption of light at certain wavelengths; 

• luminosity, due to scattered light, broadband radiation, and airglow 

emission.  

The effect of the heating and winds can cause significant inhomogeneities in the 

refractive index profile of the atmosphere. The changes in the refractive index act like 

small lenses in the atmosphere. They focus and redirect waves and, eventually, cause 

intensity variations. Further, intensity variations arise if the light is coherent and 



interference effects are included. Hence, the wavefront of a beam will change in its 

course of propagation [TYSO98].  

 AO systems have been used for imaging through atmospheric turbulence since 

1982 [HARD98]. The three basic components of an AO system are a wavefront 

sensor, a wavefront corrector, such as a deformable mirror, and a control system. 

Figure 2.1 shows the basic components of AO system. The purpose of the wavefront 

sensor is to estimate the phase deformations in the incoming wavefront. The control 

system is generally a very fast real-time computer that computes the control 

 

Figure 2.1: AO imaging system [MAX06]. 

commands that need to be sent to the actuators of the deformable mirror based on the 

wavefront sensor measurements. The deformable mirror executes the commands from 

the computer by quickly adapting its reflecting surface to compensate for atmospheric 

turbulence. As the mirror tries to compensate for the incoming distorted wavefront, 
8
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part of the light is sent back to the wavefront sensor. The beam splitter is used to 

deflect part of the light to a high-resolution camera in order to observe the wavefront 

correction.  

 AO systems are diverse and the system requirements vary greatly depending 

upon the type of application they are being used for.  For example, AO systems 

required for lasercom application operate at relatively high power levels with 

coherent radiation, thus removing two of the major limitations in astronomical AO: 

namely, the lack of photons and the need for operation over a wide spectral band 

[HARD98]. 

2.2 Wavefront Sensing  

 The wavefront sensor is one of the basic components of an adaptive optics 

system. A wavefront sensor must fulfill the requirements of high spatial resolution 

and high speed operation for real-time correction. It is necessary to understand the 

fundamentals of wavefronts and their accessible measurement parameters before 

proceeding to types of wavefront sensors.     

2.2.1 Wavefront Description and Accessible Measurement Parameters 

 A wavefront is defined as an imaginary surface joining all points in space that 

are reached at the same instant by a wave propagating through a medium. For rays 

diverging from a point, or converging towards a point, the wavefront is spherical. For 

parallel, i.e., collimated rays, the wavefront is plane. If the point source is moved to 

infinity, then the wavefront observed will be plane. Such a plane wavefront is a good 

model for astronomical purposes as stars are nearly point sources at extremely far 

distances from the earth. For all practical purposes, such a wavefront is considered 



planar. A laser beam can also be highly collimated and hence can be considered to 

have a plane wavefront. 

 Wavefront aberrations produce local variations in the gradient of the 

wavefront which causes portions of the initial wavefront to overlap after propagating 

some distance. Interference can result at the overlap and cause further intensity 

variations. In [TEAG82], the irradiance transport equation is used to explain the 

process of converting wavefront gradients into measurable intensity variations. The 

irradiance transport equation describes the intensity variations in a beam with 

irradiance I(x,y,z) as it propagates along the z axis of an optical system. Using the 

paraxial approximation, the complex amplitude is given by 

)],,(exp[)],,([),,( 2/1 zyxikzyxIzyxA φ=  (2.1) 

where ),,( zyxφ  is the wavefront surface at distance z from the origin. The change in 

irradiance along the propagation path is then  

)( 2φφ ∇⋅+∇⋅∇−=
∂
∂ II
z
I  (2.2) 

where ∇  is a gradient operator in the x, y plane and  is a Laplacian operator in the 

x, y plane.  

2∇

The first term φ∇⋅∇I , known as the prism term, represents the irradiation 

variation caused by transverse shifts of the beam due to local tilt of the wavefront. 

The second term , known as the lens term, can be interpreted as the irradiance 

variation caused by convergence or divergence of the beam, whose local curvature is 

proportional to . The combination of these two terms gives the variation in beam 

φ2∇⋅I

φ2∇

10



irradiance as it propagates along the z axis. For wavefront sensing, the local 

wavefront slope φ∇  or the local curvature must be found [HARD98].    φ2∇

Perhaps the most useful interpretation of wavefront aberrations is in terms of 

errors of optical path length (OPL). The OPL concept specifies the number of times a 

light wave must oscillate while traveling from one point to another. Since the 

propagation velocity of light changes with the variation in the refractive index of the 

medium of propagation, more oscillations will occur in a medium with higher 

refractive index and vice versa. Thus, by defining OPL as the product of physical path 

length with refractive index, OPL becomes a measure of the number of oscillations 

executed by a propagating ray of light. This is an important concept because light 

rays emitted by a point source will propagate in many directions, but if all the rays 

have the same OPL then every ray represents the same number of oscillations as 

shown in figure 2.2. Consequently, light at the end of each ray will have the same 

temporal phase and this locus of points with a common phase represents the 

wavefront of light. Thus a propagating wavefront of light can also be defined as the 

locus of points in space lying at the same OPL from a common point source of light 

[THIB01].      

  The concept of aberration is described for a simple lens system. An aberrated 

wavefront can be described by comparison to an ideal reference wavefront. The 

reference wavefront is set up with its vertex tangent to the exit pupil and with its 

center of curvature coincident with the ideal image point. For each point in the exit 

pupil, the optical path difference (OPD), W, is measured between the spherical  

11



                                                                  

Figure 2.2: Phase relationship between two rays [TYSO00]. 

reference surface (RS) and the aberrated wavefront (AWF) along the radius of the 

spherical reference surface. This is shown in figure 2.3. The OPD function W(x,y) is 

obtained over the pupil, which can be used as a description of the aberrated wavefront 

[TYSO00].  

An aberrated wavefront and associated reference surface in the exit pupil of a 

perfect imaging system are shown in figure 2.4. Three physical parameters that are 

accessible for measurement are also indicated in the figure: (a) the optical path 

 

Figure 2.3: Exit pupil aberration W(x,y) [TYSO00]. 
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difference, W(x,y); (b) the differential phase, dW(x,y), between adjacent sampling 

points in the pupil; (c) the transverse ray aberration, T. The equation relating local 

wavefront tilt or slope in the pupil to T is (2.3).   

T
R
nr

d
dW

⎟
⎠
⎞

⎜
⎝
⎛−=

ρ
 (2.3) 

where (dW/dρ) is the local wavefront tilt or slope, R is the radius of curvature of the 

reference surface, n is the refractive index, and r is the radius of the pupil [TYSO00]. 

Wavefront sensors measure one of these three parameters and, with other parameters 

known, it is possible to reconstruct the wavefront. Interferometric wavefront sensors 

typically measure the differential phase, dW(x,y). The Shack-Hartmann wavefront 

sensor measures the local transverse ray aberrations (T) to obtain the overall 

wavefront tilt.  

 

Figure 2.4: Measurable physical parameters [TYSO00]. 
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2.2.2 Wavefront Sensing Techniques 

2.2.2.1 Types of Wavefront Sensing 

 The techniques used for wavefront sensing in adaptive optics fall into two 

main classes [HARD98]: 

• Direct wavefront sensing, in which specific properties of the wavefront 

are measured, using zonal or modal decomposition of the pupil. 

• Indirect wavefront sensing, in which the wavefront properties are 

deduced from whole-aperture intensity measurements made at or near 

the image plane. 

2.2.2.2 Direct Wavefront Sensing 

 Direct wavefront sensors provide information about the wavefront shape in 

the optical pupil using either zonal or modal measurements. With the zonal approach, 

a wavefront property such as wavefront slope or curvature, is measured over a small 

spatial area or zone in the pupil. The basic principle behind this approach is to 

decompose a complex wavefront into simple elements that can be easily sensed 

[HARD98]. With the modal approach, the wavefront is decomposed into a number of 

distinct surface shapes or modes such as defocus, astigmatism or overall tilt, each 

covering the whole aperture. 

 Various zonal and modal sensors are listed in table 2.1. Zonal sensors are the 

most commonly used sensors in adaptive optics. Modal sensors are advantageous for 

low-order aberration compensation. Two of the most commonly used non-

interferometric sensors namely the Shack-Hartmann wavefront sensor and the 

curvature sensor are described briefly in the next subsections.     



Direct Wavefront Sensing Techniques  

Zonal Modal 

Wavefront slope sensing 

• Shack-Hartmann sensor 

• Lateral shear interferometer 

• Pyramid sensor 

Wavefront curvature sensing 

• Curvature sensor 

 

• Overall tilt sensing 

• Focus sensing 

Table 2.1 Direct wavefront sensing techniques 

2.2.2.2.1 Shack-Hartmann Wavefront Sensor 

 A Shack-Hartmann sensor consists of an array of lenslets in the pupil plane 

which divide the incident beam into an array of subapertures, as shown in figure 2.5.  

A detector array is placed parallel to the plane of lenslets. All the lenslets have 

the same focal length. Photoreceptors are placed in such a fashion that their distance 

from the lenslets is equal to the focal length of a lenslet. If the wavefront is planar and 

the lenslets are evenly spaced, then a uniform image of spots is created, as shown in 

figure (2.5(a)). The positions of these spots can be saved for reference. If the 

wavefront is distorted, to a first approximation each lenslet receives a tilted wavefront 

and forms an off-axis image at the focal plane as shown in figure (2.5(b)) [RODD99]. 

The spot deviation on the detector array from that of a flat reference wavefront is 

given by  (or local transverse ray aberration (T) in (2.3)), which is a measurable  xΔ
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Figure 2.5: Principle of Shack-Hartmann wavefront sensor: (a) plane wavefront,  

(b) distorted wavefront [RODD99]. 

quantity that is related to the wavefront tilt through the relation in (2.3). 

Let be the position of the spot on the detector and Tyxx ],[=r T
yx sss ],[=r  be 

the wavefront slope within the subaperture, which is assumed to be a constant over 

the area of a subaperture. Where, [ ]T denotes the transpose of the vector and sx and sy 

denote the components of the wavefront slope in the x and y directions, respectively. 

Then, using equation (2.3) we can obtain 

x
f
rx

f
krs rrr

λ
π2

==  (2.4) 

where, f is the focal length (since the detector array is kept at the focal point of the 

lenslets, R = f) and k is the wave number. The spot position is estimated by locating 

the point of maximum intensity or centroid of the light distribution in the plane of the 
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detector. It is done as a weighted average of the intensity of light falling on the 

lenslet. The centroids of these spots are a set of spot positions defined as: ),( yx cc
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where Ii,j and (xi,j, yi,j) are the intensity and position coordinates of the (i, j)th pixel. 

The summation is made over all the pixels corresponding to a lenslet field. Because 

of the normalization, the sensor is relatively insensitive to scintillation [RODD99]. 

Various focal plane CMOS centroid computation sensors have been discussed in 

[DEWE92], [BASH04], [BURN03] and [CLAP02].   

2.2.2.2.2 Curvature Sensor 

 Curvature sensing uses the zonal approach. A curvature sensor measures the 

local wavefront curvature in each subaperture as the basis for measuring randomly 

distorted wavefronts. The principle of this sensor is presented in figure 2.6. The 

curvature sensor consists of a focusing element, such as a curved mirror or lens and   

 

Figure 2.6: Principle of the curvature sensor [RODD99].  
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two detector arrays where one is placed a distance l in front of the focus and the other 

placed a distance l behind focus. These detector arrays record irradiance distribution 

in planes P1 and P2. Figure 2.6 shows the effect of local curvature of the wavefront 

which causes plane P1 to have local excess of illumination and plane P2 to lack 

illumination at the corresponding position as the light is spread out. A field lens is 

used in order to reimage the pupil. The measured signal is the normalized difference 

between the illumination )(1 rI r
 and )(2 rI r

−  in planes P1 and P2, and is related to the 

wavefront phase φ  in the pupil by  
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where the quantity ( φ∂ / ) is the radial first derivative of the wavefront at the edge, 

δ

n∂

c a linear impulse distribution around the pupil edge, and ∇ 2 the Laplacian operator 

[RODD99]. Equation 2.6 is in fact the irradiance transport equation as discussed in 

section [2.2.1] earlier. 

2.2.2.3 Indirect Wavefront Sensing  

 Indirect wavefront sensors are those in which the wavefront errors are 

deduced from their effect on a related parameter such as the intensity distribution at 

or near the image plane. Each measurement contains information averaged over the 

whole aperture [HARD98]. The two main indirect wavefront sensing techniques used 

are model-free optimization and wavefront deconvolution. In the model-free 

optimization approach, the phase correction is based on direct optimization of a 

system performance metric such as image quality or energy density. Wavefront 

control based on model-free optimization was known as aperture tagging earlier 
18
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[VORO00]. With the wavefront deconvolution approach, the wavefront is deduced 

from intensity distribution measurements at the image plane. This approach still 

requires a wavefront sensor to estimate the distortion but has no feedback loop as post 

processing is done by a computer. This approach is computationally intensive and 

suffers from spatial invariance problems [HARD98].       

Indirect Wavefront Sensing Techniques  

Model-Free Optimization Wavefront Deconvolution 

• Time division (sequential) 

• Frequency division (multidither 

technique) 

• Parallel stochastic perturbative 

technique 

 

• Phase diversity 

• Gerchberg-Saxton 

algorithm 

Table 2.2 Indirect wavefront sensing techniques 

 Various indirect wavefront sensing techniques are listed in table 2.2. The next 

section describes the various model-free optimization techniques with emphasis on 

the parallel stochastic perturbative gradient descent optimization technique since it is 

being used in this thesis. 

2.2.2.4 Model-Free Optimization 

 Wavefront control based on model-free optimization has been neglected for 

decades. Various factors that contribute to the renaissance of this technique in  
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adaptive optics are [VORO00]: 

1. Strong intensity scintillations impose serious problems for the commonly 

used wavefront conjugation technique which is based on the reciprocity 

principle. According to the reciprocity principle, wavefront distortions 

accumulated along the wave propagation path can be compensated by 

conjugating the received wave. For adaptive systems, the wavefront 

conjugation condition involves both phase conjugation and amplitude 

modulation. However, most adaptive optics systems correct only phase and 

ignore amplitude correction, assuming negligible amplitude modulation – a 

condition common for astronomical imaging. This violation of the 

reciprocity principle reduces the effectiveness of phase-only correction 

under strong intensity modulation conditions typical for lasercom, ground-

to-ground imaging etc. This problem has stimulated a search for new 

adaptive system architectures. 

2. Newer applications of adaptive optics, such as anisoplanatic and active 

imaging, lasercom, ground-to-ground imaging etc., require the use of an 

expensive and sophisticated guide star technique for wavefront 

conjugation. 

3. Wavefront correctors based on newer technologies such as 

microelectromechanical systems and liquid-crystal phase modulators make 

the model-free optimization technique a more favorable option as the 

adaptive system can be fast, compact and inexpensive.    



4. The development of more efficient parallel model-free optimization 

algorithms using stochastic approximations and their hardware 

implementation in very-large-scale integration (VLSI) systems have further 

stimulated the transition to nonconjugated adaptive optics.    

 In the model-free optimization technique, the phase correction is based on 

direct optimization of a system performance metric J [u]. The performance metric J 

[u] could be image sharpness, intensity radiation at focus, or scattered field statistical 

moments, depending on the purpose of the adaptive system. Figure 2.7 schematizes 

the model-free approach to control wavefront using a general quality metric. The 

distorted laser wavefront passes through an adaptive phase correcting device (a 

deformable mirror) and is focused onto a VLSI focal plane sensor. This sensor 

computes the performance metric J[u] that needs to be optimized. The controller 

receives the metric and updates the control channels using one of the gradient descent 

optimization techniques. 

 

 

Figure 2.7: The model-free optimization approach [COHE02]. 
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 Gradient descent optimization of J [u] can be described as a time dependent 

evolution of the controlling phase u( rr , t) in the direction opposite to the first variation 

δuJ of the cost function [VORO00]: 

       ,),( J
t

tru
uδτ −=

∂
∂

r

 (2.7) 

where τ is a time constant. The variation δuJ can be directly calculated if the metric J 

[u] is known or if it can be defined from a known system’s mathematical model. But, 

in adaptive optics, both the performance metric J [u] and mathematical model that 

includes wavefront distortions are unknown (model-free) and the variation δuJ has to 

be determined based on measured data. 

 The controlling wavefront u can be represented in a different form in order to 

reduce the dimensionality of the control law described in equation (2.7): 
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where uj(t) are control signals that typically describe the voltages applied to the 

wavefront corrector electrodes and Sj( rr ) are the corresponding response functions. 

Hence, the control law described in equation (2.7) can be rewritten to form a system 

of ordinary nonlinear differential equations describing control signal evolution during 

the adaptation process as:  

),,...,('
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1 Nj
j

j uuJ
dt

tdu
γτ −=   j = 1,…, N,  (2.9) 

where τj are time constants, J'j = ∂J/∂uj are gradient projections of the cost function 

J(u1,…, uN), and γ  is the update coefficient which is negative for system metric  
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maximization and positive otherwise. The discrete version of equation (2.9) reads as: 
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j uuJuu γ−=+   j = 1,…, N, (2.10) 

Equation (2.10) is the control voltage update rule [VORO00]. 

 In adaptive optics, since the mathematical model that describes the wavefront 

distortions is unknown, the true gradient components J'j should be estimated based on 

measured data. An estimate (approximation) of the gradient components {Ja'j} can be 

obtained using techniques, such as the time division (sequential) technique, the 

frequency division (multidither) technique, or the parallel stochastic perturbative 

technique.  

 In model-free optimization based on sequential perturbations, gradient 

estimation of a cost function is achieved by applying small perturbations δuj 

sequentially to the control signals and measuring the corresponding changes δJj in the 

performance metric J[u] [VORO00]: 

δJj = J(u1,…, uj + δuj,…, uN) 

  – J(u1,…, uj,…, uN),                j = 1,…, N. (2.11) 

The gradient estimate is given by: Ja'j = δJ/δuj. The advantage of this technique is that 

the accuracy of wavefront control is independent of the number of control channels, 

N. However, with the increase in the number of control channels N, an increase in the 

time required for gradient estimation proportional to N is observed.      

 Time losses caused by sequential perturbations can be reduced by use of the 

multidithering technique which allows gradient estimation in parallel. Small 

perturbations δuj = α sin(ωjt) in the form of harmonic signals with different dithering 

frequencies ωj (dithered carriers) and small modulation amplitudes α are applied 
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simultaneously (in parallel) to all wavefront corrector electrodes. For small 

modulation amplitudes, the perturbed system performance metric δJ is given by: 
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 The dithered carriers are demodulated by synchronous detectors and passed through 

low-pass filters in order to determine gradient component estimates. Although the 

time required for gradient estimation is independent of the number of control 

channels N, there are certain drawbacks of this technique which limit the number of 

control channels. Firstly, with increases in N, a corresponding increase in the system 

frequency bandwidth, which is typically limited by system hardware, is required. 

Some other problems are the low signal-to-noise ratio in the gradient component 

measurements and the enormous in the system’s electronic complexity for large N. 

 The problems encountered in both these methods have been the main reasons 

for the limited use of model-free optimization techniques. To overcome these issues, 

stochastic approximation optimization methods have been developed for model-free 

optimization. Amongst these, the parallel stochastic perturbative gradient descent 

technique is perhaps the most promising for wavefront control methods in adaptive 

optics. In the parallel stochastic perturbative technique small stochastic perturbations 

δuj are applied simultaneously (in parallel) to all wavefront corrector electrodes. The  
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measured value of the cost function perturbation  

δJj = J(u1+ δu1,…, uj + δuj,…, uN + δuN) 

  – J(u1,…, uj,…, uN),                j = 1,…, N. (2.13) 

is used directly for gradient estimation: Ja'j = δJ δuj. Using the Taylor expansion on 

equation (2.13) gives, 
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This expression can be applied to sequential perturbations and multi-dithering 

techniques, as well. In order to obtain a fair estimate of the true gradient Ja'j = 

cj(∂J/∂uj), where cj = (δuj)2 = constant, the amplitude of the second term in equation 

(2.14) should be small. Parallel stochastic perturbative method differs from the other 

two methods in the way this second term is obtained. In case the of the sequential 

perturbation method, the second term is zero. In the multi-dithering technique, the 

second term contains only harmonic components at the sum and difference dithering 

frequencies (ωj ±  ωk), which can be filtered out by synchronous detectors for 

appropriately chosen dithering frequency ranges. In the parallel stochastic 

perturbative technique, the perturbations δuj are chosen to be random and statistically 

independent so as to reduce the second term in equation (2.14) to zero in the expected 

value. This makes the gradient estimate Ja'j = δJ δuj consistent and unbiased which 

allows it to be used directly in equation (2.9) or (2.10) for continuous or discrete 

iterative estimation of gradient descent. For the parallel stochastic perturbative 

method, equation (2.10) can be written as  
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Each of the control channels is updated in parallel at every time-step according to 

equation (2.15). The parallel stochastic perturbative technique performs gradient 

descent estimation that is a factor of N times faster than for the sequential 

perturbation technique. The signal-to-noise ratio is N2 times better than the multi-

dithering technique. Another important advantage of the parallel stochastic 

perturbative method is that it is well suited for analog VLSI implementation. Other 

methods such as simplex, simulated annealing or genetic algorithms might work but 

are typically slower and are generally difficult to use for high resolution adaptive 

optics. 

 The next section discusses some performance metrics that could be used for 

model-free optimization and their possible implementations.  

2.2.2.5 Performance Metrics 

 A crucial factor for high resolution stochastic wavefront control for adaptive 

optics is the accurate sensing of a performance metric. This performance metric can 

be anything indicating the quality of a wave-front affected by phase distortion. The 

performance metric J[u] needs to be selected carefully depending upon the type of 

adaptive optical system. Image sharpness is one of the most widely used performance 

metrics for such systems. 

 In 1968, Horn [HORN68] studied the problem of measuring image sharpness 

for the purpose of autofocusing. He used information from the discrete Fourier 

transform of the image to measure the spatial frequency energy. As the image is 

defocused, the higher frequencies are attenuated. The energy gets maximized at the 



point of best focus. Hence the spatial frequency energy could be used as the sharpness 

metric which takes the form [COHE02], 

,),( 2rr dtrIS v
image

r
r

r
∫ ∇=  (2.16) 

where v is a parameter of the selected norm, rr ={x,y} represents the location in the 

image plane, and  is the gradient of the image. Delbruck used the image 

sharpness metric with v = 2 for silicon retina auto-focusing [DELB00]. 

),( trI r
∇

In 1974, Muller and Buffington [MULL74] defined image sharpness such that 

its value for an aberration-degraded image is always less than that of the true image. 

Several image sharpness metrics were discussed, some of which have been proven to 

be maximized for different kinds of images. Four of these metrics are listed below: 

∫= ,),(2
1 dxdyyxIS    (2.17) 

where I(x,y) is the irradiance at a point (x,y) in the image plane. This was proved 

using the Fresnel-Kircoff equation to calculate the irradiance. S1 is maximized for 

zero distortion, irrespective of the object-radiance distribution. This amplitude 

insensitivity makes this method useful for large extended objects if they lie in the 

same isoplanatic patch.  

∫ ⋅= ,),(),(2 dxdyyxIyxMS  (2.18) 

 where M(x,y) is the transmittance of a mask placed over the image. If M is an 

accurate replica of the true undistorted image, then S2 is a good sharpness definition 

that reduces to S1 when the distortion is eliminated.  
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∫= ,),(3 dxdyyxIS n  n = 2, 3, 4. (2.19) 

This sharpness metric is also known as the power law metric. Various power law 

metrics were explored in [FIEN03]. According to Fienup, power law metrics with 

larger powers tend to work better with scenes having prominent scatters, whereas 

power-law metrics with smaller powers tend to perform better with scenes having no 

prominent scatters. 

,)],(ln[),(4 ∫−= dxdyyxIyxIS  (2.20) 

This metric minimizes the entropy of the image and is suitable for large dynamic 

range images. 

 Sensors that measure image sharpness based on metrics that are fundamentally 

related to Simage, S1 and S2 are discussed briefly in the next few subsections. 

2.2.2.5.1 Image Quality Metric Sensor 

 Cohen et al. [COHE02] presented a sensor that measures image sharpness in 

terms of the energy content at high spatial frequencies. The principle used for this is 

similar to that of metric Simage as discussed earlier. When the image is defocused, the 

higher spatial frequencies get attenuated. The energy is maximum at the point of best 

focus. However, a much simpler measure of high spatial frequency energy was 

chosen for efficient VLSI implementation. It was named the image quality metric 

(IQM). The implemented IQM is the intensity normalized sum of the absolute value 

of pixel photocurrents convolved with a spatial high-pass filter 

IQM = ∑∑ ∗
i j

ji KI
E
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,      (2.21) 
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where Ii,j is the intensity of the received image at (i, j)th pixel and E is the intensity of 

the received image. These quantities were combined using current-mode VLSI 

circuitry. A chip that produces the integral image quality taken over the whole 

captured image as defined by equation (2.21) was designed, manufactured, and tested 

successfully. The details are discussed in [COHE02]. 

2.2.2.5.2 Square-Law Image Sharpness Metric Sensor 

  Square-law metric sensors fundamentally use the image sharpness metric S1 

given by equation (2.17). Cohen et al. [COHE02] developed a focal plane image 

sensor based on metric S1 that provided a metric which they called beam variance 

metric (BVM). BVM was defined as the variance of the beam intensity distribution 

normalized by the square of the intensity, 

BVM = ,2
,2 ∑∑⋅ N

i

M

j
jiI

E
MN   (2.22) 

where Ii,j is the intensity of the received laser beam at (i, j)th pixel, [N, M] are the 

number of rows and columns respectively in the array of pixels and E is the intensity 

of the received laser beam. In addition, the sensor also computes the beam centroid in 

two dimensions. They used this sensor to determine the quality of a transmitted or 

received laser beam. According to them, the adaptation rates were faster for wide 

beams because of the sensor’s limitation.   
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As discussed earlier, the image sharpness metric S1 is maximized for zero 

distortion, irrespective of the object-radiance distribution. This amplitude insensitivity 

makes this metric useful for large extended objects if they lie in the same isoplanatic 

patch [MULL74]. When Feinup [FIEN03] explored the variations of the power-law 

metric defined in equation (2.19), they also used the sharpness metric S1 which is 

essentially a variation of the power-law metric S3 with n = 2. In [FIEN03] they have 

successfully shown that this metric can be used for image quality determination and 

correction which further confirms Muller’s [MULL74] theory. Although Cohen et al. 

[COHE02] used the IQM sensor for image correction, they limited their BVM 

sensor’s use to point sources only and did not explore its performance for images.   

In this thesis a new metric called the square-law image sharpness metric 

(SLISM) which can be defined as the exact discrete form of the sharpness metric S1, 

is used, 

  SLISM =  (2.23) ,2
.∑∑

N
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j
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where Ii,j is the intensity of the received image at (i, j)th pixel and [N, M] are the 

number of rows and columns, respectively, in the array of pixels. This metric 

increases monotonically with an increase in image quality and reaches a maximum 

for the true undistorted image. 

 Two focal plane image sensors that compute this metric have been developed 

at NMSU’s VLSI laboratory. The first one is called the logarithmic image sharpness 

sensor that uses a very similar pixel design to that used by Cohen et al. [COHE02] in 

the BVM sensor. The sensor, however, was successfully used for both laser beam 
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correction and image correction [RAYA05]. This design had various drawbacks. 

Hence, a new sensor design that could perform better than the logarithmic image 

sharpness sensor was required and this was the motivation for this thesis. A new focal 

plane image sensor named the CMOS active-pixel image sharpness sensor was 

developed and tested. These two sensors are discussed in detail in chapter 3.     

2.2.2.5.3 Pinhole-Photodetector Sensor 

One of the most commonly employed sharpness sensor is the pinhole-

photodetector sensor. It is often known as the “power in the bucket” method of 

obtaining the sharpness metric. This sensor basically uses the sharpness metric S2 

discussed earlier with mask M being a pinhole such that the diameter of the hole 

corresponds  

to the size of the diffraction-limited image [MULL74]. Here, the performance 

metric J is directly proportional to the intensity of light passing through the pinhole. 

A pinhole-photodiode sensor was used for performance metric measurement in 

[COHE99] with a feedback controller that used the parallel stochastic perturbative 

gradient descent technique.  

The principle of the pinhole-photodetector sensor is shown in figure 2.8. It is 

implemented with a photodetector which measures the intensity of the beam passing 

through a pinhole. In a pinhole-photodetector sensor, when the wave-front phase is 

severely distorted, light from the beam gets scattered, causing little or no light to pass 

through the pinhole and hence the light captured by the photodetector is very small. 

On the other hand, when the wave-front is focused, most, if not all, of the light passes 



through the pinhole and reaches the photodetector. Therefore, intensity is maximized 

and wave-front distortion is corrected. 

This method is extremely easy to implement which is the main reason for its 

wide use. However, as discussed earlier, S2 is a good sharpness measure only if M is 

an accurate replica of the true undistorted image. Due to this reason, the metric would 

not work well for extended objects as M in this case is a circular pinhole. This limits 

pinhole-photodetector sensor’s use to applications such as laser beam correction, etc.  

 

Figure 2.8: Pinhole-Photodetector Sensor.  
 

2.3 CMOS Image Sensing 

 The digital imaging era began in a big way with the invention of the charge-

coupled device (CCD) in 1970. Since then, CCDs have been the dominant image 

sensor technology. However, the recent emergence of extremely efficient CMOS 

image sensor designs (although not as efficient as CCDs) combined with the several 

advantages that they offer, such as lower manufacturing costs, reduced power 

consumption, ease of system design and on-chip feature sets - all of which boost 
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time-to-market success and enhance competitiveness, have led to their adoption in 

several high volume production applications. Today, CMOS image sensor technology 

is a leading imaging technology and is likely to dominate the image sensor market for 

the years to come. 

2.3.1 Image Sensor Technology 

 In this section, a brief history of solid state image sensing is provided. CCD 

and CMOS image sensor architectures are briefly explained and then both the 

technologies are compared.       

2.3.1.1 History of Solid-State Image Sensing 

 A brief history of the solid-state image sensors (see figure 2.9) was described 

by Fossum [FOSS97] and can be summarized as follows: 

• 1963 – Morrison reported a computational sensor that allowed the 

determination of the position of a light spot using the photoconductivity 

effect [MORR63]. 

• 1964 – IBM reported the scanistor that used an array of n-p-n junctions 

addressed through a resistive network to produce an output pulse proportional 

to the local light intensity [HORT64]. 

• 1966 – Westinghouse reported a 50 x 50 monolithic array of phototransistors 

[SCHU66]. Since these sensors did not perform any integration their 

sensitivity was low. 

• 1967 – Weckler and Fairchild suggested operation of a p-n junction in a 

photon flux integrating mode where the photocurrent from the junction is 
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integrated on a reverse-biased p-n junction capacitance [WECK67]. A 100 x 

100 array of these photodiodes was reported in 1968 [DYCK68].  

• 1968 – First active pixel design using a MOS source-follower for readout 

buffering was reported by Noble [NOBL68]. 

• 1970 – Charge-coupled device was proposed by Boyle and Smith [BOYL70]. 

The image quality of the CCD was so superior that research on MOS imaging 

got quenched. The low fixed pattern noise and small pixel size contributed 

heavily to the success of CCDs in the industry. 

• 70’s and early 80’s – CCD technology was aggressively developed and 

improvements in quantum efficiency, fill factor, dark current, charge transfer 

efficiency, smear, readout rate, lag, readout noise and dynamic range were 

achieved. The tolerance of MOS devices to radiation kept research in MOS 

technology active over these years. Apart from this, Hitachi and Matsushita 

continued the development of MOS image sensors [OHBA80], [SEND84] for 

camcorder-type applications where high-speed operation with relatively low 

resolution was needed. 

• Late 80’s – In 1985, Hitachi combined a MOS sensor with a CCD horizontal 

shift register [ANDO85]. Later in 1987, Hitachi introduced on-chip 

techniques to achieve variable exposure and flicker suppression from indoor 

lighting [KINU87].  

• 1990 – In 1990, VLSI Vision Ltd reported an integrated passive pixel sensor 

(PPS) array [RENS90]. At that time the feature sizes of the available CMOS 

technologies were too large to accommodate more than a single transistor and 
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three interconnect lines in a PPS pixel. PPS devices had much lower 

performance than CCDs, which limited their applicability to low-end 

machine-vision applications [GAMA05]. 

• 1992 – NASA’s Jet Propulsion Laboratory (JPL) began researching active 

pixel sensor. It was quickly realized that adding an amplifier to each pixel 

significantly increases sensor speed and improves its signal-to-noise ratio 

(SNR), thus overcoming the shortcomings of PPS. However, the CMOS 

technology feature sizes were too large to make APS commercially viable 

[GAMA05]. 

• Since 1995 – In 1995, Fossum [JPL95] developed a CMOS image sensor 

(CIS) based on active pixels for space applications. The first commercial 

CISs were used for applications such as toy cameras and some machine-

vision cameras, which did not require crisp image quality. The advent of deep 

submicron CMOS, integrated microlens technologies and newer pixel designs 

have allowed development of CISs that have high dynamic range and 

improved SNR ratio. Today, CISs are designed into generations of digital still 

cameras, security cameras and even intelligent vehicle systems. Their 

portability and low power consumption have driven CISs to dominance in 

markets like mobile handset camera systems, digital single lens reflex (SLR) 

cameras, high-speed machine vision cameras and medical devices [MICR06]. 

In 2006, CISs are expected to capture 60% of the estimated $7 billion image 

sensors market. This share is expected to rise to 80% by 2008. CCD image 



sensors are now slowly being reduced to applications where very high image 

quality is of importance.       

 

Figure 2.9: History of solid state image sensors [HONG01]. 

2.3.1.2 CCD Versus CMOS Image Sensors 

 Any area image sensor consists of an array of pixels, each containing a 

photodetector that converts incident light into photocurrent, and readout circuits that 

are needed to convert the photocurrent into electric charge or voltage and to read it 

off that array. The percentage of area occupied by the photodetector in a pixel is 

known as fill factor. The rest of the readout circuits are located at the periphery of the 

array and are multiplexed by the pixels [GAMA05].  

 The readout architectures of both CCDs and CISs are very different. In a 

CCD, charge is shifted out of the array via vertical and horizontal CCDs, converted 

into voltage via a simple follower amplifier, and then serially read out as shown in 
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figure (2.10(a)). In a CIS, charge voltage signals are read out one row at a time in a 

manner similar to a random access memory, using row and column select circuits, as 

shown in figure (2.10(b).  

 

Figure 2.10: Readout Architectures: (a) Interline transfer CCD (b) CIS [GAMA05]. 

A good comparison of these technologies, as well as their respective advantages 

and disadvantages are given by Litwiller [LITW01] and Gamal [GAMA05], and is 

summarized here: 

• Responsivity – This is the amount of signal the sensor delivers per unit of 

input optical energy. CISs have a slight advantage here since low power, high 

gain amplifiers are easy to place on a CMOS imager, while CCD 

amplification comes at a significant power penalty. 
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• Dynamic Range – This is the ratio of a pixel’s saturation level to its signal 

threshold. In this area, CCDs are better by about a factor of two when 

compared to CMOS imagers. The charge transfer readout method used in 

CCDs is passive and therefore does not introduce temporal noise which is 
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independent across pixels and varies from frame to frame (caused by 

photodetector shot noise, pixel reset circuit noise, readout thermal and flicker 

noise and quantization noise) and fixed-pattern noise (FPN) which is caused 

by pixel to pixel variations due to device and interconnect mismatches. The 

readout path in a CMOS image sensor, in comparison, comprises several 

active devices that introduce both temporal noise and FPN. 

• Uniformity – This is the consistency of the response of different pixels under 

identical illumination conditions. Under normal illumination conditions, 

uniformity in CMOS imagers is comparable to that of CCDs, however, under 

dark or low light conditions, temporal noise and FPN cause nonuniformities in 

CISs. This is a significant issue in high-speed applications. At high intensity 

levels, CCDs require large quantities of charge to be transferred, which 

introduces transfer loss noise that is caused due to charges left behind after 

transfer operations. CISs don’t suffer from transfer loss noise.   

• Shuttering – It is the ability to start and stop exposure arbitrarily. In CCDs, 

this is a standard feature and it can be implemented with little fill factor 

compromise. In CMOS imagers, this feature requires a number of extra 

transistors per pixel causing a reduction in fill factor. Rolling shutters, where 

different rows of the imager are exposed at different times, are typically used 

in CISs because they require fewer transistors per pixel i.e. improvement in 

fill factor. Unfortunately, the use of a rolling shutter can cause motion artifacts 

when imaging a fast moving scene. Fortunately, rapidly shrinking feature 
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sizes in CMOS are minimizing the area consumed by in-pixel circuitry, 

reducing the fill factor penalty, while allowing for increased functionality. 

• Speed – CISs are generally regarded as being superior in this regard, since all 

camera functions can be placed onto the single imaging chip. This reduces 

trace distances, and therefore reduces propagation delays due to parasitic 

capacitances and resistances. The high speed readout makes CISs ideally 

suited for implementing very high-resolution imagers with multimegapixel 

resolutions, especially for video applications. On the other hand, the charge 

transfer readout method used in CCDs is serial and limited in speed. It needs 

high-rate, high-voltage clocks to achieve near perfect charge transfer 

efficiency that require separate chips for timing, control and image processing, 

further reducing speed and increasing power.  

• Windowing – CISs have the unique capability of reading out a small portion 

of the image sensor. This allows higher readout speeds for small regions of 

interest which is useful in applications such as high temporal precision object 

tracking. 

• Antiblooming – This is the ability to gracefully drain localized overexposure 

without compromising the rest of the image in the sensor. By setting 

appropriate reset gate voltage in CISs, blooming effects can be mitigated, 

while CCDs require special engineering to achieve this. 

• Biasing and Clocking – CISs generally require a single bias voltage and 

clock level. Other non-standard bias voltages and clock signals can be 

generated on-chip using charge pumps. CCDs generally require some 
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nonstandard high bias voltages, but clocking has been simplified in modern 

devices that operate with low voltage clocks. 

• Integration – CCDs are fabricated in specialized technologies solely 

optimized for imaging and charge transfer. Control over the fabrication 

technology also makes it possible to scale pixel size down without significant 

degradation in performance. The disadvantage of using such specialized 

technologies, however, is the inability to integrate other camera functions on 

the same chip with the sensor. CISs, on the other hand, are mostly fabricated 

in standard technologies and thus can be readily integrated with other analog 

and digital processing and control circuits. Such integration further reduces 

imaging system power and size and enables the implementation of new sensor 

functionalities. 

• Power – CCDs consume more power when compared to CISs. As mentioned 

earlier, this is because CCDs need high-speed, high-voltage clocks to achieve 

near perfect charge transfer efficiency. As such, require CCDs separate chips 

for timing, control, and image processing, which increases power 

requirements. 

• Cost – As mentioned earlier, CCDs require a specialized fabrication process 

to be manufactured. CISs use a standard process which reduces their costs 

significantly. Higher levels of integration in CISs further reduce costs since 

they require fewer separate chips for timing, control and image processing. 

• Radiation hardness – CISs have higher radiation immunity when compared 

with CCDs. Hence, CISs often find use in aerospace applications. 
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2.3.2 Solid-State Phototransduction 

 As per band theory of solids, a semiconductor is defined as a material that has 

a narrow energy band gap between the valence band and the conduction band. In 

intrinsic semiconductors, at absolute zero temperature, the valence band is completely 

filled with electrons and the conduction band is vacant. The bandgap energy is 

defined as the amount of energy required to move an electron from the valence band 

to the conduction band. For silicon, the bandgap energy is 1.12eV and for germanium 

it is 0.66eV. In the case of semiconductors, electrons can be moved to the conduction 

band by photons with energies greater than their bandgap energy values. The 

resulting electrons in the conduction band are free to conduct current. This property 

of semiconductors is the basis of photodetection. Various photodetectors such as the  

photodiode, phototransistor and photogate have been used over the years. The 

photodiode is the most commonly used photodetector today. 

2.3.2.1 Photodiode 

The photodiode is a semiconductor device that transduces an optical signal 

(incident photons) into an electrical signal (current or voltage). Photodiodes are 

simply diodes such as a p-n junction diode, p-i-n diode, Schottky diode, or 

heterojunction diode. The p-n junction photodiode can be fabricated easily using the 

inexpensive CMOS technology which makes it the most widely used type of 

photodiode for imaging purposes. 

2.3.2.1.1 Photodiode: Operation 

The operation of the photodiode is as follows: due to a carrier concentration 

gradient, electrons diffuse from the n-type region to the p-type region and holes 
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diffuse from the p-type region to the n-type region. During this diffusion process, a 

built-in voltage across the junction gets developed. The inter-diffusion of electrons 

and holes between the n and p regions across the junction results in a region known as 

the depletion region which has no free carriers. The built-in voltage across the 

depletion region results in an electric field. At the junction the electric field is 

maximum and outside of the depletion region there is no electric field. The electron-

hole pairs generated by light are swept away by drift in the depletion region and are 

collected by diffusion from the undepleted region. The current generated is 

proportional to the incident light [UDT].  

A photodiode can be operated in two basic modes: the photoconductive mode 

and the photovoltaic mode. In photovoltaic mode, the photodiode is unbiased and 

connected to a load resistance. The generated photocurrent flows through the load 

resistance. The response of this circuit is quite nonlinear for lower load resistance. 

Lower load resistance and an amplified output voltage can be achieved by feeding the 

photocurrent to an operational amplifier virtual ground and use the feedback 

resistance as the load [CENT03]. Although such a circuit has a more linear response 

and has good performance at low light applications due to the elimination of leakage 

currents, the response speed is quite low for imaging applications. Generally, for 

visible and near- infrared range imaging, the photoconductive mode is used. In the 

photoconductive mode, the photodiodes are reverse biased with biasing voltages. 

Reverse biasing the photodiode increases the depletion layer width. This reduces the 

carrier transit time due to an increased electric field at the junction. Further, the 

junction capacitance is reduced as the junction capacitance is inversely proportional 



to the width of the depletion region. This improves the speed of response and linearity 

of the devices. The operation of the p-n+ junction photodiode used in the 

photoconductive mode is discussed in detail here.    

As mentioned earlier, electron-hole pairs that are produced by light absorption 

are eventually swept away by drift in the depletion region and are collected by 

diffusion in the undepleted regions. The carrier drift and diffusion in a p-n+ junction 

photodiode is shown in figure 2.11. Under steady state conditions the total current 

density through the reverse-biased depletion layer is given by [SZE81], 

Jtot = Jdr + Jdiff , (2.24) 

 where Jdr is the diffusion current density due to carriers generated inside the 

depletion region and Jdiff is the diffusion current density due to carriers generated 

outside the depletion region and diffusing into the reverse-biased junction. Carriers 

generated outside the depletion region are not collected as efficiently, due to their 

random movement in the absence of an electric field. If the incidental optical signal at 

the surface of the p-n+ photodiode has optical power Popt with frequency v, the optical 

flux within the material is  

,
)1(

0 νAh
RPopt −

=Φ  (2.25) 

where A is the device area and R is the reflection coefficient. The light is absorbed 

exponentially with depth x and is proportional to the absorption coefficient α. Hence 

the generation rate of electron-hole pairs is given by, 

G(x) = Φ0αe-αx (2.26) 
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Figure 2.11: Carrier drift and diffusion in a p-n+ junction photodiode [SHAH02]. 

The absorption coefficient α is a strong function of the wavelength. Its value 

is small for longer wavelengths and is very high for shorter wavelengths. Hence, long 

wavelengths photons tend to be absorbed deeper in the substrate (p-type region) of 

the device and the carriers generated diffuse in all direction, not just towards the 

depletion region. Diffusion in silicon is generally a much slower process than drift. 

44



This means that many of the carriers generated a long distance away from the 

depletion region may recombine before they can be collected. These factors reduce 

the carrier collection efficiency for long wavelengths of light. The long wavelength 

cutoff λc can be established by using the bandgap energy Eg of semiconductor in 

.
g

c E
hc

=λ  (2.27) 

For silicon λc = 1.11μm. Shorter wavelength photons tend to be absorbed near the 

surface of the device (n+ region) and the carriers generated diffuse in all directions. 

This region is generally much thinner than the substrate region but the high doping 

density in this region significantly reduces carrier lifetime by increasing the 

recombination rate. Hence the short wavelength cutoff of the photoresponse comes is 

due to the short recombination time near the surface of the device. 

The total current density Jtot is derived here under the assumptions that 

thermal generation current is negligible and that the top surface n+ is much thinner 

than 1/α so that current generated due to carriers in the n+ region is negligible. Then 

the drift current density is given by 

∫ −−Φ==
W

W
dr eqdxxGqJ

0
0 )1()( α   (2.28) 

where W is the depletion-layer width. For x > W, the minority-carrier density 

(electrons) in the bulk semiconductor near the depletion region is determined by the 

quasi-static diffusion equation 
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where Dn is the diffusion coefficient for electrons, τn the lifetime of excess carriers 

and np0 the equilibrium electron density. Under the boundary conditions np = np0 for x 

= ∞ and np = 0 for x = W, the solution of equation (2.29) can be expressed as  

xL
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W
ppp eCeeCnnn n αα −

−
− ++−= 1

)(

100 )(  (2.30) 

where Ln = nnD τ is the diffusion length of electrons in the p-substrate and 

coefficient C1 is  
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The diffusion current density Jdiff is given by 
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 Then, the total current density can be obtained by substituting equations (2.28) and 

(2.32) into equation (2.24) and simplifying 
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Under normal operating conditions, the second term containing np0 is much smaller 

than the first so that the total photocurrent is proportional to the product of photon 

flux of the incident light (Φ0) and area of the device (A). 

AItot 0Φ∝  (2.34) 

 One of the most important general characteristic of the photodiode is the 

quantum efficiency. The quantum efficiency η is defined as the number of 

photogenerated  

46



 

carriers per incident photon: 
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where Ip is the photogenerated current by the absorption of incident optical power Popt 

at a wavelength λ (corresponding to a photon energy hv). Another related 

characteristic is responsivity Rph, which is the ratio of the photocurrent density to 

optical power: 
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Hence the responsivity increases linearly with wavelength for a given quantum 

efficiency. For an ideal photodiode (η = 1) and Rph = (λ/1.24) (A/W), where λ is 

expressed in microns.  

 The quantum efficiency η can be obtained from equations (2.35) and (2.33) as, 
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To achieve high quantum efficiency, the device must have a small reflection 

coefficient R with αW  >> 1. However, for large depletion layer widths i.e. W  >> 1/α, 

the response speed degrades. Thus, there is a trade-off between the response speed 

and quantum efficiency for a photodiode [YADI04].  

2.3.2.1.2 Photodiode Model 

A photodiode can be modeled as shown in figure 2.12. It includes a current 

source in parallel with the junction capacitance (Cph). The current source (with 
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photocurrent Iph) represents the current generated by the incident radiation. This 

photodiode model is used for circuit simulations as actual light sources and on-chip 

photodiodes cannot be simulated. This is an approximate model of the classic 

photodiode model that in addition to these components includes a shunt resistance in 

parallel with current source and a series resistance in series with all components in the 

model. The shunt resistance is the slope of the current-voltage curve of the 

photodiode at the origin, i.e. V = 0. It is used to determine the noise current in the 

photodiode and its values ranges from 10s to 1000s of Mega Ohms. The series 

resistance arises from the resistance of the contacts and the resistance of the 

undepleted silicon. Since the shunt resistance is very high and the series resistance is 

very small for CMOS photodiodes, they can be safely neglected. This approximation 

simplifies the quantitative analysis.  

 

Figure 2.12: Photodiode model for simulations.  

The junction capacitance of a reverse biased p-n+ photodiode is given by 
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where Vd is the voltage across diode, A is the diode area, εSi is the dielectric constant 

of silicon and NA is the acceptor concentration in the p-substrate [HORN99]. Using 

CMOS process parameter sheet, the junction capacitance associated with the 

photodiode can be computed as the sum (parallel combination) of sidewall and 

bottom plate capacitances.  

PCJSWACJC ph ⋅+⋅=  (2.39)  

where,  Cph = Junction Capacitance for photodiode, 

 A = Bottom Area, 

 P = Sidewall perimeter, 

 CJ = Bottom junction Capacitance, 

 CJSW = Sidewall Capacitance.  

2.3.2.1.3 Photodiode: Charge Integration Voltage Mode 

 The photocurrent generated in the photodiode is proportional to the photon 

flux of the incident light. This current can be converted into a measurable voltage by 

operating the photodiode in the charge integration mode, as shown in figure 2.13. In 

this mode, there are two stages: reset stage and phototransduction stage. During the 

reset stage, the photodiode junction capacitance is charged to a reset voltage by 

closing switch S1. During phototransduction stage, the switch S1is open, thus allowing 

photocurrent to discharge the photodiode capacitance, causing its voltage to drop at a 

rate that is approximately proportional to the incident illumination. After a fixed 

integration time, the final voltage at the sense node representing the average light 

intensity is sampled. Then, the pixel is reset again and the process is repeated for the 

next measurement.  
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Figure 2.13: Photodiode in charge integration mode [HORN99]. 

The photodiode voltage as a function of time is given by  
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where Cph is the photodiode capacitance and Iph is the photocurrent.  

Using Cph expression of a reverse biased p-n+ photodiode from equation (2.38) in 

equation (2.48) to solve for Vd we find 
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where V0 is the photodiode built-in voltage and Vr is the reset voltage.  

Solving for Vd gives [HORN99], 

.
)2(

)()(

2

2
1

2
1

⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜

⎝

⎛
⋅

−=

ASi

ph
rd

NqA

tI
VtV

ε
 (2.42) 

50



Since the photocurrent is proportional to the product of photon flux of the incident 

light and the area of the device (equation 2.34), the area factor cancels out, making 

the voltage across the photodiode a simple function of photon flux of the incident 

light. This analysis neglects the effect of parasitic capacitances. 

For the case of a photodiode with area A = 10μm2, Vr = 5V, NA = 1016 cm-3 

and Iph = 1pA, when Vd(t) is plotted as a function of time the curve shown in figure 

2.14 is obtained[HORN99]. 

 

Figure 2.14: Vd(t) as a function of time [HORN99].  

It can be observed that for short integration times, Vd (t) varies linearly with the 

photocurrent, making the output voltage directly proportional to light intensity. 

2.3.2.1.4 Dark Current 

 One of the most important imaging characteristic of a photodiode is its dark 

current. Dark current is the photodetector current when no illumination is present. 

Dark current depends on doping concentrations, bandgap, and temperature of the 

reversed biased diode. Dark current is detrimental to imaging performance under low 

illumination, as it introduces shot noise that cannot be corrected and also 
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nonuniformity due to its large variation over the sensor array [GAMA05]. Further, it 

reduces the output signal swing by filling up the well capacity that is intended to hold 

the charge due to the incident photon flux. This reduces the full well capacity and 

thus the maximum signal-to-noise-ratio [TABE02]. 

There are three dominant dark current sources: injection-diffusion current, 

generation recombination current and defect generated dark current. The injection-

diffusion current is due to the injection of thermal electrons and holes, which have 

higher energy than the built-in potential energy, to the other side of the junction, and 

become the minority carrier diffusion current. The generation-recombination current 

is due to electron-hole pair generation or recombination, within the p-n junction 

depletion region in the substrate, or at the surface. Both of these exhibit an 

exponential dependence on applied voltage and temperature, exp(qV/kT), where q, V, 

k and T are carrier charge, applied voltage, Boltzmann’s constant and temperature, 

respectively. Defect generated dark current is determined by the characteristics of the 

individual defects. Some defects have high carrier generation rate while some do not. 

A particular photodiode gets affected by the pixel layout, especially its active area 

shape, area/perimeter ratio of the photodiode, the fill factor, its readout scheme and 

the reverse bias applied to the photodiode during dark current integration in 

combination with dopant profiles [SHCH02].  

Dark current in CCDs can be as low as 1-2 pA/cm2. This is achieved through 

the use of gettered, high-resistivity wafers to minimize traps from metallic 

contamination as well as buried channels and multiphase pinned operation to 

minimize surface generated dark current [SAKS80]. Dark current in standard 
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submicron CMOS processes is orders of magnitude higher than in a CCD and several 

process modifications are used to reduce it [OHBA80]. Somewhat higher dark current 

can be tolerated in CMOS image sensors, since, in a CCD, dark current affects both 

photodetection and charge transfer [GAMA05]. 

2.3.2.1.5 CMOS Photodiodes 

Three possible photodiode structures that can be implemented using standard 

p-substrate CMOS processes are shown in figure (2.15): the p-substrate/ n+ 

photodiode, the p+/ n-well photodiode and the p-substrate/ n-well photodiode. The 

first two are shallow junction photodiodes whereas the third is a deep junction 

photodiode. Photodiodes with similar structures can also be devised using the n-

substrate (p-well) processes. A good comparison of these three photodiodes is given 

in [TABE02] and is summarized here. There are other photodiodes that are used 

commonly such as the pinned photodiode [GAMA05] and the triple well photodiode 

[LYON]. But the fabrication of these photodiodes needs some process steps that are 

not available in standard CMOS processes and hence are not discussed here.    

Diffusion-Substrate Junction 

 The p-substrate/ n+ photodiode (figure 2.15 (a)) is the most widely used 

photodiode because of its simple layout which makes it less susceptible to 

lithographic variations that cause fixed pattern noise. The quantum efficiency of this 

photodiode is higher than the p+/ n-well photodiode mainly because of the  

contribution of carriers generated in the substrate (see figure 2.16). But this 

photodiode is vulnerable to crosstalk and noise due to diffusion and leakage of 

carriers through the substrate. The response time is expected to be longer than the  



 

Figure 2.15: CMOS Photodiodes: (a) p-substrate/ n+ photodiode, (b) p+/ n-well 

photodiode, (c) p-substrate/ n-well photodiode. 

p+/n-well because of this substrate carrier contribution. The maximum quantum 

efficiency occurs at λ ≈ 620nm. This photodiode exhibits the lowest dark current 

when compared with other photodiodes (typically between 4x10-11- 2.5 x10-10 A/cm2 

for 2-50μm optical window width).   

Diffusion-Well Junction 

The p+/ n-well photodiode is shown in figure 2.15 (b). It has the least quantum 

efficiency when compared to other photodiode structures (see figure 2.16), which is 

mainly because of the narrow and shallow p+/n-well junction. The n-well/p-substrate 

junction shields the charge carriers generated outside the well (due to long 

wavelengths) and thus these carriers cannot be collected by the photodiode inside the 

well. However, this provides better isolation for the photodiode, hence reducing 

crosstalk between neighboring photodiodes. This photodiode has a faster response 

because it relies on the carriers that are photo-generated in the depletion region rather 

than those generated in the substrate, which cannot diffuse to the depletion region due 

to the n-well/p-substrate junction shielding. In comparison to other junctions, this 
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photodiode has the highest dark current (typically around 4x10-10A/cm2 for a 2-50μm 

optical window width). The maximum quantum efficiency occurs at λ ≈ 530nm.  

 

Figure 2.16: Simulated spectral response for CMOS photodiode structures: (upper 

curve) p-substrate/n-well photodiode, (middle curve) p-substrate/n+ photodiode, and 

(bottom curve) p+/n-well photodiode. Data used here are for 0.8μm CMOS process 

[TABE02]. 

Well-Substrate Junction 

55

The p-substrate/ n-well photodiode (see figure 2.15(c)) has the highest 

quantum efficiency for visible light due to its wide and deep depletion region 

compared with other photodiode structures, which allows the collection of the 

minority carriers that are photogenerated deep in the substrate. This photodiode also 

has the lowest capacitance, which helps to achieve a high bandwidth. However, it is 

more sensitive to substrate noise and crosstalk from the neighboring photodiodes due 

to diffusion of the minority carriers. Another disadvantage if this photodiode is the 
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loss of space in the layout because of the design rule spacing requirements between 

two n-wells which is much larger than n+ diffusion spacing. This problem is getting 

reduced gradually because of the scaling CMOS technologies. This junction has 

moderate dark current compared with the other junctions (typically between 1x10-10- 

8 x10-10 A/cm2 for a 2-50μm optical window width). For this photodiode, maximum 

quantum efficiency occurs at about λ ≈ 620nm and most notably it has comparable 

quantum efficiency even at lower wavelengths of the visible spectrum (see figure 

2.16).   

2.3.2.2 CMOS Pixels and Imager Sensors 

 An image sensor consists of an array of pixels, each containing a 

photodetector that converts incident light into photocurrent and circuits that are 

needed to convert the photocurrent into electric charge or voltage that can be read off 

the array. Over the years, sensors using different pixel circuits have appeared: the 

passive pixel sensor, 3-T active pixel sensor, 4-T active pixel sensor (using pinned 

photodiode), photogate active pixel sensor, global shutter or snapshot active pixel 

sensor, logarithmic active pixel sensor and digital pixel sensor. The 3-T active pixel 

sensor and logarithmic active pixel sensor are described here, as knowledge of these 

two commonly used pixel designs is important in order to understand pixel designs 

used in this thesis.  

2.3.2.2.1 3-T Active Pixel Sensor 

 Each pixel of a CMOS active-pixel sensor (APS) contains not only the photo-

detector element (a photodiode or a photogate) but also active transistor circuitry (an 

amplifier) for readout of the pixel signal. The 3-T (transistor) active pixel (figure 



2.17) consists of a photodiode and three transistors: a photodiode reset transistor 

(M1), a source-follower transistor (M2) and a row select transistor (M3). In this pixel 

design, the source-follower transistor is the active transistor. 

 

Figure 2.17: 3-T Active pixel. 

In the 3-T active pixel, the charge to voltage conversion is done using the 

charge integration voltage mode method discussed in section (2.3.2.1.3). The total 

capacitance at the sensing node (S), CSN, is comprised of the photodiode capacitance 

and the parasitic capacitances connected to that node: the source capacitance of the 

reset transistor and the gate capacitance of the source follower (SF) transistor. The 

photodiode size is typically chosen such that its capacitance dominates the sense node 

capacitance. The SF transistor acts as a buffer amplifier that isolates the sensing node 

and the load of this buffer, which is the active-current-source load, transistor M4. The 
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active current source load is located on each column rather than on each pixel to 

obtain a high fill factor and reduce pixel-to-pixel variations. The reset transistor 

controls the integration time and is generally implemented with an NMOS transistor. 

A PMOS implementation is not preferred as it requires an additional n-well which 

results in reduced fill factor. However the dynamic range of the pixel is reduced 

because an NMOS transistor with VDD on both gate and drain can only reach a 

maximum source voltage (at the photodiode node) of (VDD – VTN) where VTN is the 

threshold voltage of the NMOS. Also device, the pixel-to-pixel variation of the 

threshold voltage of NMOS devices introduces a major source of non-uniformity. The 

reset voltage for the 3-T active pixel with NMOS reset transistor M1 is given by, 

VR = VDD – VTN1 (2.43)  

where VTN1 is the threshold voltage of M1. 

Pixel operation can be divided into two main stages: reset stage and photon 

flux integration stage. 

(a) Reset stage: During this stage, the photodiode capacitance is charged to a reset 

voltage by turning the reset transistor on. By turning the row select transistor on, this 

reset voltage is read out, and the value is held in one of the two sample and, hold 

(S/H) circuits located at the bottom of each column.  

The bias current through the SF transistor is given by 

,)()( 2
2

2
2 TNOSTNGSB VVVKVVKI −−=−=  (2.44) 

Where VS is the voltage at the sensing node, VO is the output voltage, VTN2 is the  
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threshold voltage of SF transistor M2 and K is given by 
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Rearranging (2.44) gives, 
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During the reset stage, the sense node is at reset voltage VR. Hence, replacing VS in 

(2.46) with VR from (2.43) gives the output reset voltage, 
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The maximum output voltage can be obtained for IB = 0 and is given by B

VOMAX = VDD – (VTN1 + VTN2). (2.48) 

Hence, to maximize the output voltage swing, the bias current IB should be minimized 

while still keeping the load transistor M4 in saturation. 

B

(b) Photon flux integration stage: During this stage, the reset transistor and row select 

transistor are turned off and the sense node capacitor is discharged for a constant 

integration time (TINT) at a rate approximately proportional to the incident photon 

flux. The voltage at the sense node in this stage can be given as, 

),( 1 PHTNDDSP VVVV +−=  (2.49) 

where VPH is the voltage drop due to photocurrent IPH and is given by 

∫=
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Hence using (2.46) the output voltage after integration period is given as, 
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Therefore, a bright pixel produces a low analog signal voltage and a dark pixel gives 

a high signal voltage. The output voltage VOP is directly proportional to the light 

intensity as well. However, due to pixel to pixel device mismatches, especially in the 

threshold voltage, which is a major source of fixed pattern noise (FPN), this voltage is 

not used directly as a measure of light intensity. Correlated double sampling (CDS) is 

used to remove the fixed pattern noise. The CDS circuit is usually located at the 

bottom of each column. Both the S/H circuits at the bottom of each column are part of 

the CDS circuit. Its operation consists of sampling the photo-voltage and holding it on 

a capacitor, then resetting the pixel and subtracting the resulting reset photo-voltage 

from the image photo-voltage.  

Hence, by turning the row select transistor on, the voltage VOP is read out and 

held at the second S/H circuit. The CDS circuit outputs the difference between the 

reset voltage level and the discharged signal level and is given by, 

PHOPORO VVVV =−=  (2.52) 

This difference provides the photovoltage value, which is proportional to the incident 

photon flux.  The output voltage does not contain any threshold voltage terms, hence 

eliminating a major source of FPN.  

Equation 2.52 ignores the body or bulk effect in NMOS transistors. Body 

effect tends to reduce the maximum signal swing and reduce the constant of 

proportionality in equation (2.52) from unity to around 0.8.  
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As all pixels cannot be read out in parallel, a rolling readout technique is used. 

Figure 2.19 shows the principle of the rolling readout technique. All the pixels in each 

row are reset and read out in parallel. Each row is readout one after the other 

sequentially. A given row is accessed only once during the frame time (Tframe). The 

actual pixel operation sequence is in three steps: the accumulated signal value of the 

previous frame is read out, the pixel is reset, and the reset value is read out to the 

CDS circuit. Then, the CDS circuit subtracts the previous frame’s signal pixel value 

from the reset value of the next frame. Since the reset noise added to the first frame is 

different from that added to the second, the difference between the two samples only  

suppresses offset FPN (which is fixed from frame to frame) and flicker noise. 

However, the read noise cannot be eliminated as the reset noise power gets doubled. 

Since CDS is not truly correlated, this operation is sometimes also called delta-reset 

sampling. True CDS can be readily implemented in CCDs and 4-T active pixel sensor 

where reset noise is also suppressed. CDS, however, does not reduce dark current 

non-uniformity i.e. pixel to pixel variation of dark current [YADI04]. 

Dark current is a major problem in CMOS image sensors. Dark current is 

typically dominated by carrier generation in the depletion region. In the case of active 

pixel sensors, the actual total dark current that affects the sensor is a combination of 

the generation rate multiplied by the junction area and the integration time 

[TABE02]. In the case of the 3-T active pixel sensor, the influence of dark current on 

temporal and fixed pattern noise is small for short integration times (<120ms). 

Further, dark current decreases with decreases in the depletion region, which can be 



achieved using lower reverse bias voltage (reset voltage). This, however, also reduces 

the photocurrent, as well.     

The output photodiode signal is supposedly independent of detector size. 

Because the lower pixel capacitance of smaller detectors causes an increase in  

 

Figure 2.18: Principle rolling readout technique [YADI04]. 

conversion gain that compensates for the decrease in detector size. However, as 

mentioned above, parasitic capacitances associated with the reset transistor and SF 

transistor increase the total capacitance of the sensing node and thus decrease the 

conversion gain. As the pixel size scales down, photosensitivity decreases and the 

reset noise scales as C1/2, where C is the photodiode capacitance. These tradeoffs 

must be considered when designing for a particular pixel fill factor, dynamic range, 

signal-to-noise ratio and conversion gain [YADI04]. 
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2.3.2.2.2 Logarithmic Active Pixel Sensor 

 The logarithmic active pixel sensor is a different type of active pixel sensor 

that allows for logarithmic encoding of the photocurrent. The logarithmic response 

provides much wider dynamic range because, for the same amount of voltage swing, 

a wider range of illumination can be detected. Such a sensor can be designed using a 

diode connected MOS transistor as a load resistance for the photodiode. The small 

photocurrent ensures that the NMOS is operating in subthreshold.  

Operation of MOS in the Subthreshold Region 

 In the subthreshold region, current through the MOSFET is typically below 

1μA. Photocurrent values are generally much lower than this value. A MOS transistor 

is said to be in the subthreshold region of operation when,  

VGS < VT – 100mV (2.53) 

Subthreshold operation of MOS transistors has been explained in [HARR06] and is 

summarized here. In the subthreshold regime, the channel is weakly inverted. In weak 

inversion, the inversion layer charge is much less than the depletion region charge. 

Since the substrate is lightly doped, the depletion region charge is quite low, and the 

channel does not have enough charge to generate a significant electric field that could 

pull electrons from the source to the drain. Therefore, the current is mainly due to 

diffusion instead of drift. The inversion layer charge, although small, is exponentially 

proportional to the surface potential, sψ . In weak inversion, the surface potential does 

not change over the length of the channel. The surface potential can be modeled as a 

capacitive divider between Cox, the gate oxide capacitance, and Cdep, the depletion 
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capacitance, as shown in figure 2.21. Assuming that the bulk voltage VB = 0, the 

surface potential is given by   

B

Gs Vκψ =  (2.54) 

where VG is the gate voltage and κ is the gate coupling coefficient representing the  

 

Figure 2.19: Surface potential modeling [HARR06]. 

coupling of the gate to the surface potential: 
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=κ  (2.55) 

 The depletion capacitance remains fairly constant over the subthreshold region, but 

κ increases slightly with an increase in gate voltage. Typically, 0.6 ≤ κ ≤ 0.9, and a 

nominal value for κ is 0.7. The carrier concentration is higher on the source side as 

compared to drain side. The charge concentration in the source (x = 0) and drain  

(x = L) is given by: 
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where UT is the thermal voltage, given as  

26≅=
q

kTUT mV at room temperature. (2.58) 

As the concentration of electrons decreases linearly from the source to the drain, the 

drain current can be expressed as: 

( .0 LTnD QQU )
L

WI −−= μ  (2.59) 

The expression for the drain current in a subthreshold NMOS device is as follows: 
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where I0n is a process dependent constant given by, 

.exp
2 2'

0 ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −
⋅≡

T

TNToxn
n U

VUC
I

κ
κ

μ
 (2.61) 

The typical values of I0n range from 10-15 to 10-12 A. 

When the NMOS device is in saturation, VDS > 4UT, the term exp(-VDS/UT) << 1, thus 

the last term in (2.60) can be approximated to be equal to one and be ignored. Hence, 

for an NMOS device operating in saturation (VDS > 4UT) the drain current can be 

expressed as: 
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For a PMOS device, unlike the substrate in the case of an NMOS device, the n-well 

will not be at ground. Hence, the gate, drain and source potentials have to be 
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considered with respect to the well potential VW. Then, the expression for the drain 

current in a subthreshold PMOS device is as follows: 
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The typical values of I0p range from 10-19 to 10-14 A. 

For a PMOS device operating in saturation (|VDS| > 4UT) the drain current can be 

expressed as: 
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Transconductance for the subthreshold MOSFET can be written as  

.
T

D
m U

Ig κ
=  (2.66) 

 The main drawback of subthreshold operation is that its speed of operation is 

low. This is mainly due to the fact that currents are in the range of nano amperes.  So 

if we have an output capacitance connected, the charging and discharging of this 

capacitance is slow since the charging and discharging rate is directly proportional to 

the amount of current.  

 It is easy to keep the transistor in saturation during subthreshold operation. If 

VDS > 4UT, the transistor is in saturation. It can be seen that the VDS saturation value 

does not depend upon VGS, as in the case of strong inversion. The currents I0p and I0n 
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are highly unpredictable parameters. Hence, the transistor should be biased at a fixed 

drain current ID and not at a fixed gate voltage VG [TSIVI85]. 

Logarithmic Active Pixel 

 The logarithmic active pixel does not require reset and operates continuously 

(figure 2.20). Photocurrent values typically range from pA to nA, ensuring that 

transistor M1 operates in the subthreshold regime. The photocurrent IPH is equal to 

the subthreshold current ID. Since the transistor M1 is diode connected, the gate and 

drain  

 

Figure 2.20: Logarithmic Active Pixel. 
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voltages are equal to VDD. Hence, rearranging equation (2.62) the photodiode voltage 

VPH can be expressed as,   
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Hence the voltage on the photodiode decreases logarithmically with linear increases 

in illumination (and hence photocurrent IPH). The most important advantage of this 

logarithmic compression is that the sensor can exhibit a high dynamic range 

(≈100dB). Further, as the sensor has no integration time, the pixel can be read out at 

any time and in any sequence making it a truly randomly accessible sensor.   

Since the output voltage is read in a similar fashion as in the case of 3-T active pixel  

using a source follower, then using (2.46) the output voltage measured is given by, 
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It can be observed that the output voltage is quite sensitive to changes in the process 

dependant parameter (I0n) and gate coupling coefficient (κ ). The threshold voltage 

can vary about ± (5-10)% across the chip. This variation can create a large spatial 

noise because of the exponential dependence of photocurrent on VT, which is difficult 

to compensate in the logarithmic mode. The presence of thermal voltage (UT), which 

is directly dependent on temperature (from (2.58), makes the output voltage 

temperature dependence significant. Another major disadvantage arises because of 
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the low output voltage swing (typically 150mV for five orders change in 

illumination). This extreme (logarithmic) compression limits their ability to detect 

small changes (or differences) in the optical signal. Further, a ± (5-10)% change in 

source follower threshold voltage i.e. about 100mV becomes comparable with 

photodiode signal levels. All these variations lead to fixed pattern noise and are so 

severe that some subtraction of stored “background” signals is essential. Since the 

pixel provides a continuous output, the CDS approach cannot be used. Another major 

drawback of the logarithmic pixel is that, at low light levels, the circuit illustrates a 

very slow response, due to the low photocurrent charge/discharge of the sense node 

capacitance, which necessitates longer settling times [TABE02]. Also, as the charge 

integration voltage mode is not used in the logarithmic active pixel, at low light 

levels, the dark current proportion in the output voltage is higher, making the 

measurements more inaccurate. Although logarithmic sensors suffer from the 

drawbacks mentioned above, they are very useful for focal-plane image sensing.  
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3. IMAGE SHARPNESS SENSOR VLSI IMPLEMENTATIONS:  
 ARCHITECTURE, DESIGN AND SIMULATION  

 An adaptive optics control system based on model-free optimization needs a 

sensor that provides the required performance metric. Image sharpness is one of the 

most widely used performance metrics for such systems. Performance of such a 

system that uses model-free optimization is limited mainly by the precision at which 

the metric is obtained [COHE02]. Two sensors, namely, the logarithmic image 

sharpness sensor [RAYA05] and the CMOS active pixel image sharpness sensor that 

provide SLISM (see section 2.2.2.5.2), have been developed at NMSU’s VLSI 

laboratory. In this chapter, a description of the logarithmic image sharpness sensor 

that was developed earlier is given. Then, its drawbacks are discussed. Then, the 

design, architecture and simulation results of the CMOS active pixel image sharpness 

sensor that was developed as part of this thesis, are discussed in detail. This sensor 

provides an extremely accurate measure of the SLISM metric which is critical for the 

proper operation of the stochastic control system for adaptive optics.  

3.1 Logarithmic Image Sharpness Sensor 

 The chip architecture of the logarithmic image sharpness (LIS) sensor is 

shown in Figure 3.1. It consists of a 40x40 array of pixels. The pixel circuit used in 

the LIS sensor is very similar to Cohen’s beam variance metric chip pixel circuit 

[COHE02]. The biasing circuit provides the bias voltage required by each pixel. The 

current scaling circuit increases the output current obtained from the array by 10 

times and is implemented using a current mirror circuit. This is done in order to 

obtain higher output current that can be measured easily. The power supply required 



is 2.5V. The total chip area is 1200x1200μm2. The technology used is the AMI 0.5μm 

process. In designing the pixel, the translinear loop principle is used. The translinear 

loop principle is a powerful technique for linear and nonlinear current-mode signal 

processing and is described next. All the subsystems are described in detail in the 

following subsections. Layouts are provided in Appendix A.  

 

Figure 3.1: LIS sensor chip architecture. 

3.1.1 The Translinear Loop Principle 

 The translinear loop principle states that, in a loop containing an equal number 

of oppositely connected translinear elements, the product of the current densities in 

the elements connected in one direction is equal to the corresponding product of the 

other elements. Translinear elements are devices with a linear relationship between 

transconductance and current. Hence, all devices with an exponential voltage-to-

current transfer characteristic can be utilized as translinear elements. 
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Traditionally, translinear circuits have been built using bipolar transistors. 

However, MOS transistors operated in subthreshold also have an exponential voltage-

to-current transfer characteristic and, consequently, can be used to design translinear 

circuits as well. The absence of a base current in the MOS translinear element is an 

added advantage when compared with bipolar transistors [GRAU00]. 

 

Figure 3.2: A translinear loop. 

Figure 3.2 shows a translinear circuit. It is assumed that the NMOSs operate 

in the subthreshold mode of operation and are in saturation. Analyzing the loop using 

Kirchhoff's voltage law yields 

VGS1 + VGS3 = VGS2 + VGS4 (3.1) 

Since the source voltages of M1, M4 and M2, M3 are equal (3.1) reduces to 

VG1 + VG3 = VG2 + VG4 (3.2) 

Using (2.62) the gate voltage for an NMOS operating in saturation (VDS > 4UT) can be  
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expressed as: 
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Using (3.3) in equation (3.2) it can be easily shown that 

,4231 IIII ⋅=⋅  (3.4) 

assuming that all transistors are of the same size and have no mismatch, and that the 

gate coupling coefficient κ is same for all transisitors. Hence, this circuit is extremely 

useful for the multiplication or division of several unipolar currents. 

3.1.2 Pixel Design 

The pixel circuit diagram is shown in figure 3.3. Each pixel measures 

26.7×26.7 μm2 and the fill factor is 50%. The p-n junction photodiode used in the 

pixel is implemented using n+ diffusion in a p type substrate, resulting in a very fast, 

shallow p-n junction photodiode. IPH (i, j) is the photocurrent that is proportional to the 

received photon energy at the (i, j)th pixel. The typical range of currents produced by 

a photodiode of 25×14.1 μm2 area is 500pA to 50nA depending upon the illumination 

level. All transistors, M1-M5, in the pixel have (W/L) = (5.4μm/1.8μm). The biasing 

circuit provides the bias voltage Vb required by each pixel.  

The small photodiode current ensures that transistors M1 and M2 operate in 

the subthreshold region of operation. The biasing circuit provides the bias voltage Vb 

to transistor M4. The bias current Ib was chosen to be 6nA which makes sure that M4 

and therefore M3 and M5 also operate in the subthreshold region. When operating in 
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Figure 3.3: LIS Pixel circuit. 

the subthreshold regime, M1, M2, M3 and M5 form a translinear loop such that the 

pixel output current  
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where κ ≈ 0.7 is the gate coupling coefficient for a PMOS transistor and ε is the 

mismatch gain factor discussed in detail in section 3.1.6 (please refer to Appendix B 

for the derivation of 3.5). The gate coupling coefficient κ can be eliminated if M2 and 

M3 were each in a separate n-well with their bulk terminals connected to their 

sources. In this case, Iout(i,j) ∝ (IPH(i,j))2. In the LIS sensor pixel layout, transistors M2 
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and M3 were made to share the same n-well to reduce the pixel area. Therefore, the 

gate coupling coefficient κ has to be considered. 

Figure 3.4 shows the pixel circuit response when photocurrent (IPH) is swept 

from 500pA to 50nA. Using the basic fitting tool in MATLAB, the equation obtained 

for Iout in terms of IPH is 

( ) ( ).107.11.1102.8)( 927 −×−⋅+⋅×= PHPHout IIAI    (3.6) 

It can be observed that the output current Iout increases monotonically with an 

increase in the photocurrent IPH. Although the coefficient of (IPH)2 seems to be much 

larger than the other coefficients it must be noted that the typical current level of Iout 

will be in the range of nano amperes. This effectively reduces this factor.  

 

Figure 3.4: Squaring circuit response when IPH is swept from 500pA to 50nA. 
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3.1.3 Biasing Circuit 

 The biasing circuit shown in figure 3.5 provides the bias voltage (Vb) to all 

pixels. It is a self biased cascode current mirror with a converting ratio of 100:1. The 

transistor sizing is such that M1 = 10 x M2 = 10 x M7 = 10 x (5.4μm /1.8μm) and M4 

= 10 x M3 = 10 x M5 = 10 x M6 = 10 x (4.8μm /1.8μm). For better matching, the 

common centroid technique is used in layout. The current Ib was chosen to be 6nA. 

Hence, the input current IIN needs to be 0.6μA. 

 

Figure 3.5: Biasing circuit. 

3.1.4 Current Scaling Circuit 

 All the pixel output currents are connected together, hence, adding the pixel 

output currents. The typical output current from the array is estimated to be around 

1.6μA at high illumination conditions. This value cannot be measured easily. In order 

to measure the output current easily, the total output current from the array (Ioutarray) is 
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given as input to the current scaling circuit that multiplies the total array output 

current by a factor of 10. The circuit is essentially a 1:10 Current Mirror. Figure 3.6 

shows the current scaling circuit. The transistor sizing is such that M2 = 10 x M1 = 

10 x (5.4μm /2.4μm). The current Ioutchip is the final output current of the chip that can 

be used as the performance metric. 

 

Figure 3.6: Current scaling circuit. 

3.1.5 Logarithmic Image Sharpness Sensor Metric 

The total output current from the array Ioutarray is the sum of all pixel currents 

(Iout(i,j)) and is given as  
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where [N, M] are the number of rows and columns respectively in the array of pixels. 

Since the array size is 40 x 40, N = 40 and M = 40. The current scaling circuit 

multiplies the total array output current Ioutarray by a factor of 10. Hence the final chip  
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output current Ioutchip is given by  
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This expression is a current domain approximation of the SLISM metric (equation 

2.23) and will be referred to as the logarithmic image sharpness sensor metric 

(LISSM). If there is no mismatch, then the mismatch gain factor can be eliminated. 

Further, if M2 and M3 were each in a separate n-well with their bulk terminals 

connected to their sources the gate coupling coefficient κ can be eliminated. Since the 

bias current Ib is designed to be equal for all pixels it can be considered as a constant 

hence making the obtained LISSM equivalent to the actual metric SLISM. Although 

LISSM does not provide an exact square relationship, this metric increases 

monotonically with an increase in image quality and reaches a maxima for the true 

undistorted image. 

3.1.6 Drawbacks of Logarithmic Image Sharpness Sensor 

 The logarithmic image sharpness sensor suffers from many drawbacks. The 

first and most observable of these is that it does not provide a good square law metric 

because of the presence of the gate coupling coefficient and the mismatch gain factor. 

The mismatch gain factor ε, is an exponential function of threshold voltages of the 

transistors M1,…, M5 of the pixel. The mismatch gain factor can be expressed as 

(from B.13) 
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 The amount of mismatch between threshold voltages of transistors (M5, M1) and 

(M3, M2) can be reduced to a certain extent by using the common-centroid layout 

technique.  However, the pixel to pixel variation of threshold voltage of transistor M4 

(Δ VTP4) cannot be eliminated. Hence a ± 10% change in VTP4 which is quite normal 

in most processes could cause a drastic change in the output current because of the 

exponential relationship. Further, across the chip, the transistor mismatch is very 

random in nature making things worse. The presence of thermal voltage (UT), which 

is directly dependent on temperature, makes the output current’s temperature 

dependence significant. All these problems can affect the monotonic nature of the 

chip output current especially when the laser beam spot is very small (approximately 

covering only two to three pixels).  

 Another drawback arises from the fact that, for wide beams, the light intensity 

is distributed across many pixels and hence results in low photocurrents. As a result 

the pixel circuit operates in the subthreshold regime. However, for narrow beams the 

light intensity is distributed over very few pixels and hence the photocurrents are 

high. This could make the pixel circuit to operate in the moderate inversion regime 

instead of subthreshold. As a result of this, the translinear loop principle becomes 

invalid.  

 Further, the pixel circuit illustrates a very slow response, due to the low 

photocurrent that charges or discharges the sense node capacitance, which 

necessitates longer settling times. This affects the performance of the sensor under 

dynamic illumination conditions. Also, at low light levels, the dark current portion in 
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the output voltage is higher making the measurements quite inaccurate. This 

limitation makes it impossible to use this sensor for astronomical purposes.  

All these drawbacks necessitate the need for a new sensor design that could 

perform better than the logarithmic image sharpness sensor and this is the motivation 

for this thesis.  

3.2 CMOS Active Pixel Image Sharpness Sensor 

 A new focal plane image sensor named the CMOS active-pixel image 

sharpness (CAPIS) sensor has been developed. This sensor has a better performance 

when compared to the LIS sensor. Figure 3.7 shows the chip architecture of the 

CAPIS sensor. The array consists of 40 x 40 pixels. A novel pixel circuit has been 

implemented. The bias voltage circuit provides the bias voltage Vb required by each 

pixel. This pixel uses charge integration mode. Each pixel provides an output current 

that is directly proportional to the square of the voltage drop at the sense node. This 

voltage drop at the sense node is directly proportional to the  incident photon flux. 

Hence the output current can be directly used as the metric. However, when 

incorporated in a closed loop adaptive optics system, as the image gets sharper the 

voltage at the sense node would drop to very low levels because of the increased 

photocurrent. As the charge integration time is kept constant, this could have 

detrimental effects. In order to overcome this problem, a different readout scheme has 

been designed. 

 This readout scheme uses the integration time as a measure of the 

performance metric instead of the array’s output current Ioutarray which is basically the 

sum of all pixel currents. Initially, the pixel is reset by making the signal Global Reset 



low. Then the pixel is operated in the charge integration mode by making the Global 

Reset signal high. An eight-bit counter used in the readout scheme starts counting 

when the pixel changes from reset mode to charge integration mode. While the pixel  

 

Figure 3.7: CAPIS sensor chip architecture.   

is operating in the integration mode, a current comparator compares the total output 

current from the array Ioutarray with a reference current Iref. When the current Ioutarray 

exceeds the current Iref, the output voltage of the comparator Vc switches from logic 

high to logic low. This transition is detected by the control circuitry and it enables the 
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output register so that it can store the count value of the counter at that moment. 

Hence the count stored on the output register represents the integration time. The 

maximum count, on the counter represents the maximum possible reset time for a 

given input clock speed. After storing this value, the pixel is reset by the control 

circuitry so that there is no further decrease in the voltage at the sense node. After the 

counter reaches the maximum count the pixel is again operated in charge integration 

mode. However, it is also possible that no transition occurs till the final count is 

reached. This could happen when the light level is too low to cause enough drop in 

the voltage at the sense node in the pixel. In such cases, the clock speed control inputs 

P0 and P1 can be used to divide the clock frequency by two, four or eight. This will 

allow for ample amount of integration time for the transition to occur. Another 

alternative is to decrease the current Iref.  

Now, as the image gets sharper, the integration time decreases. Hence, the 

eight bit output (D7-D0) from the register keeps reducing as the image gets sharper. 

This necessitates minimization of the metric instead of maximization which was the 

case with LIS sensor. This can be achieved easily by simply making the sign of the 

update coefficient γ  in parallel stochastic perturbative method (2.15) positive. 

The power supply required for the chip is 3V. The total chip area is 

1200x1200μm2. The technology used is AMI 0.5μm technology. All the subsystems 

are described in detail in the following subsections.  

3.2.1 Pixel Design 

 A novel pixel design has been implemented for this sensor. The pixel circuit 

uses the charge integration voltage mode (section 2.3.2.1.3). The pixel circuit diagram 
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is shown in figure 3.8. The PMOS transistor M4 is the active element in the circuit 

and justifies the reason for this sensor to be called as an active pixel sensor. Each 

pixel measures 24×24 μm2 and the fill factor is 20.4%. For pixel designs using  

 

Figure 3.8: CAPIS pixel circuit. 

charge integration voltage mode the p-substrate/n-well photodiode is generally 

preferred over other CMOS photodiodes as the n-well to p-substrate bottom junction 

capacitance ( 39aF/μm≈ 2 in AMI 0.5μm technology) is quite low. This is a highly 

desirable feature as this would allow for large voltage drops at the sense node with 

small photocurrents during charge integration mode of operation. However, the pixel 

design implemented here uses PMOS transistors that also require an n-well.  For the 
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AMI 0.5μm technology, the minimum required n-well to n-well spacing is quite high 

(5.4μm), hence, wasting a lot of pixel area. Therefore, the p-n junction photodiode 

used in the pixel is implemented by doping n+ diffusion in a p-type substrate. 

Although the bottom junction capacitance is higher (≈425aF/μm2 in the AMI 0.5μm 

technology) when compared with p-substrate/n-well photodiode, it has moderately 

high quantum efficiency for the wavelength of interest (about 62% at a wavelength of 

633nm). IPH (i, j) is the photocurrent that is proportional to the received photon energy 

at the (i, j)th pixel. The typical range of currents produced by a photodiode of 

117.56μm2 area is 200pA to 20nA depending upon the illumination level. The 

transistors M2 and M4 in the pixel have (W/L) = (5.4μm/1.8μm) with multiplicity 

m=2 and are laid out using the common-centroid technique. Also transistors M1 and 

M4, having (W/L) = (2.4μm/1.8μm) with multiplicity m=2 are laid out using the 

common-centroid technique. Transistor M3 acts as a switch and has sizing 

(1.5μm/0.6μm).  

The capacitance CSN at the sense node N, is made up of the junction 

capacitance of the photodiode CPH, the gate to source capacitance of M4 CGS4, the 

gate to drain capacitance of M4 CGD4, the gate to drain capacitance of M3 CGD3, and 

the drain to bulk capacitance of M3 CDB3. The photodiode size is chosen such that its 

capacitance dominates the sense node capacitance so as to obtain a linear voltage 

response with time. The calculated capacitance values of each of these capacitances 

are listed below: 

  CPH = 63.26 fF, CGS4 = 32.4 fF, CGD4 = 3 fF and CDB3 = 2.76 fF.  

Clearly, the photodiode capacitance dominates the capacitance at sense node CSN.  
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A biasing circuit provides the voltage Vb to transistors M1 and M5. The 

currents flowing through transistors M1 and M5 are designed to be 1μA. The pixel 

operation can be divided into two main modes: reset mode and charge integration 

mode. 

(a) Reset Mode: During the reset mode, the reset signal is low turning transistor M3 

on. This makes transistors M1, M2, M4 and M5 form a current mirror. Hence, the 

output current Iout(i,j) would ideally be zero.  

.0),( =jioutI  (3.10) 

Since the current being drawn from M2 is 1μA, it operates in the moderate inversion 

regime. Therefore, the sense node capacitance CSN gets charged to voltage  

2TPDDNRESET VVVV −≈=  ,     (3.11) 

where VTP2 is the threshold voltage of transistor M2. For a VDD of 3V, the reset 

voltage was found to be 1.89V during simulations.    

(b) Charge integration mode: During the charge integration mode, the reset signal is 

high turning the transistor M3 off. The sense node capacitor is discharged for an 

integration time (TINT) at a rate approximately proportional to the incident photon flux 

by the photocurrent IPH(i,j). Hence, at the end of the integration time, the voltage at the 

sense node will drop by a value VPH that is proportional to the incident photon flux. 

Therefore the voltage at the sense node can be given as, 

PHTPDDNINT VVVVV −−== )( 2 . (3.12) 
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 This is the gate voltage of transistor M4. The integration time is chosen such that the 

voltage VPH is large enough to get M4 into the saturation mode of operation. Then 

using the square law, drain current ID4 of M4 is, 
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where VTP4 is the threshold voltage of transistor M4 and K is given by 
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While in saturation, the drain current is so high that the current being provided to 

transistor M5 can be neglected. The source of M4 is connected to VDD and the gate is 

at voltage VINT. Hence, 

( )2
44),( TPINTDDDjiout VVVKII −−=≈  (3.15) 

( )2
42 TPPHTPDDDD VVVVVK −++−=  

( .2
42),( TPTPPHjiout VVVKI −+= )∴  (3.16) 

As transistors M2 and M4 have equal (W/L) ratios and are laid out using the common-

centroid technique, they are well matched, i.e. the threshold voltages VTP2 and VTP4 

can be considered equal. Hence equation (3.15) can be rewritten as, 

  (3.17) ( ) .2
),( PHjiout VKI =

Therefore the output current Iout(i,j) is directly proportional to the square of the 

voltage VPH which in turn is directly proportional to the incident photon flux.  

Figure 3.9 shows the pixel circuit response for photocurrent of 20nA. For the same 

photocurrent, figure 3.10 shows the variation of the output current with  

 



 

Figure 3.9: Pixel circuit response for photocurrent, IPH = 20nA.  

 

Figure 3.10: Variation of the output current Iout(i,j)with increasing VPH.   
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increasing VPH. Using the basic fitting tool in MATLAB, the equation obtained for Iout 

in terms of VPH is 

.79.04245)( 2 −⋅+⋅= PHPHout VVAI μ    (3.18) 

It can be observed that the output current Iout increases monotonically with an 

increase in the photocurrent VPH. Equation 3.18 could be explained as follows: 

During reset mode, the voltage at the sense node is actually less than (VDD - VTP2) by a 

voltage VM that is required in order to maintain the bias current Ib. Therefore, equation 

3.12 can be written as, 

PHMTPDDNINT VVVVVV −−−== )( 2 . (3.19) 

Also, the bias current at the output Ib needs to be considered. Hence, substituting 

(3.19) into equation (3.15) and considering Ib, results in,  

( )2
444 )( TPPHMTPDDDDD VVVVVVKI −−−−−=     

( )2
),( PHMbjiout VVKII +=+   

( ) ( ) ( )22
),( 2 MbPHMPHjiout VIVVKVKI −−⋅⋅+⋅=∴  (3.20) 

Equation (3.20) is in the same form as that of (3.18). Clearly, this function would 

increase monotonically with increasing VPH, which is the required characteristic.  

 The voltage drop VPH at the sense node caused by the discharging effect of 

photocurrent IPH for an integration time TINT is given as, 

INT
SN

PH
PH T

C
IV ⋅=  (3.21) 

It can be observed that VPH is directly proportional to the integration time, TINT. This 

is an important characteristic that is exploited in this thesis and will be explained in  
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Figure 3.11: Pixel response for IPH = 1nA and integration time of 7.5μs.  

 

Figure 3.12: Pixel response for IPH = 1nA and integration time of 95μs. 
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detail in section.  Figure 3.11 shows the pixel circuit’s response for IPH = 1nA. 

Clearly, the integration time chosen is too short and, as a result, Iout only changes to 

2μA. Figure 3.12 shows the pixel circuit’s response for the same IPH but having a 

longer integration time. It can be observed that Iout increases up to 78μA.  

3.2.2 Bias Voltage Circuit 

The bias voltage circuit shown in figure 3.13 provides the bias voltage (Vb) to all 

pixels. It is a simple current mirror with a converting ratio of 10:1. The transistor 

sizing is such that M1 has (W/L) = (2.7μm /1.8μm) with multiplicity m = 20 while 

transistor M2 has (W/L) = (2.7μm /1.8μm) with multiplicity m = 2. For better 

matching, the common-centroid technique is used in the layout. Transistor M3 has 

size (W/L) = (2.4μm /1.8μm) with multiplicity m = 2. The current Ib was chosen to be 

1μA. Hence, the input current IIN needs to be 10μA. 

 

Figure 3.13: Bias voltage circuit. 
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3.2.3 Current Comparator 

 As mentioned earlier, the current comparator compares the total output current 

from the array Ioutarray with a reference current Iref. When the current Ioutarray exceeds 

the current Iref, the output voltage of the comparator Vc switches from logic high to  

 

Figure 3.14: Current comparator circuit. 

logic low. A high speed comparator was designed for this purpose. The time constant 

associated with the input node I, is very small because of the presence of the diode-

connected transistor M4. This allows for a fast response. The two inverters at the 

output further improve its performance. Transistor M8 is used to provide hysteresis 

(positive feedback) which would speed up the response even more. Transistor M8 has 

long L so that it does not have huge impact on the node P when node H is at logic low 
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turning it completely on. As the current Ioutarray increases, the voltage at node P starts 

dropping. As a result, the voltage at node H starts increasing. This reduces the amount 

of current being provided by transistor M8. Hence, there is a further drop in voltage at 

node P not only because of the increasing Ioutarray, but also because of the reduced 

current provided by transistor M8. As a result of this, a much faster response can be 

obtained. When the voltage at node H is high, transistor M8 is off and does not affect 

the circuit. Transistor M5 provides a copy of current Ioutarray that can be monitored off 

chip. The sizing of transistors M1 = M2 = M3 = M4 = M5 = 2 x (6μm/1.8μm), M8 = 

(1.5μm/3μm), M6 = M7 = (3μm/0.6μm) and M7 = M10 = (1.5μm/0.6μm).  

Figure 3.15 shows the current comparator response when a reference current 

of Iref = 140μA is applied and as Ioutarray is varied from 0 to 280μA. It can be observed 

that as soon as the array output current Ioutarray exceeds the reference current Iref the  
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Figure 3.15: Comparator response for Iref = 140μA as Ioutarray is varied. 



output voltage Vc switches from logic high to logic low. However, at lower current 

levels a delayed response was observed as it takes more time for lower currents to 

charge or discharge the parasitic capacitors associated with the nodes. Another 

important characteristic of the comparator is that the switching of the output level 

also depends on the rate of change of Ioutarray. Figure 3.16 shows the effect on the 

comparator response for different rates of change in Ioutarray with lower reference 

current (Iref = 70μA). It can observed that when Ioutarray changes at a higher rate 

(Ioutarray1) the output switches with lower lag time (11.9μs) as compared to when the 

rate of change is less (Ioutarray3) where the lag time is more (34μs).Such a response 

actually helps improve the output’s monotonic nature further. This is because the rate 

of change of current Ioutarray will be higher for sharper image and lower for distorted  

 

Figure 3.16: Comparator response for Iref = 70μA as Ioutarray is varied. 
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images. Hence, the integration time would be less for the sharper images and much 

more for the distorted images.     

 The comparator output voltage Vc is asynchronous. Therfore, it is necessary to 

synchronize Vc with the clock before this output is used in further digital circuitry. 

For this purpose, two D-flip-flops are connected in series and the output Vcdff that is 

synchronous with the clock is used in the remaining readout circuitry.        

 

Figure 3.17: Circuit for comparator output synchronization with clock. 

3.2.4 Counter 

 The counter is required for measuring the integration time which is the actual 

metric being used. Although only eight bits are used as output data from the chip the 

carry output is also an essential signal for the control circuitry. Hence, in effect a nine 

bit counter had to be designed. A synchronous counter with D flip-flops is designed 

for this purpose. The basic block used for the counter is shown in figure 3.18. There 

are nine such blocks connected to each other in the counter. Qi is the output of this 

single stage. The count is indicated by outputs Q7 - Q0 and the Carry signal is also 

obtained. For the ith stage of the counter the F input of the flip-flop is defined by    

1−⊕= iii XQF , (3.22)  
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where EnableQQQQX iii ⋅⋅⋅= −−− 01211 ... . When high the Enable signal when high 

enables the counter to count. The XOR gate and AND gate basically form a half 

adder. For every positive edge of the clock, there is a change in the output of the D-

flip flop, which changes one of the inputs of the half adder and thus a carry signal Xi  

 
 

Figure 3.18: Single block of counter.  

 
 

Figure 3.19: (a) Counter outputs Carry, Q7, Q6, Q5, Q4 at clock speed of 72MHz. 
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Figure 3.19: (b) Counter outputs Q3, Q2, Q1, Q0 and input Clock signal at clock 

speed of 72MHz. 

 
Figure 3.20: Counter outputs Carry, Q7, Q6, Q5, Q4 at clock speed of 73MHz. 
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is generated and is given as input to the next block. Thus, the count on the counter 

output gets incremented.  

The counter operates at a maximum clock frequency of 72MHz. Figure 3.19 

shows the output response of the counter when operated at a clock speed of 72MHz. 

Figure 3.20 shows the counter response for clock frequency of 73MHz. Clearly, the 

Carry signal does not go high indicating that the counter is no longer operational.  

 The next few subsections discuss the D flip-flop, XOR gate and the AND gate 

used in each block of the counter. 

3.2.4.1 D Flip-Flop 

The implementation of the positive edge triggered D flip-flop is shown in 

figure 3.21. This D-flip-flop design has both Set  and Clear . For the purpose of 

counter bit outputs, in order to turn the count to maximum value when the Global  

 

Figure 3.21: D Flip-Flop implementation [BAKE04]. 
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Reset is applied, D flip-flops having only Set  input are required. Since the 

input Clear  is not required, the D flip-flop design is changed slightly. Inverters are 

used instead of NAND gates N1 and N4. This helps reduce the layout area. The carry 

signal D flip-flop uses the design in figure 3.21, as it requires to be set and cleared 

during different phases of control operations. Also, all the D flip-flops used in the rest 

of the control circuitry have the same base design, with the only variation being that 

inverters are used instead of NAND gates N1, N2, N3 and N4 wherever Set  and 

Clear  are not required. All the PMOS transistors used have sizing (W/L) = 

(3μm/0.6μm) and for NMOS transistors (W/L) = (1.5μm/0.6μm).   

3.2.4.2 XOR gate and AND gate  

 Figure 3.22 shows the transistor level implementations of the XOR gate and 

AND gate. Both designs use transmission gates and require only one inverter each. 

The use of these implementations saves area worth one inverter per block of counter.  

Also, since the D flip-flop used in the counter provides both Qi and iQ , the extra  

            
(a) (b) 

Figure 3.22: (a) XOR gate implementation, (b) AND gate implementation. 
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inverter is not required. All the PMOS transistors used have sizing (W/L) = 

(3μm/0.6μm) and for NMOS transistors (W/L) = (1.5μm/0.6μm). 

3.2.5 Output Register 

 The output register stores the count that represents the integration time. A 

single D flip-flop can store one bit of information. In order to store eight bits, eight D 

flip-flops are used. For the D flip-flop implementation the NAND gates (N1, N2, N3 

and N4) in figure 3.21 are replaced with inverters as Set  and Clear  are not required. 

A common clock signal, En is used for each of the D flip-flops in the register. The 

enable signal En is generated by control circuitry. When En goes high, the output 

register stores the value of the count on the counter at that moment. The eight bit 

output (D7-D0) from this register is used as the sharpness metric. 

3.2.6 Control Circuitry 

 The control circuit has three main functions. Firstly, it has to generate the 

reset signal for the array. Secondly, it has to generate the enable signal En which is 

used by the output register. The third function is to change the clock frequency 

depending on the logic value of programmable inputs P0 and P1. Here, the algorithm 

behind the first two functions is discussed and the implementation of the third one is 

explained in the next subsection. 

 The array’s reset signal goes low on three occasions: 

1. When the current comparator output goes low. 

2. When the maximum count is reached while the comparator output is logic 

high (this would be the case under dark conditions or when the clock speed is 

too high for the chosen illumination level). 
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3. When the off-chip global reset signal is applied. 

The reset signal goes high (i.e. to start the integration time) only after the counter 

reaches the maximum count. In that way, the output register gets updated once for 

every full counter cycle. The reset signal goes low after the output register is updated 

because, if the reset signal goes low, the comparator output would go high again. The 

logic is implemented on the basis of the signals Vcdff, Carry and Global Reset. 

 The enable signal En that is applied to the clock input of the D flip-flops used 

in the output register is basically generated on three occasions. Firstly, when the 

signal Vcdff goes low. Secondly, when the Global Reset signal is applied, the counter 

is set to the maximum count and then the enable signal En goes high in order to store 

the maximum count value. Thirdly, when the counter reaches the maximum count and 

the comparator does not go low. In this case the maximum count is stored by the 

output register. This algorithm is implemented on the basis of the signals Vcdff, Carry 

and Global Reset. 

3.2.6.1 Clock Frequency Programming circuit     

 The extra feature of programmable clock frequency was added so that when 

incorporated in a closed-loop adaptive optics setup, the computer used as the 

controller can directly program the two programmable inputs P1 and P0 to change the 

integration time based on the illumination level. The available frequencies are input 

clock frequency fclk, (fclk / 2), (fclk / 4) and (fclk / 8).      

 The input clock frequency is fed to a frequency divider circuit. The frequency 

divider circuit is implemented using D flip-flops. A single divide by two circuit is 

shown in figure 3.23. Here the D flip-flop output Q  is fedback to its input D. 
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Basically the output Q toggles at every rising edge of the clock input. Therefore, two 

periods of the original clock constitute one period of the Divide-by-2 signal at the 

output Q. This output is fed as the clock to another D flip-flop with the same 

connections to obtain Divide by 4 signal and so on again to obtain a Divide-by-8 

signal. Figure 3.24 shows the output response of the total frequency divider circuit.   

 

Figure 3.23: Frequency divide by two circuit. 

 

Figure 3.24: Frequency division circuit response. 
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All these signals are given as inputs to a 4-to-1 multiplexer. The 

programmable inputs P1 and P0 are the select lines of this multiplexer. Figure 3.25 

shows the 4 to 1 multiplexer implementation using transmission gates. All the PMOS 

transistors used have sizing (W/L) = (3μm/0.6μm) and for NMOS transistors (W/L) = 

(1.5μm/0.6μm). Table 3.1 shows the truth table of the multiplexer. 

 

Figure 3.25: 4-to-1 Multiplexer Implementation. 

 

P1 P0 Output 
1 1 Input clock 
1 0 Divide by 2 (Div2) 
0 1 Divide by 4 (Div4) 
0 0 Divide by 8 (Div8) 

 

Table 3.1 4-to-1 Multiplexer Truth table 
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3.2.7 CMOS Active Pixel Image Sharpness Sensor Metric 

 The digital output obtained from the output register that represents the 

integration time is used as the performance metric that provides an estimate of the 

SLISM (see section 2.2.2.5.2). In this section a quantitative analysis that shows the 

relationship between integration time (TINT) and the SLISM is done.  

The output current of  (i,j)th pixel Iout(i,j) is directly proportional to the square of 

the voltage VPH(i,j) which in turn is directly proportional to the incident photon flux on 

the pixel. Hence rewriting equation (3.17) here we have, 

  (3.23) ( ) .2
),(),( jiPHjiout VKI =

Also, from equation (3.21) the voltage drop VPH(i,j) at the sense node caused by the 

discharging effect of photocurrent IPH(i,j) for an integration time TINT is given as, 
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The total array’s output current is given as  
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where [N, M] are the number of rows and columns respectively in the array of pixels. 

Since the array size is 40 x 40, N = 40 and M = 40. Substituting for VPH(i,j) in (3.25) 

from (3.24) we have, 
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The whole array has same integration time TINT and the capacitance at sense node CSN 

is same for all pixels. Also, since the charge integration is stopped when Ioutarray is 

equal to the Iref, equation (3.27) can be written as, 
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The summation part of (3.27) is the SLISM as defined in equation (2.23). Rewriting 

equation (3.27) gives, 
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Since CSN, Iref and K are constant factors, it can be deduced that the integration time is 

inversely proportional to the square root of SLISM. As a result, when the image gets 

sharper, the integration time reduces. Hence, defining the CMOS active pixel image 

sharpness sensor metric (CAPISSM) as integration time, equation (3.28) becomes 

.
SLISM

ACAPISSM =  (3.29) 

where A is a constant given by 
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This necessitates minimization of the metric instead of maximization which 

was the case with LIS sensor. This can be achieved easily by simply making the sign 

of the update coefficient γ  in parallel stochastic perturbative method (2.15) positive. 
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3.2.8 4 x 4 Array Simulation Responses 

 It is not possible to simulate the whole 40 x40 array because of the huge 

memory requirements and the CADENCE software limitations. In order to check for 

proper operation of the sensor a 4 x 4 array of pixels with the output circuitry was 

simulated. Three cases are simulated: 

1. When the beam is defocused (refer figure 3.26 and 3.27). 

2. When the beam is focused (refer figure 3.28 and 3.29). 

3. When there is no light (refer figure 3.30 and 3.31). 

The clock frequency was chosen to be 8MHz for all three cases.  

Figure 3.26 shows the photodiode currents assumed in each pixel of the 4 x 4 

array for the case of defocused beam. When focused, the beam is assumed to be on 

the four pixels in the middle (having 2nA photocurrent) and hence is simulated with 

more current there as compared with the surrounding pixels (having 1nA 

photocurrent). The digital value of the integration time obtained from the output 

register (refer figure 3.27) is  

Output = (10101011)2 = (171)10. 

Hence the integration time can be calculated as, 

.3.21
108

171
6 sTINTD μ=

×
=   (3.31) 

Initially the global reset is kept low. As a result, all the output bits are logic high ('1'). 

It can also be observed that, except for the first updated output value, all the other 

values are the same. A closer look would actually show that the first value basically is 

two clock periods less than the others and the reason for this is because of the way the 
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control circuitry functions. Since it is only a difference of two increments, this would 

not have any big impact on the metric.    

Figure 3.28 shows the photodiode currents assumed in each pixel of the 4 x 4 

array for the case of a focused beam. When focused, the beam is assumed to be on the 

just on the four pixels in the middle (having 5nA photocurrent) and the surrounding 

pixels are simulated with an approximate dark current of 1pA. The digital value of the 

integration time obtained from the output register (refer figure 3.29) is  

Output = (01101010)2 = (106)10. 

Hence the integration time can be calculated as, 

.2.13
108

106
6 sTINTF μ=

×
=   (3.32) 

Clearly, the integration time for the focused beam is quite less (13.2μs) when 

compared with the defocused beam (21.3μs). This shows that CAPISSM is a valid 

metric that can be used as a measure of image sharpness. Again, it can be observed 

that, except for the first updated output value, all the other values are the same. 

 Figure 3.30 shows the photodiode currents assumed in each pixel of the 4 x 4 

array for the case of totally dark conditions. All the pixels have photocurrent of 1pA 

that can be assumed to be the approximate dark current. It can be observed in figure 

3.31 that all the output bits are high, indicating that the image is too dark. As a result 

of this, the array’s output current never exceeds Iref. Hence, the register always stores 

all logic highs.    
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Figure 3.26: Pixel photocurrents for defocused beam.  

 

Figure 3.27: Output Register data for defocused beam. 
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Figure 3.28: Pixel photocurrents for focused beam. 

 

Figure 3.29: Output Register data for focused beam. 
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Figure 3.30: Pixel photocurrents under dark conditions. 

 
Figure 3.31: Output Register data under dark conditions. 

109



4. ELECTRICAL AND OPTICAL TESTING 

 Both the LIS sensor and the CAPIS sensor were manufactured through 

MOSIS in the AMI 0.5μm CMOS technology. Figure 4.1 shows the photomicrograph 

of both the sensors. Testing the sensors involved two stages: electrical testing and 

optical testing. The electrical testing involves testing of an individual pixel and other 

important components of the system. For testing purposes the pixel circuit and some 

other components were laid out separately in the chip. The optical testing involves 

testing under static conditions and dynamic conditions. The pixel-to-pixel output 

variation over the chip was also examined. The LIS sensor was incorporated in 

closed-loop adaptive optics system and was tested. In this chapter, the test procedure 

is described and the results obtained from the sensors are compared.   

           

(a)                                                                (b) 

Figure 4.1: Photomicrographs of (a) the LIS sensor and (b) the CAPIS sensor. 
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4.1 Electrical Testing 

 The electrical test setup for the LIS and CAPIS sensors are shown in figure 

4.2. The power supply is provided by the 9V battery. A voltage regulator circuit, 

using the LM317T is used to generate VDD for the chip. Further, LMC6482 chips, that 

have two CMOS rail-torail operational amplifiers, are used for off chip measurement 

purposes.      

In this section the test procedure for the pixel circuits of both the sensors is 

described. The results obtained from the sensors are compared. Also, the test results 

obtained from the current comparator used in the CAPIS sensor are discussed in 

detail.    

4.1.1 LIS Pixel Circuit Response 

 The pixel circuit used in the LIS sensor is shown in figure 3.3. The test circuit 

that was laid out separately does not include the photodiode. In order to test this pixel 

circuit, the diode connected transistor M2 is connected to an off chip current source 

and the output current is measured for various values of input current. However, as 

the photocurrent values are extremely low (typically a few nanoamperes), the circuit 

shown in figure 4.3 is used to generate such low currents. The output current IL in 

terms of input voltage VIN is given by, 

2

25.1
R

V
I IN

L
−

= . (4.1) 

The input voltage VIN is used to vary the output current. The operational amplifier 

used is from the LMC6482 chip. The output current values are also typically very  
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Figure 4.2: (a) Electrical test setup for LIS sensor. 

 

Figure 4.2: (b) Electrical test setup for CAPIS sensor. 
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Figure 4.3: Low current generation circuit. 

 

Figure 4.4: Transimpedance amplifier. 
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low, in the nano amperes. Such low currents cannot be measured using the digital 

multimeter. Hence, a transimpedance amplifier as shown in figure 4.4 is used for this 

measurement. A suitable value for resistance R is chosen, typically around 10MΩ. 

The output voltage VOUT can be measured using the DMM. Note that VOUT here is 

measured with respect to virtual ground. Therefore, input current IIN can be given as,   

R
VI OUT

IN = . (4.2) 

Since the current IIN of the transimpedance amplifier that is actually Iout of the pixel 

circuit is going into the transimpedance amplifier the DMM cables are interchanged 

in order to get a positive voltage value.  

The low current generation circuit is connected to the gate of the diode-

connected transistor M2. A test biasing circuit provides the bias voltage required by 

the pixel circuit. The output current value is measured using the transimpedance 

amplifier. The results obtained are plotted in figure 4.5. Using the basic fitting tool in 

MATLAB, the equation obtained for Iout in terms of IIN is 

( ) ( ).107.1055.0105.1)( 927 −×−⋅+⋅×= ININout IIAI    (4.3) 

When compared to the simulated output response the coefficient of (IPH)2 in equation 

(3.6) is about four times larger than the coefficient of (IPH)2 obtained in (4.3). 

However, it can be observed that the output current increases with increasing input 

current with a power value greater than unity. This is an extremely desirable 

characteristic that makes the sensor an image sharpness sensor even though a perfect 

squaring function is not obtained.    
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Figure 4.5: LIS pixel circuit test results. 

4.1.2 CAPIS Pixel Circuit Response 

 Figure 3.8 shows the CAPIS pixel circuit. A single pixel was laid out with 

sense node N available as an input pin. The output current is measured using the 

transimpedance amplifier as shown in figure 4.4. However, the non-inverting terminal 

that is connected to the virtual ground is connected to VSS. Equation (4.2) remains 

valid as the measurements using the digital multimeter are done with one terminal 

connected to VSS and the other connected to VOUT. A voltage biasing circuit was also 

put as part of test circuits. This circuit provides the bias voltage Vb required by the 

pixel. The current input to the biasing circuit is 10μA.  

Initially, the reset signal RS is kept low so that the reset voltage can be 

measured. The reset voltage was measured using the digital multimeter and was 
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found to be 1.98V as compared to the simulated value of 1.89V. Then the reset signal 

RS is turned high. Applying a voltage source at sense node N and, varying the voltage 

at that node, the output currents are measured. Figure 4.6 shows the results obtained. 

Using the basic fitting tool in MATLAB, the equation obtained for Iout in terms of VD 

is 

( ),5.12564)( 2 −⋅+⋅= DDout VVAI μ    (4.4) 

where VD is the voltage difference between the reset voltage and the voltage applied 

at the sense node. This is equivalent to the voltage drop VPH at the sense node N that 

occurs due to the discharging effect of photocurrent. 

 

Figure 4.6: CAPIS pixel circuit test results. 
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When compared with the simulated output response (equation (3.18)) the 

coefficient of (VD)2 in equation (4.4) is higher than the coefficient of (VPH)2. Further, 

the coefficient of (VD) in (4.4) is much lower making the output current Iout even more 

dependent on (VD)2. Hence, it can be deduced that the results obtained from the actual 

pixel circuit in the chip are actually better than the simulated results. It can be 

observed that the output current increases with increasing voltage VD with a power 

value greater than unity. This is an extremely desirable characteristic that makes the 

sensor an image sharpness sensor even though a perfect squaring function is not 

obtained. 

4.1.3 LIS pixel circuit response Versus CAPIS pixel circuit response 

 Both the pixel circuit responses show that the output current is a quadratic 

function of the incident photon flux. Comparing equation (4.3) with (4.4), it would be 

incorrect to deduce that the LIS sensor has a better response owing to the extremely 

large coefficient of (IPH)2. This is because the photocurrent values actually vary from 

0.5nA to 50nA. Such low photocurrents would only produce output currents that 

could go as high as 500nA. Hence, rewriting (4.3) with the output current in nano 

Amperes, 

( ).7.1055.0)015.0()( 2 −⋅+⋅= ININout IInAI  (4.5)   

Now comparing equation (4.5) with (4.4), it can be easily stated that the CAPIS pixel 

sensor has a far better response when compared with LIS sensor. This fact is very 

obvious if figure 4.5 and figure 4.6 are keenly observed. The LIS pixel has a 

somewhat linear response whereas the CAPIS pixel has a nice squaring response.   

 
117



118

4.1.4 CAPIS Sensor Current Comparator 

Figure 3.14 shows the current comparator circuit used in the CAPIS sensor. It 

is the most essential element of the readout circuitry in the, CAPIS sensor. This 

circuit was laid out separately for testing purposes. For testing the current comparator 

circuit, the current Iref is set to 140μA by adding an appropriate resistor between the 

gate of transistor M1 and VSS. The current Ioutarray needs to be swept such that the 

output voltage Vc switches from a logic high to logic low. For this purpose, an 

appropriate resistance value is chosen, of which one end is connected to node I while 

the other is connected to a burst waveform from the function generator. When the 

voltage is low, the comparator output voltage Vc should be high because the current 

Ioutarray would be lower than Iref . As the voltage increases the comparator output 

voltage Vc should become low because the current Ioutarray would be higher than Iref. 

The output response obtained from the comparator is shown in figure 4.7. The burst 

waveform has a frequency of 10kHz. It can be observed that the output switches to 

low as the voltage increases. 

During simulations, after the chip was sent to fabrication, it was found that the 

presence of a capacitive coupling between the input node I and the output node O, 

formed because of the overlap of metal layers in the layout, causes the output voltage 

to oscillate before becoming low. The reason for this is as follows: As the voltage at 

node I increases, the voltage at node P decreases. This increases the voltage at node 

H; as a result, the voltage at the output node O reduces. Hence, there is a phase shift 

of 270 degrees that is actually causing the oscillatory behavior. In order to simulate 



 

VC

Ioutarray

Figure 4.7: Current comparator response.  

this effect, a capacitor of 10fF is put between nodes I and O as shown in figure 4.8. 

The output response obtained is shown in figure 4.9. The oscillatory behavior is not 

apparent from this waveform. When zoomed in further, the oscillatory behavior can 

be observed as shown in figure 4.10. This problem was, however, not observed 

during the testing of the on chip current comparator. 

This oscillatory behavior could have been detrimental for the sensor. Of 

course, the presence of the circuit shown in figure 3.17 before the comparator output 

is used by any digital circuit would have eliminated this issue. The two D flip-flops 

basically would restore the output voltage Vcdff to VSS after the voltage at the output 

node falls for the first time and hence eliminate the oscillatory behavior.   
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Figure 4.8 Current comparator with parasitic feedback capacitor.  

 

Figure 4.9: Response current comparator with feedback capacitor.   
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Figure 4.10: Zoomed view of figure 4.9 at point of transition. 

4.2 Optical Testing  

 The optical testing of both the sensors was done under static illumination 

conditions and dynamic illumination conditions. The pixel to pixel output variation 

over the chip was also examined. Further, the LIS sensor was incorporated in a 

closed-loop adaptive optics system and was tested. The results obtained are compared 

with those obtained from the pinhole metric. 

4.2.1 Optical Testing under Static Illumination Conditions 

 The optical test bench used for testing the sensor’s performance under static 

illumination conditions is shown in figure 4.11. The laser beam passes through an 

attenuator that decreases the intensity of the laser beam. This beam is then passed 

through the microscope objective lens that focuses it and, after the focal point, the 
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rays diverge. A pinhole is put after the microscope objective lens so that a clean 

circular beam is obtained. These diverging rays are then again made to form a 

collimated beam with the help of a collimating lens. An iris is placed between the 

collimating lens and the converging lens. The diameter of the iris can be adjusted to 

change the diameter of the laser spot formed on the sensor. The converging lens 

makes the collimated beam to converge into a single spot. The diameter D of the spot  

 

Figure 4.11: Optical test setup for static illumination conditions. 

obtained at the focal point is given by, 

f
d

D ⋅
⋅

=
λ44.2 , (4.6) 

where λ is the wavelength of laser beam, f  is the focal length of the converging lens 

and d is the iris diameter. For He-Ne laser, λ=633nm.   

The wavefront aberration obtained in the optical test setup for static 

illumination conditions was simulated in MATLAB. The converging lens used for 

focusing the beam on the chip is assumed to be a thin lens. For a thin lens, the phase 
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shift of a wave at point (x,y) immediately after the lens is given by the following 

equation 

θ1 = ( 221 yx
Zi

+⋅⋅
λ

)π , (4.7) 

where Zi is the focal length of the lens and λ is the wavelength of the laser beam. In 

simulations, for Zi, 50cm is used and for λ, 633nm is used. The phase shift of a wave 

due to the wave propagation in free space in the z-direction (axial direction) is given 

by 

θ2  = ( 221 yx
Za

+⋅⋅
λ

)π , (4.8) 

where Za is the distance of lens from the point of interest. 

The total phase shift is given by  

θ = (θ1 - θ2).    (4.9) 

The total phase shifts in two dimensions at different distances from the lens are 

shown in figures 4.12-4.14. At the focal point, as Za is equal to the focal length of the 

converging lens Zi, the total phase shift is ideally zero. Therefore, the image 

sharpness at the focal point will be maximum. As the sensor is moved on either side 

of the focal point, the total phase shift increases. As a result, the image sharpness 

reduces. 

The image sharpness sensors were tested using the fact that the image 

sharpness is maximum at focal point and decreases on either side of the focal point. 

For this purpose the sensor is moved in the axial direction across the focal point.  
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Figure 4.12: Total phase shift in wavefront before the focal point. 

 

Figure 4.13: Total phase shift in wavefront at the focal point. 

 

 Figure 4.14: Total phase shift in wavefront after the focal point.  

Both sensors are tested using this optical test setup. The converging lens used 

for testing LIS sensor had a focal length of 40cm [RAYA05] whereas the lens used 

for CAPIS sensor has a focal length of 50cm. The spot size is 7850μm2, so as to cover 

about four pixels. The laser beam power was measured to be 6μW/mm2. The iris 

diameter was adjusted according to equation (4.6) in order to obtain the required spot 

size.  
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For the LIS sensor the focal length of the converging lens used was 40cm. The 

output current pin from the array of the LIS sensor is connected to the input terminal 

of the transimpedance amplifier (with R = 20MΩ). The value of the output current 

from the chip is calculated using equation 4.2. Figure 4.15 shows the test results from 

the LIS sensor under static illumination conditions. Clearly, the maximum output 

current is observed at the focal point. As sharpness increases, the output current 

increases monotonically. 

In the case of CAPIS sensor, the digital output was directly measured. The 

binary output value is converted into a decimal value and then divided by the clock 

frequency to obtain the integration time. Here the clock frequency of operation is 

2MHz. Figure 4.16 shows the test results from the CAPIS sensor under static 

illumination conditions. Since the integration time should decrease with increasing 

sharpness, we observe the output value to be decreasing as the sensor is moved 

towards from the focal point. Again, the output value decreases monotonically with 

increasing sharpness. 

The comparison of performance of both the sensors is done in terms of the 

percentage of change in the output value when the sensor is moved by one centimeter 

from the focal point. For the LIS sensor, the percentage change in the output value 

was observed to be 186.4%. Whereas, for the CAPIS sensor, the percentage change in 

the output value was observed to be 87.5%. The percentage of variation for the 

CAPIS sensor is lower when compared to LIS sensor. This is due to the fact that the 

integration time, which is the metric used in case of the CAPIS sensor, is inversely 



 

Figure 4.15: LIS sensor test results under static illumination conditions. 

 

Figure 4.16: CAPIS sensor test results under static illumination conditions. 
126



proportional to the square root of the SLISM metric. The presence of the square root 

compresses the amount of output value variation. However, off-chip metric squaring 

can be done in order to obtain a more sensitive response.  

4.2.2 Optical Testing under Dynamic Illumination Conditions 

The optical test setup shown in figure 4.17 was used for testing the sensors 

under dynamic illumination conditions. The laser beam is passed through the eye-

piece mount of the microscope and focused on to the photodiode array present on the 

chip. The eye-piece is removed before fixing the laser on the eye-piece mount. 

Neutral density filters are attenuators which are used to reduce the intensity of the 

laser beam. Two attenuators were used for the setup. These attenuators reduce the 

actual laser beam intensity that was measured from 50μW/mm2 to 3μW/mm2 when 

the laser beam is focused on the sensor. The spot size was approximately equal to the 

size of one pixel (25 x 25 μm2). The spot size was increased so that it covers two 

pixels using the zoom lens of the microscope. An optical chopper was used to 

generate a pulsed laser. A camera is used to view the contents of the chip. The camera 

is connected to the computer through a graphics card and images can be viewed with 

 

Figure 4.17: Optical test setup for dynamic illumination conditions. 

127



the help of WinTV32 or WinTV2000 software. Both the sensors were tested under 

dynamic conditions. 

 The LIS sensor has an analog output. The measured voltage from the 

transimpedance amplifier (with R = 10MΩ) is observed while the frequency of the 

laser beam pulses is changed. When the laser beam is on, the maximum output 

voltage should be obtained, whereas when the laser beam is off, the output voltage 

should be minimum. The maximum output voltage reached should be the same for all 

frequencies as the spot size and the spot position is not changed. Figures 4.18-4.19 

show the output voltage responses obtained for pulsed beam frequencies of 1.058kHz 

and 1.268kHz. It was observed that for pulsed laser beam frequencies upto 1.058kHz  

 

Figure 4.18: LIS output response for pulsed laser beam frequency of 1.08kHz. The 

peak to peak voltage is 1.141V.  
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Figure 4.19: LIS output response for pulsed laser beam frequency of 1.268kHz. The 

peak to peak voltage is 646mV.  

the maximum output voltage reached remains approximately the same. When the 

frequency is increased further to 1.268kHz the maximum output voltage reached 

drops to about half of that reached at 1kHz. Considering this to be the corner 

frequency, the bandwidth of the LIS sensor can be written as 1.268kHz. This sensor 

has such a low bandwidth due to the low photocurrents that charge and discharge the 

sense node capacitance, which necessitates longer settling times. 
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The CAPIS sensor, on the other hand, has a digital output. The clock 

frequency was chosen to be 5MHz. The binary output that represents the integration 

time was observed to be "01000101" when the laser beam is on. When the laser beam 

is off, the integration time would change to the maximum count, i.e. "11111111". 

Hence, when the laser is on, the MSB would be low and when the laser beam is off, 

the MSB would be high. Figure 4.20 shows the reset signal and the MSB of the 



output values. The sensor works well even at pulsed laser beam frequency of 3kHz 

which is the maximum attainable frequency with the optical chopper available. This 

is a huge improvement when compared with the LIS sensor that works for a 

bandwidth of only 1.268kHz. 

 

Figure 4.20: The CAPIS sensor output response for a pulsed laser beam frequency of 

2.941kHz. The signal above is the reset signal and the signal below is output MSB. 

4.2.3 Optical Testing for Pixel-to-Pixel Output Variation 

 In order to test for pixel-to-pixel variation of the output due to device 

mismatch, the optical setup shown in figure 4.21 was used. The setup is very similar 

to that used for dynamic testing except for the fact that the chopper is removed. Two 

attenuators were used for the setup. These attenuators reduce the actual laser beam 

intensity that was measured from 50μW/mm2 to 1μW/mm2 when the laser beam is 
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focused on the sensor. The spot size was approximately equal to the size of one pixel 

(25 x 25 μm2). In that way, the output obtained will be due to a single pixel. The 

output voltage variation for each pixel in row 21 and column 21 was monitored for 

both sensors.  

 

Figure 4.21: Optical test setup test for pixel-to-pixel output variation. 

The LIS sensor's pixel response was found to be very random across the row 

and as well as column. The output currents obtained for the entire row are shown in 

figure 4.22. The output current varied from 2nA to 5.5nA. The percentage of 

variation in output current is about 175%. Such huge variations occur because of the 

presence of mismatch in the gain factor ε of the output current expression (equation 

3.5). This gain factor is an exponential function of threshold voltages of the 

transistors M1,…, M5 of the LIS pixel, as discussed in section 3.1.6. The threshold 

voltage could change by as much as ± 10% across the chip, which causes huge 

changes in the output current. 

The CAPIS sensor's pixel output response was found to be far more uniform 

when compared with the LIS sensor. The clock frequency for the sensor was 2MHz. 

It was observed that the first five most significant bits '01011'of the binary output are  
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Figure 4.22: Pixel output current variation across row21 in LIS sensor. 

very stable across row 21 of the chip. However, the remaining threes bits were 

unstable. Even if these three least significant bits are assumed to change from '000' to 

'111', the percentage of pixel output variation would still be as low as 8%.This small 

variation can be attributed to the device mismatch between PMOS transistors M2 and 

M4 and NMOS transistors M1 and M5 in the CAPIS sensor’s pixel.  

4.2.4 Light Level Sensitivity 

 One of the biggest advantages of the CAPIS sensor is its ability to operate at 

low illumination levels. This is because of the active pixel architecture used in the 

pixel design for CAPIS sensor. The CAPIS sensor was found to be sensitive to light 

levels as low as 10nW/mm2. At such low light levels, however, the output was quite 

unstable. This was because the light level of the room was found to be varying from 2 
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to 4 nW/mm2. At light levels above 80nW/mm2, the output was very stable. On the 

other hand, the LIS sensor was found to be insensitive to light levels below 

400nW/mm2.  

 The CAPIS sensor was found to suffer from a problem under total dark 

conditions. It was observed that for the clock frequency range of 300kHz to 4MHz, 

under dark conditions the reset signal that should stay high when the counter is 

operating actually does not do so. Simulations were done to emulate this issue for a 

clock frequency range of 20kHz to 25MHz. However, the results obtained from 

simulations did not show this problem for any frequency. Two possible reasons that 

could cause this problem are clock skew and substrate noise. The exact reason for this 

behavior could not be found. Figures 4.23 and 4.24 show the reset signal for clock 

frequency of 5MHz and 300kHz where the sensor operates normally. Figure 4.25 

 

Figure 4.23: Reset signal from the sensor at 5MHz at dark conditions. 
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Figure 4.24: Reset signal from the sensor at 300kHz at dark conditions. 

 

Figure 4.25: Reset signal from the sensor at 2MHz at dark conditions. 
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shows the reset signal for a clock frequency of 2MHz, where the signal does not 

remain high for a complete counter cycle. This problem, however, does not affect the 

sensor as long as the comparator output switches before the counter reaches the 

maximum count. Further, as the sensor operates normally at frequencies below 

300kHz, under low illumination levels this problem will not have any effect. 

4.2.5 Closed loop adaptive optics using LIS sensor 

 The closed-loop adaptive optics test setup that has been used for phase 

aberration correction using image sharpness sensor is shown in figure 4.26. The 

image sharpness sensor used was the LIS sensor. In order to compare the LIS sensor 

compensation performance, an adaptive optics testbed using a 50µm pin hole and a 

single cell photodetector which is shown in figure 4.27 was also built. The adaptive 

optics testbed consists of a 37-actuator deformable mirror, the LIS sensor and a phase 

aberration compensation control algorithm. In order to produce a repeatable 

atmospheric-like turbulence, a laboratory phase plate is used.  

The operation of the closed-loop adaptive optics testbed is described as 

follows. The incident light signal goes through an optical relay which consists of 

lenses L1 and L2 and directly impacts the higher-order phase aberration compensation 

feedback control loop. An optical relay images the entrance pupil onto the deformable 

mirror so as to fill the 12-mm diameter effective area of the deformable mirror. The 

phase aberration produced from the atmospheric-like turbulence phase plate is 

measured by the LIS sensor. The feedback signals based on the signal strength 

measured from the LIS sensor are calculated using stochastic parallel gradient descent 

algorithm. These signals are delivered to the deformable mirror to produce the 



required phase compensations. The compensated wave field from the deformable 

mirror is directed by the beam splitter B1 to the science camera.  

  
Figure 4.26: Closed-loop adaptive optics test setup using a CMOS image sensor. 

 

  Figure 4.27: Closed-loop adaptive optics using a pinhole detector. 
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System performance evaluation is performed by the system compensation 

response and the image compensation quality with various turbulence strengths. 

Turbulence strength is defined in terms of the ratio of the radius of the aperture (D) to 

the atmospheric coherence length (r0).  Since the adaptive optics system 

compensation response mainly depends on the convergent rate of the control 

algorithm, that is, the stochastic-parallel gradient-descent algorithm (SPGD), the 

performance results which are shown in figure 4.28 are in terms of the algorithm 

iteration numbers versus D/r0. The experimental results show that the system 

response becomes very slow as D/r0 (turbulence strength) increases. The control 

algorithm computes values from 10 to 43 using a 266 MHz Intel® Pentium® 4 

Processors.  The LIS system response shown in figure 4.29 varies between 90 Hz and  
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Figure 4.28: Adaptive the iteration number of convergence. 
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Figure 4.29: Adaptive optics testbed system phase compensation response versus 

turbulence strength (D/r0).  

330 Hz. According to the results shown in figure 4.28 and figure 4.29, the LIS sensor 

has a better system response than the pinhole detector as the turbulence strength 

increases. Further, when tested with higher-order aberrations it was found that the LIS 

sensor has a capability to compensate higher-order aberrations up to the 13th Zernike 

mode.  

Figure 4.30 shows the phase aberrated laser beam. The phase corrected laser 

beam obtained from the LIS sensor test setup is shown in figure 4.31. Clearly in 

figure 4.30, the phase corrected beam is far better when compared to figure 4.30. 

Even the annular rings can be observed in figure 4.31. 
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Figure 4.30: Phase aberrated beam. 

 

Figure 4.31: Phase corrected beam. 
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 The pinhole system cannot be applied to extended objects. The reason for this 

is that the mask M as in equation (2.18) needs to be a perfect replica of the true 

undistorted image. On the other hand, the LIS sensor is based on the image sharpness 

metric defined in equation (2.17), where S1 is maximized for zero distortion, 

irrespective of the object-radiance distribution. This amplitude insensitivity makes 

this method useful for large extended objects if they lie in the same isoplanatic patch. 

Hence, the LIS sensor was used for phase aberration correction of a scene. The scene 

used is a USAF bar chart. Figure 4.32 shows the phase aberrated scene. Figure 4.33 

shows the phase corrected scene. Unlike the phase aberrated picture, the bars are 

more visible in the phase corrected scene. The results obtained are very encouraging. 

Further, research is being done in order to improve the system response. 

 

Figure 4.32: Phase aberrated scene. 
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Figure 4.33: Phase corrected scene. 
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5. CONCLUSIONS, APPLICATIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 The motivation for this thesis was to design an improved image sharpness 

sensor in terms of illumination level sensitivity, bandwidth of operation, and 

repeatable output values. This thesis presents a novel CMOS active pixel image 

sharpness sensor fabricated in the AMI 0.5μm CMOS technology. Unique to this 

work, is a novel pixel design that uses active pixel technology. The use of active pixel 

technology allows this sensor to work at extremely low illumination levels with 

power levels of the order of few nanowatts per mm2. Another advantage of the use of 

active pixel technology is its fast response. Under dynamic illumination conditions 

the bandwidth of operation of this sensor was found to be greater than 3kHz. This is a 

huge improvement over the existing sensors. Apart from this, the amount of pixel-to-

pixel output variations due to mismatch in devices was minimized to a mere 8%. This 

is very low when compared with other sensors. Further, the eight-bit digital output 

allows for very fast off-chip processing, which could ultimately help to speed up 

closed-loop adaptive optics systems. 

 Further, in this thesis, comprehensive testing was done on the logarithmic 

image sharpness sensor that was developed earlier. This sensor was found to be 

insensitive for illumination levels below 400nW/mm2. Under dynamic illumination 

conditions the bandwidth of operation of this sensor was found to be about 1.27kHz. 

The amount of pixel-to-pixel output variations due to mismatch in devices across the 

chip was found to be as high as 175%. A complete analysis of the reasons for this 

variation is done. This sensor was then incorporated in a closed-loop adaptive optics 
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system. For the first time, the results obtained from this type of sensor are compared 

with those from a pinhole metric sensor on the basis of turbulence strength. Another 

unique contribution of this thesis is the use of this sensor for correcting a phase 

aberrated scene. 

5.2 Applications 

 Image sharpness sensors find use in adaptive optics systems that are required 

for laser communication, which is a rapidly developing technology. Applications 

which seem particularly well suited to laser communication systems include: ground-

to-satellite optical communication, communication with remote locations, 

reconfigurable and mobile communication links for military operations, and space 

systems which would otherwise be susceptible to RF interference. 

 The ability of the new CMOS active pixel sensor to work at extremely low 

illumination levels can be exploited to make use of sharpness sensors in adaptive 

optics systems used in astronomy.  

 This sensor could also be used in an autofocusing camera system. The 

sharpness sensor output can be used to change the lens position in the camera so that 

the image plane is at the focal point of the lens. 

 Such sensors will find more applications in adaptive optics, as newer 

applications such as anisoplanatic and active imaging, laser communication, ground-

to-ground imaging etc., require the use of an expensive and sophisticated guide star 

technique for wavefront conjugation [VORO00].  
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5.3 Recommendations and future work 

 The CAPIS sensor needs to be incorporated in the closed-loop adaptive optics 

system and further testing has to be done. Then, the sensor needs to be tested under 

low illumination levels in the closed loop adaptive optics system. It is also 

recommended to investigate the reasons for the problem that the CAPIS sensor 

suffers under dark conditions, in the clock frequency range of 350kHz to 4MHz. At 

these clock frequencies, the reset signal does not stay high as it did in simulations. If 

the sensor is found to have good performance at such low illumination levels, then the 

adaptive optics system could be used for real-time phase aberration correction in 

telescopes. The use of this sensor for correcting a phase aberrated scene should also 

be explored. 

 For future work in terms of design optimization, the CAPIS sensor design can 

be improved further by using a better current comparator that would switch faster 

even at lower current values. Further, the existing read out scheme requires the 

counter to reach the maximum value in order to reset the array again. Instead, if the 

array is reset again immediately after the current comparator output switches, then a 

much faster response can be obtained. Also, the output resolution can be further 

increased easily to twelve bit resolution by implementing a twelve bit counter. 

Another feature that can be added is to include a wider range of integration times. 

This can be easily done by including more divide-by-two circuits and using an 8:1 

multiplexer. For the logarithmic image sharpness sensor, the pixel should be laid out 

using common centroid layout technique to obtain better matching. Also, the use of a 
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switched translinear loop, that is considered inherently insensitive to device mismatch 

could be explored.                                                                                                                                           

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Appendix A: Layouts and Control Circuitry Schematics 

The complete layouts of both the chips are also provided. Layouts for some of 

the individual blocks used in the sensors are also given. The ruler is placed along the 

length and breadth of the layout so as to get the general idea of its size. The ruler 

readings are in µm unless otherwise specified. Finally, schematics of the control 

circuitry used in CAPIS circuitry are given.  

A.1 LIS Sensor Chip Layouts 

 

 

 

Figure A.1: LIS sensor chip layout. 
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Figure A.2: LIS sensor pixel layout. 
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Figure A.3: LIS sensor biasing circuit layout. 

 

 

 

 

 

 

 

Figure A.4: LIS sensor current scaling circuit layout. 
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A.2 CAPIS Sensor Layouts 

 

 

 

Figure A.5: CAPIS sensor chip layout. 
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Figure A.6: CAPIS sensor pixel layout. 
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Figure A.7: CAPIS sensor voltage bias circuit layout. 
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Figure A.8: CAPIS sensor current comparator layout. 

 

 

 

 

 

 

 

152



 

 

 

 

 

Figure A.9: CAPIS sensor D flip-flop layout. 
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A.3 CAPIS Sensor Control Circuitry Schematics 

 

Figure A.10: Schematic of total control circuitry. 
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Figure A.11: Schematic of clock generation circuitry (clockgen in figure A.10). 
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Figure A.12: Schematic of register Enable generation circuitry (regclockgen in figure 

A.10). 
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Figure A.13: Schematic of reset generation circuitry (resetgen in figure A.10). 
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Figure A.14: Schematic of counter and register connection circuitry (counter_reg in 

figure A.10).  
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Appendix B: Derivation of LIS Sensor Pixel Output Current 

 Using (2.65), for a PMOS operating in saturation (|VDS| > 4UT), the source to 

gate voltage VSG can be expressed in terms of the subthreshold drain current as: 
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Refer to the logarithmic pixel circuit shown in figure 3.3. All transistors M1 to M5 in 

the pixel circuit have (W/L) = (5.4μm/1.8μm). When operating in the subthreshold 

regime, M1, M2, M3 and M5 form a translinear loop. Using the translinear loop 

principle (refer to section 3.1.1) 

VSG1 + VSG2 = VSG3 + VSG5. (B.2) 

For transistor M1, both n-well and source are tied to VDD, i.e. VWS1 = 0V. Hence using 

(B.1),  
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Similarly for transistor M5, 
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In the case of transistors M2 and M3, the n-well is tied to VDD and the source voltages  

are VG2 and VG3, respectively. Hence VWS2 = VSG1 and VWS3 = VSG5. Using (B.1) for  
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transistor M2, 
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Substituting for VSG1 from (B.3) in (B.5), 

.ln)1(ln1

10

),(

20

),(
2

⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢

⎣

⎡

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

⋅⋅
−

−
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛

⋅=

L
WI

I
U

L
WI

I
UV

p

jiPH
T

p

jiPH
TSG κ

κ
κ

  (B.6) 

Similarly for transistor M3, 
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Using (B.3), (B.4), (B.6) and (B.7) in (B.2), the following equation can be obtained, 
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On simplification, 
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Solving for Iout(i,j) and after more simplifications we obtain, 
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Here I0p1, I0p2, I0p3 and I0p5 are process dependant constants and are related to 

threshold voltage through (2.64). Using (2.64) in (B.10), 
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Further, the bias current Ib also suffers from pixel to pixel threshold voltage variation 

of transistor M4, ( VΔ± TP4). Inclusion of this factor results in 
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where ε is the mismatch gain factor and can be expressed as, 
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