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ABSTRACT 

 

OPTICAL WAVEFRONT CORRECTION USING SPATIAL SAMPLING  

AND PARALLEL ANALOG CENTROID COMPUTATION 

 

BY 

VIJAY VIKRAM CHAPHEKAR 

 

Master of Science in Electrical Engineering 

New Mexico State University 

Las Cruces, New Mexico, 2005 

Dr. Paul M. Furth, Chair  

 

 The aim of this thesis is to build a chip which will reduce the amount of image 

data by converting this data into an array of centroid locations. The centroid data can 

be sequentially scanned by a microcontroller for further computations. Since the chip 

will be used in real-time data processing, the reduction in data leads to a reduction in 

the required bandwidth and complexity of off-chip processing.  

 When an optical wavefront is incident on a 2-D array of optical lenslets, the 

wavefront gets spatially sampled by these lenslets. The outputs of these lenslets are 

focused on a Shack-Hartmann sensor which converts the optical information into 

analog electrical currents. The Shack-Hartmann sensor consists of a 2-D array of 

photodiodes with centroid computation circuits. These currents act as the inputs for 
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the centroid computation circuits. The centroid locations are calculated with the help 

of aggregation networks. Each unit produces the centroid location values for the X 

and Y directions. These centroid values are position encoded so as to reflect the actual 

position of the laser beam spot. Since there are 25 photodiode units in total, we send 

out each centroid value sequentially. Then, a 6-comparator flash A/D converter is 

used to compute the binary equivalent of these centroid locations. Since only seven 6-

comparator output combinations are possible, we convert this 6-bit thermometer code 

into its equivalent 3-bit output code.  

 The previous work done in centroid computational circuits dealt with 2-D 

centroid computations, where X and Y co-ordinates were computed serially. Since X 

and Y co-ordinates for centroid locations are not computed simultaneously, it may 

lead to a small deviation from the actual centroid location value at any instant of time. 

Also, it necessitates more bandwidth because of its serial nature when compared with 

the simultaneous calculation of X and Y co-ordinates. 
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1. INTRODUCTION 

 Centroid computation is the fundamental part of any CMOS imaging system. 

Low power circuits can be designed if the currents are in the range of nanoamperes. It 

can be achieved by operating the CMOS transistors in the subthreshold region. The 

binary equivalents for the centroid locations are also computed with the help of a 

flash converter. These centroid computations can be used to correct the wavefront 

aberration when used in the feedback loop.  

 When an optical wavefront is incident on a 2-D array of optical lenslets, the 

wavefront gets spatially sampled by these lenslets. The outputs of these lenslets are 

focused on a Shack-Hartmann sensor which converts the optical information into 

analog electrical current. The Shack-Hartmann sensor consists of a 2-D array of 

photo-diodes with centroid computation circuits. Since we require high bandwidth, 

we choose to process the data in parallel and in the analog domain itself. 

 If the wavefront is exactly plane, then all the lenslets produce spots at the 

center of these lenslets. But if the wavefront is slightly tilted, then the spots shift 

away from the center by an amount proportional to the wavefront tilt. This tilt is 

related to the phase of the wavefront. 

 We find out the centroid locations of the spots using an aggregation network. 

If all the spots are not in the center, then we provide feedback to a flexible membrane 

mirror in such a way that it nullifies the tilt in the wavefront. A 6-comparator flash 

A/D converter is used to compute the binary equivalent of the centroid location. Since 

only seven output levels are possible, we convert this 6-bit thermometer code into its 

equivalent 3-bit binary output code. 
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Figure 1.1 Block Diagram for Adaptive optical system. 

 

 Chapter 2 explains the concepts behind centroid computational techniques, 

such as position encoding, aggregation network and reference voltages. It also 

discusses about different types of photoreceptors and their pros and cons. Image 

sensors such as CCD’s and CMOS imagers are then discussed along with descriptions 

of optical concepts such as wavefront and LASER. Finally, the architecture of the 

flash A/D converter is explained in detail. 

 In chapter 3, we discuss the design of the centroid computation circuitry.  The 

op-amp design, including digital offset compensation, is also discussed. Then, we 

describe the digital components of the chip, such as the flash converter and 

thermometer-to-binary encoder. Simulation results are provided with the design for 

all components.  

 Chapter 4 elucidates on the electrical as well as optical testing that was 

performed on the chip. The special setup required for the optical testing is also 

explained. Measurements for the centroid circuits are recorded and are compared with 

the simulation results.   
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 The test results and simulation results are summarized in chapter 5. 

Conclusions are drawn from these results.  Chapter 5 also contains recommendations 

for future work which will improve chip performance. 
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2. FUNDAMENTALS OF CENTROID COMPUTATION AND IMAGE             
    SENSING 
 
 Centroid Computation and image sensing are the key elements in any CMOS 

imaging system. The architecture of centroid computation is explained along with its 

core concepts such as position encoding and aggregation network [DEW92]. The 

operation of NMOS in subthreshold region is also discussed in detail. Various types 

of photoreceptors are compared according to different parameters, such as 

responsivity, dark current and spectral response [YOTT03]. A few fundamental 

concepts of optics such as wavefront, LASER are also discussed. CMOS imagers are 

compared with CCD’s on the basis of their architecture, noise and dynamic range 

[DAVE01]. Finally, the advantages and shortcomings of the flash converter are 

described.  

2.1 Centroid Computation and Position Encoding 

 Fundamental concept behind the centroid computation will be discussed in 

this section. Position encoding plays the important part in implementation of the 

centroid computation.  

2.1.1 Centroid Computation 

 Whenever a wavefront is incident on a 2-D photodiode array, current gets 

generated in each photodiode, whose value depends upon the intensity of the incident 

light. The photodiode current is directly proportional to the intensity of the incident 

light.  Centroid is the mean of light intensities when these intensities are weighed by 

their respective grid positions. If only one bright spot is present, the centroid will be 

the location of that spot. But, if there are two equally bright spots, then the centroid 
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will lie in the middle of these two spots. So the centroid position does not necessarily 

mean that it is the position of the brightest spot. If all the spot intensities get increased 

or decreased by the same scaling factor, the centroid location remains the same.  In 

other words, if the overall intensity of the incident light changes then it does not have 

any effect on the centroid position.  

 The centroid calculation is an important image feature extraction technique 

and can be used for data reduction. Ideally we should have an infinite number of 

infinitesimally small photodiodes so that the image can be captured to the smallest 

detail. Practically, we can have small-sized photodiodes which are independent of 

each other. In other words, we can have pixel units with a 1x1 array of photodiodes. 

But this leads to a large number of pixel units and potentially complicated processing. 

We can have a large number of photodiodes in single pixel unit. This pixel unit will 

compute the centroid value for the spot. Thus, on-chip processing reduces the amount 

of data that needs to be sent out. But the raw image data i.e. (value of current from 

every photodiode) is not available for off-chip processing.  

 The centroid is defined as the first moment of the image [DEW92].  

  ∑
∑=

n

nn
centroid i

vi
V                                                      (2.1)

 in – current in the photodetector at the nth position 

 vn – voltage corresponding to the position of the photodetector on 

  the resistive grid 

  where,  

   n varies from -N to N. 
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2.1.2 Aggregation Network 

 The aggregation network collects various current inputs coming from 

photodiodes and produces a single voltage output. The aggregation network along 

with various other circuit elements, such as current mirror and resistive grid can be 

used to form a centroid computation circuit. 

 The aggregation network consists of 2N +1 differential pairs connected in 

parallel. The currents generated in the photodiodes act as current sources for these 

differential pairs. The central differential pair is considered as the origin. N 

differential pairs on the right represent positive coordinates whereas N differential 

pairs of the left represent negative coordinates. This position encoding will be 

discussed later in section 2.1.3.  

 Each photodiode inside one pixel unit generates a current depending upon the 

intensity of the incident light. Since this current is in the nano-ampere range, the 

differential pair works in the subthreshold region. There are various issues linked 

with subthreshold operation which will be discussed later in section 2.2.  

 A differential pair has two transistors with opposite polarity input voltages. In 

the aggregation network, we combine the currents coming out from all the positive 

input voltage transistors on one wire. Similarly we collect the output currents of 

negative input voltage transistors on another wire [DEW92]. The expression for ia is 

as given below [TSIVI85]. Derivation for this equation is given in Appendix B. 

∑ Δ−+
=

n
Uv

n
a Tne

ii
1   ,  ∑ Δ+

=
n

Uv
n

b Tne
ii

1           (2.2) 
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Figure 2.1: Aggregation network of differential-pair elements [DEW92] 

 

∑ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
=−

n T

n
nba U

viii
2

tanh       (2.3) 

  where,  

 n varies from -N to N. 

2.1.3 Position Encoding 

 Consider a 2-D array of photodiodes. We can assign X and Y coordinates to 

each of these photodiodes. Let us consider the central photodiode as the origin. We 

can assign (X, Y) coordinates to the remaining photodiodes depending upon their 

position from the origin as shown in figure 2.2.  
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-1 0 1

0

-1

1

X axis

Y 
axis

 

 Figure 2.2 A 2-D photodiode array with coordinates  

 

 We need to convert these (X, Y) coordinates into an electrical quantity such as 

voltage.  

 A resistor divider network is used to generate the required coordinate 

voltages. By applying voltages refV and refV− at the ends of the resistive grid, a 

linear voltage gradient can be created along the array of differential pairs. The voltage 

at the nth node is given by 

  )(
2

)(
ref

refref
n Vn

N
VV

v −+⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −−
=       (2.4) 
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  where,  

   n varies from -N to N. 

-1 0 1

0

-1

1

X axis

Y 
axis

-15mV 0V 15mV

X axis

Y 
axis

-15mV

0V

15mV

 

Figure 2.3 (a) A 2-D photodiode array with cartesian coordinates, (b) A 2-D 
photodiode array with equivalent voltage coordinates 

  

 The following diagram shows an aggregation network with position encoding. 

 

Figure 2.4 Aggregation network and position encoding [DEW92] 
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2.1.4 Centroid Calculation  

 

Figure 2.5 Centroid detection circuit [DEW92] 

 

 Let the spot be located such that only oi is generating a considerable amount 

of current, say in the nano-ampere range and all other currents ( 

NN iiiiii ..,,.. ,2,112 −−− ) are negligible compared to oi . Then, let ai and bi  be 

the currents which aggregate the currents flowing through the left and right branch of 

the differential pairs, respectively.  
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 Let outi denote the output current. Current ai  is mirrored from 1Q  to 

2Q using a current mirror circuit. Therefore,  

 baout iii −= .       (2.5) 

 Also, bao iii +=  .       

 This output current outi  is given as the negative feedback to the differential 

pair transistor bQ . The current outi charges (or discharges) the parasitic capacitance 

at the node outV . This feedback continues until output current outi becomes zero. 

When the output current becomes zero, it means that we have equal amount of current 

flowing through aQ and bQ . This implies that we have equal gate to source 

voltages ( GSV ) for these two differential pair transistors. Both transistors have their 

source terminals connected to each other. The gate voltage applied to aQ is V0 , 

therefore outV  or the gate voltage at bQ should also be V0 . Thus the output or 

centroid of this circuit is V0 . 

 Let there be two equally bright spots which generate equal amounts of 

currents say 0i and 2i . Now we know that output voltage represents the centroid if 

and only if the negative feedback is zero. In other words, outV gives us the centroid 

value if current outi is zero, 

 .0=−= baout iii       (2.6) 

Or, alternately the outV represents the centroid if and only if  
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 .0=Δ∑ n
n

V        (2.7) 

 Therefore, output voltage outV should be such that both 0VΔ and 

2VΔ compensate each other. Now if 1VV out = , then 

 20 VV Δ−=Δ          

 0=Δ⇒ ∑ n
n

V         

Thus, the centroid voltage in this example is 1VV out =  

 In the above circuit, we are summing the currents coming out of the positive 

branches of all the differential pairs as ai  and we are summing all the currents from 

the negative branches of all the differential pairs as bi . Then we use a current mirror 

to subtract bi  from ai . There is another way to perform this task. We can use a 

current mirror to subtract the negative branch current from the positive branch current 

at each differential pair and then add all of the output currents together. But the main 

drawback of this method is that the random offset voltage introduced by each current 

mirror is generally greater than the offset voltage introduced by a single current 

mirror.  

 Only a single current mirror is present in the first method. Hence a single 

offset voltage is generated which is common to all differential pairs. So even if this 

offset voltage is non-zero, all the centroid positions are shifted by this same amount. 

But when we use separate current mirrors for each differential pair, then each centroid 

position is shifted by its respective offset voltage [DEW92]. Hence we have to keep 
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track of all the offset voltages to find the correct centroid position. These offset 

voltages are independent of each other. So there is no other way but to remember all 

these offset voltages. Thus equation (2.3) can be rearranged as,   

  0
2

tanh =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −∑
n T

outn
n U

vvi               (2.8) 

  where, 

    q
kTU T = = 26mV at room temperature of 300 ºK. 

We know from the Taylor series expansion that,   

 
753

315
17

15
2

3
1tanh xxxxx −+−=    (2.9) 

Thus, if 1<<x  

  xx =tanh                                         (2.10) 

 Assuming the difference voltage outn vv −  is very small compared to VT 

[DEW92], equation (2.11) can be written as  

    0
2

)(
=

−∑
n T

outn
n U

vvi            (2.11) 

    0)( =−∑
n

outnn vvi            (2.12) 

    0=−∑∑
n

outn
n

nn vivi            (2.13) 

    ∑∑ =
n

outn
n

nn vivi            (2.14) 

 The output voltage (Vout) represents the centroid given by 
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∑

∑

−=

−=== N

Nn
n

N

Nn
nn
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2.1.5 Why is the Reference Voltage in the range of mV? 

 If the differential amplifier is operating in the linear region, then 

outV represents the true centroid voltage, otherwise equation (2.12) is no longer 

valid. This linear range is .7 mV±  But it can be extended to 

)70(4 mVOR
q

kT
±

κ  for practical implementation [MEAD89]. Random offset 

can be as much as .5 mV±  Hence, the reference voltage is chosen in the range of 

15mV, so that the offset voltage has a minimal effect on the centroid value. 

 

2.1.6 Why do we need to have a Negative Reference Voltage? 

 The linear range is only ± 7mV. Hence its negative region should be used to 

utilize this range fully. 

 

2.2 Subthreshold Region 

 The need for low power systems has led to the use of low current systems 

with lower rail voltages. The name itself suggests that the input voltage applied 

between the gate and source is less than the threshold voltage TV . The subthreshold 

region is also called the weak inversion region.  Weak inversion can also be defined 
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as the region in which the inversion layer charge IQ is exponentially proportional 

to GSV .  

 

2.2.1 Operation of NMOS in the Subthreshold Region 

 In the subthreshold region, current is below 1 μA. As GSV goes below 

threshold voltage TV , the channel charge starts dropping exponentially with 

decreasing GSV voltage. In weak inversion, the inversion layer charge is much less 

than the depletion region charge. But even the depletion region charge is not much, 

since the substrate is lightly doped. Hence, there is not enough electric field in the 

channel to pull the electrons from source to drain. Therefore, the current is mainly 

due to diffusion instead of drift. The inversion layer charge is exponentially 

proportional to barrier height. This barrier height represents the surface potential 

sψ [HARR]. 

  Gs Vκψ =        (2.16) 

 where, 

   ,
depox

ox

CC
C
+

=κ      (2.17) 

  GV = Gate Voltage, 

  oxC = Gate oxide Capacitance, 

  and depC = Depletion Capacitance, 
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 The depletion capacitance remains fairly constant over the subthreshold 

region, but κ increases slightly with an increase in gate voltage [HARR].  

Typically, 9.06.0 ≤≤ κ , and a nominal value for κ is 0.7. 

The expression for the drain current in subthreshold region is as follows: 

)1(
)(

0
T

DS

T

S

T

G
U
V

U
v

U
v

D ee
L

WII
−

−

−=
κ

 (2.18) 

where,  

 0I is a process dependent constant. For NMOS transistors, 

,)2(
2'

T

TH

U
V

Tox
o eUCI

κ

κ
μ −

=     (2.19) 

q
kTU T = = 26mV at room temperature of 300 ºK,   (2.20) 

     and THV = Threshold Voltage 

Transconductance for the subthreshold MOSFET can be stated as  

.
T

D
m U

Ig κ
=         (2.21) 

 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.  
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 It is easier to keep the transistor in saturation during subthreshold operation. If 

TDS UV 4> , the transistor is in saturation [HARR]. It can be seen that the 

DSV saturation value does not depend upon GSV , as in the case of strong inversion. 

The current 0I is a highly unpredictable parameter. Hence, the transistor should be 

biased at a fixed drain current DI and not at a fixed gate voltage GV [TSIVI85]. 

 

2.3 Photoreceptors 

 The relationship between incident light intensity and generated photocurrent 

for the n+/P sub photodiode can be stated as  

 ⎥
⎦

⎤
⎢
⎣

⎡
+
−

−Φ=
n

dr
npph L

xAqI
α
α

1
)exp(10,     (2.22) 

 where,  

  npphI , = Photocurrent for n/p photodiode, 

  ))(1(0 λλη R
hc
Pin −=Φ ,     (2.23) 

  inP = Input power density or light intensity in W/cm2, 

  and λ = Optical wavelength in μm. 

 Thus it can be seen from equations (2.23) and (2.24) that photocurrent is 

directly proportional to the incident light intensity and wavelength [PERR99]. 

Various types of photoreceptors are compared below according to different criteria 

such as responsivity, dark current and spectral response [YOTT03]. 
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Device Type Gain Spectral Response 

Range (nm) 

Responsivity

(A/W) 

Response 

Time 

(ns) 

Dark 

Current 

(nA) 

p-n 

Photodiode 

1 or 

less 

190-1100 0.3-0.6  150-2500 0.002-0.2 

Bipolar  

Phototransistor 

100 400-1100 50-100 0.02 <100 

p-i-n 

Photodiode 

1 or 

less 

190-1100 0.14-0.7 10-106 0.001-10 

 

Table 2.1: Comparison of various types of photoreceptors [YOTT03].  

 

 Responsivity is defined as the ratio of the output current and the incident light 

power. 

opt

ph

P
I

R =         (2.24) 

Responsivity depends directly on the quantum efficiency of the device, where the 

quantum efficiency is the number of carriers generated per incident photon. The 

spectral response curve is a plot of responsivity versus wavelength. Gain 

characterizes the inherent signal multiplication inside the photodetector. It is defined 

as the ratio of the total output current to the current that is generated in direct 
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response to the incident photons. In the case of photodiodes, the maximum possible 

gain is 1. High gain detectors, such as bipolar phototransistors, amplify the signal as 

well as the noise present inside the photodetector. Photodetectors are operated in 

reverse bias condition, which generates electrical current even in the absence of light. 

This current is known as dark current and it is mainly due to the thermal noise present 

inside the detector. Response time is the time required for the photodetector to go 

from 10% to 90% of its final response state value. It is also called the rise time. It 

determines the maximum speed for a photodetector [YOTT03]. 

 The amount of light absorbed by a silicon wafer is dependent on the incident 

wavelength. Longer wavelengths penetrate deeper inside the substrate before they are 

absorbed.  The reason behind this behavior is the larger number of available density 

states at higher energies [DELB96]. This wavelength-dependent absorption implies 

that photodetectors with different junction depths will have different spectral 

response. Figure 2.5 below shows the plot of absorption length versus incident 

wavelength at 300°K. 

 

2.3.1 Types of Photoreceptors 

 Figure 2.6 shows various types of photodetectors which can be implemented 

in a standard CMOS process.  

 The shallow junctions formed inside the N well have peak response around 

500 nm, while deep junctions have most sensitivity around 900 nm. Quantum 

efficiency is highest in the near-IR region, whereas it is lowest in the blue region of 

spectrum. 
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Figure 2.6 Photon absorption length vs photon wavelength at 300°K [DELB96]. 

 

In CMOS processes, the maximum photoreceptor speed is obtained for substrate-

junction photodiodes since they have the highest quantum efficiency and the lowest 

capacitance. Combined shallow and deep photodiodes have better spectral response at 

shorter as well as at longer wavelengths. The layout for a substrate-junction 

photodiode is compact when compared with a well-substrate diode, because the 

minimum distance required between two n wells is much more than the minimum 

distance between two n+ regions. This fact is decisive when we have a photodiode 

array of large size. Photodiode area is often dictated by design requirements. If the 

photodiode is bigger, it implies more current collecting area along with more 

capacitance. The other drawback is that it leads to lower resolution since we have 

fewer diodes on a single chip. 
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Figure 2.7 Types of photodetectors  

 

2.3.2 Photodiode versus Phototransistor 

 The coverage factor (ratio of light collecting area to total area) is higher for 

photodiodes when compared with phototransistors. Dynamic range is the range of 

output current or voltage for a photoreceptor when its transient output is observed 

with respect to the logarithmic scale of incident light intensity. The dynamic range for 

a phototransistor is 1-2 decades less than that of a photodiode. In other words, the 

output voltage or current for a phototransistor saturates quickly when compared to the 

photodiode curve. Figure 2.7 shows the plot of output voltage for a photoreceptor 

with respect to incident light intensity. It has a total dynamic range of 15 mV.  
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Figure 2.8 Peak response plotted versus logarithmic scale of illumination  

 

2.3.3 Photodiode Capacitance 

 The photodiode is reverse biased to work as a light-to-current transducer. The 

parasitic junction capacitance associated with the photodiode is computed as the 

addition of sidewall and bottom plate capacitances.  

PCJSWACJC ph ⋅+⋅=        (2.25) 

Where, phC  = Junction Capacitance for photodiode, 

 A  = Bottom Area, 

 P = Sidewall perimeter, 

 CJ = Bottom junction Capacitance, 

 CJSW = Sidewall Capacitance.  
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2.3.4 Photodiode Model  

 A photodiode can be modeled as shown in figure 2.9. We cannot include 

actual light sources and on-chip photodiodes during simulations; hence, this 

photodiode model is used during circuit simulations. 

 

⇒
+

_

Vrev Iph Cph

IphLight

 

Figure 2.9 Photodiode model for simulations 

 

Where, phI  = Photocurrent (proportional to light intensity) 

 phC  = Junction Capacitance for photodiode 

 revV = Reverse biased voltage applied across photodiode 

 

2.4 Optics 

 A few fundamental optics concepts which may prove useful for better 

understanding of this thesis are discussed here. Also, some theoretical information 

about the LASER is given since it was used as a light source for testing purpose. 
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2.4.1 Wavefront 

 If a monochromatic source, situated in a homogeneous, isotropic medium 

emits an extremely brief light pulse, then at time t , the light in the direction of any 

of the rays has passed through the distance vtl = , where v is the velocity of light. 

The locus of the points reached at time t for all the rays is a sphere called the wave 

surface for the medium under consideration. If some rays encounter any number of 

isotropic, homogeneous media separated by any kind of surfaces, the locus of the 

points reached at the time t is a surface of complex form known as a wavefront 

[MATH75]. 

 

2.4.2 LASER  

 Laser is an acronym of light amplification by stimulated emission of radiation. 

A laser is a device which produces highly parallel beam of coherent light. The 

principal of coherence accompanying stimulated emission is the key to laser 

operation.  

 Consider a gas enclosed in a vessel which has free atoms with a number of 

energy levels. One of these energy levels should be metastable. When light is 

incident, many atoms move from ground states to excited states. As electrons drop 

back, many of them are trapped inside this metastable state. If incident light has a 

high enough intensity, then population inversion is achieved, i.e. more electrons are 

present in the metastable state than in the ground state. When electrons spontaneously 

jump from the metastable state to the ground state, then the photons of energy 

νh are emitted. When one of these photons passes by another nearby atom in the 
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metastable state, it can stimulate the atom to radiate a photon of exactly the same 

frequency. This stimulated photon has exactly the same frequency, direction, 

polarization, phase, energy and speed as the first photon. Thus, a chain reaction can 

be developed which produces intense and coherent radiation [JENK76]. There are 

various types of Lasers such as Ruby, Helium-Neon, CO2 and semiconductor.  

 

2.5 Image Sensors 

 CMOS image sensors are compared with CCD’s with respect to various 

properties such as responsivity, speed, noise etc. The shack-Hartmann sensor is 

discussed in detail since the same architecture was used for the photodetection. 

 

2.5.1 Comparison of CCD’s and CMOS Image Sensors 
 
 Charge-coupled devices (CCD’s) are inherently discrete data devices. CCD’s 

can have an analog voltage or incident light as their input. Both inputs are analog in 

nature. CCD’s take discrete samples of input analog voltage, each tΔ wide, and 

converts them into a charge. If the input signal has significant variations over the 

time tΔ , then the charge indicates the average value of signal. This charge is stored 

under the gate with the highest potential. As the gate voltages are varied periodically, 

these charges are shifted along the semiconductor. As the frequency of the applied 

voltages change, the time required to shift the charge to the output also varies. Thus, 

the CCD can also be viewed as a delay line, where delay is dependent on the 

frequency of applied gate voltages [DIET87]. CCD’s are high-density, low noise and 

high-sensitivity devices. CCD’s have less noise compared to CMOS imagers because 
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of quieter sensor substrates (less on chip circuitry). CCD’s have twice the dynamic 

range when compared to CMOS imagers. In this case, dynamic range is the ratio of 

pixel’s saturation level to its signal threshold level. CMOS imagers have slightly 

more responsivity than CCD’s. In other words, CMOS imagers produce higher output 

voltage per unit input optical energy. CCD’s have consistent response for different 

pixels under identical illumination conditions. In the case of CMOS imagers, a lot of 

non-uniformity is present in dark as well as in illuminated conditions. This non-

uniformity severely degrades the image during high speed applications. CMOS 

imagers have one distinct advantage in speed. Since all functions can be placed on the 

CMOS image sensor, they have less capacitance and propagation delays [DAVE01].  

CMOS image sensors can be fabricated by using standard CMOS processes.  Hence, 

they are relatively cheaper as compared to the CCD’s. Also, low-voltage operation is 

possible in case of CMOS imagers. 

 

2.5.2 Shack-Hartmann Sensor 

 A Shack-Hartmann sensor consists of a 2-D array of lenslets which divide the 

incident beam into an array of subapertures, as shown in figure 2.10. 

 Photoreceptors are arranged in a vertical plane which is parallel to the plane of 

lenslets. All the lenslets have the same focal length and photoreceptors are placed in 

such a fashion that their distance from the lenslets is equal to the focal length of a 

lenslet. Each photoreceptor is in line with the optical axis for its corresponding 

lenslet. This implies that if there is no local tilt in the wavefront, the spot will fall 

exactly at the center of the photoreceptor [PUI02]. 
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Figure 2.10 Block diagram for charge coupled devices (CCD’s) [DAVE01] 

 

  

 

Figure 2.11 Shack-Hartmann sensor [DROS02] 



28

 If the wavefront is aberrated then the spot will shift perpendicular to the 

optical axis. This deviation from center can be quantized and used to reconstruct the 

wavefront. Figure 2.10(b) shows the specified and the observed locations of the spots. 

Since the wavefront is aberrated; it produces spots (shown by black dots) which are 

shifted from their specified positions (shown by hollow circles) by ∆x and ∆y.  

f
x

dx
dW Δ

=         (2.26) 

 where,  

  
dx

dW = Wavefront tilt in X direction 

  f  = Focal Length of the lenslet array 

  xΔ  = Deviation from the center of the photoreceptor    

 

Defocusing will occur if the distance of the screen from the lenslet is not equal 

to the focal length. The image will lose its sharpness. If the distance of the screen 

from the lenslet is more or less than the focal length, the spot size will be larger than 

the specified spot size. 

The specified spot size for the test setup was 198 μm. In other words, the 

diameter of the spot was 198 μm. Aberration within the sub-aperture distorts the 

plane wavefront and the spot no longer has the specified spot size location. The spot 

size shifts since the aberrated wavefront does not have the same optical axis for its 

entire locus. Thus deviation xΔ is produced as shown in figure 2.12. 
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Figure 2.12 Deviation of the focus point due to the wavefront tilt [DROS02] 

 

2.6 Flash Converter 

 Flash converters are used to implement high-speed A/D converters. They are 

also called parallel converters since input to the A/D converter is given to all 

comparators connected in parallel.  

 In the case of other converters such as successive approximation ADC or 

integrating ADC, an N-bit converter can have all 2N possible outputs. But in the case 

of a flash ADC, only certain combinations are possible. As the input analog voltage 

increases, the ADC has more 0’s in its N-bit output code. This resembles the rising of 

mercury inside a thermometer as temperature increases. Hence the output code for 

flash ADC is also called a thermometer code. Flash converters require N comparators 

for its N-bit output. These comparators consume a large amount of area. Also they 

require more power, since each comparator needs a bias current to drive itself. Input 

to the flash ADC is given to all the comparators connected in parallel. Thus, the 
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effective capacitance at the input node is the addition of all the input comparator 

capacitances. This reduces the upper speed limit for the flash ADC. A flash converter 

can be used as an ADC if the output resolution is less than or equal to six bits. Its 

power dissipation and input capacitance are within the tolerable limits for the six bit 

conversion. Figure 2.13 shows the architecture for 6-bit flash converter.  

 

 

Figure 2.13 Architecture for a 6-bit flash converter 
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3. PARALLEL CENTROID COMPUTATIONS 

 The chip is designed to work with a subaperture of size 198 µm x 198 µm. 

Hence, the dimensions for a single 3x3 cell are 198 µm x 198 µm. We also need chip 

area for decoders, op-amps and flash A/D converters. Hence, the number of 3x3 cells 

depends upon the available chip area. A 5x5 array of 3x3 cells was the largest 

possible array that could fit on a 1.5 mm x 1.5 mm die. Thus, there will be 25 on-chip 

3x3 cells in total. All 25 cells will compute the centroid in parallel. Each 3x3 cell 

output can be accessed by selecting that cell using row and column decoders. The X 

and Y coordinate voltages for the centroid output are fed to separate non-inverting 

amplifiers. The outputs of these amplifiers are converted into digital outputs using 

two parallel flash converters. Finally, the digital coordinates are encoded to give 3-bit 

binary outputs. 

3.1  A 3x3 Pixel Cell 

 A 3x3 cell consists of nine photodiodes along with two centroid computation 

circuits. Nine photodiodes are arranged in a 2-D array of 3 rows and 3 columns. The 

X–axis centroid computation circuit collects the current from 3 columns and 

calculates the X coordinate for the centroid location. Similarly, the Y-axis centroid 

computation circuit gathers the current from 3 rows and computes the Y coordinate 

for centroid location. 

3.1.1  Photodiode Design 

 Whenever light falls on any of the photodiodes, it generates electric current. 

This current is required for the X and Y centroid computation circuits. Hence, we need 

to make copies of this generated current. A cascode current mirror circuit was 
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simulated in the subthreshold region. The current mirror circuit takes the photodiode 

current as its input current and makes two copies of it with two mirroring branches. 

The aspect ratio W/L was kept the same for all the branches so as to have equal 

amounts of current flowing through all the branches. Simulation results showed that 

the output currents matched closely with the input current.  

 Let the area of the photodiode be A µm2. It was observed during the layout 

phase that the required area for the current mirror circuit was greater than A µm2. 

The current mirror circuit with lower W and L was simulated and laid out. But it 

was found that the required area was still greater than A µm2. The current mirror 

circuit with minimum L was not tested since we use higher L circuits for current 

mirrors in order to reduce the channel-length modulation. Hence, a second 

photodiode, with the same area A µm2, was laid out in the fashion shown in figure 

3.1.  In other words, the area required for two photodiodes was found to be less than 

the area required for a single photodiode and a current mirror circuit. It was assumed 

that the two photodiodes will generate nearly identical output currents. Photodiodes 

were laid out in the common centroid fashion to boost this assumption. We can have 

several small-sized photodiode sections, interconnected with metal paths, for each 

photodiode. But as we increase the number of sections, the interconnection area 

increases, which effectively reduces the photodiode area. Thus, instead of using a 

current mirror circuit, a second photodiode was used in order to increase the fill factor 

for the pixel circuitry. Fill factor is the ratio of light collecting area to the total area 

for any pixel circuit.  
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Figure 3.1: Layout for two adjacent photodiodes with identical output currents. 

  

 The pixel dimensions were determined by the available lenslet array. The 

lenslet array was a 2-D square array with equi-distant lenslets. The distance between 

any two adjacent lenslets was 198 µm. Hence, the maximum allowable area for one 

pixel was 198 x 198 µm2.  The fill factor for a 3x3 cell was calculated as following: 

 64.0
198*198

4.158*4.158
===

mm
mm

AreaTotalPixel
AreaPhotodiodeFillFactor

μμ
μμ

 (3.1) 

This large value for the fill factor can be misleading. It should be remembered that 

only half of the photodiode area is generating the current information. The other half 

is used to have a copy of this current information. Thus, it can be said that the actual 

fill factor is 0.32, instead of 0.64.  
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3.1.2 Centroid Computation Circuit Design 

 Two centroid computation circuits are required for a 3x3 cell. One circuit 

computes the centroid corresponding to the X axis whereas the second circuit finds 

the centroid along the Y direction. Both circuits have identical circuitry to compute 

the centroid. Figure 3.2 shows the centroid circuitry which computes the centroid 

along the X direction. 

 

Figure 3.2: Centroid computation circuit for X-direction. Vout is shorted to Vin_minus 
to complete the negative feedback loop. 
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 The fundamental concept behind the centroid circuit is already explained in 

Section 2.1. Input voltages Va, Vmid and Vb are the reference voltages. I_col1 is the 

collection of all the currents generated by the units from the first column. Similarly, 

I_col2 and I_col3 denote the currents from the second and third columns of the 3x3 

cell. The output voltage outV gives the centroid value for the circuit depending upon 

the input currents and reference voltages. Vin_minus is connected to outV to 

complete the negative feedback loop. The voltage of input biasV is calculated so as 

to have transistors Q5 and Q6 in saturation. Thus, 

    VVV ddbias 95.0−=    (3.2) 

 Similarly, input currents I_row1, I_row2 and I_row3 for the Y-direction 

centroid circuit, correspond to output currents from first, second and third rows 

respectively.  One of the most important design considerations is the W/L ratio for the 

centroid transistors. We require maximum possible matching so as to have minimum 

DC offset. In general, the systematic offset should be less than 500 μV, so that it is 

insignificant when compared with the random offset of 5 mV.  

 Consider the centroid circuit shown in figure 3.2. Transistors Q2 and Q4 form 

a composite transistor pair. Transistor Q2 is in saturation since its drain voltage 

is outV , whereas transistor Q4 is in or near triode region. The purpose of the 

composite pair is to improve the gain of the circuit. If the gain is high, then the output 

offset voltage, reflected to the input node, is less. The aspect ratio W/L of cascoding 

transistor Q4 is chosen so that it is at least 20 times greater than the aspect ratio for 

transistor Q2. The W/L for Q2 is 48/1.2 whereas W/L for Q4 is 12/6. The length for 
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transistor Q2 is 6 µm so as to have less effect of channel-length modulation.  

Transistors Q1, Q9, Q10, Q13 and Q14 have the same dimensions as Q2. Also, Q3, 

Q4, Q11, Q12, Q15 and Q16 are designed to have the same dimensions. Since the 

width of all transistors is large, the common centroid method can be employed for its 

layout to achieve better matching. The transistors Q5, Q6, Q7 and Q8 have same 

dimensions, i.e. their aspect ratio is 10/1.2. The Vdd and Vss voltages are 1.25V and -

1.25V respectively. The Vdd and Vss values are same for all the circuits. 

 

3.1.3  Simulation Results for a 3x3 Cell 

 The system is intended to work for the maximum input wavefront variation of 

1 kHz. There are 25 pixels in total. Thus, in an ideal situation each pixel should be 

able to have its output readout in sms μ40
25

1
= .  But simulation results showed 

that the centroid output cannot settle in 40 μs. But when the system requirement was 

reviewed carefully, it was observed that the centroid output from 25 pixels needs to 

be read out in 1ms. We can have initial settling time of 400 μs and then start reading 

the output from each pixel. The centroid output from all the pixels will settle in 400 

μs and it will remain stable for remaining 600 μs. Thus the read-out period is now 

decreased from 1 ms to 600 μs. This puts a larger constraint on the decoder circuitry. 

But it was observed that the decoder can read out all the pixel outputs in 600 μs. 

Figure 3.3 shows the simulation setup for the 3x3 cell centroid computation.  
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Figure 3.3: Simulation setup for a 3x3 cell. 

  

 The simulation setup includes 18 current sources. Each unit has two identical 

current sources. One current source goes to the X centroid computation while the 

second current source goes to the Y centroid computation. Figure 3.4 shows the 

voltage coordinates for nine photodiode units. These voltage coordinates are the ideal 

centroid output voltages if the spot is entirely on that unit. Thus, as the spot moves 

from unit 1 to unit 9, these centroid output voltages should resemble the voltage 

coordinates. 



38

(-15mV, -15mV) (15mV, -15mV)(0mV, -15mV)

(15mV, 0mV)

(15mV, 15mV)

(-15mV, 0mV)

(0mV, 15mV)(-15mV, 15mV)

(0mV, 0mV)

The 3x3 Array of Photodiodes with (X, Y) voltage co-ordinates

Unit 1 Unit 2 Unit 3

Unit 4 Unit 5 Unit 6

Unit 7 Unit 8 Unit 9

X axis

Y axis

 

Figure 3.4: Voltage coordinates for a 3x3 cell. 

  

 Figure 3.5 shows the transient response for the centroid computation circuitry. 

Each current source has a pulse width of 400 μs. The current sources are delayed so 

as to simulate the moving of spot from unit 1 to unit 9. It can be observed from table 

3.1 that the centroid output (vout_x, vout_y) matches closely with the voltage co-

ordinates (X, Y).  

 Table 3.1 shows the theoretical and simulated values for the centroid output. 

The offset voltage was found to be 104 μV for the Y axis whereas it was -141 μV for 

the X axis centroid computation circuitry. 
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Figure 3.5: Simulation result for centroid circuitry of a 3x3 cell. 

  

3.2  Row and Column Decoders   

 A 5x5 array of pixel units was designed and laid out for fabrication in the 

AMI 0.5 µm technology. The number of rows and columns were determined based 

upon the available on-chip area. Five row lines and five column lines were required to 

access all the pixel units. This implies that as many as ten pins will be required out of 

forty available pins. Thus decoders are needed to reduce the number of required pins. 

Since we have 5 rows and 5 columns, we shall need 3:8 row and column decoders. 

A 3:8 decoder has three input select lines which control the 8 outputs. Table 3.2 

shows the truth table for column decoder. 
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 Theoretical centroid 

output (mV) 

(X,Y) 

Simulated centroid 

output (mV) 

(X,Y) 

Error = 

Theoretical – 

Simulated 

Unit 1 (-15, -15) (-14.66, -14.66) (-0.34, -0.34) 

Unit 2 (0, -15) (-0.141, -14.66) (0.141, -0.34) 

Unit3 (15, -15) (14.54, -14.66) (0.46, -0.34) 

Unit 4 (-15, 0) (-14.66, 0.104) (-0.34, 0.104) 

Unit 5 (0, 0) (-0.141, 0.104) (-0.141, 0.104) 

Unit 6 (15, 0) (14.54, 0.104) (0.46, 0.104) 

Unit 7 (-15, 15) (-14.66, 14.88) (-0.34, 0.12) 

Unit 8 (0, 15) (-0.141, 14.88) (-0.141, 0.12) 

Unit 9 (15, 15) (14.54, 14.88) (0.46, 0.12) 

 

Table 3.1: Theoretical and simulated results for the 3x3 cell centroid computation 

 

 The outputs Q0, Q1 and Q2 are not used (No Connection), since only 5 

outputs are required to access 5 columns. The row decoder has the same architecture 

and layout as the column decoder. 

 Eight 3-input AND gates are used to implement the 3:8 decoder. The AND 

gate is implemented using the And-Or-Invert (AOI) technique. The 3:8 decoder has 

three input select lines. Only one AND gate can have output ‘HIGH’ at any point of 

time. The select lines determine which gate will have its output ‘HIGH’. Following 

figure 3.6 shows the schematic diagram for the 3:8 decoder. 
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Select_col2 

(MSB) 

Select_col1 Select_col0

(LSB) 

Output 

‘HIGH’

Selected 

Column 

0 1 1 Q3 1 

1 0 0 Q4 2 

1 0 1 Q5 3 

1 1 0 Q6 4 

1 1 1 Q7 5 

 

 Table 3.2: Truth table for the 3:8 column decoder 

   

 

Figure 3.6: Schematic Diagram for 3:8 decoder 
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 Input pulses are given to the three inputs Select2, Select1 and Select0. 

Select0 is the LSB; hence the pulse input for Select0 has the maximum frequency 

of f .  The Select1 pulse frequency is 2
f

, whereas the input pulse frequency for 

Select2 is 4
f

.  This chip is intended to work for a sampling rate of 1 kHz. In other 

words, the frequency of the decoder should be such that all 5x5 pixels units are 

accessed within 1ms. Hence, the pulse frequency f is kept as 12.5 kHz. If f is 12.5 

kHz, then its ON period is s
f

μ40
2
1

= . Therefore, five pixels in the same row 

will be accessed in 200 µS. Thus one row is accessed completely in 200 μS. We have 

five rows of pixels. Therefore, the total time required to access all five rows is 1000 

μs or 1 ms. Figure 3.7 shows the simulation result for a transient analysis of the 3:8 

decoder.  

 

3.3  Two Stage Op-amp Design 

 A two-stage op-amp is designed to work as a non-inverting amplifier 

with a gain 10. The offset voltage is the primary design issue. Since the input is 

expected to vary with a maximum frequency of 41.66 kHz, the bandwidth of the op-

amp is not the main design consideration. The maximum input frequency can increase 

up to 41.66 kHz (25 kHz * 1.66) depending upon the settling time allotted for the 
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centroid circuitry. The settling time for the centroid circuit is discussed in detail in 

section 3.1.3. 

 

Figure 3.7: Transient response for the 3:8 Decoder with input frequency of 12.5 kHz 

for LSB select line (Select0) 

 

3.3.1  DC Response 

 Figure 3.8 shows the DC response for the op-amp in unity gain 

implementation. The main purpose of this implementation is to get the output offset 

voltage. If we use the op-amp in an open loop configuration, then the offset voltage 

will be amplified by its open-loop gain AOL. It can be seen from figure 3.8 that the 

systematic offset voltage is -66.03μV.  
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Figure 3.8: DC response for the op-amp where input voltage is swept from -1.5V to 
1.5V.  

 
 

3.3.2  Miller Compensation 

 The op-amp is used as a non-inverting amplifier with the gain of 10. Stability 

has to be ensured since we are using it in a feedback loop. Miller Compensation is 

used to ensure stability. A two-stage op-amp with compensation is shown in figure 

3.9. Let the gain for the second stage be A2. The Miller capacitance adds a 

capacitance equal to (1+ A2. CC) to the node X. This reduces the pole frequency for 

node X. Miller capacitance also ensures that the resistance at node Y is decreased 

from 2
0r

to 5_ Qmg [RAZA02]. This increases the pole frequency at node Y. But 

the compensation capacitor also introduces a zero between the node X and the node 

Y. A zero in the right-half S-plane has the same phase response as a pole in left half 
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S-plane. A resistor is added in series with CC to shift this zero to a very high 

frequency, ideally to an infinite frequency. The Transconductance (gm) for a transistor 

is the ratio of change in output current to the change in input gate to source voltage. 

The resistor value has to equal the value of inverse of 5_ Qmg to ensure zero 

shifting. Please refer to figure 3.9. 

 

Figure 3.9: Miller compensation for two-stage op-amp 

 

 The two-stage op-amp is designed for the bias current of 10 μA. Thus, the 

current flowing through transistor Q5 is also 10 μA. It is designed for VEFF = VGS-VTH 

= 0.2 V. The W/L for Q8 is 48/1.8 whereas W/L for Q5 is 96/1.8. The W/L ratio for 

Q1 and Q2 is same. Similarly, the W/L ratio of Q8, Q7 and Q6 is same. 

   
THGS

D
outm VV

Ig
−

=
2

_      (3.3) 
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 The value of CC is generally kept the same as the load capacitance CL. Since 

the output of the op-amp is directly given to the output pin, CC is chosen as 5 pF. The 

pin capacitance is 3 pF and since the output of the op-amp is also given to the six 

comparators, the value for CC is chosen as 5 pF.  

 

3.3.3  AC Analysis  

 Gain margin is defined as the difference in dB between the unity gain (0 dB) 

and the gain (in dB) at the frequency where phase is -180º.  

 Gain Margin = 0 dB – Gain at the frequency with -180º phase 

 Phase margin is defined as the difference in the angle between the phase angle 

at the frequency where gain is 0 dB and -180º. 

 Phase Margin = Phase angle at the frequency with 0 dB gain – (-180º).  

 

The gain margin was -31dB and phase margin was 71.5º. Ideally, phase 

margin should be 60º. It ensures that there is no peaking at higher frequencies 

[RAZA02]. The load capacitance was assumed to be 5 pF. The value for phase 

margin varies depending upon the load capacitance. 
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Figure 3.10: AC response for the op-amp with gain margin and phase  

   

3.4  Offset Compensation  

 The op-amp was used to amplify the centroid output voltage level of the 3x3 

cell. Since the centroid circuit operates in the linear subthreshold region, input 

voltages are in the range of mV. This output is given to the flash converter for A/D 

conversion. Thus, even an offset of few mV at the input can get amplified and change 

the output value by one bit. Hence some sort of offset compensation technique needs 

to be employed.  

 Two types of offset voltages should be considered, namely systematic and 

random offset. Systematic offset can be observed during simulations. It is mainly due 

to the difference between drain potentials of the active load transistors. Random 

offset arises due to the imperfect fabrication of identical devices. Low random offset 
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can be achieved by having large-sized input and active load transistors. It helps in 

reducing the relative percentage of mismatch [CHAN00]. Generally random offset is 

around ± 3mV as learned from past experience. Thus an offset compensation 

technique was employed which can compensate for the offsets up to ± 3mV.  

 

3.4.1 Digital Offset Compensation 

 There are two modes of operation for the digital offset compensation 

technique; namely, test mode and normal operation mode. The input offset voltage is 

measured during test mode. Then we compensate for this offset voltage by applying 

adjustment signals in the normal operation mode. These ‘adjustment signals are 

digital signals. Figure 3.11 shows the schematic diagram for the digital offset 

compensation technique. It consists of a two stage op-amp with additional branches 

of current sources. These additional branches are controlled by input signals, such as 

Adjust_n and Adjust_p. The Adjust_p signal is an inverted version of Adjust_n signal. 

Let BI  indicate the bias current for the op-amp. Then, W/L of LSB transistors (Q1 

and Q4) is determined such that IB/19 current flows through them. Transistors Q2 and 

Q5 have twice W/L ratio when compared with LSB transistors Q1 and Q4, so as to 

have 2IB/19 current flowing through them. MSB transistors Q3 and Q6 have highest 

W/L ratio which is four times as compared to W/L ratio for LSB transistors Q1 and 

Q4.  Thus by activating suitable transistors, we can have maximum current of 7IB/19 

flowing through these additional branches.  
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Figure 3.11 Digital offset compensation circuit 

 

3.4.2 Test Mode 

 The op-amp is used as a non-inverting amplifier with a gain of 10 to increase 

the voltage level of the centroid output. The positive input of the op-amp i.e. Vin_plus 

is connected to ground. The output voltage gives the amplified input offset voltage. If 

the output voltage is 20 mV, it implies that the input offset voltage is 2 mV. Hence, 

we need to generate an opposite polarity offset voltage, i.e. -2 mV, to compensate for 

this input offset voltage. The Adjust_n signal is held HIGH, since we need a negative 

offset compensation voltage. Then we apply input signals to a1, a2 and a3 such that it 
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provides minimum output offset voltage. Table 3.3 shows the offset values based 

upon the input signals a1, a2, and a3 and adjust signals Adjust_n and Adjust_p. 

Adjust_n Adjust_p a3 a2 a1 Offset Voltage (mV) 

0 1 0 0 0 -0.032 

0 1 0 0 1 0.45 

0 1 0 1 0 0.93 

0 1 0 1 1 1.42 

0 1 1 0 0 1.90 

0 1 1 0 1 2.39 

0 1 1 1 0 2.87 

0 1 1 1 1 3.35 

1 0 0 0 0 -0.032 

1 0 0 0 1 -0.51 

1 0 0 1 0 -0.99 

1 0 0 1 1 -1.47 

1 0 1 0 0 -1.95 

1 0 1 0 1 -2.43 

1 0 1 1 0 -2.91 

1 0 1 1 1 -3.39 

 
Table 3.3: Offset voltages corresponding to various adjust signals and inputs a1, a2 

and a3. 
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 In this case, if a3=0, a2=0 and a1=0, then it will produce the minimum 

output offset voltage.  

3.4.3 Normal Operation Mode 

 The same combination of a1, a2, a3, Adjust_n and Adjust_p signals as in test 

mode is continued even in the normal operation mode. The non-inverting input of the 

op-amp is disconnected from ground and connected to the centroid output.  

 Figure 3.12 shows the simulation result for the digital offset compensation 

circuit.  

 

 

 
Figure 3.12 Simulation result for positive and negative offset compensation with 
maximum positive offset = 3.35 mV and maximum negative offset = -3.39 mV 

 



52

3.5 A Flash A/D Converter 

 A flash A/D converter is used to implement the A/D conversion of the 

centroid output voltage. Two 6-comparator flash converters are implemented with 

twelve op-amps used as comparators.  

3.5.1 Reference Voltages 

 Input voltage range for the flash converter is from -150 mV to +150 mV. Six 

reference voltages are required for a 6-comparator flash converter.  

mVmVmVVV
x refref 50

6
)150()150(

6
)()(

=
−−

=
−

= −+
(3.6) 

 where,  

  x is the resolution for the flash converter.  

 Thus, the input voltages which can be distinguished by the flash converter are 

150 mV, 100 mV, 50 mV, 0 mV, -50 mV, -100 mV and -150 mV. The reference 

voltage should have the value which is the mean of two successive input voltages. 

Thus reference voltages are 125 mV, 75 mV, 25 mV, -25 mV, -75 mV and -125 mV. 

A resistive grid can be employed to get all the reference voltages. All resistors are of 

the same value, so as to have uniformity among the reference voltages. 

 The resistor value for the potential divider grid is chosen in such a way that it 

will neither be too high nor too low. If the resistance is low, then the current flowing 

through the resistive grid will be larger and it will lead to higher power consumption. 

If the resistance is large, then more area will be required for its layout. In addition, 

whenever the comparator output switches, noise will be injected into the node 

connecting the input of comparator and the resistive grid. 
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Vref+ = 125mV Vref- = -125mV75mV -75mV25mV -25mV

R RRRR

Where, R = 20 kΩ
 

Figure 3.13: Resistive grid for reference voltages 

 

This noise coupling is more effective if the resistance value is higher. Hence, an 

intermediate value such as 20 kΩ is chosen. 

 Figure 3.14 shows the simulation results for the 6-comparator flash converter. 

As the input varies from -150mV to +150mV, the output follows a thermometer code. 

 

Figure 3.14: Simulation result for the 6-bit Flash Converter 
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Figure 3.15: Schematic Diagram for Flash Converter 

  

3.5.2  Op-amp as a Comparator 

 The design for the two stage op-amp has been discussed in section 3.3. We 

can use the same op-amp as a comparator for the implementation of the flash 

converter. We had used the compensation capacitor and the zero-shifting resistor in 

the two stage op-amp for stability. But no feedback is necessary in the case of the 
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comparator. Hence, the compensation capacitor and the zero-shifting resistor are not 

used for the implementation of the comparator.  

 There are two important drawbacks of using an op-amp as a comparator. The 

main reason is that the output does not settle quickly [JOHNS97]. But since the 

maximum frequency required is not greater than 41.66 kHz, it is not a major design 

issue. The offset voltage should also be considered for the design of the comparator. 

The input fed to the comparator is already amplified by 10 by the non-inverting 

amplifier; hence, an offset of few mV will not affect the output thermometer code.  

 

3.6 Bit Encoding 

 The output of the flash converter consists of six digital signals. Flash 

converter cannot have all possible 26 combinations for its output. Table 3.5 shows the 

possible output states for the 6-comparator flash converter. Output bits are from b5 to 

b0 with b5 as MSB and b0 as LSB.  

 A single flash converter will require as many as six output pins out of 40 

available pins. Two flash converters are needed for X axis and Y axis digital centroid 

computations. Therefore, 12 pins could be required in total; hence, some type of bit 

encoding is required to decrease the number of required pins.  

 There are seven possible output states for the 6-comparator flash converter. A 

3-bit binary output has 8 possible output states. Thus, the 6-comparator output from 

the flash converter can be encoded into a 3-bit output code. Table 3.4 shows the truth 

table for the encoded 3-bit output. 
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Input voltage ‘x’ Flash A/D converter Output Encoded Output 

b5 

(MSB)

b4 b3 b2 b1 b0 

(LSB)

B2 

(MSB) 

B1 B0 

(LSB)

x <-125 mV 0 0 0 0 0 0 0 0 1 

-125 mV < x < -75 mV 0 0 0 0 0 1 0 1 0 

-75 mV < x < -25 mV 0 0 0 0 1 1 0 1 1 

-25 mV < x < 25 mV 0 0 0 1 1 1 1 0 0 

25 mV < x < 75 mV 0 0 1 1 1 1 1 0 1 

75 mV < x < 125 mV 0 1 1 1 1 1 1 1 0 

125 mV < x 1 1 1 1 1 1 1 1 1 

  

 Table 3.4: Encoded 3-bit output for 6-bit flash converter output states. 

 

3.6.1 Conversion Equations 

 22 bB =         (3.7) 

 0241 bbbB ⊕⊕=       (3.8) 

 0123450 bbbbbbB ⊕⊕⊕⊕⊕=    (3.9) 

 A XOR gate with three inputs was used to obtain 1B from 4b , 2b and 0b .  

This XOR gate is a static logic gate which requires less number of transistors for its 

implementation than the And-Or-Invert (AOI) technique. Minimum sized transistors 
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were used for its realization. Two 2-input XOR gates were used to implement a 3-

input XOR gate. Figure 3.16 shows the 2-input XOR gate used.  

 

Figure 3.16: 2-input XOR gate 

 

 Figure 3.17 shows the implementation of a 3-input XOR gate using two 2-

input XOR gates. The output from first 2-input gate is fed as the input to the second 

2-input XOR gate. 

⊕ ⊕

 

Figure 3.17: 3-input XOR gate 
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 Similarly, two 3-input XOR gates and one 2-input XNOR gate were used to 

get 0B . A 2-input XNOR gate can be implemented similar to 2-input XOR gate. The 

only difference is that the input A  is replaced by A and input A is replaced 

by A . All other inputs remain the same.  

 It is not possible for the encoded output to have the all-zero state. In other 

words, all encoded output bits ( 2B , 1B , 0B ) cannot be zero in an error-free 

condition. Table 3.6 shows the possible condition where all encoded output bits can 

be zero. But it requires the input bit pattern (b5- b0) as shown in table 3.5.  

 

 Encoded Output 

b5 

(MSB) 

b4 b3 b2 b1 b0 

(LSB)

B2 

(MSB)

B1 B0 

(LSB) 

1 0 1 0 1 0 0 0 0 

 
Table 3.5: The all-zero state for the encoded output 

 

 This bit pattern (b5- b0) is impossible for a correct flash converter output. This 

bit pattern can occur if and only if the flash converter output is erroneous. Thus, if we 

get the all-zero state for encoded output, it indicates that the flash converter output is 

incorrect. 
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4. ELECTRICAL AND OPTICAL TESTING 

 Electrical testing helps us in testing the individual blocks on the chip with no 

light incident on the photodiode circuitry. In optical testing, we focus the LASER 

beam on the pixel area and compute the centroid location. A special test setup is 

needed for the optical testing which will be discussed in section 4.2.1. 

4.1 Electrical Testing 

 Various test pins such as decodertest, vouttestcomp, test, vinxtest and vinytest 

were used to test whether individual blocks are working or not. Electrical testing 

involves the testing of individual blocks without any incident radiation. Flash 

converters, bit encoders, decoder and op-amps were tested using electrical tests. As 

part of the testing, the output offset voltages were reduced to near zero through digital 

offset compensation. Different reference voltages necessary for testing the chip were 

realized with the help of potential divider circuits. Figure 4.1 shows the electrical test 

setup. 

 

Figure 4.1: Electrical test setup 
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4.1.1 Column Decoder 

 A 3:8 decoder is implemented using eight 3-input AND gates. It has three 

select lines as its input and eight output lines to select a particular column. Since the 

array is comprised of five columns, the first three outputs are NC (No Connection). 

One of the remaining outputs, the fourth output is connected to an output pin through 

an on-chip digital buffer. It is named decodertest. Thus, for a particular combination 

of select lines, the output yields HIGH. For all other combinations, the output is 

LOW.  Table 4.1 shows the input combination for which the output is HIGH.  

 

Select2col 

(Pin  13) 

Select1col

(Pin  15) 

Select0col

(Pin  14) 

Output (decodertest) 

(Pin 4) 

0 1  1  1 

 

Table 4.1: Truth table for column decoder. 

 

 The test readings matched perfectly with the desired output values. The 

decodertest output (pin 4) was HIGH for the input combination given in Table 4.1. 

For all other combinations, decodertest was LOW. 

 

4.1.2 Test Comparator 

 Six comparators were used to implement the 6-comparator flash converter. An 

additional test comparator, similar to other comparators, was laid out to test the 
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properties of the comparators. Table 4.2 shows the maximum frequency of operation 

for the test comparator. The negative input of the comparator was grounded. Thus, a 

positive voltage applied at the positive input of comparator yielded Vdd at the output, 

whereas a negative voltage applied at the positive terminal produced Vss at the output.  

 

 Chip 1 Chip 2 

Maximum Input Frequency 383 kHz  380 kHz 

 

Table 4.2: Maximum frequency of operation for the test comparator. 

 

 The maximum frequency of operation should be at least 41.66 kHz, so as to 

facilitate the digital conversion of the centroid output voltages. Thus the test results 

were satisfactory for the test comparator.  

 

4.1.3 Digital Offset Compensation 

 Table 4.3 shows the output offset voltage for various combinations of adjust 

signals for the Y-axis centroid op-amp. Similarly, table 4.4 shows the output offset 

voltages for X-axis centroid op-amp. 

4.1.4 Electrical Test Setup for Flash Converter and Bit Encoders 

 The minimum voltage which can be generated using the signal generator is 

100mV. But we need a triangular wave with peak voltage of 15 mV at the pins 

vinxtest (pin 26) and vinytest (pin 22) so as to simulate the output of the centroid 

circuitry. 
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Adjust3y 

(Pin19) 

Adjust2y 

(Pin18) 

Adjust1y

(Pin17) 

Output Offset Voltage

(Pin 24) 

CHIP # 1 

Output Offset Voltage

(Pin 24) 

CHIP # 2 

0 0 0 -33.5 mV 7.5 mV 

0 0 1 -18.1 mV -7.6 mV 

0 1 0 -2.5 mV -23.8 mV 

0 1 1 +12.8 mV -38.7 mV 

1 0 0 +21.1 mV -50.5 mV 

1 0 1 +36.4 mV -65.6 mV 

1 1 0 +52.0 mV -82.4 mV 

1 1 1 +67.2 mV -100.0 mV 

 

Table 4.3: Output offset voltage for the Y–coordinate op-amp. 

  

Thus, we can test the op-amp and flash converter by applying a triangular wave at the 

pins 26 and 22. The potential divider circuit is used to reduce the amplitude of the 

signal produced by the signal generator.  

 Let the output of signal generator vary from -150 mV to + 150 mV. We use a 

potential divider circuit to attenuate the signal amplitude by the factor of 10 as shown 

in figure 4.2. 
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Adjust3x 

(Pin30) 

Adjust2x 

(Pin31) 

Adjust1x

(Pin32) 

Output Offset Voltage

(Pin 29) 

CHIP # 1 

Output Offset Voltage

(Pin 29) 

CHIP # 2 

0 0 0 +33.2 mV +19.5 mV 

0 0 1 +19.5 mV +6.3 mV 

0 1 0 +5.5 mV -16.0 mV 

0 1 1 -8.1 mV -293 mV 

1 0 0 -29.2 mV -35.8 mV 

1 0 1 -43.4 mV -49.2 mV 

1 1 0 -57.6 mV -74.2 mV 

1 1 1 -71.2 mV -106.9 mV 

 

Table 4.4: Output offset voltage for the X–coordinate op-amp. 

+150 mV to -150 mV

0 V

+15 mV to -15 mV

R1

R2

42.3 kΩ

4.7 kΩ

vinxtest (pin 26) and vinytest (pin 22)

Input from signal generator

Ground

 

Figure 4.2: Potential Divider Bias for the input from the signal generator 
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 It was observed that gain of the X-axis op-amp was 9.27, whereas the gain for 

the Y-axis op-amp was 9.58. So, the output of the op-amp did not vary from 150 mV 

to -150 mV, as desired. Figure 4.3 shows the input and output waveforms for the 

thermometer-to-binary encoder. The binary encoder output values matched perfectly 

with the desired values, as written in table 3.4. 

 

Figure 4.3: Binary encoder output. Waveform at the top shows the input to the flash 
converter (or output of op-amp), which is a triangular wave with 300 mVpp voltage. 
Second waveform from the top is of bity_2 (pin 40). Third waveform is of bity_1 (pin 
1) and waveform at the bottom is of bity_0 (pin 2) All the waveforms except the 
topmost waveform switch between Vdd (1.25 V) and Vss (-1.25 V).  

 

4.1.5 Reference Voltages 

 Reference Voltages Va and Vb can be generated as shown in figure 4.4. The 

reference voltage Va should not be generated using ground as one of the supply 
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inputs, since it loads the circuitry which was used to generate ground from Vdd and 

Vss. 

+1.25 V

-1.25 V

1.265 V w.r.t. Vss 
OR

15 mV w.r.t. ground

R1

R2

4.7 kΩ

4.814 kΩ

-1.25 V

+1.25 V

R2

R1

4.7 kΩ

4.814 kΩ

Va

Vb

Vdd

Vss Vss

Vdd

1.235 V w.r.t. Vss 
OR

-15 mV w.r.t. ground

 

Figure 4.4: Potential Divider Bias for Va and Vb 
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 These Va and Vb values are with respect to Vss. If we consider these voltages 

with respect to ground, then Vb = 1.265 V - 1.25 V= +15 mV and Va = 1.235 V - 1.25 

V = -15 mV. 

 The reference Voltages Vrefplus and Vrefmin can be generated as shown in 

figure 4.5. The reference voltages should not be generated using ground as one of the 

supply inputs, since it loads the circuitry which was used to generate ground from Vdd 

and Vss. 
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+1.25 V

-1.25 V

R1

R2

4.7 kΩ

-1.25 V

+1.25 V

R2

R1

4.7 kΩ

3.84 kΩ

Vrefmin
(pin 28)

Vdd

Vss Vss

Vdd

3.84 kΩ

Vrefplus
(pin 27)1.125 V w.r.t. Vss 

OR
-125 mV w.r.t. ground 1.375 V w.r.t. Vss 

OR
+125 mV w.r.t. ground

 

Figure 4.5: Potential Divider Bias for Vrefplus and Vrefmin 
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 These Vrefplus and Vrefmin values are with respect to Vss. If we consider these 

voltages with respect to ground, then Vrefplus = 1.375 V - 1.25 V= +125 mV and Vrefmin 

= 1.125 V-1.25 V = -125 mV. 

4.1.6 Current Bias Circuit 

 Two current sources of magnitude 130 μA and 20 μA are needed to bias 13 

comparators and two op-amps. Figure 4.6 shows the circuits which were used to 

generate these current sources.  

Ω=
−−−

=
−−

= k
AI

VVV
R

OpampBias

satdsssdd 90
20

7.0)25.1(25.1

_

_

μ  (4.5) 
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Figure 4.6: Current Bias Circuit for Op-amp 

 

 Similarly, we can have another current bias circuit for the current bias of 

comparators. Figure 4.7 shows the circuit for the current bias of comparators. 

Ω==
−−

= k
A

V
I

VVV
R

comparatorBias

satdsssdd 84.13
130

8.1

_

_

μ   (4.6) 

 

4.1.7 Flash A/D Converter 

 Differential non-linearity (DNL) is the measure of the maximum deviation 

from the ideal step size of 1 LSB. Integral Non-linearity (INL) is a measure of the 

deviation of each individual code from a line drawn from zero scale or negative full 

scale (1⁄2 LSB below the first code transition) through positive full scale (1⁄2 LSB 
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above the last code transition). The deviation of any given code from this straight line 

is measured from the center of that code value. 

+1.25 V

-1.25 V

Ibiascomp
(pin 34)

Vdd

Vss

Vds_sat = Vgs= 0.7 V
Current Mirror Circuit

( On Chip)

R
13.84 kΩ

 

Figure 4.7: Current bias circuit for the Comparators 

 

 Input to the flash converter is varied slowly from -175 mV to +175 mV. Table 

4.5 shows the voltages at which the transitions take place for X and Y centroid 

outputs.  

 Input voltage varies from -175 mV to +175 mV. An offset of +175 mV is 

added to these readings for the simplicity of error calculation. Thus, the input voltage 

varies from 0 mV to 350 mV. Offset error for X axis centroid voltages can be 

calculated as shown in equation 4.8 [JOHNS97]. 

LSBLSB
V
VE

LSB
offset 5.0

50
42

2
010 −=−=    (4.7) 
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X-axis Centroid Voltages Y-axis Centroid Voltages 

Input voltage 

(mV) 

Output Code Input voltage

(mV) 

Output Code 

bitx2 bitx1 bitx0 bity2 bity1 bity0 

175 1 1 1 175 1 1 1 

116 1 1 0 115 1 1 0 

65 1 0 1 70 1 0 1 

16 1 0 0 29 1 0 0 

-36 0 1 1 -28 0 1 1 

-85 0 1 0 -77 0 1 0 

-136 0 0 1 -126 0 0 1 

 

Table 4.5: Bit encoder output codes 

LSBE offset 34.0=        (4.8) 

 Gain error for X centroid voltages is calculated as shown in equation 4.10 

[JOHNS97]. 

)5()
50
42

50
291()212()( 010111 −−=−−−−= N

LSBLSB
Gain V

V
V
VE  (4.9) 

LSBE Gain 02.0−=        (4.10) 

 The MATLAB code for INL and DNL plots is given in appendix C. The 

plots for INL and DNL for X centroid voltages are shown in figure 4.8 and figure 4.9 

respectively. INL values can be represented in form of an array as shown in equation 

4.11. 
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INL = [0   -0.0400   -0.0500   -0.0100   -0.0240         0]   (4.11) 

 

 

Figure 4.8: Integral non-linearity error (INL) plot 

 

 DNL values can be represented in form of an array as shown in equation 

4.12. Please refer to appendix C for Y axis flash A/D converter error calculations. 

DNL = [-0.0400   -0.0100    0.0400   -0.0140    0.0240]   (4.12) 

 Similarly, INL and DNL error can be calculated for Y-axis centroid 

voltages. The INL and DNL plots for Y-axis centroid converter are given in appendix 

C. 



71

 

Figure 4.9: Differential non-linearity error (DNL) plot  

 

4.2 Optical Testing 

 The laser beam is incident on the 5x5 array of photodiode units. Each unit 

has a 3x3 cell with X and Y axis centroid computation circuits. The size of the laser 

spot was adjusted so as to have the same diameter as the length of one pixel. A 

Chopper was used for the dynamic testing.  

4.2.1 Test Setup for the Optical Testing 

 The laser beam is passed through the eye-piece mount of the microscope and 

focused on to the photodiode array present on the chip. 
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Figure 4.10: Block diagram for the optical test setup 

 

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. 

Three attenuators were used for the setup. The lens can be used to defocus the beam 

and increase the diameter of the laser beam. Since the original spot size was 

approximately equal to the size of one pixel in a 3x3 cell, a lens was not required for 

the test setup. 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 the 

help of WinTV32 or WinTV2000 software. The ext1 input was used for this purpose.  

 4.2.2 Static Measurements 

 The laser beam was focused on each pixel of a 3x3 cell and the centroid 

output voltages were noted. Each 3x3 cell has nine pixels. One 3x3 cell with X and Y 

centroid circuits form one unit. We have a 5x5 array of such units. Table 4.5 shows 

the centroid output voltages and their digital equivalents for unit (5, 5). This unit is 

selected by applying appropriate inputs to select lines to choose the fifth row and fifth 

column. The 3x3 cell is shown in figure 4.11. The expected output voltages for the 

3x3 cell are also shown in figure 4.11. For e.g., vout_x and vout_y values for the pixel 

# 1 should be 150 mV and -150 mV respectively.  



73

 

Figure 4.11: The 3x3 cell with expected output voltages and pixel numbering 

 

 Table 4.6 shows the observed output voltages for X and Y centroid circuitry. 

It also shows the thermometer-to-binary encoder output values. The observed values 

are shown in figure 4.12 for the 3x3 cell. 

 Table 4.6 values can be represented in the same format as of figure 4.11. 

Figure 4.12 shows the observed values for the 3x3 cell with the pixel numbering. It 

can be observed that the output values are in the range of 120 mV to -120 mV. There 

are two reasons for this reduced range. Firstly, the gain of the X-axis non-inverting 

amplifier was 9.27, whereas gain for the Y axis non-inverting amplifier was 9.58. The 

expected gain for both non-inverting amplifiers was 10. Secondly, the laser beam spot 

was not precisely covering a single pixel. Light was also incident on nearby pixels. 

Also, the shape of the laser beam spot was circular whereas pixels were square-

shaped. 
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Pixel # vout_x 

(mV) 

X2 

(MSB)

X1 X0 

(LSB)

vout_y

(mV) 

Y2 

(MSB)

Y1 Y0 

(LSB) 

1 120 1 1 0 -13 1 0 0 

2 112 1 1 0 -118 0 1 0 

3 115 1 1 0 126 1 1 0 

4 -105 0 1 0 -12 1 0 0 

5 -110 0 1 0 -113 0 1 0 

6 -110 0 1 0 117 1 1 0 

7 -12 1 0 0 -18 1 0 0 

8 -9 1 0 0 -110 0 1 0 

9 -8 1 0 0 121 1 1 0 

 

Table 4.6: Centroid output voltages for a 3x3 cell 

 

  It can be seen that output voltages from figure 4.11 and figure 4.12 do not 

match as desired. A closer examination revealed that the vout_x voltages for the 

middle row and bottom row are interchanged. Also, the output voltages vout_y for the 

leftmost column and middle column are swapped. Hence, the layout for the chip was 

checked again, which revealed a major layout error. 

4.2.2.1  Layout Error 

 The three differential pairs used for Va, Vb and Vmid have the same 

architecture. The actual positions of the on-chip photodiodes was the distinguishing 

factor among these three differential pairs. 
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Figure 4.12: The 3x3 cell with observed output voltages and pixel numbering 

 

The leftmost diode should have been connected to the differential pair with the 

reference voltage of Va. But it was connected to the differential pair with the 

reference voltage of Vmid. Thus, the position encoding was flipped for the leftmost and 

the middle photodiode. The LVS (Layout Versus Schematic) check was not able to 

detect this error because LVS does not check whether actual on-chip position matches 

with the schematic position. The Same error occurred for the X-axis centroid 

circuitry. This error can be avoided by checking the nets carefully in the extracted 

view of the layout. For example, we can see in the extracted view whether the 

leftmost diode is connected to the differential pair with the reference voltage of Va or 

not.  
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 Referring back to figure 4.10, it can be observed that as we move the spot 

along X-axis, the centroid output for X-axis remains the same as expected, whereas 

Y-axis centroid output voltages change according to the reference voltages. Similarly, 

if the spot is moved along the Y-axis, the Y-axis centroid output remains unchanged. 

Thus as we move the spot along the X and Y axes, only six different readings are 

obtained in total for one pixel. The centroid circuit for the X axis had an offset of 5 

mV. This offset gets amplified by the op-amp to change the readings by 50 mV. Thus 

the offset compensation technique was used to minimize the offset.   

 It is difficult to get exact readings even for the same pixel, since even a shift 

of few μm can change the reading by 5 mV.  

 

Figure 4.13: A 3x3 cell with the laser spot. 

 

 Optical test setup for static measurements is shown in figure 4.14. 
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Figure 4.14: Optical test setup for the static measurements 

 

4.2.3 Dynamic Testing 

 Dynamic measurements were performed on the 3x3 cell so as to determine 

the bandwidth for the centroid circuitry. An optical chopper was used to generate a 

pulsed laser. The optical test setup for the dynamic measurement is as shown in figure 

4.16.  The laser beam is focused such that the spot is on the pixel which has Vb as its 

reference voltage for the X and Y axes. Thus, when the laser is on, the output should 

be Vb. When the laser is off, the output should be Vmid or 0 V.  

 The frequency of the chopper is varied to determine the bandwidth of the 

centroid circuitry. All other settings are the same as the static optical setup. Figure 

4.17 shows the waveform of the centroid output at 119 Hz. 
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Figure 4.15 (a) A 3x3 cell without laser beam, (b) A 3x3 cell with the incident laser 
beam. 

 

  

 

Figure 4.16 Optical test setup for dynamic measurements 
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Figure 4.17 Output waveform for vout_x (pin 29) at lower frequency (chopper 
frequency = 119 Hz). Output switches between 83 mV and 8 mV. 

 

 An optical power meter is used to determine the power of the laser beam 

after passing through the neutral density filters, which attenuate the laser beam. 

Photo-current values on the chip can be estimated from the power as shown below. 

The power of the laser beam was found to be 0.3 μW, whereas the power of the 

background light was 2.3 μW. The background light power was measured at 550 nm. 

This power can be converted into current using the quantum efficiency (η ) formula 

as shown in equation 4.13. 

 )(
)/(*10*24.1 5

nm
WAR

λ
η =     (4.13) 

where, 

   R is the responsivity of photodiode in Amp/Watt, and 
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 λ is the wavelength of the laser used. 

 A photodiode’s capability to convert light energy into electrical energy is 

termed as its quantum efficiency. The wavelength of the laser was 632 nm. The 

quantum efficiency for a silicon photodiode is approximately 0.5 [CENTR]. 

Responsivity is defined as the ratio of photodiode current in Amperes to the incident 

power in Watts. Responsivity was calculated with the help of equation 4.13. 

Responsivity was 2.54 mA/W. Photodiode current was found out by multiplying 

responsivity with the power of the laser beam. Photodiode current was equal to 700 

pA. The spot size was nearly equal to the size of one pixel. Only half of the generated 

current is given as input for the X-axis centroid computation circuit, whereas the 

remaining current is given to the Y-axis centroid computation circuit. Thus, the input 

current for each centroid computation circuit is approximately 350 pA. The 

background light covers the entire chip. The power per unit area can be obtained by 

dividing the measured power by the area of the power meter detector. The photodiode 

area for one pixel in the 3x3 cell is 53 um2. Thus, the background power incident on 

one pixel can be calculated by multiplying photodiode area with the power per unit 

area. Then the background current can be calculated by multiplying the background 

power by responsivity. The background current was equal to 0.08 pA for each 

centroid circuit.  

 Figure 4.19 shows the X-axis centroid output (vout_x) waveform where the 

input chopper frequency is 2.5 kHz. 

 Test results need to be correlated with the simulation results. In simulations, 

we implemented the pulsed laser with the help of a pulsed input current source. The 
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input current switched between 32 pA to 350 pA. Other input currents for the centroid 

circuitry were constant current sources with amplitude of 32 pA so as to simulate the 

background light. Figure 4.18 shows the simulation waveform of the centroid output 

at 100 Hz where the output switches between 78 mV and 3 mV. Simulations showed 

that if the current is 32 pA, then the simulation results match closely with the test 

results. 

 The bandwidth of the centroid circuit is determined by the background 

current. The bandwidth for the centroid circuit with background current of 32 pA is 

100Hz. The output voltage level of centroid circuit never reaches 150 mV as desired 

since the current levels for background and laser generated currents are comparable. 

 

Figure 4.18: Output waveform for vout_x at 100 Hz. Output switches between 78 mV 
and 3 mV. 
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Figure 4.19: Output waveform for vout_x (pin 29) at the highest chopper frequency of 
2.5 kHz. Output switches between 86 mV and 8 mV. 
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5. CONCLUSIONS, APPLICATIONS AND RECOMMENDATIONS 

5.1 Conclusions 

 This thesis introduces a centroid computation circuit where the centroid values 

are computed in parallel for the wavefront incident through sub-apertures. Transistors 

operate in subthreshold region to have less power consumption and also to be directly 

compatible with the input photodiode currents. We have 25 units in total. We get 25 

X-axis centroid voltages along with 25 Y-axis centroid outputs at a time. It was 

assumed that the frequency of the wavefront variations will not be greater than 1 kHz.  

Thus, it is not necessary to send all these outputs simultaneously. These outputs can 

be sampled in the time intervals of 1ms during regular operation of this circuit. Op-

amps were used as the non-inverting amplifiers to increase the signal level of the 

centroid outputs. Then these centroid outputs are converted to their digital equivalents 

with the help of flash converter and thermometer-to-binary encoders.  

 It was assumed that lenslets are spaced 198 μm apart and the layout was based 

on this assumption. The number of photodiode units was determined by the available 

chip area. A larger number of units can be added easily since the structure is designed 

as a scalable architecture. The common centroid layout technique was used for the 

layout of large transistors in the differential pairs and op-amps. 

 The electrical test setup was built with a breadboard, a 9V battery and a 

voltage regulator IC. The voltage regulator IC LM317 was used to get a regulated 

voltage supply of 2.5V from the 9V battery. An LM6482 was used in a voltage 

follower configuration to get fixed reference voltages.  
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 It was not possible to build the optical test setup with feedback due to the time 

constraint. Hence, an optical test setup was built with a laser and a microscope to 

perform static as well as dynamic measurements. The spot size for the laser beam was 

nearly equal to the pixel size. Neutral density filters were used to reduce the intensity 

of the laser beam.  

 A digital offset compensation circuit was used for the offset correction in the 

amplifier. It was observed that the offset in the Y-direction changes when the laser 

beam is incident on the pixels. On the other hand, no such change in offset voltage 

was observed for the X-direction amplifier. It was possible to compensate for large 

offsets but the resolution for the single offset correction was poor. In other words, the 

difference between two consecutive offset corrections was of the order of 1.5 mV. 

Digital offset compensation takes 6 pins for each op-amp; hence it is not possible to 

use this technique for a large number of op-amps. 

 A two-stage op-amp was used as the non-inverting amplifier. It was observed 

that the actual gain differs from the expected gain by 5%.  

5.2 Applications 

 Parallel centroid computations can be used in adaptive optic systems, for 

correcting the wavefront aberrations. They can also be used in detecting the localized 

illumination change on two spatially separated borders. In other words, they can be 

used for the detection of boundary crossings [ZAHN].  

 Centroid computation can also be used as part of an image sharpness and 

beam focusing system [COHE02]. It can be used as a component for the 

implementation of a silicon retina for auto focusing [DELB00]. 
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5.3 Recommendations 

 The layout error should be corrected in the next fabrication run. This error is 

discussed in section 4.2.2.1 in detail. It can be corrected by reversing the connections 

for Va and Vmid to the two differential pairs in X, as well as in Y, centroid circuitry. 

 Digital offset compensation can be used as a coarse technique for offset 

correction. Its resolution can be increased by increasing the number of parallel 

branches. To avoid an extra number of pins, some kind of multiplexing technique 

needs to be implemented. In other words, first coarse adjustment will be done and 

then fine adjustment shall be performed. Input pins for coarse and fine adjustment can 

be multiplexed.  

 An extra pixel should be laid out with a separate current output. It can be used 

to determine the current which is generated due to the incident laser beam. In this 

thesis, current was estimated by measuring the power of laser beam and using the 

value of quantum efficiency. The relationship between background light and 

generated current should be found. This can be done if we have an extra pixel for 

sensing the light. 

 In this thesis, each photodiode is split into two areas. Two photodiodes are 

present in each pixel. In future, each photodiode can be split into a larger number of 

small-sized areas to facilitate the even distribution of light for two photodiodes. 

 The chip needs to be tested in an optical feedback loop. Wavefront 

disturbance can be introduced with the help of a heat plate. Then centroid 

computations can be used to correct the wavefront aberration. 
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Figure 5.1: The optical test setup with the feedback loop 

 

 The distance between the lenslet array and chip should be equal to the focal 

length of each lenslet. In this case, the focal length is 7.7 mm. The lenslet diameter is 

198 µm. The spot size for the incident beam is 120 µm at the focal length. Thus, the 

photodiode area should be 120 µm x 120 µm. The expanded view of the lenslet array 

and the Shack-Hartmann sensor is shown in figure 5.2. 

 

Figure 5.2: Expanded view of the lenslet array and Shack-Hartmann sensor 
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 Metal3 layer should be reserved for covering the entire on-chip circuitry 

except photodiodes. It may lead to additional layout area, but it will also prevent the 

on-chip circuitry from generating substrate currents.  
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Appendix A:  Layouts 

 Layouts for the individual blocks are given in the following section. The 

complete layout for the chip is also provided. 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.  

 

Figure A.1: Layout of the entire chip 
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Figure A.2: Layout for the 3:8 decoder 
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Figure A.3: Layout for the 3-input XOR gate 

 

Figure A.4: Layout for the 3x3 cell 
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Figure A.5: Layout for the comparator 
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Figure A.6: Layout for the two-stage op-amp 
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Appendix B: Derivation for the drain current in subthreshold region for the 
differential pair 
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Appendix C: MATLAB code for plotting INL and DNL. 

 

% Matlab Code for plotting INL and DNL  

 clear all; 

 clc; 

 y=[1 2 3 4 5 6]; 

 x1=[0.5 1.5 2.5 3.5 4.5 5.5]; 

 x2=[0.5 1.596 2.388 3.492 4.276 5.5]; % For y centroid 

 plot(x1,y,'-ro',x2,y,'-.b'); 

 h = legend('ideal','real',2); 

 xlabel('Analog Input Voltage');  

 ylabel('Digital Output code'); 

 title('INL'); 

 INL=x2-x1; 

 disp('INL='); 

 disp(INL); 

 figure; 

 x1s=x1+0.00001; 

 x2s=x2+0.00001; 

 xd1=[x1(1) x1s(1) x1(2) x1s(2) x1(3) x1s(3) x1(4) x1s(4) x1(5) 

x1s(5) x1(6) x1s(6)];  

 xd2=[x2(1) x2s(1) x2(2) x2s(2) x2(3) x2s(3) x2(4) x2s(4) x2(5) 

x2s(5) x2(6) x2s(6)]; 

 y=[1 2 2 3 3 4 4 5 5 6 6 7]; 

 for k=1:5 

     DNL(k)=INL(k+1)-INL(k); 

 end 

 disp('DNL='); 

 disp(DNL); 

 plot(xd1,y,'-ro',xd2,y,'-.b'); 

 h = legend('ideal','real',2); 
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 xlabel('Analog Input Voltage');  

 ylabel('Digital Output code'); 

 title('DNL'); 

 

 Input voltage varies from -175 mV to +175 mV. An offset of +175 mV is 

added to these readings for the simplicity of error calculation. Thus, the input voltage 

varies from 0 mV to 350 mV. Offset error for Y axis centroid voltages can be 

calculated as shown in equation C.2 [JOHNS97]. 

LSBLSB
V
VE

LSB
offset 5.0

50
49

2
010 −=−=    (C.1) 

LSBE offset 48.0=        (C.2) 

 Gain error for Y centroid voltages is calculated as shown in equation C.4 

[JOHNS97]. 
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LSBLSB
Gain V

V
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VE  (C.3) 

LSBE Gain 18.0−=        (C.4) 

 The INL and DNL values for Y axis flash A/D converter are given below. 

INL = [0    0.0960   -0.1120   -0.0080   -0.2240         0]   (C.5) 

DNL = [0.0960   -0.2080    0.1040   -0.2160    0.2240]   (C.6) 
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Figure C.1: Integral non-linearity error (INL) plot 

 

Figure C.2: Differential non-linearity error (DNL) plot  
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