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ABSTRACT 

HIGH-SPEED IMAGE CENTROID COMPUTATION CIRCUITS 

 IMPLEMENTED IN 

ANALOG VLSI 

 

BY 

ANANTH BASHYAM, B.E 

 

Master of Science in Electrical Engineering 
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Las Cruces, New Mexico, 2003 

Dr. Paul M. Furth, Chair 

 

 

Analog signal processing inherently provides a high bandwidth, and operating 

the Metal-Oxide Semiconductor (MOS) transistor in subthreshold facilitates building 

systems which consume very low power. Sensory information available on-chip is 

essentially analog in nature. On-chip processing in the analog domain reduces the 
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latency time which exists in digital processing systems utilizing analog-to-digital 

(A/D) conversion techniques. 

The motivation behind this thesis is to build high-speed image centroid 

computation circuits in an analog very-large scale integrated (VLSI) chip compatible 

with analog and digital processing systems. Centroid computation circuits find the 

location of the brightest spot of an image incident on a photodetector array. A 

differential amplifier is the basic building block in centroid computation circuits.  

Earlier work in centroid circuits used the simple differential pair amplifier for 

position encoding and centroid computation [Dew92]. The simple differential pair 

introduces a considerable amount of dc offset, thereby reducing the accuracy of the 

centroid computation. Also, the bandwidth is limited for a given input photocurrent.  

In this thesis, differential amplifier architectures having very low dc offset and 

high bandwidth are designed, thereby providing centroid computations with high-

accuracy and high-speed. A novel test setup is built to test the functionality of the 

circuits using optical equipment and an IC probe station. Centroid circuits were 

fabricated using one of the proposed architectures and the on-chip results are 

compared with the simulations.  
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1.  INTRODUCTION 
 
 Operating the metal-oxide semiconductor (MOS) transistor in subthreshold 

facilitates building systems which consume very low power since the currents are in 

the nanoampere to picoampere range. Sensory information is analog in nature and is 

readily available for processing by analog circuits. Digital processing systems use 

analog-to-digital (A/D) conversion techniques which are costly and also introduce 

some amount of latency. This can be eliminated by analog processing systems. 

Digital circuits also occupy a large on-chip area. By using analog circuits for all the 

processing and using digital circuits only for interfacing with the outer world, a 

higher yield can be obtained. Analog circuits operating in subthreshold occupy very 

less area. 

 In this thesis, we have designed centroid circuits with high accuracy and high 

speed. The entire thesis is founded on the seminal work of Deweerth [Dew92]. 

Deweerth has used the simple differential pair amplifier for position encoding. The 

simple differential pair introduces a large systematic dc offset. Two different circuits 

of differential amplifiers which have a lower dc offset and higher bandwidth are 

proposed in this thesis. One-dimensional (1D) and two-dimensional (2D) centroid 

circuits using one of them are presented in this thesis. 

Original contributions in this thesis are: 

• Design of 1D and 2D centroid computation circuits using the active-input 

current mirror amplifier. 
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• A novel test setup was built using an IC probe station, laser, filters/attenuators 

and a chopper to test the centroid circuits. 

• Static and dynamic measurements of the 1D and 2D centroid circuits were 

performed and the results were compared to simulations. 

In chapter 2, we discuss the concept of position encoding and the centroid 

circuit proposed by Deweerth [Dew92]. We also discuss the operation of the metal-

oxide semiconductor (MOS) transistor in subthreshold, the operation of a photodiode 

and the bandwidth estimation of the centroid circuit. 

In chapter 3, we discuss five different circuits and perform a small signal 

analysis on all of them in order to estimate the input resistance. The active-input 

current mirror amplifier and the regulated cascode current mirror amplifier are the 

most suited for centroid computations and hence dc and ac analysis/simulations are 

performed on both the circuits. A self-biased cascode differential pair is used in both 

the amplifiers in order to reduce the dc offset. 1D and 2D centroid circuits are 

designed using the active-input current mirror amplifier. 

In chapter 4, the layout aspects of the amplifier circuits, 1D centroid circuit 

and 2D centroid circuit are discussed. A test setup is developed using an IC probe 

station and optical equipment. Techniques to isolate the interference due to external 

noise are also discussed. Measurements for the 1D and 2D centroid circuits are 

recorded and are compared with simulations. 

In chapter 5, we provide a summary of the results obtained in the 

measurements and simulations, and also discuss some of the applications of the 
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centroid circuit. Recommendations are provided on the design aspects which need to 

be incorporated in order to obtain greater accuracy and programmability in centroid 

computation. 
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2. FUNDAMENTALS OF CENTROID COMPUTATION AND POSITION        
    ENCODING 
 
 Some of the very basic measures of an image in visual processing systems are 

position encoding, visual tracking and centroid computation. Position encoding cells 

[Mart02] are used in pixel based arrays to find the location of an object. 

Computational sensors for visual tracking [Braj98] are used to detect an object and 

track the moving object on a pixel array. A pixel array is comprised of an array of 

photodetectors. The different types of photodetectors are explained in detail later in 

this chapter. Loosely speaking, the centroid defines the location of the brightest spot 

of the image, incident on the pixel array. Centroid computation circuits are an 

essential part of visual processing systems. The basic architecture of a centroid 

computation circuit using an aggregation network [Dew92] is discussed in this 

chapter. Some other topologies used in image sensing such as a Shack-Hartmann 

sensor [Dros02] and a visual computation sensor [Braj98] are also discussed.   

2.1 Centroid Computation  

 Analog circuitry can be used to compute the centroid of an image. When an 

image is incident on an array of photodetectors, they generate photocurrents of 

different magnitude that depend linearly on the intensity of the incident light. The 

currents are fed to an analog circuit which computes an output voltage that represents 

the centroid of the image. Deweerth proposed a circuit which computes the centroid 

of an image by encoding the position of each photodetector [Dew92] in a pixel array. 

A similar position computation scheme is used by Martin [Mart02]. Both of these 
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schemes provide a good means to determine the position of brightest object in a pixel 

array. 

2.1.1 Centroid 

 The centroid of an image incident on a pixel array generally gives the location 

of the brightest spot among the group of pixels. Centroid is defined as the first 

moment of the image [Dew92].  

  ∑
∑=

n

nn
centroid i

vi
V                                                      (2.1) 

where, 

in – current in the photodetector at the nth position 

vn – voltage corresponding to the position of the photodetector on the resistive grid 

 The location of the centroid should be independent of the average intensity of 

light. If the average intensity varies over an entire image, then the location of the 

centroid should remain the same. 

2.1.2 Aggregation Network 

 The aggregation network shown in figure 2.1 consists of circuit elements 

which sum the one-dimensional array of input voltages and produces two output 

currents. This circuit is implemented using N+1 differential pairs for N inputs. A 

differential pair is a two-transistor circuit that generates a pair of output currents 

which are functions of the differential input gate voltage. The difference of the two 

currents represents a hyperbolic tangent (equation 2.4) when the MOS transistors of 

the differential pair are operated in subthreshold. The output currents from each 
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differential pair are summed onto a pair of wires, such that the summed currents 

maintain the differential nature of the output currents from each differential pair.  

 

i0 i1   in

 ibia

VnV1V0

. . . . . . . .

. . . . . . . .

. . . . . . . .

 

Figure 2.1 Aggregation Network of Differential-Pair Elements [Dew92] 

 

If the transistors are operated in subthreshold, the currents follow an 

exponential relation to the differential input voltage. The equations for the two 

currents ia and ib are given by 

∑ Δ−+
=

n
Vv

n
a Tne

ii
1           (2.2) 
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                          ∑ Δ+
=

n
Vv

n
b Tne

ii
1                        (2.3) 

By Kirchoff’s current law, the sum of the output currents (ia +ib) must be equal to the 

sum of input currents (Σ in). Hence the magnitudes of the currents are maintained. 

The difference of the output signals (ia -ib) is the same as the sum of the difference of 

the individual output currents. The difference in the output currents is given by 

∑ ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ Δ
=−

n T

n
nba V

viii
2

tanh         (2.4) 

2.1.3 Position Encoding with Differential Pairs 

In order to use the aggregation network to find the location of the image, the 

position of the individual elements of the network must be encoded. The input 

voltages of the aggregation network can be used to encode the relative position of the 

corresponding differential pair. This is done by a chain of series resistors as a voltage 

divider circuit as shown in figure 2.2. By applying voltages V0 and VN 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 

0
0 Vn

N
VVV N

n +⎟
⎠
⎞

⎜
⎝
⎛ −

=                    (2.5) 

The position of the nth element is encoded by the differential input voltage Vn 

– Vref, where Vn is set by the voltage divider and Vref is a fixed voltage. Vref sets the 

middle point (origin) of the array of differential pairs. The differential pair which has 
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the same input voltages, i.e. Vn equals Vref, distributes the input current equally 

between the two transistors, resulting in two equal output currents. 

 

i1   iN

  ibia

R R

  i0

. . . .Vref

V0
V1

VN

. . . .

. . . .

. . . .

 

Figure 2.2 Aggregation Network with position encoding [Dew92] 

 

2.1.4 Centroid Detector  

  The position encoding circuitry produces a differential output current. This 

differential error signal represents the relationship between the position of the input 

currents in terms of the output voltage and the reference voltage. The two output 
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currents can be subtracted to give the difference between the input currents. The error 

(signal) is then applied in a negative feedback configuration. A simple current mirror 

is used to subtract the two currents. The centroid detection circuit with the 

aggregation network and current mirror is shown in figure 2.3. 

 

  iout

Vout

V0 V1 V2

  i0   i1   i2

  ia

  ib

R R R  

Figure 2.3 Centroid detection circuit with an Aggregation Network and a Resistor 
                        Divider [Dew92] 
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 The total difference of all the output currents can be found in two ways. The 

difference of the output currents of each individual differential pair can be found and 

the result can be summed or the output currents of the differential pair can be 

summed using an aggregation network and then the aggregated currents can be 

subtracted using a single current mirror as shown in figure 2.3. The difference in the 

currents produces an error voltage which is then fed back to the differential pair as the 

reference voltage. In this way, the current is integrated until the two output 

aggregated currents are equal, thereby resulting in a zero error current from the 

current mirror. At this point, the feedback output voltage Vout represents the centroid 

of the array of differential pairs which is represented by the corresponding position 

voltages on the voltage divider. Thus, equation 2.4 transforms to 

0
2

tanh =⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ −∑
n T

outn
n V

vvi           (2.6) 

The difference voltage vn-vout is very small compared to VT. Hence equations 2.6 can 

be written as  

    0
2
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=
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The output voltage (Vout) represents the centroid given by 

∑

∑
== n

n

n

nn

Centroidout

i

vi
VV

0

0
       (2.11) 

The voltage gradient along the voltage divider can be varied by changing the values 

of V0 and VN. Thus the maximum possible differential voltage at the input of any 

differential pair is | V0 -VN |. Due to mismatch the current mirror introduces an offset 

in the system.  

2.1.5 Position Computation 

 A position computation scheme similar to figure 2.2 was proposed by Martin 

[Mart02]. In this scheme a simple differential amplifier is used to compute the output 

voltage in order to compute the position.  

 In this circuit, a pixel contributes equal currents to the row and column lines. 

The X-axis position computation circuitry determines the centroid of the column 

currents and the Y axis determines the centroid of the row currents. The position 

computation circuitry is an array of cells. A position computation cell is comprised of 

a simple differential pair and a resistive grid which provides the input voltage (Vr) to 

the gate of the differential pair transistor [Mart02].  This voltage is unique in an array 

of cells and represents the position of the cell in the array. The output voltage 

(Vposition) corresponds to the centroidal voltage from an array of such position 

computation cells. If the image is located on a particular cell, the differential pair will 

force the output of the cell to be close to the corresponding input voltage provided by 
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the resistive grid. The basic position computation cell [Mart02] is shown figure 2.4.

   

Icol or Irow

Enable
from AOI

Vr

R

Vposition

Vss

 

Figure 2.4 Position Computation Cell 

  

 The basic circuit for position encoding is the same as proposed by Deweerth. 

However Martin introduces an additional control signal called the “area of interest” 

(AOI) signal in order to find the centroid for multiple spots.  The AOI is enabled with 

an active high signal which then turns on the transistor and enables the row or column 

current to flow through the differential pair. The basic advantage of the AOI signal is 

that it can be used to turn on or turn off a particular computation cell or group of 
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cells. This feature is helpful in discarding the cells in a large array of photodetectors 

which are not helpful in the centroid computation. Thus, by acquiring the data from 

the required position computation cells, a very accurate centroid can be determined. 

The AOI feature provides the possibility of finding the centroid of 2 or more bright 

spots, provided they are not right next to each other. 

2.2 Silicon Retina 

 Biological systems utilize a high level of parallelism for visual processing. 

Several simple elements produce multiple results simultaneously. These results serve 

as inputs to the brain to perform other complex functions. The intermediate results of 

the retina reduce the amount of raw data that is required by the higher stages of the 

brain. Similar parallel architectures can be designed in engineering systems to handle 

large amounts of data. However, due to the high level of complexity and magnitude 

of visual images, even the simplest image processing tasks can place significant 

demands on a computational system system. Conventional engineering imaging 

systems have a camera for capturing the image and a computer for processing the 

data. This introduces a high amount of latency in the system. Computational imagers 

comprised of arrays of photosensitive devices along with complex circuits on a single 

very-large-scale-integrated (VLSI) chip, present an efficient solution for the above 

mentioned problem [Mead88].  

2.2.1 CCD and CMOS Imagers 

 Charge coupled devices (CCD’s) are predominantly used for image capture. 

This is due to the fact that CCD’s have low noise, minimal non-uniformity, high 
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sensitivity, high density and a relatively simple fabrication process [Delb96]. They 

are also available easily and are reliable. Some of the major drawbacks of CCD’s are 

that they are serial devices which are used for display and transmission to televisions. 

They also require dedicated power supplies and multiple clock signals. 

 Complimentary metal-oxide-semiconductor (CMOS) sensors have an 

advantage over charge coupled devices (CCD) due to their higher level of integration 

which results in the reduction in the number of external chips used in the system. On-

chip processing results in the development of system architectures with high frame 

rates. 

 Centroid computations are used in several optical systems for wavefront 

reconstruction. The tilt in a wavefront can be represented by the difference in the 

centroidal values of simultaneous lenslets in a given array, such as a Shack-Hartmann 

sensor [Dros02]. A lenslet is an array of optical lenses which, when placed in the 

optical path, will split the incident light beam into multiple beams. By using a lenslet 

array the image can be formed on a subaperture thereby providing spatial sampling of 

the wavefront. However, the only measurable information available pertains to the 

tilts. These tilts are local and correspond to each subaperture of the lenslet array. The 

tilt represents the slope of the wavefront in each subaperture. 

2.2.2 Shack-Hartmann Sensor 

 A Shack-Hartmann sensor consists of an array of optical lenses placed within 

the optical path to divide the incident light beam into a matrix of subapertures, as 

shown in figure 2.5(a). In case of a local tilt in the wavefront within the lens aperture, 
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the focal point is deviated perpendicular to the optical axis, as shown in figure 2.5(b). 

The amount of deviation is proportional to the amount of local tilt (figure 2.6). Hence 

the tilts can be quantized and the wave front of the light beam can be reconstructed 

using a least-squares-fit of all focal point deviations. 

 

X11

Y33

X33

Y11

a) b)

Wavefront

Lens Array Focal Plane  

Figure 2.5 (a) Principle of Shack-Hartmann wavefront detection, (b) Focal point 
pattern of reference wave front (open dots) and of a distorted wave front (closed dots) 
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Figure 2.6 Deviation of a focal point due to a wavefront tilt within the lenslet      
    [Dros02] 
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 In some detectors which are used for wavefront sensing in Shack-Hartmann 

sensors, a winner-take-all (WTA) topology is used to detect the image and to compute 

the peak current in a specific cell [Dros02]. The WTA circuit is used to select the cell 

which has the maximum photocurrent. However it does not compute the first 

moment, that is, the centroid of an image. WTA circuits (figure 2.7) can be used as 

multiple-input current comparators.  

  

Isrc

MF1 MF2 MF3

MS1  MS2 MS3

Ii2 Io2
Ii3Ii1 Io1 Io3

Cell 1 Cell 2       Cell 3

 . . . .

 

 

 Figure 2.7 WTA topologies with three nMOSFET WTA cells [Dros02] 

 

 The input current Ii1 is generated from the 1st photosensor in the photodetector 

array. The maximum input current (out of Ii1, Ii2… Iin) of a particular cell will 

generate the greatest VGS of the corresponding MOSFET (MF). This MOSFET will 
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sink most of the current through the current source ISRC, thus preventing current flow 

through the remaining transistors. As the name suggests, in case of a WTA circuit, the 

cell which has the maximum input current sinks the maximum current among the 

group of cells.  A winner is typically obtained if its current is 0.1% greater than the 

other. A two-dimensional WTA computational sensor is shown in figure 2.8. 
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Figure 2.8 A two dimensional WTA Computational Sensor [Braj98] 
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 The position of the winning cell in the array is detected by injecting the output 

current through a resistive network and computing the voltage which relates to the 

position of the cell. For a two-dimensional WTA sensor, copies of the current are 

made from each cell, for position encoding in X and Y directions. The main drawback 

of this topology is that a winner will not be determined if the bright object is spread 

over several pixels or if the bright object is smaller than a pixel. 

2.3 Photodetectors 

Photodetectors are the primary input components of an image processing 

system. They are implemented using parasitic elements which are formed in a CMOS 

process. In a standard digitally-oriented CMOS process, several photodetectors exist 

as a result of the naturally occurring source and drain regions and N and P type 

substrates. Some of the photo detectors are shown in figure 2.9. 

Figures 2.9(a) and 2.9(b) illustrate the shallow (diffusion-substrate and 

diffusion-well respectively) photodiodes. A and K represents the anode and cathode 

terminals of the photodiode. These photodiodes have a good spectral response at 

shorter wave-lengths [Pui02]. Hence, the incident light corresponding to these 

wavelengths does not penetrate very deep into the substrate. They also possess good 

substrate noise immunity due to the presence of the deep field oxide (FOX) implants. 

Figure 2.9(c) illustrates an N-well to P-substrate photodiode which is also referred to 

as a deep photodiode. This has good response due to the wide depletion region caused 

by the relatively low carrier concentration in the N-well and P-substrate. The deep 

photodiode has good spectral response at longer wavelengths. This is due to the fact 
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that light of longer wavelengths penetrates deeper into the N-well. Figure 2.9(d) 

shows a combination of deep and shallow photodiodes. This is used for maximizing 

the collection of shorter and longer wavelength photons.  The same figure also 

illustrates the formation of a phototransistor due to the presence of pn junctions 

between the p+ to N-well and the N-well to P-substrate junctions. Similar to a 

photodiode, a phototransistor also occurs as a natural byproduct in a standard CMOS 

process.  

 

AA K

FOXFOX FOXn+p+

P-substrate

Active Region
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Figure 2.9 Four different Photodetectors found in a standard CMOS process 
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Photodiodes and phototransistors are the most commonly used photoreceptors. 

The photodiodes are implemented using the pn junctions formed between the 

substrate and the active regions which are oppositely doped. In case of 

phototransistors, two pn junctions form the three terminals of a bipolar junction 

transistor.  

For photoreceptors of similar sizes, the coverage factor (ratio of light 

collecting area to the total area of the device) is higher for photodiodes than 

phototransistors [Dew92]. In active feedback circuits, photodiodes have a less 1/f 

noise when compared to shot and thermal noise. Photoreceptors can have shorter 

response times which are inversely proportional to the intensity of incident light. The 

n+/p- photodiode has the shortest response time compared to other types of 

photodiodes. The photocurrent available to charge and discharge the base of a 

phototransistor is the same as that of a photodiode. Hence there is no speed up. 

However, the dynamic range of a photodiode is 1-2 decades more than that of a 

phototransistor [Delb96]. Hence we have used photodetectors as the photo current 

input devices in this thesis. 

Photo currents are in the subthreshold region of MOS transistors. The current 

through a forward biased diode is given by 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= 1T

D

nV
v

SD eIi            (2.12) 

where, IS is the saturation current of the diode, vD is the forward bias voltage and n is 

a constant which varies depending on the material and structure of the diode.  
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The constant n=1 for a diode in which current is due to minority carrier 

diffusion and n=2 for a diode in which the current is limited by recombination in the 

space charge layer. 

In the case of a photodiode, the pn junction diode is typically reverse biased, 

i.e., the voltage v is negative. Theoretically, in the reverse region 

SD Ii −≈              (2.13) 

For a discrete small-signal diode whose IS is of the range 10-14 to 10-15 A, the reverse 

current is of the order of 1pA [Delb96].  This is due to leakage effects. Leakage 

currents are proportional to the junction area and are strongly dependent on 

temperature. In fact, the reverse current doubles for every 10°C rise in temperature 

[Delb96]. 

 If a reverse biased pn junction is illuminated by light, the photons impacting 

the junction cause the covalent bonds to break, and thus electron-hole pairs are 

generated in the depletion layer. The electric field in the depletion region then sweeps 

the liberated electrons to the n side and the holes to the p side giving rise to a reverse 

current across the junction [Sed99]. This current, known as the photocurrent, is 

proportional to the intensity of light. A photodiode is used to convert light signals to  

electrical signals. 

2.4 Modeling a Photodiode 

The photodiode is modeled by placing a capacitor in parallel with an 

independent current source (figure 2.10). Iph is the photocurrent, Vrev is the reverse 

bias voltage and Cph is the junction capacitance of the photodiode. 
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Figure 2.10 Model of a Photodiode 

 

The value of the capacitor depends on the dimensions of the junction area and type, 

which in our case are n+ /p- [Sed99]. For Vr=0, it is determined by    

PCJSWACJC ph ⋅+⋅=                       (2.14) 

where CJ is the bottom depletion or junction capacitance, CJSW is the sidewall 

depletion capacitance, A is the area of the n+ active region and P is the perimeter of 

the same [Bak00]. The cross-section of the photodiode with the junction capacitances 

is shown in figure 2.11.  

 The capacitor associated with the photodiode is non-linear in nature. Its 

behavior is dependent on the diode current and hence the space charge which is stored 

across the pn junction. Since the diode current is related to the thermal voltage 

(equation 2.8), the capacitance of the capacitor Cph is dependent on the thermal 

voltage.  
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Figure 2.11 Cross-section of a Photodiode with Junction and Sidewall Capacitances 

 

2.5 Subthreshold Operation 

 An increase in the need for low power and low current systems has led to the 

development of circuits which operate the MOS transistors in the subthreshold, also 

known as the weak inversion region, of operation.  

2.5.1 Operation of an n-channel MOSFET 

In an n-channel MOSFET for vGS < VTH, a small drain current flows from the 

drain to the source. This drain current is exponentially related to the vGS. These 

currents are generally in the nanoampere to femtoampere range. In the subthreshold 

region, the MOSFET characteristics are translinear i.e., the device currents increase 

exponentially with the gate voltage [And96].  

For an NMOS transistor, the subthreshold current iD is given by 
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where Io is the zero bias current, κ is the subthreshold slope coefficient [And96] 
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where COX is the gate oxide capacitance and CDep is the depletion capacitance 

between the surface charge and the bulk. The value of κ typically varies between 0.6 

and 0.9. VT is the thermal voltage which is approximately 25mV, at room 

temperature. VT is given by 

  
q

kTV T =               (2.17) 

where k is Boltzmann’s constant, T is the absolute temperature and q is the magnitude 

of electronic charge. 

 The main disadvantage of transistors operating in subthreshold compared to 

those operating in saturation is the mismatch which is due to the fact that the drain 

current is exponentially related to the gate voltage. A small change in the gate voltage 

will cause a significant change in the drain currents. This leads to a mismatch in 

currents having equal vGS, such as current mirroring circuits. Mismatch in parameters 

such as transconductance and lambda also cause mismatch in currents. Due to very 

low currents, the speed of the circuits operating in subthreshold is also very low. 

2.5.2 Small signal parameters 

The subthreshold saturation region occurs for vDS >> 4VT, which is approximately 

100mV. In the saturation region, 
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The drain current iD and transconductance gm are given by  
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The small signal output resistance denoted by ro, present between the drain and 

source of the transistor is given by 

       
D

A
o i

Vr =                (2.21) 

where VA is the early voltage. The Early Voltage ranges from 2V for sub-micron 

devices to 50V for long channel devices. 

 In this thesis we focus on constructing centroid circuits for imaging. Deweerth 

implemented a circuit which was able to compute the centroid of an image using an 

aggregation network and a feedback scheme [Dew92]. Some of the primary concerns 

are the voltage offset introduced by a simple differential pair and the mismatch from a 

simple current mirror. The other important issue is that of the bandwidth of the 

centroid detector. Schemes to reduce the offset and to enhance the bandwidth of the 

circuit are discussed in the next chapter. 
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3 CENTROID COMPUTATION CIRCUITS 

 The primary objectives in the design of a centroid computation circuit are high 

accuracy and high speed. These goals can be achieved by having a very low offset 

voltage and a high bandwidth of operation. By achieving a very low offset voltage, 

the error in accurately predicting the centroid is highly reduced and by achieving a 

high bandwidth the centroid computation is very accurate for high speed time varying 

input signals.  

As described in the previous chapter, the differential pair forms the basic 

building block of the centroid computation circuit. It is used in the aggregation 

network for summing the two differential currents which are dependent on the 

difference of the input voltage and the fixed reference voltage from the resistive grid. 

3.1 Characteristics of a Differential Amplifier 

 Some of the most important characteristics and concerns of a differential 

amplifier are low offset voltage, high bandwidth and good stability. Ideally an 

amplifier should have very low offset voltage, high bandwidth and should be very 

stable.  

3.1.1 DC Offset Voltage  

In any operational amplifier, there exists some random dc offset voltage at the 

output. Ideally, when the two input terminals of an operational amplifier are tied to 

ground, the output voltage must be equal to zero since there is no differential input 

signal available. In reality, there exists a small non-zero output voltage. This voltage 

is defined as the “dc offset voltage” of an op-amp [Sed99]. Three factors contribute to 
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the dc offset voltage in an op-amp: mismatch in the W/L ratio of the differential pair 

transistors, mismatch in the current mirror transistors and mismatch in the threshold 

voltage Vt.  

3.1.2 Bandwidth Estimation for the Centroid circuit 

The band of frequencies over which the gain of the amplifier remains almost 

constant, to within a few decibels (usually 3dB), is defined as the amplifier 

bandwidth. For an ideal current source which is connected to the drain or source of a 

transistor, only the parasitic capacitances are considered. Since a capacitor is also 

associated with the photodiode (figure 3.1) it should also be considered while 

computing the time constant at the input node. The time constant at the input node is 

given by 

           )phininin C(CRτ +=                                                  (3.1) 
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Figure 3.1: Photodiode with a Load and Equivalent Circuit Model 
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The bandwidth of a circuit is given by 

     
in

BW
πτ2
1

=                                                (3.2) 

If the resistance at a particular node increases, then its time constant increases. This 

increase in time constant causes a reduction in the bandwidth and hence the speed. In 

order to have a greater bandwidth, the time constant and hence the impedance at that 

node should be low. The current from a photodiode is given to a load, which in our 

case is a differential pair. The total capacitance seen at the input node is the sum of 

the load capacitance Cin and the capacitance of photodiode Cph. In the case of the 

aggregation network, there are several photodiodes supplying current to the load 

(figure 3.2.). 
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Figure 3.2: Multiple photodiodes connected to a Single Load 
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The time constant is given by 

)( phininin CNCRτ ⋅+=                                          (3.3) 

where N is the number of photodiodes.  

The bandwidth is given by 

)(2
1

phinin CNCR
BW

⋅+
=

π
                                          (3.4) 

Since the capacitance associated with each photodiode is fixed for a given 

area, it cannot be reduced. Let us consider some practical values and do a rough 

estimate of the bandwidth. From equation 2.14  

PCJSWACJC ph ⋅+⋅=  

From appendix A, the values of CJ and CJSW can be found for an NMOS transistor  

(n+/p- photodiode). 

CJ = 0.00047F/m2 = 0.47fF/µm2 

CJSW = 0.33nF/m = 0.33fF/µm 

For a 20µm x 20µm photodetector, 

Cph = (0.47fF/µm2 x 400µm2) + (0.33fF/µm x 80µm) = 214.4fF 

Let us consider a 64 x 64 photodetector array. 64 photodetectors in each row/column 

will be connected to a differential pair. Then the total Cph is 13.72pF.  The load 

capacitance due to the differential pair Cin is negligible compared to Cph. For a current 

of 1nA, let the Rin be 35MΩ. This estimation of the input resistance is explained in 

section 3.4.2.2. Substituting the values of Rin and Cph in equation 3.4, the bandwidth 

equals 331 Hz. If we can design a circuit which will reduce Rin to 3.5MΩ, then the 
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bandwidth will increase ten-fold to 3.31 kHz. Hence, in order to increase the 

bandwidth, a different topology to reduce the input resistance of the centroidal circuit 

was designed. 

In this thesis we have discussed five different circuits and performed small 

signal analyses in order to estimate the input resistance of each circuit. In the first 

circuit, a simple differential pair is connected as the load to the photodiode as is 

shown by Deweerth [Dew92]. The small signal analysis is performed and the input 

resistance is calculated. This is then compared with the input resistance of the other 

circuits under consideration. 

 Most of the circuits have the differential pair as the load to the photodiode. 

The differential pair is used to aggregate the currents, as described earlier. 

3.2 Estimation of the Small Signal Input Resistance  

The input current from a reverse-biased photo diode is given to the source of a 

differential pair. The input resistance looking into the source of a MOSFET is given 

by 1/gm. As discussed in the previous chapter, in the subthreshold region of the 

MOSFET 1/gm α 1/ID. For lower currents, the input resistance increases. In order to 

design a circuit with an input resistance less than 1/gm, four other topologies are 

considered. The different topologies and their small signal analyses are shown below. 

 3.2.1 Simple Differential Pair 

The circuit shown in figure 3.3 is a simple differential pair with a photodiode 

acting as a current source. The photodiode is connected to the source terminal of the 

differential pair transistors. This is the basic centroid computation cell proposed by 
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Deweerth [Dew92]. In order to design a circuit with a lower input resistance we need 

to first analyze the simple differential pair with small signal analysis (figure 3.4).  
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Figure 3.3: NMOS Differential Pair Load 
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Figure 3.4: Small signal model of a Simple Differential Pair 
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The small signal model of the simple differential pair load is shown in figure 

3.4. A test voltage Vt is applied at the input node which supplies a current to the 

circuit. The ratio of the input voltage to the input current gives the input resistance at 

that node. This procedure is followed for the small signal analysis of all the circuits 

under consideration. From figure 3.4, 

       2gsmt vgi −=                                                 (3.5) 

       tgs vv −=2                                                    (3.6) 

Substituting equation 3.6 in equation 3.5 and manipulating, we get 
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Both transistors M1 and M2 should be taken into consideration in the small signal 

analysis. In that case the current through each transistor has to be considered, which is 

half that of the total current. Then the final result is the same as equation (3.7). The 

input resistance is given by 
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Substituting equation 3.9 in equation 3.8, we get 
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3.2.2 Regulated Cascode Differential Pair 

The differential pair with a regulated cascode at input is shown in figures 3.5. In this 

circuit, a regulated cascode configuration is used. Using negative feedback, the 

voltage at node A is clamped. The minimum supply voltage required is 

Vrev+VGS4+VDS,Sat3 +VGS1,2. In the subthreshold region, VDS,Sat  is approximately 

100mV. The small signal model for the regulated cascode configuration at the input is 

shown in figure 3.6. 
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Figure 3.5: Regulated Cascode at the Input 

 

From figure 3.6, 
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Figure 3.6: Small signal model of the Regulated Cascode Configuration 
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         tgs vv =4                                                   (3.14) 

Substituting equations 3.13 and 3.14 into equation 3.12 and manipulating we get, 
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Substituting equation 3.15 in equation 3.11 we get, 
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 where omrgA =  is the gain of transistor M3. 

3.2.3 Active-Input Current Mirror 

 An active-input current mirror is shown in figure 3.7 [Nai90], [Ser94]. In this 

configuration, the input resistance is lowered by a factor of A, the gain of the 

feedback amplifier. The current from the photodiode is fed to a current mirror 

which is then mirrored to a PMOS differential pair. The small signal model of 

the active-input current mirror is shown in figure 3.8. 
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Figure 3.7: Active-Input Current Mirror 
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Figure 3.8: Small signal model of the Active-Input Current Mirror 

  

From figure 3.8, 
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Substituting equation 3.19 in equation 3.18 we get, 
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The feedback op-amp is typically a simple differential amplifier with a current 

source and a grounded capacitor at the output for frequency compensation. In this 

circuit current scaling is possible by increasing the size of M4. Practically, K might 

equal 10 which results in M4 current being 10 times that of M3. 

Due to the scaling of transistor M4, a bigger Cgd will be seen at the source of 

differential pair. Cascoding can be done on the output transistor of the current mirror 
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to isolate Cgd2 from the source of the differential pair. A major concern in the 

practical implementation of this circuit is the mismatch in the current mirror 

transistors.  

 3.2.4 Regulated Cascode with Feedback Op-Amp 

In the circuit shown in figure 3.9, an op-amp is used in a regulated cascode 

configuration. In this circuit current scaling is not possible. The input resistance is 

reduced by a factor of A where A is the gain of the op-amp. The op-amp will force the 

positive terminal voltage Vbias onto the source of the transistor M3. The output of the 

op-amp controls the gate of the transistor M3, thereby controlling the drain current 

through M3 and hence the voltage at its source. The small signal model of the 

regulated cascode with feedback op-amp is shown in figure 3.10. 
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Figure 3.9: Regulated Cascode with Feedback Op-Amp 



 38

 

ro3

A
Vbias

_
+

  S3

D3G3

Vt

it

gm3Vgs3Vgs3

+

-

 

Figure 3.10: Small signal model of Regulated Cascode with Op-Amp 

 

From figure 3.10, 
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Substituting equation 3.22 in 3.21 we get, 

  
33

3

)1(1 om

o

t

t
in rAg

r
i
vR

++
==

mAg
1

≈                      (3.23) 

3.2.5 Regulated Cascode Current Mirror 

  In this circuit, a regulated cascode configuration is used to mirror the current 

from the photodiode to the differential pair (figure 3.11). A constant current source is 

used to bias the transistor M5. This helps in regulating the current flowing through 

the transistor M3. The small signal model is shown in figure 3.12. 
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Figure 3.11: Regulated Cascode Current Mirror 
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Figure 3.12: Small signal model of Regulated Cascode Current Mirror 
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From figure 3.12, 
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Substituting equation 3.25 in equation 3.24, we get 
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Substituting equation 3.27 in equation 3.26, we get 
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 Thus, the input resistance is similar to that of the simple differential pair load 

(equation 3.10).  

 Circuits 3.2.2, 3.2.3 and 3.2.4 lower the input resistance by a factor of A. 

Besides this, they also help in isolating the huge capacitance associated with the 

photo diode, from the source of the differential pair transistors. 
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In circuits 3.2.3 and 3.2.5 the photo current can be scaled so that the time 

constant is reduced at the source of the differential pair, due to an increase in the 

current at the output transistor of the current mirror. They also have the minimum 

power supply requirements. The main concern with these configurations is the 

mismatch in mirroring transistors. By using common centroid layout technique, 

mismatch can be reduced. 

The operation of a CMOS differential amplifier is explained in detail in the 

succeeding section followed by the operation of the active input current mirror 

amplifier and the regulated cascode current mirror amplifier. This is followed by the 

analysis of one-dimensional and two-dimensional centroid computation circuits. 

3.3 Simple Differential Amplifier 

A CMOS differential amplifier is the most important building block in CMOS 

analog integrated circuits. A simple differential amplifier is comprised of a 

differential pair and a current mirror. The current mirrors are used as loads for biasing 

the differential amplifier.  

 A MOS differential pair comprises of two matched transistors with their 

sources shorted. Figure 3.13 shows the basic MOS differential amplifier. The two 

transistors M1 and M2 are biased with a current source Iph. In our case, the 

photodiode acts as the current source. A one stage differential amplifier is also known 

as the operational transconductance amplifier (OTA). It provides an output current 

which is dependent on the input differential voltage. 
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Figure 3.13: Simple Differential Amplifier 

 

 When the positive input voltage (V+) is greater than the negative input voltage 

(V-) then the output current Iout is positive. Using Kirchoff’s law at the output node 

and by using the equation T
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where Δvn is the input differential voltage 
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 The DC setup for plotting the input differential voltage versus output voltage 

is shown in figure 3.14. The DC sweep is one of the primary tests performed to verify 

the functionality of the differential amplifier and to measure the dc gain and offset 

voltage of the op-amp. As the input differential voltage increases and exceeds a 

certain value, the output voltage saturates.  
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Figure 3.14: DC setup for a Differential Amplifier 

  

 All the simulations were performed with the power supply of Vdd=1.25V and 

Vss=-1.25V. The bias current Iph=1nA. The input photocurrent source was 

implemented by placing a capacitor Cph in parallel with a 1nA current source. The 

value of Cph for a single photodiode was calculated as 214.4fF. A capacitance of 

250fF was used as Cph in all the simulations. The W/L of all the transistors is 

12µm/1.8µm. 

 The negative input terminal of the op-amp (V-) was grounded and the positive 

input terminal (V+) was swept from -30mV to 30mV thereby the input differential 

voltage was varied from -30mV to 30mV (figure 3.15). 
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Figure 3.15: DC response of a Differential Amplifier with V- = 0 and V+ swept from  
                     -30mV to 30mV for Vdd = 1.25V, Vss = -1.25V and Ibias = 1nA 
  

 As mentioned earlier, the offset voltage is not zero for a practical op-amp. The 

dc offset is obtained by measuring the input voltage when the output voltage equals 

zero. This dc offset is also known as systematic offset. However there is also a 

random offset which exists in practical circuits due to mismatches caused during 

fabrication. 

 The systematic dc offset voltage was found to be -3.39mV. This is relatively 

high for this application and hence can cause an error in the centroidal output voltage. 

The offset has to be reduced in order to achieve higher resolution in the output 

centroid. As mentioned earlier, the offset is mainly due to mismatch in the differential 
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pair and the current mirror. Hence a new differential pair topology called the “self-

biased cascode differential pair” was used to reduce the offset. 

3.4 Self-Biased Cascode Differential Amplifier 

 In order to reduce the dc offset of the differential amplifier, a self-biased 

cascode differential pair was designed. In the centroid circuit, the resolution between 

two adjacent pixels is about 5mV or lower. Hence the offset voltage should be less 

than 0.5mV in order to obtain high accuracy.  

 The self biased cascode differential pair is comprised of four transistors M1, 

M2, M3 and M4. The sizing of the transistors is very critical. They are chosen such 

that the W/L3, 4 >> W/L1, 2. Generally the W and L for M1 and M2 are chosen to be the 

same. However the sizes of transistors M3 and M4 are designed with minimum length 

but the width is increased accordingly such that the area of the transistors is 

approximately the same as that of transistors M1 and M2. Transistors M1 and M2 

essentially form the differential pair. In order to attain good matching among the 

differential pair transistors, they are designed with higher values of length and width.  

 As the transistors M1 and M2 are big, they can be split into several smaller 

transistors and common centroid layout technique can be applied to attain good 

matching. The transistors M3 and M4 are implemented using very high widths and 

minimum lengths. Thereby a composite differential pair with good matching is 

obtained [Mont94]. Transistors M5 and M6 are the cascoding transistors which are 

used for better matching in the current mirrors. As a result, this configuration 
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provides a very low systematic dc offset which is required in centroid computation 

circuits of high accuracy. The self-biased cascode amplifier is shown in figure 3.16. 
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Figure 3.16: Self-Biased Cascode Differential Amplifier 

  

 The W/L of the transistors M1 and M2 were chosen to be 6µm/3µm and that of 

M3 and M4 were chosen to be 30µm/0.6µm 
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3.4.1 DC Response 

The dc response (figure 3.17) was simulated for the self biased cascode differential 

amplifier with a bias current of 1nA. 

 

Figure 3.17: DC response of a Self-Biased Cascode Differential Amplifier with         
                     V- = 0 and V+ swept from -1mV to 1mV for Vdd = 1.25V, Vss = -1.25V   
                     and Ibias = 1nA 
 
 
 The differential input voltage was swept from -1mV to 1mV. The dc offset 

voltage was found to be -60.34μV.  

3.4.2 AC Analysis 

 The characteristics of a good op-amp are its high gain and stability. The 

stability of an op-amp is determined by plotting the gain and phase as a function of 

frequency. Two measures of stability are gain margin and phase margin.  
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 The difference in the gain (in dB) at the frequency where the phase angle is 

180° and unity gain is defined as the gain margin. It represents the amount by which 

the loop gain can be increased while stability is maintained. 

Gain Margin = 0dB-|Aβ| ω at 180° dB 

where A is the open-loop gain and β is the feedback factor.  

 The difference in the phase angle at the unity gain frequency (0 dB) and  

-180° is defined as the phase margin. 

Phase margin = θ0 dB-(-180°) = 180°+ θ0 dB 

 If the phase margin is positive then the amplifier is stable: else, it is unstable. 

Typically a differential amplifier should have a dc gain of at least 60dB and phase 

margin of at least 45° for a two-stage (or two-pole) amplifier and close to 90° for a 

single-stage (or single-pole) amplifier.  

 Since all the currents are in subthreshold, the amplifier gains are very high. 

Hence dc gain and gain margin is not a big concern. Hence more importance is given 

to the bandwidth and stability, that is, the phase margin, of the op-amp.  

 There are two types of ac simulations which are performed to characterize the 

amplifier, called open-loop and closed-loop ac responses.  

 The open-loop response gives an estimate of the gain and bandwidth of the 

op-amp. The product of gain and bandwidth is known as the gain bandwidth (GBW) 

product of the op-amp. In an amplifier, the GBW is constant. Hence a higher 

bandwidth can be achieved by reducing the gain of the amplifier or vice-versa. The 

greatest challenge is to increase the GBW product of an amplifier. The simulation of 
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the open-loop magnitude response gives an indication of the open-loop gain, 

bandwidth and location of the dominant poles. With the phase response, estimates of 

the gain and phase margins of an op-amp can be obtained.  

 In the centroid circuit, there are two time-varying inputs which are connected 

to the amplifier. Firstly, the output centroidal voltage can vary by a considerable 

amount for a very big photodetector array (say 64 x 64). Hence the input voltage 

(which is also the output voltage since the amplifier is used as a follower) also varies 

considerably. Therefore it is essential to perform the ac analysis of the op-amp. 

Secondly, the input current to the op-amp is also a variable current source. Depending 

on the intensity of the image and the position of the image, the input photocurrent can 

vary by large amounts. Hence, it is also essential to study the op-amp characteristics 

with a varying current source also. In this thesis we check for the stability of the 

amplifier with an ac voltage source (figure 3.18) and an ac current source.   
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Figure 3.18: Setup used to simulate the Open-Loop Magnitude and Frequency  
                     response of a Self-Biased Cascode Differential Amplifier with an  

                           AC voltage source                         
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The setup shown in figure 3.18 is used to plot the open-loop gain and frequency 

response of all the amplifiers. The response is shown in figure 3.19. 

 

 
 

Figure 3.19: AC response of the Self-Biased Cascode Differential Amplifier with 
                        Vdd = 1.25V, Vss = -1.25V and an AC voltage source  
  

 The resistive feedback ensures a stable dc operating condition, while the 

capacitor/resistor combination eliminates output ac signals fed back from the output 

of the op-amp [Bak00]. A huge resistor is used in order to prevent loading at the 

input. In case of the open loop ac setup, the feedback capacitor is much higher than 

the load capacitance. All the ac simulations are performed with Cload=8.2pF. This is 



 51

the capacitance that is obtained at the pin of the chip when an external buffer is used. 

The need for using an external buffer is explained in the next chapter. 

 The phase margin was found to be 89.7° which is the expected phase margin 

from a single-stage differential amplifier. The ac response is performed by sweeping 

the positive input of the op-amp with an ac voltage source. This is done to study the 

performance characteristics of an op-amp when the input voltage is changing in 

frequency. 

 In the centroid circuit, the amplifier is used as a voltage follower (figure 3.20). 

In this configuration, the output is connected to the negative input of the amplifier. 

This configuration is also known as a voltage buffer. Thus, the voltage available at 

the input is also available at the output. This is a closed-loop configuration. For a 

follower, assuming the open-loop gain is high, the gain is 1V/V (0dB) since the 

feedback factor β is 1. Hence, we attain the maximum closed-loop bandwidth in this 

configuration.  
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Figure 3.20: Differential Amplifier as a Follower 
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 The stability analysis is done using the open-loop response and the bandwidth 

estimation is done using the amplifier as a follower. The ac setup and the frequency 

response for the follower is shown in figure 3.20 and figure 3.21, respectively. 

 

 

Figure 3.21: AC response of the Self-Biased Cascode Amplifier as a Follower with          
       Vdd = 1.25V, Vss = -1.25V, Cload = 8.2pF and Iph=1nA 

  

 The setup for the follower shown in figure 3.20 is used to estimate the 

bandwidth of all the amplifiers. The bandwidth of the self-biased cascode amplifier in 

a follower configuration, with an 8.2pF load was found to be 265.1 kHz. The ac 

analysis with a sinusoidal current source is also critical for bandwidth estimation. At 

present Cload=8.2pF and Cph=250fF are used. However by using an on-chip buffer the 
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load capacitance can be reduced to approximately 150fF and for a big photodetector 

array (say 64x64) 64Cph will be in the picofarad range. Hence, the input source node 

of the differential pair will be associated with a huge capacitor and the pole at that 

node will dominate over the output pole.  

 An ac analysis is performed using an ac current source which is another time 

varying input of the centroid computation circuit. The voltage at the drain of the 

diode-connected transistor M5 (figure 3.16) in the current mirror is plotted. Generally, 

the output of the amplifier is plotted for bandwidth measurements. However in this 

case, since both the inputs are grounded, ideally the net output current is zero as there 

is no differential input available. The bandwidth of the circuit is measured by plotting 

the voltage at the drain of M5 since the voltage at this node would move depending 

on the magnitude of the input current. The ac response is shown in figure 3.22.  

  The gain was found to be 151.7dB. This value does not match with the gain 

attained during the dc sweep or during the ac response using a sinusoidal voltage 

source.  In this simulation the input is a current source and the output is the 

magnitude of the voltage. Hence the magnitude is not the gain but the input resistance 

of the differential amplifier.  

The input resistance of the differential pair can be calculated theoretically from 

equation 3.11. The input resistance is given by  

ph

T
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VR
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Substituting the values for VT=25mV, κ=0.7 and Iph=1nA, we get  
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Figure 3.22: AC response of a Self-Biased Cascode Amplifier with an AC current  
       source, Vdd = 1.25V, Vss = -1.25V, Cph = 250fF and Iph = 1nA 
  

  

 The bandwidth was found to be 18.2 kHz. Theoretically the bandwidth can be 

found using equation 3.1 and 3.2. The bandwidth is given by 
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Substituting the value of Rin=35.71MΩ from equation 3.29 and Cph=250fF 

)250)(7142.35(2
1

fFM
BW

Ω
=

π
 

       kHz83.17=  

The input resistance and the bandwidth obtained in the simulation match closely with 

the theoretical values. The ac response also shows no peaking, is constant at low 

frequencies and drops gradually at the 3-db frequency. Hence the circuit is very 

stable.  

3.5 Active-Input Current Mirror Amplifier 

 The active-input current mirror amplifier (figure 3.23) has a very low input 

resistance at the node where the current is injected into the mirror. As mentioned in 

section 3.2.3, the input resistance is lowered by a factor A where A is the gain of the 

amplifier present in the current mirror. The other advantage of the active-input 

current mirror is that due to a lower input resistance, the current matching is highly 

improved. A simple differential amplifier with a gain of 100 V/V improves the 

current matching by two orders of magnitude [Nai90]. This current mirror maintains a 

constant voltage at the input of the current mirror in order to avoid current subtraction 

errors. The vGS of the current mirror input transistor M9 is independent of the vDS of 

the transistor. Hence the voltage at the input node is kept constant thereby lowering 

the resistance at that node.  

 In above-threshold operation, the current mirror will remain in operation as 

long as the transistors M9 and M10 are maintained in saturation. The vDS of the output 
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transistor M10 is dependent on the load that is attached, which in our case is the self-

biased cascode differential pair. The higher the reference voltage Vbias, the higher is 

the current flowing through the input transistor M9. In our case all the currents are in 

subthreshold and hence the input current is decided primarily by the photodiode.  
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Figure 3.23: Active-Input Current Mirror Amplifier 
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 The two main drawbacks with the active input current mirror are power 

consumption and stability. Introducing an op-amp in the current mirror increases the 

power consumption. But, as the currents are in subthreshold the power consumption 

is rather low. The biggest concern is the stability of the current mirror and hence the 

amplifier as a whole. The active input current mirror has an extra pole introduced into 

the system from the op-amp. Stability is achieved by placing a capacitor at the high 

impedance node for frequency compensation. The 2 poles occur at the input of the 

current mirror and at the output of the feedback op-amp. The resistance at the input 

node is given by 1/Agm. The gain of the op-amp A is a function of frequency. When 

the frequency increases, the gain decreases thereby the input impedance increases. 

The resistance at the output of the op-amp is approximately equal to ro/2 of the 

differential amplifier. ro/2 is greater than 1/Agm. The high resistance node is the 

output node of the op-amp. A compensation capacitor should be placed from the 

output of the op-amp to ground. An alternate method to compensate is to bias the op-

amp at very low current (much lower than the input photocurrent). This will increase 

the resistance at that node and will make it the high impedance node.  

 The ac setup for determining the stability of the active-input current mirror, by 

plotting the open-loop gain and phase response, is shown in figure 3.24. The ac setup 

is comprised of the op-amp and the PMOS transistor M9 which forms a part of the 

feedback loop. The nodes showed in parentheses references to figure 3.23. The open-

loop response is shown in figure 3.25. 
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Figure 3.24: AC setup to analyze the stability of the Active-Input Current Mirror 
 

        

 

Figure 3.25: Open-Loop response of the Active-Input Current Mirror with             
         Vdd = 1.25V, Vss = -1.25V, Iph = 1nA and Ibias = 30pA 

  

 The connection between the positive terminal of the feedback op-amp and the 

input node (Iin) connected to the photodiode, is replaced by a 10PΩ (10x1015Ω) 
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resistor. A 1F capacitor is attached from the positive terminal of the feedback op-amp 

to ground. Vbias and Iph in figure 3.25 are the input and output nodes respectively in 

the ac setup. The setup is not in a positive feedback configuration as it seems to be 

from figure 3.25. This is due to the PMOS transistor M9. As mentioned in section 

3.2.4, by using a scale factor K, the current can be scaled. Due to this the Cgd of the 

transistor M10 is K times higher than M9. In order to isolate this from the source of 

the PMOS differential pair transistors, a low voltage cascode current mirror 

configuration can be used. However this increases the gain of the active input current 

mirror even further and causes stability problems. Hence cascoding was not used. 

 From figure 3.25 the phase margin of the active-input current mirror was 

found to be 63.28°. The bias current to the feedback op-amp was set at 30pA much 

lower than the input photocurrent of 1nA. For lower photocurrents, the bias current 

should be in tens of pico amperes. This can be obtained using downscaling of the 

input currents as is explained in section 3.8. The ac setup to simulate the open-loop 

gain and frequency is shown in figure 3.18.  

 The output plot of the active-input current mirror amplifier is shown in figure 

3.26. The phase margin was found to be 89.27°.  In terms of stability of the amplifier, 

the circuit was very stable with a phase margin similar to the self-biased cascode 

differential amplifier. The ac analysis was also performed with the active-input 

current mirror as a follower. The bandwidth is estimated using the follower 

configuration. The setup used in figure 3.20 for the self-biased cascode differential 
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amplifier was used for the bandwidth estimation of the active-input current mirror 

amplifier. 

 

 

Figure 3.26: AC response of an Active-Input Current Mirror Amplifier with 
                            Vdd = 1.25V, Vss = -1.25V and an AC voltage source  
 

 In the active-input current mirror a scale factor of 5 was used. Hence the 

current flowing into the differential pair transistors is 5 times higher. Hence, ideally 

the bandwidth should be 5 times higher than the self-bias cascode differential 

amplifier. From figure 3.27, the bandwidth was found to be 1.14 kHz, whereas the 
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bandwidth of the self-bias cascode differential amplifier was found to be 265.1Hz 

(figure 3.21).  

 The bandwidth of the active-input amplifier is 4.3 times that of the self-biased 

cascode differential amplifier and not 5 times. This error is due to the mismatch in the 

current mirror. Since a simple mirroring technique was used instead of cascoding 

mirroring technique, there exists a mismatch in the current mirror. For a 1nA input 

photocurrent, the output current from the mirror was found to be 4.3nA. Hence the 

bandwidth is approximately equal to the ratio of the output and input currents in the 

current mirror (which is the actual scale factor). 

 

Figure 3.27: AC response of an Active-Input Current Mirror Amplifier as a Follower 
                      with Vdd = 1.25V, Vss = -1.25V, Iph = 1nA, Ibias = 30pA and    
                      Cload = 8.2pF     
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 The ac response was also computed with an ac current source. As described 

earlier, the input differential voltage is set to zero by grounding both the inputs of the 

differential pair, thereby making the output voltage zero. Hence the output is plotted 

at the drain of M3 and M5 (in figure 3.23) since this voltage moves with the input 

current. The magnitude of the voltage is shown in figure 3.28. 

 

 
Figure 3.28: AC response of an Active-Input Current Mirror amplifier with a  
       sinusoidal current source, Vdd  = 1.25V, Vss = -1.25V, Iph = 1nA and       
 Ibias  = 30pA 

 

 The magnitude of the voltage shows some peaking near the 3dB frequency. 

The peaking is approximately 0.8dB. This can be further reduced by using a lower 
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bias current (less than 30pA). If the bias current is in the nanoampere range, then the 

peaking is very large. The ac response of the active-input current mirror with a 1nA 

bias current is shown in figure 3.29. The peaking was found to be 40dB. This shows 

that the active-input current mirror is highly unstable. 

 

 

Figure 3.29: AC response of an Active-Input Current Mirror amplifier with a  
       sinusoidal current source, Vdd  = 1.25V, Vss = -1.25V, Iph = 1nA and       
       Ibias = InA 
 

 For photocurrents in the sub-nanoampere to picoampere range (say 100pA) 

the bias current has to be close to 1pA in order to have minimum peaking. This 
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cannot be achieved since the leakage currents are going to be close to 1pA and hence 

it is very difficult to bias amplifier at such low currents. Hence this circuit is not very 

stable and even with the right values of bias current, the circuit is stable for a 

photocurrent range of less than a decade. This problem is eliminated using the 

regulated-cascode current mirror amplifier. 

3.6 Regulated Cascode Current Mirror Amplifier 

 In this amplifier, a regulated-cascode configuration is used for mirroring the 

current (figure 3.30). As described in section 3.2.5, the input resistance at input node 

of the current mirror is 1/gm which is the same as in the case of a differential 

amplifier. However, the advantage of this configuration is that current scaling is 

possible, similar to the active-input current mirror. The active-input current mirror is 

not a very stable circuit. The regulated-cascode current mirror is very stable. It is a 

single-pole system and has a phase margin close to 90°.  

 A self-biased cascode differential pair is used as the load to the current mirror. 

Ibias sets a fixed current in the transistor M5. Hence any change in the input current Iph 

would change the voltage at the node Iin. In order to maintain a constant current in 

M13 the gate voltage of M9 also changes. This setup uses negative feedback to 

maintain a constant current through M9 and M11. Cascoding transistors M11 and 

M12 provide better matching in the current mirror. M11 and M12 are scaled by a 

factor of K and hence a higher output current is obtained, which is injected into the 

differential pair. This increases the bandwidth of the circuit. A scale factor of 5 was 

used in order to compare the results with the active-input current mirror amplifier. 
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Generally Ibias is chosen to be higher than Iph. In this thesis a 10nA current was used 

as Ibias. 
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Figure 3.30: Regulated Cascode Current Mirror Amplifier 

   

 The stability of the current mirror was verified using an open-loop setup to 

simulate the gain and frequency response. The ac setup is slightly different since this 

current mirror has only one input terminal which is the gate of the transistor M13. The 
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connection between the node Iin and the gate of M13 was opened and it was used as 

the negative terminal of the op-amp, since the gate of M13 controls the negative 

feedback of the regulated-cascode current mirror 

 If an ac source is applied to the negative terminal of an op-amp then the phase 

response starts at 180°. In order to measure the phase margin, the ac voltage source 

with a 1V, 180° phase was used to make the phase response start from 0°. The ac 

setup is shown in figure 3.31. 

_
+
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1F Vout(Iin)(M13Gate)
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Figure 3.31: AC setup to simulate the Open-Loop Gain and Phase  
                                     response of the Regulated Cascode Current Mirror  

 

 The nodes in the parenthesis represent the nodes in figure 3.30. A 1F capacitor 

was connected in series with the ac voltage source in order to filter out the dc signals. 

A 10PΩ resistor was used in the feedback path to prevent the loading of the input. 

From figure 3.32, the phase margin of the regulated-cascode current mirror was found 

to be 82.36°.   
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Figure 3.32: AC response of the Regulated-Cascode Current Mirror with                                        
                                Vdd = 1.25, Vss = -1.25V and a 1V, 180° AC voltage source  

  

 The ac setup for the open-loop gain and frequency response of the regulated-

cascode current mirror amplifier is shown in figure 3.18. It is the same setup used to 

measure other amplifier circuits such as the self-biased cascode amplifier and the 

active-input amplifier. The ac response is shown in figure 3.33.  

 The amplifier was found to be very stable and had a phase margin of 89.54°. 

The ac setup to measure the bandwidth of the amplifier (as a follower) is shown in 

figure 3.20.  
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Figure 3.33: AC response of the Regulated Cascode Current Mirror Amplifier with 
                       Vdd = 1.25V and Vss =-1.25V, Iph = 1nA and Ibias = 10nA 

 

Figure 3.34 shows the response of the regulated-cascode amplifier as a follower. The 

bandwidth was found to be 1.058 kHz. A scale factor (K) of 5 was used in the current 

mirror. Hence the output current is 5 times greater than the input which results in a 

higher bandwidth. The bandwidth of the differential amplifier was 265.1 kHz. The 

bandwidth for the regulated-cascode amplifier is approximately 4 times that of the 

differential amplifier. This reduction in the bandwidth is due to the parasitic poles 

which exist at the nodes other than the output node.  
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Figure 3.34: AC response of the Regulated Cascode Current Mirror Amplifier as a          
 Follower with Vdd = 1.25V, Vss = -1.25V, Iph = 1nA, Ibias = 10nA and  
 Cload = 8.2pF 
 

 The amplifier was also analyzed with an ac input current source and the 

response is shown in figure 3.35. The setup was similar to the active-input current 

mirror amplifier and the self-biased cascode amplifier. The voltage at the drain of the 

transistors M3 and M5 in figure 3-30 was plotted instead of the output (as the input 

differential voltage is zero).  

 Unlike the active-input current mirror, the regulated-cascode current mirror 

has no peaking and is very stable. Even for low photocurrents, the circuit is very 

stable. The bias current is much higher than the photocurrent. Typically, the bias 

current can be set to 10 times that of the photocurrent. 
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Figure 3.35: AC response of the Regulated Cascode Current Mirror Amplifier with a  
 sinusoidal current source, Vdd = 1.25V, Vss = -1.25V 

  

3.7 A One-Dimensional Centroid Computation Circuit 

 A one-dimensional (1D) centroid computation circuit was constructed as 

shown in figure 3.36 using the active-input current mirror amplifier. The one-

dimensional centroid computation circuit is comprised of seven amplifiers and seven 

photodiodes. Using the 1D circuit, seven different centroid voltages were simulated 

and the results were compared to theoretical values. A centroidal voltage was 

computed by assuming that only one of the photodetectors was illuminated by the 

image (at a particular instant) and the rest were not illuminated. Using this procedure 
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seven different centroid voltages were simulated (for each of the seven photodiodes) 

and the results were compared to the theoretical values. 
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Figure 3.36: One-Dimensional Centroid Computation Circuit 

 

 A 1nA current source was used to represent the current from a photodiode 

which will be illuminated when an image is incident on it. In the simulations the dark 

current was assumed to be 10pA. Hence a 10pA current source is used to represent 

the photodiode on which no image is incident. From equation 2.1, the centroid 

voltage is given by 

∑
∑=

n

nn
centroid i

vi
V  

where, 

in – current in the photodetector at the nth  position 

vn – voltage corresponding to the position of the photodetector on the resistive grid 
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 In figure 3.36, the voltages V1 and V7 are set at -45mV and +45mV 

respectively. The increment in the voltage along the resistive grid is 15mV for each 

tap. Initially, Iph1 has a 1nA current and the other current sources are set to 10pA. 

Then the first centroidal voltage Vcent1 is computed using the equation shown above. 

Next, Iph2 is set to 1nA and the remaining current sources are set to 10pA and the 

centroidal voltage Vcent2 is computed. Initially the currents were set and static 

measurements were made for the seven centroidal voltages. In table 3.1, the 

theoretical and simulated values of the output centroidal voltage are provided. 

   

 

Table 3.1: Theoretical and Simulation results of a 1D Centroid Computation Circuit 

  
Output Centroid Voltage 
    
  Theory         Simulation 
      (Th)             (Sim) 
     (mV)              (mV) 

 
Error (ΔV) 

 
ΔV= 

Sim –Th 
(mV) 

 
Actual  

Error (e) 
 

e=ΔV-os 
(mV) 

 
% Error 

 
(e/15mV)100 

 

Vcent1 -42.028 -42.257 -0.229 -0.139 -0.92 

Vcent2 -28.018 -28.123 -0.105 -0.009 -0.06 

Vcent3 -14.009 -14.084 -0.075 0.0145 0.096 

Vcent4 0 -0.0895 -0.0895  (os) 0 0 

Vcent5 14.009 13.904 -0.105 -0.015 -0.1 

Vcent6 28.018 27.941 -0.077 0.0125 0.083 

Vcent7 42.028 42.063 0.035 0.1245 0.826 
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 The difference in the theoretical and simulated values gives the error (ΔV). To 

obtain the actual error (e), the offset voltage (os) is deducted from this error (ΔV). The 

actual error (e) between the simulated and theoretical values is shown in figure 3.37. 

 

 

Figure 3.37: Actual Error (e) between the Theoretical and Simulated values of the 
          One-Dimensional Centroid Computation Circuit  
 
 

The offset is the output voltage that is present when ideally the centroid voltage 

should be zero. The offset was found to be 89.5μV which is very small. The circuit 
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can be calibrated to eliminate the offset. The error that exists in the other centroid 

voltages is due to offset error and gain error in centroid computation. 

 Since each photodiode is separated by 15mV on the resistive grid, the % error 

is found with respect to 15mV. The % error gives the accuracy in reference to one 

complete pixel. The maximum error obtained was -0.92% which is very small. Since 

the maximum error is less than 1%, it is very difficult to plot individually the 

theoretical and simulated values on the same graph. Hence the error (e) between the 

simulated and theoretical values was plotted (figure 3.37).  

 A very slow time-varying input current signal was setup such that the current 

would step from Iph1 to Iph7 in regular intervals of time. This was done using piece-

wise-linear current sources in order to verify the working of the centroid circuits for 

time varying current inputs. The centroid voltage was stepped from the negative to 

positive when the 1nA current source was stepped from Iph1 to Iph7. The transient 

simulation is shown in figure 3.38. The currents Iph1 and Iph2 are also shown. Since a 

finite rise and fall time is present in the piece-wise-linear current sources, a small 

glitch is seen in the simulations. This simulation was performed in order to verify the 

working of the circuit for a moving light spot. The value of the centroid at each step is 

exactly the same as is shown in table 3.1.   
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Figure 3.38: A transient simulation of the 1D Centroid Circuit comprised of seven 
    Photodiodes and Piece-Wise-linear Input Current Sources 
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3.8 A Two-Dimensional Centroid Computation Circuit 

 A two dimensional centroid circuit was designed comprising of 16 pixels as a 

4x4 pixel array (figure 3.39). Each pixel is comprised of 4 photodiodes. The diagonal 

photodiodes were connected in parallel. The two aggregated diagonal photocurrents 

were then supplied to the row and column centroid computation circuitry present on 

the periphery of the pixel array.   
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Figure 3.39: Two-Dimensional Centroid Computation Circuit  
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 By having 4 photodetectors in each pixel and by constructing 2 diagonal pairs, 

symmetrical photocurrents are generated in the X and Y directions. 

 When a light spot is incident on a particular pixel, it generates equal 

photocurrents in the X and Y directions. The photocurrent from every pixel in each 

row and column is summed and then input to the analog computation circuitry for the 

row and column, respectively.  

 The voltages V1 and V4 were set to 0V and 45mV respectively on the resistive 

grids in the X and Y directions. The centroidal measurements for the two dimensional 

array were made similar to the one dimensional case. The only change was that two 

current sources were providing a 1nA current source for the X and Y direction 

centroid computation circuits. The remaining current sources were set to 10pA. The 

output centroidal voltages are represented by VX,Y where X,Y represents the location of 

the pixel in the X and Y directions of the two dimensional pixel array. The pixel 

whose amplifier has the voltages V1 and V1 (from the resistive grid) in the X and Y 

directions would be represented by (1,1). This pixel is provided with the maximum 

photocurrent of 1nA. In all 16 centroidal output voltages were obtained from the 

simulations. The centroidal voltages were measured for each pixel moving from left 

to right in the X direction and from top to bottom in the Y direction. Starting from 

(1,1) to (4,1) followed by (2,1) to (2,4) and so on. Hence for the first four simulations 

of the centroid voltages VoutY would remain at minimum and VoutX would step up.  

 In the figure 3.39, the voltages V1 and V4 are set at 0V and +45mV 

respectively. The increment in the voltage along the resistive grid is 15mV for each 
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tap. The theoretical and simulated values and the error analysis are provided in table 

3.2 and table 3.3. Table 3.2 shows the centroidal output values and the error analysis 

for the X direction centroid and table 3.3 shows the values for the Y direction 

centroid. Both the tables are identical as is expected since the voltage applied on the 

resistive grid in the X and Y directions are identical. The error analysis is performed 

similar to the one dimensional case. 

 

 

Table 3.2: Theoretical and Simulation results of the X-Direction Centroidal output 
                      voltage of  the 2D Centroid Computation Circuit 
 

 
Output Centroid Voltage 

(VoutX) 
                    
                 Theory         Simulation 

                     (Th)               (Sim) 
                     (mV)              (mV) 

 
Error (ΔV) 

ΔV= 
 

Sim –Th 
 

(mV) 

 
Actual  

Error (e) 
 

e=ΔV-os 
 

(mV) 

 
% Error 

(e/15mV)100 
 

V1,1 to 

V1,4 

0 0.881 0.881 (os) 0 0 

V2,1 to 

V2,4 

15.441 15.24 -0.201 -1.082 -7.21 

V3,1 to 

V3,4 

30.0 29.58 -0.42 -1.301 -8.67 

V4,1 to 

V4,4 

44.607 43.94 -0.667   -1.548 -10.32 
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 In table 3.2 only four different centroidal voltages are shown. These voltage 

are repetitive in the X direction for various values of Y in VX,,Y.  The value of the 

output centroid in the X direction remains the same all along the column and varies 

only along the row. Hence the values of V1,1  to V1,4  are the same. Hence only 4 sets 

of the output centroid values have been tabulated. The maximum error for the two 

dimensional case is -10.32 %. This error is primarily due to the dc offset and different 

gains in the op-amps used for the centroid computation. 

 

 
Output Centroid Voltage 

(VoutY) 
                    
                 Theory         Simulation 

                     (Th)               (Sim) 
                     (mV)              (mV) 

 
Error (ΔV) 

ΔV= 
 

Sim –Th 
 

(mV) 

 
Actual  

Error (e) 
 

e=ΔV-os 
 

(mV) 

 
% Error 

(e/15mV)100 
 

V1,1 to 

V4,1 

0 0.881 0.881 (os) 0 0 

V1,2 to 

V4,2 

15.441 15.24 -0.201 -1.082 -7.21 

V1,3 to 

V4,3 

30.0 29.58 -0.42 -1.301 -8.67 

V1,4 to 

V4,4 

44.607 43.94 -0.667   -1.548 -10.32 

 

Table 3.3: Theoretical and Simulation results of the Y-Direction Centroidal output 
                      voltage of the 2D Centroid Computation Circuit 
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 This error can be reduced by reducing the voltage between each resistive tap. 

By having several photodetectors in the array and with very small increments in 

voltage along the resistive grid, the errors can be reduced. The choice for using 15mV 

difference for each tap is explained in the next chapter. Table 3.3 shows the error 

analysis between theoretical and simulated values of the Y directional output centroid 

for the 2D case. This is exactly the same as the X direction output centroid. The 

maximum error was found to be -10.32 %. The theoretical and simulated values of the 

output centroid for the X (and Y) direction centroid are shown in figure 3.40. A 

transient simulation of the 2D circuit is shown in figure 3.41. 

Figure 3.40: Theoretical and simulated values of the Two-Dimensional 
                                 Centroid Computation Circuit 
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Figure 3.41: A transient simulation of the 2D Centroid Circuit comprised of sixteen 
   Photodiodes in a 4x4 array with Piece-Wise-Linear Input Current 
                       Sources   
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 A piece-wise-linear setup was constructed for all the current sources and a 

very slow stepping current pulse was given to the centroid circuit. The centroidal 

output in the X and Y direction can be seen in figure 3.41. As the currents are stepped 

from (1, 1) to (4, 1) the Y centroid remains at minimum and the X centroid steps up. 

Later the Y centroid steps up as the current in the succeeding row is stepped up. 

Basically a step in the input current within a row provides a step in the X centroid and 

within a column provided a step in the Y centroid. 

3.9 Bias-Current Generation Circuit 

 In all, 16 active-input current mirror amplifiers were used in this thesis, seven 

for the 1D array, eight for the 2D array and one isolated active-input amplifier was 

layed out. All these amplifiers need a bias current for the feedback op-amp in the 

active-input current mirror. The 16 identical copies of bias currents were generated 

using the current mirrors. As discussed in section 3.5, these bias currents are in the 

picoampere range. In order to generate this current, downscaling of the current is 

done.  

 Generally the current is input into a chip using an external resistor which is 

connected to the diode connected transistor M1 of the current mirror. In order to 

generate currents in the picoampere range, the external resistor should be in the range 

of several hundred GΩ’s else the voltage drop across the resistor cannot be measured 

accurately. Since resistors of such huge values are not readily available, a higher 

input current is used and this current is downscaled to the required value. In figure 

3.42, a scale factor (K) of 10 is used to downscale the currents. 
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Figure 3.42: Bias-Current Generation Circuit 

 

 The W/L of transistor M2 is 1/10 that of M1, the W/L of transistor M4 is 1/10 

that of M3 and the W/L of the transistors M6 to M21 (which are used for copying the 

current from M5) is 1/10 that of M5. Hence effectively the input current is scaled by a 

factor 1/1000. By using a resistor in the MΩ range and by setting the value of the 

voltage Vx to the required value, the input current can be set in the nanoampere range. 

Hence after downscaling, the bias currents Ibias1 to Ibias16 are in the picoampere range. 

A 12nA current was injected at the input node Iin of the current mirror using a 

resistor. The output current was found to be 18.8pA. Hence the ratio of the output to 

the input was found to be 1/638. This is due to the huge mismatch introduced by the 

current mirrors as the current is mirrored 3 times in the downscaling process. 
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However this is good enough to generate picoampere bias currents from the 

nanoampere input current. 

 Some of the important questions which arise are the reasons for choosing a 

particular value of the capacitive load, the size of the photodiode, the value of 

photocurrent and the voltages on the resistive grid. In the next chapter, which deals 

with the test setup and measurement schemes, all these questions are discussed and 

validated.  
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4. TEST SETUP AND MEASUREMENT RESULTS  

 As described in the previous chapter, the regulated cascode current mirror 

amplifier is more suited than the active-input amplifier for centroid computation. It 

has all the advantages present in the active-input current mirror amplifier and is also 

very stable (unlike the active-input amplifier). However, due to time constraints the 

centroid computation circuit was fabricated using the active-input amplifier. Later, 

the regulated-cascode current mirror amplifier was designed. In this thesis the silicon 

results of the centroid circuit are provided. In all, eight different circuits were 

fabricated: 

• a simple differential amplifier 

• a self-biased cascode differential amplifier 

• an active-input current mirror amplifier 

• a one-dimensional centroid computation circuit using each of the three   

amplifiers mentioned above 

• a two-dimensional circuit using the active-input current mirror amplifier and  

• a bias-current generation circuit.  

The layout of the amplifier circuits are shown in Appendix B. The individual 

amplifier circuits were fabricated in order to measure the photocurrent generated by 

the photodiode. A design rule check (DRC) and layout versus schematic (LVS) was 

performed on all the circuits before the design was submitted for fabrication. 

A 20μm x 20μm n+/p- photodiode was fabricated since the minimum spot size 

which can be produced using the available optical setup was of a 15μm radius. In 



 86

order to achieve a high bandwidth for the op-amp (and thereby the centroid circuit) 

the load capacitance should be minimal. The pin of the chip introduces an 

approximate capacitance of 3pF. In order to isolate this load from the amplifier, an 

on-chip buffer should be used. However an on-chip buffer wasn’t used for any of the 

amplifiers in order to measure the photocurrents generated by the photodiode. A 

digital multi-meter or an oscilloscope introduces a 30pF capacitive load. In order to 

isolate this load, an external buffer was constructed. The buffer is the same as that 

mentioned in chapter 3. The capacitive load seen by the output of the amplifier due to 

the pin and the input terminal of the off-chip buffer was 8.2pF. Hence this load was 

used in all the simulations. In a future version of the chip, the off-chip buffer would 

be moved on-chip. 

In order to generate photocurrents a light spot produced by a laser was 

incident on the photodiode. The photocurrent generated by the photodiode is 

dependent on its area and the intensity of the incident light. In order to make 

measurements and test the functionality of the centroid computation circuit which 

was fabricated, it is essential to know the location of the light spot which is incident 

on the chip. The intensity of the laser is reduced by introducing filters/attenuators in 

the path. For a 1nA photocurrent the light spot was barely visible on the screen. For 

lower intensities, the light spot was not visible to the naked eye. Hence a 1nA 

photocurrent was used in all the simulations. 

Two types of measurements were performed in order to test the performance 

of the centroid computation circuit: static measurements and dynamic measurements. 
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For static measurements, a laser spot was focused at different positions of the 

photodetector array and the output centroid voltage was measured. The output was 

then compared to the centroid values obtained in the simulations. For the dynamic 

measurements, the laser spot was focused on a particular photodiode (which will 

provide the maximum or the minimum centroid output) and is pulsed using an 

external chopper which can disrupt the laser path. The block diagram of the setup for 

both the measurements is shown in figure 4.1. 

4.1 Test Setup  

 The basic test setup used for the measurements is comprised of an IC probe 

station, a laser, a chopper, filters/attenuators and lenses. An IC probe station is 

comprised of a microscope and very low impedance probes. These probes can be used 

to measure the output directly from the layout instead of the pin. The microscope has 

an eyepiece and a camera which sends the image to the computer. The chip placed 

under the microscope can be viewed either through the eyepiece or on the screen 

(monitor). This dual-view feature was used for testing the centroid circuit.  

 

LASER

Lens Filters

Chopper Microscope

Monitor

Eye-piece

Camera ChipComputer

 

Figure 4.1: Block diagram of the Test Setup 
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The laser beam is focused onto the photodiode through the eyepiece and the image is 

seen on the computer monitor. It is very essential to focus the laser onto the right spot 

and move it to the right position in order to do the measurements accurately.  

An adapter was built with slots for the laser, lens, filters and the chopper. A 

He-Ne laser is used as the light source. It can produce a light spot of a 20µm 

diameter. The lens is used to defocus the spot and thereby make it bigger. The filters 

are used to reduce the intensity of light and thereby reduce the generation of 

photocurrent. The chopper is used to chop the laser beam and thereby produce pulses 

of light. It was used only for the dynamic measurements. The adapter with all the 

optical components was placed onto the eyepiece of the microscope (figure 4.2). The 

microscope focused the incoming laser ray onto the on-chip photodetector. The image 

is then captured by the camera and is then sent to the computer. All the measurements 

were done on three chips in order to verify the performance of the circuits with 

normal process variation.   

The output voltage of the centroid computation circuit is in the mV range and 

the photocurrents are in nanoampere-picoampere range. Since the currents and 

voltages are very low, it is essential to isolate the desired signals from noise. All 

electronic equipment such as dc power supply, spectrum analyzer, logic analyzers, 

signal generators, oscilloscope, computers, etc are sources of noise. They generate a 

60Hz noise that varies in amplitude. The circuit needs to be shielded from this noise. 

In order to eliminate this noise, the circuit is placed inside an open metal box. The top 

surface is left open in order to lower the microscope onto the chip. Ideally it would be 
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best if the top surface is also closed and only a small hole is cut to introduce the laser 

beam. Since the dc power supplies are noisy, a 9V dc battery (placed within the metal 

box), voltage regulator, diodes and potentiometers were used to generate the required 

power supply rails. 

 

 

Figure 4.2: A picture of the Test Setup 

 

The office lighting switches ON and OFF at a frequency of 120Hz and when 

incident on a photodiode generates photocurrents. In order to avoid this, all the 

measurements were done in a dark room and all light sources (including monitors and 

other display equipment) were switched OFF when the measurements were recorded. 
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The light intensity of the microscope is much higher than the laser. The output 

voltage saturates and touches the power supply rail when it is ON. Hence it was 

switched OFF while recording the measurements. Pictures of the circuit, adapter and 

the test setup are shown in appendix C. 

4.2 Bandwidth Measurement of the Amplifier 

 In order to measure the bandwidth of the amplifiers, a follower configuration 

was used. An LM6482 CMOS dual rail-to-rail input and output op-amp is used as the 

buffer. It operates at supply voltages of +/- 1.25V which are also the power supplies 

of the chip. The setup is shown in figure 4.3. 

 

Vout

_
+
AC

+
-

+

-

Iph

+

-
LM6482

 

Figure 4.3: Setup to measure the Bandwidth of the Amplifier with                                        
                                    an AC voltage source and an external buffer 
  

 The bandwidth of the simple differential amplifier (figure 3.13), self-biased 

cascode differential amplifier (figure 3.16) and the active-input amplifier (figure 3.23) 

was measured using the same setup. The laser beam was incident on the photodiode 

and a 0.5Vp-p sine wave was input at the positive terminal of the amplifier. The 
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output was viewed on the scope. The frequency of the input sinusoid was then 

increased until the output amplitude drops to 0.707 of the input amplitude (3-dB).  

The bandwidth measurement was one of the basic tests performed on the amplifier 

circuits to verify proper function of the amplifier. The simulation and measurements 

for the self-biased cascode amplifier and the active-input current mirror amplifier are 

shown in table 4.1. The measurements were recorded from two different chips. 

 

 
Measurements   

Simulation 
(Hz) Chip #1 (Hz) Chip #2 (Hz) 

Self-Biased Cascode 
Differential Amplifier 

265.1 186.3 201 

Active-Input Current 
Mirror Amplifier 

1142 790.9 803.8 

 
 

Table 4.1: Measured and Simulated Bandwidth of the Self-Biased Cascode   
                 Differential Amplifier and the Active-Input Current Mirror Amplifier with  
   Vdd=1.25V, Vss=-1.25V and Iph=1nA 
 
  

 The measurements were comparable to the simulations. The maximum error 

in the bandwidths for the self-biased cascode amplifier and the active-input current 

mirror amplifier were found to be -29.72% and -30.74% respectively. This error is 

quite low considering the random mismatch which occurs among transistors during 

the fabrication process. 
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4.3 Test Setup to Measure Photocurrents 

 In the three amplifier configurations, the bias current to the differential pair is 

provided by the photodiode which is connected to the source of the differential pair. 

In order to measure this photocurrent the positive terminal of the differential amplifier 

is connected to the lowest potential Vss and the negative terminal is connected to the 

highest potential Vdd (figure 4.4). Hence transistor M1 (in figure 3.13) is OFF and 

transistor M2 is ON.  
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Figure 4.4: Test setup to measure Photocurrents 

 

 It is done by connecting a resistor between Vdd and the output. Since only 

transistor M2 is ON, all the photocurrent generated by the photodiode flows from 

Vdd, through the resistor, through M2 and through the photodiode to Vss. This 

photocurrent generates a voltage drop across the resistor. However, as the current is 
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very small a huge resistor is required to produce a substantial voltage drop which can 

be measured by the DMM. Hence an 80MΩ resistor is used. The output cannot be 

measured directly since a 10MΩ internal resistance is present at the input of the 

DMM. This resistance will dramatically change the equivalent resistance at the 

output. Hence a buffer is used to isolate the internal resistance of the DMM from the 

output of the amplifier. The DMM is connected between Vdd and the output of the 

buffer in order to directly measure the voltage drop across the resistor on the DMM. 

This voltage drop is then divided by 80MΩ and the value of the current is obtained. 

This setup is also used to measure the photocurrent in the case of the self-biased 

cascode differential amplifier (figure 3.16). In this case the transistors M1, M3 are 

OFF and transistors M2, M4 are ON.  

 In the case of the active-input current mirror amplifier (figure 3.23) a PMOS 

differential pair is used. The photocurrent is scaled and mirrored by the active-input 

current mirror and is then injected at the source of the differential pair. The positive 

terminal is connected to Vdd thereby turning OFF the transistors M1, M3 and the 

negative terminal is connected to Vss thereby turning ON the transistors M2, M4. The 

output is connected to a resistor connected to Vss. The DMM is connected between 

the output of the buffer and Vss and the voltage drop across the 80MΩ resistor is 

measured. 

 The dc offset of the external buffer and the actual value of the 80MΩ resistor 

are measured. The offset of the buffer is subtracted from the output voltage to obtain 

the actual drop across the resistor. This voltage drop is then divided by the actual 
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resistance to calculate the measured photocurrent. The photocurrents were measured 

for the three amplifier circuits in two different chips. The photocurrents are shown in 

table 4.2.  

 

Photocurrent   

Chip #1 (nA) Chip #2 (nA) 

Differential Amplifier 1.013 1.142 

Self-Biased Cascode Differential 
Amplifier 

1.066 1.114 

Active-Input Current Mirror 
Amplifier 

5.032 
 

5.279 
 

Effective Scale Factor (K) 4.72 4.738 

 
Table 4.2: Photocurrent Measurements from Amplifier circuits 

  

 The photocurrents measured from the differential amplifier and the self-biased 

cascode differential amplifier were approximately 1nA (which is the photocurrent 

used in simulations). The photocurrents can be reduced by changing the filters in the 

laser path (which reduces the intensity of the laser). However when the intensity is 

reduced below 1nA, the laser spot is no longer visible to the naked eye. Hence a 1nA 

current was used in all simulations and measurements. 

 The scale factor is obtained from the ratio of the active-input amplifier 

photocurrent to the self-biased cascode amplifier photocurrent. The measured scale 

factor was approximately 4.72. A scale factor of 4.3 was obtained from the simulation 

results. Another important parameter which needs to be measured is the “dark 
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current” or “leakage current” of the circuit. It is the current that flows in the circuit 

when no light is incident on the photodetector.  This current can be measured by 

finding the voltage drop across the 80MΩ resistor when the chip is closed. The dark 

current measured from the differential amplifier was found to be 2.53pA. The current 

generated from the office light (fluorescent light) was found to be 400pA. According 

to [Delb96], typically for a 10μm x 10μm photodiode the photocurrent that is 

produced is about 25pA. This current corresponds to an intensity of 1W/m2 and a 

quantum efficiency of 0.5. 

4.4 Offset Measurements 

 As mentioned earlier, three different amplifier circuits were layed out. The dc 

offset of each of the amplifiers were measured. The setup was very similar to the one 

shown in figure 4.3. The positive terminal of the amplifier was grounded and the 

voltage was measured at the output of the buffer. The dc offset was measured for the 

differential amplifier, self-biased cascode amplifier and the active-input current 

mirror amplifier.  The offsets for these amplifiers were measured for three different 

chips. In all, nine different dc offset voltages from three different chips were 

obtained. The minimum and maximum dc offset were found to be -0.35mV and 

11.34mV. The standard deviation of all the nine offsets was found to be 6.42mV.

 Initially, the centroid computation circuit was simulated with a 5mV 

difference along the resistive grid. However due to the rather large offsets, the error 

that occurs in the output centroid can be more than 1 pixel. In order to avoid non-

monotonicity in the output voltage, the voltage difference along the resistive grid 
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should be at least twice that of 6.42mV. Hence a 15mV difference was chosen among 

the resistive taps.  

4.5 Static measurements  

 The test setup for static measurements of the centroid computation circuit is 

the same as shown in figure 4.1. The only change is that the chopper is removed and 

the laser beam is incident continuously on the photodetector. 

4.5.1 One-Dimensional Centroid Circuits  

3 one-dimensional centroid computation circuits were layed out using the 

differential amplifier (figure 4.5), self-biased cascode differential amplifier and 

active-input current mirror amplifier, respectively. Each 1D circuit is comprised of 

seven photodetectors. Measurements were performed on three chips. 

 

 
 

Figure 4.5: Layout of the 1D Centroid Circuit with Differential Amplifiers 
 
 

 The differential amplifier 1D centroid circuit occupies an area of 

13725μm2 (305μm x 45μm).  Resistors are placed below the photodetectors. The 

output centroid measurements from the three chips are shown in figure 4.6. The 
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centroid measurements were performed by focusing the laser spot on each photodiode 

from left to right. The left end of the resistive grid was connected to -45mV and the 

right end to +45mV. The same grid voltages are also applied for the other 1D centroid 

circuits and the same measurement procedure is followed. Ignoring mismatch, the 

voltage along the resistive grid increases by 15mV for each tap (from left to right). 

Hence the centroid would move from the negative to a positive voltage when the laser 

beam is moved (in discrete-time) from left to right. As expected, the output centroid 

moved from a negative voltage to a positive voltage with some variations. This trend 

was observed in all the three chips as is shown in table 4.3. The results are plotted and 

shown in figure 4.6. 

 

Measurements  
Position 

 
Simulation 

(mV) 
 

Chip #1  
(mV) 

Chip #2 
(mV) 

Chip #3 
(mV) 

Vcent1 -38.35 -38.831 -47.392 -29.405 

Vcent2 -24.34 -29.060 -21.918 -30.693 

Vcent3 -10.41 -6.924 -11.120 -15.454 

Vcent4 4.453 8.343 3.114 6.286 

Vcent5 17.38 34.218 17.094 8.090 

Vcent6 31.33 31.242 43.320 38.954 

Vcent7 45.37 52.851 30.301 49.327 

 

Table 4.3: Simulation and Measurement results for the 1D Centroid Circuit with 
            Differential Amplifiers 



 98

 

Figure 4.6: Centroid measurements for the 1D Centroid Circuit with 
                                  Differential Amplifiers  
  

There are a considerable number of errors (shown in bold in table 4.3) in this 

configuration. The output voltage changes direction resulting in troughs in the 

simulation versus measurement plot (figure 4.6). The occurrence of the errors is 

reduced in the case of the 1D centroid circuit with self-biased cascode differential 

amplifiers (figure 4.7). The simulation and measurement results of the 1D centroid 

circuit with self-biased cascode amplifiers are shown in table 4.4.  
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Figure 4.7: Layout of the 1D Centroid Circuit with Self-Biased Cascode  
                  Differential Amplifiers 

 
 

Measurements  
Position 

 
Simulation 

(mV) 
 

Chip #1  
(mV) 

Chip #2 
(mV) 

Chip #3 
(mV) 

Vcent1 -42.257 -36.539 -35.472 -47.480 

Vcent2 -28.123 -20.312 -24.620 -29.841 
 

Vcent3 -14.084 -12.390 -17.391 -19.525 

Vcent4 -0.0895 9.468 7.589 6.214 

Vcent5 13.904 17.139 15.320 29.519 

Vcent6 27.941 29.703 43.770 39.213 

Vcent7 42.063 53.495 43.457 55.231 

 
Table 4.4: Simulation and Measurement results for the 1D Centroid Circuit with 

           Self-Biased Cascode Differential Amplifiers 
 

 

The layout of the self-biased cascode amplifier 1D centroid circuit occupies 

an area of 12636μm2 (234μm x 54μm). The output centroid was very similar to the 
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differential amplifier 1D circuit but with fewer variations. The self-biased cascode 

differential amplifier has a lower dc offset when compared to the simple differential 

amplifier. The simulation versus measurement plot for the three chips is shown in 

figure 4.8. 

  

 

Figure 4.8: Centroid measurements for the 1D Centroid Circuit with Self-Biased 
             Cascode Differential Amplifiers  
 

 The third configuration is the 1D centroid circuit using active-input current 

mirror amplifiers. It occupies an area of 68850μm2 (765μm x 90μm). The layout of 
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the 1D circuit is shown along with the 2D centroid circuit and the bias-current 

generation circuit. The simulation and measurement results are shown in table 4.5. 

There are no directional errors. The centroid voltage of all the chips moved 

monotonically from negative to positive values. The difference between the 

simulation and measurement results are due to the random offsets of each amplifier. 

This occurs due to the irregularities in the silicon wafer which is used for fabrication.  

 

Measurements  
Position 

 
Simulation 

(mV) 
 

Chip #1 
 (mV) 

Chip #2 
(mV) 

Chip #3 
(mV) 

Vcent1 -42.257 -42.166 -36.185 -31.612 

Vcent2 -28.123 -37.257 -30.641 -29.435 

Vcent3 -14.084 -16.001 -21.174 -0.821 

Vcent4 -0.0895 3.396 4.032 7.128 

Vcent5 13.904 13.558 21.953 17.218 

Vcent6 27.941 29.824 30.717 25.985 

Vcent7 42.063 54.065 33.301 47.859 

 
Table 4.5: Simulation and Measurement results for the 1D Centroid Circuit with  
      Active-Input Current Mirror Amplifiers 
 
 

 In all three configurations, the output centroid voltage moved in the desired 

direction. Common-centroid layout technique was used in the current mirror and 

differential pair of all the amplifiers to reduce mismatch among the mirroring 

transistors. The resistors in the resistive string of the differential amplifier and the 
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self-biased cascode differential amplifier were not matched. The simulation versus 

measurement plot is shown in figure 4.9. 

 
Figure 4.9: Centroid measurements for the 1D Centroid Circuit with Active-Input  
        Current Mirror Amplifiers 

 

. However in the case of the active-input amplifier, the resistors were layed out using 

common centroid scheme. For some positions the measurements were totally 

uncorrelated to the simulation. The 1D circuit with differential amplifiers had the 

maximum errors since no matching was done among the resistors. The 1D circuit 

with active-input amplifiers had the minimum errors since resistors were matched and 
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the current is 4.7 times that of the input photocurrent in the differential amplifier. In 

the case of the 2D centroid circuit measurements, the results are shown as surface 

plots since the centroid voltage is a function of the X and Y positions. 

4.5.2 Two-Dimensional Centroid Circuit 

The layout of the 1D centroid circuit with active-input amplifiers, bias-current 

generation circuit and 2D centroid circuit is shown in figure 4.10. The 2D centroid 

circuit occupies an area of 0.188mm2 (550μm x 341μm) and the bias-current 

generation circuit occupies an area of 6132μm2 (146μm x 42μm). 

   

 

Figure 4.10: Layouts of the 1D centroid circuit with Active-Input Amplifiers, 2D 
              Centroid Circuit and Bias-Current Generation Circuit 
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In the case of the 2D centroid circuit (using active-input current mirror amplifiers) the 

X and Y outputs were measured. A 4 x 4 photodiode array is used along with resistive 

grids for the X and Y directions. The laser spot was moved from the top left part of 

array to the bottom right part of the array. Equal voltages of 0 and 45mV were 

applied at the X and Y resistive grids. The top left part corresponds to the origin.  

 As mentioned in section 3.7 the laser spot is moved (in discrete-time) from the 

left column to right and from the top row to the bottom. In other words, it is moved 

from position (1, 1) to (2, 1) to (3, 1) to (4, 1), (1, 2) to (2, 2) to (3, 2) to (4, 2) and so 

on till (4, 4). The number in the parenthesis shows the X and Y position in the 

photodetector array. The 16 centroid voltage measurements (for the three chips) in the 

X direction are shown in table 4.6.  

 Each resistor in the resistive grid was split into two pieces and all the pieces 

were placed in a common centroid layout scheme to reduce mismatch. The 16 output 

voltages are plotted as 3D surface plots with the X position, Y position and the output 

voltages in the X, Y and Z axes respectively. The X-direction simulation and the 

measurement results from three chips are shown in figure 4.11. The same process is 

also followed for plotting the Y-direction surface plots for the 2D centroid circuit. 

 

 

 

 

 



 105

Measurements (VoutX)  
Position 

 
Simulation 

(mV) 
 

Chip #1  
(mV) 

Chip #2 
(mV) 

Chip #3 
(mV) 

V1,1 0 5.901 9.615 8.404 

V2,1 15.441 25.132 14.715 17.953 

V3,1 30.0 31.728 30.107 24.263 

V4,1 44.607 45.278 43.555 58.823 

V1,2 0 5.501 9.557 8.123 

V2,2 15.441 25.100 15.329 17.547 

V3,2 30.0 31.291 27.729 23.148 

V4,2 44.607 44.507 43.098 57.830 

V1,3 0 5.55 9.355 8.563 

V2,3 15.441 24.500 15.289 17.690 

V3,3 30.0 31.243 28.360 23.676 

V4,3 44.607 44.486 44.011 57.547 

V1,4 0 5.280 9.360  8.142 

V2,4 15.441 24.653 15.026 17.338 

V3,4 30.0 31.295 28.164 23.071 

V4,4 44.607 44.14 43.056 56.168 

 

Table 4.6: X-Direction Simulation and Measurement results for the 2D Centroid   
                 Circuit 
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Table 4.6 shows that the results are very consistent within a particular chip. The X 

direction centroid voltage repeats for the same set of voltages when the centroid is 

computed for each row and is also seen in figure 4.11. The Y direction output 

centroid is shown in table 4.7. 

 

      

       

Figure 4.11: X-Direction Simulation and Measurement surface plots of the 
                              2D Centroid Circuit  
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Measurements (VoutY)  
Position 

 
Simulation 

(mV) 
 

Chip #1  
(mV) 

Chip #2 
(mV) 

Chip #3 
(mV) 

V1,1 0 7.206 12.832 -10.355 

V2,1 0 7.026 12.832 -10.215 

V3,1 0 7.192 12.603 -9.975 

V4,1 0 7.034 12.526 -9.955 

V1,2 15.441 21.280 26.690 5.849 

V2,2 15.441 21.566 26.448 5.369 

V3,2 15.441 21.166 26.444 5.552 

V4,2 15.441 21.698 26.789 6.012 

V1,3 30.0 29.532 33.485 28.122 

V2,3 30.0 30.023 33.806 28.433 

V3,3 30.0 30.105 33.805 30.321 

V4,3 30.0 30.208 34.064 30.125 

V1,4 44.607 44.705 43.540 52.185 

V2,4 44.607 45.196 43.720 53.630 

V3,4 44.607 44.943 43.880 53.288 

V4,4 44.607 44.852 44.242 53.402 

 

Table 4.7: Y-Direction Simulation and Measurement results for the 2D Centroid  
                  Circuit 

 

In the measurements, all the plots have some dc offset and do not essentially 

start at 0 volts (as is seen in the simulation). While recording the X direction output 
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centroid, the Y direction output centroid values were also recorded. However, they 

are shown in separate plots for clarity. The results of the Y direction centroid are 

shown in figure 4.12. 

 

         

       

Figure 4.12: Y-Direction Simulation and Measurement surface plots of the 
                              2D Centroid Circuit  
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 The surface plots for the Y direction centroid are also smooth. The results in 

table 4.7 show that the Y direction centroid is also very consistent within a chip. The 

centroid voltages from (1, 1) to (1, 4) are very consistent as is the case with the 

remaining rows. In a given chip, the X direction output voltage for a given column is 

almost constant and Y direction the output voltage for a given row is almost constant.  

4.6 Dynamic Measurements 

 Dynamic measurements are performed on the 1D and 2D centroid circuits in 

order to verify the working of the circuit for time-varying inputs. It is also used to 

estimate the bandwidth of the circuit. In section 4.2, the bandwidth of the circuit was 

measured using a sinusoidal voltage source. The other time-varying input in the 

centroid circuit is the light source. In this section the dynamic measurements are done 

using laser pulses. For dynamic measurements a chopper is used as shown in figure 

4.1. The voltages applied to the resistive string are the same as in the static 

measurement setup. 

4.6.1 One-Dimensional Centroid Circuits 

 Ideally, when light of the same intensity is incident on all the photodiodes, 

then the output centroid would be zero (since +/- 45mV is applied at the two ends of 

the resistive string). If the laser is incident on a particular photodiode, then the output 

also moves in the corresponding direction. If this laser beam is fixed onto a 

photodiode and is switched ON and OFF then the output centroid should also switch 

between zero and a non-zero value. This concept is used for the dynamic 

measurements. 
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 The chopper is introduced in the laser path. It is comprised of a disk with 

multiple slits which alternately block and allow the laser beam to enter the 

microscope, thereby producing pulses of light. By increasing the speed of the chopper 

the frequency of the pulses can be increased. For the 1D circuit the laser spot is 

pulsed on the leftmost photodiode (figure 4.5) which corresponds to -45mV on the 

resistive grid. A constant dc current of 200pA is provided by a background light 

source and the laser beam is pulsed. When the laser is OFF a 200pA current is 

generated by all the photodiodes and, when the laser is ON, a 1nA current is 

generated by the first photodiode. 

The output centroid is seen on the oscilloscope. The chopper is run at two 

different speeds: one at a very low frequency and the other at the bandwidth of the 

amplifier (obtained from the simulations). In order to reduce noise the circuit is 

placed inside a metal box and is also covered partially on the top. Shielded cables are 

used. The dynamic measurements were performed on the 1D circuit with self-biased 

cascode amplifiers and the active-input amplifiers. The plots for the low frequency 

and 3-db frequencies are shown from figures 4.13 to 4.16. 

 The laser beam was pulsed at 29Hz. In the simulations a pulsed current source 

was setup with a frequency of 29Hz. Figure 4.13 shows the output of the 1D centroid 

circuit with self-biased cascode amplifiers. The laser is pulsed at a low frequency. 
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Figure 4.13: Dynamic Measurement of the 1D Self-Biased Cascode Amplifier 
     Centroid Circuit, at low frequency 
 

 In figure 4.14, the laser beam was pulsed at 260Hz, which is the bandwidth of 

the self-biased cascode differential amplifier (section 2.4.2). The dynamic 

measurements at the low frequency and 3-dB frequency were close to that of the 

simulations. The amplitude of the output was slightly lower than the simulated value. 

Considering the fact that the currents are very low, the measurements were relatively 

accurate. There was some minimum noise at the output when the measurements were 

performed at the 3-dB frequency. 
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 Figure 4.14: Dynamic Measurement of the 1D Self-Biased Cascode Amplifier 
     Centroid Circuit, at 3-dB frequency 
  

 In case of the active-input current mirror amplifier, the measurements match 

well with simulations. As mentioned in section 3.5, the active-input current mirror is 

not a very stable circuit and peaking is observed at the output. This peaking can also 

be seen in the simulations and measurements. There is a considerable amount of 

ringing which can be seen (in figure 4.15) in the measurement and simulation plots. 

The laser beam was pulsed at 40Hz.   
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 Figure 4.15: Dynamic Measurement of the 1D Active-Input Amplifier 
            Centroid Circuit, at low frequency 
 
 

In the ac simulations, the 3-dB frequency for the active-input amplifier was 

found to be 1.14 kHz. At this frequency the output was slightly distorted and has 

lower amplitude when compared to the simulations. The response is shown in figure 

4.16. 

For the 1D centroid circuits with self-biased cascode amplifiers and the 

active-input amplifiers, the measurement results and the simulation results of output 

centroid were closely matched. 
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 Figure 4.16: Dynamic Measurement of the 1D Active-Input Amplifier 
            Centroid Circuit, at 3-dB frequency 

 

4.6.2 Two-Dimensional Centroid Circuit 

 The procedure for the dynamic measurements of the 2D centroid circuit is 

very similar to the 1D circuit. Since 0 and 45mV were applied to the ends of the 

resistive ladders, the laser was pulsed onto the photodiode whose centroid in the X 

and Y directions were at a maximum. That is, at position (4, 4) where the X and Y 

output centroid is at the maximum. At higher frequencies, the outputs were very noisy 

and the plots were very unsymmetrical. Hence only the low frequency measurements 

are shown in the 2D case. Figure 4.17 shows the X-direction output centroid of the 
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2D centroid computation circuit. The 2D centroid computation circuits were 

fabricated using active-input amplifiers.  

 

 

 Figure 4.17: Dynamic Measurement of the 2D Centroid Circuit, 
                                         at low frequency (X direction) 

 

The Y-direction output centroid is shown in figure 4.18. In order to measure 

the 1D and 2D circuits more accurately, the noise has to be reduced. This can be done 

by shielding the chip in an enclosed metal box. At present the top is left open in order 

to focus the microscope. If the laser beam can be focused onto the chip through a 

small hole cut on the top of the metal box, the interference caused by the external 
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noise can be reduced to a great extent.  A PCB can also be designed in order to reduce 

parasitics and to improve the performance of the circuit. 

 

Figure 4.18: Dynamic Measurement of the 2D Centroid Circuit, 
                                         at low frequency (Y direction) 
 
 

The picture of the 2D photodetector array with a laser spot is shown in figure 

4.19. This picture was taken from the chip. The centroid circuit along the periphery is 

not visible since it is covered with metal 3. This is done to shield the circuit from the 

laser. The pn junctions in the transistors can generate currents when the laser is 

incident on it.  Hence the circuitry was shielded with a layer of metal 3. Only two 
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layers out of the three metal layers in the AMI 0.5µm process (Appendix A) were 

used in the layout of the circuit.  

 

 

 

Figure 4.19: Micrograph of the On-Chip 2D Photodetector array with a Laser spot 
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5. CONCLUSIONS, APPLICATIONS AND RECOMMENDATIONS 

5.1 Conclusions 

This thesis has dealt with the design of high-speed centroid circuits. The entire 

thesis is founded on the previous work of Deweerth [Dew92]. Differential amplifiers 

with low dc offset and high bandwidth were fabricated and the measurement results 

were compared with simulations. This on-chip solution to compute the centroid of an 

image has several applications in adaptive optic systems.  

In this thesis, we have discussed the centroid computation circuit (using 

simple differential amplifiers) proposed by Deweerth [Dew92], and the concept of 

position encoding. The drawbacks in this circuit are also discussed and the solutions 

are provided. Two differential amplifier topologies are proposed and they are 

compared with the simple differential amplifier. In the case of active-input current 

mirror amplifier, low dc offset and high speed is achieved. The dc offset and 

bandwidth comparisons between the simple differential amplifier and the active-input 

amplifier are summarized in table 5.1. 

 

 DC Offset 
(mV) 

Bandwidth 
(Hz) 

Simple Differential 
Amplifier 

-3.49 265.1 

Active-Input 
Current Mirror Amplifier 

-0.0603 1140 

 
Table 5.1: Simulation results for the DC Offset and Bandwidth of a Simple  
                 Differential Amplifier and an Active-Input Amplifier 
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It was observed from the simulations that this amplifier has a systematic dc 

offset which is 55 times lower and a bandwidth that is 4.3 times higher than that of 

the simple differential amplifier. One-dimensional and two-dimensional centroid 

computation circuits were fabricated using the active-input amplifier. Common-

centroid and interdigitation layout techniques were used in order to reduce the 

mismatch among the current mirror and differential pair transistors, which occur due 

to normal variations in the fabrication process. The regulated cascode current mirror 

amplifier was also designed which has a very low dc offset, high speed and is also 

very stable when compared to the active-input amplifier. 

 A test setup was built using an IC probe station, comprised of a microscope, 

and optical equipment. An adapter was built with slots to align the laser, lens, 

filters/attenuators and a chopper with the eyepiece of the IC probe station microscope.  

The circuit was placed in a metal box in order to isolate the interference due to the 

external noise. A laser spot of an 8µm diameter was focused onto photodiodes of 

20µm x 20µm each.  The circuit operated at supply voltages of +/- 1.25V which are 

generated from a 9V dc battery.  

 Static and dynamic measurements of the centroid circuits were recorded and 

compared with simulations. The measurement results from the 1D and 2D centroid 

circuits were comparable with the simulations. High accuracy and high bandwidth of 

the active-input amplifiers are also seen from the measurements. 

 Operating the MOS transistor in subthreshold has the disadvantage of 

increased mismatch among transistors. This is a big concern as the drain current 
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changes exponentially with the gate-to-source voltage. Hence a small mismatch in the 

gate-to-source voltages of transistors causes a large mismatch in drain currents. This 

proves to be a drawback in transistors which require a high degree of matching, such 

as current mirrors and differential pairs. Care should be taken to use common centroid 

and interdigitation layout techniques in order to avoid mismatch. In a system level 

design guard rings should be used to isolate different blocks in order to prevent latch-

up and reduce the interference of noise from digital circuits. 

5.2 Applications 

 Centroid computation circuits define the location of the brightest spot of an 

image. They are used in a wide range of adaptive optic systems for motion tracking, 

position encoding, wavefront sensing and in fiber optic sensors.  

After computing the centroid of an image the circuit can be programmed to 

track the movement of the centroid and hence the image [Braj98]. Centroid circuits 

are used to track a moving target, such as the sun whose apparent position is an 

important parameter used by attitude determination and control subsystems in a 

digital solar attitude detector (DSAD). Micro DSAD can be used in satellites 

[Mart02]. 

Centroid circuits are used in adaptive optic systems, for measuring the 

wavefront aberrations. In Shack-Hartmann sensors, centroid computations are used 

for wavefront reconstruction. The tilt in a wavefront can be represented by the 

difference in the centroidal values of simultaneous lenslets in a given array [Dros02].  
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 Centroid circuits are used in Bragg grating sensors. The gratings in a fiber- 

optic cable diffract the incident light of different wavelengths by different angles. The 

diffracted light is allowed to fall on a pixel array. Depending on the wavelength of 

light, the diffracted ray falls at a different spot on the photodetector array. By 

computing the centroid and by correlating the centroid of the spot with the 

wavelength on the incident light beam, the Bragg wavelength shift can be computed. 

The centroid of the diffracted light can be detected with a resolution close to one-

hundredth of a pixel using appropriate algorithms [Kers96].  

5.3 Recommendations 

 The regulated cascode current mirror amplifier is more stable than the active-

input amplifier and hence should be used for centroid computation. It is easier to set 

the bias current for this circuit. All these features allow the regulated cascode current 

mirror amplifier to operate for more than 2 decades of photocurrents. One-

dimensional and two-dimensional circuits should be fabricated using this amplifier 

and tested. For the two-dimensional centroid circuits at least a 16 x 16 pixel array 

should be fabricated and tested. Also the size of the photodiode for the 2D case 

should be reduced from 20µm x 20µm to 10µm x 10µm in order to use the smallest 

spot size to generate equal currents in the X and Y directions. This would also reduce 

the area required by the photodetector array and hence a larger pixel array can be 

incorporated on-chip. 

 Process variations introduce random offsets in the amplifiers. In order to 

eliminate these offsets, an offset compensation scheme should be developed and 
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incorporated on-chip. This would improve the accuracy of the circuit to a great 

extent. This can be done using capacitor resetting. An on-chip buffer should be used 

at the output of the amplifier in order to isolate the capacitances of the pin, 

breadboard and other measurement equipment.  

 Furthermore, the centroid circuit can be made programmable thereby 

providing an option to select a particular row or column or quadrant of the pixel 

array. Turning OFF the row(s)/column(s) which are not required for centroid 

computation saves power, and allows the user to focus on a particular scene of 

interest. If multiple bright spots are incident on a fixed grid pixel array then the 

centroid would be computed as the mid point of all there spots. However, using a 

variable grid, the position of the different spots can be found either simultaneously or 

in a sequential order. An analog-to-digital converter (ADC) can also be used to 

convert the analog centroid output to digital bits and send it off-chip for further 

processing. 

 Finally, new topologies of differential pair amplifier, which operate in 

subthreshold, have very low input resistance (similar to the active-input amplifier) 

and are also stable (similar to the regulated-cascode current mirror amplifier) can be 

developed in order to isolate the capacitances of the photodiodes and thereby achieve 

high bandwidth. 
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APPENDIX A: Model Parameters 
 

N-type Metal Oxide Semiconductor (NMOS) and P-type Metal Oxide 

Semiconductor (PMOS) SPICE models from American Microsystems Inc. (AMI) for 

the C5X, 0.5 micron technology are included below.  

 

.model NMOS nmos (                tlev   = 2                      nds=8.28                 vnds=-1.09 

+acm      = 2                                level =                         tnom      = 21 

+binunit  = 0                               mobmod    = 1             version   = 3.1 

+capmod = 1                               noimod    = 1               xpart     = 0 

+hdif     = 8.00e-07                     nqsmod    = 0 

+ 

+cgbo     = 3e-10                         k1        = 8.8e-01               tox       = 1.35e-08 

+cgdo     = 3e-10                         k2        = -0.1127               u0        = 503.71 

+cgso     = 2.5e-10                      lint      = 2.70e-08              vth0      = 0.655 

+cj       = 0.00047                        nch       = 1.5e+17             wint      = 1.00e-07 

+cjsw     = 3.3e-10                       rdsw      = 1560                  xj        = 1.50e-07 

+js       = 0.03                               rsh       = 90 

+ 

+a0       = 0.8201                         dvt1w     = 5.20e+07           pdiblcb   = 0.0854 

+a1       = 0                                  dvt2      = -0.00392             prwb      = 0.2205 

+a2       = 1                                  dvt2w     = -0.001               prwg      = -4.40e-06 

+ags      = 0.1928                         dwb       = 9.4e-09              pscbe1    = 5.50e+08 
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+alpha0   = 0                                dwg       = -9.00e-09          pscbe2    = 3.40e-05 

+b0       = 1.62e-06                      eta0      = 0.2321                 pvag      = 0.1013 

+b1       = 1.83e-06                      etab      = -0.0158               ua        = 3.4e-14 

+beta0    = 0                                 k3        = 62.068                 ub        = 2.02e-18 

+cdsc     = -0.00649                     k3b       = -29.643               uc        = 2.97e-11 

+cdscb    = -0.00132                    keta      = -0.00769             voff      = -0.1381 

+cdscd    = 0.00074                     lu0       = 4.40e-05              vsat      = 1.05e+05 

+cit      = 0                                   lvsat     = -0.00249              w0        = 1.20e-06 

+delta    = 0.01                            lwl       = -1.79e-19             wr        = 1 

+drout    = 0.00191                     nfactor   = 0.7187                wu0       = -3.02e-05 

+dsub     = 0.5356                       nlx       = 1.56e-07               wvsat     = -0.00719 

+dvt0     = 9.49                           pclm      = 1.507                   wwl       = -7.5e-20 

+dvt0w    = 1.997                       pdiblc1   = 1.11e-03 

+dvt1     = 0.4585                       pdiblc2   = 8.60e-04 

+ 

+at       = 19000                           n         = 2.2                          uc1       = 1.38e-11 

+kt1      = -0.391                         prt       = 647.67                    ute       = -1.757 

+kt1l     = 2.39e-08                     ua1       = 2.92e-10                xti       = 3 

+kt2      = -0.0752                       ub1       = -4.6e-19 

+ 

+ 

+cf       = 0                                   clc       = 1.00e-07                mjsw      = 0.336 
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+cgdl     = 0                                 cle       = 0.6                          pb        = 0.897 

+cgsl     = 0                                  elm       = 5                           php      = 0.892 

+ckappa   = 0.6                            mj        = 0.3375                   tt        = 0.000000016 

+ 

+ 

+af       = 1                                kf        = 2.00e-27   ) 

* 

* 

.model PMOS pmos (                tlev   = 2                  nds=8.28                    vnds=-1.09 

+acm      = 2                               level = 49                 tnom      = 21 

+binunit  = 0                               mobmod    = 1         version   = 3.1 

+capmod = 1                              noimod    = 1           xpart     = 0 

+hdif     = 8.00e-07                    nqsmod    = 0 

+ 

+cgbo     = 3e-10                        k1        = 5.4e-01                    tox       = 1.39e-08 

+cgdo     = 3e-10                        k2        = 0.00504                   u0        = 257.72 

+cgso     = 2.5e-10                     lint      = 3.80e-08                  vth0      = -0.9581 

+cj       = 0.00069                       nch       = 5e+16                    wint      = 0.000000227 

+cjsw     = 3.5e-10                     rdsw      = 2140                      xj        = 1.50e-07 

+js       = 0.006                           rsh       = 90 

+ 

+a0       = 0.9232                        dvt1w     = 1.13e+05    pdiblcb   = 0.00971 
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+a1       = 2.51e-05                     dvt2      = -0.00836    prwb      = -0.001 

+a2       = 0.4095                        dvt2w     = -1.00e-06   prwg      = -0.00000105 

+ags      = 0.1672                        dwb       = 1.13e-08    pscbe1    = 10000000000 

+alpha0   = 0                               dwg       = -1.31e-08   pscbe2    = 4.40e-04 

+b0       = 1.71e-06                      eta0      = 0.0482      pvag      = 0.5561 

+b1       = 3.20e-06                      etab      = 0            ua        = 3.6e-09 

+beta0    = 0                                 k3        = 26.991      ub        = 6.8e-21 

+cdsc     = 0                                  k3b       = -5.241      uc        = -7.2e-11 

+cdscb    = 1.14e-03                     keta      = -0.00086    voff      = -0.1626 

+cdscd    = 9.50e-05                     lu0       = 0            vsat      = 1.50e+05 

+cit      = 0                                    lvsat     = 0            w0        = 1.48e-06 

+delta    = 0.01                             lwl       = 3.14e-20    wr        = 1 

+drout    = 0.0508                        nfactor   = 1.244       wu0       = 0 

+dsub     = 0.34           nlx       = 4.30e-07    wvsat     = 0 

+dvt0     = 2.706           pclm      = 2.412       wwl       = 4.7e-21 

+dvt0w    = 0.1067          pdiblc1   = 0.00406 

+dvt1     = 0.4264         pdiblc2   = 0.00044 

+ 

+at       = 0               n         = 2.2          uc1       = -1e-10 

+kt1      = -0.4951         prt       = 0            ute       = -1.481 

+kt1l     = 0               ua1       = 6.6e-10     xti       = 3 

+kt2      = -0.0537         ub1       = -5.5e-18 
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+ 

+ 

+cf       = 0              clc       = 1.00e-07    mjsw      = 0.315 

+cgdl     = 0             cle       = 0.6          pb        = 0.905 

+cgsl     = 0               elm       = 5            php      = 0.901 

+ckappa   = 0.6            mj        = 0.5          tt        = 5.3e-09 

+ 

+ 

+af       = 2             kf        = 2.00e-25   ) 
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APPENDIX B: Layouts of the Amplifiers 
 

Layouts of the various amplifiers are shown. The ruler is placed along the 

length and width of the layout. The units shown on the ruler are in lambda (λ) where 

λ=0.3µm. Figure B.1, B.2 and B.3 show the layouts of the simple differential 

amplifier, self-biased cascode amplifier and the active-input amplifier respectively. 

 

 
 

Figure B.1: Layout of a Differential Amplifier 
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Figure B.2: Layout of a Self-Biased Cascode Differential Amplifier 
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Figure B.3: Layout of an Active-Input Current Mirror Amplifier 
 
 

 The layouts of the differential amplifier, self-biased cascode amplifier and the 

active-input current mirror amplifier occupy an area of 1696µm2 (130λ x 145λ), 

1683µm2 (110λ x 170λ) and 10692µm2 (360λ x 330λ) respectively.  
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APPENDIX C: Pictures of the Circuit, Test Setup and Micrographs 

 

Figure C.1: Picture of the Test Circuit inside a metal box 

 

Figure C.2: Picture of the Adapter with a Laser, Filters and a Chopper 
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Figure C.3: Picture of the Adapter with Slots 

 

Figure C.4: Micrograph of the Chip 
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