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The measurement of the phase component of an optical wavefront is critical 

because, unlike radio waves, it is not possible to directly measure the extremely high 

frequency oscillations of the optical electric field. This measurement is used in many 

imaging and sensing applications such as optical surface profiling, calibrating optical 

systems, and high quality imaging using a phase corrected wavefront. Many 

approaches available for phase measurement require that a complex set of 

calculations be performed in order to recover the optical phase value. These methods, 

implemented with discrete components connected to a computer, can be very time 

consuming and prohibit real time analysis. This thesis introduces the development of 



 vi

an optical phase sensor where the integration of pixilated sensor elements and the 

CMOS processing circuitry onto a single VLSI chip reduces the time required to read 

out and digitize the sensor pixels. This type of architecture could lead to sensors with 

higher bandwidth and much smaller packaging than discrete component devices. 

This sensor measures the relative phase of an optical wave front across an 8x8 

array of pixels to determine the optical wavefront phase. A 10 kHz sinusoidal optical 

signal is generated by interferometric modulation of an 80MHz and 80.01MHz 

signals. An acousto-optic modulator is used in each leg of a Michelson interferometer 

to frequency-shift the incoming light signal by the driven RF frequency. The 

interference fringe pattern is spatially sampled across each pixel to measure the 

relative phase difference.  

A photodiode, which converts sinusoidal optical signals to photocurrents, is 

used for photovoltaic conversion. The small photocurrent is initially converted into a 

voltage. This sinusoidal voltage is converted into a digital waveform using a low pass 

filter and a comparator combination. The digital waveform is then converted to a 

pulse of very short duration at every rising edge of the input. These small pulses are 

used to enable the storing of data in memory. An eight-bit counter, whose clock 

frequency is 256 times that of the optical source, is used as a reference and the 

counter values, at the instance when the pulse edge occurs, are stored in memory. A 

frequency multiplying digital phase-locked loop is used to generate the 2.56MHz 

signal. The counter values stored in memory indicate the phase reference for each 

pixel. The difference in the counter values read out from each pixel is a measure of 
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the relative phase between the pixels. Thus, the positive going zero crossings of the 

sinusoidal light signal are used to record the phase values, and the relative phase 

difference is measured with 8 bits of accuracy. 

The design, layout and verification of the phase measurement sensor was done 

before the chip was submitted for fabrication. The testing of the chip was done using 

a laser beam and an LED as source of light. The chip was tested using a regulated 

power supply circuit built in a test box. The simulation and chip measurement results 

of the phase measurement sensor are summarized. 
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1 INTRODUCTION 
 

 The subthreshold region of operation of the MOS transistor is advantageous 

when designing CMOS image sensors. The currents are in the nanoampere to 

picoampere range and the power consumed is very low. Also the circuits operating in 

this region do not require much area. Subthreshold MOS transistors are used along 

with photodetectors to design an on-chip sensor for the measurement of the phase of 

an optical wavefront. This measurement is used in many imaging and sensing 

applications. Measurement with an on-chip sensor reduces the time to read-out values 

and any additional hardware required for computation. 

 In this thesis, we have designed a VLSI sensor capable of measuring the 

relative phase of an optical wavefront across an array of pixels. Michelson 

interferometry is used to generate an intensity fringe pattern that oscillates on the 

integrated heterodyne sensor. The adaptive element described by Delbruck [Delb96] 

is used in designing a low pass filter. It was originally used by Delbruck in 

implementing a photoreceptor circuit.  

Original contributions in this thesis are: 

• Design of an 8x8 pixel array integrated sensor for phase measurement 

• Optical test setup was built using highly stable RF frequency synthesizers and 

acousto-optic modulators. 

• Tested the operation of the 256 times frequency multiplying digital phase 

locked loop using a 10 kHz IF sinusoidal signal. 



• The characteristics of the novel adaptive element filter were studied. 

• The electrical and optical testing was performed on the integrated heterodyne 

sensor. 

In chapter 2, we discuss the background of CMOS imagers in contrast to 

charge coupled devices. We also discuss the modeling of a photodiode for 

simulations and the operation of MOS in subthreshold region. The techniques of 

heterodyning and several methods of phase measurement are discussed. Also, the 

adaptive element photoreceptor circuit of Delbruck [Delb96] is discussed. 

In chapter 3, we discuss the optical interferometry setup and the architecture 

of the integrated phase measurement sensor. A block diagram of the interferometry 

setup is shown in the figure below. 
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modulator 
80.01 MHz

Acousto Optic 
modulator 
80 MHzMirror
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Figure 1-1 Interferometry setup 
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The photodiode with several types of loads is discussed and the bandwidth 

estimation of the photodiode with diode- connected PMOS as load is explained. 

The design of the low pass filter using the adaptive element is discussed. The 
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design and simulation results of the comparator and memory cells are discussed. 

The design of the binary counter and the decoders for addressing are explained. 

The architecture of a single pixel in the phase measurement sensor is explained, 

followed by simulation results of the 8x8 pixel array. 

In chapter 4, the test setup and the test procedures used in testing the chip are 

described. The RF circuit used for building the interferometry is explained and the 

test results of all parts of the chip are summarized. 

In chapter 5, a summary of the results of this work is provided. Some of the 

applications, recommendations for possible future work are also mentioned. 
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2 BACKGROUND 

2.1 CCD and CMOS Imagers 
 

 Charge coupled devices (CCD’s) are commonly used in imaging to capture 

light for conversion to electricity. They are analog devices capable of recording a 

range of intensity levels. The quantum efficiency of a CCD, defined as the number of 

electrons released per incident photon, is typically 90%. Hence they are widely used 

in digital photography, optical scanners and other light sensing devices as a grid of 

pixels. The typical area of a CCD pixel is 100μm2 and the irradiance is 1.4mW/m2. 

CCD’s have low noise, minimal non-uniformity, high sensitivity, high density and a 

relatively simple fabrication process [Delb96]. They are easily available and are also 

used in astronomical telescopes and night vision devices. 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 clocking 

devices. 

 The drawbacks of the CCD sensors are overcome by using the Complimentary 

metal-oxide-semiconductor (CMOS) sensors. The higher integration levels of the 

CMOS sensors reduce the number of external chips required in a system. The 

integration of the processing circuits on the same device makes the CMOS sensors 

more compact in size. The advantages of CMOS sensors over CCD’s are that they 

can be fabricated easily in common CMOS methods which are less costly. Also they 

use less power for operation. The quality of CMOS image sensors have been 

improving steadily and the development of on-chip processing architectures improve 
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their performance further. The feature sizes have been dropping steadily because of 

the high density of CMOS pixels in a design. CCD’s have better matching, lower 

noise compared to CMOS sensors and are mostly used in scientific applications and 

high quality imaging. Also, CMOS imagers can hardly operate above 40°C due to 

large leakage currents, also called as the dark currents. 

 

2.2 Photodetectors 
 

A photodetector is a device that senses the light signals from a source and 

converts them into electric signals. It is the primary component used to detect or 

sense the light in an image processing system. The commonly used photodetectors in 

a CMOS process are implemented using parasitic elements. The source and the drain 

regions of the MOS transistor and the substrate are used in this implementation.  

A photodiode is a type of photodetector designed to be responsive to optical 

input. It is formed by the junction between a p and n type material. Photodiodes can 

be used in either zero bias or reverse bias. A photodiode is generally used in reverse 

bias to sense the light falling on the pn junction. The photoelectric effect causes a 

flow of current through the photodiode. A photodiode can also sense light in zero bias 

configuration, but the main reasons for using it in reverse bias are increased depletion 

region, better quantum efficiency and increased electrical bandwidth. 

When it is reverse biased, the light falling on the diode reduces the high 

resistance associated with it. Circuits based on this effect are more sensitive to light 

than ones based on the photovoltaic effect. If a reverse biased pn junction is 
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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 is known as the photocurrent and is proportional to the intensity of incident 

light. Thus, a reverse biased diode can be used as a detector by monitoring the current 

running through it. 

A phototransistor is generally a bipolar transistor that has much higher 

sensitivity for light than the photodiode. Sensitivity of a photodetector is the amount 

of current that flows for a given intensity of incident light. A phototransistor has the 

current flowing through it multiplied by the β parameter, thus it has higher current for 

same amount of light incident on a photodiode. In a standard CMOS process, the 

commonly used detector is a reverse biased photodiode, formed between the substrate 

and the active regions which are oppositely doped. Photodiodes are widely used 

instead of phototransistors because the response of a photodiode is faster than the 

phototransistor, and the area they occupy is also smaller.  

Some of the photo detectors that can be formed in a standard CMOS process 

are shown in figure 2-1. Figures 2-1(a) and 2-1(b) illustrate the shallow photodiodes. 

The photodiode shown in figure 2-1(a) is formed between the n+ diffusion and the P-

substrate, whereas the one shown in figure 2-1(b) is formed between the p+ diffusion 

and the N-well. These photodiodes possess good substrate noise immunity due to the 

presence of the deep field oxide (FOX) implants. 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. 

The photodiode shown in figure 2-1(c), formed between an N-well and the P-

substrate, is referred to as a deep photodiode. A wide depletion region is caused by 

the relatively low carrier concentration in the N-well and P-substrate. Light of longer 

wavelengths incident on this photodiode penetrates deep into the N-well and thus this 

photodiode has a good spectral response at longer wavelengths.  

FOXFOX FOXn+p+

A K

P-substrate

Active Region

(c) Deep N-well photodiode

N-well

A K

A K

FOXFOX FOXn+p+

P-substrate

Active Region

(a) Shallow n+ photodiode

FOX FOXn+

A K

P-substrate

Active Region

(b) Shallow p+ photodiode

N-well

p+

FOXFOX FOXn+p+

P-substrate

Active
Regions

(d) Combined shallow and deep
photodiodes with phototransistor

N-well

p+

 

Figure 2-1 Four different photodetectors found in a standard CMOS process 
 

 

The photodiode shown in figure 2-1(d) is a combination of deep and shallow 

photodiodes and is used for maximizing the collection of shorter and longer 

wavelength photons. A phototransistor is formed here due to the presence of pn 
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junctions between the p+ to N-well and the N-well to P-substrate. For photoreceptors 

of similar sizes, the coverage factor, or fill factor, (ratio of light collecting area to the 

total area of the device) is higher for photodiodes than phototransistors [Dew92].  

The current through a forward biased diode is given by 

           
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= 1TnV

v

S eIi                          (2-1) 

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

constant which varies depending on the material and structure of the diode. 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 

                                                   SIi −≈                                                (2-2) 

 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 1nA [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]. 

 

2.2.1 Modeling a photodiode 
 

During simulation, the photodiode is modeled as a current source in parallel 

with the junction capacitor Cphoto. The current source is proportional to the intensity 
 8



of the incoming light. The shunt resistance, often included in photodiode models, can 

be safely ignored because of its high values. 

 

⇒
+

_

+
-

Vrev Iph Cph

Iph

 

Figure 2-2 Model of a photodiode 

 
 The photodiode model is shown in figure 2-2 where Iph is the photocurrent, 

Vrev is the reverse bias voltage and Cphoto is the capacitance of the photodiode. The 

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

in our case are n+ /p- [Sed99].  The capacitor associated with the photodiode is non-

linear in nature. In the reverse biased region, its behavior is dependent on the reverse 

voltage Vrev. The following calculation is used to find the value of the capacitor 

      PCACC JSWJphoto ⋅+⋅=                                             (2-3) 

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 its perimeter 

[Bak00]. CJ and CJSW are usually specified as a capacitance per unit area and unit 

length respectively. Each of the junction capacitance is given by 

            
jM

or

jjo
J VV

AC
C

)/1( +
=                                                  (2-4) 
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where, Cjo is the zero bias capacitance density, V0 is the junction built in potential, Vr 

is the reverse voltage and M is the junction grading capacitance, which depends on 

the impurity and typically is in the range of 0.3 to 0.5. 

The cross-section of the photodiode with the junction capacitances is shown in 

figure 2-3. 

n+ p+

CJ CJSW

p- substrate

Iph
Light

 

Figure 2-3 Cross-section of a photodiode with junction and sidewall capacitances 
 

2.3 Subthreshold Operation 
 
 Another important region of operation of the MOS transistor, apart from the 

cutoff, triode and saturation regions, is the weak inversion region. Over the past 

decades, the MOSFET has continually been scaled down in size. Smaller transistors 

are highly desirable because they contribute to lower switching times, higher 

processing speeds with increased packing density. With the small MOSFET 

geometries the voltage that can be applied to the gate gets reduced. To maintain 

performance, the threshold voltage of the MOSFET also has to be reduced. With 

reduced threshold voltages, the transistor cannot be turned off completely resulting in 
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a weak-inversion layer and the region of operation is referred to as the subthreshold 

region. The current flowing in the transistor operating in this region is referred to as 

the subthreshold leakage current. An increase in the need for low power and low 

current systems has led to the development of circuits which involve the operation of 

the MOS transistors in this region.  

 

2.3.1 Operation of an n-channel MOSFET 
 

In an n-channel MOSFET, for VGS < VT, where VT is the threshold voltage, a 

small drain current flows from the drain to the source. In this region, the MOSFET 

characteristics are translinear i.e., the drain current increases exponentially with the 

gate voltage [And96]. These currents are in the nanoampere to picoampere range.  

For an NMOS transistor, the subthreshold current ID is given by 

             thTGS VVV
DD e

L
WII η/)(

0 )( −−=                                         (2-5) 

where, ID0 varies weakly with the drain to source voltage, VDS. Vth is the thermal 

voltage given by 

                                                       qkTVth /=                                                         (2-6) 

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

magnitude of electronic charge, equals 1.6x10-19 C. Vth is approximately 25mV, at 

room temperature.  

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 
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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. Also, due to very low 

currents in subthreshold region, the speed of the circuits (bandwidth) is typically very 

low. 

 

2.3.2 Small signal parameters 
 

For a NMOS transistor operating in the saturation region, the square law 

suggests that the drain current is given by 

                     2))(/('
2
1

TGSoxD VVLWCI −= μ                                 (2-7) 

If the transistor width W increases and the current ID remains constant, the gate to 

source voltage VGS approaches the threshold voltage VT and the transistor enters the 

subthreshold region of operation. This region occurs for . 

Saturation in the subthreshold region occurs for . The transconductance is 

given by 

mVVV TGS 100−<

thDS VV >>

                 thDm VIg η/=                                                        (2-8) 

where, Vth is the thermal voltage. 

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 =                                                            (2-9) 
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where, ID is the drain current of the NMOS transistor and VA is the early voltage. The 

Early Voltage ranges from 2V, for sub micron devices to 50V, for long channel 

devices.  

 

2.4 Heterodyning 
 

Heterodyning is a process which basically converts a high frequency wave 

into a low frequency intermediate signal. It deals with combining a high frequency 

RF wave with a locally generated wave of a slightly different frequency. The 

constructive and destructive interference between the two signals generates two new 

frequencies, one at the sum of two frequencies and other at the difference of the 

frequencies. A low frequency produced in this manner is generally referred to as the 

beat frequency. The term heterodyne is sometimes applied to one of the frequencies 

generated in this manner. This process is not only limited to electrical signals but can 

occur in any medium where signals of different frequencies can be mixed. 

 Optical heterodyning refers to the process of mixing two light waves to 

produce a low frequency signal to be processed by conventional electronic circuitry. 

This process is used here to measure the phase of the incoming light signal. Many 

interference approaches have been devised for measuring optical phase that include 

shearing, heterodyne, and Shack-Hartmann array techniques. A common aspect of all 

these approaches is that after the intensity is measured, a set of calculations must be 

performed to recover the optical phase values. The calculations are typically 
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straightforward, but for a pixilated sensor, the time required to read out the sensor 

pixels and perform the calculations can be prohibitive. 

 Heterodyne array imaging is a coherent imaging technique capable of 

resolving target surface features, shape and position related to time changing 

quantities. The wavefront sensor used here in this heterodyne-type sensing 

application is shown in figure 2-4. Acoustic optic modulators are used to frequency 

shift the incoming signal and the reference signal with a slight frequency difference 

(∆ω) maintained between the two beams. 

 

Figure 2-4 Heterodyne wavefront sensing approach 
 

The incoming optical wavefront carries the information of interest in the 

amplitude and phase of the beam. The signal beam is combined with a reference 

beam that is designed to have spatially uniform phase. The constructive and 

destructive interference between the combined wave fronts produces interference 
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fringes, a sinusoidal time varying diffraction pattern. The resulting intensity pattern is 

observed by the integrated sensor array. If the signal beam is monochromatic, the 

electric field can be described by 

                          ))},((exp{),(),,( yxtjyxAtyxE sss φω +−=                                (2-10) 

The reference beam is assumed to also be monochromatic with an optical frequency 

that is slightly different from the signal beam. It is also assumed to have a spatially 

uniform amplitude and phase. The reference beam electric field can be described by 

                              )})((exp{)( rrr tjAtE φωω +Δ+−=                                        (2-11) 

The intensity function that is produced at the sensor is 

       )]),((cos[),(2),(),,( 222
rsrxrx yxtAyxAAyxAErEstyxI φφω −−Δ++=+=    (2-12) 

Or in terms of intensity 

          )]),((cos[),(2),(),,( rsrxrx yxtIyxIIyxItyxI φφω −−Δ++=               (2-13) 

Thus the intensity at a particular point at the sensor consists of the signal beam 

intensity, the reference beam intensity, and an interference term that has a temporal 

beat frequency of Δω. The interference term is proportional to the square root of the 

signal intensity and contains a phase term that is the difference between the signal 

beam phase and the constant reference phase. For many applications, it is this phase 

term that is of most interest. By measuring the relative phase at each (x,y) point, a 

phase map of the signal beam wavefront can be determined. 
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The description suggests that the integrated sensor needs to have an array of 

spatial pixels and the relative phase of the temporal beat signal at each pixel must be 

sensed. This type of sensor has many applications in heterodyne array imaging. 

 

2.5 Adaptive Element 
 

Photoreceptors, which convert the light falling on them to an electric signal, 

are widely used in analog vision chips that do focal-plane time-domain computation. 

An adaptive photoreceptor [Delb96], which can adapt to changes in the illumination 

intensity, is sometimes used in parallel analog VLSI architectures. The output from a 

CCD imager is a serial stream of data and it is difficult to couple time domain 

information from this output to analog circuits. Continuous-time photoreceptor 

circuits are thus used so that the output can be coupled directly to the computational 

circuits. The output of the receptor is continuous in time, has low gain for static 

signals and high gain for transient signals centered around the adaptation point. The 

adaptation means that the actual output from the receptor is due to the time-varying 

changes in the illumination intensity and not due to the offsets in intensity that build 

up naturally. 

 

2.5.1 Simple logarithmic receptors 
 

A receptor that is formed at the simple junction between the lightly doped p 

substrate and the n+ diffusion has a logarithmic response to illumination intensity. 



This junction is shown in figure 2-5. The structure acts as a simple photodiode. When 

light shines on the junction, electron-hole pairs are formed and photocurrent flows 

through it. The result of this photocurrent is that the n+ region gets negatively 

charged with respect to the substrate. This negative voltage sets up a flow of forward 

current in the junction. The forward current is exponential in the junction voltage and 

therefore the voltage Vo on the n+ region decreases logarithmically with intensity, but 

this receptor has a limited output voltage range. 

n+
p-

Vo

Light

 

Figure 2-5 Simple logarithmic photoreceptor 
 

A better output voltage range is obtained using a source follower receptor. It 

consists of a single MOS transistor as the receptor where the junction between the p- 

substrate and the n+ source diffusion acts as the photodiode. The problems associated 

with these simple logarithmic receptors are mismatch and slow response under low 

illumination conditions. Delbruck [Delb96] describes an adaptive photoreceptor 

circuit that employs adaptation, to deal with circuit mismatches and active feedback, 

to deal with the problem of slow response. 
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2.5.2 Adaptive receptor 
 

The adaptive photoreceptor circuit is shown in figure 2-6. It employs a 

delayed feedback to the gate of the feedback transistor Qfb. The circuit basically uses 

a model that makes a prediction of the input signal and the output comes from a 

comparison of the predicted value with the input. The feedback loop is used to 

improve the accuracy of the prediction. The feedback transistor, Qfb operates in 

subthreshold, so the voltage Vp is logarithmic in photocurrent. 

Light

Vp
Qn

Qcas

Qfb
Vf

Vcas

C1

C2

Vo

Ib

Adaptive 
element

 

Figure 2-6 Adaptive photoreceptor 
 

 18



The capacitor C1 is used to store the adaptation state and the voltage stored on 

this capacitor acts as a model of the input intensity. The inverting amplifier consisting 

of transistors Qn and Ib compares the input and the prediction. The output voltage V0 

is fed back to Vf  through an adaptive element and a capacitive divider formed from 

C1 and C2. The cascode transistor, Qcas increases the gain of this amplifier and also 

shields the drain of the Qn transistor from the large voltage swings of Vo. The 

cascoding effectively reduces the loading of the input node due to the Miller-effect on 

the gate-drain capacitance of Qn transistor.  The addition of the single cascode 

transistor increases the dynamic range of the receptor by about a decade. The 

increased gain and the reduced input capacitance speeds up the response of the 

receptor by nearly a factor of six [Delb96]. 

The adaptive element is a resistor-like device that has a monotonic I-V 

relationship. The schematic of the adaptive element is shown in figure 2-7.  

  Vin Vout

 

Figure 2-7 Adaptive element 
 

A PMOS transistor is used for the adaptation because true ohmic resistors 

available in standard CMOS process have values that are too small to adapt to the 

changes that occur on the storage capacitor. This structure is equivalent to a pair of 

diodes, in parallel, with opposite polarity as shown in figure 2-8.  
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Vin Vout

 

Figure 2-8 Pair of diodes representing the adaptive element 
 
 

The current flowing through it increases exponentially with voltage. A 

parasitic bipolar transistor is formed between the bulk and the p+ diffusions of the 

PMOS transistor. The adaptive element and the parasitic bipolar transistor are shown 

in figure 2-9.   

p+ p+

n-well

storage sideinput side

 

Figure 2-9 Parasitic bipolar transistor in the adaptive element 
 

When Vin > Vout, the MOS transistor is turned on and the bipolar transistor is 

turned off. The input side acts as the source of the transistor. The structure acts as a 

diode connected MOS transistor. When Vin < Vout, the MOS transistor is turned off 

and the bipolar transistor is turned on. The pn emitter-base junction of the bipolar 
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transistor gets forward biased. Also, the bipolar transistor has two collectors, the input 

side and the substrate.  

The current I flowing into the storage side is the difference between the 

currents flowing through the MOS transistor and the parasitic bipolar transistor. The 

I-V relationship for the adaptive element is given by [Delb96]: 

         bm III −=                                                                 (2-14) 

                                             oi VVV −=Δ                                                              (2-15) 

where, Im is the current flowing through the PMOS and Ib is the current flowing 

through the bipolar transistor. The mode of conduction for two different voltage 

polarities is shown in figure 2-10 and 2-11. When Vin > Vout, the capacitor at the 

storage node charges through the MOS transistor and when Vin < Vout, the capacitor 

discharges through the bipolar transistor. The dark lines in figure 2-10 and figure 2-11 

indicate the flow for these two voltage polarities.  
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Figure 2-10 Mode of conduction in the adaptive element for Vin > Vout 
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Figure 2-11 Mode of conduction in the adaptive element for Vin < Vout
 

The effective resistance of the adaptive element is high for small signals and 

low for large signals. This makes it adapt more quickly to large signals than small 

signals. This behavior is advantageous because the adaptive element will adapt very 

quickly to large changes in illumination intensity.  

 

2.6 Phase Measurements 
 

Phase defines the position of a point in a periodic waveform cycle. The phase 

of a signal relates the position of a point, either a peak or a trough or any other point 

in the signal, to that same position in another signal. In other words it is the angular 

relationship between the two signals. Naturally occurring periodic signals are 

encountered as sine waves. A general sinusoid with amplitude A is represented by the 

expression )sin( ϕω +tA , where ω is the angular frequency of the signal and φ is the 
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phase. When two sinusoidal signals have their peaks and troughs occurring at the 

same time instance, they are said to be in-phase, otherwise they are said to be out-of- 

phase. When a sinusoidal signal occurs ahead of a reference signal of the same 

frequency, it is said to be leading in phase with respect to the reference signal and if it 

occurs behind the reference, it is said to be lagging in phase. The phase difference 

between two signals of the same frequency is simply the delay, in time, in start of one 

signal with respect to the other. It is the relative displacement in time between the two 

signals. Phase difference is generally expressed in radians or in degrees from 0 to 

360. If the phase difference is 90 deg, the signals are said to be in quadrature and if 

the phase difference is 180 deg, the signals are said to be in antiphase. When two 

antiphase signals of the same amplitude are added together, they sum to zero. 

The phase of a signal has high importance in communications and digital 

modulation techniques. When a digitally modulated signal is transmitted over a 

channel, the phase of the signal carries some information of interest and it is used in 

the demodulation process to recover the original signal. There are certain 

conventional methods of estimating phase in the time domain and frequency domain. 

The time domain methods include the correlation method, the sampling method and 

phase estimation using zero crossings. 

 

2.6.1 Correlation method 
 

Phase estimation using the correlation method is used in the demodulation of 

bandpass signals. Bandpass modulation refers to the process by which an information 



signal is converted to a sinusoidal waveform. The sinusoid has three features, the 

amplitude, phase and frequency, which can be used to distinguish it from other 

sinusoids. Thus, bandpass modulation can be defined as the process where the 

amplitude, frequency or phase of a carrier, or a combination of them, is varied in 

accordance with the information to be transmitted. The receiver employs certain 

demodulation techniques to recover the transmitted information. At the receiving end, 

when the receiver exploits knowledge of the carrier’s phase to detect the signals, the 

detection process is referred to as coherent detection. If the receiver does not utilize 

the phase information the detection process is noncoherent.  

In coherent detection, the receiver has a prototype of each possible arriving 

signal. The demodulators are designed to operate utilizing the knowledge of the 

absolute value of the incoming signal’s phase; therefore phase estimation is required 

here. A coherent detector that is used for the demodulation of MPSK, multiple phase 

shift keyed, signals is shown in figure 2-12 [Skl00]. The detector has two reference 

signals labeled Ψ1(t) and Ψ2(t). These reference signals are also referred to as basis 

functions. During demodulation the receiver multiplies and integrates the incoming 

signal r(t) with each of the reference signals. This process of multiplying and 

integrating is called correlation. The two correlators are also shown in figure 2.12. 

The output of the upper correlator is given by 

 

                                                                   (2-16) dtttrX
T

∫ Ψ=
0

1 )()(
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and the output of the lower correlator is given by 

                                                   (2-17) ∫ Ψ=
T

dtttrY
0

2 )()(
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Figure 2-12 Phase estimation using correlation method 
 

Here the value X can be thought of as the in-phase component of the received signal 

and the value of Y as the quadrature component. These components are represented in 

figure 2.13.  

The phase value computed here is a noisy estimate of the transmitted signal 

phase [Skl00], and is given by the following expression 

                                        If ,                                              (2-18) 0≥X )/(tan 1 XY−=ϕ

                                    and if 0<X ,                                    (2-19) )/(tan 1 XY−+= πϕ
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The demodulator then compares the estimated phase with each of the 

prototype phase angles, and chooses the signal that matches closely in phase. In this 

method the small instantaneous noise present on the signal gets integrated over one 

period. This may result in an increased noise at the output and may change the phase 

information of the signal.  

 

Inphase

Quadrature

r

irX ϕcos=

irY ϕsin=

iϕ

 

Figure 2-13 Inphase and quadrature components of the signal vector r 

 

2.6.2 Sampling method 
 

In this method, we take four samples of the sinusoid at regular intervals within 

one period. Using some mathematical computations on the four samples, the phase 

information can be extracted. The angular frequency of a sinusoidal signal of 

frequency f is given by fπω 2= . Consider a sinusoidal signal of amplitude V defined 

by the expression )sin( ϕω +tV .   
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Figure 2-14 Discrete samples of a sinusoidal signal 

 

We take four discrete samples from the sinusoid at time instants t1, t2, t3 and t4, 

such that the angles ωt1, ωt2, ωt3 and ωt4 are set equal to 0, π/2, π and 3π/2, 

respectively. The samples are shown in figure 2.14. The first sinusoidal signal starts 

at zero and has a zero phase. This signal is used as reference in phase measurement. 

The other two signals of the same frequency, which have non-zero phase, are also 

shown in figure 2.14. By taking the samples at same time instants, the phase of these 

signals can be estimated. Now the four samples are defined as 

  φϕω sin)sin( 1 VtVA =+=               (2-20) 

      φϕω cos)sin( 2 VtVB =+=            (2-21) 
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  φϕω sin)sin( 3 VtVC −=+=            (2-22) 

  φϕω cos)sin( 4 VtVD −=+=            (2-23) 

From these expressions, simple trigonometry gives 

⎟
⎠
⎞

⎜
⎝
⎛

−
−

=
DB
CAϕtan             (2-24) 

The phase of a signal relative to a sinusoidal signal with zero phase is thus given by 

⎟
⎠
⎞

⎜
⎝
⎛

−
−

= −

DB
CA1tanϕ             (2-25) 

 The phase of any sinusoidal signal evaluated using this method is relative to a 

signal of the same frequency that starts at time t defined as zero. If the signal is noisy, 

the values of samples A, B, C and D may vary. From equation 2-25, the phase 

information is highly dependent on the instantaneous value of the discrete samples. 

Thus, a change in the sample values due to noise present on the signal may result in 

an estimation of incorrect phase information. 

 

2.6.3 Zero crossings 
 
 The zero crossing for a sinusoidal signal is the instantaneous point at which 

the amplitude reduces to zero. This normally occurs twice during each cycle of the 

signal. In the context of discrete-time signals, a zero crossing is said to occur if 

successive samples have different algebraic signs. The phase difference between two 

signals of the same frequency can be thought of as the time delay or advance in the 

zero crossing of one signal with respect to the other. In speech processing algorithms, 
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the zero crossings are used to estimate the pitch period of speech signals. The short-

time average zero-crossing rate is used in making voiced/unvoiced decision of speech 

signals [Rab78]. 

If two signals of the same frequency begin at zero, build to a high positive 

value, fall through zero, build to a high negative value and return to zero at exactly 

the same time, they are said to be in-phase. Figure 2.15 shows two signals that are in 

phase. There is no relative phase difference between these signals.  The two signals 

have different amplitudes and still have the same phase. Conversely if the two signals 

begin at different points, they are said to be out of phase. Two out of phase signals are 

shown in figure 2.16. The relative phase difference or phase shift between these 

signals is the time difference between the zero crossings of the signals. Here the 

phase shift is expressed in units of time. 
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Figure 2-15 Two in-phase sinusoidal signals 
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Figure 2-16 Two out-of-phase sinusoidal signals 
 
 

The relation between time shift and phase shift is defined by the equation 

tΔ=Δ .ωϕ . The two signals are of the same angular frequency ω, so the time shift Δt 

is directly related to the phase shift Δφ. The presence of noise on the signals may 

cause the location of zero-crossings to move. This abrupt and unwanted change in 

signal characteristics due to noise is sometimes called “jitter.” A very high noise level 

may result in spurious zero-crossings or additional zero-crossings. This results in an 

incorrect estimation of the signal phase. 
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3 OPTICAL PHASE DETECTION 

 
 The measurement of the spatial distribution of the phase component of an 

optical wavefront is critical in many imaging and sensing applications, for example, 

adaptive optical correction for atmospheric propagation, optical surface profiling 

[Voe97], [Mac97], non-destructive testing [Tka03], and laser Doppler imaging.  The 

phase component cannot be measured directly because of the high frequency 

oscillations. It requires some type of interferometric approach, where the optical 

signal of interest is combined with a frequency shifted reference signal. The 

interference effect between these signals generates intensity fringes and this fringe 

pattern is observed on a test sensor. The main objective in the design of the integrated 

sensor is high bandwidth and small packaging.  

 

3.1 Optical Interferometry Setup 
 

The schematic diagram of the laboratory setup used in the interferometric 

phase measurement  application is shown in figure 3.1. The laser beam coming from 

the source passes through a polarizer, which induces proper polarity to the beam. The 

polarized beam is split into two legs using a beam splitter. The two beams are then 

passed through acousto-optic modulators. The ability of the acousto-optic modulator 

to shift the frequency of a laser light beam by a precise and stable amount is crucial to 

production of a beat note from the two light beams. The acousto-optic modulator is 

driven by an RF signal and a first order beam output from the modulator is frequency 



shifted by an amount exactly equal to the RF signal frequency. The modulators used 

here are optimized for an RF input of 80MHz. We use two high-stability frequency 

synthesizers to provide the signals to the modulators and we can offset the input 

frequencies by as little as a few hertz.  
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Figure 3-1 Laboratory apparatus setup 
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One of the modulators is driven by an RF signal of 80 MHz frequency and the 

other is driven by 80.01 MHz frequency signal. The frequency shifted beams are 

passed through beam expanders. A beam expander consists of two lenses and its 

primary function is to optimize the spot size at the focusing lens. It is designed to 

increase the diameter of the laser beam and the expansion factor is the ratio of the 

focal length of the two lenses. The expanded beams are recombined at the test plane 

where a temporal “beat” signal is created at the difference frequency of the RF 

synthesizers, i.e., 10 kHz. By creating a small tilt between the two beams, a spatial 

fringe pattern is produced with bright and dark fringes that translate in time with a 

speed dependent on the difference frequency setting of the modulators.  This setup 



creates an intensity pattern at the test sensor location that “beats” with a selectable 

frequency. For any point on the test plane, the intensity cycles at the difference 

frequency, but the phase of the signal varies linearly from point to point across the 

test plane. An example of the fringe pattern is shown in figure 3.2.   

 
Figure 3-2 Intensity fringe pattern 

 

3.2 Integrated Heterodyne Sensor 

The interferometric approach used here suggests that the integrated 

heterodyne sensor must be an array of pixels with on-chip phase calculation circuitry 

to generate the relative phase values. Each element of the array senses a time varying 

irradiance signal and the phase shift between different pixels can be measured 

depending on the orientation of the fringes relative to the sensor elements. In this 

thesis, we focus on the development of an integrated optical phase detector circuit in 

which the sensing element array, the signal conditioning and phase calculation 

circuitry are united on a single VLSI chip. The integration of the pixilated sensors and 

the CMOS processing circuitry onto a single VLSI chip reduces the time required to 
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read out and digitize the sensor pixels. This type of architecture thus leads to sensors 

with higher bandwidth and much smaller packaging density than discrete component 

devices. The architecture allows wavefront sensing without the requirement for high 

speed read out circuitry and a large computer system. 

The optical sensor developed here for the phase measurement application is an 

8x8 array of pixels. Each pixel has a photodetector and some circuitry for processing 

the signals on chip. The photodetector used here is formed from the simple n+/p 

junction, described in section 2.2. This photodiode has shorter response time 

compared to other photodiodes.  

A block diagram of the architecture is shown in figure 3.3. This architecture 

employs two decoders that are used to select a single pixel from the 8x8 array. A row 

decoder is used to select a single row and a column decoder is used to select a single 

column. The combination of these two decoders allows only one pixel, out of the total 

64, to be selected at any instant of time.  

The photodetector senses the light falling on each pixel and a photocurrent 

flows through it because of the photoelectric effect. The photocurrent is converted to 

an equivalent voltage using a transimpedance amplifier. The analog voltage signal is 

converted into a digital waveform using analog to digital conversion techniques. The 

zero crossings technique is used to measure the relative phase difference between 

each pixel. An eight bit counter is used as a reference for phase measurement in the 

time domain. At every rising edge of the voltage signal, the instantaneous values of 

the counter outputs are stored in memory. 
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Figure 3-3 Architecture of the optical phase measurement sensor 
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There are memory cells integrated in each pixel. The relative phase difference 

between two pixels is given by the difference in the values stored in their memory 

cells.  

 

3.3 Photodiode with Load 

 The basic premise behind the photodiode front end is to indirectly measure the 

relatively small photocurrent by converting it into a large voltage swing. We also 

require the circuit which performs this current-voltage conversion to occupy a small 

amount of area on the chip. The photodiode senses the light falling on it and a 

photocurrent flows through it. The photocurrent is converted into a voltage using a 

load. The photodiode with a load and an equivalent circuit model is shown in figure 

3.4. 
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Figure 3-4 Photodiode with a load and equivalent circuit model 
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The photodiode is modeled as discussed in section 2.2.1. It has a parasitic 

capacitance in parallel with the current source. This capacitance must be taken into 

consideration while computing the time constant at the input node. The input 

resistance of the load is represented by Rin and the input capacitance by Cin. The 

photodiode is connected in the reverse biased configuration. The time constant at the 

input node is given by 

                                                            (3-1) )phininin C(CRτ +=

The bandwidth of this circuit is given by 

     
in

BW
πτ2
1

=                                                (3-2) 

If the resistance of the input node increases, then its time constant increases. This 

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

Therefore to achieve higher speed, the time constant and hence the impedance at the 

input node should be low. 

 

3.3.1 Types of loads 

 A load is used along with a photodiode for converting the photocurrent to an 

equivalent voltage. The conversion of current to voltage can be achieved by using a 

simple resistive load (figure 3.5). Although this design is simple, it has several 

drawbacks. The most important factor is the speed of the circuit. A high resistor value 

is required for achieving an acceptable voltage swing at low photocurrents. This 

reduces the bandwidth of the circuit and a high resistor value occupies more area. 
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 The other possible load is the classical transimpedance amplifier, using a low 

noise operational amplifier and a large negative feedback resistor. This type of a 

design using an operational amplifier requires a compensation capacitor for the 

stability of the amplifier.  
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Figure 3-5 Simple resistive load 
 

This capacitor is generally made equal to the capacitance of the photodiode. To create 

a capacitor in our process, we must use a poly1/poly2 capacitor with an area 

capacitance of 0.9fF/µm2. This means that the compensation capacitor would itself 

occupy a large area, not leaving much room for other circuitry. The limitations of this 

design are that, it has limited input range and consumes more chip area.  

 The next design was made using a nonlinear load whose resistance varies with 

the current flowing through it. A diode-connected PMOS transistor is used as the 

load. A MOS transistor whose drain and gate terminals are tied together is referred to 
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as a diode-connected transistor. This design, shown in figure 3.6, is fundamentally as 

simple as the resistive load design.  
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Figure 3-6 Diode connected PMOS load on a photodiode 
 

The resistance of the diode connected MOS transistor is given by 

           
m

in g
R 1

=                (3-3) 

where, gm is the small signal transconductance given by 

          
th

d
m V

I
g

κ
=                                 (3-4) 

Here Id is the drain current flowing in the MOS transistor, κ is the gate-to-bulk 

coupling coefficient and is approximately 0.7. Vth is the thermal voltage given by 

equation 2-6 and its value is 25mV at room temperature. Therefore the resistance is 

given by 
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As the drain current increases, the resistance of the diode-connected MOS transistor 

decreases. In this thesis, the diode-connected MOS transistor is used as the load for 

current-to-voltage conversion. A transient simulation of the photodiode with the 

diode-connected MOS transistor as load is shown in figure 3.7.  

 

 

Figure 3-7 Transient simulation of the photodiode with diode connected PMOS load 
for Iph=10nA, Vdd=1.25V, Vss=-1.25V 

 

The simulation is done with a photocurrent of 10nA and the voltage generated has a 

peak-to-peak swing of 47.5mV at a voltage offset of 365mV. A second simulation 

result with a photocurrent of 1nA is shown in figure 3.8. 
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Figure 3-8 Transient simulation of the photodiode with diode connected PMOS load 
for Iph=1nA, Vdd=1.25V, Vss=-1.25V 

 
 

  

The resulting voltage has a peak-to-peak swing of 12.5mV at an offset of 

474mV. The voltage thus is constant over a wide range of  photocurrents. The other 

major reason for using the diode-connected PMOS load is that it is useful over a wide 

range of light levels. It operates over many decades of photocurrent. A linear resistor 

cannot operate reliably over several decades. 
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3.3.2 Bandwidth estimation of the photodiode with load 

An estimate of the bandwidth of the photodiode with the diode connected 

PMOS transistor is made here. The capacitance of the photodiode is given by 

equation (2-3) as 

PCACC JSWJphoto ⋅+⋅=  

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

(n+/p- photodiode). 

CJ = 0.000426 F/m2 = 0.426 fF/µm2

 CJSW = 0.301 nF/m = 0.301 fF/µm  

For a 50µm×50µm photodetector, 

Cph = (0.426 fF/µm2 × 2500 µm2) + (0.301 fF/µm × 200 µm) = 1.125 pF 

 

The load capacitance due to the diode-connected PMOS transistor Cin is 

negligible compared to the photodiode capacitance Cph. The resistance Rin depends on 

the photocurrent flowing through the MOS transistor. For a photocurrent of 100nA, 

using equation 3-5, the resistance value calculated is 357kΩ. The bandwidth can be 

estimated by substituting the resistance and capacitance values into equation 3-2. The 

bandwidth evaluates to 387 kHz.  

An AC analysis is performed using a sinusoidal current source. The frequency 

was swept from 1Hz to 1MHz and the voltage at the drain of transistor M1 was 

plotted. The bandwidth obtained by simulation was 226 kHz. The AC response is 

shown in figure 3.9. In this simulation, the input is a current source and the output is a 
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voltage plotted at the drain of the PMOS transistor. The “gain” was found to be 

115.6dB. The magnitude of this gain represents the input resistance of the transistor 

M1. 

 

Figure 3-9 AC Response of the photodiode with diode connected PMOS load 
Vdd= 1.25V, Vss=-1.25V, Cph=1.125pF and Iph=100nA 

 
 

The input resistance of the diode-connected PMOS transistor calculated theoretically 

using equation 3-5 was 357kΩ. Converting this value into dB, we get 

 
  dBdBRin 05.111)10357log(20)( 3 =×=

  

 The input resistance and the bandwidth obtained in the simulation match 

closely with the theoretical values. The AC response also shows no peaking, is  
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constant at low frequencies and drops gradually at the 3-db frequency. Hence the 

circuit is very stable.  

 

3.4 Design of Low Pass Filter 

 Initially the photo-generated current is converted into a high-swing voltage. 

This sinusoidal voltage signal is converted into a digital waveform. The analog-to-

digital conversion is achieved using the combination of a low pass filter and a 

comparator. The schematic of a passive low pass filter is shown in figure 3.10. 

R

C VoutVin

 
Figure 3-10 Passive low pass filter 

 

In this architecture, the resistor is implemented using the nonlinear adaptive 

element discussed in section 2.5. The critical parameters of capacitors in analog 

design include the nonlinearity, the parasitic capacitances to the substrate, the series 

resistance and the capacitance density. In CMOS technologies, capacitors are 

fabricated as “poly-diffusion,” “poly-poly,” “metal-poly,” or “metal-metal” 

structures. In a poly-diffusion capacitor, the thin oxide between the poly gate and the 

source or drain diffusion forms a dense capacitor with 10-20% bottom plate parasitic 
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capacitance [Raz02].  This structure suffers from some nonlinearity because the width 

of the depletion region at the poly-oxide and oxide-diffusion interfaces changes with 

applied voltage, thereby varying the effective dielectric thickness between the 

conducting plates.  

In this thesis, the capacitor is implemented using a p-channel MOSFET. The 

equivalent capacitance is a series combination of the oxide capacitance and the 

depletion region capacitance. The MOS capacitors biased in strong inversion region 

are quite dense because of the thin gate oxide layer used in CMOS processes. The 

bottom plate parasitic is a relatively small percentage of the gate capacitance.  

There is also a resistance in series associated with MOS capacitors because of 

the gate material and the channel resistance. The equivalent series resistance is 

estimated to be , where R4/totR tot is given by 

        
thgs

ox
tot VV

LWC
R

−
=

μ
                                               (3-6) 

The intrinsic time constant of the capacitor is therefore  

            ch
ott C

R
4

=τ                                                               (3-7) 

This equation further simplifies to  

                                                
)(4

2

thgs VV
L

−
=

μ
τ                                                      (3-8) 

The above equation suggests that the value of L must be minimized to minimize the 

series resistance for a given overdrive.  
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The schematic of the low pass filter implemented using the adaptive element 

and the MOS capacitor is shown in figure 3.11. The sizes of the MOS transistors used 

are labeled in the figure. The resistance of the adaptive element and the capacitance 

of the MOS transistor are selected so that the cutoff frequency of the low pass filter is 

close to 1 Hz. The low pass filter outputs the dc level of the sinusoidal voltage signal 

at the input. 

  +
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Figure 3-11 Low pass filter implemented using adaptive element and a MOS 
capacitor 

 
 

 A low pass filter can also be implemented using an operational 

transconductance amplifier (OTA) with negative feedback and a capacitive load 

[Bak00]. It is extremely stable but the major issue is random dc offset. The input-

referred offsets of the OTA, caused due to mismatch, increase the complexity of the 

design. The architecture with the adaptive element and MOS capacitor occupies much 
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less area on chip and has no dc offset. The disadvantage is that the time-constant is 

not tunable and it is also temperature dependent. 

The simulation results of the low pass filter for the given transistor sizes are 

shown in figure 3.12. A transient analysis is done here with the photo voltage as the 

input. The input signal is an 80mV peak-to-peak signal with a dc offset of 200mV. 

The output signal also has a dc offset of 200mV and has a very low voltage swing of 

around 0.3mV. Thus the output signal from the low pass filter swings weakly around 

the dc offset level of the input signal. 

 

 

Figure 3-12 Transient simulation of the low pass filter with photo voltage as the 
input, Vdd=1.25V, Vss=-1.25V 
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3.5 Design of Comparator 

 A comparator is a nonlinear analog circuit capable of comparing the two 

signals at its inputs. It is used in a variety of signal processing applications, including 

analog computation and signal generation. It also finds applications in detecting the 

zero crossings of an arbitrary signal waveform and converting sinusoidal waves into 

square waves.  

A comparator compares the input voltage signal with a reference voltage, 

referred to as the comparator threshold. It can be thought of as a decision making 

circuit that gives a digital output that swings between the power rails. It has a non-

inverting input port and an inverting input port. When the noninverting input is at a 

higher voltage than the inverting input, the high gain of the operational amplifier pulls 

the output to the positive power rail. When the noninverting input drops below the 

inverting, the output is pulled down to the negative rail.  

A conventional CMOS operational amplifier with capacitive loads can be used 

as a comparator in some low frequency applications. In practice the design of a 

comparator for high speed applications consists of a preamplifier stage to amplify the 

input signal and an output buffer to amplify the digital information. The sensitivity of 

a comparator can be defined as the minimum input signal with which it can make a 

decision. The preamplifier stage improves the sensitivity of the comparator by 

amplifying the input signal. The output voltages of a comparator will go very close to 

the power supply voltage rails. The comparator has a high slew rate, meaning that the 

output voltages swing between the rails very fast. 
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3.5.1 Hysteresis 

When comparing a noisy signal to a threshold, the comparator may switch 

rapidly from state to state as the signal crosses the threshold. If the comparator is used 

for detecting zero crossings, the presence of noise on the signals causes the zero 

crossings to move. This effect can be avoided and a clean signal can be output from 

the comparator by adding hysteresis. The use of two thresholds on either side of the 

zero crossings by the magnitude of noise reduces the probability of error in detecting 

the zero crossing. In this way, the switching point is controlled by two threshold 

voltages, a lower threshold level and a higher threshold level, depending on whether 

the input signal is increasing or decreasing. In some applications, comparators are 

used with positive feedback. The positive feedback increases the gain of the circuit 

and produces a certain degree of hysteresis in the transfer characteristics. The 

schematic of the comparator with hysteresis is shown in figure 3.13.  

The hysteresis loop is desirable to produce a definitive switching action at the 

output of the comparator. The width of hysteresis is the difference between the high 

threshold VTH and low threshold VTL. The comparator here is implemented using an 

operational amplifier in folded cascode configuration.  It has an NMOS differential 

pair and folded p-channel cascode active loads. The folded cascode operational 

amplifier here uses NMOS input devices and PMOS cascode loads. Thus, this circuit 

provides a high gain because of the high mobility of NMOS devices. The transistors 

M1, M2 form the input differential amplifier. The PMOS cascode load is formed by 

the transistors M5, M6, M8 and M9.  They are biased for a current that is equal to 



Ibias. The differential pair M3-M4 is used with positive feedback to add some 

amount of hysteresis. The amount of hysteresis can be adjusted by varying the 

hysteresis current flowing through this differential pair.  
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Figure 3-13 Schematic of the comparator with hysteresis 
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The DC simulation results for the comparator without hysteresis are shown in 

figure 3.14.  

 

 
 

Figure 3-14 DC sweep of the comparator from -20mV to 20mV for Vdd=1.25V, 
Vss=-1.25V, Ihyst=0 and Ibias=1µA 

 
 

 The inverting input is connected to ground and the non inverting input is 

swept from -20mV to 20mV. The plot shows the non inverting input sweep and the 

output voltage. The comparator has a dc offset of 404 µV. The gain of the comparator 

defined as the slope of the output waveform was found to be 3.125K. A simulation is 

then done with a hysteresis current of 125nA. The non inverting input terminal is 

swept up from -20mV to 20mV first and then is swept down from 20mV to -20mV. 

The plot of the simulation results is shown in figure 3.15 and 3.16. 
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Figure 3-15 DC sweep of the comparator from -20mV to 20mV for Vdd=1.25V, 
Vss=-1.25V, Ihyst=125nA and Ibias=1µA 

 
 

 

Figure 3-16 DC sweep of the comparator from 20mV to -20mV for Vdd=1.25V, 
Vss=-1.25V, Ihyst=125nA and Ibias=1µA 
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The hysteresis current of 125nA provides a hysteresis loop of 25mV. The two 

plots for the dc sweeps show that there is an hysteresis level of 12.5mV in each 

direction. 

 

3.6 Sinusoidal-to-Square Wave Conversion 

The flow of photocurrent through the photodiode causes a voltage to be 

generated at the drain of the diode connected PMOS load. This analog voltage signal 

is digitized for read out operations. The analog-to-digital conversion is achieved using 

the combination of the low pass filter and the comparator. A block diagram of this is 

shown in figure 3.17. 

Low pass Filter

Comparator

-

+

Vdd

Vss

In

Out

 

Figure 3-17 Block diagram of the sinusoidal-to-square wave conversion architecture 
  

 The input signal is the voltage signal generated due to the photocurrent and 

the output is a digital pulse that swings between the power rails. The input signal 

directly connects to the input of the low pass filter and also the non-inverting terminal 

of the comparator. The output of the low pass filter is tied to the inverting input. The 
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comparator output is a digital signal that has the same frequency as that of the analog 

voltage input and swings between the power rails. The sinusoidal voltage input is 

converted into a square wave using this setup. A plot of the simulation results 

showing the input and output signals is shown in figure 3.18.  

 

 

Figure 3-18 Transient simulation of the sinusoidal to square wave conversion block 
with photo voltage as the input, Vdd=1.25V, Vss=-1.25V 

                                                           
                                                                                                                     

3.7 Edge Detection Digital Logic 

 The phase measurement architecture requires the storage of the outputs from 

an 8-bit counter. These values stored in memory will be used as reference in 

measuring the phase of the incoming optical wavefront. The instantaneous value of 
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the counter outputs, at every rising edge of the square wave will be stored in memory. 

The rising edge of the square wave is detected using some edge detection logic 

circuit. This circuit is also referred to as the pulse detector circuit. The schematic of 

the circuit used for edge detection in shown in figure 3.19. 

 

In

Out

 

Figure 3-19 Edge detection logic circuit 
 

The input signal is the square wave that is output from the comparator. The 

circuit pays attention to the rising edges of the input signal and outputs a pulse that 

goes high for a brief moment of time. Implementing this timing function with 

semiconductor components is done by exploiting the propagation delay associated 

with each logic gate. The input signal is split into two ways and then a series of 

inverters are placed in one of the paths just to delay it a bit. The delayed version and 

the original version of the square wave are input to a two-input AND gate. The output 

from the AND gate is a digital pulse of very short duration, which goes high at every 

rising edge of the input square wave. The delay through the inverters sets the width of 

the output pulses. This pulse is used for controlling the reading in of data into the 

memory cells.  

 55



The edge detection circuits are commonly used in clock recovery and phase locking 

applications. The transient simulation results for the edge detection circuit are shown 

in figure 3.20. The input pulse, the delayed pulse and the output waveforms are 

shown in figure. The AND gate causes the output to go high for a short period of time 

at every rising edge of the input signal. 

 

 

Figure 3-20 Transient simulation of the edge detection logic circuit 
 Vdd=1.25V, Vss=-1.25V 

 
                                                                                                              

3.8 Design of Static RAM Cells 

 56

 There are 8 static memory cells within each pixel which are used to store the 

counter values. Each RAM cell must be capable of storing one bit of data. The word 

“static” indicates that the memory retains its contents as long as power is applied. The 
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CMOS SRAM memory cell is made up of a cross coupled connection of inverters. 

Each bit in an SRAM is stored on four transistors that form two cross-coupled 

inverters. The storage cell has two stable states which are used to denote 0 and 1. 

There are two additional transistors that control the reading in of data into memory. It 

thus takes typically six MOS transistors to store one memory bit. The output from the 

memory cell comes from a tri-state inverter, which is made up of four MOS 

transistors. Thus, the storage of a bit of data, the read and write operations altogether 

uses a total of ten MOS transistors. Unlike dynamic RAM cells, the static RAM cells 

need no refreshing to be done periodically. The schematic of a static RAM cell is 

shown in figure 3.21. 

 The sizing of the transistors used in the design is labeled in the figure. The 

transmission gate uses minimum-sized transistors. Each of the inverters uses the same 

sizes for the n and p-transistors. The inverter in the feedback has a longer length 

compared to the other inverter. Thus, this inverter is weak, because of the relative 

pull-up and pull-down strengths. When the transmission gate is OFF, the inverter I2 

drives the node labeled A, but when the transmission gate is ON, there will be a fight 

between the incoming data and the output of the inverter I2, trying to switch the A 

node. Therefore if the inverter I2 is weak, the transmission gate wins and the 

incoming data is written into memory. The value stored in memory is read out 

through a tri-state inverter. 
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Figure 3-21 Static memory cell 

 

3.8.1 Tri-state inverter 

 A tri-state inverter is formed using four MOS transistors. An ordinary inverter 

has two logic levels, a low level and a high level. The schematic of a tri-state inverter 

is shown in figure 3.22. This has the same configuration of an inverter with two other 

transistors controlling the output node. The transistors M1, M4 form the inverter, the 

gates of which are connected together to the input terminal. The transistors M2, M3 

are controlled by complementary versions of a control signal labeled En. The output 

node is tied to the drains of M2 and M3 transistors. Thus, the output node is a high 

impedance node. Transistors M2 and M3 are both turned ON, when the enable signal 

En goes high. In this conditions, the circuit acts as a normal inverter and the input 

signal appears inverted at the output node. When the enable signal En goes low, the 

transistors M2 and M3 are both off. Under these circumstances, the output node has 

no direct path to either ground or VDD. The output then is said to be in the high 

 58



impedance or Hi-Z state. The operation of a tri-state inverter is summarized in 

table3.1. 

M1

M2

M3

M4

In Out

Enbar

En

 

Figure 3-22 Tri-state inverter configuration 
 

Enable Input Output

L X Hi-Z 

H L H 

H H L 

 
Table 3-1 Tri-state inverter truth table 
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The transient simulation results for a tri-state inverter are shown in figure 

3.23. It is clear from the response that the input signal gets inverted and appears at the 

output node only when the enable signal En goes high and it holds to its previous 

state once the enable signal goes low. 



 
 

Figure 3-23 Transient simulation of the tri-state inverter, Vdd=1.25V, Vss=-1.25V 
 
  

The transient simulation results and the timing for the static memory cell of 

figure 3.21 are shown in figure 3.24. The D input is stored in memory once the pulse 

signal goes high. At the time instant when the pulse signal goes high, the D input is 

high and a logic high is stored in memory. The node labeled A is pulled high and this 

stored value remains in memory. When the enable signal En goes high, this value is 

read out. It can be seen that the Z output is pulled high when the enable signal En 

goes high. 
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Figure 3-24 Transient simulation of the static RAM cell, Vdd=1.25V, Vss=-1.25V 
 

 

3.9 Design of the 8-bit Counter 

 A counter is a register that goes through a prescribed sequence of states upon 

the application of input pulses. The input pulses generally are clock pulses that 

originate from some external source. A counter that follows the binary number 

sequence is called a binary counter. An n-bit counter consists of n flip-flops and can 

count in binary from 0 through 2n-1. The flip-flops commonly used are the J-K flip-

flop or D flip-flop. 

 Counters are available in two categories, ripple counters and synchronous 

counters. In a ripple counter the flip-flop output serves as a source for triggering other  
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flip-flops. In other words, there is no common clock input for all the flip-flops. In a 

synchronous counter, the clock input of all the flip-flops is driven by a common clock 

pulse. Thus, a common clock triggers all the flip-flops simultaneously rather than one 

at a time in succession as in ripple counters. Ripple counters are unstable as the 

overflow ripples from stage to stage. Hence, synchronous counters are used in 

applications where a stable count value is important. Synchronous counters can be 

designed to count up or down or both according to a direction input.  Many types of 

counters are available as digital building blocks.  

 The schematic of an 8-bit synchronous up counter with reset is shown in 

figure 3.25. This is built using D flip-flops and half adders. The clock and reset inputs 

of all the flip-flops are tied together. The reset here is an active-low input signal. The  

sum output of a half adder is tied to the D input of the flip-flop of the corresponding 

stage. The output of the flip-flop is given to one input of the half adder. The carry out 

of the half adder is passed to the next stage as input of  the adder. For the up counting 

operation, one input of the first half adder is tied to Vdd. The clock input for the 

counter is a 2.56 MHz pulse waveform. The counter has 8 outputs which are stored in 

memory and are used as reference for phase measurements. The transient simulation 

results of the counter showing the clock input and the 8 outputs are shown in figure 

3.26. 
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Figure 3-25 Schematic of an 8 bit counter 
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Figure 3-26 Transient simulation of the 8 bit counter 
Clock frequency=2.56 MHz, Vdd=1.25V, Vss=-1.25V 

 

3.9.1 Design of D flip-flop with synchronous reset 

 The D type flip-flop is the most commonly used flip-flop in CMOS circuits. 

The basic D flip-flop design is a master-slave configuration obtained by cascading 

two oppositely-phased level-sensitive latches. The schematic of the D flip-flop with 

synchronous reset, which is used in implementing the counter, is shown in figure 

3.27. The clock signal clk controls the operation and provides synchronization.  
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Figure 3-27 Schematic of the D flip-flop with synchronous reset 

 
The master latch allows an input of D when clk goes low and the gate T1 acts 

as a closed switch. During this time the gates T2 and T3 are open circuits. When the 

signal clk makes a transition to the high state, the T2 and T3 switches are turned ON 

and effect the transfer of the bit to the slave. The input to the master is blocked since 

T1 is open when clk is high. The master-slave circuit acts as a positive edge-triggered 

device since the value of D during the positive clock edge defines the value of the bit 

that is transferred to the slave and available as the Q output.  The D flip-flop shown 

also has an active low reset signal which pulls the output low. Transient simulation 

results, showing the timing of the input, clock and the output are shown in figure 

3.28. 
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Figure 3-28 Transient simulation of the D flip-flop, Vdd=1.25V, Vss=-1.25V 
D frequency=200 MHz, Clock frequency=400 MHz 

 

 

3.9.2 Design of half-adder 

 A half adder is an elementary circuit that adds one bit of data to another, 

deriving a sum and a carry output. It has two inputs, generally labeled A and B, and 

two outputs, the sum S and carry output C. The sum S is the two input XOR of A and 

B, and C is the two input AND of A and B.  Essentially the output of a half adder is 

the two-bit arithmetic sum of two one-bit numbers, with C being the most significant 

bit of these two outputs.  

The schematic of the half adder is shown in figure 3.29 and the logic table is 

shown in table 3.2.  
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Figure 3-29 Schematic of the half adder circuit 
 
 

A B S C

0 0 0 0 

0 1 1 0 

1 0 1 0 

1 1 0 1 

 
Table 3-2 Logic table of half-adder 

 

The sum output is an exclusive-OR of the two inputs and the carry out is a 

logical AND of the two inputs. The outputs are given by the basic equations 
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  BAC .=  

S = BA ⊕

The transient simulation results of a half adder are shown in figure 3.30. 

 

 

Figure 3-30 Transient simulation of the half adder circuit 
Vdd=1.25V, Vss=-1.25V 

 
 

3.10 Architecture of a Single Pixel 

 The architecture of a single pixel in the integrated heterodyne sensor is shown 

in figure 3.31. The photodiode is used in reverse-bias mode, along with a diode 

connected PMOS transistor as load. The photovoltage generated at the drain of this 

transistor is sinusoidal due to the modulation techniques used in the interferometry 
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process. This analog voltage signal is converted into a digital waveform using the 

combination of the low pass filter and the comparator described in section 3.4, 3.5 

respectively. The pulse waveform obtained is passed through edge detection logic to 

detect every rising edge of the incoming pulse waveform.  

 

M1

+

_
Vrev

Vph

Iph

Analog-to-Digital 
Conversion

Edge detection
 logic

8 Memory cells

Counter values
Outputs from the pixel

8 8

row column
 

Figure 3-31 Architecture of a single pixel in the phase measurement sensor 
 

 The pixel also has 8 static memory cells capable of storing one bit of data. The 

reading in of data into the memory cells is controlled by the output of the edge 

detection logic. The values stored in memory are read out at a time that is controlled 

by row and column select signals.  The row and column select signals are used to 

select a single pixel from an array of pixels to be able to write out the values stored in 
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its memory cells. The 8 outputs from the pixel indicate that the relative phase 

between different pixels can be measured with 8 bits of resolution. 

 

3.11 Enable Logic from Row and Column Signals 

 The row and column signals are used for generating the En and Enbar signals 

for enabling any pixel to write out the outputs. A simple AND gate is used to 

implement this logic. The schematic is shown in figure 3.32. This logic is 

implemented in each pixel so that the pixel will be able to write out its outputs only 

when the row and column signals at its input are both high. 
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Figure 3-32 Implementing the enable logic from row and col signals 
 

The transient simulation result showing the row, col, En and Enbar signals is shown 

in figure 3.33. 
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Figure 3-33 Transient simulation of the Enable logic circuit 
Vdd=1.25V, Vss=-1.25V, row freq=20 kHz, col freq=10 kHz 

 

3.12 Phase Measurement Sensor 

 The architecture of the integrated heterodyne sensor used for phase 

measurement is shown in figure 3.3. It consists of an 8x8 array of pixels and decoders 

for selecting a single pixel. There is also an 8 bit counter that is clocked by a high 

frequency pulse waveform. The counter counts the pulses and the count value is used 

to measure the relative phase difference between pixels. The design of the decoder is 

shown below. 
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3.12.1 3-to-8 line decoder design 

 A decoder is a combinational circuit that converts binary information from n 

input lines to a maximum of 2n unique output lines. If the n-bit information has 

unused combinations, the decoder may have fewer than 2n outputs. The schematic of 

a 3-to-8 line decoder is shown in figure 3.34. The three inputs are decoded into eight 

outputs, each representing one of the minterms of the three input variables. The three 

inverters provide the complement of the inputs and each of the AND gates generates 

one of the minterms. Thus the operation of this decoder can also be considered as a 

binary-to-octal conversion. The input variables represent a binary number and the 

outputs represent the eight digits in the octal number system.  

 An application of this decoder can be seen in terms of the outputs, For every 

possible input combination, there are seven outputs that are equal to logic 0 and only 

one that is equal to logic 1. The output whose value is equal to logic 1 represents the 

minterm equivalent of the binary number presently available in the input lines 

[Man03]. Thus, these outputs will be used as select lines, where only the one line that 

goes high will be enabled for a given input combination.  

 The transient simulation results of the 3-to-8 decoder are shown in figure 3.35. 

The plot shows three input signals and two outputs, the LSB and the MSB. It can be 

seen that output q0 goes high for the “000” input combination and output q7 goes 

high for the “111” input combination. 
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Figure 3-34 Schematic of the 3-to-8 line decoder 
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Figure 3-35 Transient simulation of the 3x8 decoder circuit 
 Vdd=1.25V, Vss=-1.25V 

 
   

There are two decoders used, one for row addressing and the other for column 

addressing. The combination of these two decoders enables the selection of only one 

pixel at any time instant. In the 8x8 array of pixels, each pixel outputs an 8-bit binary 

value that is stored in its memory. There is a common 8 bit bus that is connected to all 

64 pixels. Only one pixel writes to the output bus depending on the addressing logic. 

If the input combination changes, there is a change observed on the outputs, reflecting 

the fact that the outputs now are from a different pixel, which senses a different 

relative phase. 

 The transient simulation results of the 8x8 phase measurement sensor are 

shown in figure 3.36. The clock input for the 8 bit counter is a 2.56 MHz pulse 
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waveform. The clock is thus periodic with a time period of 390ns. The interference 

fringe pattern which the sensor senses is a 10 kHz signal. At a particular time instant, 

we know which pixel is writing to the output depending on the address lines. The 8-

bit output at that instant is recorded. At some other time instant when the addressing 

inputs are changed, the outputs are recorded once again.  

 

 

Figure 3-36 Transient simulation of the 8x8 phase measurement array 
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The relative phase shift between the two pixels is given by the difference 

between the outputs. If A7-A0 is the binary output from one pixel, it is converted to a 

decimal value, say A. If the binary output from another pixel is B7-B0 and the 

decimal equivalent is B. Then the relative phase shift in time between these two 

pixels is given by  

nsBA 390*)( −=ϕ  

The input signal is periodic with a period of 100 µs. Therefore a relative phase shift 

of T µs is equivalent to a phase shift of (100-T) µs. 

  The equivalent phase shift can also be expressed in degrees. It is clear from 

the architecture of the counter that the minimum and maximum values of either A or 

B are 0 and 255 respectively. Thus a difference of 255 between the values read out 

from two pixels corresponds to a phase shift of 360 deg. The phase shift can thus be 

expressed as  

deg360
255

×⎟
⎠
⎞

⎜
⎝
⎛ −

=
BAϕ  
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4 TEST SETUP AND MEASUREMENT RESULTS 
 
 The Optical setup for the Michelson interferometry that is used to generate the 

interference fringe pattern was described in section 3.1. Figure 3-1 shows two 

acousto-optic modulators in each leg of the Michelson interferometer. The 

modulators are driven by radio frequency signals of 80 MHz and 80.01 MHz, 

respectively. The difference in these frequencies creates a beat frequency interfering 

fringe pattern at 10 kHz. The RF circuit that is used to generate the inputs to the 

modulators and also the 10 kHz reference input signal is described below. 

 

4.1 RF Circuit 
 
 A block diagram of the circuit showing the connections between various RF 

parts is shown in figure 4-1. The circuit uses two highly stable frequency synthesizers 

at 80 MHz and 80.01 MHz. The acousto-optic modulators are also optimized at these 

frequencies. These modulators are designed to be able to operate efficiently at an 

input power level of +30 dBm, for a wavelength of 442nm. Therefore, the power 

levels P1 and P2 output from each source are adjusted so that the output power level 

does not exceed 30 dBm.  

 The radio frequency signal output from each source passes through power 

splitters that have a power loss of 3.5 dBm, approximately. The power P1 is adjusted 

to achieve a +7 dBm local oscillator (LO) frequency and then the attenuator, A1 is 

adjusted to get a +30 dBm at the output of the amplifier. The amplifier, used is the 



ZHL-3A model designed by Minicircuits, has a power gain of +24 dBm. It requires a 

+24V power supply to operate.   
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Figure 4-1 RF Circuit to generate the high and intermediate frequency reference 
signals  

 
 
 

Similarly, the power P2 is adjusted to achieve a +1 dBm RF at the mixer and a 

+30 dBm at the output of the amplifier. There are two attenuators, A2 and A3, in this 

branch of the circuit that are adjusted to give the proper power levels. A mixer is used 

that is capable of mixing the local oscillator and radio frequency signals and 

generates an intermediate frequency. This mixer is designed to operate efficiently at a 

+7 dBm local oscillator input and a maximum RF input of +1 dBm.  
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4.1.1 Selection of proper power levels 
 
 The conditions required to be considered in selecting the power levels at the 

radio frequency sources are that the output of the amplifier is a +30 dBm, the power 

at the local oscillator input of the mixer is a +7 dBm and the RF power input to the 

mixer should not exceed +1 dBm. The gain of the amplifier is a +24 dBm, hence the 

power level desired at its input is a +6 dBm. Now given the loss of the power splitter, 

the power at the input of each RF source was selected to be +10.5 dBm. The 

attenuator in the upper branch is selected to be +1 dBm so that the input to the 

amplifier has a power level of + 6dBm. The two attenuators in the bottom branch are 

selected to have an attenuation of +6 dBm and +1 dBm.  

 The mixer modulates the local oscillator frequency with the radio frequency 

and generates an intermediate frequency (IF) output signal. This signal has two 

frequency components, one at 10 kHz and other at 160.01 MHz i.e, the sum and 

difference of the 80 MHz and 80.01 MHz frequencies. The IF signal has a power 

level of approximately -5dBm. This signal is passed through an RC low pass filter 

(LPF) to allow only the 10 kHz signal to pass through it. The IF output from the 

mixer is used as an input to a digital phase-locked loop (DPLL), that multiplies the 

frequency of the input signal by a factor k. The multiplication factor was set to 256 so 

that the output of the DPLL is a 2.56 MHz signal and this signal is used as input to an 

8 bit binary counter that is used as reference for counting the number of pulses at the 

zero crossings of the photo-generated voltage signal. The outputs from each 

amplifier, labeled Amp, are used to drive the acousto-optic modulators in figure 3-1. 



4.2 Interferometry Setup 
 
 The interferometry setup built using a laser beam, two beam splitters and 

mirrors is shown in figure 4-2. The polarizer shown in figure 3-1 is not used in this 

setup and a beam expander is used at the final fringing beam pattern instead of two 

beam expanders in each leg of the interferometer.  

 

 

Figure 4-2 Michelson interferometer setup with acousto-optic modulators driven by 
RF signals 

 
 
 The alignment of the laser beam onto the beam splitter and the acousto-optic 

modulators was critical in this setup. Initially the modulators were removed from the 

setup and the laser beam was used along with the beam splitters and two mirrors to 
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observe a simple intensity fringe pattern. The height of the beam splitter stand was 

adjusted so that the beam enters parallel to the horizontal table.  

The acousto-optic modulators, shown in the figure, are then used in each leg 

of the interferometer. They have magnetic bases which allow them to remain fixed on 

the table. The modulators are each driven by the amplifier outputs generated using the 

RF circuit of figure 4-1. The first order beam output from each modulator is 

frequency shifted by the RF frequency which drives the modulator. The alignment of 

the laser beam into the tiny hole of the acousto-optic modulator and getting the two 

first-order beams to interfere was highly critical in this setup. The interference of the 

two first order beams causes the intensity fringes to be generated. The frequency of 

oscillation of the intensity fringe pattern is controlled by the difference between the 

two RF frequencies, i.e. 10 kHz. At this frequency, it gets difficult to observe the 

fringes moving on the screen. 

 The frequency difference between the two RF sources was initially reduced to 

a few Hertz. The beams were properly aligned onto the beam splitters and the 

modulators, but the fringing pattern could not be observed. This was due to the fact 

that there is an offset in frequency in one of the RF synthesizers. The RF source 

which was set to a frequency of 80 MHz was in fact generating a frequency of 

79.000089 MHz. This frequency was accurately measured using a frequency counter. 

The frequency then was adjusted to compensate for this offset. A beam expander is 

used in front of the second beam splitter and the interfering fringe pattern could be 

observed on a card placed in front of it. It was observed that, as the difference in the 
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two RF frequencies was increased, the oscillating frequency of the fringe pattern 

increases. The movement of the fringes is so fast that it can no longer be observed 

once the frequency difference exceeds 3-4 Hz. But, this frequency could be measured 

using a photodetector and a transimpedance amplifier load. The frequency of the 

sinusoidal signal generated indicates the frequency of oscillation of the fringes. 

Further evidence of fringe pattern frequency is through the IF signal, whose 

frequency could be measured directly. 

 

4.3 Chip Test Procedure 
 
 The architecture of the optical phase measurement sensor was shown in figure 

3-3. The final layout of the chip, sent for fabrication is shown in Appendix C. The 

power supply specifications for which the chip was designed are 

• Vdd = 1.25 V (logic 1) 

• Vss = -1.25 V (logic 0) 

• AGnd = 0 V 

 

The chip was tested using a regulated power supply. A regulated power supply is 

used to reduce the noise on the circuit due to the power supply. The noise generated 

in one part of a circuit may enter the power supply circuit and there is a chance that 

the noise gets coupled into the whole circuit. A regulated power supply prevents this 

noise coupling. The design of the power supply circuit is explained below. 

 



4.3.1 Regulated power supply circuit 
 
 The regulated power supply circuit is built using a +9V battery at the input of 

a LM317 voltage regulator. The LM317 is an adjustable three terminal positive 

voltage regulator capable of supplying a current of up to 1.5A over an output voltage 

range of 1.2 V to 37 V. It requires two external resistors to set the output voltage. 

There are capacitors used at each of the three terminals to reduce noise and assure 

stable closed loop operation. The output capacitor C3 of 1µF improves the transient 

response of the regulator. The circuit diagram of the regulated power supply circuit is 

shown in figure 3-4. 
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Figure 4-3 Regulated power supply circuit 
 

The input capacitor C2 is recommended for the above values of C1 and C3. 

The use of bypass capacitor necessitates the use of protection diodes to prevent the 

capacitor from discharging through internal low current paths and damaging the 
 83



 84

device. The diode D1 discharges the capacitor C1 if the output is shorted to ground. 

The use of a variable resistor or potentiometer between the adjustment pin and the 

output allows the circuit to be used as a programmable output regulator. The output 

voltage can be varied by adjusting the variable resistance. For this application a +9 V 

battery is used at the input of the regulator and the potentiometer is adjusted to 

generate +2.5 V at the output. Several precautions were taken to obtain maximum 

performance using this circuit. The wire length of the output lead was minimized and 

the ground of the variable resistance was returned near the ground of the load to 

improve the regulation and provide proper ground sensing.  

 

4.3.2 Virtual ground generation circuit 
 
 In applications using a single power source, a reference voltage is required for 

termination of all signal grounds. This virtual ground can be realized using a 

combination of resistors, capacitors and an operational amplifier (opamp). The 

voltage generated using the regulated power supply is split into half to generate a 

virtual ground for split-supply operation. The LMC6482 is a CMOS dual rail-to-rail 

input and output operational amplifier. It is used in a voltage follower configuration 

for the generation of the virtual ground. A resistive divider network is used at the 

non-inverting input terminal. The LMC6482 has rail-to-rail swing and high accuracy 

due to high common mode rejection ratio. This operational amplifier is designed to 

work for a power supply range of 3 V to 15 V. Thus the +9 V available from the 

battery is used directly to power the opamp.  



The circuit generates a 1.25 V virtual ground for the 2.5 V/GND power supply 

system. The circuit diagram showing the opamp and the resistive divider network is 

shown in figure 4-4. 
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Figure 4-4 Virtual ground generation circuit 
 

 The resistive divider is used to split the 2.5 V generated using the regulated 

power supply circuit. The operational amplifier is used in the voltage follower 

configuration, therefore the voltage at the non inverting terminal appears itself at the 

output. The bypass capacitors at the input and output are used to filter out any noise 

present on those terminals and for stability. The large value of output capacitance 

moves the dominant pole from an internal node in the opamp to the output node. The 

output is a +1.25 V voltage level and is the virtual ground. Thus, +2.5 V power 

supply is now used as a split power supply of +/-1.25 V. 
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 The design of the regulated power supply circuit and the virtual ground 

generation circuit was critical in this test setup. The wiring and all the signal 

connections needed to be as tight as possible. All the ground connections are 

terminated next to each other on the breadboard to ensure proper ground sensing by 

all parts of the circuit. The use of proper capacitor values and polarity were also 

critical in this implementation. 

 

4.4 Testing Individual Components on the Chip 
 
 The phase measurement sensor was built using an 8x8 array of pixels, each 

with a fill factor of 20%. The photodiode area on each pixel was a 50μm x 50μm 

fabricated using the n+/p- layers of the standard CMOS process. The chip was 

fabricated by MOSIS using the AMI 0.5µm process technology. A design rule check 

(DRC) and layout versus schematic (LVS) was performed on all the circuits before 

the design was submitted for fabrication. 

The testing of various components on the chip could be done using test signal 

pins. The chip had an 8x8 array of pixels, two decoders for row and column 

addressing and a counter that is used as a reference for phase measurement. Each 

pixel further has a photodiode, a low pass filter built using an adaptive element 

[Delb96], a comparator with hysteresis, eight memory cells and some digital logic for 

on-chip measurements. There are on-chip analog and digital buffers that are used at 

the outputs. These buffers are capable of driving a 30pF off-chip load.  
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There are also a test low pass filter and test comparator placed outside the 

pixel array. A common test input signal connects to these two parts, a digital buffer 

and an analog buffer. The decoders could be tested by giving an input combination 

and the most significant bit output could be observed off chip. The eight-bit counter 

could be tested by observing the least significant bit and an overflow signal from the 

counter. Each pixel has a pulse output that goes high for a short duration of time at 

the positive-going zero crossing of the photo-generated voltage signal. 

A test box was used for testing the phase measurement sensor and the power 

supply circuit discussed above was built in it. Initially the power supply Vdd, Vss are 

supplied to the buffers and the pad frames. The analog buffer was tested with a 1 kHz, 

100mV peak-to-peak sinusoidal signal. The load used was the load of the 

oscilloscope, which is a 30pF capacitance in parallel with a 1MΩ resistance. The 

analog buffer reproduces the signal at its input. A plot of the waveform is shown in 

figure 4-5. The frequency was increased until the input signal fails to appear at the 

output. The maximum frequency of operation was found to be 1 MHz. The output 

gets distorted above this frequency.  

The digital buffer was also tested with a 1 kHz, 100mV peak-to-peak 

sinusoidal input signal. The buffer could reproduce a digital pulse waveform input 

signal at the output. But, when a sinusoidal signal is given as input, the slow rising 

edge could not turn on the first stage of the buffer and the input signal does not 

appear at the output. Figure 4-6 shows the response of the digital buffer to a square 

wave input. 



 

Figure 4-5 Response of the on chip analog buffer to a 1 kHz sinusoidal input 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4-6 Response of the on chip digital buffer to a square wave input  
1 kHz frequency, 640mV peak-to-peak amplitude 
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Also, if the amplitude of the square wave was decreased beyond 400mV the 

input signal does not appear at the output. The load used was the load of the 

oscilloscope, which is a 30pF capacitance in parallel with a 1MΩ resistance. The 

maximum frequency of operation was found to be 1 MHz. After the operation of the 

on chip buffers was verified, the comparator, low pass filter, 3-to-8 decoders and 8-bit 

binary counter were tested. 

 

4.4.1 Testing the comparator 
 

 The comparator has two bias lines, one for the bias current and other 

for the hysteresis current. The comparator was tested using a bias current of 1µA and 

a hysteresis current of 125nA. The inverting terminal is connected to ground and the 

test input signal is connected to the non inverting input. The comparator was initially 

tested with a 1 kHz square wave as input. The amplitude was reduced to 100 mV 

peak-to-peak and the comparator output goes rail-to-rail. Then the comparator was 

tested using a sinusoidal signal at the input. The response of the comparator to a 1 

kHz, 100 mV peak-to-peak signal is shown in figure 4-7.  

The comparator is used in the phase measurement sensor for converting the 

sinusoidal photovoltage signal to a square wave. The typical amplitude of that 

sinusoidal signal is around 40 mV peak-to-peak. The comparator is now tested with a 

40mV peak-to-peak signal using the waveform generator. The minimum amplitude 

that a waveform generator can deliver is a 100 mV; therefore, a resistive divider is 



used to reduce the amplitude of the input waveform. The response of the comparator 

to a 38 mV peak-to-peak signal is shown in figure 4-8. 

 

 

Figure 4-7 Test results of the comparator with a 1 kHz, 100 mV peak-to-peak 
sinusoidal signal at input 

 
 
 The comparator was also tested using a square wave at its input to calculate 

the delays. The delays increased with frequency and they are shown in table 4-1. The 

delays are in the order of nanoseconds for a frequency upto 400 kHz but when the 

frequency is increased to 450 kHz, the comparator fails to compare all the edges.  
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Figure 4-8 Test results of the comparator with a 1 kHz, 38 mV peak-to-peak 
sinusoidal signal at input 

 
   

Freq THL TLH

100 kHz 640 ns 60 ns 

400 kHz 900 ns 348 ns 

 
Table 4-1 Test results of the comparator 

 
 

The offset of the comparator was also measured on three different chips by 

sweeping the non-inverting input from -20mV to 20mV. The offsets observed on 

three different chips are shown in table 4-2. 
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Chip number Offset 

Chip # 1 -5mV 

Chip # 2 7mV 

Chip # 3 5mV 

 
Table 4-2 Comparator offsets 

 

 

4.4.2 Testing the low pass filter 
 
 The low pass filter was tested using a sinusoidal signal at the input and the 

output was observed on a scope and a digital multimeter. The output of the low pass 

filter is a dc signal that reaches the dc level of the input sinusoid. The time constant of 

the low pass filter built using the adaptive element was found to be in the order of 

several minutes. The response of the low pass filter to a sinusoidal signal of 300 mV 

peak-to-peak, at a frequency of 1 kHz is shown in figure 4-9. 

 The output dc level is also shown in the figure. The output takes around 15 

minutes to rise to the dc level of the input sinusoid. There was an offset observed on 

the output. The dc offset of the input signal was slowly varied and the output signal 

was observed. The low pass filter was tested using different amplitudes and dc offsets 

and the response was difficult to characterize. The offset in the output was in the 

order of 40-80mV and the time constant was usually around 15 minutes. The leakage 

currents associated with the p-n junction of the adaptive element doubles for every 

10°C rise in temperature. The temperature was increased with a heat gun and a 



decrease in the time constant was observed. The time constant also reduces at 

increased amplitudes of the input signal, but the offsets associated with it increases. 
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Figure 4-9 Test result of the low pass filter with a 300 mV peak-to-peak signal at the 
input 

 

  The test results of the low pass filter under various test conditions are 

shown in table 4-2. In conclusion, the test results of the low pass filter built using the 

adaptive element did not match the simulation results. The test conditions were 

similar to the simulation results, except that there is light falling on the sensor area. 

The reasons for the adaptive element filter to fail to work as expected in the 

simulation results are explained later in this chapter. 
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Input offset 

(mV) 

Amplitude

(mV) 

Temperature Output offset

(mV) 

Time constant 

(minutes) 

0 100 Normal -40 ~ 15 

200 100 Normal 20 ~ 15 

0 500 Normal 40 ~ 9 

200 500 Normal 20 ~ 9 

200 100 Increased 20 ~ 2 

 
Table 4-3 Test results of the low pass filter 

 
 

 

4.4.3. Testing the 8-bit binary counter 

 
 There is an 8-bit binary counter on the chip that is used as a reference for 

phase measurement. The counter could be tested by giving a clock input signal and 

observing the least significant bit (LSB) output and an overflow signal from the 

counter that goes high when all the 8 outputs are high.  The counter was initially 

tested by giving a 2.56MHz square wave signal from a waveform generator at the 

clock input. The reset signal is active-low, so it is connected to Vdd for testing the 

counter. The output signals are observed on the scope. The LSB output signal was 

found to be a 1.28MHz signal and the overflow signal is a 10 kHz signal. The test 

results showing the clock input and the LSB output waveforms are shown in figure 4-

10.  



 The test results of the binary counter match closely to the simulation results. 

The overflow signal is generated internally through an 8-input AND gate. The inputs 

the AND gate are all the 8 outputs from the counter. The test results of the counter 

showing the LSB output signal and the overflow signal are shown in figure 4-11. The 

overflow signal shown in figure goes high at the rising edge of all the output signals. 

Therefore, when the count reaches the maximum value of 255, i.e. a binary value of 

11111111, the overflow signal goes high, indicating the end of counting for that 

cycle. 

 

 

Figure 4-10 Test results of the counter showing the clock input and the LSB output 
Clock freq = 2.56 MHz, LSB freq = 1.28 MHz 
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Figure 4-11 Zoomed in test results of the counter showing the LSB output and the 
overflow signal, LSB freq = 1.28 MHz, overflow freq=10 kHz 

 

4.4.4 Testing the 3-to-8 decoders 
 
 There are two 3-to-8 decoders on the chip that are used for row and column 

addressing. Each decoder has a test output signal that is the most significant bit 

(MSB) output. The schematic of the decoder shown in figure 3-34 suggests that the 

q7 output is an AND of the three inputs and thus goes high only when the three inputs 

are at logic high. The decoders are tested by giving a combination of the three input 

signals and the output was observed. The MSB output goes high only when the three 

inputs are at logic high. The test results of the decoders matched the simulation 

results and the design conditions. 
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4.5 Testing the Digital Phase Locked Loop  
 

The digital phase locked loop (DPLL) described in Appendix B is used in 

generating the clock signal input for the 8-bit binary counter. The regulated power 

supply circuit was built in another test box and the DPLL was tested in that box. The 

DPLL was initially tested with a clock signal from the waveform generator. A 10 

kHz, +/- 1.25V peak-to-peak square wave is given at the input of the DPLL. The 

output signal frequency is multiplied by 256 times, i.e. a 2.56MHz square wave signal 

was generated. The design, pinout and test procedure of the DPLL are described in 

Appendix B.  

Once the operation of the DPLL was verified, it was tested using the signal 

generated using the RF circuit. The output signal from the low pass filter of the RF 

circuit of section 4.1 is a sinusoidal waveform of frequency 10 kHz. This signal has 

an amplitude of 300mV peak-to-peak and has additional noise from the RF circuit. 

Proper filtering was required to eliminate the noise. The RC low pass filter was 

designed to operate at a cutoff frequency of 40 kHz. This sinusoidal signal needs to 

be converted into a square wave so that it can be given as the data input to the DPLL. 

This sinusoidal signal is amplified using an operational amplifier and then converted 

into a square wave using the operational amplifier as a comparator. The circuit of the 

operational amplifier used for the amplifying the signal and converting into a square 

wave is shown in figure 4-12. The first stage amplifies the signal by a factor of 4. The 

gain expression is given by 
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The second stage is an operational amplifier used as a comparator. The inverting 

terminal is tied to ground and the amplified signal is connected to the non-inverting 

terminal.   
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Figure 4-12 Amplifier and comparator used at the input of DPLL 
 

The circuit shown in figure 4-12 is theoretically simple and should square up 

the sinusoidal waveform. But the noise on the RF circuit generated from the 

frequency synthesizers and/or the noise coupled into the RF circuit from the optical 

setup rendered the output of the comparator noisy and highly unstable.  

It was difficult to determine the source of noise. Several attempts were made 

to reduce the noise. Firstly, it was thought that the noise was being coupled through 

the table on which the optical setup and the RF circuit are built (Figure 4-2).The 

electrical test box, made of metal, is placed on the same table; thus, there could be 
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noise coupled into the circuit. The power splitters and mixer of the RF circuit are all 

placed on the same table. The test box was isolated from the table by not placing it 

directly on the table, but this did not help in reducing the noise. 

Proper care was taken to ensure that all the ground connections are placed 

next to each other on the bread board for ground referencing. The next technique used 

to reduce the noise was soft grounding. In this method, the signal connections and 

probe references going to ground are not directly connected to ground but are 

connected through a 1 kOhm resistor. Unfortunately, there was no reduction in noise 

using any of these techniques and the signal still was unstable. 

The assumption then made was that the sinusoidal signal itself contains noise 

and treating the signal as a single ended signal is causing the noise to enter the circuit. 

The low pass filter in the RF circuit was replaced by the difference amplifier shown 

in figure 4-13. 
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Figure 4-13 Difference amplifier and comparator used to square up the 10 kHz signal 
generated from the RF circuit. 



Now the sinusoidal input signal is treated as a difference signal and a 

difference amplifier is used to amplify the signal instead of the simple non inverting 

amplifier.  The low pass filtering is done using the RC combination of  R3 and C. The 

choosen values of R and C give a cutoff frequency of 30 kHz for the low pass filter. 

The amplified signal is again converted into a square wave using the same operational 

amplifier as comparator. The noise was reduced using this setup and a stable 10 kHz 

square waveform was generated. This signal is input to the 256 times frequency-

multiplying DPLL and a 2.56 MHz square wave with a +/- 1.25 V peak-to-peak was 

generated. The test results of the DPLL showing the 10 kHz square wave and the 2.56 

MHz output signal are shown in figure 4-14.  

 

 

Figure 4-14 Zoomed in test results of the DPLL showing the 10 kHz square wave 
input and the 2.56 MHz output signal 
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The 8-bit binary counter was tested with this 2.56 MHz square wave signal as 

the input. The operation of the counter was verified by looking at the LSB output and 

the overflow signal output. 

 

4.6 Testing the 8x8 Pixel Array 
 
 Each pixel in the phase measurement sensor has a test output signal labeled 

pulse to verify its operation. This signal goes high for a short duration of time at 

every positive-going zero-crossing of the photo generated voltage signal. Thus, for a 

10 kHz interference beat frequency signal on the sensor, the pulse signal has a 

frequency of 10 kHz. Each pixel was designed such that the width of that short 

duration pulse is around 6 ns. The pulse repeats itself after 100 µs.  

 The interference fringe pattern was made to oscillate across the elements of 

the photodiode array. The row decoder and the column decoder inputs are fixed on a 

digital combination so that only one pixel will be able to write to the output line. The 

pulse output was connected to the scope. It was difficult to sample that small duration 

pulse to be observed on the oscilloscope. The overflow signal of the 8-bit binary 

counter is a 10 kHz square wave connected to one channel of the scope. The pulse 

output is connected to another channel and the overflow signal is used as trigger. 

Delayed triggering was used to capture the short duration pulse on the scope. But, it 

was observed that the pulse output was never switching to the logic high state.  

 Initially, it was assumed that the high time constant of the low pass filter was 

responsible for no response from the pixel. All the digital outputs from the phase 



measurement sensor remained at logic 0. This pulse output from each pixel is 

generated by the edge detection logic described in section 3.7. The photo generated 

voltage signal passes through the low pass filter, the comparator and the edge 

detection logic before appearing as the pulse output off chip. The comparator was 

tested with all input combinations and the results matched the simulation results. It 

was the low pass filter that had huge offsets and a high time constant. The photodiode 

made of the n+/p- layers could not be tested but this model was used in many 

successful applications earlier.  

 

4.7 Testing with LED 
 

The pixel was also tested using the light from an LED shining on it. The LED 

was characterized using a photodetector and transimpedance amplifier. The setup is 

shown in figure 4-15. 

Function 
generator

-

+ Scope

LED

Photodetector  

Figure 4-15 Characterizing the LED 
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The amplitude and DC offset of the function generator are varied till a 

sinusoidal signal is observed on the scope. The brightness of the light varies by 

changing the DC offset. In this testing, we tried to measure the phase from a single 

pixel by changing the input phase instead of measuring the relative phase between 

different pixels. The setup used to change the phase of the input signal is shown in 

figure 4-16. The input phase could be changed by using two function generators. A 10 

kHz square wave from one of the function generators is used as the trigger input for 

the other function generator and this signal also acts as the reference. The phase of the 

input sinusoid, relative to this reference, could be varied by adjusting the phase knob 

on the function generator. This input sinusoid is used to trigger the LED. 

 

Function 
generator

Function 
generator

Clock 
Multiplying 

DPLL

trigger

Phase Shift

Reference Counter

 

Figure 4-16 Input phase offset using two function generators 
 

The decoders are fixed at an input and the pixel is tested with light from the 

LED shining on it. The pulse signal was not observed and the digital outputs 

remained at logic 0. The offsets and the time constant of the low pass filter were 
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assumed to be responsible for this. The low pass filter was tested in the presence of 

light from the LED and the results are discussed below. 

 

4.6.1 Low pass filter layout considerations 
 

Delbruck [Delb96] describes the adaptive element photoreceptor in his paper. 

In the implementation of the phase measurement sensor, the adaptive element is used 

in a low pass filter. In his paper, Delbruck has all parts of the circuit, except the 

photodiode, but including the adaptive element, covered with metal. The photocurrent 

is generated when light falls on the n+/p- photodiode. A nearby substrate contact 

sinks the photocurrent.  

The layout of the low pass filter inside a pixel is shown in figure 4-17. The 

adaptive element is made in an isolated well with a single MOS transistor. Delbruck 

characterizes the adaptive element with a small hole in the metal covering the 

photodiode and states that the currents in the capacitive node are unaffected by 

minority carriers generated in the substrate. In the layout of the filter shown, there is 

room for light to enter the adaptive element through the metal covering. This light is 

responsible for creating charges at the capacitive node and causes the output voltage 

of the filter to move.  

The input of the low pass filter was connected to ground and just when light 

from the LED falls on the sensor, the DC voltage at the capacitive node changed by 

around 300mV. This suggests that the light entering into the adaptive element from 

the sides causes the generation of charge carriers, which in turn increases the voltage 



at the output node of the filter. The mark shown in the figure is the area where the 

light could pass into the adaptive element. The metal covering the adaptive element 

does not cover the region of the n-well completely. The p+/n-well junction, when 

illuminated by the light from the LED, is generating voltage, an operation similar to a 

photo-voltaic cell.  

 

 

Figure 4-17 Layout of the low pass filter 
 

The scale used in Delbruck’s implementation suggests that the distance 

between the p+ diffusion and the photodiode was around 10µm, whereas in our 

layout of the phase measurement sensor, the distance between the diffusion and well 

edge was only around 0.9µm. Delbruck discusses the effect of minority carriers 

diffusing in the substrate, but does not consider this effect of minority carrier 

generation in the diffusion and well layers.  
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In conclusion, the hole in the metal covering the adaptive element is 

responsible for the adaptive element filter to fail. We conclude that offsets from the 

filter likely cause the pulse signal to never trigger within each pixel. 
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5 CONCLUSIONS, APPLICATIONS AND RECOMMENDATIONS 
 

5.1 Conclusions 
 
 This thesis has dealt with the design of an integrated optical sensor for the 

measurement of the phase of an optical wavefront. Conventional phase measurement 

techniques are time-consuming and the amount of hardware required for 

computations is also high. The on-chip solution to phase measurement has many 

advantages in terms of amount of hardware and time.  

 In this thesis, we have designed a 120µm x 120µm pixel. The phase 

measurement sensor has 64 pixels in an 8x8 array. The design and simulation results 

of the integrated sensor are described in previous chapters. Each pixel has a low pass 

filter built using an adaptive element [Delb96]. It was observed in the simulations that 

this filter has no offsets and does reproduce the dc level of the input sinusoidal signal. 

But, in chip measurements, the low pass filter is part of the pixel and senses the same 

light that the sensor senses. The effect of light on the filter in test measurements is 

also discussed. The generation of charges at the capacitive node was responsible for 

the simulation results to differ from actual chip measurements.  

 Each pixel also has a comparator that is used to square up the photo generated 

voltage signal. The comparator was designed to work with an amount of added 

hysteresis. Common-centroid and interdigitation layout techniques were used in order 

to reduce the mismatch and offsets, which occur due to normal variations in the 

fabrication process.   
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 An optical test setup was built using beam splitters and mirrors in a Michelson 

interferometry setup. Acousto-optic modulators are used to frequency shift the 

incoming laser beam. The RF circuit that delivers the output to drive the modulators 

was also built using two highly stable frequency synthesizers. This circuit also 

generates the 10 kHz reference signal. A digital phase locked loop circuit was used to 

multiply the frequency of the incoming reference signal by 256 times. The test circuit 

was built in a test box made of metal in order to isolate the interference due to the 

external noise. The circuit was tested using a +/- 1.25 V which are generated using a 

9V battery. The phase measurement sensor was built from the transistor level to the 

system level. The hierarchical description of the system architecture was explained in 

Chapter 3.  

In conclusion, the test results for the phase measurement sensor did not match 

the simulation results and the relative phase between pixels could not be measured. 

This was due to the effect of light on the output node of the low pass filter. The filter 

was built using an adaptive element in an isolated N-well. The photovoltaic effect on 

the output node was responsible for the failure of the sinusoidal to square conversion 

logic, leading to a logic 0 on all the digital output lines. 

 

5.2 Applications 
 
 The measurement of the spatial distribution of the phase component of an 

optical wavefront is critical in many imaging and sensing applications, for example, 

adaptive optical correction for atmospheric propagation, optical surface profiling, 
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non-destructive testing, and laser Doppler imaging. The techniques of optical surface 

profiling and non destructive testing aim at studying the characteristics of optical 

surfaces without any physical contact to the surface. The surface characteristics are 

studied by measuring the beam characteristics of the light reflected from that surface. 

 
 

5.3 Recommendations  
 
 The design, layout and verification of the phase measurement sensor was done 

correctly in the cadence design environment. The layout was done based on the 

simulation results, but the phase measurement sensor did not give the expected test 

results from the chip. The adaptive element low pass filter had a hole in the metal 

covering it. The metal covering should cover the entire adaptive element and thus 

avoids the generation of charges at the capacitive node. 

 Also, the test outputs were not available to test the photodiode directly using a 

laser source. The selection of test outputs is a compromise between the number of 

available pins and the need for testing that part on the chip. The photodetector is an 

important block in the operation of the phase measurement sensor. Therefore, the 

testability of the photodiode itself would give a clear understanding of the 

photoelectric effect on the chip. 

 Finally, the outputs from the sensor can be acquired on to a computer using 

data acquisition devices. This work was done partially using National instruments NI-

DAQ software and a PC card that connects to a laptop. But, once the characteristics 
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of the low pass filter were studied, it was concluded that the outputs are not a measure 

of the phase information of the optical wavefront, since they are always at logic 0. 

The use of data acquisition provides full control over selecting a pixel and taking the 

outputs from it, by programming through the computer. 

 Also, the DPLL and the phase measurement sensor can be integrated on one 

chip. For this, the layout of the 256 times frequency-multiplying DPLL can be added 

on the phase measurement sensor layout. There are only three pins that are used for 

testing the DPLL, the data input, the control voltage and the output clock signal. This 

might require the layout to be made more compact or reduce the number of pixels to 

integrate the DPLL. This would then improve the level of integration by having the 

entire system on a single chip. 
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APPENDIX A: MODEL PARAMETERS                                           
 
 
           RUN: T53Q                                 VENDOR: AMIS 

     TECHNOLOGY: SCN05                       FEATURE SIZE: 0.5 microns 

 This report contains the lot average results obtained by MOSIS from 

measurements of MOSIS test structures on each wafer of this fabrication lot. SPICE 

parameters obtained from similar measurements on a selected wafer are also attached. 

COMMENTS: American Microsystems, Inc. C5 

 

TRANSISTOR PARAMETERS     W/L      N-CHANNEL P-CHANNEL  UNITS                                     

 MINIMUM                          3.0/0.6                       

  Vth                                            0.80            -0.92             volts                                         

 SHORT                                         20.0/0.6                      

  Idss                                                                   452             -245                  uA/um 

  Vth                                                                       0.69             -0.90            volts 

  Vpt                                                                     10.0             -10.0              volts                                         

 WIDE                                            20.0/0.6                      

  Ids0                                                                   < 2.5            < 2.5               pA/um                                      

 LARGE                                         50/50                         

  Vth                                             0.72            -0.94             volts 

  Vjbkd                                                                  11.3            -11.7              volts 

  Ijlk                                                                    <50.0           <50.0               pA 

  Gamma                                                                 0.47             0.59             V^0.5                                       
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 K' (Uo*Cox/2)                                                     57.4            -18.5              uA/V^2 

 Low-field Mobility                                            465.44         150.01             cm^2/V*s                                

COMMENTS: Poly bias varies with design technology. To account for Mask bias use 

the appropriate value for the parameter XL in your SPICE model card. 

 
              Design Technology                    XL (um)      XW (um) 
                        -----------------------                              ---------              ----------- 
                    SCMOS_SUBM (lambda=0.30)               0.10                   0.00 

                    SCMOS (lambda=0.35)                             0.00                   0.20 

 

FOX TRANSISTORS             GATE        N+ACTIVE     P+ACTIVE       UNITS 

 Vth                                            Poly             >15.0              <-15.0                volts 

PARAMETERS              N+     P+    POLY   PLY2_HR  POLY2   M1   M2   UNITS 

 Sheet Resistance           82.6   104.0   22.9    1028              41.8     0.10  0.09  ohms/sq 

 Contact Resistance       65.9   147.8   17.1                          28.3               0.82  ohms 

 Gate Oxide Thickness  140                                                                              angstrom 

                                                                       

PARAMETERS             M3         N\PLY      N_W      UNITS 

 Sheet Resistance             0.05        839          828       ohms/sq 

 Contact Resistance          0.77                                     ohms                                              

COMMENTS: N\POLY is N-well under polysilicon. 

 

CAPACITANCE      N+     P+    POLY    POLY2    M1    M2    M3    N_W     UNITS 

 Area (substrate)       428   728       88                        32      17      11     39       aF/um^2 
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 Area (N+active)                         2460                        36     17      12                aF/um^2 

 Area (P+active)                          2356                                                               aF/um^2 

 Area (poly)                                                  875         54     16      10                aF/um^2 

 Area (poly2)                                        50                        aF/um^2 

 Area (metal1)                                                    36      14                aF/um^2 

 Area (metal2)                                                        35                aF/um^2 

 Fringe (substrate)     321   259                       77      59      41                aF/um 

 Fringe (poly)                                               66      40      29                aF/um 

 Fringe (metal1)                                             47      35                aF/um 

 Fringe (metal2)                                                  56                aF/um 

 Overlap (N+active)                    203                                             aF/um 

 Overlap (P+active)                     257                                        aF/um 

                                                                        

CIRCUIT PARAMETERS                                     UNITS       

 Inverters                      K                          

  Vinv                                    1.0         2.04   volts       

  Vinv                                    1.5                     2.29    volts       

  Vol (100 uA)                        2.0                     0.13    volts       

  Voh (100 uA)                       2.0                     4.86    volts       

  Vinv                                      2.0                    2.47    volts       

  Gain                                      2.0                 -19.79              

 Ring Oscillator Freq.                                    
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  DIV256 (31-stg,5.0V)                                  92.19   MHz         

  D256_WIDE (31-stg,5.0V)                        146.28   MHz         

 Ring Oscillator Power                                    

  DIV256 (31-stg,5.0V)                                    0.48   uW/MHz/gate 

  D256_WIDE (31-stg,5.0V)                            1.00   uW/MHz/gate 

                                                      

T53Q SPICE BSIM3 VERSION 3.1 PARAMETERS 

SPICE 3f5 Level 8, Star-HSPICE Level 49, UTMOST Level 8 

 

MODEL CMOSN NMOS (                                  LEVEL   = 49 

+VERSION = 3.1             TNOM    = 27              TOX     = 1.4E-8 

+XJ      = 1.5E-7           NCH     = 1.7E17         VTH0    = 0.6887474 

+K1      = 0.7885764       K2      = -0.0715145      K3      = 30.3160775 

+K3B     = -8.2734861      W0      = 1E-8             NLX     = 1E-9 

+DVT0W   = 0               DVT1W   = 0               DVT2W   = 0 

+DVT0    = 2.5182215       DVT1    = 0.3879398       DVT2    = -0.1385624 

+U0      = 455.9346722     UA      = 1.010131E-13    UB      = 1.402093E-18 

+UC      = 1.232252E-12    VSAT    = 1.583769E5      A0      = 0.5805947 

+AGS     = 0.1141616       B0      = 2.69643E-6      B1      = 5E-6 

+KETA    = -5.043353E-3    A1      = 2.876689E-4     A2      = 0.3794736 

+RDSW    = 1.312263E3      PRWG    = 0.0508579       PRWB    = 0.041551 

+WR      = 1                WINT    = 2.051785E-7     LINT    = 7.570428E-8 
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+XL      = 1E-7             XW      = 0                DWG     = 6.697045E-9 

+DWB     = 3.826038E-8     VOFF    = -2.527988E-3   NFACTOR = 1.1541959 

+CIT     = 0                CDSC    = 2.4E-4          CDSCD   = 0 

+CDSCB   = 0               ETA0    = 2.85331E-3      ETAB    = -1.72447E-4 

+DSUB    = 0.0920397       PCLM    = 2.4539683       PDIBLC1 = 0.9546662 

+PDIBLC2 = 2.458492E-3    PDIBLCB = -0.0272306      DROUT   = 1.0330608 

+PSCBE1  = 6.054456E8      PSCBE2  = 1.093818E-4     PVAG    = 0 

+DELTA   = 0.01            RSH     = 82.6             MOBMOD  = 1 

+PRT     = 0                UTE     = -1.5             KT1     = -0.11 

+KT1L    = 0                KT2     = 0.022            UA1     = 4.31E-9 

+UB1     = -7.61E-18       UC1     = -5.6E-11        AT      = 3.3E4 

+WL      = 0                WLN     = 1                WW      = 0 

+WWN     = 1               WWL     = 0                LL      = 0 

+LLN     = 1                LW      = 0                LWN     = 1 

+LWL     = 0                CAPMOD  = 2               XPART   = 0.5 

+CGDO    = 2.03E-10        CGSO    = 2.03E-10        CGBO    = 1E-9 

+CJ      = 4.264727E-4     PB      = 0.9024585       MJ      = 0.4274059 

+CJSW    = 3.015232E-10    PBSW    = 0.8              MJSW    = 0.187618 

+CJSWG   = 1.64E-10        PBSWG   = 0.8             MJSWG   = 0.187618 

+CF      = 0                PVTH0   = -0.0273516      PRDSW   = 500 

+PK2     = -0.0299581      WKETA   = -0.023493      LKETA   = 1.47751E-3 ) 

.MODEL CMOSP PMOS (                                  LEVEL   = 49 
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+VERSION = 3.1             TNOM    = 27              TOX     = 1.4E-8 

+XJ      = 1.5E-7           NCH     = 1.7E17          VTH0    = -0.9259809 

+K1      = 0.582786        K2      = 9.220197E-4     K3      = 11.8773186 

+K3B     = -0.1110527      W0      = 1E-8             NLX     = 1E-9 

+DVT0W   = 0               DVT1W   = 0                DVT2W   = 0 

+DVT0    = 1.8284244       DVT1    = 0.4992527       DVT2    = -0.1557392 

+U0      = 233.3971369     UA      = 3.511301E-9     UB      = 2.351723E-21 

+UC      = -3.71663E-11    VSAT    = 2E5             A0      = 0.6279489 

+AGS     = 0.0984829       B0      = 8.646629E-7     B1      = 5E-6 

+KETA    = -0.0205689      A1      = 0                A2      = 0.7036371 

+RDSW    = 3E3             PRWG    = -0.0472726      PRWB    = -0.0190586 

+WR      = 1                WINT    = 2.652564E-7     LINT    = 9.143324E-8 

+XL      = 1E-7             XW      = 0                DWG     = -1.608991E-8 

+DWB     = 3.064067E-8     VOFF    = -0.0731955      NFACTOR = 0.8953604 

+CIT     = 0                CDSC    = 2.4E-4          CDSCD   = 0 

+CDSCB   = 0               ETA0    = 7.19185E-4      ETAB    = -2.607733E-3 

+DSUB    = 0.013517        PCLM    = 2.4964083       PDIBLC1 = 0.3307859 

+PDIBLC2 = 8.161165E-4     PDIBLCB = -0.1            DROUT   = 0.4369184 

+PSCBE1  = 5.297294E9      PSCBE2  = 5E-10           PVAG    = 4.6976655 

+DELTA   = 0.01            RSH     = 104              MOBMOD  = 1 

+PRT     = 0                UTE     = -1.5             KT1     = -0.11 

+KT1L    = 0                KT2     = 0.022            UA1     = 4.31E-9 
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+UB1     = -7.61E-18       UC1     = -5.6E-11        AT      = 3.3E4 

+WL      = 0                WLN     = 1                WW      = 0 

+WWN     = 1               WWL     = 0                LL      = 0 

+LLN     = 1                LW      = 0                LWN     = 1 

+LWL     = 0                CAPMOD  = 2               XPART   = 0.5 

+CGDO    = 2.57E-10        CGSO    = 2.57E-10        CGBO    = 1E-9 

+CJ      = 7.209355E-4     PB      = 0.943403        MJ      = 0.4955242 

+CJSW    = 2.713757E-10    PBSW    = 0.99            MJSW    = 0.2915465 

+CJSWG   = 6.4E-11         PBSWG   = 0.99            MJSWG   = 0.2915465 

+CF      = 0                PVTH0   = 0.0368158       PRDSW   = 500 

+PK2     = 3.434377E-4     WKETA   = 2.503164E-3     LKETA   = 0.0246002       

)* 

 

 

 

 

 

 

 

 

 



APPENDIX B: DIGITAL PHASE LOCKED LOOP 
  

The function of the digital phase locked loop (DPLL) is to generate a clock 

signal which is locked or in sync with the incoming signal. The architecture of a 

DPLL consists of five major blocks. They are the phase frequency detector, charge 

pump, loop filter, voltage controlled oscillator and divide by N circuit. For this phase 

measurement application, the DPLL is used to multiply the frequency of the incoming 

clock signal by 256. The design of the DPLL and the suggested test procedure are 

included in this section. 

 
 
Design Equations for Charge Pump Clock Multiplying DPLL 
 
The gain of the phase detector with charge pump, KPDI, is given by: 
 

π2
PUMP

PDI
I

K =  

 
where IPUMP is the value of the charging and discharging currents in the charge pump. 
 
The gain of the voltage-controlled oscillator (VCO), KVCO is written as: 
 

MINMAX

MINMAX
VCO VV

ff
K

−
−

= π2  

 
where fMAX and fMIN are two frequencies above and below the operating frequency, 
respectively, and VMAX and VMIN are the corresponding input voltages of the VCO. 
 
The feedback factor, β, is simply: 

N
1

=β  

 
where N is the divide by count in the feedback path. 
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Using the charge-pump loop filter consisting of C2 in parallel with the combination of 
C1 in series with R, the loop-filter transfer function is: 
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Assuming C2 is one-tenth (or less) of C1, the natural frequency, ωn, is given by: 
 

1NC
KK VCOPDI

n =ω  

 
The damping factor, ζ, is: 
 

12
RCnω

ζ =  

 
The lock time, TL is: 

n
LT

ω
π2

=  

 
The lock range is: 
 

nL πζωω 4=Δ  
 
 
Design Hints and Constraints: 
 

1. When designing the loop filter to operate off-chip, the minimum capacitance 
is approximately 100pF, so as to dominate the parasitic chip pad and lead 
capacitance.  On the other hand, if the loop filter is on-chip, the maximum 
capacitance is approximately 100pF, so as to not occupy too much silicon 
area. 

2. The damping factor, ζ, is set to 1 for critical damping.  If ζ > 1, the loop will 
be stable, but sluggish.  If ζ < 1, the loop will be fast, but ring, with the 
possibility of being unstable and never locking.  In order to compensate for 
process and temperature variations, a value of ζ > 1 is preferred over ζ < 1. 

3. It appears we want ωn < 2 π fin / 50, where fin is the input clock frequency in 
order to obtain a low jitter design.  Reducing ωn can be achieved by: 

a. Reducing the gain of the VCO, KVCO, using a linearizing resistor. 
b. Reducing the bandwidth (increasing R and C1) of the loop filter. 
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c. Reducing the gain of the PD by reducing the charge pump current, 
IPUMP. 

 
 
 
Specific Designs 
 
Design 1: 10kHz to 10kHz DPLL Design 
 
Parameter Value Comment 
fIN 10 kHz Slow 
fOUT 10 kHz Slow 
N 1 Divide by count 
C2 100 pF Off-chip 
C1 1 nF Off-chip 
ζ 1.25 >= 1 for stability 
KVCO 2π 15 kHz / V  Measured in simulation, 400 kΩ resistor (x 4) 
ωn 2π 200 Hz = 2 π fin / 50 
ΔωL 2π 3.14 kHz Range over which DPLL locks 
TL 5 ms Simulate 3x lock time, or 15 ms 
R 2 MΩ Calculated from ζ, ωn, and C1
IPUMP 100 nA Calculated from KVCO, N, ωn, and C1
 
 
Design 2: 10kHz to 40kHz DPLL Design 
 

Parameter Value Comment 
fIN 10 kHz Slow 
fOUT 40 kHz Slow 
N 4 Divide by count 
C2 100 pF Off-chip 
C1 1 nF Off-chip 
ζ 1.25 >= 1 for stability 
KVCO 2π 60 kHz / V  Measured in simulation, ??? kΩ resistor 
ωn 2π 200 Hz = 2 π fin / 50 
ΔωL 2π 3.14 kHz Range over which DPLL locks 
TL 5 ms Simulate 3x lock time, or 15 ms 
R 2 MΩ Calculated from ζ, ωn, and C1
IPUMP 100 nA Calculated from KVCO, N, ωn, and C1
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Design 3: 10kHz to 160kHz DPLL Design 
 

Parameter Value Comment 
fIN 10 kHz Slow 
fOUT 160 kHz Slow 
N 16 Divide by count 
C2 100 pF Off-chip 
C1 1 nF Off-chip 
ζ 1.25 >= 1 for stability 
KVCO 2π 240 kHz / V  Measured in simulation, ??? kΩ resistor 
ωn 2π 200 Hz = 2 π fin / 50 
ΔωL 2π 3.14 kHz Range over which DPLL locks 
TL 5 ms Simulate 3x lock time, or 15 ms 
R 2 MΩ Calculated from ζ, ωn, and C1
IPUMP 100 nA Calculated from KVCO, N, ωn, and C1

 
 
 
Design 4: 10kHz to 640kHz DPLL Design 
 

Parameter Value Comment 
fIN 10 kHz Slow 
fOUT 640 kHz Slow 
N 64 Divide by count 
C2 100 pF Off-chip 
C1 1 nF Off-chip 
ζ 1.25 >= 1 for stability 
KVCO 2π 960 kHz / V  Measured in simulation, ??? kΩ resistor 
ωn 2π 200 Hz = 2 π fin / 50 
ΔωL 2π 3.14 kHz Range over which DPLL locks 
TL 5 ms Simulate 3x lock time, or 15 ms 
R 2 MΩ Calculated from ζ, ωn, and C1
IPUMP 100 nA Calculated from KVCO, N, ωn, and C1
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Design 5: 10kHz to 2_56MHz DPLL Design 
 

Parameter Value Comment 
fIN 10 kHz Slow 
fOUT 2.56 MHz Slow 
N 256 Divide by count 
C2 100 pF Off-chip 
C1 1 nF Off-chip 
ζ 1.25 >= 1 for stability 
KVCO 2π 3.84 MHz / V  Measured in simulation, ???? resistor 
ωn 2π 200 Hz = 2 π fin / 50 
ΔωL 2π 3.14 kHz Range over which DPLL locks 
TL 5 ms Simulate 3x lock time, or 15 ms 
R 2 MΩ Calculated from ζ, ωn, and C1
IPUMP 100 nA Calculated from KVCO, N, ωn, and C1

 
 
The project description, the pin out and the suggested test procedure for the DPLL are 
included here. 
 
Description: 4 different DPLL circuits.  Input is 10kHz square wave.  Outputs are 
40kHz, 160kHz, 640kHz, and 2.56 MHz square waves.  Loop filters are off-chip.  In 
addition, new analog buffers are included as test circuits, as are the phase-frequency 
detector, the charge pump, and the divide-by-4 circuit. 
 
Pin configuration 
P
# 

Name Pad 
Type 

Description 

1 VssDpll Protect -1.25V, to power DPLLs and all Digital test circuits 
2 VssPad Vss -1.25V, to Digital PADFRAME for digital output buffers and 

protection. 
3 VddPad Vdd +1.25V, to Digital PADFRAME for digital output buffers and 

protection 
4 Ip_640 Protect Input bias current for 640 kHz DPLL 
5 Dt_640 Protect +/- 1.25V 10kHz square wave, input to 640 kHz DPLLs 
6 Dc_640 DigBuf Divided clock for 640 kHz DPLL 
7 Ck_640 DigBuf Output clock for 640 kHz DPLL 
8 Vc_640 Bare Control voltage for 640 kHz DPLL 
9 Dc_160 DigBuf Divided clock for 160 kHz DPLL 

10 Ck_160 DigBuf Output clock for 160 kHz DPLL 
11 Vc_160 Bare Control voltage for 160 kHz DPLL 
12 Ipb_160 Protect Input bias current for 160 kHz DPLL 
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13 Dt_160 Protect +/- 1.25V 10kHz square wave, input to 160 kHz DPLLs 
14 Dc_40 DigBuf Divided clock for 40 kHz DPLL 
15 Ck_40 DigBuf Output clock for 40 kHz DPLL 
16 Vc_40 Bare Control voltage for 40 kHz DPLL 
17 Ipb_40 Protect Input bias current for 40 kHz DPLL 
18 Dt_40 Protect +/- 1.25V 10kHz square wave, input to 40 kHz DPLLs 
19 Up DigBuf Up signal, output of PFD test circuit. 
20 Down DigBuf Down signal, output of PFD test circuit. 
21 VddDpll Protect +1.25V, to power DPLLs and Digital test circuits 
22 Dclock Protect +/- 1.25V square wave, input to PFD test circuit. 
23 Data Protect +/- 1.25V square wave, input to PFD test circuit and Div4 test 

circuit. 
24 Div4Out DigBuf Divide-by-4 output signal 
25 Out Bare Output current for charge pump test circuit 
26 VssAPa

d 
Vss -1.25V, to Analog PADFRAME for analog output buffers and 

protection. 
27 IbnAPad BiasN Input bias current for analog output buffers. 
28 Ipbias Protect Input bias current for charge pump test circuit 
29 Res50 Protect 50 kOhm to Abufin and 50kOhm to VssAPad and 50 kOhm to 

VddAPad 
30 Abufin Protect Analog Input and 50 kOhm resistor to Res50 
31 Abufout

1 
AnaBuf Analog Output Buffer 

32 Abufout
2 

AnaBuf Analog Output Buffer 

33 Abufout
3 

AnaBuf Analog Output Buffer 

34 IbpAPad BiasP Input bias current for analog output buffers. 
35 VddAPa

d 
Vdd +1.25V, to Analog PADFRAME for analog output buffers and 

protection. 
36 Dt_2560 Protect +/- 1.25V 10kHz square wave, input to 2.56MHz DPLLs 
37 Dc_256

0 
DigBuf Divided clock for 2.56 MHz DPLL 

38 Ck_256
0 

DigBuf Output clock for 2.56 MHz DPLL 

39 Vc_256
0 

Bare Control voltage for 2.56 MHz DPLL 

40 Ip_2560 Protect Input bias current for 2.56 MHz DPLL 
 



Chip Test Setup 
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Suggested Test Procedure 
 
For split supplies: Vdd = +1.25 V (logic 1), AGnd  = 0 V, Vss = -1.25 V (logic 0) 
For single supply: Vdd = +2.5 V (logic 1), AGnd = 1.25 V, Vss = 0 V (logic 0) 
 
Test Engineer: __________________________________________ 
 
Test Date: __________________________________________ 
 
Chip ID:  __________________________________________ 
 
1. Using the DMM, measure the resistance from Res50 (pin 29) to VssAPad (pin 

26).  It should be 50kΩ.   Record the value below: 
 _________ 

 
2. Using the DMM, measure the resistance from Res50 (pin 29) to VddAPad (pin 

35).  It should be 50kΩ.   Record the value below: 
 _________ 
 

3. Using the DMM, measure the resistance from Res50 (pin 29) to Abufin (pin 30).  
It should be 50kΩ.   Record the value below: 

 _________ 
 
4. Attach Vss to VssDpll (pin 1), VssPad (pin 2), and VssAPad (pin 26). 
 
5. Attach Vdd to VddAPad (pin 35) to test the analog pads. 
 
6. Attach nominally 10kΩ resistor from Vdd to pin IbnAPad (pin 27) to establish a 

150 uA current source.  The current is split three-ways (50 uA each) for each of 
the three analog output buffers.  Using the DMM, measure the current below: 

_________ 
 
7. Attach nominally 10kΩ resistor from Vss to pin IbpAPad (pin 34) to establish a 

150 uA current source.  The current is split three-ways (50 uA each) for each of 
the three analog output buffers.  Using the DMM, measure the current below: 

_________ 
 
8. Short Abufin (pin 30) to AGnd.  Using the DMM, measure the DC offset voltages 

of the analog output buffers, Abufout1 (pin 31), Abufout2 (pin 32), or Abufout3 
(pin 33): 

 
DC Offset 1:   _________ 
 
DC Offset 2:   _________ 
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DC Offset 3:   _________ 

 
9. Attach function generator output signal to Abufin (pin 30).  Make sure the DC 

offset of the function generator equals AGnd.  Begin with a low-frequency (1kHz) 
small-amplitude (250 mVpp) signal.  Attach a 10x probe to Abufin (pin 30) and 
another 10x probe to Abufout1 (pin 31).  

 
10. Using the DMM, measure the amplitude first at Abufin (pin 30) and then the 

amplitude at one of the three outputs, Abufout1 (pin 31), Abufout2 (pin 32), or 
Abufout3 (pin 33), then compute the low-frequency gain: 

 
Abufin RMS:   _________ Abufout1 RMS:   _________ Low-F 
Gain 1:   _________ 

 
Abufin RMS:   _________ Abufout2 RMS:   _________ Low-F 
Gain 2:   _________ 
 

 
Abufin RMS:   _________ Abufout3 RMS:   _________ Low-F 
Gain 3:   _________ 
 

11. Increase the amplitude (towards 3.0 Vpp) until clipping is visible on the outputs.   
Using the scope, measure the maximum output voltage, maximum input voltage, 
and compute the range: 

 
Max Abufout1:   _________ Min Abufout1:   _________
 Range Abuf1:   _________ 
 

12. Decrease the amplitude back to a small value (250 mVpp).  Using the scope, 
measure the input and output amplitudes.  Then, increase the frequency until the 
output amplitude drops to 0.707 times the output amplitude at low-frequencies in 
order to measure the corner frequency. 

 
Abufin Amp:   _________ Abufout1 Amp:   _________ Low-F 
Gain 1:   _________ 

 
Abufout1 Amp:   _________ @ 3-dB Freq:   _________  

 
 
13. Now increase the amplitude to a large value (2.4 Vpp), but not too large that 

clipping might occur. Measure the slope (slew-rate) of the output signal on the 
rising and falling edges and draw a picture of what is seen below: 
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SR Rising:   _________ SR Falling:   _________  
 
14. Remove the function generator signal from Abufin (pin 30) and remove the 

connection from Vdd to VddAPad (pin 35).  Testing of the analog buffers is 
complete. 

 
15. Attach the following inputs to Vss: Dr_640 (pin 5), Vc_640 (pin 8), Vc_160 (pin 

11), Dr_160 (pin 13), Vc_40 (pin 16), Dt_40 (pin 18), Dclock (pin 22), Data (pin 
23), Dt_2560 (pin 36), Vc_2560 (pin 39). 

 
16. Attach Vdd to VddPad (pin 3)  and VddDpll (pin 21).  Measure the DC current 

through each of these connections.  It should be zero, meaning, nothing in the 
digital circuitry should be switching or consuming any power. 

 
17. Remove the Vss connection to Data (pin 23).  Apply a 40kHz, 2.5 Vpp square 

wave to Data (pin 23).  Make sure the DC offset of the function generator equals 
AGnd.  Attach 10x probes Data (pin 23) and Div4Out (pin 24).  Using either the 
DMM or the scope, measure the input and output clock frequencies, which should 
be 40kHz and 10kHz, respectively: 

 
Data In Freq:   _________ Div4Out Freq:   _________  

 
18. Remove the Vss connection to Dclock (pin 22).  Create a 40kHz lowpass filter 

between Data (pin 23) and Dclock (pin 22), by attaching a 4kΩ resistor between 
these two pins and attaching a 1nF capacitor from Dclock (pin 22) to Vss.  Attach 
10x probes to signals Up (pin 19) and Down (pin 20).  You may need to use an 
external trigger from the function generator to the scope.  Plot the two signals 
below, measuring the time they are high. 
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19. Attach a 175 kΩ resistor from Ipbias (pin 28) to Vss in order to establish a 10uA 
bias current.  Measure it with the DMM: 

_________ 
 
20. Attach a 100 kΩ resistor from Out (pin 25) to AGnd.  Attach a 10x score probe to 

Out (pin 25).  You should see a 1V square wave with the same high time as either 
the Up or Down signal.  Plot the waveform below and measure the time it is high: 

 
 
 
 
 
 
 
 
 
21. Re-attach Vss to Data (pin 23) and Dclock (pin 22).  Remove 175kΩ resistor from 

Ipbias (pin 28). 
 
22. Attach a 20MΩ resistance from Ipb_40 (pin 17) to Vss to establish a 100 nA 

reference current.  This current is too low to measure directly with the DMM.  
Instead, attach Ipb_40 (pin 17) to the input of a CMOS op-amp (LMC6482, 
National Semiconductor, minimum supply voltage +/- 1.5V and maximum supply 
voltage +/- 7.5V) configured as a follower (Vdd – pin 8, Vss – pin 4, Vin – pin 3, 
Vout – pins 2 & 1).  Measure the voltage difference between the output of the 
follower and Vss and then divide by the actual resistance: 

 
Vss:  _________ V(Ipb): __________  Ipb:

 __________ 
 
23. Remove Vss connections to Dt_40 (pin 18) and Vc_40 (pin 16).   
 
24. Attach the loop filter from Vc_40(pin 16) to Vss, consisting of (2MΩ + 1nF) || 

100pF, where ‘+’ means in series and || means in parallel.  Attach one side of the 
1nF capacitor to Vss.   

 
25. Apply a 10kHz, 2.5 Vpp square wave to Dt_40 (pin 18).  Make sure the DC offset 

of the function generator equals AGnd.  Attach 10x probes Dt_40 (pin 18) and 
Ck_40 (pin 15).  Plot the waveforms below.  Using either the DMM or the scope, 
measure the input and output clock frequencies, which should be 10kHz and 
40kHz, respectively: 

 
Data In Freq:   _________ Clk_40 Freq:   _________  
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26. Re-attach Vss to Dt_40 (pin 18) and Vc_40 (pin 16).   
 
27. Move the 20M� resistor from Ipb_40 (pin 17) to Ipb_160 (pin 12). 
 
28. Remove Vss connections to Dt_160 (pin 13) and Vc_160 (pin 11).   
 
29. Attach the loop filter from Vc_160(pin 11) to Vss, consisting of (2MΩ + 1nF) || 

100pF, where ‘+’ means in series and || means in parallel.  Attach one side of the 
1nF capacitor to Vss.   

 
30. Apply a 10kHz, 2.5 Vpp square wave to Dt_160 (pin 13).  Make sure the DC 

offset of the function generator equals AGnd.  Attach 10x probes Dt_160 (pin 13) 
and Ck_160 (pin 10).  Plot the waveforms below.  Using either the DMM or the 
scope, measure the input and output clock frequencies, which should be 10kHz 
and 160kHz, respectively: 

 
Data In Freq:   _________ Clk_160 Freq:   _________  
 
 
 
 
 
 
 
 
 
 
 
 

31. Re-attach Vss to Dt_160 (pin 13) and Vc_160 (pin 11).   
 
32. Move the 20MΩ resistor from Ipb_160 (pin 12) to Ipb_640 (pin 4). 
 
33. Remove Vss connections to Dt_640 (pin 5) and Vc_640 (pin 8).   
 
34. Attach the loop filter from Vc_640(pin 8) to Vss, consisting of (2MΩ + 1nF) || 

100pF, where ‘+’ means in series and || means in parallel.  Attach one side of the 
1nF capacitor to Vss.   

 
35. Apply a 10kHz, 2.5 Vpp square wave to Dt_640 (pin 5).  Make sure the DC offset 

of the function generator equals AGnd.  Attach 10x probes Dt_640 (pin 18) and 
Ck_640 (pin 7).  Plot the waveforms below.  Using either the DMM or the scope, 
measure the input and output clock frequencies, which should be 10kHz and 
640kHz, respectively: 
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Data In Freq:   _________ Clk_640 Freq:   _________  
 
 
 
 
 
 
 
 
 
 
 
 

36. Re-attach Vss to Dt_640 (pin 5) and Vc_640 (pin 8).   
 
37. Move the 20MΩ resistor from Ipb_640 (pin 4) to Ipb_2560 (pin 40) to establish a 

100 nA reference current.  This current is too low to measure directly with the 
DMM.  Instead, attach Ipb_2560 (pin 40) to the input of a CMOS op-amp 
configured as a follower, and then measure the voltage difference between the 
output of the follower and Vss and then divide by the actual resistance: 

 
Vss:  _________ V(Ipb): __________  Ipb:

 __________ 
 
38. Remove Vss connections to Dt_2560 (pin 36) and Vc_2560 (pin 39).   
 
39. Attach the loop filter from Vc_2560(pin 39) to Vss, consisting of (2MΩ + 1nF) || 

100pF, where ‘+’ means in series and || means in parallel.  Attach one side of the 
1nF capacitor to Vss.   

 
40. Apply a 10kHz, 2.5 Vpp square wave to Dt_2560 (pin 36).  Make sure the DC 

offset of the function generator equals AGnd.  Attach 10x probes Dt_2560 (pin 
36) and Ck_2560 (pin 38).  Plot the waveforms below.  Using either the DMM or 
the scope, measure the input and output clock frequencies, which should be 
10kHz and 2.56MHz, respectively: 

 
Data In Freq:   _________ Clk_2560 Freq:   _________  
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41. Attach 10x probes to Dt_2560 (pin 36) and Dc_2560 (pin 37).  Plot the 
waveforms below.  Using either the DMM or the scope, measure the input and 
output clock frequencies, which should be 10kHz: and 10kHz, respectively: 

 
Data In Freq:   _________ DClk Freq:   _________  

 
 
 
 
 
 
 
 
 
 
 
 

 
42. Vary the input frequency from 9kHz to 11 kHz.. Verify that the 2.56MHz DPLL 

is still in lock, that is, that the Data In Freq equals the DClk Freq.  Eventually, the 
DPLL should lose lock, say, at an input frequencies of 7.5 kHz and 12.5 kHz.  
Find the range over which the DPLL stays locked. 

 
Low Freq:   _________ High Freq:   _________ Range: 
 ________ 

 
43. Set the input frequency back to 10kHz.  Measure the average current using the 

DMM through VddPad (pin 3) and VddDpll (pin 21) and compute the power 
consumption of the Dpll core by multiplying by 2.5. 

 
I(VddPad):   _________ I(VddDpll):   _________ P(2.56MDpll):
 ________ 

 
 
 
 
 



APPENDIX C: LAYOUTS 
 
 

The layouts of various parts in each pixel and other parts on the chip are shown 

below. 

 
Figure C-1 Layout of the low pass filter built using the adaptive element 

 
 

 
Figure C-2 Layout of the comparator for sine to square wave conversion 
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Figure C-3 Layout of a RAM cell 

 
 
 
 
 

 
Figure C-4 Layout of the 8-bit binary counter 
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Figure C-5 Layout of a single pixel 
 
 
 
 
 

 
Figure C-6 Layout of the 3x8 decoder 

 
 

 137



 
Figure C-7 Layout of the 8x8 pixel array and the pad frame, submitted for fabrication 
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Figure C-8 Layout of the 256 times frequency multiplying DPLL 

 
 

 

 
Figure C-9 Layout of the DPLL and the pad frame, submitted for fabrication 
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Figure C-10 Test setup for the phase measurement sensor 

 
 

 
Figure C-11 Test setup for the DPLL 
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APPENDIX D: TEST PROCEDURE FOR THE PHASE MEASUREMENT 
SENSOR 

 
The pin out of the chip and the test procedure is described in this appendix. 
 

 
P# Name Pad Type Description 
1 Q4 DigBuf Output from the chip 
2 Q5 DigBuf Output from the chip 
3 Q6 DigBuf Output from the chip 
4 Q7 DigBuf Output from the chip (MSB) 

5 Vdd_pad Vdd +1.25V, to PADFRAME for output     
buffers and protection. 

6 Vdda Protect +1.25V, to power analog parts in  
array, test comparator &  LPF  

7 C2 Protect Column decoder input (LSB) 
8 C1 Protect Column decoder input 
9 C0 Protect Column decoder input (MSB) 
10 Counter_ov DigBuf Overflow signal output from counter 
11 Counter_out DigBuf Counter output (LSB - q0) 
12 col_dec_out DigBuf Column decoder output (MSB - q7) 

13 clock Protect +/-1.25V, 2.56MHz square wave,  
clock input to counter 

14 reset Protect counter reset input, active low 

15 Vdd_digital Protect +1.25V, to power the digital circuits  
(counter, decoders) 

16 Vss Vss    -1.25V, to power all the pads and the     
    digital circuits 

17 ihyst Protect Input hysteresis current for  
comparator, 8uA from Vdd 

18 ibias Protect Input bias current for comparator,  
64uA from Vdd 

19 R2 Protect Row decoder input (LSB) 
20 R1 Protect Row decoder input 
21 R0 Protect Row decoder input (MSB) 
22 row_dec_out DigBuf Row decoder output (MSB - q7) 
23 test_digbuf DigBuf test input signal from digital buffer 
24 comp_out DigBuf test Comparator output  

25 ihystT Bare Input hysteresis current for test  
comparator, 125nA from Vdd 

26 ibiasT Bare Input bias current for test comparator, 
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1uA from Vdd 
27 gnd_v- Protect negative input for test comparator 

28 test_input Protect test input signal for comparator and  
LPF 

29 ibiasn BiasN Input bias current for analog output  
buffers. 

30 test_anabuf AnaBuf test input signal from analog buffer 
31 LPF_out AnaBuf Analog Output Buffer 
32 ibiasp BiasP Input bias current for analog output  

buffers. 
33 Vdd Protect +1.25V, to power all the digital c 

ircuits in the array 
34 pulse DigBuf short duration output pulse from  

selected pixels 
35 vss Protect -1.25V, to all the digital circuits 
36 vss Protect -1.25V, to all the analog circuits 
37 Q0 DigBuf Output from the chip (LSB) 
38 Q1 DigBuf Output from the chip 
39 Q2 DigBuf Output from the chip 
40 Q3 DigBuf Output from the chip 

 
 
 

Suggested Test Procedure 
 

Split supplies: Vdd = +1.25 V (logic 1), AGnd = 0 V, Vss = -1.25 V (logic 0) 
 
 
1. Only hook up Vdd (pin 5) and Vss (pin 16) to the PADS. Hook up Vss (pin 35) 

and Vss (pin 36) to analog and digital circuits.  Smell and touch chip to see if on 
fire.  

 
2. Apply ibiasn and ibiasp (62.5Kohms from Vdd for ibiasn and 62.5Kohms to Vss 

for ibiasp), Apply a test input signal, sinusoidal wave 1 KHz, +/- 1V (pin 28), and 
observe the same signal at the outputs of the analog and digital buffer (pins 23 
and 30). Increase the frequency gradually and observe the output. 

 
3. Attach Vdd (pin 6) for testing the comparator and low pass filter. 
 
4. Attach pin 27 to signal ground and test the comparator output through the digital 

buffer on pin 24. For this, supply ibiasT (pin 26), a current of 1uA (1.25Mohm 
resistor from Vdd) and ihystT (pin 25), a current of 125nA (10Mohm resistor 
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from Vdd). Reduce amplitude to 100mV and F=1 KHz. The output at pin 24 
should be comparing the test input to signal ground. 

 
5. Observe the output of low pass filter (pin 31) on oscilloscope by giving a dc input 

to it. The dc should be reproduced at the output. 
 
6. Remove ihyst and ibias resistors. 
 
7. Attach Vdd to pin 15 to test the decoders and counter. Attach digital input signals 

(Vdd=logic1 or Vss=logic 0) to the row decoder inputs (pins 19, 20, 21).Observe 
the row decoder output at pin 22. It should go high only when all the three inputs 
are high. 

 
8. Similarly test the column decoder by applying digital test signals to pins 7, 8, 9. 

Observe the decoder output at pin 12. This output should also be high only when 
all three inputs are high. 

 
9. Connect the clock reset signal (pin 14) to Vdd and attach a +/- 1.25V, 2.56MHz 

pulse to the clock input (pin 13). Observe the LSB output on pin 11. This should 
be a 1.28MHz pulse from Vdd to Vss. The overflow signal (pin 10) should be a 
10 KHz pulse. This goes high only when all the counter outputs are high. 

 
10. Apply Vdd to pin 33 and Vss to pin 35 to power the 8x8 array. Apply a 

combination of digital inputs for the row decoder (pins 19, 20, 21) and the column 
decoder (pins 7, 8, 9). Apply a bias current of 64uA (19.53Kohm resistor from 
Vdd) to pin 18 and a hysteresis current of 8uA (156.25Kohm resistor from Vdd) 
to pin 17.Observe and note down the outputs (q7 – q0) in a table. (pins 
4,3,2,1,40,39,38,37). 
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ABSTRACT


INTEGRATED OPTICAL PHASE DETECTOR
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Dr. Paul M. Furth, Chair


The measurement of the phase component of an optical wavefront is critical because, unlike radio waves, it is not possible to directly measure the extremely high frequency oscillations of the optical electric field. This measurement is used in many imaging and sensing applications such as optical surface profiling, calibrating optical systems, and high quality imaging using a phase corrected wavefront. Many approaches available for phase measurement require that a complex set of calculations be performed in order to recover the optical phase value. These methods, implemented with discrete components connected to a computer, can be very time consuming and prohibit real time analysis. This thesis introduces the development of an optical phase sensor where the integration of pixilated sensor elements and the CMOS processing circuitry onto a single VLSI chip reduces the time required to read out and digitize the sensor pixels. This type of architecture could lead to sensors with higher bandwidth and much smaller packaging than discrete component devices.


This sensor measures the relative phase of an optical wave front across an 8x8 array of pixels to determine the optical wavefront phase. A 10 kHz sinusoidal optical signal is generated by interferometric modulation of an 80MHz and 80.01MHz signals. An acousto-optic modulator is used in each leg of a Michelson interferometer to frequency-shift the incoming light signal by the driven RF frequency. The interference fringe pattern is spatially sampled across each pixel to measure the relative phase difference. 


A photodiode, which converts sinusoidal optical signals to photocurrents, is used for photovoltaic conversion. The small photocurrent is initially converted into a voltage. This sinusoidal voltage is converted into a digital waveform using a low pass filter and a comparator combination. The digital waveform is then converted to a pulse of very short duration at every rising edge of the input. These small pulses are used to enable the storing of data in memory. An eight-bit counter, whose clock frequency is 256 times that of the optical source, is used as a reference and the counter values, at the instance when the pulse edge occurs, are stored in memory. A frequency multiplying digital phase-locked loop is used to generate the 2.56MHz signal. The counter values stored in memory indicate the phase reference for each pixel. The difference in the counter values read out from each pixel is a measure of the relative phase between the pixels. Thus, the positive going zero crossings of the sinusoidal light signal are used to record the phase values, and the relative phase difference is measured with 8 bits of accuracy.


The design, layout and verification of the phase measurement sensor was done before the chip was submitted for fabrication. The testing of the chip was done using a laser beam and an LED as source of light. The chip was tested using a regulated power supply circuit built in a test box. The simulation and chip measurement results of the phase measurement sensor are summarized.
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1 INTRODUCTION



The subthreshold region of operation of the MOS transistor is advantageous when designing CMOS image sensors. The currents are in the nanoampere to picoampere range and the power consumed is very low. Also the circuits operating in this region do not require much area. Subthreshold MOS transistors are used along with photodetectors to design an on-chip sensor for the measurement of the phase of an optical wavefront. This measurement is used in many imaging and sensing applications. Measurement with an on-chip sensor reduces the time to read-out values and any additional hardware required for computation.



In this thesis, we have designed a VLSI sensor capable of measuring the relative phase of an optical wavefront across an array of pixels. Michelson interferometry is used to generate an intensity fringe pattern that oscillates on the integrated heterodyne sensor. The adaptive element described by Delbruck [Delb96] is used in designing a low pass filter. It was originally used by Delbruck in implementing a photoreceptor circuit. 


Original contributions in this thesis are:


· Design of an 8x8 pixel array integrated sensor for phase measurement


· Optical test setup was built using highly stable RF frequency synthesizers and acousto-optic modulators.


· Tested the operation of the 256 times frequency multiplying digital phase locked loop using a 10 kHz IF sinusoidal signal.


· The characteristics of the novel adaptive element filter were studied.


· The electrical and optical testing was performed on the integrated heterodyne sensor.


In chapter 2, we discuss the background of CMOS imagers in contrast to charge coupled devices. We also discuss the modeling of a photodiode for simulations and the operation of MOS in subthreshold region. The techniques of heterodyning and several methods of phase measurement are discussed. Also, the adaptive element photoreceptor circuit of Delbruck [Delb96] is discussed.


In chapter 3, we discuss the optical interferometry setup and the architecture of the integrated phase measurement sensor. A block diagram of the interferometry setup is shown in the figure below.
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Figure 1‑1 Interferometry setup


The photodiode with several types of loads is discussed and the bandwidth estimation of the photodiode with diode- connected PMOS as load is explained. The design of the low pass filter using the adaptive element is discussed. The design and simulation results of the comparator and memory cells are discussed. The design of the binary counter and the decoders for addressing are explained. The architecture of a single pixel in the phase measurement sensor is explained, followed by simulation results of the 8x8 pixel array.


In chapter 4, the test setup and the test procedures used in testing the chip are described. The RF circuit used for building the interferometry is explained and the test results of all parts of the chip are summarized.


In chapter 5, a summary of the results of this work is provided. Some of the applications, recommendations for possible future work are also mentioned.

2 BACKGROUND


2.1 CCD and CMOS Imagers



Charge coupled devices (CCD’s) are commonly used in imaging to capture light for conversion to electricity. They are analog devices capable of recording a range of intensity levels. The quantum efficiency of a CCD, defined as the number of electrons released per incident photon, is typically 90%. Hence they are widely used in digital photography, optical scanners and other light sensing devices as a grid of pixels. The typical area of a CCD pixel is 100μm2 and the irradiance is 1.4mW/m2. CCD’s have low noise, minimal non-uniformity, high sensitivity, high density and a relatively simple fabrication process [Delb96]. They are easily available and are also used in astronomical telescopes and night vision devices. 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 clocking devices.


The drawbacks of the CCD sensors are overcome by using the Complimentary metal-oxide-semiconductor (CMOS) sensors. The higher integration levels of the CMOS sensors reduce the number of external chips required in a system. The integration of the processing circuits on the same device makes the CMOS sensors more compact in size. The advantages of CMOS sensors over CCD’s are that they can be fabricated easily in common CMOS methods which are less costly. Also they use less power for operation. The quality of CMOS image sensors have been improving steadily and the development of on-chip processing architectures improve their performance further. The feature sizes have been dropping steadily because of the high density of CMOS pixels in a design. CCD’s have better matching, lower noise compared to CMOS sensors and are mostly used in scientific applications and high quality imaging. Also, CMOS imagers can hardly operate above 40°C due to large leakage currents, also called as the dark currents.


2.2 Photodetectors


A photodetector is a device that senses the light signals from a source and converts them into electric signals. It is the primary component used to detect or sense the light in an image processing system. The commonly used photodetectors in a CMOS process are implemented using parasitic elements. The source and the drain regions of the MOS transistor and the substrate are used in this implementation. 


A photodiode is a type of photodetector designed to be responsive to optical input. It is formed by the junction between a p and n type material. Photodiodes can be used in either zero bias or reverse bias. A photodiode is generally used in reverse bias to sense the light falling on the pn junction. The photoelectric effect causes a flow of current through the photodiode. A photodiode can also sense light in zero bias configuration, but the main reasons for using it in reverse bias are increased depletion region, better quantum efficiency and increased electrical bandwidth.


When it is reverse biased, the light falling on the diode reduces the high resistance associated with it. Circuits based on this effect are more sensitive to light than ones based on the photovoltaic effect. 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 is known as the photocurrent and is proportional to the intensity of incident light. Thus, a reverse biased diode can be used as a detector by monitoring the current running through it.


A phototransistor is generally a bipolar transistor that has much higher sensitivity for light than the photodiode. Sensitivity of a photodetector is the amount of current that flows for a given intensity of incident light. A phototransistor has the current flowing through it multiplied by the β parameter, thus it has higher current for same amount of light incident on a photodiode. In a standard CMOS process, the commonly used detector is a reverse biased photodiode, formed between the substrate and the active regions which are oppositely doped. Photodiodes are widely used instead of phototransistors because the response of a photodiode is faster than the phototransistor, and the area they occupy is also smaller. 


Some of the photo detectors that can be formed in a standard CMOS process are shown in figure 2-1. Figures 2-1(a) and 2-1(b) illustrate the shallow photodiodes. The photodiode shown in figure 2-1(a) is formed between the n+ diffusion and the P-substrate, whereas the one shown in figure 2-1(b) is formed between the p+ diffusion and the N-well. These photodiodes possess good substrate noise immunity due to the presence of the deep field oxide (FOX) implants. 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. The photodiode shown in figure 2-1(c), formed between an N-well and the P-substrate, is referred to as a deep photodiode. A wide depletion region is caused by the relatively low carrier concentration in the N-well and P-substrate. Light of longer wavelengths incident on this photodiode penetrates deep into the N-well and thus this photodiode has a good spectral response at longer wavelengths. 
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Figure 2‑1 Four different photodetectors found in a standard CMOS process


The photodiode shown in figure 2-1(d) is a combination of deep and shallow photodiodes and is used for maximizing the collection of shorter and longer wavelength photons. A phototransistor is formed here due to the presence of pn junctions between the p+ to N-well and the N-well to P-substrate. For photoreceptors of similar sizes, the coverage factor, or fill factor, (ratio of light collecting area to the total area of the device) is higher for photodiodes than phototransistors [Dew92]. 


The current through a forward biased diode is given by
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where, IS is the saturation current of the diode, v is the forward bias voltage and n is a constant which varies depending on the material and structure of the diode. 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
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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 1nA [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].

2.2.1 Modeling a photodiode


During simulation, the photodiode is modeled as a current source in parallel with the junction capacitor Cphoto. The current source is proportional to the intensity of the incoming light. The shunt resistance, often included in photodiode models, can be safely ignored because of its high values.
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Figure 2‑2 Model of a photodiode



The photodiode model is shown in figure 2-2 where Iph is the photocurrent, Vrev is the reverse bias voltage and Cphoto is the capacitance of the photodiode. The value of the capacitor depends on the dimensions of the junction area and type, which in our case are n+ /p- [Sed99].  The capacitor associated with the photodiode is non-linear in nature. In the reverse biased region, its behavior is dependent on the reverse voltage Vrev. The following calculation is used to find the value of the capacitor
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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 its perimeter [Bak00]. CJ and CJSW are usually specified as a capacitance per unit area and unit length respectively. Each of the junction capacitance is given by
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where, Cjo is the zero bias capacitance density, V0 is the junction built in potential, Vr is the reverse voltage and M is the junction grading capacitance, which depends on the impurity and typically is in the range of 0.3 to 0.5.


The cross-section of the photodiode with the junction capacitances is shown in figure 2-3.
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Figure 2‑3 Cross-section of a photodiode with junction and sidewall capacitances


2.3 Subthreshold Operation



Another important region of operation of the MOS transistor, apart from the cutoff, triode and saturation regions, is the weak inversion region. Over the past decades, the MOSFET has continually been scaled down in size. Smaller transistors are highly desirable because they contribute to lower switching times, higher processing speeds with increased packing density. With the small MOSFET geometries the voltage that can be applied to the gate gets reduced. To maintain performance, the threshold voltage of the MOSFET also has to be reduced. With reduced threshold voltages, the transistor cannot be turned off completely resulting in a weak-inversion layer and the region of operation is referred to as the subthreshold region. The current flowing in the transistor operating in this region is referred to as the subthreshold leakage current. An increase in the need for low power and low current systems has led to the development of circuits which involve the operation of the MOS transistors in this region. 


2.3.1 Operation of an n-channel MOSFET


In an n-channel MOSFET, for VGS < VT, where VT is the threshold voltage, a small drain current flows from the drain to the source. In this region, the MOSFET characteristics are translinear i.e., the drain current increases exponentially with the gate voltage [And96]. These currents are in the nanoampere to picoampere range.  For an NMOS transistor, the subthreshold current ID is given by
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where, ID0 varies weakly with the drain to source voltage, VDS. Vth is the thermal voltage given by
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where, k is Boltzmann’s constant, T is the absolute temperature and q is the magnitude of electronic charge, equals 1.6x10-19 C. Vth is approximately 25mV, at room temperature. 


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. Also, due to very low currents in subthreshold region, the speed of the circuits (bandwidth) is typically very low.


2.3.2 Small signal parameters


For a NMOS transistor operating in the saturation region, the square law suggests that the drain current is given by
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If the transistor width W increases and the current ID remains constant, the gate to source voltage VGS approaches the threshold voltage VT and the transistor enters the subthreshold region of operation. This region occurs for
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where, Vth is the thermal voltage.


The small signal output resistance denoted by ro, present between the drain and source of the transistor is given by
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where, ID is the drain current of the NMOS transistor and VA is the early voltage. The Early Voltage ranges from 2V, for sub micron devices to 50V, for long channel devices.



2.4 Heterodyning


Heterodyning is a process which basically converts a high frequency wave into a low frequency intermediate signal. It deals with combining a high frequency RF wave with a locally generated wave of a slightly different frequency. The constructive and destructive interference between the two signals generates two new frequencies, one at the sum of two frequencies and other at the difference of the frequencies. A low frequency produced in this manner is generally referred to as the beat frequency. The term heterodyne is sometimes applied to one of the frequencies generated in this manner. This process is not only limited to electrical signals but can occur in any medium where signals of different frequencies can be mixed.



Optical heterodyning refers to the process of mixing two light waves to produce a low frequency signal to be processed by conventional electronic circuitry. This process is used here to measure the phase of the incoming light signal. Many interference approaches have been devised for measuring optical phase that include shearing, heterodyne, and Shack-Hartmann array techniques. A common aspect of all these approaches is that after the intensity is measured, a set of calculations must be performed to recover the optical phase values. The calculations are typically straightforward, but for a pixilated sensor, the time required to read out the sensor pixels and perform the calculations can be prohibitive.



Heterodyne array imaging is a coherent imaging technique capable of resolving target surface features, shape and position related to time changing quantities. The wavefront sensor used here in this heterodyne-type sensing application is shown in figure 2-4. Acoustic optic modulators are used to frequency shift the incoming signal and the reference signal with a slight frequency difference (∆ω) maintained between the two beams.






Figure 2‑4 Heterodyne wavefront sensing approach


The incoming optical wavefront carries the information of interest in the amplitude and phase of the beam. The signal beam is combined with a reference beam that is designed to have spatially uniform phase. The constructive and destructive interference between the combined wave fronts produces interference fringes, a sinusoidal time varying diffraction pattern. The resulting intensity pattern is observed by the integrated sensor array. If the signal beam is monochromatic, the electric field can be described by


                          

))}


,


(


(


exp{


)


,


(


)


,


,


(


y


x


t


j


y


x


A


t


y


x


E


s


s


s


f


w


+


-


=


                               (2-10)


The reference beam is assumed to also be monochromatic with an optical frequency that is slightly different from the signal beam. It is also assumed to have a spatially uniform amplitude and phase. The reference beam electric field can be described by
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The intensity function that is produced at the sensor is
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Or in terms of intensity
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Thus the intensity at a particular point at the sensor consists of the signal beam intensity, the reference beam intensity, and an interference term that has a temporal beat frequency of Δω. The interference term is proportional to the square root of the signal intensity and contains a phase term that is the difference between the signal beam phase and the constant reference phase. For many applications, it is this phase term that is of most interest. By measuring the relative phase at each (x,y) point, a phase map of the signal beam wavefront can be determined.


The description suggests that the integrated sensor needs to have an array of spatial pixels and the relative phase of the temporal beat signal at each pixel must be sensed. This type of sensor has many applications in heterodyne array imaging.


2.5 Adaptive Element


Photoreceptors, which convert the light falling on them to an electric signal, are widely used in analog vision chips that do focal-plane time-domain computation. An adaptive photoreceptor [Delb96], which can adapt to changes in the illumination intensity, is sometimes used in parallel analog VLSI architectures. The output from a CCD imager is a serial stream of data and it is difficult to couple time domain information from this output to analog circuits. Continuous-time photoreceptor circuits are thus used so that the output can be coupled directly to the computational circuits. The output of the receptor is continuous in time, has low gain for static signals and high gain for transient signals centered around the adaptation point. The adaptation means that the actual output from the receptor is due to the time-varying changes in the illumination intensity and not due to the offsets in intensity that build up naturally.


2.5.1 Simple logarithmic receptors


A receptor that is formed at the simple junction between the lightly doped p substrate and the n+ diffusion has a logarithmic response to illumination intensity. This junction is shown in figure 2-5. The structure acts as a simple photodiode. When light shines on the junction, electron-hole pairs are formed and photocurrent flows through it. The result of this photocurrent is that the n+ region gets negatively charged with respect to the substrate. This negative voltage sets up a flow of forward current in the junction. The forward current is exponential in the junction voltage and therefore the voltage Vo on the n+ region decreases logarithmically with intensity, but this receptor has a limited output voltage range.
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Figure 2‑5 Simple logarithmic photoreceptor


A better output voltage range is obtained using a source follower receptor. It consists of a single MOS transistor as the receptor where the junction between the p- substrate and the n+ source diffusion acts as the photodiode. The problems associated with these simple logarithmic receptors are mismatch and slow response under low illumination conditions. Delbruck [Delb96] describes an adaptive photoreceptor circuit that employs adaptation, to deal with circuit mismatches and active feedback, to deal with the problem of slow response.


2.5.2 Adaptive receptor


The adaptive photoreceptor circuit is shown in figure 2-6. It employs a delayed feedback to the gate of the feedback transistor Qfb. The circuit basically uses a model that makes a prediction of the input signal and the output comes from a comparison of the predicted value with the input. The feedback loop is used to improve the accuracy of the prediction. The feedback transistor, Qfb operates in subthreshold, so the voltage Vp is logarithmic in photocurrent.
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Figure 2‑6 Adaptive photoreceptor


The capacitor C1 is used to store the adaptation state and the voltage stored on this capacitor acts as a model of the input intensity. The inverting amplifier consisting of transistors Qn and Ib compares the input and the prediction. The output voltage V0 is fed back to Vf  through an adaptive element and a capacitive divider formed from C1 and C2. The cascode transistor, Qcas increases the gain of this amplifier and also shields the drain of the Qn transistor from the large voltage swings of Vo. The cascoding effectively reduces the loading of the input node due to the Miller-effect on the gate-drain capacitance of Qn transistor.  The addition of the single cascode transistor increases the dynamic range of the receptor by about a decade. The increased gain and the reduced input capacitance speeds up the response of the receptor by nearly a factor of six [Delb96].


The adaptive element is a resistor-like device that has a monotonic I-V relationship. The schematic of the adaptive element is shown in figure 2-7. 
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Figure 2‑7 Adaptive element


A PMOS transistor is used for the adaptation because true ohmic resistors available in standard CMOS process have values that are too small to adapt to the changes that occur on the storage capacitor. This structure is equivalent to a pair of diodes, in parallel, with opposite polarity as shown in figure 2-8. 
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Figure 2‑8 Pair of diodes representing the adaptive element

The current flowing through it increases exponentially with voltage. A parasitic bipolar transistor is formed between the bulk and the p+ diffusions of the PMOS transistor. The adaptive element and the parasitic bipolar transistor are shown in figure 2-9.  
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Figure 2‑9 Parasitic bipolar transistor in the adaptive element


When Vin > Vout, the MOS transistor is turned on and the bipolar transistor is turned off. The input side acts as the source of the transistor. The structure acts as a diode connected MOS transistor. When Vin < Vout, the MOS transistor is turned off and the bipolar transistor is turned on. The pn emitter-base junction of the bipolar transistor gets forward biased. Also, the bipolar transistor has two collectors, the input side and the substrate. 


The current I flowing into the storage side is the difference between the currents flowing through the MOS transistor and the parasitic bipolar transistor. The I-V relationship for the adaptive element is given by [Delb96]:
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where, Im is the current flowing through the PMOS and Ib is the current flowing through the bipolar transistor. The mode of conduction for two different voltage polarities is shown in figure 2-10 and 2-11. When Vin > Vout, the capacitor at the storage node charges through the MOS transistor and when Vin < Vout, the capacitor discharges through the bipolar transistor. The dark lines in figure 2-10 and figure 2-11 indicate the flow for these two voltage polarities. 
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Figure 2‑10 Mode of conduction in the adaptive element for Vin > Vout
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Figure 2‑11 Mode of conduction in the adaptive element for Vin < Vout

The effective resistance of the adaptive element is high for small signals and low for large signals. This makes it adapt more quickly to large signals than small signals. This behavior is advantageous because the adaptive element will adapt very quickly to large changes in illumination intensity. 


2.6 Phase Measurements


Phase defines the position of a point in a periodic waveform cycle. The phase of a signal relates the position of a point, either a peak or a trough or any other point in the signal, to that same position in another signal. In other words it is the angular relationship between the two signals. Naturally occurring periodic signals are encountered as sine waves. A general sinusoid with amplitude A is represented by the expression
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, where ω is the angular frequency of the signal and φ is the phase. When two sinusoidal signals have their peaks and troughs occurring at the same time instance, they are said to be in-phase, otherwise they are said to be out-of-


phase. When a sinusoidal signal occurs ahead of a reference signal of the same frequency, it is said to be leading in phase with respect to the reference signal and if it occurs behind the reference, it is said to be lagging in phase. The phase difference between two signals of the same frequency is simply the delay, in time, in start of one signal with respect to the other. It is the relative displacement in time between the two signals. Phase difference is generally expressed in radians or in degrees from 0 to 360. If the phase difference is 90 deg, the signals are said to be in quadrature and if the phase difference is 180 deg, the signals are said to be in antiphase. When two antiphase signals of the same amplitude are added together, they sum to zero.


The phase of a signal has high importance in communications and digital modulation techniques. When a digitally modulated signal is transmitted over a channel, the phase of the signal carries some information of interest and it is used in the demodulation process to recover the original signal. There are certain conventional methods of estimating phase in the time domain and frequency domain. The time domain methods include the correlation method, the sampling method and phase estimation using zero crossings.

2.6.1 Correlation method


Phase estimation using the correlation method is used in the demodulation of bandpass signals. Bandpass modulation refers to the process by which an information signal is converted to a sinusoidal waveform. The sinusoid has three features, the amplitude, phase and frequency, which can be used to distinguish it from other sinusoids. Thus, bandpass modulation can be defined as the process where the amplitude, frequency or phase of a carrier, or a combination of them, is varied in accordance with the information to be transmitted. The receiver employs certain demodulation techniques to recover the transmitted information. At the receiving end, when the receiver exploits knowledge of the carrier’s phase to detect the signals, the detection process is referred to as coherent detection. If the receiver does not utilize the phase information the detection process is noncoherent. 


In coherent detection, the receiver has a prototype of each possible arriving signal. The demodulators are designed to operate utilizing the knowledge of the absolute value of the incoming signal’s phase; therefore phase estimation is required here. A coherent detector that is used for the demodulation of MPSK, multiple phase shift keyed, signals is shown in figure 2-12 [Skl00]. The detector has two reference signals labeled Ψ1(t) and Ψ2(t). These reference signals are also referred to as basis functions. During demodulation the receiver multiplies and integrates the incoming signal r(t) with each of the reference signals. This process of multiplying and integrating is called correlation. The two correlators are also shown in figure 2.12.

The output of the upper correlator is given by
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and the output of the lower correlator is given by
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Figure 2‑12 Phase estimation using correlation method

Here the value X can be thought of as the in-phase component of the received signal and the value of Y as the quadrature component. These components are represented in figure 2.13. 

The phase value computed here is a noisy estimate of the transmitted signal phase [Skl00], and is given by the following expression
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The demodulator then compares the estimated phase with each of the prototype phase angles, and chooses the signal that matches closely in phase. In this method the small instantaneous noise present on the signal gets integrated over one period. This may result in an increased noise at the output and may change the phase information of the signal. 
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Figure 2‑13 Inphase and quadrature components of the signal vector r


2.6.2 Sampling method


In this method, we take four samples of the sinusoid at regular intervals within one period. Using some mathematical computations on the four samples, the phase information can be extracted. The angular frequency of a sinusoidal signal of frequency f is given by
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Figure 2‑14 Discrete samples of a sinusoidal signal


We take four discrete samples from the sinusoid at time instants t1, t2, t3 and t4, such that the angles ωt1, ωt2, ωt3 and ωt4 are set equal to 0, π/2, π and 3π/2, respectively. The samples are shown in figure 2.14. The first sinusoidal signal starts at zero and has a zero phase. This signal is used as reference in phase measurement. The other two signals of the same frequency, which have non-zero phase, are also shown in figure 2.14. By taking the samples at same time instants, the phase of these signals can be estimated. Now the four samples are defined as
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From these expressions, simple trigonometry gives
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The phase of a signal relative to a sinusoidal signal with zero phase is thus given by
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 The phase of any sinusoidal signal evaluated using this method is relative to a signal of the same frequency that starts at time t defined as zero. If the signal is noisy, the values of samples A, B, C and D may vary. From equation 2-25, the phase information is highly dependent on the instantaneous value of the discrete samples. Thus, a change in the sample values due to noise present on the signal may result in an estimation of incorrect phase information.


2.6.3 Zero crossings



The zero crossing for a sinusoidal signal is the instantaneous point at which the amplitude reduces to zero. This normally occurs twice during each cycle of the signal. In the context of discrete-time signals, a zero crossing is said to occur if successive samples have different algebraic signs. The phase difference between two signals of the same frequency can be thought of as the time delay or advance in the zero crossing of one signal with respect to the other. In speech processing algorithms, the zero crossings are used to estimate the pitch period of speech signals. The short-time average zero-crossing rate is used in making voiced/unvoiced decision of speech signals [Rab78].


If two signals of the same frequency begin at zero, build to a high positive value, fall through zero, build to a high negative value and return to zero at exactly the same time, they are said to be in-phase. Figure 2.15 shows two signals that are in phase. There is no relative phase difference between these signals.  The two signals have different amplitudes and still have the same phase. Conversely if the two signals begin at different points, they are said to be out of phase. Two out of phase signals are shown in figure 2.16. The relative phase difference or phase shift between these signals is the time difference between the zero crossings of the signals. Here the phase shift is expressed in units of time.
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Figure 2‑15 Two in-phase sinusoidal signals
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Figure 2‑16 Two out-of-phase sinusoidal signals

The relation between time shift and phase shift is defined by the equation 
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. The two signals are of the same angular frequency ω, so the time shift Δt is directly related to the phase shift Δφ. The presence of noise on the signals may cause the location of zero-crossings to move. This abrupt and unwanted change in signal characteristics due to noise is sometimes called “jitter.” A very high noise level may result in spurious zero-crossings or additional zero-crossings. This results in an incorrect estimation of the signal phase.


3 OPTICAL PHASE DETECTION



The measurement of the spatial distribution of the phase component of an optical wavefront is critical in many imaging and sensing applications, for example, adaptive optical correction for atmospheric propagation, optical surface profiling [Voe97], [Mac97], non-destructive testing [Tka03], and laser Doppler imaging.  The phase component cannot be measured directly because of the high frequency oscillations. It requires some type of interferometric approach, where the optical signal of interest is combined with a frequency shifted reference signal. The interference effect between these signals generates intensity fringes and this fringe pattern is observed on a test sensor. The main objective in the design of the integrated sensor is high bandwidth and small packaging. 


3.1 Optical Interferometry Setup


The schematic diagram of the laboratory setup used in the interferometric phase measurement  application is shown in figure 3.1. The laser beam coming from the source passes through a polarizer, which induces proper polarity to the beam. The polarized beam is split into two legs using a beam splitter. The two beams are then passed through acousto-optic modulators. The ability of the acousto-optic modulator to shift the frequency of a laser light beam by a precise and stable amount is crucial to production of a beat note from the two light beams. The acousto-optic modulator is driven by an RF signal and a first order beam output from the modulator is frequency shifted by an amount exactly equal to the RF signal frequency. The modulators used here are optimized for an RF input of 80MHz. We use two high-stability frequency synthesizers to provide the signals to the modulators and we can offset the input frequencies by as little as a few hertz. 
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Figure 3‑1 Laboratory apparatus setup


One of the modulators is driven by an RF signal of 80 MHz frequency and the other is driven by 80.01 MHz frequency signal. 

The frequency shifted beams are passed through beam expanders. A beam expander consists of two lenses and its primary function is to optimize the spot size at the focusing lens. It is designed to increase the diameter of the laser beam and the expansion factor is the ratio of the focal length of the two lenses. The expanded beams are recombined at the test plane where a temporal “beat” signal is created at the difference frequency of the RF synthesizers, i.e., 10 kHz. By creating a small tilt between the two beams, a spatial fringe pattern is produced with bright and dark fringes that translate in time with a speed dependent on the difference frequency setting of the modulators.  This setup creates an intensity pattern at the test sensor location that “beats” with a selectable frequency. For any point on the test plane, the intensity cycles at the difference frequency, but the phase of the signal varies linearly from point to point across the test plane.

 An example of the fringe pattern is shown in figure 3.2.  




Figure 3‑2 Intensity fringe pattern


3.2 Integrated Heterodyne Sensor


The interferometric approach used here suggests that the integrated heterodyne sensor must be an array of pixels with on-chip phase calculation circuitry to generate the relative phase values. Each element of the array senses a time varying irradiance signal and the phase shift between different pixels can be measured depending on the orientation of the fringes relative to the sensor elements. In this thesis, we focus on the development of an integrated optical phase detector circuit in which the sensing element array, the signal conditioning and phase calculation circuitry are united on a single VLSI chip. The integration of the pixilated sensors and the CMOS processing circuitry onto a single VLSI chip reduces the time required to read out and digitize the sensor pixels. This type of architecture thus leads to sensors with higher bandwidth and much smaller packaging density than discrete component devices.

 The architecture allows wavefront sensing without the requirement for high speed read out circuitry and a large computer system.

The optical sensor developed here for the phase measurement application is an 8x8 array of pixels. Each pixel has a photodetector and some circuitry for processing the signals on chip. The photodetector used here is formed from the simple n+/p junction, described in section 2.2. This photodiode has shorter response time compared to other photodiodes. 


A block diagram of the architecture is shown in figure 3.3. This architecture employs two decoders that are used to select a single pixel from the 8x8 array. A row decoder is used to select a single row and a column decoder is used to select a single column. The combination of these two decoders allows only one pixel, out of the total 64, to be selected at any instant of time. 

The photodetector senses the light falling on each pixel and a photocurrent flows through it because of the photoelectric effect. The photocurrent is converted to an equivalent voltage using a transimpedance amplifier. The analog voltage signal is converted into a digital waveform using analog to digital conversion techniques. The zero crossings technique is used to measure the relative phase difference between each pixel. An eight bit counter is used as a reference for phase measurement in the time domain. At every rising edge of the voltage signal, the instantaneous values of the counter outputs are stored in memory.
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Figure 3‑3 Architecture of the optical phase measurement sensor

There are memory cells integrated in each pixel. The relative phase difference between two pixels is given by the difference in the values stored in their memory cells. 

3.3 Photodiode with Load


The basic premise behind the photodiode front end is to indirectly measure the relatively small photocurrent by converting it into a large voltage swing. We also require the circuit which performs this current-voltage conversion to occupy a small amount of area on the chip. The photodiode senses the light falling on it and a photocurrent flows through it. The photocurrent is converted into a voltage using a load. The photodiode with a load and an equivalent circuit model is shown in figure 3.4.
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Figure 3‑4 Photodiode with a load and equivalent circuit model

The photodiode is modeled as discussed in section 2.2.1. It has a parasitic capacitance in parallel with the current source. This capacitance must be taken into consideration while computing the time constant at the input node. The input resistance of the load is represented by Rin and the input capacitance by Cin. The photodiode is connected in the reverse biased configuration. The time constant at the input node is given by
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The bandwidth of this circuit is given by
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If the resistance of the input node increases, then its time constant increases. This increase in time constant causes a reduction in bandwidth and hence the speed. Therefore to achieve higher speed, the time constant and hence the impedance at the input node should be low.

3.3.1 Types of loads


A load is used along with a photodiode for converting the photocurrent to an equivalent voltage. The conversion of current to voltage can be achieved by using a simple resistive load (figure 3.5). Although this design is simple, it has several drawbacks. The most important factor is the speed of the circuit. A high resistor value is required for achieving an acceptable voltage swing at low photocurrents. This reduces the bandwidth of the circuit and a high resistor value occupies more area.


The other possible load is the classical transimpedance amplifier, using a low noise operational amplifier and a large negative feedback resistor. This type of a design using an operational amplifier requires a compensation capacitor for the stability of the amplifier. 
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Figure 3‑5 Simple resistive load


This capacitor is generally made equal to the capacitance of the photodiode. To create a capacitor in our process, we must use a poly1/poly2 capacitor with an area capacitance of 0.9fF/µm2. This means that the compensation capacitor would itself occupy a large area, not leaving much room for other circuitry. The limitations of this design are that, it has limited input range and consumes more chip area. 



The next design was made using a nonlinear load whose resistance varies with the current flowing through it. A diode-connected PMOS transistor is used as the load. A MOS transistor whose drain and gate terminals are tied together is referred to as a diode-connected transistor. This design, shown in figure 3.6, is fundamentally as simple as the resistive load design. 



M1


+


_


V


rev


I


ph


V


ph


R


in


, C


in




Figure 3‑6 Diode connected PMOS load on a photodiode


The resistance of the diode connected MOS transistor is given by
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where, gm is the small signal transconductance given by
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Here Id is the drain current flowing in the MOS transistor, κ is the gate-to-bulk coupling coefficient and is approximately 0.7. Vth is the thermal voltage given by equation 2-6 and its value is 25mV at room temperature. Therefore the resistance is given by
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As the drain current increases, the resistance of the diode-connected MOS transistor decreases. In this thesis, the diode-connected MOS transistor is used as the load for current-to-voltage conversion. A transient simulation of the photodiode with the diode-connected MOS transistor as load is shown in figure 3.7. 



Figure 3‑7 Transient simulation of the photodiode with diode connected PMOS load for Iph=10nA, Vdd=1.25V, Vss=-1.25V

The simulation is done with a photocurrent of 10nA and the voltage generated has a peak-to-peak swing of 47.5mV at a voltage offset of 365mV. A second simulation result with a photocurrent of 1nA is shown in figure 3.8.




Figure 3‑8 Transient simulation of the photodiode with diode connected PMOS load for Iph=1nA, Vdd=1.25V, Vss=-1.25V

The resulting voltage has a peak-to-peak swing of 12.5mV at an offset of 474mV. The voltage thus is constant over a wide range of  photocurrents. The other major reason for using the diode-connected PMOS load is that it is useful over a wide range of light levels. It operates over many decades of photocurrent. A linear resistor cannot operate reliably over several decades.


3.3.2 Bandwidth estimation of the photodiode with load

An estimate of the bandwidth of the photodiode with the diode connected PMOS transistor is made here. The capacitance of the photodiode is given by equation (2-3) as
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From appendix A, the values of CJ and CJSW can be found for an NMOS transistor 


(n+/p- photodiode).


CJ = 0.000426 F/m2 = 0.426 fF/µm2


CJSW = 0.301 nF/m = 0.301 fF/µm


For a 50µm×50µm photodetector,


Cph = (0.426 fF/µm2 × 2500 µm2) + (0.301 fF/µm × 200 µm) = 1.125 pF

The load capacitance due to the diode-connected PMOS transistor Cin is negligible compared to the photodiode capacitance Cph. The resistance Rin depends on the photocurrent flowing through the MOS transistor. For a photocurrent of 100nA, using equation 3-5, the resistance value calculated is 357kΩ. The bandwidth can be estimated by substituting the resistance and capacitance values into equation 3-2. The bandwidth evaluates to 387 kHz. 

An AC analysis is performed using a sinusoidal current source. The frequency was swept from 1Hz to 1MHz and the voltage at the drain of transistor M1 was plotted. The bandwidth obtained by simulation was 226 kHz. The AC response is shown in figure 3.9. In this simulation, the input is a current source and the output is a voltage plotted at the drain of the PMOS transistor. The “gain” was found to be 115.6dB. The magnitude of this gain represents the input resistance of the transistor M1.



Figure 3‑9 AC Response of the photodiode with diode connected PMOS load

Vdd= 1.25V, Vss=-1.25V, Cph=1.125pF and Iph=100nA

The input resistance of the diode-connected PMOS transistor calculated theoretically using equation 3-5 was 357kΩ. Converting this value into dB, we get
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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. 

3.4 Design of Low Pass Filter


Initially the photo-generated current is converted into a high-swing voltage. This sinusoidal voltage signal is converted into a digital waveform. The analog-to-digital conversion is achieved using the combination of a low pass filter and a comparator. The schematic of a passive low pass filter is shown in figure 3.10.
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Figure 3‑10 Passive low pass filter


In this architecture, the resistor is implemented using the nonlinear adaptive element discussed in section 2.5. The critical parameters of capacitors in analog design include the nonlinearity, the parasitic capacitances to the substrate, the series resistance and the capacitance density. In CMOS technologies, capacitors are fabricated as “poly-diffusion,” “poly-poly,” “metal-poly,” or “metal-metal” structures. In a poly-diffusion capacitor, the thin oxide between the poly gate and the source or drain diffusion forms a dense capacitor with 10-20% bottom plate parasitic capacitance [Raz02].  This structure suffers from some nonlinearity because the width of the depletion region at the poly-oxide and oxide-diffusion interfaces changes with applied voltage, thereby varying the effective dielectric thickness between the conducting plates. 


In this thesis, the capacitor is implemented using a p-channel MOSFET. The equivalent capacitance is a series combination of the oxide capacitance and the depletion region capacitance. The MOS capacitors biased in strong inversion region are quite dense because of the thin gate oxide layer used in CMOS processes. The bottom plate parasitic is a relatively small percentage of the gate capacitance. 


There is also a resistance in series associated with MOS capacitors because of the gate material and the channel resistance. The equivalent series resistance is estimated to be
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The intrinsic time constant of the capacitor is therefore 
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This equation further simplifies to 
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The above equation suggests that the value of L must be minimized to minimize the series resistance for a given overdrive. 

The schematic of the low pass filter implemented using the adaptive element and the MOS capacitor is shown in figure 3.11. The sizes of the MOS transistors used are labeled in the figure. The resistance of the adaptive element and the capacitance of the MOS transistor are selected so that the cutoff frequency of the low pass filter is close to 1 Hz. The low pass filter outputs the dc level of the sinusoidal voltage signal at the input.



+


-


Vdd


10.8 µm/10.8 µm


m=4


1.5 µm/0.6 µm


V


in


V


out




Figure 3‑11 Low pass filter implemented using adaptive element and a MOS capacitor

 A low pass filter can also be implemented using an operational transconductance amplifier (OTA) with negative feedback and a capacitive load [Bak00]. It is extremely stable but the major issue is random dc offset. The input-referred offsets of the OTA, caused due to mismatch, increase the complexity of the design. The architecture with the adaptive element and MOS capacitor occupies much less area on chip and has no dc offset. The disadvantage is that the time-constant is not tunable and it is also temperature dependent.


The simulation results of the low pass filter for the given transistor sizes are shown in figure 3.12. A transient analysis is done here with the photo voltage as the input. The input signal is an 80mV peak-to-peak signal with a dc offset of 200mV. The output signal also has a dc offset of 200mV and has a very low voltage swing of around 0.3mV. Thus the output signal from the low pass filter swings weakly around the dc offset level of the input signal.




Figure 3‑12 Transient simulation of the low pass filter with photo voltage as the input, Vdd=1.25V, Vss=-1.25V

3.5 Design of Comparator


A comparator is a nonlinear analog circuit capable of comparing the two signals at its inputs. It is used in a variety of signal processing applications, including analog computation and signal generation. It also finds applications in detecting the zero crossings of an arbitrary signal waveform and converting sinusoidal waves into square waves. 


A comparator compares the input voltage signal with a reference voltage, referred to as the comparator threshold. It can be thought of as a decision making circuit that gives a digital output that swings between the power rails. It has a non-inverting input port and an inverting input port. When the noninverting input is at a higher voltage than the inverting input, the high gain of the operational amplifier pulls the output to the positive power rail. When the noninverting input drops below the inverting, the output is pulled down to the negative rail. 


A conventional CMOS operational amplifier with capacitive loads can be used as a comparator in some low frequency applications. In practice the design of a comparator for high speed applications consists of a preamplifier stage to amplify the input signal and an output buffer to amplify the digital information. The sensitivity of a comparator can be defined as the minimum input signal with which it can make a decision. The preamplifier stage improves the sensitivity of the comparator by amplifying the input signal. The output voltages of a comparator will go very close to the power supply voltage rails. The comparator has a high slew rate, meaning that the output voltages swing between the rails very fast.


3.5.1 Hysteresis


When comparing a noisy signal to a threshold, the comparator may switch rapidly from state to state as the signal crosses the threshold. If the comparator is used for detecting zero crossings, the presence of noise on the signals causes the zero crossings to move. This effect can be avoided and a clean signal can be output from the comparator by adding hysteresis. The use of two thresholds on either side of the zero crossings by the magnitude of noise reduces the probability of error in detecting the zero crossing. In this way, the switching point is controlled by two threshold voltages, a lower threshold level and a higher threshold level, depending on whether the input signal is increasing or decreasing. In some applications, comparators are used with positive feedback. The positive feedback increases the gain of the circuit and produces a certain degree of hysteresis in the transfer characteristics. The schematic of the comparator with hysteresis is shown in figure 3.13. 

The hysteresis loop is desirable to produce a definitive switching action at the output of the comparator. The width of hysteresis is the difference between the high threshold VTH and low threshold VTL. The comparator here is implemented using an operational amplifier in folded cascode configuration.  It has an NMOS differential pair and folded p-channel cascode active loads. The folded cascode operational amplifier here uses NMOS input devices and PMOS cascode loads. Thus, this circuit provides a high gain because of the high mobility of NMOS devices. The transistors M1, M2 form the input differential amplifier. The PMOS cascode load is formed by the transistors M5, M6, M8 and M9.  They are biased for a current that is equal to Ibias. The differential pair M3-M4 is used with positive feedback to add some amount of hysteresis. The amount of hysteresis can be adjusted by varying the hysteresis current flowing through this differential pair. 
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Figure 3‑13 Schematic of the comparator with hysteresis

The DC simulation results for the comparator without hysteresis are shown in figure 3.14. 




Figure 3‑14 DC sweep of the comparator from -20mV to 20mV for Vdd=1.25V, Vss=-1.25V, Ihyst=0 and Ibias=1µA



The inverting input is connected to ground and the non inverting input is swept from -20mV to 20mV. The plot shows the non inverting input sweep and the output voltage. The comparator has a dc offset of 404 µV. The gain of the comparator defined as the slope of the output waveform was found to be 3.125K. A simulation is then done with a hysteresis current of 125nA. The non inverting input terminal is swept up from -20mV to 20mV first and then is swept down from 20mV to -20mV. The plot of the simulation results is shown in figure 3.15 and 3.16.




Figure 3‑15 DC sweep of the comparator from -20mV to 20mV for Vdd=1.25V, Vss=-1.25V, Ihyst=125nA and Ibias=1µA




Figure 3‑16 DC sweep of the comparator from 20mV to -20mV for Vdd=1.25V, Vss=-1.25V, Ihyst=125nA and Ibias=1µA


The hysteresis current of 125nA provides a hysteresis loop of 25mV. The two plots for the dc sweeps show that there is an hysteresis level of 12.5mV in each direction.


3.6 Sinusoidal-to-Square Wave Conversion


The flow of photocurrent through the photodiode causes a voltage to be generated at the drain of the diode connected PMOS load. This analog voltage signal is digitized for read out operations. The analog-to-digital conversion is achieved using the combination of the low pass filter and the comparator. A block diagram of this is shown in figure 3.17.
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Figure 3‑17 Block diagram of the sinusoidal-to-square wave conversion architecture



The input signal is the voltage signal generated due to the photocurrent and the output is a digital pulse that swings between the power rails. The input signal directly connects to the input of the low pass filter and also the non-inverting terminal of the comparator. The output of the low pass filter is tied to the inverting input. The comparator output is a digital signal that has the same frequency as that of the analog voltage input and swings between the power rails. The sinusoidal voltage input is converted into a square wave using this setup. A plot of the simulation results showing the input and output signals is shown in figure 3.18. 




Figure 3‑18 Transient simulation of the sinusoidal to square wave conversion block with photo voltage as the input, Vdd=1.25V, Vss=-1.25V

3.7 Edge Detection Digital Logic


The phase measurement architecture requires the storage of the outputs from an 8-bit counter. These values stored in memory will be used as reference in measuring the phase of the incoming optical wavefront. The instantaneous value of the counter outputs, at every rising edge of the square wave will be stored in memory. The rising edge of the square wave is detected using some edge detection logic circuit. This circuit is also referred to as the pulse detector circuit. The schematic of the circuit used for edge detection in shown in figure 3.19.
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Figure 3‑19 Edge detection logic circuit


The input signal is the square wave that is output from the comparator. The circuit pays attention to the rising edges of the input signal and outputs a pulse that goes high for a brief moment of time. Implementing this timing function with semiconductor components is done by exploiting the propagation delay associated with each logic gate. The input signal is split into two ways and then a series of inverters are placed in one of the paths just to delay it a bit. The delayed version and the original version of the square wave are input to a two-input AND gate. The output from the AND gate is a digital pulse of very short duration, which goes high at every rising edge of the input square wave. The delay through the inverters sets the width of the output pulses. This pulse is used for controlling the reading in of data into the memory cells. 


The edge detection circuits are commonly used in clock recovery and phase locking applications. The transient simulation results for the edge detection circuit are shown in figure 3.20. The input pulse, the delayed pulse and the output waveforms are shown in figure. The AND gate causes the output to go high for a short period of time at every rising edge of the input signal.




Figure 3‑20 Transient simulation of the edge detection logic circuit


 Vdd=1.25V, Vss=-1.25V

3.8 Design of Static RAM Cells


There are 8 static memory cells within each pixel which are used to store the counter values. Each RAM cell must be capable of storing one bit of data. The word “static” indicates that the memory retains its contents as long as power is applied. The CMOS SRAM memory cell is made up of a cross coupled connection of inverters. Each bit in an SRAM is stored on four transistors that form two cross-coupled inverters. The storage cell has two stable states which are used to denote 0 and 1. There are two additional transistors that control the reading in of data into memory. It thus takes typically six MOS transistors to store one memory bit. The output from the memory cell comes from a tri-state inverter, which is made up of four MOS transistors. Thus, the storage of a bit of data, the read and write operations altogether uses a total of ten MOS transistors. Unlike dynamic RAM cells, the static RAM cells need no refreshing to be done periodically. The schematic of a static RAM cell is shown in figure 3.21.



The sizing of the transistors used in the design is labeled in the figure. The transmission gate uses minimum-sized transistors. Each of the inverters uses the same sizes for the n and p-transistors. The inverter in the feedback has a longer length compared to the other inverter. Thus, this inverter is weak, because of the relative pull-up and pull-down strengths. When the transmission gate is OFF, the inverter I2 drives the node labeled A, but when the transmission gate is ON, there will be a fight between the incoming data and the output of the inverter I2, trying to switch the A node. Therefore if the inverter I2 is weak, the transmission gate wins and the incoming data is written into memory. The value stored in memory is read out through a tri-state inverter.
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Figure 3‑21 Static memory cell


3.8.1 Tri-state inverter



A tri-state inverter is formed using four MOS transistors. An ordinary inverter has two logic levels, a low level and a high level. The schematic of a tri-state inverter is shown in figure 3.22. This has the same configuration of an inverter with two other transistors controlling the output node. The transistors M1, M4 form the inverter, the gates of which are connected together to the input terminal. The transistors M2, M3 are controlled by complementary versions of a control signal labeled En. The output node is tied to the drains of M2 and M3 transistors. Thus, the output node is a high impedance node. Transistors M2 and M3 are both turned ON, when the enable signal En goes high. In this conditions, the circuit acts as a normal inverter and the input signal appears inverted at the output node. When the enable signal En goes low, the transistors M2 and M3 are both off. Under these circumstances, the output node has no direct path to either ground or VDD. The output then is said to be in the high impedance or Hi-Z state. The operation of a tri-state inverter is summarized in table3.1.




M1


M2


M3


M4


InOut


Enbar


En




Figure 3‑22 Tri-state inverter configuration
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Table 3‑1 Tri-state inverter truth table


The transient simulation results for a tri-state inverter are shown in figure 3.23. It is clear from the response that the input signal gets inverted and appears at the output node only when the enable signal En goes high and it holds to its previous state once the enable signal goes low.




Figure 3‑23 Transient simulation of the tri-state inverter, Vdd=1.25V, Vss=-1.25V

The transient simulation results and the timing for the static memory cell of figure 3.21 are shown in figure 3.24. The D input is stored in memory once the pulse signal goes high. At the time instant when the pulse signal goes high, the D input is high and a logic high is stored in memory. The node labeled A is pulled high and this stored value remains in memory. When the enable signal En goes high, this value is read out. It can be seen that the Z output is pulled high when the enable signal En goes high.




Figure 3‑24 Transient simulation of the static RAM cell, Vdd=1.25V, Vss=-1.25V

3.9 Design of the 8-bit Counter


A counter is a register that goes through a prescribed sequence of states upon the application of input pulses. The input pulses generally are clock pulses that originate from some external source. A counter that follows the binary number sequence is called a binary counter. An n-bit counter consists of n flip-flops and can count in binary from 0 through 2n-1. The flip-flops commonly used are the J-K flip-flop or D flip-flop.



Counters are available in two categories, ripple counters and synchronous counters. In a ripple counter the flip-flop output serves as a source for triggering other 


flip-flops. In other words, there is no common clock input for all the flip-flops. In a synchronous counter, the clock input of all the flip-flops is driven by a common clock pulse. Thus, a common clock triggers all the flip-flops simultaneously rather than one at a time in succession as in ripple counters. Ripple counters are unstable as the overflow ripples from stage to stage. Hence, synchronous counters are used in applications where a stable count value is important. Synchronous counters can be designed to count up or down or both according to a direction input.  Many types of counters are available as digital building blocks. 



The schematic of an 8-bit synchronous up counter with reset is shown in figure 3.25. This is built using D flip-flops and half adders. The clock and reset inputs of all the flip-flops are tied together. The reset here is an active-low input signal. The  sum output of a half adder is tied to the D input of the flip-flop of the corresponding stage. The output of the flip-flop is given to one input of the half adder. The carry out of the half adder is passed to the next stage as input of  the adder. For the up counting operation, one input of the first half adder is tied to Vdd. The clock input for the counter is a 2.56 MHz pulse waveform. The counter has 8 outputs which are stored in memory and are used as reference for phase measurements. The transient simulation results of the counter showing the clock input and the 8 outputs are shown in figure 3.26.
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Figure 3‑25 Schematic of an 8 bit counter




Figure 3‑26 Transient simulation of the 8 bit counter


Clock frequency=2.56 MHz, Vdd=1.25V, Vss=-1.25V

3.9.1 Design of D flip-flop with synchronous reset



The D type flip-flop is the most commonly used flip-flop in CMOS circuits. The basic D flip-flop design is a master-slave configuration obtained by cascading two oppositely-phased level-sensitive latches. The schematic of the D flip-flop with synchronous reset, which is used in implementing the counter, is shown in figure 3.27. The clock signal clk controls the operation and provides synchronization. 
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Figure 3‑27 Schematic of the D flip-flop with synchronous reset


The master latch allows an input of D when clk goes low and the gate T1 acts as a closed switch. During this time the gates T2 and T3 are open circuits. When the signal clk makes a transition to the high state, the T2 and T3 switches are turned ON and effect the transfer of the bit to the slave. The input to the master is blocked since T1 is open when clk is high. The master-slave circuit acts as a positive edge-triggered device since the value of D during the positive clock edge defines the value of the bit that is transferred to the slave and available as the Q output.  The D flip-flop shown also has an active low reset signal which pulls the output low. Transient simulation results, showing the timing of the input, clock and the output are shown in figure 3.28.




Figure 3‑28 Transient simulation of the D flip-flop, Vdd=1.25V, Vss=-1.25V

D frequency=200 MHz, Clock frequency=400 MHz


3.9.2 Design of half-adder



A half adder is an elementary circuit that adds one bit of data to another, deriving a sum and a carry output. It has two inputs, generally labeled A and B, and two outputs, the sum S and carry output C. The sum S is the two input XOR of A and B, and C is the two input AND of A and B.  Essentially the output of a half adder is the two-bit arithmetic sum of two one-bit numbers, with C being the most significant bit of these two outputs. 


The schematic of the half adder is shown in figure 3.29 and the logic table is shown in table 3.2.
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Figure 3‑29 Schematic of the half adder circuit
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Table 3‑2 Logic table of half-adder


The sum output is an exclusive-OR of the two inputs and the carry out is a logical AND of the two inputs. The outputs are given by the basic equations


B


A


S


Å


=



  

B


A


C


.


=




The transient simulation results of a half adder are shown in figure 3.30.




Figure 3‑30 Transient simulation of the half adder circuit

Vdd=1.25V, Vss=-1.25V

3.10 Architecture of a Single Pixel


The architecture of a single pixel in the integrated heterodyne sensor is shown in figure 3.31. The photodiode is used in reverse-bias mode, along with a diode connected PMOS transistor as load. The photovoltage generated at the drain of this transistor is sinusoidal due to the modulation techniques used in the interferometry process. This analog voltage signal is converted into a digital waveform using the combination of the low pass filter and the comparator described in section 3.4, 3.5 respectively. The pulse waveform obtained is passed through edge detection logic to detect every rising edge of the incoming pulse waveform. 
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Figure 3‑31 Architecture of a single pixel in the phase measurement sensor



The pixel also has 8 static memory cells capable of storing one bit of data. The reading in of data into the memory cells is controlled by the output of the edge detection logic. The values stored in memory are read out at a time that is controlled by row and column select signals.  The row and column select signals are used to select a single pixel from an array of pixels to be able to write out the values stored in its memory cells. The 8 outputs from the pixel indicate that the relative phase between different pixels can be measured with 8 bits of resolution.

3.11 Enable Logic from Row and Column Signals



The row and column signals are used for generating the En and Enbar signals for enabling any pixel to write out the outputs. A simple AND gate is used to implement this logic. The schematic is shown in figure 3.32. This logic is implemented in each pixel so that the pixel will be able to write out its outputs only when the row and column signals at its input are both high.
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Figure 3‑32 Implementing the enable logic from row and col signals


The transient simulation result showing the row, col, En and Enbar signals is shown in figure 3.33.




Figure 3‑33 Transient simulation of the Enable logic circuit

Vdd=1.25V, Vss=-1.25V, row freq=20 kHz, col freq=10 kHz

3.12 Phase Measurement Sensor



The architecture of the integrated heterodyne sensor used for phase measurement is shown in figure 3.3. It consists of an 8x8 array of pixels and decoders for selecting a single pixel. There is also an 8 bit counter that is clocked by a high frequency pulse waveform. The counter counts the pulses and the count value is used to measure the relative phase difference between pixels. The design of the decoder is shown below.

3.12.1 3-to-8 line decoder design



A decoder is a combinational circuit that converts binary information from n input lines to a maximum of 2n unique output lines. If the n-bit information has unused combinations, the decoder may have fewer than 2n outputs. The schematic of a 3-to-8 line decoder is shown in figure 3.34. The three inputs are decoded into eight outputs, each representing one of the minterms of the three input variables. The three inverters provide the complement of the inputs and each of the AND gates generates one of the minterms. Thus the operation of this decoder can also be considered as a binary-to-octal conversion. The input variables represent a binary number and the outputs represent the eight digits in the octal number system. 



An application of this decoder can be seen in terms of the outputs, For every possible input combination, there are seven outputs that are equal to logic 0 and only one that is equal to logic 1. The output whose value is equal to logic 1 represents the minterm equivalent of the binary number presently available in the input lines [Man03]. Thus, these outputs will be used as select lines, where only the one line that goes high will be enabled for a given input combination. 


The transient simulation results of the 3-to-8 decoder are shown in figure 3.35. The plot shows three input signals and two outputs, the LSB and the MSB. It can be seen that output q0 goes high for the “000” input combination and output q7 goes high for the “111” input combination.
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Figure 3‑34 Schematic of the 3-to-8 line decoder




Figure 3‑35 Transient simulation of the 3x8 decoder circuit

 Vdd=1.25V, Vss=-1.25V

There are two decoders used, one for row addressing and the other for column addressing. The combination of these two decoders enables the selection of only one pixel at any time instant. In the 8x8 array of pixels, each pixel outputs an 8-bit binary value that is stored in its memory. There is a common 8 bit bus that is connected to all 64 pixels. Only one pixel writes to the output bus depending on the addressing logic. If the input combination changes, there is a change observed on the outputs, reflecting the fact that the outputs now are from a different pixel, which senses a different relative phase.


The transient simulation results of the 8x8 phase measurement sensor are shown in figure 3.36. The clock input for the 8 bit counter is a 2.56 MHz pulse waveform. The clock is thus periodic with a time period of 390ns. The interference fringe pattern which the sensor senses is a 10 kHz signal. At a particular time instant, we know which pixel is writing to the output depending on the address lines. The 8-bit output at that instant is recorded. At some other time instant when the addressing inputs are changed, the outputs are recorded once again. 




Figure 3‑36 Transient simulation of the 8x8 phase measurement array


The relative phase shift between the two pixels is given by the difference between the outputs. If A7-A0 is the binary output from one pixel, it is converted to a decimal value, say A. If the binary output from another pixel is B7-B0 and the decimal equivalent is B. Then the relative phase shift in time between these two pixels is given by 
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The input signal is periodic with a period of 100 µs. Therefore a relative phase shift of T µs is equivalent to a phase shift of (100-T) µs.




The equivalent phase shift can also be expressed in degrees. It is clear from the architecture of the counter that the minimum and maximum values of either A or B are 0 and 255 respectively. Thus a difference of 255 between the values read out from two pixels corresponds to a phase shift of 360 deg. The phase shift can thus be expressed as 
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4 TEST SETUP AND MEASUREMENT RESULTS



The Optical setup for the Michelson interferometry that is used to generate the interference fringe pattern was described in section 3.1. Figure 3-1 shows two acousto-optic modulators in each leg of the Michelson interferometer. The modulators are driven by radio frequency signals of 80 MHz and 80.01 MHz, respectively. The difference in these frequencies creates a beat frequency interfering fringe pattern at 10 kHz. The RF circuit that is used to generate the inputs to the modulators and also the 10 kHz reference input signal is described below.


4.1 RF Circuit



A block diagram of the circuit showing the connections between various RF parts is shown in figure 4-1. The circuit uses two highly stable frequency synthesizers at 80 MHz and 80.01 MHz. The acousto-optic modulators are also optimized at these frequencies. These modulators are designed to be able to operate efficiently at an input power level of +30 dBm, for a wavelength of 442nm. Therefore, the power levels P1 and P2 output from each source are adjusted so that the output power level does not exceed 30 dBm. 



The radio frequency signal output from each source passes through power splitters that have a power loss of 3.5 dBm, approximately. The power P1 is adjusted to achieve a +7 dBm local oscillator (LO) frequency and then the attenuator, A1 is adjusted to get a +30 dBm at the output of the amplifier. The amplifier, used is the ZHL-3A model designed by Minicircuits, has a power gain of +24 dBm. It requires a +24V power supply to operate.  
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Figure 4‑1 RF Circuit to generate the high and intermediate frequency reference signals 


Similarly, the power P2 is adjusted to achieve a +1 dBm RF at the mixer and a +30 dBm at the output of the amplifier. There are two attenuators, A2 and A3, in this branch of the circuit that are adjusted to give the proper power levels. A mixer is used that is capable of mixing the local oscillator and radio frequency signals and generates an intermediate frequency. This mixer is designed to operate efficiently at a +7 dBm local oscillator input and a maximum RF input of +1 dBm. 


4.1.1 Selection of proper power levels



The conditions required to be considered in selecting the power levels at the radio frequency sources are that the output of the amplifier is a +30 dBm, the power at the local oscillator input of the mixer is a +7 dBm and the RF power input to the mixer should not exceed +1 dBm. The gain of the amplifier is a +24 dBm, hence the power level desired at its input is a +6 dBm. Now given the loss of the power splitter, the power at the input of each RF source was selected to be +10.5 dBm. The attenuator in the upper branch is selected to be +1 dBm so that the input to the amplifier has a power level of + 6dBm. The two attenuators in the bottom branch are selected to have an attenuation of +6 dBm and +1 dBm. 



The mixer modulates the local oscillator frequency with the radio frequency and generates an intermediate frequency (IF) output signal. This signal has two frequency components, one at 10 kHz and other at 160.01 MHz i.e, the sum and difference of the 80 MHz and 80.01 MHz frequencies. The IF signal has a power level of approximately -5dBm. This signal is passed through an RC low pass filter (LPF) to allow only the 10 kHz signal to pass through it. The IF output from the mixer is used as an input to a digital phase-locked loop (DPLL), that multiplies the frequency of the input signal by a factor k. The multiplication factor was set to 256 so that the output of the DPLL is a 2.56 MHz signal and this signal is used as input to an 8 bit binary counter that is used as reference for counting the number of pulses at the zero crossings of the photo-generated voltage signal. The outputs from each amplifier, labeled Amp, are used to drive the acousto-optic modulators in figure 3-1.


4.2 Interferometry Setup



The interferometry setup built using a laser beam, two beam splitters and mirrors is shown in figure 4-2. The polarizer shown in figure 3-1 is not used in this setup and a beam expander is used at the final fringing beam pattern instead of two beam expanders in each leg of the interferometer. 




Figure 4‑2 Michelson interferometer setup with acousto-optic modulators driven by RF signals



The alignment of the laser beam onto the beam splitter and the acousto-optic modulators was critical in this setup. Initially the modulators were removed from the setup and the laser beam was used along with the beam splitters and two mirrors to observe a simple intensity fringe pattern. The height of the beam splitter stand was adjusted so that the beam enters parallel to the horizontal table. 


The acousto-optic modulators, shown in the figure, are then used in each leg of the interferometer. They have magnetic bases which allow them to remain fixed on the table. The modulators are each driven by the amplifier outputs generated using the RF circuit of figure 4-1. The first order beam output from each modulator is frequency shifted by the RF frequency which drives the modulator. The alignment of the laser beam into the tiny hole of the acousto-optic modulator and getting the two first-order beams to interfere was highly critical in this setup. The interference of the two first order beams causes the intensity fringes to be generated. The frequency of oscillation of the intensity fringe pattern is controlled by the difference between the two RF frequencies, i.e. 10 kHz. At this frequency, it gets difficult to observe the fringes moving on the screen.



The frequency difference between the two RF sources was initially reduced to a few Hertz. The beams were properly aligned onto the beam splitters and the modulators, but the fringing pattern could not be observed. This was due to the fact that there is an offset in frequency in one of the RF synthesizers. The RF source which was set to a frequency of 80 MHz was in fact generating a frequency of 79.000089 MHz. This frequency was accurately measured using a frequency counter. The frequency then was adjusted to compensate for this offset. A beam expander is used in front of the second beam splitter and the interfering fringe pattern could be observed on a card placed in front of it. It was observed that, as the difference in the two RF frequencies was increased, the oscillating frequency of the fringe pattern increases. The movement of the fringes is so fast that it can no longer be observed once the frequency difference exceeds 3-4 Hz. But, this frequency could be measured using a photodetector and a transimpedance amplifier load. The frequency of the sinusoidal signal generated indicates the frequency of oscillation of the fringes. Further evidence of fringe pattern frequency is through the IF signal, whose frequency could be measured directly.


4.3 Chip Test Procedure



The architecture of the optical phase measurement sensor was shown in figure 3-3. The final layout of the chip, sent for fabrication is shown in Appendix C. The power supply specifications for which the chip was designed are


· Vdd = 1.25 V (logic 1)


· Vss = -1.25 V (logic 0)


· AGnd = 0 V


The chip was tested using a regulated power supply. A regulated power supply is used to reduce the noise on the circuit due to the power supply. The noise generated in one part of a circuit may enter the power supply circuit and there is a chance that the noise gets coupled into the whole circuit. A regulated power supply prevents this noise coupling. The design of the power supply circuit is explained below.


4.3.1 Regulated power supply circuit



The regulated power supply circuit is built using a +9V battery at the input of a LM317 voltage regulator. The LM317 is an adjustable three terminal positive voltage regulator capable of supplying a current of up to 1.5A over an output voltage range of 1.2 V to 37 V. It requires two external resistors to set the output voltage. There are capacitors used at each of the three terminals to reduce noise and assure stable closed loop operation. The output capacitor C3 of 1µF improves the transient response of the regulator. The circuit diagram of the regulated power supply circuit is shown in figure 3-4.
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Figure 4‑3 Regulated power supply circuit


The input capacitor C2 is recommended for the above values of C1 and C3. The use of bypass capacitor necessitates the use of protection diodes to prevent the capacitor from discharging through internal low current paths and damaging the device. The diode D1 discharges the capacitor C1 if the output is shorted to ground. The use of a variable resistor or potentiometer between the adjustment pin and the output allows the circuit to be used as a programmable output regulator. The output voltage can be varied by adjusting the variable resistance. For this application a +9 V battery is used at the input of the regulator and the potentiometer is adjusted to generate +2.5 V at the output. Several precautions were taken to obtain maximum performance using this circuit. The wire length of the output lead was minimized and the ground of the variable resistance was returned near the ground of the load to improve the regulation and provide proper ground sensing. 


4.3.2 Virtual ground generation circuit



In applications using a single power source, a reference voltage is required for termination of all signal grounds. This virtual ground can be realized using a combination of resistors, capacitors and an operational amplifier (opamp). The voltage generated using the regulated power supply is split into half to generate a virtual ground for split-supply operation. The LMC6482 is a CMOS dual rail-to-rail input and output operational amplifier. It is used in a voltage follower configuration for the generation of the virtual ground. A resistive divider network is used at the non-inverting input terminal. The LMC6482 has rail-to-rail swing and high accuracy due to high common mode rejection ratio. This operational amplifier is designed to work for a power supply range of 3 V to 15 V. Thus the +9 V available from the battery is used directly to power the opamp. 


The circuit generates a 1.25 V virtual ground for the 2.5 V/GND power supply system. The circuit diagram showing the opamp and the resistive divider network is shown in figure 4-4.
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Figure 4‑4 Virtual ground generation circuit



The resistive divider is used to split the 2.5 V generated using the regulated power supply circuit. The operational amplifier is used in the voltage follower configuration, therefore the voltage at the non inverting terminal appears itself at the output. The bypass capacitors at the input and output are used to filter out any noise present on those terminals and for stability. The large value of output capacitance moves the dominant pole from an internal node in the opamp to the output node. The output is a +1.25 V voltage level and is the virtual ground. Thus, +2.5 V power supply is now used as a split power supply of +/-1.25 V.



The design of the regulated power supply circuit and the virtual ground generation circuit was critical in this test setup. The wiring and all the signal connections needed to be as tight as possible. All the ground connections are terminated next to each other on the breadboard to ensure proper ground sensing by all parts of the circuit. The use of proper capacitor values and polarity were also critical in this implementation.


4.4 Testing Individual Components on the Chip



The phase measurement sensor was built using an 8x8 array of pixels, each with a fill factor of 20%. The photodiode area on each pixel was a 50μm x 50μm fabricated using the n+/p- layers of the standard CMOS process. The chip was fabricated by MOSIS using the AMI 0.5µm process technology. A design rule check (DRC) and layout versus schematic (LVS) was performed on all the circuits before the design was submitted for fabrication.


The testing of various components on the chip could be done using test signal pins. The chip had an 8x8 array of pixels, two decoders for row and column addressing and a counter that is used as a reference for phase measurement. Each pixel further has a photodiode, a low pass filter built using an adaptive element [Delb96], a comparator with hysteresis, eight memory cells and some digital logic for on-chip measurements. There are on-chip analog and digital buffers that are used at the outputs. These buffers are capable of driving a 30pF off-chip load. 


There are also a test low pass filter and test comparator placed outside the pixel array. A common test input signal connects to these two parts, a digital buffer and an analog buffer. The decoders could be tested by giving an input combination and the most significant bit output could be observed off chip. The eight-bit counter could be tested by observing the least significant bit and an overflow signal from the counter. Each pixel has a pulse output that goes high for a short duration of time at the positive-going zero crossing of the photo-generated voltage signal.


A test box was used for testing the phase measurement sensor and the power supply circuit discussed above was built in it. Initially the power supply Vdd, Vss are supplied to the buffers and the pad frames. The analog buffer was tested with a 1 kHz, 100mV peak-to-peak sinusoidal signal. The load used was the load of the oscilloscope, which is a 30pF capacitance in parallel with a 1MΩ resistance. The analog buffer reproduces the signal at its input. A plot of the waveform is shown in figure 4-5. The frequency was increased until the input signal fails to appear at the output. The maximum frequency of operation was found to be 1 MHz. The output gets distorted above this frequency. 


The digital buffer was also tested with a 1 kHz, 100mV peak-to-peak sinusoidal input signal. The buffer could reproduce a digital pulse waveform input signal at the output. But, when a sinusoidal signal is given as input, the slow rising edge could not turn on the first stage of the buffer and the input signal does not appear at the output. Figure 4-6 shows the response of the digital buffer to a square wave input.




Figure 4‑5 Response of the on chip analog buffer to a 1 kHz sinusoidal input
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Figure 4‑6 Response of the on chip digital buffer to a square wave input 


1 kHz frequency, 640mV peak-to-peak amplitude


Also, if the amplitude of the square wave was decreased beyond 400mV the input signal does not appear at the output. The load used was the load of the oscilloscope, which is a 30pF capacitance in parallel with a 1MΩ resistance. The maximum frequency of operation was found to be 1 MHz. After the operation of the on chip buffers was verified, the comparator, low pass filter, 3-to-8 decoders and 8-bit binary counter were tested.


4.4.1 Testing the comparator



The comparator has two bias lines, one for the bias current and other for the hysteresis current. The comparator was tested using a bias current of 1µA and a hysteresis current of 125nA. The inverting terminal is connected to ground and the test input signal is connected to the non inverting input. The comparator was initially tested with a 1 kHz square wave as input. The amplitude was reduced to 100 mV peak-to-peak and the comparator output goes rail-to-rail. Then the comparator was tested using a sinusoidal signal at the input. The response of the comparator to a 1 kHz, 100 mV peak-to-peak signal is shown in figure 4-7. 


The comparator is used in the phase measurement sensor for converting the sinusoidal photovoltage signal to a square wave. The typical amplitude of that sinusoidal signal is around 40 mV peak-to-peak. The comparator is now tested with a 40mV peak-to-peak signal using the waveform generator. The minimum amplitude that a waveform generator can deliver is a 100 mV; therefore, a resistive divider is used to reduce the amplitude of the input waveform. The response of the comparator to a 38 mV peak-to-peak signal is shown in figure 4-8.




Figure 4‑7 Test results of the comparator with a 1 kHz, 100 mV peak-to-peak sinusoidal signal at input



The comparator was also tested using a square wave at its input to calculate the delays. The delays increased with frequency and they are shown in table 4-1. The delays are in the order of nanoseconds for a frequency upto 400 kHz but when the frequency is increased to 450 kHz, the comparator fails to compare all the edges. 



Figure 4‑8 Test results of the comparator with a 1 kHz, 38 mV peak-to-peak sinusoidal signal at input


		Freq

		THL

		TLH



		100 kHz

		640 ns

		60 ns



		400 kHz

		900 ns

		348 ns





Table 4‑1 Test results of the comparator

The offset of the comparator was also measured on three different chips by sweeping the non-inverting input from -20mV to 20mV. The offsets observed on three different chips are shown in table 4-2.

		Chip number

		Offset



		Chip # 1

		-5mV



		Chip # 2

		7mV



		Chip # 3

		5mV





Table 4‑2 Comparator offsets

4.4.2 Testing the low pass filter



The low pass filter was tested using a sinusoidal signal at the input and the output was observed on a scope and a digital multimeter. The output of the low pass filter is a dc signal that reaches the dc level of the input sinusoid. The time constant of the low pass filter built using the adaptive element was found to be in the order of several minutes. The response of the low pass filter to a sinusoidal signal of 300 mV peak-to-peak, at a frequency of 1 kHz is shown in figure 4-9.


The output dc level is also shown in the figure. The output takes around 15 minutes to rise to the dc level of the input sinusoid. There was an offset observed on the output. The dc offset of the input signal was slowly varied and the output signal was observed. The low pass filter was tested using different amplitudes and dc offsets and the response was difficult to characterize. The offset in the output was in the order of 40-80mV and the time constant was usually around 15 minutes. The leakage currents associated with the p-n junction of the adaptive element doubles for every 10°C rise in temperature. The temperature was increased with a heat gun and a decrease in the time constant was observed. The time constant also reduces at increased amplitudes of the input signal, but the offsets associated with it increases.
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Figure 4‑9 Test result of the low pass filter with a 300 mV peak-to-peak signal at the input




The test results of the low pass filter under various test conditions are shown in table 4-2. In conclusion, the test results of the low pass filter built using the adaptive element did not match the simulation results. The test conditions were similar to the simulation results, except that there is light falling on the sensor area. The reasons for the adaptive element filter to fail to work as expected in the simulation results are explained later in this chapter.


		Input offset


(mV)

		Amplitude


(mV)

		Temperature

		Output offset


(mV)

		Time constant


(minutes)



		0

		100

		Normal

		-40

		~ 15



		200

		100

		Normal

		20

		~ 15



		0

		500

		Normal

		40

		~ 9



		200

		500

		Normal

		20

		~ 9



		200

		100

		Increased

		20

		~ 2





Table 4‑3 Test results of the low pass filter


4.4.3. Testing the 8-bit binary counter



There is an 8-bit binary counter on the chip that is used as a reference for phase measurement. The counter could be tested by giving a clock input signal and observing the least significant bit (LSB) output and an overflow signal from the counter that goes high when all the 8 outputs are high.  The counter was initially tested by giving a 2.56MHz square wave signal from a waveform generator at the clock input. The reset signal is active-low, so it is connected to Vdd for testing the counter. The output signals are observed on the scope. The LSB output signal was found to be a 1.28MHz signal and the overflow signal is a 10 kHz signal. The test results showing the clock input and the LSB output waveforms are shown in figure 4-10. 



The test results of the binary counter match closely to the simulation results. The overflow signal is generated internally through an 8-input AND gate. The inputs the AND gate are all the 8 outputs from the counter. The test results of the counter showing the LSB output signal and the overflow signal are shown in figure 4-11. The overflow signal shown in figure goes high at the rising edge of all the output signals. Therefore, when the count reaches the maximum value of 255, i.e. a binary value of 11111111, the overflow signal goes high, indicating the end of counting for that cycle.



Figure 4‑10 Test results of the counter showing the clock input and the LSB output


Clock freq = 2.56 MHz, LSB freq = 1.28 MHz




Figure 4‑11 Zoomed in test results of the counter showing the LSB output and the overflow signal, LSB freq = 1.28 MHz, overflow freq=10 kHz


4.4.4 Testing the 3-to-8 decoders



There are two 3-to-8 decoders on the chip that are used for row and column addressing. Each decoder has a test output signal that is the most significant bit (MSB) output. The schematic of the decoder shown in figure 3-34 suggests that the q7 output is an AND of the three inputs and thus goes high only when the three inputs are at logic high. The decoders are tested by giving a combination of the three input signals and the output was observed. The MSB output goes high only when the three inputs are at logic high. The test results of the decoders matched the simulation results and the design conditions.


4.5 Testing the Digital Phase Locked Loop 


The digital phase locked loop (DPLL) described in Appendix B is used in generating the clock signal input for the 8-bit binary counter. The regulated power supply circuit was built in another test box and the DPLL was tested in that box. The DPLL was initially tested with a clock signal from the waveform generator. A 10 kHz, +/- 1.25V peak-to-peak square wave is given at the input of the DPLL. The output signal frequency is multiplied by 256 times, i.e. a 2.56MHz square wave signal was generated. The design, pinout and test procedure of the DPLL are described in Appendix B. 


Once the operation of the DPLL was verified, it was tested using the signal generated using the RF circuit. The output signal from the low pass filter of the RF circuit of section 4.1 is a sinusoidal waveform of frequency 10 kHz. This signal has an amplitude of 300mV peak-to-peak and has additional noise from the RF circuit. Proper filtering was required to eliminate the noise. The RC low pass filter was designed to operate at a cutoff frequency of 40 kHz. This sinusoidal signal needs to be converted into a square wave so that it can be given as the data input to the DPLL. This sinusoidal signal is amplified using an operational amplifier and then converted into a square wave using the operational amplifier as a comparator. The circuit of the operational amplifier used for the amplifying the signal and converting into a square wave is shown in figure 4-12. The first stage amplifies the signal by a factor of 4. The gain expression is given by
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The second stage is an operational amplifier used as a comparator. The inverting terminal is tied to ground and the amplified signal is connected to the non-inverting terminal.  
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Figure 4‑12 Amplifier and comparator used at the input of DPLL


The circuit shown in figure 4-12 is theoretically simple and should square up the sinusoidal waveform. But the noise on the RF circuit generated from the frequency synthesizers and/or the noise coupled into the RF circuit from the optical setup rendered the output of the comparator noisy and highly unstable. 


It was difficult to determine the source of noise. Several attempts were made to reduce the noise. Firstly, it was thought that the noise was being coupled through the table on which the optical setup and the RF circuit are built (Figure 4-2).The electrical test box, made of metal, is placed on the same table; thus, there could be noise coupled into the circuit. The power splitters and mixer of the RF circuit are all placed on the same table. The test box was isolated from the table by not placing it directly on the table, but this did not help in reducing the noise.


Proper care was taken to ensure that all the ground connections are placed next to each other on the bread board for ground referencing. The next technique used to reduce the noise was soft grounding. In this method, the signal connections and probe references going to ground are not directly connected to ground but are connected through a 1 kOhm resistor. Unfortunately, there was no reduction in noise using any of these techniques and the signal still was unstable.


The assumption then made was that the sinusoidal signal itself contains noise and treating the signal as a single ended signal is causing the noise to enter the circuit. The low pass filter in the RF circuit was replaced by the difference amplifier shown in figure 4-13.
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Figure 4‑13 Difference amplifier and comparator used to square up the 10 kHz signal generated from the RF circuit.


Now the sinusoidal input signal is treated as a difference signal and a difference amplifier is used to amplify the signal instead of the simple non inverting amplifier.  The low pass filtering is done using the RC combination of  R3 and C. The choosen values of R and C give a cutoff frequency of 30 kHz for the low pass filter. The amplified signal is again converted into a square wave using the same operational amplifier as comparator. The noise was reduced using this setup and a stable 10 kHz square waveform was generated. This signal is input to the 256 times frequency-multiplying DPLL and a 2.56 MHz square wave with a +/- 1.25 V peak-to-peak was generated. The test results of the DPLL showing the 10 kHz square wave and the 2.56 MHz output signal are shown in figure 4-14. 




Figure 4‑14 Zoomed in test results of the DPLL showing the 10 kHz square wave input and the 2.56 MHz output signal


The 8-bit binary counter was tested with this 2.56 MHz square wave signal as the input. The operation of the counter was verified by looking at the LSB output and the overflow signal output.


4.6 Testing the 8x8 Pixel Array



Each pixel in the phase measurement sensor has a test output signal labeled pulse to verify its operation. This signal goes high for a short duration of time at every positive-going zero-crossing of the photo generated voltage signal. Thus, for a 10 kHz interference beat frequency signal on the sensor, the pulse signal has a frequency of 10 kHz. Each pixel was designed such that the width of that short duration pulse is around 6 ns. The pulse repeats itself after 100 µs. 



The interference fringe pattern was made to oscillate across the elements of the photodiode array. The row decoder and the column decoder inputs are fixed on a digital combination so that only one pixel will be able to write to the output line. The pulse output was connected to the scope. It was difficult to sample that small duration pulse to be observed on the oscilloscope. The overflow signal of the 8-bit binary counter is a 10 kHz square wave connected to one channel of the scope. The pulse output is connected to another channel and the overflow signal is used as trigger. Delayed triggering was used to capture the short duration pulse on the scope. But, it was observed that the pulse output was never switching to the logic high state. 



Initially, it was assumed that the high time constant of the low pass filter was responsible for no response from the pixel. All the digital outputs from the phase measurement sensor remained at logic 0. This pulse output from each pixel is generated by the edge detection logic described in section 3.7. The photo generated voltage signal passes through the low pass filter, the comparator and the edge detection logic before appearing as the pulse output off chip. The comparator was tested with all input combinations and the results matched the simulation results. It was the low pass filter that had huge offsets and a high time constant. The photodiode made of the n+/p- layers could not be tested but this model was used in many successful applications earlier. 

4.7 Testing with LED


The pixel was also tested using the light from an LED shining on it. The LED was characterized using a photodetector and transimpedance amplifier. The setup is shown in figure 4-15.
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Figure 4‑15 Characterizing the LED


The amplitude and DC offset of the function generator are varied till a sinusoidal signal is observed on the scope. The brightness of the light varies by changing the DC offset. In this testing, we tried to measure the phase from a single pixel by changing the input phase instead of measuring the relative phase between different pixels. The setup used to change the phase of the input signal is shown in figure 4-16. The input phase could be changed by using two function generators. A 10 kHz square wave from one of the function generators is used as the trigger input for the other function generator and this signal also acts as the reference. The phase of the input sinusoid, relative to this reference, could be varied by adjusting the phase knob on the function generator. This input sinusoid is used to trigger the LED.
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Figure 4‑16 Input phase offset using two function generators


The decoders are fixed at an input and the pixel is tested with light from the LED shining on it. The pulse signal was not observed and the digital outputs remained at logic 0. The offsets and the time constant of the low pass filter were assumed to be responsible for this. The low pass filter was tested in the presence of light from the LED and the results are discussed below.


4.6.1 Low pass filter layout considerations


Delbruck [Delb96] describes the adaptive element photoreceptor in his paper. In the implementation of the phase measurement sensor, the adaptive element is used in a low pass filter. In his paper, Delbruck has all parts of the circuit, except the photodiode, but including the adaptive element, covered with metal. The photocurrent is generated when light falls on the n+/p- photodiode. A nearby substrate contact sinks the photocurrent. 


The layout of the low pass filter inside a pixel is shown in figure 4-17. The adaptive element is made in an isolated well with a single MOS transistor. Delbruck characterizes the adaptive element with a small hole in the metal covering the photodiode and states that the currents in the capacitive node are unaffected by minority carriers generated in the substrate. In the layout of the filter shown, there is room for light to enter the adaptive element through the metal covering. This light is responsible for creating charges at the capacitive node and causes the output voltage of the filter to move. 


The input of the low pass filter was connected to ground and just when light from the LED falls on the sensor, the DC voltage at the capacitive node changed by around 300mV. This suggests that the light entering into the adaptive element from the sides causes the generation of charge carriers, which in turn increases the voltage at the output node of the filter. The mark shown in the figure is the area where the light could pass into the adaptive element. The metal covering the adaptive element does not cover the region of the n-well completely. The p+/n-well junction, when illuminated by the light from the LED, is generating voltage, an operation similar to a photo-voltaic cell. 




Figure 4‑17 Layout of the low pass filter


The scale used in Delbruck’s implementation suggests that the distance between the p+ diffusion and the photodiode was around 10µm, whereas in our layout of the phase measurement sensor, the distance between the diffusion and well edge was only around 0.9µm. Delbruck discusses the effect of minority carriers diffusing in the substrate, but does not consider this effect of minority carrier generation in the diffusion and well layers. 


In conclusion, the hole in the metal covering the adaptive element is responsible for the adaptive element filter to fail. We conclude that offsets from the filter likely cause the pulse signal to never trigger within each pixel.


5 CONCLUSIONS, APPLICATIONS AND RECOMMENDATIONS


5.1 Conclusions


This thesis has dealt with the design of an integrated optical sensor for the measurement of the phase of an optical wavefront. Conventional phase measurement techniques are time-consuming and the amount of hardware required for computations is also high. The on-chip solution to phase measurement has many advantages in terms of amount of hardware and time. 



In this thesis, we have designed a 120µm x 120µm pixel. The phase measurement sensor has 64 pixels in an 8x8 array. The design and simulation results of the integrated sensor are described in previous chapters. Each pixel has a low pass filter built using an adaptive element [Delb96]. It was observed in the simulations that this filter has no offsets and does reproduce the dc level of the input sinusoidal signal. But, in chip measurements, the low pass filter is part of the pixel and senses the same light that the sensor senses. The effect of light on the filter in test measurements is also discussed. The generation of charges at the capacitive node was responsible for the simulation results to differ from actual chip measurements. 



Each pixel also has a comparator that is used to square up the photo generated voltage signal. The comparator was designed to work with an amount of added hysteresis. Common-centroid and interdigitation layout techniques were used in order to reduce the mismatch and offsets, which occur due to normal variations in the fabrication process.  



An optical test setup was built using beam splitters and mirrors in a Michelson interferometry setup. Acousto-optic modulators are used to frequency shift the incoming laser beam. The RF circuit that delivers the output to drive the modulators was also built using two highly stable frequency synthesizers. This circuit also generates the 10 kHz reference signal. A digital phase locked loop circuit was used to multiply the frequency of the incoming reference signal by 256 times. The test circuit was built in a test box made of metal in order to isolate the interference due to the external noise. The circuit was tested using a +/- 1.25 V which are generated using a 9V battery. The phase measurement sensor was built from the transistor level to the system level. The hierarchical description of the system architecture was explained in Chapter 3. 


In conclusion, the test results for the phase measurement sensor did not match the simulation results and the relative phase between pixels could not be measured. This was due to the effect of light on the output node of the low pass filter. The filter was built using an adaptive element in an isolated N-well. The photovoltaic effect on the output node was responsible for the failure of the sinusoidal to square conversion logic, leading to a logic 0 on all the digital output lines.


5.2 Applications


The measurement of the spatial distribution of the phase component of an optical wavefront is critical in many imaging and sensing applications, for example, adaptive optical correction for atmospheric propagation, optical surface profiling, non-destructive testing, and laser Doppler imaging. The techniques of optical surface profiling and non destructive testing aim at studying the characteristics of optical surfaces without any physical contact to the surface. The surface characteristics are studied by measuring the beam characteristics of the light reflected from that surface.


5.3 Recommendations 



The design, layout and verification of the phase measurement sensor was done correctly in the cadence design environment. The layout was done based on the simulation results, but the phase measurement sensor did not give the expected test results from the chip. The adaptive element low pass filter had a hole in the metal covering it. The metal covering should cover the entire adaptive element and thus avoids the generation of charges at the capacitive node.



Also, the test outputs were not available to test the photodiode directly using a laser source. The selection of test outputs is a compromise between the number of available pins and the need for testing that part on the chip. The photodetector is an important block in the operation of the phase measurement sensor. Therefore, the testability of the photodiode itself would give a clear understanding of the photoelectric effect on the chip.



Finally, the outputs from the sensor can be acquired on to a computer using data acquisition devices. This work was done partially using National instruments NI-DAQ software and a PC card that connects to a laptop. But, once the characteristics of the low pass filter were studied, it was concluded that the outputs are not a measure of the phase information of the optical wavefront, since they are always at logic 0. The use of data acquisition provides full control over selecting a pixel and taking the outputs from it, by programming through the computer.



Also, the DPLL and the phase measurement sensor can be integrated on one chip. For this, the layout of the 256 times frequency-multiplying DPLL can be added on the phase measurement sensor layout. There are only three pins that are used for testing the DPLL, the data input, the control voltage and the output clock signal. This might require the layout to be made more compact or reduce the number of pixels to integrate the DPLL. This would then improve the level of integration by having the entire system on a single chip.






APPENDICES


APPENDIX A: MODEL PARAMETERS                                          


           RUN: T53Q                              


VENDOR: AMIS


     TECHNOLOGY: SCN05                   

  FEATURE SIZE: 0.5 microns



This report contains the lot average results obtained by MOSIS from measurements of MOSIS test structures on each wafer of this fabrication lot. SPICE parameters obtained from similar measurements on a selected wafer are also attached.


COMMENTS: American Microsystems, Inc. C5


TRANSISTOR PARAMETERS     W/L      N-CHANNEL P-CHANNEL  UNITS                                               


 MINIMUM                  
       3.0/0.6                      


  Vth                                  


       0.80            -0.92             volts                                                       


 SHORT                                         20.0/0.6                     


  Idss                                                                   452             -245                  uA/um


  Vth                                                                       0.69             -0.90            volts


  Vpt                                                                     10.0             -10.0              volts                                                       


 WIDE                                            20.0/0.6                     


  Ids0                                                                   < 2.5            < 2.5               pA/um                                               


 LARGE                                         50/50                        


  Vth                                   


       0.72            -0.94             volts


  Vjbkd                                                                  11.3            -11.7              volts


  Ijlk                                                                    <50.0           <50.0               pA


  Gamma                                                                 0.47             0.59             V^0.5                                                       


 K' (Uo*Cox/2)                                                     57.4            -18.5              uA/V^2


 Low-field Mobility                                            465.44         150.01             cm^2/V*s                                                


COMMENTS: Poly bias varies with design technology. To account for Mask bias use the appropriate value for the parameter XL in your SPICE model card.


             
Design Technology                   
XL (um)  
   XW (um)


                        -----------------------                              ---------              -----------


                    SCMOS_SUBM (lambda=0.30)               0.10                   0.00


                    SCMOS (lambda=0.35)                             0.00                   0.20


FOX TRANSISTORS             GATE        N+ACTIVE     P+ACTIVE       UNITS


 Vth                                            Poly             >15.0              <-15.0                volts


PARAMETERS              N+     P+    POLY   PLY2_HR  POLY2   M1   M2   UNITS


 Sheet Resistance           82.6   104.0   22.9    1028              41.8     0.10  0.09  ohms/sq


 Contact Resistance       65.9   147.8   17.1                          28.3               0.82  ohms


 Gate Oxide Thickness  140                                                                              angstrom


PARAMETERS             M3         N\PLY      N_W      UNITS


 Sheet Resistance             0.05        839          828       ohms/sq


 Contact Resistance          0.77                                     ohms                                             


COMMENTS: N\POLY is N-well under polysilicon.


CAPACITANCE      N+     P+    POLY    POLY2    M1    M2    M3    N_W     UNITS


 Area (substrate)       428   728       88                        32      17      11     39       aF/um^2


 Area (N+active)                         2460                        36     17      12                aF/um^2


 Area (P+active)                          2356                                                               aF/um^2


 Area (poly)                                                  875         54     16      10                aF/um^2


 Area (poly2)                                     


50                    
   aF/um^2


 Area (metal1)                                         

         36      14
               aF/um^2


 Area (metal2)                                              


       35                aF/um^2


 Fringe (substrate)     321   259          

           77      59      41                aF/um


 Fringe (poly)                                  

           66      40      29                aF/um


 Fringe (metal1)          


                                 47      35                aF/um


 Fringe (metal2)    


                                           56                aF/um


 Overlap (N+active)                    203                                
       

   aF/um


 Overlap (P+active)                     257          


                           aF/um


CIRCUIT PARAMETERS                          
          UNITS      


 Inverters                     
K                         


  Vinv                        
           1.0      

 2.04  
volts      


  Vinv                        
           1.5                     2.29    volts      


  Vol (100 uA)                        2.0                     0.13    volts      


  Voh (100 uA)                       2.0                     4.86    volts      


  Vinv                                      2.0                    2.47    volts      


  Gain                                      2.0                 -19.79             


 Ring Oscillator Freq.                                   


  DIV256 (31-stg,5.0V)                                  92.19   MHz        


  D256_WIDE (31-stg,5.0V)                        146.28   MHz        


 Ring Oscillator Power                                   


  DIV256 (31-stg,5.0V)                                    0.48   uW/MHz/gate


  D256_WIDE (31-stg,5.0V)                            1.00   uW/MHz/gate


T53Q SPICE BSIM3 VERSION 3.1 PARAMETERS


SPICE 3f5 Level 8, Star-HSPICE Level 49, UTMOST Level 8


MODEL CMOSN NMOS (                                

LEVEL   = 49


+VERSION = 3.1            
TNOM    = 27             
TOX     = 1.4E-8


+XJ      = 1.5E-7         

NCH     = 1.7E17      
 
VTH0    = 0.6887474


+K1      = 0.7885764      
K2      = -0.0715145     
K3      = 30.3160775


+K3B     = -8.2734861     
W0      = 1E-8           

NLX     = 1E-9


+DVT0W   = 0              
DVT1W   = 0             

DVT2W   = 0


+DVT0    = 2.5182215      
DVT1    = 0.3879398      
DVT2    = -0.1385624


+U0      = 455.9346722    
UA      = 1.010131E-13   
UB      = 1.402093E-18


+UC      = 1.232252E-12   
VSAT    = 1.583769E5     
A0      = 0.5805947


+AGS     = 0.1141616      
B0      = 2.69643E-6     
B1      = 5E-6


+KETA    = -5.043353E-3   
A1      = 2.876689E-4    
A2      = 0.3794736


+RDSW    = 1.312263E3     
PRWG    = 0.0508579      
PRWB    = 0.041551


+WR      = 1              

WINT    = 2.051785E-7    
LINT    = 7.570428E-8


+XL      = 1E-7           

XW      = 0              

DWG     = 6.697045E-9


+DWB     = 3.826038E-8    
VOFF    = -2.527988E-3  
NFACTOR = 1.1541959


+CIT     = 0              

CDSC    = 2.4E-4         
CDSCD   = 0


+CDSCB   = 0              
ETA0    = 2.85331E-3     
ETAB    = -1.72447E-4


+DSUB    = 0.0920397      
PCLM    = 2.4539683      
PDIBLC1 = 0.9546662


+PDIBLC2 = 2.458492E-3    PDIBLCB = -0.0272306     
DROUT   = 1.0330608


+PSCBE1  = 6.054456E8     
PSCBE2  = 1.093818E-4    
PVAG    = 0


+DELTA   = 0.01           
RSH     = 82.6           

MOBMOD  = 1


+PRT     = 0              

UTE     = -1.5           

KT1     = -0.11


+KT1L    = 0              

KT2     = 0.022          

UA1     = 4.31E-9


+UB1     = -7.61E-18      
UC1     = -5.6E-11       
AT      = 3.3E4


+WL      = 0              

WLN     = 1              

WW      = 0


+WWN     = 1              
WWL     = 0              

LL      = 0


+LLN     = 1              

LW      = 0              

LWN     = 1


+LWL     = 0              

CAPMOD  = 2              
XPART   = 0.5


+CGDO    = 2.03E-10       
CGSO    = 2.03E-10       
CGBO    = 1E-9


+CJ      = 4.264727E-4    
PB      = 0.9024585      
MJ      = 0.4274059


+CJSW    = 3.015232E-10   
PBSW    = 0.8            

MJSW    = 0.187618


+CJSWG   = 1.64E-10       
PBSWG   = 0.8            
MJSWG   = 0.187618


+CF      = 0              

PVTH0   = -0.0273516     
PRDSW   = 500


+PK2     = -0.0299581     
WKETA   = -0.023493     
LKETA   = 1.47751E-3 )


.MODEL CMOSP PMOS (                                

LEVEL   = 49


+VERSION = 3.1            
TNOM    = 27             
TOX     = 1.4E-8


+XJ      = 1.5E-7         

NCH     = 1.7E17         
VTH0    = -0.9259809


+K1      = 0.582786       
K2      = 9.220197E-4    
K3      = 11.8773186


+K3B     = -0.1110527     
W0      = 1E-8           

NLX     = 1E-9


+DVT0W   = 0              
DVT1W   = 0             

 DVT2W   = 0


+DVT0    = 1.8284244      
DVT1    = 0.4992527      
DVT2    = -0.1557392


+U0      = 233.3971369    
UA      = 3.511301E-9    
UB      = 2.351723E-21


+UC      = -3.71663E-11   
VSAT    = 2E5            
A0      = 0.6279489


+AGS     = 0.0984829      
B0      = 8.646629E-7    
B1      = 5E-6


+KETA    = -0.0205689     
A1      = 0              

A2      = 0.7036371


+RDSW    = 3E3            
PRWG    = -0.0472726     
PRWB    = -0.0190586


+WR      = 1              

WINT    = 2.652564E-7    
LINT    = 9.143324E-8


+XL      = 1E-7           

XW      = 0              

DWG     = -1.608991E-8


+DWB     = 3.064067E-8    
VOFF    = -0.0731955     
NFACTOR = 0.8953604


+CIT     = 0              

CDSC    = 2.4E-4         
CDSCD   = 0


+CDSCB   = 0              
ETA0    = 7.19185E-4     
ETAB    = -2.607733E-3


+DSUB    = 0.013517       
PCLM    = 2.4964083      
PDIBLC1 = 0.3307859


+PDIBLC2 = 8.161165E-4    
PDIBLCB = -0.1           
DROUT   = 0.4369184


+PSCBE1  = 5.297294E9     
PSCBE2  = 5E-10          
PVAG    = 4.6976655


+DELTA   = 0.01           
RSH     = 104            

MOBMOD  = 1


+PRT     = 0              

UTE     = -1.5           

KT1     = -0.11


+KT1L    = 0              

KT2     = 0.022          

UA1     = 4.31E-9


+UB1     = -7.61E-18      
UC1     = -5.6E-11       
AT      = 3.3E4


+WL      = 0              

WLN     = 1              

WW      = 0


+WWN     = 1              
WWL     = 0              

LL      = 0


+LLN     = 1             

 LW      = 0              

LWN     = 1


+LWL     = 0              

CAPMOD  = 2              
XPART   = 0.5


+CGDO    = 2.57E-10       
CGSO    = 2.57E-10       
CGBO    = 1E-9


+CJ      = 7.209355E-4    
PB      = 0.943403       
MJ      = 0.4955242


+CJSW    = 2.713757E-10   
PBSW    = 0.99           
MJSW    = 0.2915465


+CJSWG   = 6.4E-11        
PBSWG   = 0.99           
MJSWG   = 0.2915465


+CF      = 0              

PVTH0   = 0.0368158      
PRDSW   = 500


+PK2     = 3.434377E-4    
WKETA   = 2.503164E-3    
LKETA   = 0.0246002       )*


APPENDIX B: DIGITAL PHASE LOCKED LOOP


The function of the digital phase locked loop (DPLL) is to generate a clock signal which is locked or in sync with the incoming signal. The architecture of a DPLL consists of five major blocks. They are the phase frequency detector, charge pump, loop filter, voltage controlled oscillator and divide by N circuit. For this phase measurement application, the DPLL is used to multiply the frequency of the incoming clock signal by 256. The design of the DPLL and the suggested test procedure are included in this section.


Design Equations for Charge Pump Clock Multiplying DPLL


The gain of the phase detector with charge pump, KPDI, is given by:
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where IPUMP is the value of the charging and discharging currents in the charge pump.


The gain of the voltage-controlled oscillator (VCO), KVCO is written as:
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where fMAX and fMIN are two frequencies above and below the operating frequency, respectively, and VMAX and VMIN are the corresponding input voltages of the VCO.


The feedback factor, β, is simply:
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where N is the divide by count in the feedback path.


Using the charge-pump loop filter consisting of C2 in parallel with the combination of C1 in series with R, the loop-filter transfer function is:
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Assuming C2 is one-tenth (or less) of C1, the natural frequency, ωn, is given by:
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The damping factor, , is:
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The lock time, TL is:
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The lock range is:




n


L


pzw


w


4


=


D




Design Hints and Constraints:


1. When designing the loop filter to operate off-chip, the minimum capacitance is approximately 100pF, so as to dominate the parasitic chip pad and lead capacitance.  On the other hand, if the loop filter is on-chip, the maximum capacitance is approximately 100pF, so as to not occupy too much silicon area.


2. The damping factor, , is set to 1 for critical damping.  If  > 1, the loop will be stable, but sluggish.  If  < 1, the loop will be fast, but ring, with the possibility of being unstable and never locking.  In order to compensate for process and temperature variations, a value of  > 1 is preferred over  < 1.


3. It appears we want n < 2  fin / 50, where fin is the input clock frequency in order to obtain a low jitter design.  Reducing n can be achieved by:


a. Reducing the gain of the VCO, KVCO, using a linearizing resistor.


b. Reducing the bandwidth (increasing R and C1) of the loop filter.


c. Reducing the gain of the PD by reducing the charge pump current, IPUMP.


Specific Designs


Design 1: 10kHz to 10kHz DPLL Design


		Parameter

		Value

		Comment



		fIN

		10 kHz

		Slow



		fOUT

		10 kHz

		Slow



		N

		1

		Divide by count



		C2

		100 pF

		Off-chip



		C1

		1 nF

		Off-chip



		

		1.25

		>= 1 for stability



		KVCO

		2 15 kHz / V 

		Measured in simulation, 400 k resistor (x 4)



		n

		2 200 Hz

		= 2  fin / 50



		L

		2 3.14 kHz

		Range over which DPLL locks



		TL

		5 ms

		Simulate 3x lock time, or 15 ms



		R

		2 M

		Calculated from , n, and C1



		IPUMP

		100 nA

		Calculated from KVCO, N, n, and C1





Design 2: 10kHz to 40kHz DPLL Design


		Parameter

		Value

		Comment



		fIN

		10 kHz

		Slow



		fOUT

		40 kHz

		Slow



		N

		4

		Divide by count



		C2

		100 pF

		Off-chip



		C1

		1 nF

		Off-chip



		

		1.25

		>= 1 for stability



		KVCO

		2 60 kHz / V 

		Measured in simulation, ??? k resistor



		n

		2 200 Hz

		= 2  fin / 50



		L

		23.14 kHz

		Range over which DPLL locks



		TL

		5 ms

		Simulate 3x lock time, or 15 ms



		R

		2 M

		Calculated from , n, and C1



		IPUMP

		100 nA

		Calculated from KVCO, N, n, and C1





Design 3: 10kHz to 160kHz DPLL Design


		Parameter

		Value

		Comment



		fIN

		10 kHz

		Slow



		fOUT

		160 kHz

		Slow



		N

		16

		Divide by count



		C2

		100 pF

		Off-chip



		C1

		1 nF

		Off-chip



		

		1.25

		>= 1 for stability



		KVCO

		2 240 kHz / V 

		Measured in simulation, ??? k resistor



		n

		2 200 Hz

		= 2  fin / 50



		L

		2 3.14 kHz

		Range over which DPLL locks



		TL

		5 ms

		Simulate 3x lock time, or 15 ms



		R

		2 M

		Calculated from , n, and C1



		IPUMP

		100 nA

		Calculated from KVCO, N, n, and C1





Design 4: 10kHz to 640kHz DPLL Design


		Parameter

		Value

		Comment



		fIN

		10 kHz

		Slow



		fOUT

		640 kHz

		Slow



		N

		64

		Divide by count



		C2

		100 pF

		Off-chip



		C1

		1 nF

		Off-chip



		

		1.25

		>= 1 for stability



		KVCO

		2 960 kHz / V 

		Measured in simulation, ??? k resistor



		n

		2 200 Hz

		= 2  fin / 50



		L

		2 3.14 kHz

		Range over which DPLL locks



		TL

		5 ms

		Simulate 3x lock time, or 15 ms



		R

		2 M

		Calculated from , n, and C1



		IPUMP

		100 nA

		Calculated from KVCO, N, n, and C1





Design 5: 10kHz to 2_56MHz DPLL Design


		Parameter

		Value

		Comment



		fIN

		10 kHz

		Slow



		fOUT

		2.56 MHz

		Slow



		N

		256

		Divide by count



		C2

		100 pF

		Off-chip



		C1

		1 nF

		Off-chip



		

		1.25

		>= 1 for stability



		KVCO

		2 3.84 MHz / V 

		Measured in simulation, ???? resistor



		n

		2 200 Hz

		= 2  fin / 50



		L

		2 3.14 kHz

		Range over which DPLL locks



		TL

		5 ms

		Simulate 3x lock time, or 15 ms



		R

		2 M

		Calculated from , n, and C1



		IPUMP

		100 nA

		Calculated from KVCO, N, n, and C1





The project description, the pin out and the suggested test procedure for the DPLL are included here.


Description:
4 different DPLL circuits.  Input is 10kHz square wave.  Outputs are 40kHz, 160kHz, 640kHz, and 2.56 MHz square waves.  Loop filters are off-chip.  In addition, new analog buffers are included as test circuits, as are the phase-frequency detector, the charge pump, and the divide-by-4 circuit.


Pin configuration


		P#

		Name

		Pad Type

		Description



		1

		VssDpll

		Protect

		-1.25V, to power DPLLs and all Digital test circuits



		2

		VssPad

		Vss

		-1.25V, to Digital PADFRAME for digital output buffers and protection.



		3

		VddPad

		Vdd

		+1.25V, to Digital PADFRAME for digital output buffers and protection



		4

		Ip_640

		Protect

		Input bias current for 640 kHz DPLL



		5

		Dt_640

		Protect

		+/- 1.25V 10kHz square wave, input to 640 kHz DPLLs



		6

		Dc_640

		DigBuf

		Divided clock for 640 kHz DPLL



		7

		Ck_640

		DigBuf

		Output clock for 640 kHz DPLL



		8

		Vc_640

		Bare

		Control voltage for 640 kHz DPLL



		9

		Dc_160

		DigBuf

		Divided clock for 160 kHz DPLL



		10

		Ck_160

		DigBuf

		Output clock for 160 kHz DPLL



		11

		Vc_160

		Bare

		Control voltage for 160 kHz DPLL



		12

		Ipb_160

		Protect

		Input bias current for 160 kHz DPLL



		13

		Dt_160

		Protect

		+/- 1.25V 10kHz square wave, input to 160 kHz DPLLs



		14

		Dc_40

		DigBuf

		Divided clock for 40 kHz DPLL



		15

		Ck_40

		DigBuf

		Output clock for 40 kHz DPLL



		16

		Vc_40

		Bare

		Control voltage for 40 kHz DPLL



		17

		Ipb_40

		Protect

		Input bias current for 40 kHz DPLL



		18

		Dt_40

		Protect

		+/- 1.25V 10kHz square wave, input to 40 kHz DPLLs



		19

		Up

		DigBuf

		Up signal, output of PFD test circuit.



		20

		Down

		DigBuf

		Down signal, output of PFD test circuit.



		21

		VddDpll

		Protect

		+1.25V, to power DPLLs and Digital test circuits



		22

		Dclock

		Protect

		+/- 1.25V square wave, input to PFD test circuit.



		23

		Data

		Protect

		+/- 1.25V square wave, input to PFD test circuit and Div4 test circuit.



		24

		Div4Out

		DigBuf

		Divide-by-4 output signal



		25

		Out

		Bare

		Output current for charge pump test circuit



		26

		VssAPad

		Vss

		-1.25V, to Analog PADFRAME for analog output buffers and protection.



		27

		IbnAPad

		BiasN

		Input bias current for analog output buffers.



		28

		Ipbias

		Protect

		Input bias current for charge pump test circuit



		29

		Res50

		Protect

		50 kOhm to Abufin and 50kOhm to VssAPad and 50 kOhm to VddAPad



		30

		Abufin

		Protect

		Analog Input and 50 kOhm resistor to Res50



		31

		Abufout1

		AnaBuf

		Analog Output Buffer



		32

		Abufout2

		AnaBuf

		Analog Output Buffer



		33

		Abufout3

		AnaBuf

		Analog Output Buffer



		34

		IbpAPad

		BiasP

		Input bias current for analog output buffers.



		35

		VddAPad

		Vdd

		+1.25V, to Analog PADFRAME for analog output buffers and protection.



		36

		Dt_2560

		Protect

		+/- 1.25V 10kHz square wave, input to 2.56MHz DPLLs



		37

		Dc_2560

		DigBuf

		Divided clock for 2.56 MHz DPLL



		38

		Ck_2560

		DigBuf

		Output clock for 2.56 MHz DPLL



		39

		Vc_2560

		Bare

		Control voltage for 2.56 MHz DPLL



		40

		Ip_2560

		Protect

		Input bias current for 2.56 MHz DPLL





Chip Test Setup












Suggested Test Procedure


For split supplies: Vdd = +1.25 V (logic 1), AGnd  = 0 V,
Vss = -1.25 V (logic 0)


For single supply: Vdd = +2.5 V (logic 1), AGnd = 1.25 V, Vss = 0 V (logic 0)


Test Engineer:
__________________________________________


Test Date:
__________________________________________


Chip ID:

__________________________________________


1. Using the DMM, measure the resistance from Res50 (pin 29) to VssAPad (pin 26).  It should be 50kΩ.   Record the value below:


 _________


2. Using the DMM, measure the resistance from Res50 (pin 29) to VddAPad (pin 35).  It should be 50kΩ.   Record the value below:


 _________


3. Using the DMM, measure the resistance from Res50 (pin 29) to Abufin (pin 30).  It should be 50kΩ.   Record the value below:


 _________


4. Attach Vss to VssDpll (pin 1), VssPad (pin 2), and VssAPad (pin 26).


5. Attach Vdd to VddAPad (pin 35) to test the analog pads.


6. Attach nominally 10kΩ resistor from Vdd to pin IbnAPad (pin 27) to establish a 150 uA current source.  The current is split three-ways (50 uA each) for each of the three analog output buffers.  Using the DMM, measure the current below:


_________


7. Attach nominally 10kΩ resistor from Vss to pin IbpAPad (pin 34) to establish a 150 uA current source.  The current is split three-ways (50 uA each) for each of the three analog output buffers.  Using the DMM, measure the current below:


_________


8. Short Abufin (pin 30) to AGnd.  Using the DMM, measure the DC offset voltages of the analog output buffers, Abufout1 (pin 31), Abufout2 (pin 32), or Abufout3 (pin 33):


DC Offset 1:  
_________


DC Offset 2:  
_________


DC Offset 3:  
_________


9. Attach function generator output signal to Abufin (pin 30).  Make sure the DC offset of the function generator equals AGnd.  Begin with a low-frequency (1kHz) small-amplitude (250 mVpp) signal.  Attach a 10x probe to Abufin (pin 30) and another 10x probe to Abufout1 (pin 31). 


10. Using the DMM, measure the amplitude first at Abufin (pin 30) and then the amplitude at one of the three outputs, Abufout1 (pin 31), Abufout2 (pin 32), or Abufout3 (pin 33), then compute the low-frequency gain:


Abufin RMS:  
_________
Abufout1 RMS:  
_________
Low-F Gain 1:  
_________


Abufin RMS:  
_________
Abufout2 RMS:  
_________
Low-F Gain 2:  
_________


Abufin RMS:  
_________
Abufout3 RMS:  
_________
Low-F Gain 3:  
_________


11. Increase the amplitude (towards 3.0 Vpp) until clipping is visible on the outputs.   Using the scope, measure the maximum output voltage, maximum input voltage, and compute the range:


Max Abufout1:  
_________
Min Abufout1:  
_________
Range Abuf1:  
_________


12. Decrease the amplitude back to a small value (250 mVpp).  Using the scope, measure the input and output amplitudes.  Then, increase the frequency until the output amplitude drops to 0.707 times the output amplitude at low-frequencies in order to measure the corner frequency.


Abufin Amp:  
_________
Abufout1 Amp:  
_________
Low-F Gain 1:  
_________


Abufout1 Amp:  
_________
@ 3-dB Freq:  
_________



13. Now increase the amplitude to a large value (2.4 Vpp), but not too large that clipping might occur. Measure the slope (slew-rate) of the output signal on the rising and falling edges and draw a picture of what is seen below:


SR Rising:  
_________
SR Falling:  
_________



14. Remove the function generator signal from Abufin (pin 30) and remove the connection from Vdd to VddAPad (pin 35).  Testing of the analog buffers is complete.


15. Attach the following inputs to Vss: Dr_640 (pin 5), Vc_640 (pin 8), Vc_160 (pin 11), Dr_160 (pin 13), Vc_40 (pin 16), Dt_40 (pin 18), Dclock (pin 22), Data (pin 23), Dt_2560 (pin 36), Vc_2560 (pin 39).


16. Attach Vdd to VddPad (pin 3)  and VddDpll (pin 21).  Measure the DC current through each of these connections.  It should be zero, meaning, nothing in the digital circuitry should be switching or consuming any power.


17. Remove the Vss connection to Data (pin 23).  Apply a 40kHz, 2.5 Vpp square wave to Data (pin 23).  Make sure the DC offset of the function generator equals AGnd.  Attach 10x probes Data (pin 23) and Div4Out (pin 24).  Using either the DMM or the scope, measure the input and output clock frequencies, which should be 40kHz and 10kHz, respectively:


Data In Freq:  
_________
Div4Out Freq:  
_________



18. Remove the Vss connection to Dclock (pin 22).  Create a 40kHz lowpass filter between Data (pin 23) and Dclock (pin 22), by attaching a 4kΩ resistor between these two pins and attaching a 1nF capacitor from Dclock (pin 22) to Vss.  Attach 10x probes to signals Up (pin 19) and Down (pin 20).  You may need to use an external trigger from the function generator to the scope.  Plot the two signals below, measuring the time they are high.


19. Attach a 175 kΩ resistor from Ipbias (pin 28) to Vss in order to establish a 10uA bias current.  Measure it with the DMM:


_________


20. Attach a 100 kΩ resistor from Out (pin 25) to AGnd.  Attach a 10x score probe to Out (pin 25).  You should see a 1V square wave with the same high time as either the Up or Down signal.  Plot the waveform below and measure the time it is high:


21. Re-attach Vss to Data (pin 23) and Dclock (pin 22).  Remove 175kΩ resistor from Ipbias (pin 28).


22. Attach a 20MΩ resistance from Ipb_40 (pin 17) to Vss to establish a 100 nA reference current.  This current is too low to measure directly with the DMM.  Instead, attach Ipb_40 (pin 17) to the input of a CMOS op-amp (LMC6482, National Semiconductor, minimum supply voltage +/- 1.5V and maximum supply voltage +/- 7.5V) configured as a follower (Vdd – pin 8, Vss – pin 4, Vin – pin 3, Vout – pins 2 & 1).  Measure the voltage difference between the output of the follower and Vss and then divide by the actual resistance:


Vss:

_________
V(Ipb):

__________

Ipb:
__________


23. Remove Vss connections to Dt_40 (pin 18) and Vc_40 (pin 16).  


24. Attach the loop filter from Vc_40(pin 16) to Vss, consisting of (2MΩ + 1nF) || 100pF, where ‘+’ means in series and || means in parallel.  Attach one side of the 1nF capacitor to Vss.  


25. Apply a 10kHz, 2.5 Vpp square wave to Dt_40 (pin 18).  Make sure the DC offset of the function generator equals AGnd.  Attach 10x probes Dt_40 (pin 18) and Ck_40 (pin 15).  Plot the waveforms below.  Using either the DMM or the scope, measure the input and output clock frequencies, which should be 10kHz and 40kHz, respectively:


Data In Freq:  
_________
Clk_40 Freq:  
_________



26. Re-attach Vss to Dt_40 (pin 18) and Vc_40 (pin 16).  


27. Move the 20M resistor from Ipb_40 (pin 17) to Ipb_160 (pin 12).


28. Remove Vss connections to Dt_160 (pin 13) and Vc_160 (pin 11).  


29. Attach the loop filter from Vc_160(pin 11) to Vss, consisting of (2MΩ + 1nF) || 100pF, where ‘+’ means in series and || means in parallel.  Attach one side of the 1nF capacitor to Vss.  


30. Apply a 10kHz, 2.5 Vpp square wave to Dt_160 (pin 13).  Make sure the DC offset of the function generator equals AGnd.  Attach 10x probes Dt_160 (pin 13) and Ck_160 (pin 10).  Plot the waveforms below.  Using either the DMM or the scope, measure the input and output clock frequencies, which should be 10kHz and 160kHz, respectively:


Data In Freq:  
_________
Clk_160 Freq:  
_________



31. Re-attach Vss to Dt_160 (pin 13) and Vc_160 (pin 11).  


32. Move the 20MΩ resistor from Ipb_160 (pin 12) to Ipb_640 (pin 4).


33. Remove Vss connections to Dt_640 (pin 5) and Vc_640 (pin 8).  


34. Attach the loop filter from Vc_640(pin 8) to Vss, consisting of (2MΩ + 1nF) || 100pF, where ‘+’ means in series and || means in parallel.  Attach one side of the 1nF capacitor to Vss.  


35. Apply a 10kHz, 2.5 Vpp square wave to Dt_640 (pin 5).  Make sure the DC offset of the function generator equals AGnd.  Attach 10x probes Dt_640 (pin 18) and Ck_640 (pin 7).  Plot the waveforms below.  Using either the DMM or the scope, measure the input and output clock frequencies, which should be 10kHz and 640kHz, respectively:


Data In Freq:  
_________
Clk_640 Freq:  
_________



36. Re-attach Vss to Dt_640 (pin 5) and Vc_640 (pin 8).  


37. Move the 20MΩ resistor from Ipb_640 (pin 4) to Ipb_2560 (pin 40) to establish a 100 nA reference current.  This current is too low to measure directly with the DMM.  Instead, attach Ipb_2560 (pin 40) to the input of a CMOS op-amp configured as a follower, and then measure the voltage difference between the output of the follower and Vss and then divide by the actual resistance:


Vss:

_________
V(Ipb):

__________

Ipb:
__________


38. Remove Vss connections to Dt_2560 (pin 36) and Vc_2560 (pin 39).  


39. Attach the loop filter from Vc_2560(pin 39) to Vss, consisting of (2MΩ + 1nF) || 100pF, where ‘+’ means in series and || means in parallel.  Attach one side of the 1nF capacitor to Vss.  


40. Apply a 10kHz, 2.5 Vpp square wave to Dt_2560 (pin 36).  Make sure the DC offset of the function generator equals AGnd.  Attach 10x probes Dt_2560 (pin 36) and Ck_2560 (pin 38).  Plot the waveforms below.  Using either the DMM or the scope, measure the input and output clock frequencies, which should be 10kHz and 2.56MHz, respectively:


Data In Freq:  
_________
Clk_2560 Freq:  
_________



41. Attach 10x probes to Dt_2560 (pin 36) and Dc_2560 (pin 37).  Plot the waveforms below.  Using either the DMM or the scope, measure the input and output clock frequencies, which should be 10kHz: and 10kHz, respectively:


Data In Freq:  
_________
DClk Freq:  
_________



42. Vary the input frequency from 9kHz to 11 kHz.. Verify that the 2.56MHz DPLL is still in lock, that is, that the Data In Freq equals the DClk Freq.  Eventually, the DPLL should lose lock, say, at an input frequencies of 7.5 kHz and 12.5 kHz.  Find the range over which the DPLL stays locked.


Low Freq:  
_________
High Freq:  
_________
Range:

________


43. Set the input frequency back to 10kHz.  Measure the average current using the DMM through VddPad (pin 3) and VddDpll (pin 21) and compute the power consumption of the Dpll core by multiplying by 2.5.


I(VddPad):  
_________
I(VddDpll):  
_________
P(2.56MDpll):
________


APPENDIX C: LAYOUTS


The layouts of various parts in each pixel and other parts on the chip are shown below.




Figure C-1 Layout of the low pass filter built using the adaptive element




Figure C-2 Layout of the comparator for sine to square wave conversion




Figure C-3 Layout of a RAM cell




Figure C-4 Layout of the 8-bit binary counter




Figure C-5 Layout of a single pixel




Figure C-6 Layout of the 3x8 decoder




Figure C-7 Layout of the 8x8 pixel array and the pad frame, submitted for fabrication




Figure C-8 Layout of the 256 times frequency multiplying DPLL




Figure C-9 Layout of the DPLL and the pad frame, submitted for fabrication




Figure C-10 Test setup for the phase measurement sensor




Figure C-11 Test setup for the DPLL


APPENDIX D: TEST PROCEDURE FOR THE PHASE MEASUREMENT SENSOR


The pin out of the chip and the test procedure is described in this appendix.


		P#

		Name

		Pad Type

		Description



		1

		Q4

		DigBuf

		Output from the chip



		2

		Q5

		DigBuf

		Output from the chip



		3

		Q6

		DigBuf

		Output from the chip



		4

		Q7

		DigBuf

		Output from the chip (MSB)



		5

		Vdd_pad

		Vdd

		+1.25V, to PADFRAME for output    


buffers and protection.



		6

		Vdda

		Protect

		+1.25V, to power analog parts in 


array, test comparator &  LPF 



		7

		C2

		Protect

		Column decoder input (LSB)



		8

		C1

		Protect

		Column decoder input



		9

		C0

		Protect

		Column decoder input (MSB)



		10

		Counter_ov

		DigBuf

		Overflow signal output from counter



		11

		Counter_out

		DigBuf

		Counter output (LSB - q0)



		12

		col_dec_out

		DigBuf

		Column decoder output (MSB - q7)



		13

		clock

		Protect

		+/-1.25V, 2.56MHz square wave, 


clock input to counter



		14

		reset

		Protect

		counter reset input, active low



		15

		Vdd_digital

		Protect

		+1.25V, to power the digital circuits 


(counter, decoders)



		16

		Vss

		Vss

		   -1.25V, to power all the pads and the     


    digital circuits



		17

		ihyst

		Protect

		Input hysteresis current for 


comparator, 8uA from Vdd



		18

		ibias

		Protect

		Input bias current for comparator, 


64uA from Vdd



		19

		R2

		Protect

		Row decoder input (LSB)



		20

		R1

		Protect

		Row decoder input



		21

		R0

		Protect

		Row decoder input (MSB)



		22

		row_dec_out

		DigBuf

		Row decoder output (MSB - q7)



		23

		test_digbuf

		DigBuf

		test input signal from digital buffer



		24

		comp_out

		DigBuf

		test Comparator output 



		25

		ihystT

		Bare

		Input hysteresis current for test 


comparator, 125nA from Vdd



		26

		ibiasT

		Bare

		Input bias current for test comparator, 


1uA from Vdd



		27

		gnd_v-

		Protect

		negative input for test comparator



		28

		test_input

		Protect

		test input signal for comparator and 


LPF



		29

		ibiasn

		BiasN

		Input bias current for analog output 


buffers.



		30

		test_anabuf

		AnaBuf

		test input signal from analog buffer



		31

		LPF_out

		AnaBuf

		Analog Output Buffer



		32

		ibiasp

		BiasP

		Input bias current for analog output 


buffers.



		33

		Vdd

		Protect

		+1.25V, to power all the digital c


ircuits in the array



		34

		pulse

		DigBuf

		short duration output pulse from 


selected pixels



		35

		vss

		Protect

		-1.25V, to all the digital circuits



		36

		vss

		Protect

		-1.25V, to all the analog circuits



		37

		Q0

		DigBuf

		Output from the chip (LSB)



		38

		Q1

		DigBuf

		Output from the chip



		39

		Q2

		DigBuf

		Output from the chip



		40

		Q3

		DigBuf

		Output from the chip





Suggested Test Procedure


Split supplies:
Vdd = +1.25 V (logic 1),
AGnd = 0 V,
Vss = -1.25 V (logic 0)


1. Only hook up Vdd (pin 5) and Vss (pin 16) to the PADS. Hook up Vss (pin 35) and Vss (pin 36) to analog and digital circuits.  Smell and touch chip to see if on fire. 


2. Apply ibiasn and ibiasp (62.5Kohms from Vdd for ibiasn and 62.5Kohms to Vss for ibiasp), Apply a test input signal, sinusoidal wave 1 KHz, +/- 1V (pin 28), and observe the same signal at the outputs of the analog and digital buffer (pins 23 and 30). Increase the frequency gradually and observe the output.


3. Attach Vdd (pin 6) for testing the comparator and low pass filter.


4. Attach pin 27 to signal ground and test the comparator output through the digital buffer on pin 24. For this, supply ibiasT (pin 26), a current of 1uA (1.25Mohm resistor from Vdd) and ihystT (pin 25), a current of 125nA (10Mohm resistor from Vdd). Reduce amplitude to 100mV and F=1 KHz. The output at pin 24 should be comparing the test input to signal ground.


5. Observe the output of low pass filter (pin 31) on oscilloscope by giving a dc input to it. The dc should be reproduced at the output.


6. Remove ihyst and ibias resistors.


7. Attach Vdd to pin 15 to test the decoders and counter. Attach digital input signals (Vdd=logic1 or Vss=logic 0) to the row decoder inputs (pins 19, 20, 21).Observe the row decoder output at pin 22. It should go high only when all the three inputs are high.


8. Similarly test the column decoder by applying digital test signals to pins 7, 8, 9. Observe the decoder output at pin 12. This output should also be high only when all three inputs are high.


9. Connect the clock reset signal (pin 14) to Vdd and attach a +/- 1.25V, 2.56MHz pulse to the clock input (pin 13). Observe the LSB output on pin 11. This should be a 1.28MHz pulse from Vdd to Vss. The overflow signal (pin 10) should be a 10 KHz pulse. This goes high only when all the counter outputs are high.


10. Apply Vdd to pin 33 and Vss to pin 35 to power the 8x8 array. Apply a combination of digital inputs for the row decoder (pins 19, 20, 21) and the column decoder (pins 7, 8, 9). Apply a bias current of 64uA (19.53Kohm resistor from Vdd) to pin 18 and a hysteresis current of 8uA (156.25Kohm resistor from Vdd) to pin 17.Observe and note down the outputs (q7 – q0) in a table. (pins 4,3,2,1,40,39,38,37).
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