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ABSTRACT OF THE DISSERTATION

Polarization Imaging Sensors in Advanced Featurd©dSM echnologies
by
Raphael Njuguna
Doctor of Philosophy in Computer Engineering
Washington University in St. Louis, 2013

Professor Viktor Gruev, Chair

The scaling of CMOS technology, as predicted by M&olaw, has allowed for
realization of high resolution imaging sensors toxdhe emergence of multi-mega-pixel
imagers. Designing imaging sensors in advancedureatechnologies poses many
challenges especially since transistor models d@ocurately portray their performance
in these technologies. Furthermore, transistorsridated in advanced feature
technologies operate in a non-conventional modewknas velocity saturation.
Traditionally, analog designers have been discadaigom designing circuits in this
mode of operation due to the low gain propertiessingle transistor amplifiers.
Nevertheless, velocity saturation will become en®re prominent mode of operation as
transistors continue to shrink and warrants cargésign of circuits that can exploit this

mode of operation.
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In this research endeavor, | have utilized velos#guration mode of operation in
order to realize low noise imaging sensors. Thesging sensors incorporate low noise
analog circuits at the focal plane in order to ioya the signal to noise ratio and are
fabricated in 0.18 micron technology. Furthermadréhave explored nanofabrication
techniques for realizing metallic nanowires actiag polarization filters. These
nanoscopic metallic wires are deposited on theasarbf the CMOS imaging sensor in
order to add polarization sensitivity to the CM@%aging sensor. This hybrid sensor will
serve as a test bed for exploring the next gemeraif low noise and highly sensitive

polarization imaging sensors.
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Chapter 1
Introduction

1.1 Problem, Definition, and Motivation

The inception of solid state imaging devices détask to the early 1960’s when
the first 10-by-10 CMOS imaging array was repoitethe literature [1-3]. Although this
pioneer work is associated with the dawn of digitahging sensors era, the poor image
quality produced by the early CMOS imagers encaedlagcientists to explore other
venues for replicating the imaged environment witgh spatial and temporal fidelity.
CCD imaging technology was introduced in the |a®&0s [4] and provided superior
image quality compared to the CMOS imaging techgwlat that time [5]. During the
next two and a half decades, CCD imaging technolwguyld capture majority of the
imaging market due to its low noise imaging captééd and high signal to noise ratio
performance. With the emergence of cell phone cashér the mid 1990's, CMOS
imagers were reintroduced in the imaging market wutheir low power consumption
capabilities. A typical CMOS imaging sensor conssirage to two orders of magnitude
less power and offers higher integration capaédgitsuch as inclusion of analog to digital
conversion, signal processing, and other procedsiogks on the same chip, than an
average CCD imaging sensor [6, 7]. During the destade, CMOS imaging sensors have
regained the market share hold and today they atdoumore than 90% of the imaging
market [6].

The scaling of CMOS technology, as predicted by M@&olaw, has allowed for
realization of high resolution imaging sensors toxdhe emergence of multi-mega-pixel
imagers. Today’s imaging sensors are typicallyitabed in 110 nm technology, while

1
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digital circuits are fabricated in 32 nm technolo@ie gap between the two technologies
is primarily due to the fact that imaging sensargpky analog circuits in order to realize
many of the building blocks and the transistor nteder advanced feature technologies
are not well modeled for SPICE simulations. Heraoeanalog designer cannot reliably
predict the performance of these circuits befogifating the device in advanced feature
technologies. Furthermore, it has been observed tthasistors when fabricated in
advanced feature technologies no longer operatbertraditional modes of operation,
such as: cut-off, sub-threshold, linear, and s@ttmanodes. Instead, transistors can also
operate in velocity saturation mode when fabricated80 nm feature technologies or
smaller. Traditionally analog designers have basocotdiraged from designing circuits in
this mode of operation due to the low gain propsrof single transistor amplifiers [8].
Nevertheless, velocity saturation will become exm®re prevalent mode of operation as
transistors continue to shrink and warrants cargésign of circuits that can exploit this

mode of operation.

Today's CMOS and CCD imaging sensors capture twthefthree fundamental
properties of the imaged environment and they atensity and color [7]. The third
property of light, namely polarization, has beenaoiggd by the imaging industry partly
because of the human inability to discriminate poédion [9]. Nevertheless, exploiting
the polarization properties of light has been ativacarea of research. Polarization
contrast imaging has proven to be very useful inigg additional visual information in
many biomedical applications, such as imaging &tyeskin cancer [10], cervical cancer
[11], and retinal surgery [12]. In addition, polation imaging has been used to enhance
targets in scattered environments, such as undemwatging [13-15] and visibility in
hazy conditions [16]. Polarization has also beeplated for fingerprint identification
[17], material detection [18], classification ofechical isomers [19], and 3-D shape
reconstruction from a single camera view [20, Zdhe of the major challenges in the
proliferation of polarization imaging research lie lack of robust and compact sensors

that capture polarization properties of light ialféme and in high-resolution.

2
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In this dissertation, | will explore realization ohaging sensors fabricated in
advanced feature technologies that exploit velos#éyuration mode of operation in
transistors and are capable of extracting polaomainformation from the imaged

environment. In particular, | will address the éolling research questions:

1) Can we utilize transistors operating in velocitytusation in order to design
mixed-mode circuits and systems for imaging serts@an the performance of these new

circuits be on par or perform better than currémiugs used for imaging sensors?

2) Can we monolithically combine current mode imagelgments with current
mode analog computational circuitry to perform img@gocessing at the focal plane of an
imaging sensor? What are the noise performancepamgr consumption of such an

implementation?

3) Can we develop and fabricate carefully designectalphano-structures that will
behave as linear polarization filters with high tast ratios? Can we design these
structures from materials compatible with semicantidufabs?

4) Can we develop hybrid sensors by monolithicallyegnating optical nano-

structures with CMOS technology to enhance orrfilbe optical signals?

1.2 Contributions of This Dissertation

In order to address the above mentioned researektiqns, | have designed,
fabricated and tested a custom imaging sensorli@ ticron process and utilized the
small feature technology in order to realize citg€uhat operate in velocity saturation
mode of operation. Furthermore, | have combinedyingpand analog signal processing
on the same chip in order to realize low power gemsipable of realizing real-time

parallel image processing. This imaging sensoise ased as a substrate for depositing
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aluminum nanowire in the clean room facilities aashington Universities in order to
realize monolithic integration of CMOS technologyittw custom fabricated
nanostructures. | further investigated the impdahanowire sizes on the sensitivity of
the imaging sensor to polarization information. Thlowing is a detailed list of my

contributions:

1) | have designed, fabricated, and tested a novel SNMftaging sensor in
0.18 micron technology. This imaging sensor utflizBe velocity saturation mode of
operation in the in-pixel transconductor transistoorder to perform linear conversion
between accumulated photo voltage and output durfdms imaging sensor is the first
one reported in the literature that utilizes velpaaturation mode of operation together

with noise correction circuitry in order to realizdow noise 2-D imaging sensor.

2) | have combined an array of imaging elements wittage processing
circuitry at the focal plane in order to realizeastn low power imaging sensors. The
sensor is capable of performing both imaging andgenprocessing using low power
analog circuits. The pixel's read-out transistoemgpes in the triode mode, providing
linear relationship between accumulated photoveltaigd output current. Neighborhood
of pixels is simultaneously accessed and proviaded digitally programmable analog
processor, where four parallel convolution operaiare executed. The imaging sensor
can compute various edge detector filters or comgh first three Stokes parameters for
polarization imaging at 100 frames per second wBmW of power consumption. An
equivalent digital system will typically consumeawrders of magnitude higher power

consumption.

3) | have fabricated an array of pixelated aluminuntappation filters with
different pitches and orientations using electrararb lithography and reactive ion
etching processes. The polarization filters contamowires with minimum pitch of
50nm, which is about two times smaller (betternttiee current state-of-the-art nanowire
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polarization filters. The small pixel pitch of tr@uminum nanowire improves the
sensitivity of these filters to polarization fileeby a factor of 5 compared to other filters

reported in the literature.

4) | have monolithically integrated aluminum nanowinggh my custom
CMOS imaging sensor. The aluminum nanowires, whighfabricated in the cleanroom
facilities at Washington University, act as polatian filters and are deposited directly
on the surface of the CMOS imaging sensor. This afiibwc integration allows for
evaluation of key advancements in the imaging mebeshe polarization sensitivity of an
imaging array operating in the velocity saturatmade. This hybrid system will serve as
a test bed for future polarization designs utiligadvanced CMOS and nano-fabrication

processes.

1.3 Organization of This Dissertation

The dissertation is organized as follows. The desi§ an imaging sensor
operating in velocity saturation mode is describe€hapter 2. This imaging sensor is
fabricated in 180 nm CMOS process with dedicatathgul photodiodes. The analog
read-out circuitry interfaces with the pixel's reaut transistor which operated in the
velocity saturation mode. Measurements from theidated test chip are provided at the
end of the chapter. The integration of an imagimgyawith low power analog processing
unit at the focal plane is discussed in Chapteft8s imaging sensor combines a low
noise pixel designed, composed of two transistord a photodiode, with digitally
programmable analog circuits. Experimental redubts the fabricated imaging sensor in
0.6 um technology are provided at the end of the chaptanofabrication of aluminum
nanowire polarization filters and monolithic intagon a custom CMOS imaging sensor
are described in Chapter 4. Summary of researchrided in this dissertation and

possible future research directions are discussé&thapter 5.
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Chapter 2

Current-mode CMOS Imaging Sensor
with Velocity Saturation Mode of
Operation

2.1 Background

The inception of solid state imaging devices détask to the early 1960’s when
the first 10-by-10 CMOS imaging array with in-pixaurce follower was reported in the
literature [1-3]. Although this pioneer work is asgted with the dawn of digital imaging
sensors era, the poor image quality produced bye#rly CMOS imagers encouraged
scientists to explore other venues for replicatthg imaged environment with high
spatial and temporal fidelity. CCD imaging techrgyiavas introduced in the late 1960’s
[22] and provided superior image quality compa@the CMOS imaging technology at
that time [23]. During the next two and a half dies, CCD imaging technology would
capture majority of the imaging market due to @& Inoise imaging capabilities and high
signal-to-noise ratio (SNR) performance. With tmeeegence of cell phone cameras in
the mid 1990’s, CMOS imagers were reintroducedeimaging market due to their low
power consumption capabilities. During the lastadie; CMOS imaging sensors have
regained the market share hold and today they atédoumore than 90% of the imaging
market [24].

Active pixel sensors are fabricated in standard GWt€chnologies, which offer
higher integration capabilities such as analogiagnanalog to digital conversion, signal
processing, and other processing blocks on the sampe [25-27]. The integration
capabilities provided by CMOS technology contribtite miniaturization, low power

6
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consumption, increased functionality, and cost adffe imaging solutions [6, 7].
Furthermore, CMOS imaging sensors can employ randocess readout schemes that
are suitable for high speed imaging, computatiophbtography and compressive

sensing.

CMOS imaging sensors can be classified into volagee and current-mode
depending on the type of output signal obtainedhftbe pixel. Voltage-mode imaging
sensors [7, 28-35] employ a source follower traosighat buffers photo accumulated
voltage on a photodiode and outputs a voltage kignaa readout bus. Voltage-mode
imagers have a major stronghold in today’s imagntystry primarily because of their
low spatial and temporal noise performance. Cumendle imaging sensors [36-46]
employ in-pixel transconductor transistor that cants photo accumulated voltage into a
current signal that flows on a readout bus. Curneotle imagers have been primarily
used as computational sensors [41, 44, 45] sireg ¢an support high frame rate read-
out and computation-for-free during read-out of $kasors. However, these sensors have
lower image quality due to large spatial and terapapbise compared to voltage mode

imagers.

The scaling of CMOS technology, as predicted by Molaw [47], has allowed
for realization of high resolution imaging sensarsl for emergence of multi-megapixel
imagers. However, the operational characteristitsransistors have changed with
scaling of CMOS technology. Transistors no longegrate only in the traditional modes
of operation, such as cut-off, sub-threshold, lineand saturation modes. Instead,
transistors are starting to operate in a new mddgperation, called velocity saturation
mode. Traditionally, analog designers have beecodimged from designing circuits in
this mode of operation due to the low gain propsrin single transistor amplifiers [8].
Nevertheless, velocity saturation will become exn@re prominent mode of operation as
transistors continue to shrink and warrants caréésign of circuits that can exploit this

mode of operation.
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In this chapter, | present a current-mode CMOS inagensor whose in-pixel
readout transistor operates in velocity saturatmde and thus allows for high linearity
between integrated photo charges and output cuafetitie pixel. Furthermore, | have
employed a feedback mechanism within every pixethie imaging array in order to
ensure that all readout transistors operate incuglsaturation mode, and improve
linearity and matching of output currents across ithaging array. The performance of
the proposed image sensor is validated by empiresllts from a fabricated chip.
Preliminary results from the proposed imaging serem@ presented in [48]. In this
chapter, | have expanded the previously publistesdlts and have included additional
measurements from the fabricated image sensorifigp#g, | have included: temporal
and spatial noise performance i.e. signal-to-no&® (SNR) and fixed pattern noise
(FPN), accuracy of analog memory cell used forealated double sampling operation,
and read-out frame rate of the image sensor. | laégs@ provided in depth theoretical
overview of the image sensor operation and theitgwsed to realize this sensor.

The rest of this chapter is organized as follows. Section 2.2, | present
theoretical overview of velocity saturation as arpiment operation mode of transistors
in small feature technologies. In Section 2.3, $alie the architecture of the proposed
CMOS imaging sensor and describe all the circuisléemented in the fabricated chip. In
Section 2.4, | present measurements from singlesistors fabricated in 0.18 micron
process and discuss the velocity saturation modapefation. In Section 2.5, | present
measurements from the fabricated imaging sensanclGding remarks are presented in
Section 2.6.

2.2 Theoretical Overview of Velocity Saturation

As CMOS technology continues to scale down accgrdim Moore’s law,
transistors are starting to deviate from the tradél modes of operation such as cut-off,

sub-threshold, linear, and saturation modes. Famgie, short channel transistors

8
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implemented in small feature technologies are abeerved to operate in velocity
saturation mode. The velocity saturation mode arafion can be explained as follows.
Assume that an NMOS transistor operates in thea#in mode. The drain current bf

this transistor can be described by equation (2.1).

_ uC,W
ds 2 L

(Ve = Vi ) (L+ AV, (2.1)
In equation (2.1), W is the channel width of thensistor, L is the channel length,

u is the carrier mobility, s is gate-to-source voltage 4¢Ms drain-to-source voltage,tV

is threshold voltage, and,Js the gate oxide capacitance per unit area. Téaie durrent

of the transistor has a square relationship with t@iverdrive voltage (3Vr). An
increase in drain-to-source voltagesd\eontributes to the reduction of effective channel
length, a condition referred to as channel lengbidufation that is modeled by theerm

in equation (2.1). The channel length modulatiofectf makes the drain current of a
transistor operating in the saturation mode to égeddent on the drain to sourcedV

potential.

The velocity of mobile electron carrierg) (in the inverted channel layer of the
transistor is a function of electron mobility (updaelectric field (E), i.ev= PWE. As
transistors are scaled down, the effective chaterath decreases, which causes the
lateral electric field (§ along the channel to increase. Consequently,vétecity of
mobile electron carriers increases proportionalyhe increasing lateral electric field in
transistors. When the electric field is higher tramritical value E, then the carrier
velocity approaches a saturated velooity; due to collision and scattering among
electron carriers. If the lateral electric field icreased above the critical value, the
carrier velocity remains constant. Hence, the dpatential, \4s, which sets the lateral
electric field to k is typically denoted as ¢¢/sa: The carriers may achieve the saturated
velocity at some point along the channel or thraughthe entire channel as they
propagate from source diffusion region to drairiugiion region. When this phenomenon

9
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is achieved, the transistor is said to operateelnoity saturation mode. The drain current
l4s fOr a transistor operating in velocity saturatrande is described by (2.2) as modeled
in [49-52].

I ds zchoxvsat (\/gs _VT _Vds,sat) (22)

In equation (2.2), the drain current is a lineanclion of the overdrive voltage
(Vgs'Vr) and transistor’'s width. The drain current is ipeledent of the transistor’s
channel length. This leads to the conclusion thatdutput impedance is infinite for a
transistor operating in velocity saturation mode. reality, the transistor has high
impedance and experiences “channel length modualagéffects similar as in the normal
saturation mode of operation. These channel lemgttiulation effects are due to the fact
that the electrons traveling across the channelagerate in velocity saturation only
through part of the channel and operate in tragdicsaturation mode of operation
through the rest of the channel. Modeling thesadn@rder effects in the drain current of
a transistor operating in velocity saturation anelar an active area of research and are

currently determined empirically.

2.3 Utilizing Velocity Saturation for Imager
Design

The velocity saturation mode of operation providdsear relationship between
the gate potential and drain current. This propedy be utilized in the pixel design of
current mode image sensors. In such a design,ixe€spread-out transistor can operate
in the velocity saturation mode and an output ecurpeoportional to an integrated photo
voltage is provided to a read-out circuitry. Hentiee output current from a pixel is
linearly dependent on the accumulated photo volegess a photodiode, as described

by equation (2.2). This linear relationship canused to correct for threshold voltage
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variations across the imaging array by employingeatated or double delta sampling
techniques.

When designing a large array of pixels, where imtligl pixel's read-out
transistors operate in the velocity saturation motleperation, the parasitic impedance
on the read-out bus has to be taken into accourth&correct operation of the imaging
sensor. For example, assume that an imaging araymposed of 1000 by 1000 pixels,
with column parallel read-out scheme. Let’s take itonsideration two pixels in a single
column of pixels. The first pixel is located at theginning of the column and the second
pixel is located at the end of the column. Bothefsxare connected to the same read-out
bus and the read-out circuitry will be approximasesda serial connection of a voltage
source and a current meter as shown in FigureNbie, a typical read-out circuit for
current mode imagers is a current conveyor and Ve happroximated part of the
functionality of this circuit as it pertains to nayscussion with a voltage source and a
current meter. The last pixel in the column will blwsest to the read-out circuit.
Therefore, the parasitic impedance between thd pinak the read-out circuit is close to 0

Q. The drain potential of the read-out transistathis pixel will be Ver.

The first pixel in the column will be placed furdtdrom the read-out circuit and
this pixel “will see” large parasitic impedance weéen the read-out transistor and read-
out circuitry, i.e. the current conveyor. For exdenjif the read-out bus is implemented in
metal 3-layer in 0.18 micron technology and theeppitch is set to 25 microns, then the
parasitic impedance per pixel is €b For an imaging array of 1000 pixels and average
output current of 200pA per pixel, the voltage deaposs the parasitic impedances on
the read-out bus is ~1V. Such a large voltage dwpsa the read-out bus, which is
further exacerbated due to the photo dependenwubuatorent, can push the read-out
transistor away from velocity saturation into theditional saturation mode of operation
and increase the non-linearity of the output curren
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Figure 2.1 Parasitic impedance on the r-out bus that connects readt transistors of 1000 pixels in
column to a currertonveyor rea-out circuit.

In order to mitigate this side effect in currentdeaamaging sensorl propose a
readout circuitry that employs a feedback mechanisnonder to compensate for t
voltage drops across the r-out bus. The proposed read-amtcuitry pins the drail
potential of the readut transistor and maintains a constant potent@dpendent of th
pixel's position or the amount of output curreniheTdetails of the current conveyor w

feedback mechanism together with the pixel de are explained in the next sect.

2.4 Imaging Sensor’s Block Level Organizatiol

| have designed, fabricated and tested a prototypging sensor in 0.18 micrc
technology. A micrograph of the imaging sensor @rgie is presented in Fure 2.2. The
imagingsensor is composed of two separate imaging arvetyish are labeled A and
respectively. Both imaging arrays are composed4-by-60 photo pixels and colun
parallel readsut circuitry respectively. The imaging arrays harset of common digit
registers for accessing pixels in their respective plastays. The column parallel re
out circuitry is composed of a current conveyocuir and an analog memory cell 1

performing correlated double sampling (CL
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The first imaging array (A) contains current conveyor circuit with feedba
mechanism in order to ensure that all -out transistors operate in velocity saturai
mode. In contrast, the second imaging array (B)taina a current conveyor witha
feedback mechanism. Therefore, the seccmaging array serves as a basis

comparison when evaluating performance of the faeklimechanism in the first imagi

array.

25 mm ——

IE----'

Figure 22. Micrograph of the fabricated CMOS imaging set

The entire signal processing paths starting froenpixel circuitry all the way tc
the readeut circuitry for both imaging arrays are presenteérigure 23 and Figure 2.4
respectively. Next, Will discuss in detail the functionality of eachratiit block for botr

imaging arrays.

2.4.1 Photo Pixel

Schematic diagras of the photo pixel implemented in the imagingagrA and

imaging array B are presented Figure 2.3a and Figure 4a respectively. The pho
13
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pixel is composed of a pinned photodiode (PD), gharansfer transistor (T1), reset
transistor (T2), readout transistor (T3), and festswitch transistor (T4). The feedback
switch transistor controls access to the feedbaskds the current conveyor. However,

the pixel does not contain a switch transistor fideo to control access to the readout
drain bus. Instead, the gate voltage of the pixedadout transistor (T3) is set to zero
potential in order to turn-off a pixel. Eliminatirnthe access switch has the benefit of
decreasing read-out noise and improved SNR for light conditions as discussed in

reference [36].

The readout transistor T3 is biased in velocityston mode in order to provide
a linear relationship between the accumulated pbb&wges at the photodiode node and
output current that flows through T3. The lengththa read-out transistor is 0.35um; i.e.
minimum size, and has an additional channel implayér. The channel implantation
layer shifts the formation of the channel in thantiistor a few nanometers below the
interface of Si-Si@ such that the flicker noise is effectively reddice

During the integration mode of operation, the tfangransistor is turned off in
order to isolate the photodiode (PD) from the flogudiffusion node (FD). The FD node
is set to ground potential via the reset transidtomg the integration period to turn-off a
pixel. During the read-out phase, the FD node isabeve the threshold voltage of T3,
effectively providing a current on the read-outidrbus. The FD node is set to 2.5 V
during the reset phase. The minimum voltage onRbenode is limited to 1.5 V to

maintain high linearity, i.e. constant transconduaceg, g, of the read-out transistor.
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(b) Current conveyor with feedback | (c) Analog memory/CDS cell
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Figure 2.3. Schematics of photo pixel (a), current conveyorwigedback mechanism (b), and anz
memory/CDS cell (c).
[ (@Photopixel | (b)Current conveyor without feedback | (c) Analog memory/CDS cell
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Figure 24. Schematics of photo pixel (a), current conveyihout feedback mechanism (b), and anz
memory/CDS cell (c).

2.4.2 Current Conveyor with Feedback
Mechanism

The current conveyor circuit with feedback mechanis presented iiFigure
2.3b. It is composed of a two stage operational dmpl{og-amp) connected in
negative feedback configuration via transistors N3, and N5. The curr¢ conveyor
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senses the potential on the drain node of the oseadd-ansistor T3 via the feedback bus
and compares it against thesnpotential applied at the negative terminal of dpeamp.
The difference between the input nodes of the pesgain op-amp is amplified and sets
the gate potential of transistor N1, which actsaasegative gain stage. The current
supplied by transistor N1 charges or dischargesithm potential of read-out transistor
T3 so that it matches ¥/ potential.

For example, assume that the current conveyoritiat a steady state and the
positive terminal of the op-amp matches thg pbtential of 1.8V. The FD potential is set
to 2V via the integrating photodiode, and thus et of 100 A is flowing on the drain
bus. If the FD node is set to 2.5V during the resetle, the drain current of transistor T3
will increase to 200uA. However, the current flogiithrough N1, which is biased in the
saturation regime, would remain at 100pA becaugaM g of N1 remain unchanged.
In order to equalize the two currents, transist8r Will start to discharge its drain
potential due to the excess current demanded Bytridnsistor. Hence, the potential on
the positive terminal of the op-amp will start tecdease, which will further decrease the
output of the op-amp. The gate-to-source potenfi®#8MOS transistor N1 will therefore
increase and cause the current flowing throughstséor N1 to increase. Transistor T3
will start to charge its drain potential and evetijuset it to 1.8V. The drain potential of
T3 would then match the ¥/ potential applied on the negative terminal of dtpeamp.
Since one end of the feedback bus is connectdtketgdte terminal of the input transistor
in the op-amp, the current in this bus is zero.réfwee, the parasitic impedance across
the feedback bus does not affect the drain poleotighe read-out transistor. In other
words, the drain potential on the read-out traosist always equal to the ¥ potential

applied at the negative terminal of the op-amp.

PMOS transistors N1 and N2 form a current mirrad affectively replicate the
current flowing on the read-out drain bus to thépatibranch of the current conveyor.

The output current from the current conveyor sea®sn input to the analog memory

16

www.manaraa.com



cell. Regulating structures implemented using istoss N3 through N6 pin the drain
node potentials of N1 and N2 in order to mitigatarmel length modulation effects and
thus improve current copying capability of the emtrconveyor. NMOS transistors N7
through N11 form current mirrors which supply theding currents to the current
conveyor circuit. The current mirrors are implensehfis cascode structures in order to
mitigate channel length modulation effects.

2.4.3 Current Conveyor without Feedback
Mechanism

The current conveyor circuit without feedback meussia is presented in Figure
2.4b. The conveyor circuit is interfaced to the tohpixel’s read-out transistor without
utilizing the feedback switch transistor (T4). Té¢@nveyor circuit is implemented using a
pair of PMOS and NMOS current mirrors. PMOS tratsss M3, M4, and M5 form a
current mirror that ensure currents flowing througénsistors M1, M2, and M7 are
equal. The output current from the accessed psxelifrored using PMOS transistors M3
and M5, and supplied to the analog memory cell.il&myg, NMOS transistors M1 and
M2 form a current mirror. Hence, potential at tberge terminal of M1 will be the same
as the reference potential,.ly applied at the source terminal of M2. Consequyedtiain
node potential of the read-out transistor (T3)eiste Vies potential. The current conveyor
also includes a regulating structure implementadgugansistors M6 and M7 that pins
the drain node potential of M5 in order to mitigatennel length modulation effects and
thus improve current copying capability of the emtr conveyor. Similarly, NMOS
transistors M8 through M11 form current mirrors ttlsapply biasing currents to the

current conveyor circuit.

2.4.4 Analog Memory Cell

The analog memory cell is the last block in thegmarocessing pipeline prior to
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digitization of the current signals, which is perfeed by an otchip currer-to-voltage
converter and a 1B# analog to digital converter (ADC). Schemati@agtams of the
andog memory cell are presented Figure 2.3c and Figure &. The analog memoi
cell is based on a twstep switche-current design [53]The input current signal

memorized in two steps: coarse and fine memorizasteps. The timing diagram f

memorizing an input is shown Figure 2.5.

S1 —

S1a

S1b

52

'; ] ] | J/ ]
coarse fine output of
memorization memarization current

Figure 25. Timing diagram of memorizing an integraoutput curren

The coarse memorization step is initialized bytfiebosing switch S1, whic
allows the integrated output curreri,, from the accessed pixel to flow into the memr
cell as k. Next, switch transistor Sla is closed and the gatiansistor K6 is connecte
to Vpias potential. Hence, a bias currenyas is supplied by transistor K6. The ing
current, }, is summed with the bias currenyas and the summed currenc, flows
through the diode connected transistor K1. Theect Ic is sampled and memorized
opening the switch Sla. As the switch Sla is opeaecrror current.eror coarse due to

charge injections and clock feedthrough is intredlito the memorized current. Tl

18

www.manaraa.com



error current is proportional to the input currantd therefore introduces an offset which
is related to the magnitude of the input curree Themorized current in the coarse cell

is shown by equation (2.3).

The fine memorization step occurs when the switdélhh & closed. The bias
current, bias and the coarse memorization error curregfer koarse are sampled and
memorized by the fine memory cell implemented véiage-connected transistor K6 and
storage capacitor C2. During the sampling phasagehinjection errors and clock feed
through errors are introduced in the current mepeakin the fine cell and is described by

equation (2.4).

Finally, the memorized current signals are delidesenultaneously from both
coarse and fine memories when switch S2 is closedsavitch S1 is open. The final
output current from the analog memory cell;, is approximately equal to the integrated
output current from the accessed pixel. The coarsemorization error cancels out as
shown by equation (2.5). Since the current thahe&norized during the fine stage is
much smaller than the current memorized duringciberse stage, the error introduced
during the fine memorization stage is much smdhan the error introduced during the
coarse memorization stage. Therefore, the outputerufrom the memory cell has a
small error current associated with the samplinthefinput current [53].

IC = Iint + Ibias + Ierror_coarse (23)
IF = Ibias + Ierror_ooarse + Ierror_fine (24)
IOUT = IC =1 F Iint + Ierror_fine (2'5)

The current memory cell allows for an on-chip inmpéntation of CDS, which
involves subtracting the integrated photocurrepf) from the reset current,{) of the
accessed pixel as shown by equations (2.6) thr@i@h. In order to implement the CDS

operation, switch S1 remains closed throughouttitee mode of operation.
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Switch S2 is open during the memorization stagéhefintegrated photocurrent,
which is performed at the end of the integrationqae After the integrated photocurrent
is memorized in the analog memory cell (see equa?i®), the pixel is reset to,y
potential and a reset current flows in the mematy (see equation 2.7). At this point,
switch S2 is opened and the output current from rtte@mory cell is the difference
between the reset current and the integrated photad. The output current is described
by equation (2.8).

Iint :V\Coxvsat (\/int _VT _Vds,sat) (26)
Irst :V\Coxvsat (\/rs _VT _Vds,sal) (27)

I rst l int = WCoxvsat (Vrst _Vint) (2-8)

The threshold voltage of the read-out transistagt,which is unique and different
for each pixel in the imaging array, is eliminatketing the CDS operation as shown by
equation (2.8). Therefore, the CDS operation impsavoise characteristics of the imager
by suppressing fixed pattern noise caused by thlésholtage variation in read-out

transistors.

The analog memory cell also includes regulatingcstres implemented using
transistors K2, K3, K7, and K8 in order to mitigateannel length modulation effects and
thus improve accuracy of the memory cell. Similathansistors K4, K5, K9, and K10
form current mirrors that supply biasing currentsthe regulating structures of the

memory cell.

2.4.5 Column Parallel Readout Scheme

The imaging sensor employs column parallel readobeme in order to access

and process pixel values. Integrated output cusrBom all pixels within the same row
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are read out simultaneously using their respedivesnt conveyors located at the end of
each column. The readout integrated output curramtshen memorized simultaneously
using analog memory cells that are also locatdleaend of each column. CDS signals
are then computed in parallel and stored by theeas/e analog memory cells. The CDS
values held in memory cells are then accessed sgglle and digitized by an off-chip
ADC.

2.5 Measurements of Velocity Saturation Mode
of Operation

The fabricated test imager contains several minirsiz@ transistors placed at the
periphery of the imaging array. Figure 2.6a presém measured drain-to-source current
of the test transistors as a function of the gatdage for several different drain
potentials. The test transistors have thresholthgel of 0.4V. When the drain voltage is
set to 0.3V and 1V respectively, the transistorags in the saturation (linear) region for
Vgs potential less (larger) than 0.7V and 1.4V respebt. For Vs potential above 1.6V,
the transistor enters velocity saturation whenghate voltage is between 1V and 3V. In
this region, the drain current is linearly propomntl with respect to the gate potential as

described by equation (2.2).

The velocity mode of operation can be also verifiesn the transconductance

plot presented in Figure 2.6b. The transconductzmeea'%v , is relatively constant
gs

for drain potentials between 1.6V and 2V and gatemials between 1.3V and 3V. In

this region, the transistor operates in velocitjussion and the transconductance is
constant. In the other region, the transistor dperan regular saturation mode and the
transconductance is linearly dependent on the gatential. From these measurements, |
can conclude that the read-out transistor in tRelmhould be biased such that the drain

potential is set between 1.6V and 2V and gate piaiene. the integrated photo voltage,
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range should be between 1.3V and 3V.

300 : , . : [
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Figure 2.6. (a) Measured current-voltage for a shlibiannel transistor (W=L=0.35um) fabricated in
0.18um process.
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Figure 2.6. (b) Measured transconductance for at gf@nnel transistor (W=L=0.35um) fabricated in
0.18pm process.

2.6 Experiments and Results

2.6.1 Electro-optical Setup
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Figure 27. Electr-optical setup for evaluation of the fabricated imagnso

Electrooptical setup for evaluating the performance of thkricated CMO¢
image sensor is shown in lure 27. The image sensor is illuminated with uniformhti
of 625nm supplied by narrow band OVTLO1LGA LED waa integrating sphere. Optic
power ofthe LED is modulated using a GPIB programmable &dilE3631A powe
supply. The optical power of the illuminating lighs verified using a calibrate
photodiode.The setup is used to evaluate photo response @ispixemporal nois

performance, and spatinoise performanc

2.6.2 Performance of Analog Memory Cel

Performance of the analog memory cell is cruciath® overall performance
the fabricated imaging sensor. As the last blockh@ imaging pipeline, the anal
memory cell memorizes the integid photocurrent signal of the accessed pixel

computes a CDS current sigt
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| have evaluated the accuracy of the analog memeliyby measuring the CDS
output current for a pixel that is continuouslyaimeset mode. The reset voltage is varied
throughout the experiment in order to simulateedédht levels of input currents to the
memory cell. The CDS output current is expectetldaero because both the reset and
integrated photocurrent currents are equal in éxiseriment. A non-zero CDS signal
would indicate an error that is introduced by thermory cell. In Figure 2.8, | present the
measured CDS error plotted as a function of thelpixtput current. The memory cell
has an average CDS error of 0.58uA for an outputenti range of OuA to 180pA
produced by the pixel that is continuously reséie $tandard deviation of the CDS error
is 0.022pA. The average CDS error can be subtraatiechip as an offset from the

output current.
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Figure 2.8. CDS error as a function of pixel otitpurrent.
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2.6.3 Photo Response of a Pixel

The photo responses from a single pixel with antiouit feedback in the readout
circuitry are evaluated using the setup shown gufg 2.7. The photodiode of the pixel is
reset to 2.5V and then allowed to integrate phoi@rges for 15ms for light intensity of
0.5mW/cnf. A total of 128 image frames are recorded and amedt to eliminate
temporal fluctuations. The output current from thi@el with feedback and without
feedback as a function of the integration time slvewn in Figure 2.9. The linearity of
the output current is evaluated for a pixel furtfesm the current-conveyor, i.e. the first
pixel in the column. Linearity of the output curtdar a pixel with feedback is 99.49%
and for a pixel without feedback is 98.28%. Thelmaarity is computed as root mean
square value of residuals normalized to the outoutent. The mean output referred
conversion gain of the pixel is 2.09x10A/e.

The improved linearity of the pixel's output curtesith feedback is due to the
fact that the drain potential of the readout trstusiis kept constant at 1.8V for the entire
integration period. For the pixel without feedbathe drain potential on the readout
transistor is a function of the output current aades during the integration period. This
effect is further exacerbated in large imaging ysravhere the parasitic impedance on
the readout bus can be much larger than my faledcatager. Spice simulations indicate
that the linearity of a pixel in an imaging arradyl@00 by 1000 pixels will drop to 91% if
the current conveyor does not employ a feedbackharmesm. The linearity remains
higher than 99% when feedback is used in large imgagrray of 1000 by 1000 pixels, as

indicated by Spice simulations.
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The photo response of the pixel array is evaluaged function of optical power.
For this study, the image sensor is exposed toumifight intensity that is modulated
from 0.012pW/crito 1.85pW/crf. A total of 128 image frames are recorded for ezfch
the light intensities with an integration periodl&7ms. The image frames are averaged
for every pixel in order to eliminate temporal fluations. Output currents from all pixels
of the imaging arrays are averaged and plottediastibn of optical power as shown in
Figure 2.10.

200 I ) g
—o— Pixel without feedback | : :

Current (pA)

0 U.|5 1 1.|5 2
Optical Power (pWIcmz)

Figure 2.10. Average output CDS currents from imgg@rrays are plotted as function of optical pawer

The pixels produce an average CDS output curredAOpf immediately after the
reset event in dark conditions. The CDS value qiAQOs computed on-chip as reset
output current of 200U A less the integrated outputent of 160uA that is recorded
immediately after the reset event. The abrupt aopOpA in the output current occurs
immediately after the reset event when the resessistor is turned off. The abrupt drop

in output current is due to charge injection frdme thannel in the reset transistor and
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from the clock coupling via gate-to-source overtapacitance in the reset transistor. The
pixels produce an average CDS output current oftA8@hen they become saturated.
The performance of both pixels with and withoutdieeck employed in the readout
circuitry is virtually the same. This is due to tlaet that the imaging array is small and
the parasitic impedance on the readout bus is siatlce, the difference in the current

levels in both pixels is minimal.

2.6.4 Temporal Noise Performance

Temporal noise performance of the fabricated insegesor is characterized using
signal to noise ratio (SNR), which compares leyalesired signal relative to noise level.
Similarly, a total of 128 image frames are recorftedeach of the light intensities using
the aforementioned experimental setup and lighditimms. SNR of a single pixel is
computed as a ratio of the average output curignakover the standard deviation of the
output current signal across the 128 image framvestage SNR from the imaging arrays
are plotted as a function of optical power as showigure 2.11. The SNR at low light
intensities for the imaging array with feedback & imaging array without a feedback
is about 2dB higher. The feedback readout circigtnploys a low noise op-amp, which
leads to high SNR measurements of the correspomnigiaging array. The input refereed
noise of the amplifier is 0.1662 mV. At low lighttensities the imaging sensor is limited
by the read-out electronics thermal and 1/f ndise.medium to high light intensities, the
SNR is the same for both readout circuits. FordHggt intensities, the imaging sensor
is limited by the shot noise of the photodiode.c8ithe photodiode area for both imaging
arrays is the same, the SNR is the same for theséspThe pixels achieve maximum
SNR of 58dB.
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2.6.5 Spatial Noise Performance

Spatial noise performance of the fabricated imagesaer is characterized using

shown in Figure 2.12.

30

fixed pattern noise (FPN). Similarly, a total of8lilnage frames are recorded for each of
the light intensities using the aforementioned expental setup and light conditions.
The image frames are averaged for every pixel ideorto eliminate temporal
fluctuations. FPN is computed as a ratio of stashdi@viation of output current across the
average image frame, which is then normalized ® gaturated output current. FPN

measurements from the imaging arrays are plotted &sction of optical power as
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Figure2.12. FPN of pixels as a function of optical power

The imaging array with feedback mechanism has ivelgt lower FPN anc
therefore it has better spatial noise performahee the imaging array without feedbe
mechanism. The feedback mechanism ensures thaeax-out transstors operate in
velocity saturation mode and hence it improvesdliitg of the pixel's output currer
compared to the ones without feedback, as showkigure 29. Due to the improve
linearity of the output current, the -chip CDS circuits reduce spatnoise better for th
imaging array that employs feedback readout ciscaiter the imaging array witho
feedback readout circuitt The measured FPN in the dark is 0.6% for both img

arrays.

2.6.6 Performance of Readout Spee

The image sensor implements column parallel reasichkme in order to acce

and process pixel values from the imaging arratedrated output currents from pix
31

www.manaraa.com



within the same row are read out simultaneousheiTEDS values are computed
paralleland stored by their respective analog memory céhis.final current outputs a
then accessed sequentially. The -out speed of the image sensor is limited by
bandwidth of the current conveyor and analog merselly The time required to read ¢
a single CDS value of a pixel with feedback frora themory cell is 647ns as showr
Figure 213. Therefore, the imaging array of 54x60 pixels ba accessed in 2.1n

Dicn tima=T11ne €= £—> Eali timp=1N8nNc¢
NiaT LiT=414idiis = 7 =7 G NTTAVGIS

i
1 sl il Hatteh
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Figure 213. Time to read out a single CDS from analog nrgroell.

2.6.1 Sample Intensity Images

| present intensity images recorded with the fabeddamage sensor in Fure
2.14. The intensity image obtained with implementaid both feedback mechanism &

CDS techniques show improved spatial noise perfoomaelative to the tensity image
obtained with neither of the techniqgt
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Figure 2.14. Intensity images recorded by thei¢albed image sensor: Without feedback and withdd&C
(a); with feedback and with CDS (b).

2.7 Conclusion

In this chapter, | investigated whether we caniagiltransistors operating in
velocity saturation to design mixed mode circuitgl aystems for imaging sensors. |
presented a current mode CMOS imaging sensor withixel read-out transistor
operating in velocity saturation mode. The sensupleys a novel current conveyor
circuitry that pins the drain potential on the read transistor of individual pixels using a
feedback mechanism and improves spatial matchimgsacthe imaging array. The
imager has pixel pitch of 25um, and frame rateQff fps for imaging array of 54-by-60
pixels. Experimental results indicate that the autpurrent from the pixel is 99.49%
linear for 1V range on the photo diode, i.e. ondghé& terminal of the read-out transistor.
The total power consumption of the imager is 270nTWe summary of the imaging

sensor is provided in Table 2.1.
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TABLE 2.1 Summary of the imaging sensor performance

Technology

0.18um triple well CMO

Array Size

54 x 60

Pixel Size (Fill Factor)

25um x 25um (68%)

Chip Size

5mmx 2.5mm

FPN without CDS

0.70% of sat. level

FPN with CDS 0.60% of sat. level
SNR 58 dB
Pixel's linearity output 99.49%
Frame rate 100 fps
Conversion Gain 2.09 x TuA/e
Dynamic range 52dB
Power Consumption @ 100 fps 270 mW
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Chapter 3

Low Power Programmable Current-mode
Computational Imaging Sensor

3.1 Background

Low power real-time image processing is crucial fmany computer vision and
robotics applications [54]. For these applicatiomsal-time feature extraction and
identification are critical tasks in order to edislb a more reliable human-computer
interface. Feature extraction algorithms are typicanplemented by filtering the
intensity image with a series of filters and pemforg these operations on per-pixel
neighborhood over the entire imaging array. Thigrapon is computationally expensive
and requires high power processing units. For exaniiitering a mega pixel imaging
sensor with a kernel of size 5-by-5 pixels at 50fjpsild require 2.5GOPS.

CMOS imaging sensors have become an attractiveelor low power imaging
and low power image processing due to the abititynbnolithically integrate imaging
elements and processing circuitry at the focal @larhe state-of-the-art computational
imaging sensors can be divided into two groupseoisers. The first group of sensors
incorporates imaging and digital signal processinghe same imaging chip [25-27]. For
example, Chengt al. presents a sensor composed of 128-by-128 imagdengeats, 8
digital processing units, and one digital decismnocessing unit that aggregates the
results from the other 8 processing units. In timeging architecture, the digital
processing units occupy more than 90% of the erdiieon area and the power
consumption is 374mW for imaging at 2790 framesgeeond [27].
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The second group of computational imaging sensaesrporates imaging and
mixed-signal image processing on the same chips §loup of sensors can further be
subdivided into three categories. The first catggocludes sensors that combine voltage
mode active-pixel sensor (APS) with signal proaggstircuitry [32-35]. The signal
processing circuitry is implemented with switch aeipors [33-35] or incorporated as
part of the analog-to-digital converter [32]. Ir2]3spatiotemporal image processing is
performed at the focal plane with variable sizenké&s (up to 8 by 8 pixels) at 30 frames
per second with 26.2mW power consumption. This im@agensor computes discrete

wavelet transform video compression at video fraates.

The second category of sensors incorporates imagessing circuitry within the
pixel [55-61]. This category of sensors, which legn inspired by biology [55, 56],
realizes ultra low power image processing sensbitheaexpense of large pixel pitch,
large temporal noise, and large spatial noise. third category of sensors incorporates
current mode imaging elements with current modegssing circuitry [36, 38-40, 42-
46]. Some of the strongholds for current mode im@gensors are high frame rate read-

out, and computation-for-free during the read-duhe sensors.

Examples of current mode computational sensorsidiechmotion estimation [44],
contour detection [39], and polarization sensors],[40 name but a few. The main
limiting factor in current mode image sensors w Image quality due to the large fixed
pattern noise (FPN) and large temporal noise. Tomputational imaging sensor
presented in [44], performs convolution on the decit image with variable size kernels
using low power analog circuits. The pixel pitchtlos sensor is 30um with fill factor of
20% implemented in 1.2um CMOS process. This imagegsor has relatively high
fixed pattern noise of 2.5% and SNR of 38dB. Th& mwer consumption of 1ImW at
30fps for both imaging and on-chip image processsx@ key stronghold for this

computational imaging sensor architecture (see€ladl).
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Dudek et al. [62] presented a SIMD image processamgsor employing current
mode signal processing. Processing circuitry iseddbd in each pixel and information
is exchanged with nearest neighbors in order tdoper efficient and low power

convolution. The sensor computes 1.1 giga-instoastiper second at 40mW of power
consumption.

Table 3.1 Performance Comparison of this Work withother Computational CMOS Imagers

This work Gruev et al. Nilchi et al. Dudek et al. Wei et al.
[44] [32] [62] [63]
Technology 0.6um 3M2P 1.2um 0.35um CMOS| 0.6pm CMOS 0.18um
CMOS NWELL CMOS
CMOS
Array size 128 x 109 16 x 16 128 x 128 21x21 16 x 16
Pixel size 10pum x 10pum | 30pm x 30pm 15.4pm X 98.6pum x 30pum x
15.4pm 98.6um 40pm
Fill factor 30% 20% 28% 8.4% 3%
Kernel size 1x2-whole 2x2-whole 2x2 — 8x8 N/A N/A
array array
Kernel +/-3.9375 by | +/- 3.75 by 0.25 256 N/A N/A
coefficients 0.0625
FPN 0.22% (DDS) | 2.5% average N/A 1% rms (FPN N/A
(STD/mean) reduction)
SNR 44dB 38dB 32dB peak SNR N/A N/A
Dynamic range 55dB 1 - 6000 Lux N/A N/A N/A
Power 50mwW 1ImW @ 30fps,| 26.2mW total 85uW per PE | 8.72mW @
consumption 5x5 kernel power (8x8 | 40mwW 1.1GIPS 1.8v
kernel)
Frame rate 50fps DC - 400KHz 30fps 25fps @ 100Q 1000 fps
Lux

The in-pixel analog image processing circuitry @k the spatial sampling
resolution of the imaged environment due to thgdagpixel pitch of 98.6um. A similar

SIMD image processing architecture was presentef63), where row and column

37

www.manaraa.com



parallel image processing at high frame rate wédeaed. High pixel pitch of 30pum x
40um due to in-pixel image processing circuitryitgrthe spatial sampling resolution of
this sensor. The imaging sensor consumes 8.72mVeémpaeith 1.8V power supply while

performing morphological image operations on tledent image (see Table 3.1).

Current mode imaging sensors are an alternativdoferpower and low noise
imaging and image processing applications. Low FRéasurements of 0.7% [39] and
0.4% [36], based on saturated values, were achigsied integrative linear current mode
and switchless APS. Implementations of velocityisgton current mode APS in [40, 64]

have also shown reduction in spatial variation agnorels.

In this chapter, | present a linear current mode@3VAPS that performs spatial
image processing at the focal plane. The imagimgaecombines current mode pixels
with digitally programmable analog processing unibrder to compute convolution of
the incident image at 50fps using 50mW of powere $ansor performs real-time image
convolution via low power analog circuits. The Ipawer imaging and image processing
implemented on the same chip is an attractive isoldor applications where convolution
is a significant portion of the signal processirgoathm. On the other hand, the low
power performance of this sensor may be less bmakfor applications where more
sophisticated image processing are required. Fesettapplications, additional image
processing might be required to be implemented awegs hungry digital signal
processing units; hence marginalizing the benefitow power image processing front

ends for these applications.

Due to the implementation of a switchless pixelagagm, spatial and temporal
noise performance of the sensor has been improweghared to previous designs [44].
The image sensor has 128-by-109 pixel array, curoemveyors, digital scanning
registers, and digitally programmable analog prsiogsunits. Architecture and operation
of the image sensor are validated by empiricallte$tom a fabricated chip. Preliminary
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results of the proposed imaging sensor are presentfs5, 66]. In this chapter | have
expanded the previously published results and asleded additional measurements
from the sensor. Specifically, | have included:elinty measurements of the pixel,
linearity of the processing analog scaling unigite and temporal noise measurements
i.e. fixed pattern noise (FPN) and signal to naigBo (SNR) measurement, timing

diagram and real-life examples of imaging and oip-@hage processing.

The rest of this chapter is organized as followse @rchitectural overview of the
image sensor as well as timing information of tperation of the sensor is presented in
Section 3.2. Opto-electronic characterizationshefitnaging sensor that include linearity,
SNR, FPN, and sample images are presented in 8e8t® Concluding remarks are

presented in Section 3.4.

3.2 Architecture

A block diagram of the imaging sensor is presemteBigure 3.1. The imaging
sensor is organized into an array of 128-by-109t@lpixels, column parallel readout

circuitry, and a digitally programmable analog @esing unit.
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Figure 3.1. Block diagram of the imaging sensdre Fensor is composed of an array of
pixels, column parallel readout circuitry and dadfif programmable analog processing
unit.

3.2.1 Photo Pixel

The photo pixel is based on the switchless linearenit mode APS topology [36].
In this pixel topology, the switch transistor isv@hated from the pixel and the access of

a pixel is controlled via the peripheral read-autuitry.

The pixel is composed of three transistors: trarsémsistor (M), reset transistor
(Mj), and readout transistor ¢M The transfer transistor has two purposes. Fitst,
isolates the floating diffusion (FD) node from tplotodiode when it is turned off.

Hence, while the photodiode is integrating photoegated electron-hole pairs, the FD
40
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node can be set to an arbitrary potential withdfigicing the operation of the photodiode.
The manipulation of the FD node potential allomsdontrolling the access of individual
pixels in the imaging array as explained in thetrsection. Second, when the transfer
transistor is turned on, the photodiode chargestmmesferred to the FD node. The
photodiode is implemented as an n-diffusion/p-galbstwith an area of 30fmThe
extracted photodiode capacitance is 19fF, whileflbeting diffusion capacitance, which
is due to the gate capacitance of the read-outsigtm, gate-to-source overlap
capacitance of the transfer and reset transistamg] various metal interconnect
capacitances, is ~3fF. Hence, about 86% of the agleted photo generated charges are
transferred to the FD node. The implementation pihaed photodiode will facilitate this

drawback and allow for full transfer of chargesifirthe photodiode node to the FD node.

The reset transistor sets the FD node and the giool® node to a predetermined
potential (V). If V, is set to 3V, i.e. ¥V, the pixel is in the reset mode. The
photodiode starts to accumulate photo-generatedgebaon its parasitic capacitance
when the reset transistor is turned off, i.e. tlveelpis in the integration mode of
operation. The accumulation period for photo geleeraharges, i.e. integration period, is
around 20 ms, which allows for imaging at 50 fpheTransfer transistor is turned off
during the entire integration period of the pix&t.the end of the integration phase, the
transfer transistor is turned on and the photo gdee charges accumulated at the

photodiode node are transferred to the FD node.

The readout transistor converts the accumulatedgebaat the FD node to an
output current. The source node of the readousistor is grounded and the drain node
is connected to a column parallel readout circuivigich allows for the manipulation of
the drain potential of this transistor. The readwansistor in the pixel is biased in the
triode region by ensuring that the drain poterdiaing the reset and integration phases is
always at least a threshold voltage below the gatential. Hence, the output current
during both reset and integration phases is desttiily equation (3.1).
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V2 (3.1)
2

w
L

low = H,Cox | Vep =V )V, ~
In equation (3.1), ¥ is the FD node potential,&/is set to ~0.2V, and the aspect
ratio of the read-out transistor (W/L) is 1. Thegdioutputs a maximum current during
the reset phase, i.e.. 3V, and is around 20pA. The minimum output current
achieved when the photodiode node is dischargdd/tand is ~1pA. Difference double
sampling (DDS) is computed off-chip by first menzamg the integrated photo-current
and then subtracting the reset photo current. TR& Dperation eliminates the threshold
voltage dependency on the final output current iamgtoves spatial matching between

the pixels’ output currents in the imaging array.

3.2.2 Pixel Layout and Timing Control

The schematic of the pixel is shown in Figure Jhe pixel has two horizontal
and two vertical buses. The directionality of thésmses is imperative for the correct
operation of the imaging sensor. First, the draadenof the readout transistor and the
gate of the reset transistor are both connectédriaontal buses. Second, the drain node
of the reset transistor and the gate of the transdasistor are both connected to vertical
buses. The directionality of these buses allow viddial pixels to be accessed, i.e.
individual integrated photocurrents to be readowt endividual photodiodes to be reset

without disturbing the photodiode charges of ofhigels in the imaging array.

Since the switch transistor is eliminated from thigel, the gate and drain
potentials of the readout transistor are used tirobthe access of pixels on the output
bus. For example, in order to turn off a pixel, tege and/or drain potentials of the
readout transistor are set to ground potentialofdder to achieve this, the transfer
transistor is turned off and FD node is set to gebpotential via reset transistor, i.e. the

drain of the reset transistor is set to ground micdk (Vy ). Turning off the transfer
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transistor shields the FD node from the photodeut the collection of photo charges on
the photodiode is not compromised as the FD nodengal is set to ground potential.
The drain of the readout transistor is set to gdoyotential via the row parallel
multiplexer. In order to access a pixel, the po&rat the FD node has to be at least one
threshold above ground and the potential at thm c@de of the readout transistor has to
be above ground. A current conveyor is used totleetdrain potential of the readout

transistor to 0.2V.

All pixels in the imaging array are readout in esrand the timing diagram is
presented in Figure 3.2. A current-to-voltage cotere and an analog-to-digital
converter, which are implemented off-chip, are usedonvert the output current to a
voltage and digitize the result respectively. Tidgrassing of the imaging array is
performed as follows. First, the FD nodes in thistfcolumn of pixels are preset touV
potential and the FD nodes of all other pixelshia array are set to ground potential. This
is achieved by setting the potential on the resstdd the first column to M, while the
potentials on the rest of the column reset busesair to V. potential. The gates of all
reset transistors in the imaging array are pulsedl the presetting of the FD nodes is

completed.
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Figure 3.2. Timing diagram of imaging sensor reddtate machine.

The drain line of the first row of pixels is conted to a current conveyor via a
row parallel analog multiplexer and the integratemrent of the first pixel is readout.
Next, reset transistors of all pixels in the fi@itv are turned on and reset current from the
first pixel is readout. The FD nodes for the relsth@ pixels in the first row are set to
ground potential and these pixels do not contribatthe final output current. While the
reset current from the first row is readout, thaimpotential of the second row is pre-
charged to 0.2V in order to speed up the access dinthe next pixel. The second pixel
in the first column is addressed next and its irgtgl current is readout by the current
conveyor. The rest of the pixels in the first coluare accessed in the same manner as

described for the first two pixels in the column.

After the last pixel in the first column has beawessed, both reset and transfer
transistors are turned on and all pixels in thst foolumn are reset toVpotential. The

transfer transistors are turned off next and tixelpiin the first column start to integrate
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the photo-generated charges. The drain potentidherreset transistors are set tp V

potential and the FD nodes are set to ground gateaxtcordingly. Hence, the gates of
the readout transistors in the pixels of the fosiumn are below the threshold potential
and all pixels in the first column are turned dthe second column of pixels is activated

next and its pixels are readout in the same maamére pixels in the first column.

3.2.3 Analog Processing Unit

The analog processing unit, located at the penpladr the imaging array,
facilitates on-chip computation and image procegsifhe analog processing unit is
composed of two identical computational blocks, sé@utput currents flow into a
common bus, i.e. common node, which can be acces8eathip. Due to Kirchhoff
current law, the currents from the two independeminputational blocks are added
together to generate a final output current. Schienod one of the computational blocks
is presented in Figure 3.3.
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Figure 3.3. Schematic diagram of the digitally trolled analog scaling computational

block.

The analog computational block has two componemtsurrent conveyor and a

digitally programmable scaling unit. The drain lmighe readout transistor is connected

to the current conveyor via an analog multipleXédre purpose of the current conveyor is

to set the drain potential of the pixel's readsansistor to a reference potential and copy

the current that flows through the readout transit an output branch.

The current conveyor operates as follows. All trstiess in the current conveyor

have the same aspect ratio and operate in theaaturegion. The p-channel transistors

M3 through My form a cascode current mirror since transistogsadd M are diode

connected and the gates of transistogsalld M; are connected to the gates of transistors

M4 and M respectively. The current mirror formed by the rfguichannel transistors
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requires that an equal current should flow throbgth branches of the current conveyor.
Hence, the currents that flow through transistofsaltl My are equal. Since transistor,M
is diode connected and its gate is connected tog#te of transistor M the two n-
channel transistors form a current mirror. Henbe, potential at the source terminal of
transistor M will be the same as the reference potential, ¥pplied at the source of
transistor M. The cascode p-channel current mirror mitigates thannel length
modulation effects and helps to improve the curmesyping properties of the current

conveyaor.

The input current of the current conveyor is mieisix times in the digitally
controlled analog scaling unit. The aspect ratibghe transistors in the output branches
are scaled logarithmically, as shown in Figure 318e six scaled currents are summed
together via the access switch transistors, whasesgare controlled by a digital register.
The scaled current is passed through positive/negatlection circuitry which selects
the directionality flow of the output current. Theal output current from the processing
unit is a signed magnitude scaled current whicboistrolled by a 7-bit digital register

and it is described by equation (3.2).

4 5 3.2
Iout: (- 1)]*Iiné. 20_4) ( )
i=0
In equation (3.2), j is the value of the seventl{Rit_6) in the digital register i.e.
the sign bit of the register. For example, if tegenth bit is one, the output current will
be negative, i.e. it will sink to ground from thetput node. If the seventh bit is zero, the

output current is positive and it will be sourceai Vyg.

The two computational blocks in the analog processinit are programmed
independently, and their output currents flow iat@ommon bus that can be accessed
off-chip. These two blocks receive two differentremts from the imaging array via the
4:1 analog multiplexer, scale these currents v #bit digitally programmable analog
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scaling unit and add their final currents togetimeorder to provide a processed image.
Expanding the analog multiplexer in order to hardtger number of input currents will
allow for more currents to be selected from thegimg array and more complex image
processing filters to be computed on-chip. Theentrmode domain imaging and image
processing can compute addition of different pixelshe same row for free by simply
turning on multiple pixels to access the readowd. Oithe architecture presented in this
chapter, allows for implementation of one and twaehsional convolution kernels with

two different coefficients in the filter.

This architecture can be extended to compute odetvao dimensional kernels
with N different coefficients by implementing (N+2) column parallel analog
multiplexer at the periphery of the imaging arrayd a&xtending the analog processing

unit to contain N computational blocks.

The transistor matching in the current mirrorsted N computational blocks will
be critical in order to achieve a 7-bit precisiontlhe image processing computation. In
order to maintain high computational precision, ibration schemes have to be
incorporated in each computational block (i.e. entrmirrors) such that matching
between transistors is maintained. Calibrationrepkes have been employed in current-
steering DACs, where digital [67] or self calibragicircuits [68] are used to reduce the
mismatching between transistors to less than 0.X¥sa the entire chip. These
calibration techniques will have to be incorporassdoart of the computational blocks in
future realization of the imaging chip in orderr&alize larger computational kernel with
7-bit precision.

More elaborate kernels, such as Gabor filter withasfficients, may require on-
chip or off-chip memory to temporarily save filtdrpixel information that is needed for
computation at a later stage. For such implemeamtatis the imaging array is scanned, a

region of pixels is convolved with several smakernels with different coefficients and
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the results are temporary stored in memory. Thal fiernel composed of N coicients
is assembled from the temporary stored informatibthe smaller size kernels. This i
common technique implemented in FPGA in order &dize high resolution kernels
real-time [69]and can bemplemented with mymaging sensor with the addition

memory.

3.3 Experiments and Results

A prototype of the imaging sensor was fabricate@.6um 3M2P CMOS proce
via MOSIS educational progré [70]. The micrograph of the image sensor die is sh
in Figure 3.4.
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Figure 3.4. Micrograph of the image sensor.

The prototype is used demonstrate the feasibility of the imaging sensat ar-

chip image processing paradigms. The el-optical characteristics of the imagi
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sensor are carefully evaluated and presented next.

3.3.1 Photo Response and Linearity of a Pixel

The imaging sensor is evaluated with a uniformtligibensity at 515nm+15nm
using a narrowband LED coupled with a 2” integrgtgphere. The light intensity of the
LED is controlled from the PC via a GPIB programieapower supply. The photo
response from a single pixel as a function of Bight intensity and integration time is
evaluated and presented in Figure 3.5. The pixélatodiode is first reset to 3V and after
2 ms the integration of photo generated chargesitsated. The duration of the
integration cycle is 13 ms. The output photo currersampled at every 10us and a total
of 1500 samples are obtained during the reset rtegration cycle. The pixel's output
current is recorded for light intensities betweebl@W/cnf to 5uW/cnf and 1024 reset-
integration cycles are obtained for all light irdeies. An average photo response of the
pixel over time is computed and presented in Fi@use The average response minimizes

variations due to thermal and shot noise in the@en
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Figure 35. The output current from a single pixel as afiom of time and ligh

intensity. The pixel reset period is 2 msec andgrdtion time is complete at 15 m:

During the reset period, the photodiode is res@\@nd pixel's output current
~19.5LA. When the reset period is completed, the reseiststor in the pixel is turne
off. The output current abruptly drops by ~10uA tluéhe charge injection charges frc
the channel in the reset transistor and from thekctoupling via ga-to-source overlap
capacitance in the reset transistor. For minimuradsireset and transfer transistors,

charge injection charges are estimated to be ~1

From Figure &, we can observe that the linearity of the outputrent is
maintained for the entire iegration period (~13 ms) and for light intensitietveen
0.01pW/cnd to 5pW/cni. The linearity of the pixel’s output current isneputed as th
root mean square value of the residuals normatiaéde output current and is 99.1%

light intensities ugo 4pWi/cn®. The photodiode node potential is estimated tohgigye
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from 3V down to ~1.4V for light intensity of 4uW/¢ and integration time of 13ms. T

linearity of the output drops to 98.2% when theepis illuminated with light intensity ¢
5uW/enf and integration time of 13ms. For this light intépnsthe photodiode nod

potential is estimated to be around 0.9V and thdaat transistor of the pixel enters -

threshold value at the end of the integration cydience, the nc-linearity of the oiput

current is increased as the readout transistorsestd-threshold mode of operatic

3.3.2 Photo Response Variations across tr
Imaging Array

The average and standard deviation of photo resp@msn all pixels in the

imaging array are recorded and preed in Figure 3.6.
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Figure3.6. Average and standard deviation of photo respon

For this experiment, initially the FD and photodsaaodes for all pixels are set
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ground potential. Next, the pixel of interest isgeand then integrates photo generated
charges for 13ms. A total of 1024 reset-integratigules per pixel are recorded and
averaged for every pixel. Hence the temporal vianatdue to the thermal noise of the
pixel and readout circuitry are reduced and spatiahtions between pixels in the imager

are evaluated.

The standard deviation is 0.1% during the reses@land it increases with the
integration period. During the reset period, therieide and the photodiode potentials are
set to 3V. Mismatches between the readout tramsiséoe the main cause for the
variations between the reset currents in the intagmay. During the integration period,
the photodiode mismatches also contribute to theeased variation between the pixels’

output currents across the imaging array.

3.3.3 Fixed Pattern Noise and Signal-to-Noise
Ratio Measurements

Spatial and temporal noise performances are ewmuging the same optical set-
up as described in the previous subsection. Tlegiation period for the imaging sensor
is set to 20 ms and a total of 10K frames are ctté for every light intensity level
between 0.01pW/ctto 5pW/cmi. The signal-to-noise ratio (SNR) and fixed pattern
noise (FPN) measurements are presented in Figtr@n8. Figure 3.8 respectively.

SNR for the imaging sensor is computed as the gee&NR of all pixels in the
array. SNR of a single pixel is computed as a ratithe average current output signal
over the standard deviations of the current ousmnal across all 10K frames. As for the
FPN of the imaging sensor, first an average imageomputed by taking the mean of
current output values for every pixel across th& Iftames to eliminate temporal
fluctuations. The final FPN is computed as theorafi the standard variations across all

pixels in the averaged image normalized to the ratad pixel's output current.
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Difference double sampling (DI[) operation is computed offrip in order to improv:
the FPN performancé&g].
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Figure3.7. Measured SNR as a function of light intensity
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Figure 38. Measured FPN before and after DDS as a fundiiémtegration time

Temporal noise dominated by thermal noise of the readout transiatud
current conveyor circuitry for light intensitiesloe 0.01pW/cn? and integration perio
of 20ms. On the other hand, shot noise is the damiisource of temporal noise for lig
intensities brightethan 0.01pW/ci* and integration period of 20ms. The eliminatior
the switch transistor reduces the temporal noisth@fimaging sensor and increases
SNR [36].

Spatial variations which are manifested in the RFftdease with light intensy in
the imaging sensor. This is due to the fact thatigig intensity increases, the g:
voltage at the readut transistor decreases and the -out current decreases as w
Variations between pixels, which are due to aspatb variations, threnold voltage
variations and mobility variations among others, aapercentage of the mean pi

current are increased when the pixel currentsraal sThe FPN without DDS operatic
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is around 0.25% and independent of light intendityplementation of DDS improves

spatial noise performance to FPN measurements linaar0.22%.

3.3.4 Analog Signal Processing Linearity

Measurements of three processed output currents thoee different pixels with
different reset voltages are presented in FiguBe Residuals from linear fits of the

processed output currents are presented in Figliée 3
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Figure 3.9. Processed output currents for threel pitensity values.
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Figure 310. Residuals from linear fits of the processetpaticurrents fronpixels with

(@) Veo=2.0V, (b) ko =2.5V, and (C) ¥p =3.0V.

For this experiment, the shutter of the image serselosed to prevent pho
charge from being integrated at the photodiode ndtiese pixels are selected and tt
photodiodes arecontinuously reset to 2.0V, 2.5V, and 3.0V respetyi to ensure
constant readout output currents. The output ctsrame steered to a computational bl
and individually scaled with each of the 128 pdssikigned magnitude scalii

coefficients.
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The rav pixel output currents corresponding to the thyketodiode potentials «
2.0V, 2.5V, and 3.0V are 7.40pA, 11.60pA, and 1fA4espectively. The residue
from the linear fits of the scaled output curreats presented iFigure 3.10. The RMS
values ofthe residuals for the three pixels are 0.11pA, 0A4and 0.20uA respectivel
The range values of output currents for the threelp are 57.01pA, 89.93pA, al
120.29uA respectively. Nrlinearity of each graph is computed as a ratidhefRMS of
resduals to current range recorded for the pixel outgurrent. No-linearity
measurements of the three scaled output currerdsOa9%, 0.16%, and 0.17
respectively. The nohnearity of the graphs is due to mismatches ofdistors in the
processing umithat occurred during the fabrication proc

3.3.5 Sample Images and Focal Plan
Convolution

Samples of intensity and processed images of alemigargets obtained usit
the fabricated imaging sensor are presentdigure 3.11 and Figure 2.

N\l 2
£ N
(@) (b)

(c

Figure 311. Intensity image (a), 3 x 3 convolved image énd !-by-5
convolved image (¢
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Figure 312. Intensity image (a), 3 x3 convolved image énjl *-by-5
convolved image (¢

In both Figure 3.1 andFigure 312, image (a) is the DDS corrected image, i
(b) is the convolved image witt-by-3 convolution filter, and image (c) is the conval
with 5-by5 convolution filter. The convolved images are aied by programming th
analog scaling unit with the ajopriate kernel coefficients and are obtained irajbelr
with the intensity image. The-by-3 and 5-bys convolution filters that wer
implemented to detect horizontal edges are predemteFigure 313. The choice ¢
coefficients in the kernel window isuch that the convolution kernel allows for gc
detection of edges, good localization of the edges minimum response to edges in
image. Theoretical details for selecting coeffitserior edge detection kernels
described in [71, 72].

1 -1 ] 0 0 0 0 0
0 0 0 +1 +1 | +1 | +1 | +1
+1| +1 | +1 +1 +1 | +1 [ +1 | +1
(a) (b)
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Figure 3.13. 3-by-3 convolution filter (a), 5-byebnvolution filter (b).

The DDS corrected intensity image exhibits low gpatariations across the
imaging array due to low FPN. In the convolved iesdhorizontal edges are highlighted
with bright and dark intensity values that représeositive and negative edges
respectively. The convolution kernels filter theeimsity image with a first derivative
function along the vertical direction. Pixels ofjamknt rows with different intensities
produce positive or negative derivative valuesrdfwee highlight horizontal edges. On
the other hand, pixels of adjacent rows with eqlight intensities produce zero
derivatives, therefore, assume an average gray.dolagonal edges are also highlighted
because they contain both horizontal and vertioahgonents. However, their resultant
intensities are less significant than those of Zwrial edges. The 5-by-5 convolved
images are smoother than 3-by-3 convolved imagasguse the intensity value assigned
to each pixel in a 5-by-5 convolved image is basadthe intensity of a larger pixel

neighborhood than that of a 3-by-3 convolved image.

The precision of the horizontal edge filters is laaged with a calibrated gray
scale target presented in Figure 3.14. The caédrtdrget contains four shades of gray:
10%, 60%, 90%, and 100%. Figure 3.14-a presentsthasity image recorded by the
imaging sensor. The horizontal edge computed inmgeesented in Figure 3.14-b. The
different intensities of the horizontal edges cepand to the difference between two
neighboring gray scale regions. A single line irtbedugh the cross-section of the edge-

detected image is presented in Figure 3.14-c.

A filter implemented as a first derivative functi@perating along the vertical
direction computes difference of currents from e€pd pixels to generate a horizontal
edge-detected image. A region on the intensity enaigh the same gray shade produces
a spatial derivative of zero, which corresponda twn-edge in the edge-detected image.

A transition between two neighboring gray scaleiareg with different shades of gray
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produces a non-zero spatial derivative that is gragmal to the difference of the two
shades. The non-zero spatial derivative may becedsd with either a positive or a
negative edge depending on the direction of thévalére function. A positive edge is
represented by a positive spatial derivative onditwss-section graph and by a bright
edge on the edge-detected image. On the other hamejative edge is represented by a
negative spatial derivative on the cross-secti@plgrand by a dark edge on the edge-

detected image.

(a) L

Gray shade
10% —
60% —
90% ——

100%——
90% —
60% —>

10% —

150

100 -

50

(c)

Spatial Derivative
o
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-150 I N
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Pixel Row #

Figure 3.14. Intensity image (a), edge-detectedgan(b), and cross-
section of edge-detected image (c).
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3.3.6 Power Consumption

Simulation results of the analog and digital powensumption as function of
frame rate are presented in Figure 3.15. The stmulaesults are based on the final
extracted view of the complete imaging chip. The fdigital scanning registers for the
imaging array contribute to the total digital powsmsumption (see Figure 3.1). The
analog processing unit, which is composed of cairtenveyors and current mirrors (see
Figure 3.3), together with input current from 5%pixel neighborhood contribute to the
total analog power consumption. The analog prongssnit performs horizontal edge

detection on a neighborhood of 5 by 5 pixels.

The analog power consumption remains relativelystamt at 17.06mW for
different frame rates. On the other hand, digitak@r consumption is proportional to the
frame rate (i.e. operational frequency of the imggarray) and follows the G¥model.
When the imaging sensor operates at 50 framesqoend, 17.06mW and 30mW of
power are consumed due to analog and digital ¢iscoespectively. At 350 frames per

second, the digital power consumption increas@2ioW.
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Frames per second

Figure 315. Simulated power consumption as a functiomarht rate

3.4 Conclusion

In this chapter] investigated whether we can monolithically combcurrent
mode imaging elements with current mode analog cdatipnal circuitry to perforn
image processing at the focal plane of an imagemwsar | presented programmable
current mode computanal imaging sensor that wamplemented in 0.6um 3M2
CMOS processThe imaging sensor is based on switchless licearent mode AP.
paradigm and allows for low spatial and low tempaor@ise imaging, leading to low

FPN and higher SNR compared to previously publisestsor:

Compared to the imaging sensorsented in [44]the sensor presented in t
chapterhas two major improvements. The first improvemenini the pixel size and fi
factor. In the imaging sensor presented in chapter the pixel design is based on !

switchless paadigm, where one of the switch transistors is iglated from the pixe
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This has the advantage of achieving smaller pixehpand higher fill factor. The pixel

pitch of my sensor is 10um with fill factor of 30#0.6pum CMOS technology compared
to the imaging sensor in [44] which has pixel pitdth30um with fill factor of 20% in

1.5um CMOS technology. The second improvement leta@ to spatial and temporal
noise performance of the sensor. The eliminatiothefswitch transistor increases the
linearity of the pixel output current and decreaspatial and temporal noise in the
imaging sensor [36]. The improved linearity of tpi&el output current allows for

implementation of difference double sampling teqglei which helps in reducing the
spatial noise variations across the imaging arfagrefore, the maximum SNR and FPN
(after DDS) for my imaging sensor is 44dB and 0.22%pectively compared to 38dB

and 2.5% respectively for the one presented inmeate [44].

The imaging sensor presented in this chapter ppgfamage processing at the
focal plane via low power analog circuits. The thlly programmable scaling unit
computes one and two dimensional kernels with tigorett coefficients per convolution
window. Noise-corrected intensity image and congdlimage were processed at a frame
rate of 50 fps with 50 mW of power consumption.f®@nance comparison of the image

sensor with other computational CMOS imagers isreanzed in Table 3.1.
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Chapter 4

Fabrication and Performance Evaluation
of Pixelated Nanowire Polarization Filters

4.1 Background

Light is a transverse wave that is fully charaaeli by the intensity, wavelength
and polarization of the wave [9]. Transverse wawibsate in a plane perpendicular to
their direction of propagation. For example in Fed.1, the transverse wave propagates

perpendicular to this page and the vibrations ety plane are plotted on the graph.

Depending on the direction of the vibrations ddssli on the X-Y plane, a
transverse wave can be linearly polarized, paytialkarly polarized, circularly polarized
or unpolarized. For instance, if the vibrationstlod wave are consistent in a particular
direction, the electromagnetic wave, i.e. the ligtdave, is linearly polarized. If the
vibrations of the wave are predominant in a paldicdirection and vibrations in other
directions are present as well, the light wave astiglly linearly polarized. Circularly
polarized light describes circular vibrations iretX-Y plane due to the /2 phase
difference between the two orthogonal componentsthd electric-field vector.
Unpolarized light vibrates randomly in the planepobpagation and does not form any
particular shape on the X-Y plane. In Figure 4iriedrly polarized light describes a line,
partially polarized light describes an ellipse, anctularly polarized light describes a

circle on the X-Y plane.

65

www.manaraa.com



Y-axis
—~ | - — »Partially polarized
e A light
/0 / L V
/ % / \
s o 7 .
I : 0 , X-axis
: L N/ 1
Circularly { 7 g .
polarized light. / R /
;o s 4
N s .
o~ |~ . Linearly
polarized light

Figure 4.1. Light can be linearly polarized, pdlfiéinearly polarized, circularly polarized or uolarized.

In order to capture the polarization propertieslight, two parameters are of
importance: the angle of polarization (AoP) anddbgree of linear polarization (DoLP).
There are different ways of computing DoLP and AdRhe electric-field vector, one of

which is presented by equations (4.1) and (4.2).

DoLP=/S’+SZ/S, (4.1)
AoP=1/2*arctaff S/ 9 (4.2)

In equations (4.1) and (4.2)s,& and $ are known as the Stokes parameters and

are defined by equations (4.3) through (4.5):

S =1(0°)+1(90") (4.3)

S =1(0")-1(90") (4.4)

S, =1(45°)-1(135) (4.5)
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In equations (4.3) through (4.3§0°) is the intensity of the e-vector filtered with a
0 degree linear polarization filter and no phasardation;|(45°) is the intensity of the e-
vector filtered with a 45 degree linear polarizatidter and no phase retardation; and so
on. In order to compute the three Stokes parametsgsincoming light wave must be
filtered with four linear polarization filters off¢ by 45. Hence, an imaging sensor
capable of characterizing optical properties ofapakd light has to employ four linear

polarization filters offset by £43o0gether with an array of imaging elements.

In this chapter, | present nano-scale and pixelasgiminum nanowire
polarization filters fabricated using electron bebthography (EBL) and reactive ion
etching (RIE) methods. | am going to evaluate tifeience of pitch and orientation on
the performance of the pixelated nanowire polaigzafilters. The rest of the chapter is
organized as follows. Section 4.2 describes overvief current state-of-the-art
polarization imaging sensors. Section 4.3 descrdesview of nanowire polarization
filters. Section 4.4 describes methods utilizefaturicate the polarization filters. Section
4.5 presents performance measurements of thesfil&ection 4.6 presents concluding

remarks.

4.2 Overview of Current State-of-the-art
Polarization Imaging Sensors

The current state-of-the-art polarization imagirensors can be divided into
division of time [73, 74], division of amplitude$776], division of aperture [77, 78] and
division of focal plane polarimeters [60]. One béftfirst approaches toward polarization
imaging included standard CMOS or CCD imaging sensoupled with electrically or
mechanically controlled polarization filters andpaocessing unit [73, 79]. These
imaging systems, known as division of time polateng sample the imaged
environment with a minimum of three polarizatiottefis offset by either 45 or 60
degrees and polarization information, i.e. degred angle of linear polarization, is
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computed off-chip by a processing unit. Shortcominfjthese systems are reduction of
frame rate by factor of 3, high power consumptissogiated with both the processing
unit and the electronically/mechanically controleapolarization filters, and polarization
information errors due to motion in the scene dyrithe sampling of the three

polarization filtered images.

Division of focal plane (DoFP) polarimeters includémaging and
micropolarization filters on the same substrate, [60, 80-82]. The sampling of the
imaged environment is achieved with spatially disited micropolarization filters over a
neighborhood of pixels. Incorporating pixel-pitctatthed polarization filters at the focal
plane has been explored with birefringent matef@ls 61] and thin film polarizers [60,
80-83]. The pixel pitch of the birefringent andrthiilm micropolarizer arrays were
reported to be 128m [61] and 50um [60], respectively. The large pixel pitch of thes
sensors has limited their use for real-time poddian imaging applications due to the

low spatial resolution.

The low resolution problems of DoFP polarimeterg addressed by: 1)
monolithically integrating CMOS imaging sensor wjhlymer polarization filters [82-
88] and 2) integrating CCD imaging sensors withmahum nanowires polarization
filters [89-96]. The polymer polarization imagingrsor is composed of a 60 by 20 pixel
array with 18 pum pixel-pitch, low noise current reodixels and focal plane analog
processing for real-time computation of polarinetparameters [83]. The array of
polymer polarization filters is designed via animited microfabrication procedure and
is deposit directly on the surface of the CMOS imggsensor in order to design a
compact and robust polarization sensor. This ingagensor is the first DoFP polarimeter
for the visible spectrum published in the literatwrapable of sensing the first three
Stokes parameters in real-time and is used fomaatio detection and classification of
five flat surfaces based on the computed indicesreffaction from the sensed

polarization information.
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The first high resolution polarization CCD imagisgnsor is reported in [90]. The
polarization sensor reported in [90] monolithicaligtegrates aluminum nanowires
polarization filters with an array of 1 Mega pixél<CD imaging elements. Each pixel
consists of a photodiode with a well capacity oK2€lectrons and two light shielded
buried channel CCDs. The read-out noise of the @Q@&yging sensor is 16 and has
conversion gain of 30 pV/erhe custom CCD imaging sensor is optimized for foise
read-out and fabricated it in 180 nm image spegficcess. An array of pixel-pitch
matched aluminum nanowire polarization filters agvihe CCD array of photo elements.
The pixelated polarization filter array is compose#dour distinct filters offset by 45
The aluminum nanowires in each individual filtertbé micropolarization array are 70
nm wide, 70 nm high and have a pitch of 140 nmsTimique polarization imaging
sensor has a signal-to-noise ratio of 45dB anducagtintensity, angle and degree of
linear polarization in the visible spectrum at 48nfies per second with total power

consumption of 5W for the entire imaging system.

Although this is the first high resolution divisioof focal plane polarization
imaging sensor for the visible spectrum reportedthe literature, there are two
shortcomings with this sensor. First, the extinttratios of the polarization filters are
low due to the size of the metallic nanowires tatstitute the optical filters. The size of
the metallic nanowires is inversely proportionathe extinction ratio performance of the
filter. Low extinction ratios can limit the sensity of the camera to polarization
information and it is desirable that the extinctratios are as high as possible i.e. the size
of the nanowires in the optical filters to be asaBras possible. Second, the high power
consumption associated with the CCD sensor incsegeoperational temperature of the
camera to 4% (or 113F). The elevated operational temperature of the QG@Bsor
increases the thermal noise of the sensor andiginal¢o noise ratio of the sensor is
degraded. Hence, the quality of the acquired prd#ion information is compromised

due to these two limiting factors and | plan toradd them in this dissertation.
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4.3 Overview of Nanowire Polarization Filters

Nanowire polarization filter is a grid of periodand parallel metallic wires th
transmits parallel polarized light and reflectsssrpolarize light as shown in Fiure 4.2.
An array of such filters oriented at 0, 45, 90, &3% degrees may be integrated ontc
image sensor to capture polarization informationtlod imaged environme [91].
Performance of nanowire polarization filters isluehced by the following paramete
period, width, height, and grating mate [97]. A rule of thumb for the period of wii
gratings is that theh®rtest operating wavelength that can be effegtiidlered is
approximately three times the period of wire gmgéin Furthermore, thin and ti
nanowires effectively block cross polarized lightuminum is a preferred choice f
fabricating nano-struates because it has high conductivity, compatibith \nost of

fabrication techniques, oxidization resiste, and wide operating wavelen.

!anolarizled 2 Reflected light
incident light (cross polarized light)

Transmitted light
(parallel polarized light)

Figure4.2. Operation of nanowire polarization filter

Various fabrication techniques have been employed re¢alize nanowir
polarization filters. Ultra violet (UV) photolithogphy uses UV light to transfer a patt
from a predefined mask onto a photo resist matdtia limited to large features, whit
is mainly due to the effects of diffraction. Intedece lithography uses a system of
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beams to produce an interference pattern onto atraid. The beam setup may be
immersed in a liquid to achieve smaller gratinggukrNanoimprint lithography involves
fabricating a stamp with desired pattern and tlegeatedly stamping the pattern onto a

substrate [98]. The technique has the advantag@rodlucing low cost and high

throughput filters.

Table 4.1 Reactive lon Etching Recipe for Etching liminum Nanowires

Step 1 Step 2 Step 3 Step 4 Step 5
Pressure 50 10 10 10 50
(mTorr)
RIE (W) 0 150 200 100 0
ICP (W) 0 300 300 300 0
Time (s) 60 5 16 40 30
Gas 1 (scmm) Ar: 50 01 CHR;: 10 BCL: 40 Ar: 50
Gas 2 (scmm) He: 1 £ns
Comment Purge the Remove Sio, Al Purge the
chamber residues etching etching chamber

Electron beam lithography (EBL) uses a focused bednelectrons to draw
patterns on photo resist material. EBL has a bewéfachieving very high resolution
features at nano-scale level, and large freedomugiomize the shape of the nano-

structure. However, it is limited to low throughplite to slow serial writing process.

4.4 Methods

The procedure used for fabricating nanowire poddian filters is described in

Figure 4.3.
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Figure4.3. Fabrication of nanowire polarization filters
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A microscope glass slide is the initial substrate the nanowire polarizatic
filters. The glass substrate is coated with 100nmaAd 20nm Si, via e-beam
evaporation and film deposition respectively. A @00layer of poly methyl methacryla
(PMMA) photoresist is spin coated on the surface of thgpkaat 2500rpm for 60s, al
post-baked at 186 for 70s. Filter patterns are drawn on the PIv-coated sample usir
electron beam lithography (EBL) via a scanning tetecmicroscope (SEM). The sam|
is developed using methyl isobutyl ketone (MIBK): isopyl alcohol (IPA) 1:3 solutio
for 60s, and podpaked at 9°C for 70s.

Reactive ion etching (RIE) method is used to trandfe PMMA pattern to the /
film. The RIE method is detailed in Tat4.1. TheRIE chamber is set to °C. In step 1,
RIE chamber is purged with Ar gas to remove redigaases. The sample is inserted
the RIE chamber. In step 2, residuals of PMMA amaved from the sample using
and He gasses to ensure smooth surfaceshe SiQ layer got exposed. In step 3, &
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is etched out using CHFgas. The patterned PMMA acts as mask for,®i0h. In step 4,
AlO, and Al are etched out using BGInd C} gasses. The etched $i@cts as a hard
mask in order to transfer the pattern to Al. LasSRYE chamber is purged with Ar gas to
remove residual gasses in step 5. The resultinglsaoonsists of Al nanowires on the

glass substrate.

4.5 Measurements

| have fabricated aluminum nanowire polarizatioltefs on a glass substrate
using electron beam lithography and reactive i@hiag process. Each filter occupies an
area of 7.dm by 7.4um, which matches pixel size of the custom CMOS imagensor
where these filters will be deposited. | fabricatseral different pixelated nanowire
filters, where the pitch of the aluminum nanowirevaried between 50nm and 500nm.
Also | fabricated filters with four different origéations of the nanowires offset by 45

degrees. The duty cycle for the nanowire filtersasto 50% for all filters.

4.5.1 Observation of Filters using SEM

Geometry and spacing of the fabricated filters aeefied by observing the
samples under SEM, as shown in Figure 4.4. Therdilare relatively smooth, straight,

and have height of 80nm.
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Figure 4.4 Fabricated nanowire polarization filters. (a) Tgw; (b)
side view.
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4.5.2 Observation of Filtersunder Optical
Microscope

Spectral respon of the fabricated filters is verified bjluminating the filters

with 0° and 96 polarized light anwobserving the samples under optical microscoy, as

shown in Figure 4.5.

”Wﬁﬁw HW il

400nm 300nm
00 s Oo

200nm
90°

400nm- 300nm  200nm
Oo 00 00

.-75nm.1 BEEARE  sonm
1 "-v QQP.A 7*9?)0 M | 1350

75nm 50nm
90° 90°

100nm 75nm 50nm 50nm
0e 0e 450 0°

50nm
450

(a) Filters illuminated with 0° polarized light (b} Filters illuminated with 90° polarized light

Figure 4.5Fabricated olarization filters observed under aptical microscop:

Fabricated plarization filters, whose polarization axes parallel to polarizatiol
axis of illuminating light, transmit the light otiveise they block it. Filters with small
pitch size demonstrate higher contrast ratios thiéers with larger pitch size. Fc
instance, filter with 50nm pitch transn parallel polarized lightand blocks cros
polarized light more effectively than filter witltD@nm pitch. | also observed that filte
with different pitch size transmittelight with different frequency components, an efi
referred to as plasmon resonance. Instance, filter with 200nm pitch size transmit
mostly green light, while filter with 300nm pitclize transmitted mostly blue lig This
indicates that we can fabricate polarization fdtehat respond to incident light
particular wavelength.
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4.5.3 Optical Setup

The optical setup for evaluation of the fabricateshowire polarization filters |
shown in Figure 4.6The fabricated filter is mounted onto a microsegpass slide an
illuminated with uniform light supplied by narrowabhd OVTLO1LGA LED via n
integrating sphere. Optical power intensity of thED is controlled by a GPII
programmable Agilent E3631A power supply. Lightnfrathe integrating sphere
transmitted through a linear polarizer that is tedaby a motor controlled by PC. Optit
tubeand objective lens are used to focus the lightstratied through the fabricated filt

onto a CCD imaging sen.

Glass
Image Optical ~ Objective  Slide Integrating
sensor tube lens ; Motor sphere
< .
e
Fabricated KA
filter Polarizer

N\

LED

Power
supply

Figure 4.6 Optical setup for evaluation of fabricated pdaation filter:

4.5.4 Optical Performance Evaluatior

An array of four nanowil polarization filters fabricated on the same ¢
substrate and oriented &, 45, 9P, and 138 were evaluated using the setup descr
in Figure 4.6 The pitch of nanowires in the pixelated polai@atfilter is 50nm. Eacl
filter occupies an area 7.4um by 7.4um. The filter array is illuminated with light «
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625nm supplied by an LED. The linear polarizeratated in order to expose the filter
array with uniform linearly polarized light oriemteat @, 45, 9C°, and 135 Image
frames recorded by the CCD imaging sensor are slowigure 4.7.

The fabricated filters have highest transmissiospoase when they are
illuminated with light whose angle of polarizatiomatches their transmission axis, and
have lowest transmission response when they amaiilated with light whose angle of
polarization is perpendicular to their transmisséois. For instance, filter oriented &t 0
is brightest when illuminated with®(olarized light as shown in Figure 4.7a and it is
darkest when illuminated with 9@olarized light as shown in Figure 4.7c. This hébia
agrees with the operation of polarization filtars, they transmit parallel polarized light

and reflect cross polarized light.

The experiment was repeated to encompass anglelarization that range from
0° to 180 with increments of 10 Recorded frames were analyzed to show intensity
response of the four filters as presented in FiguBe
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Figure 4.7 Fabricated filters oriented a®, 45, 9C°, and 138 The filters are illuminated with (e0°

polarized light; (b) 45polarized light; (c) 9° polarized light; (d) 135polarized light.

Pixel Digital Output (12bitsADC)

Qe fjlter 45°[filter 90°'filter 1353o filter
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Figure 4.8 Intensity response of four filters oriented °, 45, 9¢, and 13°.
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Similarly, the fabricated filters have highest samssion response when they are
illuminated with light whose angle of polarizatiomatches their transmission axis, and
have lowest transmission response when they amaiilated with light whose angle of
polarization is perpendicular to their transmissaéis. For instance, the filter oriented at

45° has maximum and minimum peaks at 46d 135 respectively.

4.5.5 Extinction Ratio

The extinction ratio is widely used to evaluate pleeformance of the polarization
filters. It is defined as the polarization filte¥sponse ratio of the parallel polarized light
(the maximum response) to the cross polarized [iig minimum response), as shown
in EQ. (4.6).

Extinction Ratio = Im% _ (4.6)
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Figure 4.9. Measured extinction ratio for differemanowire sizes.
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The measured extinction ratios of the pixelatecapphtion filters for different
pitch sizes are shown in the Figure 4.9. Filtethwiinowire pitch of 50nm and 50nm
spacing have maximum extinction ratio of 55 at 685ncident light. The same filters
have extinction ratio of 25 for incident light aé@hm, i.e. 25~55 extinction ratio in
visible spectrum. Nanowire polarization filters baspectral dependent extinction ratios
as predicted by electromagnetic simulations [97]he Textinction ratio drops
exponentially as pitch increases. Polarization rimfation cannot be discerned with
nanowire polarization filters whose pitch is lar¢fegn 150nm.

4.5.6 Transmittance

Furthermore, | evaluated the transmission propeniethe different nanowire
polarization filters. The transmittance is the amtoof the parallel polarized light passing
through the polarization filter.
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Figure 4.10. Measured transmittance for differeartawire sizes
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The measured transmittance of the pixelated paiaoiz filters with different
pitch of the nanowires is shown in the Figure 4Xlore than 60% transmittance can be
achieved for the minimum pitch polarized filtersng@ the pitch is larger than 150nm,

transmittance drops to 20-30%.

4.5.7 Comparison of Measurement with
Simulation Results

The rigorous coupled-wave analysis (RCWA) basedt®lmagnetic simulation is
widely used for analyzing periodic structures. lvdasimulated performance of
polarization filters using RCWA method and compatiee simulation results with my
measurements as shown in Table 4.2. Both simulaimh measurement results have
similar trend for different nanowire pitches. Th#eatences between the simulation and
measurement results is mainly due to the factdlettromagnetic simulation is based on
infinite periodic structure, while my pixelated pdkation filters have finite grating

structure, and brings strong boundary effects.

Table 4.2Comparison between Measurement and Simuiah (625nM)

Pitch Extinction Extinction Transmittance | Transmittance
Size Ratio Ratio (Measured) (Simulated)
(Measured) | (Simulated)
50nm 54.1 831.2 64.0% 99.6%
100nm| 13.1 70.5 63.2% 97.2%
150nm| 7.17 11.7 59.9% 84.3%
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4.6 Conclusion

In this chapter, | investigated whether we can tgveptical nano-structures that
behave as linear polarization filters and monaddhly integrate them with custom
CMOS imaging sensor in order to realize a hybridteay capable of extracting
polarization information from the imaged environmeh presented a fabrication
procedure to realize pixelated nanowire polarizatidter by using electron beam
lithography and reactive ion etching. An array atepated polarization filters with
different pitches and orientations were fabricatétie fabricated polarization filter
achieved minimum pitch of 50nm, and its extinctratio is up to 55 in visible spectrum.
The influence of pitch and orientation on the perfance of the pixelated polarization
filter is also explored. In future, | will exploperformance of pixelated polarization filter

fabricated directly on the surface of the custom@34maging sensor.
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

In this dissertation, | have explored realizatidnmaging sensors fabricated in
advanced feature technologies that exploit velos#yuration mode of operation in
transistors and are capable of extracting polaomainformation from the imaged

environment.

In chapter 2, | investigated the employment of drstiors operating in velocity
saturation to design mixed mode circuits and systBEmimaging sensors. | presented a
CMOS imaging sensor containing two novelties in fieédd of current mode sensing.
First the in-pixel read-out transistor operatevafocity saturation mode, which allows
for high linearity between integrated photo chargesl output current of the pixel.
Second, the sensor employs a current conveyorittirdhat pins the drain potential on
the read-out transistor of individual pixels usafeedback mechanism, which improves
linearity of output current and spatial matchingogs the imaging array. This work
demonstrates that we can exploit velocity satumativode of transistor operation to
design novel pixels, and improve noise charactesisand frame rate of current mode

imaging sensors.

In chapter 3, | investigated monolithic integratioh current mode imaging
elements with current mode analog computationaudiy in order to perform image
processing at the focal plane of an imaging serispresented a linear current mode

computational imaging sensor. The sensor monoéitlficombines current mode pixels
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with current mode digitally programmable analog pomational circuitry to perform
spatial image processing at the focal plane. Tregarsensor provides a noise-corrected
incident image in conjunction with a convolved iream parallel at 50 frames per
second, and consumes 50mW of power. This work dstraies real-time imaging and
image processing implemented on the same chipowaplower analog circuits. It is an
attractive solution for applications where convimatis a significant portion of the signal

processing algorithm.

In chapter 4, | investigated development of optitaho structures that behave as
linear polarization filters and monolithically ipated them with custom CMOS imaging
sensor in order to realize a hybrid system capabkxtracting polarization information
from the imaged environment. | presented a fabdonaprocedure to realize pixelated
nanowire polarization filters by using electron ipelithography and reactive ion etching
processes, which are compatible with semiconddatmication standards. | fabricated an
array of pixelated aluminum polarization filtersthvidifferent pitches and orientations.
The fabricated polarization filters achieved minmmpitch of 50nm, which is about two
times smaller (better) than the current state-efdaht nanowire polarization filters. |
integrated the polarization filters with custom CBGnd CCD imaging sensors to

develop division of focal plane polarization imagisensors.

5.2 Future Work

One of the challenges that remain to be addressédat transistor models for
advanced feature technologies are not well modiele&PICE simulations. In future, |
will incorporate my empirical results into existintgansistor models. The improved
transistor models will enable analog designerslialrly predict performance of circuits

that exploit velocity saturation mode of transistperation.
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Another challenge that remains to be addressedescka the errors that are
introduced during the integration of the filterstivimaging sensors. To mitigate these
integration errors, | plan to fabricate the nanogure polarization filters directly on the
surface of custom CMOS imaging sensors. This wailpriove performance of hybrid

sensors in accurately extracting polarization imfation from the imaged environment.
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