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ABSTRACT

A delta-sigma modulation analog-to-digital converter (ADC) has many benefits
over the use of a pipeline ADC in a CMOS image sensor. These benefits include lower
power, noise reduction, ease of maximizing the input range, and simpler signal routing
for large arrays. Multiple delta-sigma modulation ADCs are required in a CMOS image
sensor, one for each pixel column. Any voltage threshold mismatch between ADCs will
introduce gain and offset errors in the ADC's transfer function. These errors will lead to
fixed-pattern noise. Correcting gain and offset error for every ADCs in the image sensor
will require a complex digital signal processor. This thesis presents techniques to
minimize the effects of gain and offset errors in delta-sigma modulation ADCs for

CMOS image sensors.
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CHAPTER 1: INTRODUCTION

1.1 Motivation

The pipeline analog-to-digital converter (ADC) is currently used in today’s
complementary metal-oxide semiconductor (CMOS) image sensors to convert the analog
pixel integration voltage to a digital code. There is one pipeline ADC in a CMOS image
sensor that detects the color on each color pixel in the array: green, blue, and red [1]. As
the density of the CMOS image sensor increases, or the level of color quality increases,
the pipeline ADC will require a larger layout area and consume more power.
Furthermore, as the size and density of the CMOS image sensor increases, coupled noise
and voltage variations, resulting from the long distance required to route the signal

between the pixel and the pipeline ADC, become an issue.

One potential solution to these problems is to use a per column delta-sigma
modulation (DSM) sensing circuit [1]. The DSM can be introduced to help reduce the
large layout area, power and routing issues associated with using a pipeline ADC [2]. The
simplest design uses a DSM ADC for each column. This means that if there are 7680
pixel columns in an image sensor, there will be 7680 DSM ADCs on the bottom of the

array. Therefore, each of the DSM ADC’s input/output curves needs to be identical.



However, most of the time, the transfer function of each DSM ADC will not be
similar due to transistor voltage-threshold variations that lead to mismatches. This
voltage-threshold variation increases as the process technology shrinks. The mismatches
lead to fixed-pattern noise and the need for acomplex digital-signal processor to
compensate for the errors introduced by each DSM ADC. As an example, if there are
7680 DSM ADC:s, the digital-signal processor will have to calibrate and compensate for
the errors for each of the 7680 DSM ADCs. CMOS imagers using asingle pipeline ADC
do not suffer from this drawback because of the common signal path each pixel sees.
Unfortunately, the drawback of using the pipeline ADC isthat it has to operate very

quickly to process the large amount of data generated during each row time.

This thesis discusses some of the variations and mismatches found in the DSM
ADC that may cause fixed-pattern noise. The thesis aso presents some techniques used
to help reduce the effects of these variations. With the reduction of fixed-pattern noise,
limited by the pixel mismatches themselves, aless complex digital-signal processor can

be used to process the image.

1.2 Thesis Contribution

Anideal per-column DSM ADC for aCMOS image sensor isaDSM ADC that
has a transistor function that is linear and robust to any gain or offset error cause by
transistor voltage-threshold mismatch or capacitor ratio mismatch. Thisthesis |ooks at

and examines the drawbacks and advantages of different types of per-column DSM
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ADCsthat can be used in aCMOS imager. It also examines the transfer function of each
architecture and determines the architecture robustness to gain and offset errors caused by

voltage-threshold mismatch.

Thisthesis also introduces aDSM ADC architecture in which the transfer
function is robust to any gain and offset errors caused by transistor voltage-threshold
mismatch. ThisDSM ADC is an upgrade to the DSM ADC architecture that was
introduced by Montierth [1]. Montierth's DSM ADC has atransfer function that is robust

to offset errors but sensitive to gain errors.

1.3 Various CMOS Pixel Architectures

There are many types of CMOS pixel architectures but the basic operation of each
type of pixel issimilar. All CMOS pixels use a photodiode that converts light energy into
an electrical signal that can be measured using an analog-to-digital converter. The
photodiodeisinitially set to areverse-biased configuration. As the photon hits the
photodiodes, el ectron-hole pairs are generated in the photodiode. This neutralizes the
charge stored on the reverse-biased photodiode as shown in Figure 1.1. Asthe charge on
the photodiode is neutralized, the voltage across the reverse-biased photodiodeis
reduced. This change in voltage will be converted to adigital code by an ADC. Five
different types of CMOS pixel architecture will be discussed in this introduction: Passive
Pixel, PIN Photodiode-type active pixel sensor (APS), Pinned Photodiode-type APS,

Photogate-type APS, and Logarithmic APS.
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Figure 1.1 Diagram showing the charge stored on the photodiode isbeing

neutralized when it is exposed to light.

1.3.1 The Passive Pixédl

The passive pixel architecture consists of a photodiode and a transistor; as shown

in Figure 1.2. A column of these pixels are connected in parallel and their column line

node is shared among one another as shown in Figure 1.3. The TX signal istherow line

access signal and is shared between pixels on the same row.

Initially, the column bus voltage will be stored at the cathode terminal of the

photodiode. As photons strike the photodiode, electron-hole pairs will be created to

neutralize some of the charge stored across the reverse-biased photodiode. The

photodiode will remain disconnected from the column line until avoltage pulseis sent to



the TX node. This period of exposureto light is known as aperture time. The greater the
intensity of the light, the voltage drop across the photodiode will be larger. When the
access transistor is turned on, the photodiode will then connect to a charge integrating
amplifier (CIA) at the bottom of the column line to reset the voltage of the photodiode to
the column bus voltage as shown in Figure 1.4. Asthe charge-integrating amplifier resets
the voltage across the photodiode, it will also convert the remaining charge stored on the
photodiode into a voltage signal. This voltage signal will then be converted to adigita

signal by means of an analog-to-digital converter.

Column

X E
Photodiode

N+‘

P-Si

HMOS

Figure 1.2 A schematic diagram for a CMOS passive pixdl [3].



Column Line

pizel M | pixel H | pixel A | pixel H | pizel = | pixel A | pixel o | pizel H
| 1 1 1 1 | | |
pizel H | pixel M| pizel 1| pixel M| pizel = | pixel || pixel 9| pizel H
I I I I I I I I
pixel o | pixel o | pixel 1| pixel || pixel | pixel o | pixel H | pixel H
Tx |ine. 1 1 1 1 1 | | |
pixel H | pixel H | pixel R | pixel H | pizel = | pixel A | pixel 9 | pixel H
I I I I I I I I
pixel o | pixel o | pixel 1| pixel || pixel || pixel o | pixel H | pixel H
1 1 1 1 1 | | |
pixel H | pixel H | pixel R | pixel H | pizel = | pixel A | pixel 9 | pixel H
| 1 1 1 1 | | |
pixel o | pixel o | pixel 1| pixel || pixel || pixel || pixel | pixel H
I I I I I I I I
pizel H | pixel H | pixel 1| pixel H | pizel = | pixel A | pixel 9 | pizel H
| 1 1 1 1 | | |

Analog Multiplexer

]

Analog to Digital Converter

n
Digital Output Code

Figure 1.3 A layout diagram of an 8 by 8 pixel array.
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Figure 1.4 A schematic diagram for a passive pixel CMOS imager with a charge

integrating amplifier [4].

Since only one transistor is required for each pixel, the fill rate factor for this
architecture is very high (the amount of pixels per square areais high). However, noiseis
the biggest obstacle for the success of this architecture. Since the cathode terminal of the
photodiode is not buffered from the column line, a noisy and highly capacitive (when the
column lineislong and contains a large number of pixels) column line might generate
noise that will influence the signal voltage stored on the cathode terminal of the
photodiode. The readout noise is approximately 250 electrons RM S [3]. The passive pixel
is also not scalable when fast readout is needed [3]. Asthe density of the pixelsincrease,
the column line' s parasitic capacitance increases. Since the pixel is connected directly to

the column line, afast readout will not be possible for along and capacitive column line.



1.3.2 PIN Photodiode-Type APS

The main difference between an active and passive pixel isthat the photodiode in
an active pixel is buffered from the column line, whereas the photodiode in a passive
pixel isnot. Figure 1.5 shows the schematic diagram of a PIN photodiode-type APS. As
compared with Figure 1.2, the photodiode is buffered from the column line through the
NMOS source follower, M2. This source follower also helps maintain good signal
linearity between the voltage on the floating diffusion and the column line by providing

isolation.

vdd

Reset% El\m EMZ
Floating Diffusion )
Rowlln% EMB

Photodiode Column

T

P-epi

P-Sub

Figure 1.5 Schematic diagram for the photodiode-type APS[3].

Like the passive pixel sensor, this pixel sensor isaso laid out in the same manner,
where the TX signal in the Passive Pixel architecture is now the Rowline signal in the
PIN Photodiode-type APS. The column lineis aso shared with other pixels on the same

column.



A PIN photodiode is a photodiode that consists of 3 layers: ap’ substrate, a p-epi
layer, and an” diffusion [5]. Figure 1.6 shows a cross-section image of an OmniVision
0OV 3610 PIN photodiode [5]. The n+ diffusion serves as the cathode terminal of the
photodiode and it is connected to the reset transistor (this node is known as the floating
diffusion). On the other hand, the p-epi layer is a shared termina across all pixels. Itis

connected to ground.

Using a standard photodiode will only yield a monochrome image. Red, green,
and blue color filters can be placed on top of the PIN photodiode to detect theimagein
color. Instead of using color filters, Foveon introduced a pixel technology that detects the

red, green, and blue light by the depth of the n+ diffusion in the p-epi layer [5].

The blue light can be detected by placing the n+ diffusion at the top of the P-epi
layer with athickness of 0.1um. An n+ diffusion that is approximately 0.9um to 1.6um
down with athickness of 0.65um can be used to detect green light. While the red light
can be detected with an n+ diffusion that is located 2.7um to 3.5um below the p-epi
layer. The thickness of this red-light detecting diffusion is 0.95um. Figure 1.7 shows the
cross-section profile of a PIN photodiode used in Foveon image sensors to detect the
three distinct colors of light through the depth of the n+ diffusion [5]. With this
technology, three color photodiodes can be placed in asingle pixel, which increases the

fill rate.
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Figure 1.6 A cross-section image of a PIN photodiode.
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Referring back to Figure 1.5, to begin detecting the image signal, the ResetN

signal will go high, turning on the reset transistor, M1, and resetting the voltage on the
cathode terminal to areference voltage, Vref, that is sometimes set to VDD. The voltage
on the cathode of the photodiode will be sampled onto a reference-hold capacitor through
M2, M3, and the column line. Following this, the reset transistor will be turned off by
driving the ResetN signal low. The photodiode will then begin generating electron-hole
pairs and neutralizing the charge on the cathode terminal of the photodiode. After a
certain aperture time, the voltage across the photodiode (or voltage on the cathode of the

photodiode) will be sampled onto the image-hold capacitor.

blue phoio-cathode

green photg-cathads

0 2.50 500 F.o50

Figure1.7 A SCM cross-section profile of the photo-cathodesin the Foveon FO18-

50-F19A.
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If the source-follower transistor, M2, is not identical among all the pixelsin the
imager array, the voltage sampled on the hold capacitors will be different from other
pixels due to M2 voltage-threshold mismatch. This error is known as fixed-pattern noise
(FPN). Fixed-pattern noise can be reduced through the means of correlated double

sampling (CDS). Correlated double sampling is discussed in greater detail |ater.

The APS seenin Figure 1.5 is more robust to column noise than the APS seenin
Figure 1.2. In addition, it’s scalable for faster readout since the photodiode is now
buffered from the column line. With CDS, additional flicker noise can be removed. The
main noise contribution in this circuit is the reset noise (if correlated double sampling is
not used) on the photodiode. Usually, this noiseisin the range of 75 to 100 el ectrons

RMSI[3].

The PIN photodiode has higher conversion gain than the passive pixel sensor
because the photodiode capacitance is separated from the column parasitic capacitance.
This APS provides an additional robustness to noise at the expense of area or fill factor
rate. A minimum of three transistors are needed for this architecture, resulting in a pixel

size of approximately 15 times the feature size.

1.3.3 Pinned Photodiode-Type APS

The pinned photodiode-type APS architecture is very similar to the PIN

photodiode-pixel sensor; see Figure 1.8.
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Figure 1.8 A diagram of a pinned photodiode pixel sensor [3].

A pinned photodiode is a shallow p-n junction that is adjacent to atransfer
transistor. The p* implant will be approximately 0.2um deep and cover the n* diffusion
that is approximately 0.6um deep. The n* diffusion extends slightly past the p* diffusion
so that it makes a connection with the transfer-gate transistor, T1 in Figure 1.8. From
Figure 1.8, the p* implant’s Fermi level is pinned by the n” diffusion (the Fermi level is
pinned around the p+ implant). Thisisto allow the photodiode to completely empty its
collected charge when TX is pulsed, else an image “lag” will occur [6]. Figure 1.9 shows

a cross-section view of a Canon EOS 10D pinned diode APS [5].

The floating diffusion will be set to a known reference voltage (sometimes VDD)
when the reset transistor, M1, isturned on. This voltage is then sensed and stored on a

reference-hold capacitor through the source-follower transistor, row-line access transistor
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and column line. The voltage stored on this capacitor is the sum of the reference signal,

noise, and voltage mismatches.

Figure 1.9 An image of a pinned-photodiode.

While the floating diffusion is set to areference voltage, the pinned photodiode
collects the photon and convert the energy into charge. The amount of charge stored in
the pinned-photodiode increases (integrates) over time. After a certain aperture time, the
charge stored is transferred to the floating diffusion by turning on the transfer-gate
transistor, T1. Thisvoltageis then transferred to an image-hold capacitor through the
same path as the reference signal (source-follower transistor, row-line access transistor,
and column line). Just like the reference signal, the voltage stored on this capacitor isthe

sum of the image signal, noise, and voltage mismatches.
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When using correlated double sampling (CDS), an autozero operation followed
by a sample-and-hold operation, the voltage on the image capacitor is subtracted from the
voltage of the reference capacitor (autozero process), yielding an output signal that has
reduced low-frequency noise and is free from DC voltage mismatches. Theresult isa

reduction in fixed-pattern noise.

Vimage+ o nDise+ o

mismatch

image ~ Vreference

+to nnise+ o

Vreference mismatch

Figure 1.10 A diagram showing the output of a CDS isfree of noise and voltage

mismatches.

This pinned-photodiode structure allows the image signal to be integrated at the
same time the reference signal is being sampled onto the reference-hold capacitor. As
compared to the PIN-photodiode structure, the image signal integration “session” cannot
take place in parallel with the sampling of the reference signal because the transfer gate

transistor does not exist in the photodiode structure. Therefore, this pinned-photodiode
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structure will be able to cancel higher frequency noise better than other photodiode

structures since the time between the sampling of image and reference are closer together.

The minimum number of transistors needed for this structure is four. Therefore,
the fill-factor rate for this architecture isless than the PIN photodiode structure. In the
PIN photodiode structure, the 3 color (red, green, and blue) can be sensed using one pixel
but with different depths of n+ diffusion. However, the pinned diode cannot use this same
technology. With three different photodiodes, each one needs its own color filter to
capture the three light wavelength ranges. Therefore, three times more areawill be

needed for capturing the image in color.

1.3.4 Photogate-Type APS

The photogate-type APS was introduced in 1993 for high-performance scientific
and low-light applications [3]. Figure 1.11 showsthe basic circuit diagram for a

photogate APS.

The operation of the photogate pixel sensor isvery similar to the pinned
photodiode pixel sensor. The transfer gate, TX, is not connected to a voltage signal but it
is fixed to some reference voltage, normally VDD/2. The photogate node, PG, will be set
to VDD when the reference signa is being sampled onto the reference hold capacitor.
Instead of taking the TX nodeto VDD to dump the charge from the photodiode to the

floating diffusion, the photogate node, PG, will pulse from VDD to ground; the image
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signal is sampled onto the image hold capacitor. Correlated double sampling may be done

on the image and reference signal to reduce noise and systematic offsets.

vdd

Resetq EW Emz
Floating Diffusion

Rowling [ M3
PG TX -
Column

N+‘ N+‘

P-Sub

Figure 1.11 Schematic diagram of a photogate APS [3].

The photogate structure requires aminimum of 4 transistors that transatesto a
pixel size of approximately 20x the feature size. The benefit of noise reduction is at the
cost of areduction in fill-rate factor as compared to the PIN photodiode structure. Just
like the pinned photodiode, 3 different color pixels (red, green, and blue) are needed to

detect a color image.

1.3.5 Logarithmic APS

In some applications, a nonlinear pixel sensor isdesired. This pixel generates a

logarithmic output signal with respect to its photo signal [3]. The logarithmic APS
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structureis like the photodiode APS but its ResetN signal istied to VDD. Figure 1.12

shows the schematic diagram of alogarithmic APS.

vdd

4{ EM‘I EMZ
Floating Diffusion )
Rowlln% EMB

Photodiode Column

W

P-epi

P-Sub

Figure 1.12 Schematic Diagram of a standard logarithmic APS[3].

The reset transistor, M1, now operates in the sub threshold region since the gateis
tied to its drain. The voltage on the source of the “weak” transistor, M1, will never be
greater than VDD - Vi, weak- AS light hits the photodiode, charge will be generated and
stored on the cathode terminal. This charge will lower the voltage of the source of M1
and turn the M1 transistor slightly on. Some of this charge will try to escape or flow from
the source to VDD through M1. A constant current will be generated when photons hit
the photodiode. Since transistor M1 operates in the sub threshold region (alogarithmic I-

V relationship curve), the output from this pixel is aso then logarithmic.

Thislogarithmic pixel structure suffers from fixed pattern noise and systematic

offset because CDS cannot be used in this design. The reference voltage is never
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sampled. This pixel sensor also suffers from poor response time in low light environment
and low signal-to-noise ratio because it is a non-integrating approach. Also, the

systematic offset is not cancelled.

1.4 An Overview of the Use of Correlated Double Samplingin an APS

Correlated double sampling is used in most APS to help reduce low-frequency
noise and offsets. Initialy, the reset transistor, M1, will be turned on by taking the signal
ResetN high. Thiswill set the voltage on the floating diffusion node, Nsoq, t0 areference

voltage, which is often VDD. This reference voltage is also sometimes known as Vgreser.

This Vreser signal will then propagate through the source follower, M2, and the
row-line access transistor, M3, onto the column line. The signal on the column line will

not be VRESET but:

VerEseTcotumn = Vreser T+ Vos (1-1)

This offset voltage, Vs, is due to voltage-threshold offset and mismatches from the

source follower transistor.

Once the VreseT column 1S Stable on the column line, the M gyr transistor is turned on
to allow the reference voltage to be sampled onto the reset hold capacitor, Cyr. However,
the Mgyr transistor cannot be | eft on for along time because the 1/f flicker noise will be

integrated yielding anoisier sampled reference voltage. The time it stays on should just
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be sufficient for the capacitor to stabilize to the reference signal voltage. Thefina

voltage signal sampled onto the reference hold capacitor is:

Veeser cir = Veeser + Vos + Verror switc he=1 T Vnoise t=1 (1-2)

When signal SHR goes low, the clock feed through and charge injection from
Msyr isaso sampled and it islabeled as Verror switch t=1- The flicker and thermal noise from

transistor M1, M2, M3, and Mgyr are also sampled and it is labeled as Vipise t=1-

vdd

Resetq Em

Floating Diffusion

Figure 1.13 Schematic used toillustrate correlated double sampling.

As soon as SHR goes low, ResetN will turn off allowing the photodiode to
integrate the image signal on the floating diffusion, Nsox. Thisimage signal, Viumace, will
propagate through M2 and M3 to the column line. Just like the reference signa, the

voltage on the column line will not be V uace but:
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Vimage cotumn = Vimace + Vos (1-3)

Once the signal on the column lineis stable and after a set aperture time, Mgy, is
turned on just long enough for the image hold capacitor, Cy,, to charge up to the column
line voltage. The voltage sampled on the image hold capacitor after the SHI signal goes

low is:

VIMAGE,CHI = VIMAGE + Vos + Verror ,switc h,t=2 + Vnoise =2 (1'4)

Verror switch t=2 1S the clock feed through and charge injection error when sampling the
image signal onto the image hold capacitor. On the other hand, Vyoise =2 1S the flicker and

thermal noise from transistor M1, M2, M3, and Mgy;.

If the size of Mgyr and Mgy is the same and the SHR and SHI have
approximately the same fall time, then Verror switch t=1 1S @bout the same as Verror switch t=2-
Vnoise.t=1 @Nd Vpoise t=2 are flicker and thermal noise from the photodiode and transistor M1,
M2, M3, and Mgk (Msur for reference signal and Mgy, for image). If the time between
sampling the reference and image signal is short (or the aperture time is small), Vioise t=1
and Vnoise =2 Will be approximately the same. The offset, Vs sampled with both the image
and reference signals is the same since it is the same voltage-threshold mismatch on the

source follower transistor, M2.

Once both the image and reference signals are sampled, both signals will be fed
into afully differential ADC (e.g., a Delta-Sigma-Modulator). The net differential input

signa senttothe ADC is
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Vavcairr = (Vimace + Vos + Verror swite he=2 + Vnoise t=2) —
(Veeser + Vos + Verror swite ht=1 + Voise t=1) (1-5)
Vavcairf = Vimace — Veeser) + (Verror swite he=2 — Verror switc ht=1)
+(Vioise t=2 — Vnoise t=1) (1-6)

VADC,diff = (VIMAGE - VRESET) + (Serror ,switc h + (Snoise (1'7)

Oerror switch 1S Z€r0 if the size of Mgyr and Mgy is the same and SHR and SHI have the

same fall time. dnoise IS SMall and negligibleif the aperture timeis short.

Therefore, the measured differential voltage by the ADC is

Vanc.diff = Vimace — Vreser) (1-8)

From Equation 1-8, we can see that the net input signal to the ADC can be approximated
to ssimply the image signal minus the reference signal. This means that the output of a
noiseless ADC with an ideal photodiode will be free from fixed-pattern noise and random

noise like flicker and thermal.
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CHAPTER 2: CMOS IMAGE SENSOR USING A DELTA-SIGMA ADC

2.1 An Analogy for the Delta-Sigma M odulator

A Delta-Sigma Modulator ADC can be described with the help of Figure 2.1.
Let’s assume that the measured voltage is the water level in the Measuring Bucket. The
float in the measuring bucket controls the water flow out of the Sigma Bucket. If the
water level in the Measuring Bucket isrelatively large then the water that flows out of the
Sigma Bucket is relatively large. On the other hand, if the water level in the Measuring
Bucket isrelatively low, the water that flows out of the Sigma Bucket isrelatively

smaller.

Delta Sigma Modulator
Delta Cup

A Delta Cup ofwater is
— @ added to the Sigma

Float Bucket if the level falls

Valve helow the threshald line

\ — Threshold Line
Wateris
remaved fram /
Measuring Buckst the Sigma
Bucket

Sigma Bucket

Figure 2.1 A picturethat demonstratesthe general idea of aDSM ADC.

When the water level in the Sigma Bucket drops below some arbitrary threshold

line, a Delta Cup of water will be added to the Sigma Bucket. This addition is counted
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and recorded. If the water level in the Measuring Bucket is high, the water will flow out
of the Sigma Bucket at afast rate and the number of times that a Delta Cup of water is
added per unit time will increase. On the other hand, if the water level in the Measuring
Bucket islow, the water flowing out of the Sigma Bucket will be slower and the number

of times that a Delta Cup of water is added per unit time will decrease.

From this analogy, the water level in the Measuring Bucket can be determined by

averaging the number of times that water is added to the Sigma Bucket by the Delta Cup.

2.2 Sensing Schemefor a DSM in a CM OS I mage Sensor

Figure 2.2 illustrates the sensing scheme used by aDSM in a CMOS Image
Sensor. Thereis one DSM for each column of pixels and the sensing occursin parallel

for each column.

The sensing scheme begins with sampling the pixel’s reset signal onto the reset
sample and hold capacitor, Cyr. Thisis accomplished by turning on the rowline and
ResetN signals on one of the multiple rows of pixelsin the array. Each pixel on the
activated row will output its reset signal onto its respective column line. This reset signal
is then sampled onto the Cyr capacitor through the activated SHR switch. Once the reset

signal is sampled, the rowline, ResetN, and SHR switches are turned off.
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Figure 2.2 A 4x4 pixel diagram of aDSM CM OS I mager.
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After thereset signal is sampled, the pixel isthen exposed to light for alength of
time. Once the exposure time has expired, the same rowline and SHI switch is turned on.
This samples the image signal onto the image sample and hold capacitor, Cy,. The

rowline and SHI switch isturned off once the image signal is sampled onto Cy,.

Next, the DSM will take the reset and image input signals that were sampled on
the two Cy capacitors and convert them to adigital code equivalent. The n-bit wide
counter that is connected at the end of the DSM will help the DSM convert the analog

input signalsto adigital output code.

2.3 DSM Operation in a CMOS I mage Sensor

Figure 2.3 shows the schematic diagram of abasic DSM sensing circuit in a
CMOS Image sensor [2]. The differential input signals, image (Vimace) and reset
(Vreser) are stored on the two different sample-and-hold capacitors that are connected to
the gates of the PMOS transistors M7 and M8 respectively. These transistors serve the
purpose of a source follower for the input signals. The transistors convert the input
voltagesinto current sets that flows into the sigma bucket. The voltage levels on the
sources of the M7/M8 source-followers are equal to the gate voltage plus athreshold as
long as the width of the source-follower transistors, M7 and M8 arelarge. This
relationship can, and will, be derived now. These source-followers are operating in the

saturation region. The equations governing their operation are
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(Vsmz.ms — Vom7,ms + VthM7,M8)2 (2-1)
Drain Current for transistor M7 and M8 (A)
Surface Mobility for the P-channel Transistor (cm?/Vs)
Oxide Capacitance (fF/pum?)
Width of transistor M7 and M8 (um)
Length of transistor M7 and M8 (um)
Source voltage of transistor M7 and M8 (V)
Gate voltage of transistor M7 and M8 (V)

Threshold voltage of transistor M7 and M8 (V)

By rearranging the variables in Equation 2-1, the equation relating the source

voltage to the gate voltage is given in Equation 2-2 (seen below). If the width-to-length

ratio for transistors M7 and M8 is large, Equation 2-2 can be simplified into Equation 2-

4. This reduction shows the voltages on the sources of transistors M7 and M8 are simply

the sum of the input gate voltages and the PM OS threshold voltage.

_ 2Ly7,m8IM7,M38
Vsmrms = Vymzme + Venmzms + /—C " (2-2)
Hplox W Mm7,M8

Vemz,ms = Vygmz,ms + Vinmzms + Ow error (2-3)

Vsmrme = Vamr,ms + Vinmz,ms (2-4)
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Figure 2.3 Schematic of a Basic CMOS Imager Delta Sigma Modulator [2].

Simulations can be used to determine the optimal widths for the source follower

transistor so that the width error, dw error, ISmMinimized. A DC sweep simulation is run on
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the schematic shown in Figure 2.4. A tota of 5 transistor sizes were simulated: 20\ (1.2
pm), 401 (2.4 pm), 60X (3.6 pm), 80 (4.8 um), and 100 (6.0 pum). The VDD terminal is
set to 5V and the VSSterminal is connected to ground. The vin signal is swept from 5V to

ov.

Weourge_20 Weourge 40 Weourge_B0 Wsourge B0 Weourge_100

Figure 2.4 Schematic to deter mine the optimum sour ce-follower transistor size.

¥[vsource_20) ¥[vsource_40] V[vwsource_60] V¥[vwsource_80] ¥[vsource_100] V[win)

4.0V
3.5V
3.0V
2.5V

2.0V

1.5V

1.0¥+

0.5V

0.0v T T T T T T T T T
5.0V 4.5Y 1.0v 3.5v 3.0v 2.5 2.0v 1.5 1.0¥ 0.5 0.0v

Figure2.5 A DC sweep on the five PM OS sour ce follower -transistor in Figure 2.4

with its sour ce terminal asthe output.
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d[¥[vsource_20]) d[¥[vsource_40]) d[¥[vsource_60]) d[¥[vsource_80]) d[¥[vsource_100])

900m
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720m-
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540m-

.
450m- /
360m- i
270m-
180m- ,;

90m— i

T
5.0V 4.5V 4.0v 3.5V 3.0v¥ 2.5¥ 2.0v 1.5V 1.0V

Figure 2.6 The dope of the sourceterminal (output) for the DC sweep ssmulation on

the five PM OS sour ce-follower transistorsin Figure 2.4.

From Figure 2.5, the PM OS source-follower with awidth of 20A does not track
well with the input signal, vin. Asthe vin signa approaches 0V, the source voltage on the
PMOS moves away from the vin signal. When the width of the source-follower increases
to 401, the source voltage diverts less when the input signal approachesOV. This
diversion reduces as the width of the PMOS transistor increases. Thisis because the slope
of the source terminal changes less as the width of the transistor increases, as shown in

Figure 2.6. The source-follower with a width of 20\ has the greatest slope changes and
the source-follower with a width of 100A has the least slope changes. The slope changes

for the source terminal between the 80A and 100A transistors are fairly similar. Therefore,
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a width of 80X or 4.8um for the PMOS source-follower is adequate for thisDSM (as

shown in Figure 2.3).

The PMOS source-followers in Figure 2.3, M7 and M8, have the body terminals
tied to their source terminals. This configuration is necessary because it eliminates any
source to body voltage, Vg, dependency in the threshold voltage. In other words, this
connection removes body-effect in these MOSFETS. Equation 2-5 shows the relationship

between the threshold voltage and source-to-body voltage, V..

Vin = Vino +V<J|2pr| + Vsp — \/lzvfpl)

(2-5)
Where: Vo  Threshold Voltage when the source to body voltage
iszero (V)
Vip Flatband Voltage (V)
Vo=V, 4+ Vo +y \/|2V |+V \/|2V 2Lm7mslmzms
$ 9 tho fp $ fp UpCoxWn7Mm8
(2-6)

The input-output transfer function of a source-follower with its body not tied to its
source will be nonlinear and it is shown in Equation 2-6. A DC sweep simulation, as seen
in Figure 2.7, isrun to illustrate this nonlinearity. The PMOS transistor on the left hasits
body connected to the source resulting in zero Vss. The PMOS transistor on the right has
its body connect to VDD that leads to a non-zero Vg, In this ssmulation, the VDD

terminal is set to 5V and the VSSterminal is connected to ground. The vin signal is swept
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from 5V to OV. Figure 2.8 shows instantaneous slope of the source terminal for both of
the PMOS transistor. The PMOS source-follower with its body tied to its source has a
more constant slope than when its body is not tied to its source. Therefore, it is required
to have the body of a source-follower tied to its source for alinear input-output transfer
function. The AMI C5 process used in the experimental resultsis not atwin-well process
and it is not possible to connect the body of an NMOS transistor to its source. Therefore,
aPMOS source-follower is used instead of a NMOS although a PMOS transistor has a

mobility that is half of a NMOS transistor.

viid

Vsourte 80 Vsource_€0_VbbVdd

Figure 2.7 A ssimulation schematic used to compar e body-effect in PM OS sour ce-

followers.

Transistors M1, M3 and M2, M4 with capacitor Cgrr and Crieut in Figure 2.3
serve the purpose as a forming switched-capacitor resistor in the DSM ADC. Node philB
and phi2B are connected to the inverted signals of a 2-phase non-overlapping clock. Its
frequency is equa to the master clock, fqk. Figure 2.9 shows the waveform of the 2-phase

non-overlapping clock signals, phil, phi2, philB, and phi2B. Capacitor C grr and Crgur
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are poly1-poly2 overlapped capacitors. The resistance of a switch capacitor resistor can

be derived, as seen below, and finally shown in Equation 2-7.

Ve, ppr LRIGHT

ICLEFT RIGHT CLEFT,RIGHT AT (2-4)
ICLEFT RIGHT CLEFT,RIGHTAVCLEFT JRIGHT fetr (2-5)
Ve ppr rigur _ 1
ey ger riGHT Crerr RIGHT fclk (2-6)
R _ 1
switchCap = ¢, oo JRIGHT [ clk (2-7)
900 d[¥[vsource_80]) d[¥[vsource_80_vbbwdd]]
810m-|
720m-|
630m-|
540m-|
450m-|
360m-|
270m-|
180m-|
90m—
sy 45v 1.0v 3.5v 3.0v 2.5v 2.0v 1.5V 1.0v 0.5V 0.0v

Figure 2.8 The differentiated output sour ce voltage signal used to compar e body-

effect in PM OS sour ce-followers.

During the first half of the clock period (when philB islow and phi2B is high),

capacitor C_grr and Crieur IS charged up to VDD. On the next half of the clock period
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(when philB is high and phi2B islow), some of the charge stored on Crignt Will flow to
VSS. The amount of current flow from capacitor Crignr to VSS can be determined using
Equation 2-3 and Equation 2-7. Since we know that theinitia voltage on Crguris VDD
and the final voltage on Crght IS VReser + Vinws, the magnitude of the reset current,

|reseT that flows is shown in Equation 2-10.

i _ AVepigur
RESET — R
CRIGHT (2-8)
I _ Vinitial CRIGHT —Vfinal CRIGHT __ VDD_(VRESET +Vth,M8)
RESET — - T
Rerigur CRIGHT fclk (2-9

IRESET = CRIGHTfClk (VDD - VRESET - Vth,M8) (2 10)

¥(phi1) ¥(phi2]

V[philh) V(phiZb)

-0.6¥ T T T T T T T T T T T
10ns 11ns 12ns 13ns 14ns 15ns 16ns 17ns 18ns 19ns 20ns 21ns 22ns

Figure 2.9 The waveform of a 2-phase non-overlapping clock.
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The reset current, Ires=r Will be mirrored over to the image branch through the
current mirror transistors, M9 and M 10. Assuming transistor M9 and M 10 has identical
threshold voltages and the drain voltages, the reset current, Irese, Will be exactly equal to

the mirrored reset current, lreseT mirror, 8 Shown in Equation 2-11.
Ingser mirror = Crigur fee (VDD — Vegser — Vinus) (2-11)

The right branch of the DSM, which is connected to the Vreser input signal, serve
therole asthe float and valve in Figure 2.1. This unit controls the amount of charge
removed from the sigma bucket. Capacitor Cgyck. is servestherole as a“ Sigma Bucket”

in Figure 2.1 and it is aso formed from poly1-poly2 overlapped.

During the first phase of the clock (philisVDD and phi2 isVSS), the sense-amp
(clocked comparator) turns transistor M5 off by taking the setting the negative terminal
of the sense-amp to VDD. At the end of thefirst clock phase, the sense-amp senses the
voltage difference between net_buckL and net_buckR and turns on M5 if the voltage on
net_buckR is higher than net_buckL. The sense-amp will keep M5 off, if the voltage
level on net_buckR islower than net_buckL. Animage current, | ;mace, Will flow from
Ciert into Cgyckr iIf M5 isturned on. This current will raise the voltage on capacitor
CsuckL. Thisimage current serves the role of the “Delta Cup” as seenin Figure 2.1. This
process will repeat N times over the entire conversion period. During this period, the
sense-amp will turn on M5 for M times. The average image current, l,yace, over N
measurements can be derived using Equation 2-3 and Equation 2-7 and the final equation

is shown in Equation 2-14.
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I _ MVegpr
IMAGE — N R
LEFT (2-12)
_ M Vinitial 'CLEFT —Vfinal 'CLEFT _ M VDD_(V[MAGE +Vth,M7)
Iivage =5 Re =% T
LEFT CLEFT fclk
(2-13)
_ M
IIMAGE - ECLEFTfClk (VDD - VIMAGE - Vth,M7) (2_14)

Over along period of time, the current into and out of the sigma bucket, Cgyckr IS
identical. Therefore, the image and reference current are equal to each other. Equation 2-
17 shows the input-output transfer function that relates the analog input signal Vuace and

Vreset to the digital code M over N measurements.

Iimace = IRESET mirror (2-15)

M
ECLEFTfphi(VDD - VIMAGE - Vth,M7) = CRIGHTfphi(VDD - VRESET - Vth,MS)

(2-16)

M=N Crigur (VDD —=Vpgser —Vinms)
Crerr (VDD —Viyage —Vinm7) (2-17)

The input-output transfer function for this CMOS DSM architecture is non-linear,
which is undesirable in some situations (though in some situation, extremely bright or
dark images may be desirable). To demonstrate thisin more detail, let’s assume N is 100,

VDD is5V, Vgeseris 3V, both Vi, vz and Vinvs 1S 1V, and Cigrrand Crigyr are identical.



Figure 2.10 shows the input-output transfer function curve for this basic CMOS Imager

DSM.
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Figure2.10 Basic CMOS Imager DSM Input-Output Transfer Function.

2.4 CMOS Image Sensor DSM with Reference Path
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One of the biggest drawbacks in the DSM architecture discussed in Section 2.3 is

that the input-output transfer function is non-linear. The input-output transfer function
can be made linear by introducing areference path to the basic CMOS Image Sensor

DSM architecture [2]. Figure 2.11 shows the schematic of a DSM with reference path.

Transistors M9, M10, M11, and M 12 constitute the reference path.
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path [2].

The magnitude of the reset current, Ireser, in this architecture is similar to the
reset current in the basic DSM, which is shown in Equation 2-10. However, the
magnitude image current, | ;uace, in this architecture is different than the image current in
the basic DSM. In this architecture, the image current flows into Cgyck. at every clocked

cycle, whereas in the basic DSM, the image current only flows into Cgyck. When the
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voltage on net_buckR is higher than net_buckL. The magnitude of the image current,

l\mace, for this DSM architectureis
Iace = Cugrr for (VDD — Viyage — Vinus) (2-18)

In this architecture, the output of the sense-amp is connected to transistor M11
instead. For the entire time of the first clock phase, the sense-amp turns off M11. At the
end of thefirst clock phase, the sense-amp measures the voltage level on net_buckL and
net_buckR and turnson M11 if the voltage level on net_buckL is higher than net_buckR.
M11 remains off if the voltage level on net_buckL is lower than net_buckR. This process
repeats for N times over the entire conversion period. During this period, M11 turns on

for M amount of times and the average l\rer current that flows is given by

Ipgr = M e

N Repgp (2-19)
IREF _ M <Vinitial \CREF —Vfinal 'CREF> _ M <VDD—(VREF +Vth,M12)>

- - 1
N Rener N CREF f clk
(2-20)

M

Irer = NCREchlk (VDD — Vergr — Vth,MlZ) (2-21)

The DSM discussed in Section 2.3 mirrors the Ireset current from the right branch
to the left branch of the DSM. For this DSM, the I)yace is mirrored from the left branch
to the right branch of the DSM instead. The mirrored image current, |,mace mirror, IS

equivalent to the image current, |l ,vace, if the drain voltage on M7 and M8 isidentical.
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I IMAGE ;mirror = Iimace (2'22)

Iimace mirror = Crerr fok (VDD = Vi = Vi yis) (2-23)

For thisDSM, Cguckristhe sigmabucket. Over N clocked cycles, the sum of
current into and out of the sigma bucket isidentical. Equation 2-26 shows the input-
output transfer function for this reference path DSM architecture. This equation relates
the analog input signal, Viuace and Vreser, and the reference signal, Vrer, to the digital

code M over N measurements.
Iimace = Ireser + Irer (2-24)

Crerr for (VDD — Viyage — Vinus) =

M
CRIGHTfClk (VDD - VRESET - Vth,M6) + NCREFfClk (VDD - VREF - Vth,MlZ)

(2-25)

M=N (CLerr —Crigut VDD +(Crigut VRESET —CrLert Vimace )+(Cricut Venme—CLEFT Vinums)
Crer (VDD =V Rgr —Venm12)

(2-26)

M=N Crerr rigur (VRESET —ViMace +Venme—Venms)
Crer (VDD—Vger —Venm12)

(2-27)

If the capacitance of C_grr and Crieur areidentical, Equation 2-26 can be
simplified to Equation 2-27 and the input transfer function for this DSM architectureis

linear. To demonstrate thisin more detail, let’s assume N is 100, VDD iS5V, Vet IS
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3V, Vrer iS 1V, Vinwms, Vinme, and Vinmiz isalso 1V, and Cierrricht and Cyrer are

identical. Figure 2.12 shows the input-output transfer function for this DSM.

DSM with Reference Path Transfer

Function
120

100
80

/ 60

/ 40
/ 20

e |deal

+ 3 € 0 O

VIMAGE (V)

Figure2.12 CMOS Imager DSM with Reference Path I nput-Output Transfer

Function.

Although thisDSM has alinear transfer function, the transfer function is very
susceptible to transistor threshold voltage mismatches. A fixed-pattern noise between the
columns will occur if the threshold voltage on M5, M6, and M 12 are not identical
between al the DSMsin the array. A voltage-threshold mismatch on M5 and M6 will
cause an offset error in the transfer function and a voltage-threshold mismatch on M12

will induce again error in the transfer function instead. An offset error will either shift
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the transfer function upwards or downwards from ideal. On the other hand, again error

will either increase or decrease the slope of the transfer function.

Figure 2.13 illustrates the behavior of the transfer function when threshold voltage
mismatches on M5, M6, and M12 exist. Thered linein Figure 2.13 is the transfer
function of the DSM when a 0.25V threshold voltage delta between transistor M5 and
M6 exist. Thered lineillustrates an offset error. On the other hand, the green lineisthe
transfer function of the DSM when thereisa 0.2V threshold mismatch on M12 and it

illustrates again error.
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Figure 2.13 Comparing the ideal transfer function of a Reference Path CMOS

Imager DSM to atransfer function with different threshold voltage mismatches.



43

2.5 CMOS Image Sensor DSM with Reference Path and Input Path Switching

Asdiscussed in Section 2.4, an offset error will occur in the input-output transfer
function if there is any voltage-threshold mismatch in the input transistors (M5 and M6 of
Figure 2.11). A technique called input path switching can be used to eliminate offset error
in the transfer function [1], [2]. The input path switching technique divides the whole
conversion period into two equal halves (N/2 clock cycles). During thefirst half of the
conversion period, the operation of the DSM does not differ from the sensing operation
described in Section 2.4. However, on the second half of the conversion period, the DSM
reverses its input terminals. The image input signal, Viuace, and the reset input signal,
VreseT, SWitches gate connections. The digital output codes at the end of both halves of
the sensing period are added together to get the final digital output code. This digital

output code will be free from offset error.

Figure 2.14 shows the CMOS imager DSM with both reference path and input
path switching improvements. For the first half of the sensing period, the path select
control signals, SLT and SLB, are set to VDD and VSSrespectively. This configuration
connects the image input signal, Vinpur, to the gate of M5 through M 1S and the reset
input signal, VreseT, IS connected to the gate of M6 through M 3S. With this, the left
branch current, I grr=1, and right branch current, Ircur =1, for thefirst half of sensing

period are given by
Ligrr =1 = Coerr for (VDD = Vinage — Vinus) (2-28)

IRIGHT,tzl = CRIGHTfClk (VDD - VRESET - Vth,M6) (2'29)
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In addition, the reference path is connected to the right branch of the DSM through

VDD > VDD
V% %; phitB C{ ﬁ” hi1B %BD
. = =3 =3
5 Sl M1 m2l [ F mel [ §
1) 501
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Figure 2.14 Schematic of a CMOS I mager Delta Sigma M odulator with reference

path and input path switching [1].

For the entire conversion period, the positive and negative input terminals of the
sense-amp are connected to net_buckR and net_buckL respectively. M5S, M6S, M7S,
and M8S form a 2-bit analog multiplexer that steers either the negative or positive output
of the sense-amp to the output terminal of the DSM, M. For this half of the conversion

period, the positive terminal of the sense-amp is connected to the output of the DSM.



45
Another 2-bit analog multiplexer (M9S, M10S, M11S, and M12S) is needed to control
which output terminal of the sense-amp is connected to the gate of M11. The negative
terminal of the sense-amp is connected to the gate of M 11 during the first half of the

conversion period.

Just like before, the sense-amp turns on M 11 if the voltage level on net_buckL is
higher than net_buckR and leaves M 11 off if the voltage level on net_buckL islower
than net_buckR. M 11 will be turned on M-, times for the first half of the conversion

period and the average reference current, |ger =1, that flows during this period is given by

I _ M¢=1 VCREF
REFt=1 — N

7 CREF (2-30)

I _ o Mimn (Vinitial Crer -V final ,CREF> _ o Mzt VDD —(Vrer +Vinmi2)
REF,t=1 — - 1
N Rerer N CREF fclk
(2-31)
_ oM
Ipgpe=1 = 2=~ Cprer feik (VDD — Virgr = Venm1z) (2-32)

[ eFT =1 flow through the drain of M7 and it is mirrored over to the drain of M8.
Over N/2 clock cycles, the sum of currentsinto Cgyckr IS zero. Therefore, the digital
code representation, Mi=1, of the analog input signals, Viuace and Vges=t, during the first

half of the sensing period is determined using the following

1LEFT mirror t=1 = lLEFT =1 (2-33)

IRigHT t=1 * IREF t=1 = ILEFT t=1 (2-34)
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M;—
CRIGHchlk (VDD - VRESET - Vth,M6) + 2tT1CREchlk (VDD - VREF - Vth,MlZ)

= Crerr fe (VDD = Vimage = Vinms) (2-35)
M., = N (CLEFT (VDD —Vimace —Venms)—Crigur (VDD —VReser _Vth,M6)) (2-36)
=177 Crer (VDD —VREF —Vin,m12)

Moving on to the second half of the sensing period, the path control signals, SLT
and SLB, are set to VSSand VDD respectively. Thiswill connect Vuace to the gate of
M8 through M 2S andVreset IS connected to the gate of M7 through M4S instead. The left
branch current, I grr=2, and right branch current, IrcuT =2, for the second half of sensing

period are given by
Ligrr =2 = Crgpr for (VDD — Vgser — Vinms) (2-37)
Insgur =2 = Crigur fere (VDD — Vinage — Vinue) (2-38)
The reference path is connected to the left branch of the DSM through M 13S.

For the second half of the sensing period, the output of the DSM and the gate of
M11 are connected to the negative and positive terminal of the sense-amp instead.
Whenever the voltage level on net_buckL is lower than net_buckR, the sense-amp turns
on M11 and it isturned on for M=» times. The average reference current, |ger =2, that

flows during this period is

M-
Irgr =2 = 2= Crer fer (VDD = Vigr = Vinu12) (2-39)
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For this period of the sensing cycle, both the left branch current, || grri=2, and the
reference current, |rer =2, flow through the drain of M7 and is mirrored over to the drain
of M8. Just like the first half of the sensing period, the sum of current into Cgyckr iS zero.
The digital code representation, Mi=», of the analog input signal, Vimace and Vreser during

the second half of the sensing period is
LLErT mirror t=2 = ILEFT t=2F1REF t=2 (2-40)

IpigHT t=2 = ILEFT t=2FIVREF =2 (2-41)

Crigur fer (VDD — Viyage — Vinws) = Crerr fux (VDD — Vegser — Vinus)

M;—
+2 =2 Crer far (VDD = Vigr = Vinuz) (2-42)
M. = N (CRIGHT (vDD—~Vimage —Vinme)—Crerr (VDD —VRgsgr _Vth,MS)) (2-43)
t=2 7 Crer (VDD ~VRer =Vinmi12)

If the output digital code representation of the analog input signal for both
periods, M=; and M=», are added together, the final digital code representation of the

anaog input signal, M, is shown in Equation 2-45.

N (Crgrr \VDD—=Viyace —Vienms)—Cricar (VDD —VREser —Vienme
M=Mt=1+Mt=2:—( ( thits) ( thMe) +
2 Crer (VDD =V Rgr —Vien m12)

N <CR1(;HT (VDD —Vimage —Venme)—Crerr (VDD —Vgesgr _Vth,MS)>

2 Crer (VDD =V ggp =Vinm12) (2-44)

=N <(CLEFT +CriguT )VRESE T—ViMAGE ))

2\ Crer (VDD—Vrer —Vinm12) (2-45)
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The nominator of the input-output transfer function does not contain the voltage-
threshold of M5 and M6. Hence, this DSM isimmune to any offset error generated from
the voltage-threshold mismatch of M5 and M6. However, again error still exists because
the voltage-threshold from M12 is not removed from the denominator of the transfer

function.

2.6 CMOS Image Sensor DSM with Reference Path, I nput Path Switching, and

Gain Error Correction

The gain error in the input-output transfer function can be eliminated by using 2
input reference voltage, Vrer1 and Vrere, instead. Figure 2-15 shows a DSM with the
ability to cancel gain error cause by voltage-threshold mismatch on M12. A 4-phase non-
overlapping clock generator is needed for this DSM and the schematic diagram is shown
at Figure 2-16. Signal phil, phi2, phi3, and phi4 are the four non-overlapping clock
phases. The complement of these signals are phi1B, phi2B, phi3B, and phi4B. The

frequency for each clock phase is 1/4th the rate of the master clock, fo.

The reference signal voltages needs to be on the gate on M 12 a phase earlier and
stays unchanged for the whole duration of the subsequent phase. Thisisto prevent any
error in the magnitude of the two reference current, Irer1 and Irer2. Hence, signal phil
and phi3 are used to set the two reference voltages, Vrer1 and Vrerz, 0N the gate of M12

instead of phi2 and phi4. A dummy capacitor is aso added to the gate of M12 asamean



49

to reduce the effects of charge injection and clock feed-through on the reference voltages

stored on the gate of M12 when phil and phi3 signal transitions from high to low.
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Figure 2.15 Schematic of a CMOS I mager Delta Sigma M odulator with gain error

correction.
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Figure 2.16 Schematic diagram of a 4-phase non-overlapping clock generator.
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The sense-amp in this DSM a so measures the voltages on capacitor Cgyck. and
Cguckr @t the end of the first phase of the clock but it turnson M11, M15, and M18
instead for the remaining three clock phasesif the voltage on capacitor Cgyck. IS lower
than the voltage on capacitor Cgyckr. M11, M15, and M 18 will be left off for the
remaining three clock phasesif the voltage on capacitor Cgyck. is higher than the voltage
on capacitor Cgyckr. The sense-amp turnson M11, M15, and M18 for M times for the

entire conversion period.

The gain error correction occurs during every clock period. The process begins on
the first phase of the clock by turning on M 10 which set the voltage level on Crer to
VDD. At the same time, M20 turns on and allows the first reference signal, Vger1, to
propagate to the gate of M14. Capacitor Cgrr and Crigur isaso set to VDD by M1 and

M2 during this clock phase.

On the next clock phase, M10 and M 16 turns on and the first reference current,
|rep1 Will flow from Crer to Cgycxe if the sense-amp turnson M 11, M 15, and M18. The

average reference current that flowsinto Cgycke iS

I _ MAVepppy
REF1 N R¢
REF 1 (2-46)
I _ M Vinitial 'CREF 1—Vfinal ’CREF 1 _ M VDD—(VREF1+Vth,M12)
REF1 = e =% g —
REF 1 CREF fclk

(2-47)

1M
Irgr1 = 5+ Crer feuk (VDD — Vigp1 = Venm1z) (2-48)
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Also during this phase, the image current, l)yace, and reset current, lgeset, Will flow from

Ciert and CrichT 10 CruckL and Cguckr respectively. The magnitude of l\maGE and lreseT

are
1
Livage = 3 Crerr feue (VDD — Viyace — Vinms) (2-49)

1
IRESET = ZCRIGHTfClk (VDD - VRESET - Vth,MS)
(2-50)

On the third phase of the clock, the voltage on Crer is force back to VDD by M13.
At the same time, M 19 turns on and the second reference voltage, Vrerz, IS propagated to
the gate of M12. If the sense-amp turns on M11, M 15, and M 18, the second reference
current, lger2, Will flow from Crer to Cgyckr 0N the fourth phase of the clock. Current

Irer2 Will only flow for M times over the entire conversion period and its average

magnitude is
_ MA&Vcppp,
IREFZ - ﬁ R
CREF 2 (2_51)
_ M Vinitial ,Cpgp 2=V final Crgr 2 _M VDD_(VREFZ‘H/th,MlZ)
Irgrz = N Re - N 1
REF 2 CREF fclk
(2-52)
1M
Irgr2 = 77 Crer fou (VDD ~ Vigrz = Vinm1z) (2-53)

At every clock period, I)vace and Iger1 Will flow through the drain of M7 and the

currentswill be mirrored over to M8. Over N clock cycles, the sum of current into
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Cguckr iSideally zero and the digital relationship between the analog inputs signals with

respect to the reference signalsis
Ivirror = Iimace + Irer1 (2-54)

Ireser + Irer2 = Imirror = limace + IreF1 (2-55)

1 1M
2 Cright feui (VDD — Vigsgr — Vinus) + 2 v CrEFfelk (VDD — Virgrz — Vinuiz)

1 1M
= 2 Cugrr fo (VDD = Vimage = Vinws) + 77 Crerfer (VDD = Vigrr = Venmiz)

(2-56)

_ Crerr (VDD —Vimace =Venms)—Crigur (VDD =V rpser =Vinme)
M=N (2-57)
Crer (VRgr 1—VREF 2)

The transfer function for this DSM shows that it is robust to any gain error cause
by voltage-threshold mismatch. Thisis because the denominator of the transfer function
does not contain the voltage-threshold of any transistor in the DSM. The gain of the DSM
is controlled by the two reference voltage signals, Vrer: and Vrer2. The difference

between Vrer1 and Vrer, determines the gain of the DSM.

However, this DSM is still prone to offset error as the nominator of the transfer
function contains the voltage-threshold of M5 and M 6. Path switching methodology can
be applied to this DSM to reduce the effects of offset error. Figure 2.18 illustrates the

DSM with reference path, input path switching and gain error correction.
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Figure 2.18 Schematic of a CMOS I mager Delta Sigma M odulator with reference

path, input path switching and gain error correction.

Just like conversion method discussed in Chapter 2.5, conversion period is now
divided into 2 equal halves where each half is N/2 clock cycleslong. On thefirst half of
the conversion period, the control signals SLT and SLB are set to VDD and VSS
respectively. For this haf of the conversion period, the digital code representation of the

analog input signals with respect to the two reference input signals, M=, is

M, =N (CLEFT (VDD —Vimace —Venms)—Crigur (VDD —Vreser —Venu 6)) (2-58)
=172 Crer (VREF 1~V REF 2)
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On last half of the conversion period, the control signals SLT and SLB are now
set to VSSand VDD respectively. The digital code representation of the analog input
signals with respect to the two reference input signals for the last half of the sensing

period, M=o, IS

M., = N (CLEFT (vDD—Vimage —Venme)=Crigur (VDD —VREser _Vth,MS)) (2-59)
=272 Crer (VREF 1~V REF 2)

Similarly, the digital code representation from the 2 halves are added together at
the end of the conversion period to receive the fina digital output code of the DSM with

both gain and offset correction. Its final digital output codeis

M=M,_,+M_, = %((CLEFT+CR1(;HT) Ver=VD ) (2-60)

CREF (VrRer 1—VREF 2)

The input-output transfer function for this DSM does not include the voltage-
threshold of any transistor in the DSM. This means that the DSM is robust to any offset
or gain error cause by voltage-threshold mismatches. However, again error might still
occur if the capacitor ratio between the sum of C_grr and Cgrigut and Crer is not identical

between the many DSMsin the array.

The least significant bit voltage, Vs, for thisDSM is specified in Equation 2-61
seen below. The bit accuracy of the conversion increases linearly with the number of

clock cycles, N, during the conversion period.

2 CREF
V; == (— 4% -V )
LSB N \ (Crerr +Cricur ) REF1 REF2

(2-61)
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In addition, the input dynamic range is given by Equation 2-62. The input

dynamic range can be accurately controlled by the reference voltage signals, Vrer1 and
Vrer2. In low light environment, the dynamic range of the input signalsis reduced. If a
gain stageis not used to amplify the input signals, the image decoded will be dark. This
DSM can compensate for this reduction of the input dynamic range without using again
stage. Thisis can be accomplished by reducing the delta between Vrer: and Vgerz. On the
other hand in a bright light environment, the DSM can compensate for the increasein

input dynamic range by increasing the delta between Vger1 and Veero.

ADC input range = ((CLEFT *CriGHT )) ! (2-62)

CREF (Vrer1—VREF 2)
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CHAPTER 3: SIMULATION RESULTS AND TEST CHIP INFORMATION

3.1 Simulation Results

A voltage source is added in series with the gate of atransistor to simulate a
variation in its threshold voltage. For all the ssmulations ran in this chapter, N is 512,
VDD is5V, VSSisQV, Vrer1 1S3.5V, Vrer2 1S 2.25V, VR is 3.5V and V, is decrease from
3.5V to 1V. Thiswill yield ainput dynamic range of 2.5V. The frequency of the master

clock is10 MHz.

Figure 3.1 shows the simulation result for the DSM with just the reference path,
likein Figure 2.11. ThisDSM is prone to offset and gain error if voltage-threshold

mismatch exists between the many DSMs in the array.

Thered linein Figure 3.1 is the transfer function of the DSM when a negative
0.25V voltage offset is applied to the gate of M5. The transfer function of the DSM shift
upwards from ideal and thisis known as offset error. If a positive voltage offset is applied
to the gate of M5, the transfer function will move downwards from ideal instead. On the
other hand, the green line is the transfer function of the DSM when a negative 0.2V
offset is applied to the gate of M12 and thisis gain error. A negative voltage offset will
reduce the slope of the transfer function and a positive voltage offset will increase the

slope.
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DSM with reference path
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Figure 3.1 Simulation Resultsfor the CMOS Imager DSM with reference path.
Different voltage offsets were applied to the gate of M12 and M5 to simulate offset

and gain error.

The DSM with reference path and gain error correction like in Figure 2.15 should
be robust to gain error cause by voltage-threshold mismatch. Figure 3.2 shows simulation
results of the DSM with reference path and gain error correction. A negative or positive
0.2V voltage offset on M 12 does not reduce or increase the slope of the transfer function.
However, offset error still occursif avoltage-threshold offset exists on M5, as shown as

the purplelinein Figure 3.2.
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Figure 3.2 Simulation Resultsfor the CMOS I mager DSM with reference path and

gain error correction. Different voltage offsets were applied to the gate of M 12 and

M5 to ssimulate offset and gain error.

A DSM with reference path, input path switching, and gain error correction

should be robust to both offset and gain error cause by voltage-threshold mismatch.

Multiple simulations were run on the DSM in Figure 2.18 and its results are shown in

Figure 3.3. A 0.25V voltage offset on M5 does not shift the transfer function downward

and the transfer function tracks the ideal transfer function except on the front and tail end.

The transfer function curves upward at the front end and curves downward at the tail end.

This magnitude of the deviation from theideal lineis equivalent to the digital code

representation of the offset value, 0.25V. This means any input signal that falls on either
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curve will produce an erroneous digital code representation. Therefore, the input dynamic
range of the DSM is reduced by twice the voltage-threshold offset on M5. A DSM with
voltage offsets on both M5 and M 12 will have a similar transfer function as the DSM

with voltage offsets on only M5, as shown in Figure 3.4.

DSM with reference path, input path
switching and gain error correction

600

500
g

M / ——M12 offset = 0V,
400 // M5 offset =
Ve 0.25V

C .
o 300 4
u A
" 200 A { M12 offset = 0V,
t of M5 offset = OV
100 /’ "
O '/ T T T T T 1
0 0.5 1 1.5 2 2.5 3

VRESET - VSIGNAL (V)

Figure 3.3 Simulation Resultsfor the CMOS Imager DSM with reference path,
input path switching, and gain error correction. A 0.25V voltage offsets was applied

to the gate of M5 to simulate offset error.



61

DSM with reference path, input path

switching and gain error correction
600

500
M //.
400
=¢=M12 offset = 0V,
M5 offset = 0.25V
300

c
(o]
== M12 offset = -0.2V,
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Figure 3.4 Simulation Resultsfor the CMOS Imager DSM with reference path,
input path switching, and gain error correction. Different voltages offsetswere

applied to M5 and M 12 to simulate offset and gain error.
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3.2 Layout

Thetest chip consists of the DSM in Figure 2.11, 2.14, 2.15, and 2.18 . The
standal one sense-amp and 4 phase non-overlapping clock generator (Figure 2.16) were

also included in the layout for direct testing.

I|Il'FIIII

Figure 3.5 Test chip full layout
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Table 3.5 Pin Description

Pin Number Pin Type |Pin Description
VSS Supply. There are separate VSS signals for the
multiple DSM ADCs, sense-amp, 4-phase nonoverlapping
1,12,14,17,23,36 [Supply clock generator, and output drivers.
VDD Supply. There are separate VDD signals for the
multiple DSM ADCs, sense-amp, 4-phase nonoverlapping
2,8,15,16,24,25 |Supply clock generator, and output drivers.
3,4,5,21,22 Input The different DSM ADCs input reference signals.
6,7,39,40 Input The path control signals for the DSM ADCs.
19,37 Input The input image signals for the DSM ADCs.
20,38 Input The input reset signals for the DSM ADCs.
The clock input signal for the multiple DSMs, sense-amp,
18 Input and 4-phase nonoverlapping clock generator
The output of the 4 phase non-overlapping clock
27,28,29,30 Output generator
10,11 Output |The output of the sense-amp
9,13,26,31,32,33,
34,35 Output |The output of the multiple DSM ADCs
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CHAPTER 4: CONCLUSION AND FUTURE WORK

4.1 Conclusion

A CMOS image sensor using a per-column DSM ADC has many advantageous
over apipeline ADC. However, transistor voltage-threshold mismatches between the
many DSMs in the array causes offset and gain error initstransfer. These errors will lead
to fixed-pattern noise. A complex digital signal processor is needed if correction isto be
donein the digital domain. A DSM ADC with offset error correction was introduced by
Montierth to help reduce some of this error. To remove both gain and offset error cause
by transistor voltage-threshold mismatch, anew DSM ADC architecture was proposed in

thisthesis.

The bit accuracy of apipeline ADC is fixed by design and cannot be increased
without a complete redesign. The DSM ADC bit accuracy is proportional to the number
of clock cycles during the sensing period. A minimum of 1024 clock cyclesis needed if a
10-hit conversion accuracy is required. On the other hand, aconversion period of 4096
clock cyclesisrequired for a 12-bit conversion accuracy. Increasing the bit accuracy on a

DSM ADC is easy and does not require a major redesign.

A pipeline ADC will require a separate gain stage to increase or reduce the input
dynamic range. This extra gain stage requires additional power and layout area. The per-

column DSM ADC is able to reduce or increase the input dynamic range by simply
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controlling the delta between the two reference signals, Vrer1 and Vrer2. A large delta

between the two reference signals indicates a large input dynamic range and vice versa.

4.2 FutureWork

As noted previously, the conversion period of the DSM ADC is proportional to
the conversion bit accuracy. A very long conversion period may not be desirable. The
charge stored on the sample and hold capacitors will leak over time and conversion errors
may appear if the voltage on the sample and hold capacitor deviates from its original
sampled voltages. Therefore, introducing atopology to increase the sampling rate of the
DSM may be atopic for future work. One method may be to introduce a paralel K-path
sampling of the DSM. The DSM with parallel K-path sampling will sample the voltage
on net_buckL and net_buckR for K extratimes at every clock period. The length of the

entire conversion period isN/K clock cyclesinstead.

The DSM ADC proposed in this thesis only removes offset and gain error cause
by transistor voltage-threshold mismatches. However, if a capacitor ratio mismatch
occurs between the sum of C, grr and Criet and Crer, again error might still occur. A
topology to reduce the effect of gain error from capacitance ratio mismatch may aso be

another topic for future work.
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