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I AOOOAAO

This thesis presestthe design of a stitched, higlynamic range particle sensor in 0.18 pm
technology, which has three different configurations46®6* 4096 (4K)8192*8192 (8Kand
1228812288 (12Kpixels. 1 can be operated at 65 MHz with a target of BRMS noise and 92 dB
dynamic range.

The architecture of the whole sensor is explained with a functional illustration of every block. The
pixel is based oa 4T pinned photodiode structure, aride high dynamic range is realized with an
extra MIM capacitor ithe pixel. The pixel-gxisaddressing and control are accomplished by a block
called pixel row driver. For the pixel readout, in readout columns, correlated double sampling is
implemented whictsignificantly reduces the reset kT(nhoise. The signal e columns will be
multiplexed and sent to 8 readout lines. Those signals on 8 lines are sent toesiagle to

differential converters, and finally are read out via buffers. The digital cbsignals, such as the
address of pixel array, signals to switch between different modes, are created from a block called
digital control block, which works as an interface betwesr-PGA anthe internal circuits.

The functional simulation with parasitiesistance and capacitanemdthe layout of every block and
the whole sensor is illustrated. The noise simulation and result analysis algovare

Key words:high dynamic range, stitched design, CMOS image sensor
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With the fast development of image sensors, the trends of increasing fialaga sensor can be

applied into, such as scientific research, medical equipment, aerospace detector, etc., gives demands
2y AYIF3S aASyaz2NERQ aLJSOA Fay<ehsirdfarCaappli@onalways ded ay OS >
large pixel area [1.1], space@jeation requires low noise and wide dynamic range [1.2] and for real

time motion detection, advanced integrated sigqmbcessing circuits are necessary to achieve high

speed [1.3]. Other applications like sensitivity to other wavelengths or particlastsnes need a

combination of the specifications all above. Thus, a custom design sensor is the call of the market.

In this thesis project, a larggrea highdynamic range (HDR) particle sensor is introduced. Thanks to
stitching technique, very high resaion is realized and the sensor can be arranged into 4096*4096
(4K), 8192*8192 (8K) and 12288*12288 (12K) configurations. This project work is executed at
Caeleste CVBA, Mechelen, Belgium.

In this introductory chapterthe motivation of this project is sicussedThen the challenges in this
design are analyzed and a comparison of the state of the art HDR sensors is illusttatkdrmore,
an overviewof this thesigrojectis presented. The last part is the organization of the thesis.

1.1.Motivation and chal lenges
The human eye has a wide dynamic range of about 140 dB. In contrast, mosttatdidnage
sensors have a dynamic range in the order of 50 to 70 dB [1.4]. Thus, stretching the dynamic range in
various ways to combine both low and high illuminatinrone image arouses the interests of sensor
designer.

It is commonly known that in a standard CMOS manufacturing process, the chip size is limited to the
available field size of the reticle [1.5]. Howeveithastitching, a single image sensor can bdtbui

from a sequence of exposures to produce a device igaany times larger than the size of a single
mask[1.6]. Facing the need of market and maturity of the technology, an extremely high resolution

I 5w aSyaz2NJ Ad ¢g2NIK RSAAIYSNEQ STF2NI O

Here lists sora key specifications of HDR sensors in recent years. Since the sensor in this work has
three different configurations, we take 4K configuration as an example. From the comparison of this
work with others, we can see that our sensor has a competitive higissdution and a considerable
dynamic rangén the middlelevel

Table 11: Key specification of state of the art HDR sensor and this work

Pixel number Frame rate HDR [dB] Pixel size | Technology
[fps] [um] [um]
Commercial 1024*512 30 154 5.6 N/A
available 752*480 60 100 6.0 N/A
1280*1080 60 120 4.2 N/A
Paper available 320*240 37 80 2.25 0.13
[1.7]: [1.8]: [1.9] 320*240 36 91 2.25 0.13
’ ' 1000*1028 30 87.5 7.1 0.18

Master of Science Thesis Jiaqgi Zhu



2 Introduction

Caelestg present 4096*4096 39 92 6.5 0.18
design

There are many challenges in this design: the organization of the architecture of the sensor to make
it stitch-able, the balance between power consumption and speed and the désigneld when the
chip size goes up.

1.2.Thesis project overview
In this project, a 0.18 um image sensor CMOS process is used. The high dynamic range is achieved by
a novel pixel based on $ihned photodiodestructure with an extra capacitor.

¢CF{AY3I nY O2yTFAIdNI GA2Yy +a +y SEI YLIFREeUMiKS aSyaz

ASPI K A Z z A ASPI
& Single-ended to differential converter &
MBS X-multiplexing MBS
Column readout
a =< gj . ‘E 25
2 sl = Pixel array block E |®o
o & o T g O
255 (4096*2048) z |F 8
&gz Z -
ixel row N, 9;6 s 2125
Pixel row —p- |2 &) 2 Pixel array block £ (23
driverblock |2 5| & (4096*2048) : 38
= & 3 ;2 > O
Column readout
Digital ASPI X-multiplexing ASPI
control & Single-ended to differential converter &

block MBS Y‘ZV;YYKV MBS

Readout
block

Figure 11: Overview of sensor architecture (4K configuration)

To realize a stitched design, the sensor is divided into litacks and the details of each block are
discussed in Chapter 3.

1 Pixel arrayplock One pixel array contair96*2048pixels.Pixelsize is 6.5 um* 6.5 um.

1 Pixel row driveblock It contains the Yaxisaddresingdecoder for pixel row selection and
row driver to drive the transistors in the pixel.

9 Digital control blocklt containsaddressable erial parallel nterface (ASPI)mixedboundary
scan(MB9§ and other interface and housekeeping scibcuits.

1 Readout blocklt contains the column readout;akismultiplexing, singleended to
differential signalconverters and the final output buffers.

Table 2 illustrates some key specifications, the details of thosecBpations will be explained in
Chapters 3 and 4.

Table 12: Specifications of the sensor

Specifications Value

Pixel size [um] 6.5

Jiagi Zhu Master of Science



Introduction 3
Charge conversion [uV/e Hll_%r\],vggé?r:].lf 0
Dynamic range [dB] 92

RMS readout noise

High gain measurement.é&
Low gain measurement: 59

Frame rate [fps]

Low dynamic range: 4K: 58; 8K: 59; 12K: 3
High dynamic range: 4K: 39; 8K: 29; 12K: 2

Shutter mode

4K: Global shutter
8K & 12K: Rolling shutter

Correlated double sampling (CDS)

Global shutter: ofichip
Rolling shutter: orchip

Averaging 2*2
ADC Off-chip
_ 4K: about 2.2
Power consumption [W] 8K: about 4.5

1.3.Thesis organization

This thesis consists of 5 chapters. Besides the first introductory chapter, the rest is arranged as

follows.

Chapter Zexplainsthe principle ofconventionalpixel operation, the nofidealities in an image sensor
and the concepts ahe methodsto increase the dynamic rangé&eatures as binning and different

shutter modesare discussed as well.

Chapter3 analyses the subircuit implementation in each blockhe functional simulation and

layout of each blockre given

Chapter 4 shows the top sensor functional validity, noise analysis and simulation and top layout.
Meanwhile, some extra structures hefigr chip testingare also mentioned.

Chapter 5 contains the conclusions of the thesis and a discussion of the future research.

Master of Science Thesis
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A brief introduction of most commensed pixel structures is present in sectd. An overview of
non-idealities in image sensor, the definiti@f dynamic range and sigAal-noise ratio, and

common methods of HDR are discussed in se@i@nMoreover, the special characters as different
binning methodsand shutter modesisedin image sensor are discussed in secBddand sectior?.4.

2.1.Basic pixel structures

2.1.1. Active pixel [2.1]
Active pixel sensor (APS) is the mainstream of modern imager sensors, because it solves a lot of noise
problems with a reasonable performance to cost ratio. One bas{8 &&ansistorsktructure of the
photodiode APS pixel is shownHigure 21. There is an ipixel buffer amplifier implemented which
can be configured as a source follower. Figigure 21, we can see in every pixel operation cycle,
the photo-generated electrons are collected on the revelsased photodiode and decrease the
voltage across. Thioltage will be read out through a source follower when the row select transistor
(RS) closed. At reset, the photodiode is reset by transistor RST, and the reverse voltage across the
photodiode will reach its maximum value. The small voltage drop on tiaedifter the reset is due
to the crosstalk of the reset pulseThe timing diagram of APS pixel is showRigure 22.

VDD

RST .__I E] _,_|
7|

p-Si n*
v

= [ after
0] integration

column bus

[ at
reset

after
reset

Figure 21: Schematic and principle of 3T APS pixel [2.1]
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Figure 22: Timing diagram of 3T APS pixel [2.1]

Though the APS pixel is popular in modern CMOS design, it suffers from a large reset or kKTC noise.
Thus, a new pixel structure usingiped photodiode (PPD) which offers better performance in
OFyOSttAy3a GKS ¢/ y2raasS 2F NBaSaG adlrNIa G2 23S

2.1.2. Pinned photodiode [2.1]
The biggest difference between a PPD pixel and a general APS pixel is that a pinned photodiode
replaces theconventionalphotodiode. Figure 23 shows a 4T PPD pixstiucture. A pinned
photodiode is a fully depleted buried diode. The diode is shield forpiSSiterface by p+ shallow
implantation, which results in a lower dark current. The diode is coupled with a transfer gate (TX),
allowing complete charge transf&om the PPD to the floating diffusion node (FD). The use of-intra
pixel charge transfer offers the opportunity to reduce the noise by correlated double sampling (CDS).

According to Figure 2andFigure 24, the workirg principles of the PPD pixel are 4 stapdollows.
At first,the FD is reset via transistor RST, the voltage ad¢hesED reaches its maximum valuehen,
the small voltage drop on the diode aftdret reset is due to the crogalk of the reset pulsand the
reset value \setis read out by closing the RS swithlext, he photogenerated electrons are
transferredfrom the PPDo the FD when TX is closedd the signal values\ais read outCDSwill
compute Veset- Vsignas Which almost cancels out the reset noise, as well asedfiariations from
pixel to pixel. Finalljthe next integrationwill start.
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Figure 23: Schematic and principle of 4T PPD pixel [2.1]
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Figure 24: Timing diagram of 4T PPD pixel [2.1]

CDS can be realized in many ways, like [2.2] contains-atage analog CDS, [2.3] does CDS in digital
domain. This design also implements column CDS, the detail is discuSieapier 3.

2.2.0verview of non -idealities in image sensor

2.2.1. Non-idealities in image sensor
The nonidealities in an image sensor can be briefly categorized into three tf@jstemporal
noise, fixed pattern noise (FPN) and dark current.

Temporal noiseonsists othermal, shot, and 1/f noise. Three main sources are pixel shot npisel
reset noise, and readout noise.
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Fixed pattern noise (FPN) is the spatial variation in pixel outdutsto device and interconnects
mismatches. Two most general miagtohesare offset and gailmismatch Insomeliterature, only
the offset mismatch is called FPN, the gain mismatch is called the photo responseifaamity
(PRNUJ)2.5].

Dark currents the leakage currerdt the integration nodelt is acurrent notinduced by photo
generation,but due to junction and transistdeakagesilt limits the image sensor dynamic range by
introducing dark integration noisevhich isalso called dark current shot noise (DC3Njaries

widely across the image sensor arraysiag dark signal neaniformity (DSNU) that cannot be easily
removed[2.5].

2.2.2. Dynamic range and signal to noise ratio [2.1]

Dynamic range (DR) quantifies the ability of a sensor to adequately image both high lights and black
shadow in one scene. It is defith as

OY puaéeQ— ¢uéQ— QO (2-1)
Where

Psatis the maximum signal power angyR?is the minimum detectable signal power. Since signal

power is proportional to the number of carriers per second, the equation can also be expressed as a
ratio between the maximum number ghoto chargest saturation Narover the minimum number

of detectablephoto chargedNyiu. Nwim @lso can be understood as the pixel noise level without
illumination represented in electrons.

Signal to noise ratio (SNR) is the ratio of signal power to the noise powat a given input level,
which is defined as

YOY péQ— cmé— Q6 (2-2)
Where

Psignais thesignal power and Biseis thenoisepower at the given signal leveNsg.ais the number of
photo charges of the signal amdl,isc is the number of charges represented by noise

2.2.3. General methods to increase DR
According to equation €2), the DR is limited by the minimum detectable photons and the number of
saturated photons in the photodiode. So to incre&&gs or decreasdNyy or do both will help to
enlarge the dynamic range. The most common ways in HDR sensors are all baseccondbpt

ThecommonusedHDR methods can be classified into three categd@dg: nonlinear response,
multiple capture and time to saturatiodetection.Figure 25 illustrates the output transfer function
curves of these methods.
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Figure 25: Transfer functions of different HDR methods [2.4]

Nonlinear response is usually implemented by a logarithmic response photodiode [2.7] or by well
capacity adjusting method.

Well capacity adjusting is a method to control the well depth in the chargenadetion region

during the integrationFigure 26is an example of well capacity adjusti2g8]. An overflow gate is
used, whose gate voltage is a function repmrasel as B(t). M3 is a charge spill gate whose gate
voltage is held at a constant value of 1 V, and the plysnerated electrons in the photodiode will
flow through M3 into the sense diffusion node (SD). As shovirigare 26, the SD is first reset by
pulling the overflow gate voltage B(t) highhe previous integrated electrorese dumped into the
drain. After resetthe voltage of overflow gatabruptlyraises a snihamount.Photo-generated
electrons begirio accumulate in the photodiode. During the integration, the overflow gate is
adjusted with time tancreasethe potential barrier gradually. Eventually, the potential barrier will be
highenough to retain all thelectrons entering the well.
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Figure 26: One example of well capacity adjustment [2.8]

Multiple capture, as well as addressed like multiple exposure, is a method where the signal charges
are read several timgg.6]. For example [2.9], short integration time images capture high light

regions and long integration time images capture low light regions. Those two kinds of images are
synthesized together so that both scenes can be displayed in one image.

In the time to saturation methods, when the integration signal is observed to reach a threshold value,
it is reset and the reset number is counted. By repeating that process, the final output signal is the
residual charge signal and reset counting numRes].

Besides those three methods, another method is also popular, called dual sensitivity. It is more
similar with human visual system. In a CCD sensor, it needs two types of photodiodes with different
sensitivities integrated into one pixel [2.10]. Under higmination, low sensitivity is used and

under low illumination, high sensitivity is used. The same principle happened in CMOS sensor, but
the job of two photodiodes in a CCD is replaced by an extra floating diffusion [2.11]. It is a direct
method and ndatency of capture occurs, in contrast with multiple capture metf@6]. In this

design, the dual sensitivity &hievedby one FD and one extra-pixel capacitor.
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2.3.0verview of binning methods
Nowadays, there are many additional changes to improve camerformance without adding extra
product cost. Binning is one example. It can be achieved both in hardware and sofBuéiveare
binning also can be called as an exposure balancing, it takes the same image at different exposure
times and adds the pixehlues together to calibrate the exposure. For the sensor design, hardware
binning is what needs to be focused dmere are different implementations for hardware binning in
CCD sensor and CMOS seriadr?).

2.3.1. Hardware binning in CCDsensor
In CCD sensdbjnning is to bin the pixel directlyefore reading the pixel©ne example is illustrated
in Figure 27. If 4 pixels are read out individually, they will be ass@dawith 4 separated readout
noise eventsBy vertical and horizontal shifting the pixel into one regisiten reading the binned
signal there will be only one readout noise eve®o binningn CCxan add up the photon
generated electrons, as well asdiece the readout noise contribution. Using the equatiof22if we
name the signals from 4 pixdis;, No, Ns, Ns;, thenwithout binning, the SNR is

YO Y ¢ mé QiR g (2-3)
With 2*2 binning, we get new SNR as
YOY(mER—— Q6 (2-4)

Thus, we can see binning in this case results in a better SNR.
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Figure 27: Binning of pixel in CCD seng@:12]
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2.3.2. Hardware binning in CMOS sensor

In CMOS sensor, binning is realized by shpiegl architecture One example is shown ffigure 23
[2.13]
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Figure 28: Binning in CMOS sensor with shared pixel architect[2€ 3]

One shared pixel contaidspixels Each of them hadividual PPD, transfer gate (T-&®4) and FD,
while they share thesame reset transistor (RG), source follower agbéct transistor (RSEThe
charge from those 4 pixels can be measured by one single readout operation. Thewaaptas
binning in CCD, it reduces thentribution ofpixelreadout noise Moreover, it increases the frame
rate, since 4 pixels only ard one time readout operation.

However,asone sharedixelactually contains 4 FD, it has a conversion gain smaller than one single
pixel due to the bigger FD capacitantrethis design, tkeep the advantage of a higher frame rate

well asa high conersion gain ifpixel,the off-array averaging is use8inning cafe understood as

adding up N signals together. Averaging, which has a similar concept, is to add up N signals and then
the sum is divided by Nin this design, the signals belong to 4 adjat pixels are averaged. Without
averaging, we eed to read 4 signals, whiith averaging only one time readout is needed, which
reduces the total number of sighade as tancrease the frame rate.

In this design, user can choose mode without averafiingtion to keep a high resolution or
averaging mode for higher frame raf€he implementation of averagingill be discussed in detail in
Chapter 3.

2.4.0verview of shutter mode
Since the images are converted electronic signals from light, the exposure time or integration time
influences the amount of signalBhus,what type of shutter fits the sensor requirements to control
the exposure time is an issue in design. To minimigecdtmera system volume, an external
mechanical shutter is less used in nowadays design. The control of the integration time depends on
an onchip electronic shuttef2.14].

In CMOS image sensors, there are two mainly used shutters: global shutter and rolling shutter.
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Global shutter mode
Global shutter also can be called snapshot mode. The entire pixel array is reset before exposure, and

then all photodiodes accumulate chagfor a same period of time. Finally, the pixels are read out
row by row.Figure 29 illustrated the timing diagram of global shutter.

Exposure time Frame readout time

% Reset time

Exposure time

Readout time

Figure 29: General timing diagram of global shuttgp.14]

Rolling shutter mode
Different from global shutter, in rolling shutter, the pixels do not collect information at the same

time. All pixels in one row are reset, then exposed for a same periothefand read out

sequentially. Those operations are completed row by row. When the first row is under exposure, the
second row can start reset, which means there is a constant delay between rows, as well as the
exposure time for each row is exactly the safigure 210illustrated the timing diagram of rolling
shutter.
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Figure 210: General timing diagram of rolling shuttg@.14]
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exposure time is short enough, there will be no motion HRIL5]. Figure 211is the comparison of

global shutter and rolling shutter when taking a photo of a working fan. We can see clearly motion

blur problem in rolling shutter, which means unless a rolling shutter is enough fast, it cannot

compete with global shuér in capture image of fast moving objects.

Global shutter Rolling shutter

Figure 211: Motion blur in rolling shutter mode[2.15]

Additional, if there are some mismatches in the integration time of rows in rolling shutter, it will also
generate distortioron the image.

However, global shutter is faced with peak current problems when operating a relatively large pixels
array, especially doing global reset.
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2.5.Chapter conclusion
In this chapter, in Section 2.1, an overview of conventional pixel structures andvbiiing
principles are introduced. In Section 2.2, the nilealities in image sensor and the general ways to
improveDRaregiven. In section 2.3 and 2.4, featufdmage sensolike binning and different
shutter modes are introduced.

In the next chapter, theletaileddesign of sukxircuits in every block will be explained.
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This chapter focuses on the salycuits implementation in the sensdesign. Since it is a stitched
design, the sensor is divided intd#bcks: pixelrrayblock, pixel row driveblock digital control

block and readout block. Thagircuitry analysisfunctional simulation and layout are discussed in
each section.

3.1.Pixel overview

3.1.1. Pixel architecture
The work we do is based on an image sensor using the pixel architecture shbigoria 31.

VDDpi

I el |
— T — T Select
| I
TG2 TG
[ ] [ ] —
. Column
++ PPD FD

Figure 31: Pixel architecture

The pixel is &sed on a 4T pinned photodio@@PD) pixelandit allows simultaneous acquisition of
dualsensitivity regions with the same integration time.

Thesecondrangeis obtainedusingan extra MIMcapacitorGyy to increase the full well charg&w).
Thephoto charges are first accumulaté the photodiode and readut via afloating diffusion node
(FD)whenoperatingthe transfer gate TGrhis is what we call the high gain (HG) measurement range
[3.1].

Photo charges that do not fit in the PPD will flawid the Gy over a potential barrierin series with
a transistor called SRIESThose overflow charges can be read when we close the transistor
MERGE, which is called low gain (LG) measurement range [3.1].

A specific implant on the source followandiSelect (SEL) transistors results in a lowgmhich
provides a larger signal range. The buried channel moves the charge away from the interface to
reduce the 1/f noise.
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The second transfer gate T@2used toadjust theintegration time from a fewusto the entire frame
time. Moreover,one can operate TG2 to let part of the charge in the PPD flow into the VPIX to realize
an anti blooming function.

3.1.2. Dynamic range calculation
The tentative specifications of this pixel are listed in the followiagle 31.

Table 31: Pixel specification

Mode Pixel size (um)| Charge conversion{V/e) | Readout noise (¥ Qrw (€)
High Gain . 100 5 10k
Low Gain 6.5%.5 4 50 200k

The minimum number of detectable electrons depends on readout noise and dark current. The dark
OdzNNBy (i @ tdzS oFaSR 2y /I StSa03SQa SELBSNIoMYy Gl t N
temperature(21 3 ). Since we implement a cooling system to the sensor, which effectively reduces

dark current by a factor of 2 everys7, so we can assume that under the real usagedition(-403 ),

the dark current is almostegligible

Based on the equation {2) in Chater 2, we can assume thtentative dynamic range of our pixel is
OY ¢cué— wcQod (3-1)

3.1.3. Pixel kernel for readout
To increase the readout speed, we reaat a kernel of 2*8 pixels at the same time, aggually split
the pixelarrayto be readout from south(S)and north(N) in parallel [3.2]which is illustrated in
Figure 3.
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Figure 32: Pixelreadout order for a kernel of 2*8 pixels

The four adjacent pixels highlighted by the black bold dashedniR&gyure X are the 4pixels whose
output signas are averagedo increase the frame rate iaveragingnode, which will be explained in
Section 3.4.4

3.1.4. Pixel timing diagram and standalone simulation
The iming diagrars of the pixelin different modes ardlustrated inFigure 33, Figure 34 andFigure
35.

Since we readut a kernel of 2*8 pixels at one time, we define 8 adjacent rows @ipio be one

kernel row.Figure 33 shows the timing diagram in rolling shutter mode for one kernel row. In rolling
shutter mode, one does CDS on chip. The operatidmpixels in rolling shutter modare performed

kernel rav by kernel rowOnedpasg hererefers to one time readout from pixel to output bond pad.

The readout okverykernel row from one HDR frame needs two passes. The first pass is toutad

the high gain signal, and the second is the low gain signal. We call the readout time of one kernel row
GNBg GAYSE®

In every pixel operation cyclet first the FD and MIM capacit@re both resetwhenMerge switch is

on. After reset Select transistor is omndthe reset value on the FD will be sent olihen he

transfer gate(TG)is on to transfer the electrons from the PPD to the FD. Another Select pulse follows
to readout the HG signal on the FD. With Merge switch closed atfarhird Select pulse i® read

out the LG signal on the MIM capacitor.
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Figure 33: Pixel timing diagram in rolling shutter mode

Figure 34 shows the timing diagram in snapshot HDR mode. In snapshot mode, one does-CDS off
chip. The operatiosiof pixelare performedframe by frame. Only the Select signal is still operated
every kernel row since it is the control signal for pixel readout.

A snapshot HDR frame needs three passes. First is to read out the pixel reset signals, then the high
gain signals, and finally thew gain signal.

In every pixel operation cycle, first a global reset is perforns#ace a current limiter is implemented

to reduce the peak current when doing global reset, the time of reset in snapshot mode will be

longer (about 50 us). The purpose atetail of current limiter will be discussed further in this
chapter.Thenthe Select transistors are on kernel row by kernel towead out the reset signaln

Figure 34, 4K configuration is taken as an example, so we have 512 kernel rows. After the reset value
is readout, transfer gate (TG) is on to transfer the electrons from the PPD to théHelh.he Select
transistorscompletethe HG signals readout. Aftdre Merge switchis on, the readout of the LG
signaldsrealized by thehird time Select pulses.

In HDR mode, while reading out the signal voltigen the FD we canstopthe integrationin the
photodiode by turning TG@n. If not, the photodiode waold keep on integratingnd chargescould
possibly overflow the barrier into the series capaniteGyv, merging 2 frames togethewe can
see fromFigure 34, the integration time isdefined aghe time interval between the falling edge of
TG2pulse and TG pulse

, Operations every Frame

:: Integration time

|
' T
l T
:
: Reset level High Gain Tow Galn
Reset l :‘ Global reset, about 50us l
I 1
TG — : I i
1 n
Merge i

TG2
"

e 0

'Operation every
d kernel row

Figure 34: Pixel timing diagram in snapshot HDR mode
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Figure 3 shows the timing diagram in snapshot a low dynamic range (LDR) fioelgixel

operation is similar to the one in HDR moéer a LDR frame, we only need two passes: for the reset
signal andhe high gain signal. SinceP®Ds a natural pipelined device, we can immediately start
integrating a new frame aftegxtractingthe data of the previous frame

Operations every Frame |

Integrationitime
=

-
\
|
} Reset level High Gain K Reset level

Reset

‘ Global reset, about 50us

Merge —+ [ 1

B I S

Operation every
kernel row

|

|

|
| |
1

i |

TG : l ‘ I
f | ; I
I | [
\ [

Figure 35: Pixel timing diagram in snapshot LDR mode

The pixé model we used in our simulation is showrFigure 36.

Pixelsimulation mode|

Figure 36: Pixel model schematic for simulation

A small capacitordgis added to FD node, which together with the transistor pdi@sapacitance
models the real floating diffusion capacitance. We use a current pulse to model the photodiode
charge packet transferred by TG.

Since we have a large pixel array, the parasitic resistance on the column bus for pixel readout varies
based orthe pixel position in the array. So when we check the pixel function, we also take the
closest and the farthest pixel as examplegure 37 are the simulation resudtfor both HG and LG

mode.
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Figure 37: Pixel simulation with different wire parasitic
In Figure 37:

1 The first 4waveforms are thepixeloperation signals: Select, Reset, Merge and TG.

1 Thetraces in the fifth wavefornare the outputs COL<1> and COL<2> of two pixels in one
kernel. Theoperatiors on those two pixels are the same, the only difference between them
is the output COL<1> connects to a smaller parasitic res@tdranother one COL %2
connects to a bigger parasitic resistor. The resistor value is proportional to the lefih
metal wire measured from the layout.

1 The last twowvaveforns are the current pulses which model the photocurrent. In HG
measurement, here we give 9000while in LG measurement, 110000igtaken as an
example.

From the simulation result, we caeewith a Select pulse width wider than 4 s, the output of the
pixels have enough time to settle, and the influence of the different parasitic resistance is negligible.

3.1.5. Pixel Layout
Figure 38is the layout of the pixellThe size of one pixel is 6.5 um *6.5 um. The MIM capacitor using
metal5 layer (M5) and top metal layer (topM) is on top of the pixel. This is allowed as the device is
intended to be backside thinned.
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Pixel layoult

Figure 38: Pixellayout

3.1.6. Pixel power supply concern
A huge peak current will flow through the VPIX supply line when we do global reset. Meanwhile, due
to the large parasitic capacitance of the column load wires, it also results in a significant peak current
when we select one pixel to send the resetvalye ol O2f dzYy X ¢ KA OK ThdeT S N&
3-2.

We do a simulation with one kernel of pixels to check the peak curfable 32 shows the results
and the estimated total peak current in one time for the whole sen8acording to the design plan
globalshutter modeis only appliedn 4K configuration, but rolling shutter for all three configuratign
the worst case is list as follow.

Table 32: Peak current on VPIX in different situation

Stuation lneakON ONE kernelof pixels lpeakON VPIX
Global reset (K configuration) | 2 pA 2A
First select (1R configuration) | 1.25 mA 7.6A

To avoid the huge peak currents and the risk of any damage due to elagration or melting the

bond wires, a current limiter is implemented. The input of the current limiter is the master VPIX from
the bond pad, and then it is split into several pagblbcal VPIXs connected to the pixel array, which
can be currentuned by the user. The location of the current limiter is at the north and south of the
sensor, beginning in the readout block. The circuit of current limiter in detail will be discussed in
Section3.4.2

The final routing of the power supply of the pixel array is briefly illustratdtigare 39. We add
extra pads for VPIX at the bottom and top of the sens@uoidgradientsin the middleof the
sensor especiallyn 12K configuration.
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3.2.Pixel row driver

3.2.1. Pixel row driver overview
Pixel row driver is needed to realize theaXis scanning of pixels and provide all the operation signals.
The overview of the pixel driver block is showtrigure 310.

- Decoder &

row drivers

Aenry |axid

=

m

P

0]

m
ADR<0:7>
GLOBAL
ENABLE

Digital Control Block

Figure 310: Overview of the pixel row driver block

It consists o decoder forthe row addressingY-axis scanning)ogic gates to achieve the rigpixel
operationalfunction, level shifter to isolation digital power supply with analog oaed drivers to
drive thetransistorsin pixel array.

According taFigure 310, the address code and some other sigraak sent from theaddressable
serial parallelinterface(ASPI)n the cornerdigital controlblock. And also the pixel ground power
supplyVSUBsfrom the bond pad at the side of thew driverblock,routing through the block to
the pixel array.

In this sensor, botl globalshutter mode andarolling shutter mode are available, so our pixel row
driveris able tobe switched between those twdifferent modes.

3.2.2. Row addressing
We aim to readut pixel kernel by kernel (one kernel = 2 columns*8 rows) at one time, so in rolling
shutter mode, we address 8 rows of pixsisultaneously 8 adjacent rows of pixels are defined as
one kernel rowTherefore, @ery 8 rows of pixels share the same address. Since in one pixel row
driver block riving2048 rows of pixels), we have 256 kernels of drivers, an 8 bits decoder is
required in this desigrMoreover, as it ig stitched design, different numbers of thexgl row driver
block will be implementethased on with configuration (2 blocks in 4K bllocksin 8K and ®locks
in 12K)pbut they indeed share the same address linBaus, we add an ENABLE signal to the decoder,
to enable or disable them to meet the age in different configuration

We implement the decoder in a NAND gate @3], which is shown ifigure 31L1.
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ADDRESS ROW<0>

Adr
Adr*‘ "
Enable

ADDRESS ROW<I>

ADDRESS ROW<254>

ADDRESS ROW<255>

Figure 311: Structure of the 8bit decoder
The 8 Adr<0:7>, 8 inverted Adr<0:8> and Enable signals are provided from the ASPI

3.2.3. Pixel driver
As discussed in thgection 3.1, one pixel contain$ controltransistors:TG, MERGE, RESET, SEL,
SERIES and T&2ch of them needs individual logic control to be functioar TG, MERGE, RESET,
SERIES and TG2, they should be activated by either the address code in rolling shugter thed
global code in snapshot mode. For the SEL signal, as it works for pixel readout, it should only follow
the address code. The default value (when both address and global is 0) for RESET and SERIES is high,
for the other control signals is low. Iteans we always keep the FD being reset and the extra MIM
accumulating charges when the pixel is not accessed.

So the driveschematids designed aigure 312.
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Figure 312: Schematic of row driver unit

Because we operate pixels kernel by kernel, &g 8 rowsof pixels shar@ne such row driver unit
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The inverters act as buffers to drive the transistorthmpixelrow. We use cleamnalog power
supply VDDRESET and VDDTRANS for the buffers and use levslslisiiate thedifferent kinds
of power suppksbetween the logic gates and the inverter bufeMoreover, to avoidhe shorts
happeningon one row might influence anotheow, we have onéndependent buffer perow, yet 8
buffersare controlled bythe same logic gateis one row driver unit

Also, SERIES and TG2 need specific buffers to achieve their function.

For theSERIESwitch in the pixelasit is used to control adrrier which les excess charges overflow
into the MIM capacitorthe high level ofEERIE8utput vaiesfrom 0.7V to 3.3VThus,we use a
CMOS transfer gate to pass a voltage called Vhigh_series instaathgfan inverter as a buffer. The
value for Vhig_series is powered via a bond pad.

For the TG2 switches, concerning the @itioming feature, the lower value should be equal to or
higher than VSS (e.g. 0.2 V). So we separate the substrate and source of the NMOS in the TG2
inverter, and using a dedited VSS, called VSSTG2, which is also powered via a bond pad.

Figure 313is the functional simulation of the pixedw driver.
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Figure 313: Functional simulation of pixel row driver

1 InFigure 313, thetraces in the first waveformare 8 address codes.
1 The secondvaveformisthe Global signal.
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1 The rest Bvaveforns are the input of pixel control signals (SEL, MERGE, TG, RESET, SERIES)

and corresponding output of the control signal from pixel row drivers (e.g. SEL is the input
and SELOUT<1> is the corresponding output).

We choose 4 different working condition of the pixel row driver (Add&&iobal=00, 01, 10, 11), to
showthe@l t ARAGE 2F LIAESt NRBg6 RNAOSNW 28 Oly &S8S$§
O2y iNRf aAadylt F2tt2¢ WFHRRNBaaQ 2N w3ift201f Qo
Global=00), the default value of Reset and Series outphigls which meets the requirement of the
function.

Figure 314 shows thesimulation of thedriving capability of the buffersin the test bench, wmodel
the large paasiticresistor and capacitor (R€pm the long and thirmetal wires in the pixel array,
especially in 1R configuration, and those control signals pulse width is limited by the row time.
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Figure 314: Simulation of drivingability with parasitic RC

InFigure 314, the outputs of the pixel row driver of four fast operation signals (SEL, TG, MERGE,
RESET) are shown. Each waveform contain®utputs, one is the closest to the pixel row driver (at
the edge of the pixel array), another is the farthest to the pixel row driver (in the middle of the pixel
array). Take the first twtraces asanexample, therace SELOUT in pink is the closest andtthee
SELOUT2 in red is the farthest. The farthest outputs are connected to pengesitic resistors and
capacitors which are calculated from the length of metal wires

From the simulation result, we can see thffelience between the closest and farthest output
signals are negligible, which prove the driving ability of the pixel row driver block.
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3.2.4. Layout consideration
In the layout, most space limited is the buffers to send control signal to the pixels since @wipéx
is only 6.5 um. The layout of one unit row driver is showRigure 315. The buffers for one pixel
row is exactly 6.5 um height and duplicated 8 times in drieer unit, the other MOSFETS are relaxed
in space. That driver unit is duplicated 256 times in one pixel row driver block. The metal wires at the
left part inFigure 315are the control signal buses and address buses.

IR B 8RN

—h

i
150
“
2 %

{ N I

s
o

Control signals (TG, Decoder Level shifters

RESET, MERGE, etc) Address wires Buffers for one row of pixels

Logic Gates

Figure 315: Layout of row driver unit

Since we need large invers in the pixel driver, it will consequédally generatea substantial

amount of peak currerstin globd mode when all the invertesrwork at the same timeWe run the

simulation to estimate the peak current on VDDTRANS and VDDRESET in 4K configuration, the result
is shown inTable 33.

Table 33: Peak current on VDDRESET/VDDTRANS in different situation

Ipeak (A)
VDDRESET/VSSRESET 1.7
VDDTRANS/VSSTRANS 2.1

To reduce the parasitic resistance on power supply wires, as well as to avoid the peak current to burn
the pad, we give more than one pad for one power supply as there is quite a lot space in the pixel
row driver block. Meanwhile we make the power supphlsswvide as possible, especially VDDTRANS
and VDDRESET, the estimated parasitic resistance from one bond pad to inside is less than 2 ohm.

The overview of the layout of the pixel driver block is showRigure 316. We take the pixel row
driver block in the west of the sensor asexample.
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Figure 316: Layout of pixel row driver block

The right part irFigure 316is the layout of the whole pixel row driver block. We can see that the

power supplies buses cover the most area in the layout to reduce the parasitic resistance as much as
possible. Theefft part inFigure 316 illustrates the 10 position in the pixel row driver block. The

analog power supplies VDDTRANS/VSSTRANS, VDDRESET/VSSRESET, VSSTG2,aviHIGH_SERIES
VSUB are labelled in pink. Digital power supplies VDDD/VSSD are in green. Blue is the digital control
signals, such as TG, RESET, MERGE, etc. Two brown ones are pads for extra quantum efficiency test
structure, which will be introduced in Chapter 4.
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3.3.Digital Control Block

3.3.1. Digital control block overview
The digital control block provides various logic control signals to different parts of the sensor, and it is
located at every corner of the sensétigure 317 shows an overview of the digital control block.
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Figure 317: Overview of the digital control block
It mainly contains

The ASPIAddressabl&erialParallelinterface for sending digital codes to different pamf the
sensor

TheMBS(Mixed Boundary Scanvhichisused to sense andrite someimportant nodes in the
sensor for testing consideration;

Asmallcircuity I YSR & OdzNNB y i utiliZnyIsigralNTGOMERGENERJ SEifinNLie
pixel driver block to generate signals to control the curr@niter.

3.3.2. ASPI
There are Zommonways to implementa SP[3.4]:

1 An architecture based on a long shift register chain.
1 Anarchitecture called ASPI (addressable SPI).
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The drawback of a SPI consisting of a single long shift register is that when the SPI has a lot of data to
send, and the users only want to change few of them, they still need to clock through the whole
register chain. It is timeonsuming and not efficig.

TheASPI is based on a setshiort SPtegisters, all individually addressable. This system allows
changing only a part dhe register datawithout affecting theother shift registes.

In the design, 6 ASPI registers are in use:

T One ASPI whosaddress i<000> providethe row addresgode and the enable signi
pixel row driverand define the snapshot mode or rolling shutter mode

1 One ASPI whose address@01> providesignals fola general setujpf the sensor, e.g.
averagingnode or noraveragingmode;

9 Four ASPIs whose address are from <010> to <101> provide the setup for the MBS sense and
drivefunction.

Each ASPI has 124 data. And to address these 6 ASPibitaddresscodeis needed.

The schematic of one ASPI unit is showRigure 318.
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Figure 318: Schematic of ASPI
It uses three control signals:

1 SPI_CLK: it providd®e clock for the shift register.

SPI_DATA _IN: it sends tihhput data for theASPI in serial

1 SPI_LOAD: it is the control signal which makes the input data loaded into the memory
register in ASPI and then they will be sent into the corresponding place in the sensor.

=

There is also an outpyin called SPI_MBS, which is used for tbadk the signals in thmemory
registers. It is important to make sure that the DFFs in the ASPI are still alive under heavy radiation.

The bit arrangement of the ASPI is showit able 34.
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Table 34: ASPI content

ITETET 14 13 12 11 10 1 0

in time
1=Upload

Content adr<2> | adr<1> | adr<0> | 0= Read data<11> data<10> X X data<l> data<0>
back

3 DFFs are used to form the address control, 1 DFF is for $eitcieen data load mode or redadck
mode and 12 DFFs are for data sending.

The timing diagram of ASPI is showifrigure 319.

SPI_data ;< DO D2 B8l s
sia | L L I L I 1. ]

SPI_load

A

Operation every row

Figure 319: Timing diagram of the ASPI

In one transmission cycle, 16 clock cycles are need to send the data into SPI, then with a SPI_load
pulse, the data is stored in the meory register and senth&corresponding part of the sensor.

3.3.3. MBS
a.{ Aa I GSad FryR RAFIy2aGA0 G222t LG OFly aaSyas
da.{ aSyaS¢ gAfft Fftt2g dza (2 | 00Saa AYLRNIFIYyG yz2
when the sensordoesn@ A @S dza (G KS LINBadzYSR NBadzZ Gaod ada. { &N
we impulse a value on some nodes in the sensor to check that a specified part in the sensor has the
correct function.

The schematics of MBS sense and MBS write are shokigure 320andFigure 1. Figure 32
showsthat one node both can beritten or sensel.

Write_enable
MBS BUS /l/ B

Figure 320: Schematic of MBS write

l.ocal node

Sense enable Sense_enable

_ )/ - ——4—— Local node
MBS BUS R2R

Figure 321: Schematic of MBS sense
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Write_enable

MBS BUSI )/ s

& i &——— Local node
Snse snaoie Sense_enable

MBS_BUS2 )/ I )/ g

Figure 322 Schematic of MBS sense and write connected to the same node
The Write_enable and Sense_enable controls are provided by the ASPI.

3.3.4. Enable generator
It is a small decoder which using the same principle as decoder in therioav.dMth 3 bits from the
ASPI, igenerats6 individual ENABLE signals to selectpixel row driverblocks.In rolling shutter
mode, we need only one row driver block working at one time.

3.3.5. Current limiter controller
The current limiter in the readouilock needs four signals to work, input data (data_in),
synchronized reset (sync), clock signal (clock) and inverted clock signal (clock_inv). Since the setup of
the current limiter only happened at the beginning of the sensor initialization, it doesewd a very
fast signal to drive. As well as to save some bond pads, we take three signals froravpokever
block, which are TG, MERGE, SEL. TG is used to generate the reset signal of the DFFs in the current
limiter, MERGE is used to generate datasignal of the current limiter and SEL is used to generate
clock for the DFFs. The schematic of the current limiter controller is shokigune 323.
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e _D—R clock
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Clk Clk Clk Clk
SEL [0 o I I I T
Latch
SPI<001> cik
data<l]>

Current

SElEpIL= limiter
data<0>

sync
Figure 323: Schematic oturrent limiter controller

3.3.6. Functional simulation
Since there are thousands of ASPI code combination, we take one sample in ASPI upload mode and
one sample in readback mode. The simulation results are showigime 4 andFigure 35
respectively.
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In the simulation for upload mod#SPI1<000> sends address, enable and global signals to the pixel
row driver block. The SPI content for pixel row driver is showrabie 35.

Table 35: ASPI content for control pixel row driver block

Bit
order 15 14 13 12 11 0 | ... 3 2 1 0
in time
Conten | SPlad | SPla | SPla u;:(laoaadd Global Decoder Enable
t r<2> | dr<1> | dr<0> Address
back
1=upload| 1l=snapshot
Detail 0 0 0 O=readb O=rolling LSB MSB LSB MSB
ack shutter

e SP|_CLKV

e INNRERERERERERERERERERERERERERERE
= 0000
== SP|_INV > upload
§2%t0/1 1 1 1 1 1/0 0 0 0 0 1/0 0 0 |
Enable<3> <, SPI_LOADV &~ N Rolling ASPI<000>
£ 25°°‘E Docoder address<00001111> shutter
= 0.000 L
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Figure 324: Simulation of the upload mode

Figure 324 shows the simulation of the upload mode.

1 The first threewaveforns are SPI_CLK, SPI_DATA_IN, SPI_LOAD signals.
1 The restwaveforns are the 8 address codes, 6 enable codes selecting pixalriesv blocks
and Global signal uploaded by ASPI.
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Based orTable 35, focusing on the secortdace SPI_DATA _IN Figure 324, it select the ASPI<000>

to let Global to be 0 to choose the rolling shutter mode, enable fheigel row driver block and

send the address code <00001111> to the chosen block. After the arrival afilgeqd the third

trace SPI_LOAD, we can see that address <1:4> become high and address<5:8> keep low. Only
Enable<4> is high while other enable codes are low and Global signal also keep low. That means we
get the right output signals with those input casle
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Figure 325; Simulation result of the readback mode

Figure 35 shows the simulation of the readback mode.

1 The first threewavefornms are SPI_CLK, SPI_DATA_IN, SPI_LOAD signals.
1 The next 12races are the outputs of the ASPI whose address is <010>.
1 Thetrace in the last waveforrs the SPI_MBS.

From the firsttracein red which is SPI_CLK, we can see there are two transmission cycles in this
simulation. In the first cycle, we upload 1 into th&rigister in ASPI<010and et the data in the
rest regsters to be 0. Then, in the second cycle, we choose to readback the data fMrémgister in
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The validity of the readback function of out ASPI is pdove

3.3.7. Layout consideration
InFigure 6 andFigue 327, weshow the bottom left corner block as an example of our layout.

VPIX need to horantally propagate into the current limiter in the readout block at the north and

south side of the sensor. So the VPIX bond pad needs to be located at the top left corner. The PMOS
tuner for current limiter follows VPIX for the ESD protection consideratiimen there are the VDDD

and VSSD digital power supply. At the bottom of the corner are the digital input signal bond pads and

two MBS bond pad for sense and write respectively.

Current limiter
Controller ¢

\
N\

6 ASPIs—>|

N

N
N
N\
SN
N

MBS

N
X
N
N

R

T

\\\

Figure 326: Layout of 6 ASPIs and MBS
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_pixel 2 6 ASPIs

VSUB [

~ Testpixels
Readout

DC_ &
column =

VDDD (&

VSSD [

$  BEE 3 B L
SPI_LOAD  SPL_IN MBS_2
SPI_CLK  MBS_1

Figue 327: Layout of the whole digital control block
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3.4.Readout Block

3.4.1. Overview of the readout block
The readout block is mainly for theaXis scanning and pixel signal readdtigure 38 shows the
overview of readout block topology.
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Figure 328: Overview of readout block

In one readout block, it contains:

9 Current limiterfor limiting the VPIX peak current
1 16readout channels working at the same time.

1 1 clock tree for split a master clook other fast digital signaisto 16 identical signals and
sending them into every channel.

Every readout channel contains:

1 Column readout the readout of pixel signal, doj CDS and send them to channel readout

1 Readout multiplexing X-axis scanning, which realizes tmeiltiplexing of columns to
readout lines

i State machine- generating pipeline clock and sync signals

1 Channel readout containing singleended to differentiakignal conveer (S2Dand final
signal readoubuffer to bond pads.
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We have three different power supplies VDDA for the column readout, VDDD for the digital
multiplexing and state machine, and VDDAO for channel readout. Different filling color of the
rectangle shows their power supply domain.

3.4.2. Current limiter
The purposed implement a current limiter has been discussed in Se@iar The current limiter is
a current source controlled by a shift registétigure3.29 shows the schematidigure 330 shows
how it is implemented into the sensor.

Current limiter
unit vpix | VPIX

Reset Ptuner_pixel | l Reset Ptuner pixel ,j—J
]

_____ — e+____.1_ ! — GI”““”
Reset Ql Reset Ql

D<X+1> —‘
D<X> 4D D D<X+2>

I
|
-_— | -
Clk TQ-| J I Clk 'TFQ
D \—[>c»—c|j

Column_VPIX<X> | Column_VPIX<X+1>

Figure3.29: Schematic of current limer

In Figure3.29, the CL signal which controls the biasing of current limiter is provided by one ASPI bi
When CL is 0, it means current limiter will work, and the current flow over one unit cell of the current
limiter is a mirror of the Ptuner_pixel. When CL is 1, it means the bias is connected to VSS, so the
PMOS in current limiter works as closed swithEhe current limiter no more limits the current on
VPIX. The reason to choose CL=@divate the current limiter is because the default output value

of the registerof ASPI is 0 when & powered onand there is a huge peak current on VPIX as well
whenVPIXs powered on. Thus, the current limiter is activated as soon as we power on the sensor
and supposed to avoid the peak current on VPIX during power on.

AAAAAAAAAAAAAAAAAAAAAAAAA ]

- — -
1 pixel pitch

Figure 330: Qurrent limiter implementation
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In Figure 330, since VPIX is routed vertically column by column, the output of each unit cell of the
current limiter is connected tevery column VPIX. And for one column it is powered both from north

and south.

The current limiter also provides us with a possibility that when one column VPIX is short with
another column VPIX, then we can disable those VPIX by setting the shift ramistet, since the
sensor can still be functional without one or two columns of pixels.

3.4.3. Column readout
A brief schematic of column readout is showrFigure 331.

COL<1> COL<2> COL<3> COL<4>
Preset col Preset col Preset col Preset col Vref
VSSFQ_E VSSA ﬁ VSSA ~€:E: VSSA AE:I':E /4
T | - e e e
L Ntuner 9% Ntuner _| Ntuner _| Ntunerr__
— CI —_ C2 — C3 — C4
l Vref col
[ Vref col =3 [Vrefcol 7 [ Vref col I [ Vref col '
Current T i ER T
Preamp Preamp Preamp L Preamp
load P -

Iﬁ ; ; MEM_ROW
[
T

j‘ C5 __-L —_LT C8

C6 C7
T
VDDA VDDA VDDA VDDA
E SEL<1> El_ SEL<2> EI_ SEL<3> EI_ SEL<4>
Line<l> Line<2> Line<3> Line<4>

Figure 331: Schematic of column readout

It contains column current load for pixel readout, also CDS to cancel the reset noise and buffers to
send the signalen capacitors to channel readout stage. Every time a kernel of 8 pixels isuead
simultaneously. To simplify the drawing, only 4 columns are shown. 8 columns share one buffer for
the reference voltage to avoid crosstalk the Ve Signal The 8 outputs of one column readout unit
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will be sent to 8 readout lines called Line<lv@¥en SEL<1:8> switches are cloas#ligure 331
shows.The SEL<1:8> are ¢miled by Xaxis scanning (readout multiplexing) shift registers.

CDS is implemented by capacitoss&: After the CDS, the signalse storedon capacitors £G
when MEM_ROW switches are clos€G are accumulation capacitors. For the sake of better
linearity, we choose one node of them to be VDD since our signals values are much closer to VSS.

3.4.3.1. CDS implementation
The CDS is realized with a MIM capacitor and a reference voltag&he steps to complete CDS are
shown inFigure 332.

Vref col Vref col
Preamp Preamp
Vin Vin
Vreset ~,—|
Preset Preset \]
VSSA VSSA
Preset=1 Preamp=1 Preset=0 Preamp=1
Vref col Vref col
Preamp ! . Preamp [
Vin . Vin
Vsignal H
Preset Preset \
VSSA VSSA
Preset=1 Preamp=0 Preset=0 Preamp=0

Figure 332: CDS implementation

First we clamp the input node to VSS, and then sgt;¥n one side of the MIM capacitor, while

another side is the M. So the voltage differenceeV,eset Will be stored on the MIM capacitor. After
GKFGZ GKS dat NBFYLE agAGO0OK A& 2LISY | Y RuaigsBtonINE a S
the MIM capacitor. Finally, it will give us:

O o o @ (3-2)

3.4.3.2. Averaging implementation
Averagingnode here is for increase frame rate while sacrificing resoluienexplained in Section
3.1.3, ve choose taverage the signals frofhadjacent pixels from one kernel of pixeladthen
only readout one of four to make readout multiplexing faster.

There are three available positiofyzosition A, B, Opr us to implement theaveragingn the column
readout, which is illustrated iRigure 333.
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Position A

43

Position B

Position C

Figure 333 Possibleaveragingpositions in column

COL<1> COL<2> COL<3> COL<4>
— CI —_ C2 — C3 — C4
M1 M2 M3
T {: " T — Averaging
M4
EI +/ EI +/ I+ I+
\r]F M l;“' M2 \’j', M3 MEM_ROW
T T {: T —— Averaging
M4 |
__\_ C5 _‘L_[_ Co6 __L C7 _‘L C8
VDDA VDDA VDDA VDDA
I+ o+ I+ I+
MI M2 M3
T " I ’ T —— Averaging
1 M4
::'I— SEL<1> ::II_ SEL<2> ::II_ SEL<3> :II— SEL<4>
Line<l]> Line<2> Line<3> Line<4>

Theaveragings realized by closing the switches-M; between 4 columrsignalsdue to the charge
sharing, the average value of those 4 signals will be stored on the capaditonsake the parasitic
environment of every column equ#d ensure the linearitywe add an extra switch Metween the

first and last column, so eadolumn sestwo switches.

To compare which position is better, we rasimulation under the same test bench with all three

options. Providing different sets of 4 signals that have the same average value can help us to check

the performance of theveraging The results are listed ifable 36.

In Table 36, the signal delation means afteaveragingthe difference between 4 output signals with

their average value under one set.

The linearity deviation here means the difference between the average values got from different sets.
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Table 36 Averagng performance at different positions

Situation Time n;eadb?g E‘r?;]&gnal 0 Signal deviation [V] Linearity deviation [V]
Position A 160 Almost 0 Almost 0
Position B 10 Almost 0 Almost 0
Position C 5 0.04 0.12

Because at position A, the signals are not directly buffered, satbeagingakes longer time, which
adds extra time for the readout iaveragingnode thanin non-averagingnode.

For the situation at position C, the averaging is happen on the outpagdance of the buffers, not
directly on the capacitors. The signals store on the capacitors will beat the buffer to against the
averaging, and result in bad performance.

So,averagingat position B beconmgour choice which is fast and gives excellent agergesults.

Figure 334 is the functional simulation for thaveragingat position B.

— Averaging:V( alter=alter)) === (alter1) _—_(arlerZ) _—-(anerS) e== MEM_ROW:V(alter0) — Averagin V( alter=aler0) m—(al
=== (alterl) === (alter2) === (alter3) = (al(erfvs 'D:=| (alter?) === (ahe

3.000 | s |

2500 {
25004 F
T 2000 {
20001 F
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0500 1 e MEMO<1>V( alter=alter)) === (a
= (glter]) == (alter2) == (alte
=== (alter3) w—MEMO<4>V(alter0)

0.000 A

3.000 i
= MEMO<1>V( alter=alter)) ===== (alter1) ===== (alter?) e==== (alterd) =——osS MEMO<2>V/(alter0) F
=== (alter1) =——s (alter2) =——= (alter3) ===mm MEMO<3>V(alter()) ==m (alter1) e===—m (alter2)

= (alter3) wm——MEMO<4>V(alter()) wmm—(alter!) w—(alter?) w— (alter3) 25001

2000 {

3000 { . f
X S 1500
2500 >~
. 1000 f- >
20001 0,500 E
§1500-: oooogw-wru.‘.....
l 1.500p 1 5{)5\1 1 5'1 Op 1
1.000
; Delta
05001
(](][M)—I L1 11 - L1 L1 - L1 1 - L1 - L - L1 1 - T - L1 9.65879"
0.900p 1.000u 1.100p 1.200p 1.300p 1.400p 1.500p 1.600p 1.700u
Seconds
Figure 334: Simulation result ofveraging
In Figure 334:

1 Thetraces in the top waveforrmre MEM_ROW signal in red aAderagingsignal in green.
According tdrigure 333, MEM_ROW signal controls the switches to store the voltages on
capacitor G-Gs. Averagingsignal controls the switches M, to average the 4 voltages
stored on GG.
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9 Thetraces in the bottom waveforrare the outputs of the readout columns named
MEMO«<1:4>. As mentioned before, in the simulation, there are 3 sets of those 4 signals
which share the same average value (3 variations are named alter0, alterl, alEeg2iia
3.34).

From the bottomtraces inFigure 334, after the arrial of the pulse of theéAveragimg signal, the
output of those signals completely overlap with each otaed become one single lingsoit proves
that the averagingunction meets the requirement.

The right part oFigure 34 shows the measurement of the time interval faveragingWe can see
the time needed toaveragethe signalss less than 10 ns. That means thesragingunction will not
add extra time to rad out the line.

3.4.4. Readout multiplexing

3.4.4.1. Line Multiplex
The sensor is required to achieve 65 MHz readout frequency. To realize high speed readout while
optimize the memory effect and power consumption, a pipeline method is applied to separate 1 line
for readout to be 8 paralleled lines that each of them works at 858MHz. That bandwidth
reduction also helps to reduce the readout noigkesignals on the 8 lindas Figure 335are sent to
8 singleended to differentiakignalconverters(S2D) After an 8 to 1 multiplexing, final differential
signals are buffered to the output pads.

Column
Readout

Line<I> ﬂ S2D —
MUX 8 tol
(65 MHz)
’ Line<2> S S2D —
Column i
Readout A
1! Line<8> . S2D
Line S2D —'—I>
CLK1 ‘

65 MHz

65/8~8 MHz
CLK2 J

65/8=8 MHz

(‘L‘KX
65/8~8 MHz
1 readout line works at 65 MHz ‘ 8 readout lines, each works at 65/8~8 MHz

Figure 335. One line readout vs. 8 lines multipléxg readout

This sensor can work in na@veragingnode andaveragingnode. To realize a speed advance in
averagingnode, the multiplexing is different. A brief diagram of differeeddoutsequences in non
averagingandaveragingnode is shown ifrigure 336 andFigure 337.
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6 8
5 7 SEL=1> —J——
SEL<2>
2 4
SEL<3> — .
1 3
SEL<4>
SEL=S> ——
Line<1> R
. SEL<6> —m8 —J
Line<5> spregs — |
Line<6> —L—
Line<7> ]
Line=8> SEL<8>

Figure 336; Multiplexingin non-averagingmode

As shown irFigure 336, in nonraveragingnode, the 8 signals of one pixel kernel is read out and
sequentiallysent to the 8 lines in order. The SEL<1> to SEL<8> signals are the select signals in readout
columns cotrol the output of the readout culumns to be sent on the corresponding readout lines.

6 8 14 16 22 24 30 32
5 7 13 15 | 21 23 | 29 | 31 SEEEIR 4,7
SEL<10> —
2 4 10 12 18 20 26 28
SEL<19> ——
| 3 9 11 17 19 25 27
SEL<28> —— —
SEL<5> —— —_
Line<l>
Ezzzgz SEL<14> — | L
Line<4>
Line<5> SEL<23> ——— —
Line<6>
Line<7> G
Line<8> SEL=2>

Figure 337: Multiplexingin averagingmode

Inaveragingnode, as explained in section 3.4.3.2, the output signal of 4 adjacent pixlefidthby

light blue daskdlines inFigure 337) are averaged. So choosing to read out one of them can reduce
the total number of signals to read out. Figure 337, we can see the multiplexing sequence are
different from the one shown ifrigure 336. The reason is that the connection from column output

to readout line are always the same in both modes, if we read out the signals belonging to the same
position in one group of 4 adjacent pixels, for example, No.1 and N&igume 337, since they are

both connected to Line<1>, it will generate a signal conflicts. So in one cycle, to read out pixels at
different positions belonging to different readout &s is neccessary for increasing readout speed.
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For example, as shown kfigure 337, we read out No.1 on Line<1>, No. 10 on Line<2>, No. 19 on
Line<3> and No.28 on Line<4>.

The select signals otaxisscanning signals which control the outpof readout column tde
loaded on the 8 readout lines arprovided by shift register chain.

Figure 338 andFigure 339illustrate how the signals in the shifter registers propagate in-non
averagingnode andaveragingnode.

Those shift registers are initialized by 8 signals called BIT <1:8>-avamyingnode, or by 8 signals
called BIN_BIT <1:8>aweragingnode. There is a circuit in the state machine generating BIT<1:8> or
BIN_BIT<1:8> by utilizing 8 slow sync signals, which will be discussed in the next Aesitioal

called EnableAveragings used to switch between the averaging and faweraging modes. This

signal is provided by the ASPI.

BIT<1> —_— — == == — ] = — =] B >
BIN_DFF NO_BIN_DFF | NO_BIN DFF | NO BIN_DFF
CLK<1> SEL<1> SEL<9> SEL<17> SEL<25>
SYNC reget<]> 2= o p—=—=—== ew clew)cmlewln exemlemleRes, EReR e )
BIT<2> —— — el o G 4 P e DD i 5 4 »!
NO_BIN_DFF BIN_DFF NO_BIN_DFF | NO_BIN_DFF
CLK<2> SEL<2> SEL<10> SEL<I8> SEL<26>
o8 - S e ket it E——" . |t ————:
BIT<3> P | e Pl >
NO_BIN_DFF | NO_BIN_DFF BIN_DFF NO BIN DFF
CLK<3> SEL<3> SEL<I1> SEL<19> SEL<27>
SYNG - rereleds. /T f e = e i ey
BIT<4> —— — - — - — - Pl o o e >
NO_BIN _DFF | NO_BIN_DFF | NO_BIN_DFF BIN DFF
CLK<4> SEL<4> SEL<12> SEL<20> SEL<28>
b AN (5O ] o el el S T e, i el ) g
BIT<5=> —_— e~ == ] R T Pl— B R ey el >
BIN_DFF NO_BIN DFF [ NO BIN DFF [ NO BIN DFF
CLK<5> SEL<5> SEL<13> SEL<21> SEL<29>
SYNC: resgiess = s e e s e e o e e e
BIT<6> —e— i i— it P B T P 2 it ) >
NO BIN DFF BIN_DFF NO BIN DFF | NO BIN DFF
CLK<6> SEL<6> SEL<14> SEL<22> SEL<30>
SYING fogeto i e N T W i e ) T T e A e e e S S
BIT<7> —_— e~ == === === |~ R =
NO_BIN _DFF | NO_BIN_DFF BIN_DFF NO_BIN DFF
CLK<7> SEL<7> SEL<15> SEL<23> SEL<31>
SYNC - reset<f = [ e e e e e
B]TQS\ _.’;_ ........... i s s o4 N [ ———— POttt >
NO_BIN_DFF | NO BIN DFF | NO BIN DFF BIN_DFF
CLK<8> SEL<8> SEL<16> SEL<24> SEL<32>
SYNC peselsBs. = = o o o e e e e e ———

Enable Averaging=0

Figure 338 Multiplexing propagationin non-averagingmode

InFigure 338, there are 8 paralleled shift registers, and the 8 signals BIT<1:8> are the inputs of those
8 shift registers. There is a time interval equal to one clock cycle between Bptiddand BIT<N+1>

pulse The 8 clockignals CLK<1:8> and 8 synchronized reset signals SYNC_reset<1:8> are generated
by state machine by dividing a fast master clock signal. It will be explained in the next deatimm.
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averagingnode,the 8 BIT<1:8> signals will sequentially propagateugh every DFFs in the 8 shift
registers, which generate select signals SEL<1> to SEL<N> in order.

BIN BIT<]> ——pog— —m = i PR R S e N ST o
BIN_DFF
CLK<1=> SEL<1>
SRASTOM - o b i) (i T S R T Rl §
BIN_BIT<2> < ETET— s PR (R —— >
BIN_DFF
CLK<2> SEL<10>
SYNGsrasepa= S I e e e e = e ity (bt |
BIN BIT<3> Pog— == 4 -== —
BIN_DFF
CLK<3> SEL<19>
SYNG regetedzs =" fmfan- = N5 = o —cagf oo e e ey
BIN_BIT<4> " S >
BIN_DFF
CLK<4> SEL<28>
YN TS e v Pt . I T (ST S ) (S |
BIN BIT<5> ——ppg— == — - P e ] I Y |
BIN_DFF
CLK<5> SEL<5>
SN T s e ) e e, (o Y e e ) e |
BIN_BIT<6> Pl i = PR S L SR SERET =
BIN_DFF
CLK<6> SEL<14>
SYNC gesereas- = [ s e s T § T TR
BIN_BIT<7> b - = o ey
BIN_DFF
CLK<7> SEL<23>
YA\ T e T A R A AR SRR AR AR (AR RS, (R e |
BIN_BIT<8§> S E————— >l
BIN_DFF
CLK<8> SEL<32>
SYNC regelslgs = m ol = = g i i e e =

Enable Averaging=1
Figure 339: Multiplexing propagationin averagingmode

In Figure 339, similar to the noraveragingnode, the 8 signals BIN_ BIT<1:8> are the inputs of the 8
shift registers. As discussed earlier, to reach a speed advaageriagingnode,only onesignal

from a group of 4signas will be read out. So, only orerresponding DFBE working while the rest
three DFFsre bypassedin Figure 339, the DFF which works averagingmode is highlighted with
black bold lines and the DFFs which are bypassed is in dim grey.

3.4.4.2. State machine
The state machine is a digital blowkich contains frequency dividers and the generator of BIT<1:8>
and BIN_BIT<1:8> signalsd other signals needed for singtaded to differential signal converter

The frequency dividers providepipelined 8 MHz clock and synchronized reset (SYNC_reset) signals
which are divided from 65MHz master signals. To achieve the dividéasf &5MHz master clock

into 8 slow 8 MHz signals, first we have a shifter register which contain N DFFs. (N varies according to
how many signalwe need), which is shown Figure 340. An OR gate with SR flifiop is used to get

the frequency we want.
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SYNC
Set Reset Reset
Q=8>
Or —4D Ql— D Q —— e —1 D Q
VSS
cik Cik cik Tk cik Tk
AN A A A
1 1 1 | |
Q<l> Q<2> Q<N>
Q<N>—S
Q<N+M Q—Out
SYNC j >' R
f:2M*f()

Figure 340. Schematic of frequency divider

FromFigure 340, we suppose the master clock working at frequencwamd then the frequenciof
the output signal of the SR fhijop got after divsionis

N c b Q (3-3)

Moreover,the BIT<1:8> and BIN_BIT<1:8> discussed in the former section are generated by the
circuit shown irFigure 341. It canswitch to generate BIN_BIT<1:8> or BIT<1:8théy
Enable Averagingsignal whichis provided by one bit from ASPI.

:})- BIN BIT<1:8>

SYNC reset<1:8>— D Q
Clk

lk P,
A :)o— BIT<I:8>
T

CLK<1:8> CLK N<I:8=

A

Enable Averaging

O

-

Figure 341: Schematic of BIT<1:8> and BIN_BIT<1:8> generator
2S GFr1S IR@IyGlr3sS 2F y a{,b/ ¢gyNBaSi¢ araylta

multiplexing happen followed by the reset signatswe want. Thus there will be no blank time in
between.

Figure 342andFigure 343 are the figures showing the simulation regflbr the state machine and
multiplexing in both noraveragingandaveragingmode.
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Figure 342: Simulation result ofstate machine and multiplexing in neaveragingmode

In Figure 342:

1 The first redwaveformis the 65 MHz master clock.

1 The tracsin the second and third waveforare the synchronized reset SYNC_reset<1:2>
and slow clock signals CLK<1:2>.

1 The twotracesin the fifth waveformare the inputs of the »xis scanning shift registers
BIT<1:2>.

I The next twdraces are preset line signal PL<1:2>. PL<N> will setdit@ge onLine<N> to
be dark level voltage which will be explained in Section 3.4.6.

1 The last twaraces are the select signal in readout column SEL<1:2>.

We can see frorfrigure 342, taking CLK<1> as example, in onenultiplexingcycle of CLK<1>, the
line is first preset by PL <1> when SYNC_reset<1> arrives. Then the SEL<1> sends the output of one
column on the readout linkine<1>when the pulses of BIT<1> and CLKattive.
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Figure 343: Simulation result of state machine and multiplexing &averagingmode

In Figure 343, similar toFigure 342:

9 The first redtraceis the 65 MHz master clock.

1 The tracain the second and third waveforare the synchronized reset SYNC_reset<1:2>
and clock signals CLK<1:2>.

1 The twotracesin the fifth waveformare the inputs of the xis scanning shift registers
BIN_BIT<1:2>.

1 The next twdraces are preset line signal €1:2>.

1 The last twaraces are SEL<land SEL<10we can see the sequence here is different from
the one inFigure 342which has been explained Figure 337.

3.4.5. Clock tree
Since one readout block contains 16 channels working at the same time, but the bond pads number
is limited. We only can give one bond pad for one fast digital signal, e.g.r@sekaveraging etc.
So a clock tree is needed in this sensor. It is toevsake those digital signals arrive at the same time
in different channels to avoid a variation of clock skew from channel to channel. To separate one
master signal into 16 uniform signals, a simple binary tree architecture is chosaows inFigure
3.44. It has strict symmetry of the 16 split signals, yet it gave chalkhgeng layout.
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Figure 344. Sructure of clock tree
CLK<N>
CLK — | CLK Tree -
gt CLK<N>|
CLK—] P—1 CLK Tree [—° P—

Figure 345: Diagram of how to maintain overlapping clock

We need nice overlapping claegropagating through the state machinggto avoid non
overlapping is happening due to the long metal wires parasitic, we add overlapping eferkipr,

froStftSR d ah+xéx |G 020K GKS AKduez#s5[8.3/R5].2 dzi Lidzi

3.4.6. Channel readout
The topology of channel readout is stie in Figure 346.
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Figure 346. Overview of diannel readout

After the signals are send on the 8 lines, we have 8 paralleled sndkxd to differentiakignal
converters (S2D) process the signals in pipeline and then send two differential signals to two
intermediate buffers respectively. Those buffers connect to final buffers to the output bondpa.
to the reason thatve have heavy load from external trangsiion lines, the final buffers need to be
powerful enough, buthat will make their input capacitance also increase with the dimensibns,
we addintermediate buffers irbetween to reduce the load for thieuffers insingleendedto
differential stage.

3.4.6.1. Single-ended to differential convert er
The sample and hold stage in the singleded to differentiakignalconverter is implemented as
Figure 347 shows Analternative of gain or ngyain mode are offered by two switches controlled by
one bit fromthe ASPlalleddgaire in Figure 347. Thegain here means a gain of thetput signal
range compard with the pixel signal range. Since we asdifferential output, so the final output
will be

w ® 00 Olw (3-4)

Ideally in the gain mode, the gain is 2 since we double the signgé after the positiveutput
minus the negativeutput, but there isagain loss in the buffers through the readout path, so the
final gain will be less than 2. From simulation result, the final gain is around 1.75.
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Figure 347: Schematic of sample and hold stage

As shown irFigure 347, if the user chooseno-gain mode, therwhenf ; switches are closedhe

voltage difference betweel,, and Vs is stored on thecapacitor & Whenf ; switches are closed
charge conversion foreghe \j to be:

0 O [ 0 O w w (3-5)
Thus
w w — W W (3-6)

Here we choose @o be 600 fF, £to be 500 fF, so the factor/QC,;+G) become 0.55. Witk
compensation of the gain loss, it will result in a gain close to 1 from the system view.

The singleended to differentiaconverteris implemeated asFigure 348 shows
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Figure 348 Schematic of singlended to differential converér

The PRESET_LINE switch will set the vottaglee readout liee to be the dark level signapM:x The
dark level signal voltage is the column output voltage of the pixel in déukt preset happen at the
beginning of every readout cycle to remove the former signal store on the line. The timing of
PRESET_LINE (PL) signals is illustrakeguire 342 andFigure 343. The MUX<N> signal here is
equal to PL<N> signal, so every time when the Line<N> is presgisigihe output signals of former
transmission cycle will be sent out tioe next stage.

According tarigure 348, we will get \Aand \{ at the output respectively.
W — 0 W (3-7)
W W — 0 W (3-8)

3.4.6.2. Mirrored Biasing
Since we have 1éhannels working at the same time in one readout block, if we directly connect the
bias of all the buffers together, the kickback of the signal on one bias will significantly influence
another. A bias mirror circuit is implemented to avoid crosstalkhabias [3.6] We use a NMOS
tuner as a master one, which is mirrored in every single channel to bias a PMOS tuner locally. The
circuit is shown irrigure3.49.
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Implemented in
Every channel ptuner

—

ntuner VDD —I

Enable —-Do—-l

Figure3.49: Schematic of bias mirror

With an Enable switch, we can simgisable the bias, consequentially disable the readout buffers.
The Enable signal is providedtbg ASPI. An additional NMOS is added in seriestivifEnabé
switch is to avoid largep¥voltage generating photons. The functiontbé disablel bias is for power
saving concern in half frame rate mode, which will be disedissnext chapter.

Due to the reason thahe bond pad pitch is restrictetb 300 um, it will resultithata 2 YS OKI yy St Q
output can be close to the bond pad, while others are far awaghown inFigure 30, thelength

of the wiresin chaanel<1>is different fromthe one inchannel<8>To reduce the mismatch comes

from the metal parasiticesistance andapacitance (RC), vpeit the finaloutput buffers inside the 10

rail, meaning the final buffer locationill follow the same pitch with th bond pads. Then the

mismatch will happen between the intermediate buffers and the foaput buffers.

B B

OUT1_P OUTi_N OUTS_P OUTS_N

Figure 350: Mismatch of wires in channel readout
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To prove the validity, we run the simulation for different pixehsilg with both shortest wires and

longest wires. The simulation residtshown inFigure 351

— PL<1>V(alter=alter0)) == (alter!) === P| <2>\/(alter)) === (alter{) === Pl <3>:V/(alter0)
== (alter1) === PL<4>\/(alter)) === (alter1)

3.000
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Volts

1.500

1.000 4

0.500 A

| 53 5 L L L T L L L B T L L L B L. L)

0.000 A x

=== NPOWERIN:V( alter=alter()) === (ajter{) === PPOWERIN:V(alter)) === (alter1)

v
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L B T L L
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TTT

®
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>

1.000
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0.600 A
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15.850p 15.860p 15.870p 15.880p 15.890p 15.900p
Seconds

Shortest NPOWERIN:V( alter=alter1) 1.298871938056381 836.81407458921020m
Longest NPOWERIN:V( alter=alter0) 1.298870389643812 836.81244178621750m
Longest PPOWERIN V( alter:alterO) 1 24172006600055¢ 1.718625217
Shortest PPOWERIN V( alterralter1) 1.241720674039387 1.71862000

Figure 351: Simulation of channel readouwith different parasitic RC

InFigure 351, there are two cases of simulation (alterO and alterl).

1 In alterO, the outputs of the channel are connected to the largest parasitic RC which
calculated from the longest metal wire in layout.

91 In alterl, the outputs are connected to therallest parasitic RC.

1 Thetraces in the top waveforrare preset line signals (PL), thhaces in the bottom
waveformare the differential output signals of one channel.

The measured values at the bottomfeiure 351 prove that our buffers are strong enough to make
the signals settle in time. The mismatch caused by wires is negligible.
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3.4.7. Layout consideration
The layout of the readout block is most critigalrt since it isnore space limited and there are high
speed analog signalsgether withdigital signals propagatg through the whole block. A brief
screenshotigure 32 shows how the layout adne readout channel is arranged.

LD

UHEROTETDE TR QLT DT

LT DT U T
LT DT l LTI

DO D DD AO DR D DDA I

Column LU AR WODRNNRN DD ENNN DY RRN RN RRERNRRRRNNRNRNRRRNND
Readout LU T LN RTINS I

Readout
Multiplexing

State
Machine

Single-ended to
Differential Converter

Figure 352: Layout of one readout channel

Another critical issue is the power routing of VDDA and VDDAO. We do the simulation to estimate
the average current ahem in 4K configuration, which is shownTiable 37. Results in 8K and 12K
configurations are simply increagéy a factor of 2 and 3.

Table 37: Average current of VDDA and VDDAO in readout block

Power supply Ioc(mA)
VDDA/VSSA 327
VDDAO/VSSAO 313

From the table we can see that those power supplies have comparative high current flow. To avoid IR
drops caused by metal parasitiesistance we give priority to provide as many bond pads of power
supplies as possible.

The width of the whole readout block is 26624 um, whalbws88 bond pads maximum. Deducting

the 32 output signals, digital signals and digital power suppliesyreéiseare 36 pads. For symmetry
consideration, every two channedse chosen tshare one set of VDDIO, VSSIO and VDDA, VSSA. The
rest 4 pads for VPIX aadsodistributed symmetrically in the whole block.

So the finally layout overview of the readout blois shown ifrigure 363. We take the readout
block in the south aanexample.
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Channel <0:15>

Figure 353: Layout of readout block

In Figure 353, at top is the layout of one readobtock it has 16 readout channels, one clock tree

and 10. At bottom, theontent of thelO is illustrated. TheDDIO/VSSI® labelled in yellow. The
VDDA/VSSA is deepblue. TheVPIX is inleepgreen The dfferential output signals are in orange.

The analog reference voltage and bias signals are in light green. The VDDD/VSSD is in light blue and
the digital signals are ipurple.

3.5.Chapter conclusion
In this chapter, the working principle, schematic and layafuthe subcircuits involved in every block
are given. The validity of their function is proved by the results of functional simulations with
parasitic RC. Some poteatfailures may happen in the sensor are also discussed.

In the next chapter, the top sensor system overview, functional simulation, noise analysis and top
layout will be given. Moreover, some test structures will also be introduced.
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In this chapter, the top view of the sensor arrangement is presented. First, the systerg timin

diagrams and frame rate calculation are explained. The system functional and noise transient

simulation is illustrated and some specifications calculation is discussed. Additionally, the test
structures involved in the sensor are explained. Finallytapdayout of the whole sensor is given.

4.1.Top level design issues

4.1.1. Stitched blocks arrangement
¢ KNBES RAFFSNByYyld aSyaz2N)l F2N¥lFda OFly 6S NBFEATSR ¢
illustrated inFigure 41.

— ——
|-

4K
Pixel Array .
8K
Readout m Ty

12K

Figure 41: Stitched block arrangement in different configurations

In Figure 41, from left to right are the 4K, 8K and 12K configurations. The block in grey is the pixel
array block and each one contains 4096*2048 pixels. The block in green is the pixel row driver block
and it is located at the east and west side of the sensor. The block in orange is the digital control
block and it is located at the 4 corners of the sensor. The block in blue is the readout block and it is
located at the north and south side of the sensor

4.1.2. Sensor operation timing diagrams and frame rate calculation
The timing diagram of the whole system in rolling shutter mode is showigure 42 and the one in
shapshot mode is shown iRigure 43. Note that those drawings are based on 4K configuration in
HDR mode.
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In Figure 42, at top, there are the operations in one frame. Taking 4K configuration as an example, it
has 512 kernel rows (one kernel rowah8 rows). In rolling shutter mode, operation is based on every
kernel row. So in the timing of every kernel row, we upload the SPI code to select one kernel row,
and then do the pixel operation and readout operation. CDS is performaghipn so to get #IDR

frame we need to read out both the high gain signals and the low gain signals. In LDR mode, we only
read out the high gain signals. At the bottomFafure 42 are the detailed pixel and readout

operations during the timing of every kernel row.

The timing of pixel operation has been explained in Section 3.1.4PEset and Preamp signal are

the signal to realize CDS-ohip, which has been discussed in Sec8agh3.1. There is always one

Preset pulse beforene Select pulse, which aims to clean the former signal store on the pixel readout

column bus. The SYNC signal is the sensor master synchronized reset signal, which is equal to the
MEM_ROW signal in column readout. Between two MEM_ROW pulses, is the tirhe gignals

0St2y3 (2 2yS {SNYySt NRg o0SAy3a NBguRrZdzi T 6KAOK AA
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Figure 43: System timing diagram isnapshot mode

In Figure 43, at the top there are the operations in one frame. In snapshot mode, pixel operation is
based on every frame except row selection ofgbbeadout. Since CDS is donedfip, to get a HDR
frame, we need read out the reset frame, the high gain frame and the low gain fieme&P| still

need to upload everkernelrow to complete the row selectiohe details of the timing of the pixel
operation are shown in the middle &igure 43. After one kernel row has been selected, the readout
operation is done as shown at the bottomifure 43. As the pixel operation in LDR snapshot mode
has been discussed in Chapter 3, it is not included here again.

The calculation of frame rate irariousmodes and configuratios are shown inTable 41 andTable
4-2.
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In Table 41 and Table 42>
Since in globahutter mode we always do CDS-gfiip and we need to readout the reset signals,
there are always one a more than the one in rolling shutterode.
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Top sensor architecture
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The frame overhead time (FOigre means an extra time needed every frame. It is dughst when
we do global reset with current limiter on, limited current makes the reset takes longer time which is
around D ps.

The line blanking time (LBT) also can be understand as row dead time, meaning we cannot do column
readout at that time. It is equal to the time when the MEM_ROW switch is closed, which stores
signals on the accumulation capacitors in the columns.

Theextra multiplex kernels are some test pixels. To avoid breaking the pixel block symmetry for the
stitching concern, we put them in the left and right pixel row driver block, next to the boundary of
the real pixel array, but isolated by guard pixekbatween.

The minimum row time is 7.5 us which is determined by the sum of the pulse widths of the pixel
operation signals.

The row time is defined as

00 00 £ 0 Qoo Y

The frame time is

(4-1)

OF OdME Q00 "Yi € 0 Qa TMQQI edaln di | Qi (42)

Ol wad'do @——

(4-3)

Based on teseequations, we can get the frame rate calculatr@sultsin Table 41 and Table 42.

Table 41: Frame rate calculation of LDR mode

configuration 4K 4K 8K 8K 12K

shutter globd globd rolling rolling rolling rolling
averaging N Y N Y N Y
X pixels 256 128 256 128 256 128
y pixels 2048 1024 4096 2048 6144 3072
kernel size x 1 1 1 1 1 1
kernel size y 4 2 4 2 4 2
extra multiplex kernelg 7 7 7 7 7 7
#kernels x 263 135 263 135 263 135
#kernelsy 512 512 1024 1024 1536 1536
pasges) 2 2 1 1 1 1
LBTus] 0.5 0.5 0.5 0.5 0.5 0.5
freadout[MHZ] 65 65 65 65 65 65
row time[us] 16.7 7.5 16.7 7.5 16.7 7.5
FOT |is] 50 50 0 0 0 0
frame timgs] 1.72E02 | 7.73E03 | 1.71E02 | 7.68E03 | 2.56E02 | 1.15E02
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| frame rate 58 129 59 130 39 87
Table 42: Frame rate calculation of HDiRode

configuration 4K 4K 8K 8K 12K 12K
shutter global global rolling rolling rolling rolling
averaging N Y N Y N Y
X pixels 256 128 256 128 256 128
y pixels 2048 1024 4096 2048 6144 3072
kernel size x 1 1 1 1 1 1
kernel size y 4 2 4 2 4 2
extramultiplex kernels 7 7 7 7 7 7
kernels x 263 135 263 135 263 135
kernels y 512 512 1024 1024 1536 1536
pasges 3 3 2 2 2 2
LBTls] 0.5 0.5 0.5 0.5 0.5 0.5
freadout[MHZ] 65 65 65 65 65 65
row time 16.7 7.5 16.7 7.5 16.7 7.5
FOT jis] 50 50 0 0 0 0
frame timgs] 2.57E02 | 1.16E02 | 3.42E02 | 1.54E02 | 5.13E02 | 2.30E02
frame rate 39 86 29 65 20 43

4.1.3. System simulation

4.1.3.1.

To make the size of the test bench acceptable for our software environment, we need to reduce the

Functional simulation

65

schematic netlistWe keep the pixel row driver unit and digital control block. The pixel array is
reduced to contain only one kernel of pixels, and the readout block is shrunk to be 8 readout
columns, one readout channel and the state machine. A brief drawing of the¢esh constitutions

is shown irFigure 4.
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Figure 44: Diagram of system after netlist reduced
There are some reference voltages we need to consider in the simulation.

T Viet_coumn reference voltage for CDS in the column readout.

1 Ve dark level voltagelt isthe voltagevalueusedto preset 8 readout linesthe same value
as Vef_column

1 Vit od reference voltage for singlended to differential converter

T Vem_sod Common mode voltage for the S2D output differential signals, value must fit the ADC
input range requirement.

The value of those four reference voltages are listable 43.

Table 43: Reference voltage values used in simulations

Name of Reference Voltage [V]
Vref column 1.8
Vdark 1.8
Vref s2d 13
ch s2d 13

In the simulation, we first clock SPI to select one kernel row. Then do the pixel operation, readout
operation and readout multiplexing to get the final differential outgignals The system simulation
results are shown ifigure 45, Figure 46, Figure 47 and Figure 48.
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Figure 45: Simulation result of SPI selecting one kernel row of pixel

Figure 45 shows the simulation of SPI selectingeckernel row of pixel.

1 The first threewaveforns at the top are the SPI clock signal (SPI_CLK), SPI input data (SPI_IN)
and SPI data load signal (SPI_LOAD).

1 Thetraces in the next three wavefornae the address (ADR<1:8>), enable (ENABLB<1:6>
and global signal of the pixel row drivers.

1 Thetracesin the last three waveformare the input MERGE signal of the pixel row driver and
the corresponding outputs of the MERGE signals.

From Ous to 16.7us, SPI uploads an address, enable and globahts to select amspecified row.
According to the SPI_IN curwee choose to select the firgow in the first pixel driver block, whose
address is <0000000>.From tBBIABLE<1:Gurveswe can see that onlyNABLE1> is high, other
ENABLEK2:6> is lowmeaning only one pixel row driver block is selected.

Moreover,after the SPI_LOAD pulsee give a pulse of input MERGE signal, take the output
MERGEO<1> adw <1> andMERGEO<8> ofw <8 to compare withthe output ofrow <172> and
row<8053> Note that 8 rows belong to one kerrmelw. We can seenly thekernelrow with the
correct addresge.g.here isrow<1:85 can get the pixel operation signals (éhgre iSMERGEigna).
The simulation proves the validity of the system row selectioriciwimeans there is no conflict in
addressing one row.
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