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Abstract
Conventional image sensors use NMOS source follower to read out the photodiode signal. The
linearity of the source follower is limited, especially for large voltage swings. This is problematic in
low-power applications with reduced supply voltage. Non-linear response can lead to color artifacts
in the final image. In this project a new buffer amplifier with closed loop feedback proposed by Ali
Dadashi (UIO, IFI) is used to improve the linearity significantly. This will enable low -power read-out.
The proposed circuit has already been implemented in a test chip using EUROPRACTICE and TSMC
90nm process. The main goal of this MSc project is to implement such circuit together with a pixel
array and row/column address decoders to enable the construction of a digital camera for use in
education and research. We want discover if this amplifier have the desired impact in an actual
image sensor, which also might be able to show us the difference between this readout circuitry and
the conventional NMOS source follower.

vi

Stian Sumstad Hjorteset

T ABLE OF CONTENT
1

2

3

Introduction .......................................................................................................................... 4
1.1

Introduction................................................................................................................... 4

1.2

Background.................................................................................................................... 4

1.3

Problem definition ......................................................................................................... 5

1.4

Responsibility................................................................................................................. 5

1.5

Prerequisite and limitation.............................................................................................. 5

1.6

Challenges and risk analysis ............................................................................................ 6

Theoretical background.......................................................................................................... 7
2.1

Image sensor.................................................................................................................. 7

2.2

Photodiode .................................................................................................................... 8

2.3

Full well capacity ............................................................................................................ 9

2.4

Transistor .....................................................................................................................10

2.5

Fill rate .........................................................................................................................10

2.6

3T pixel .........................................................................................................................11

2.7

Amplifier.......................................................................................................................13

2.7.1

Ali’s design ............................................................................................................13

2.7.2

Source follower......................................................................................................14

2.8

Row Decoder ................................................................................................................14

2.9

Column Decoder ...........................................................................................................14

2.10

Guard ring.....................................................................................................................15

2.11

Pads .............................................................................................................................15

2.12

Resistor ........................................................................................................................15

2.13

Layout Design Rules.......................................................................................................15

2.14

Noise ............................................................................................................................16

2.14.1

Fixed Pattern Noise ................................................................................................16

2.14.2

Shot noise..............................................................................................................16

2.14.3

Coupling noise .......................................................................................................17

Method................................................................................................................................19
3.1

Design specification.......................................................................................................19

3.2

Schematic .....................................................................................................................19

3.3

Layout ..........................................................................................................................20

3.3.1

Pixel ......................................................................................................................22

3.3.2

Pixels we didn’t use ................................................................................................24

3.3.3

Row decoder .........................................................................................................30
1

Stian Sumstad Hjorteset
3.3.4

Column decoder.....................................................................................................33

3.3.5

Readout circuit ......................................................................................................35

3.3.6

Cascode bias column ..............................................................................................45

3.3.7

Cascode bias Row...................................................................................................46

3.3.8

Decoupling capacitors ............................................................................................46

3.4

4

5

Test PCB .......................................................................................................................47

3.4.1

Schematic..............................................................................................................47

3.4.2

Test PCB layout......................................................................................................48

3.4.3

Test PCB components.............................................................................................50

Results .................................................................................................................................54
4.1

Module overview ..........................................................................................................54

4.2

DRC ..............................................................................................................................55

4.3

LVS ...............................................................................................................................57

4.4

Physical chip .................................................................................................................58

4.5

Test results ...................................................................................................................60

4.6

Power consumption ......................................................................................................65

Discussion ............................................................................................................................66
5.1

The biggest challenges...................................................................................................66

5.2

What have I learned ......................................................................................................66

5.3

What could have been done differently ..........................................................................66

5.3.1

ADC.......................................................................................................................67

5.3.2

Sample and hold capacitors ....................................................................................67

5.3.3

Pixel Photodiode ....................................................................................................67

5.3.4

Report...................................................................................................................67

6

Conclusion............................................................................................................................68

7

Reference.............................................................................................................................69
7.1

8

Figure list......................................................................................................................70

Appendix ..............................................................................................................................72
Appendix A: Chip pinning information .......................................................................................72
Appendix B: Test pcb ................................................................................................................76
Appendix C: Images of image sensor..........................................................................................79
Appendix D: Test results ...........................................................................................................80
Tests run before mounting the chip. ......................................................................................80
Tests before power ...............................................................................................................80
Tests on power up ................................................................................................................80
Chip measurments................................................................................................................82
2

Stian Sumstad Hjorteset
Appendix E: Chip layout ............................................................................................................98
Pads.....................................................................................................................................98
Decoder circuits logic .......................................................................................................... 104

3

Stian Sumstad Hjorteset

1 I NTRODUCTION
1.1 I NTRODUCTION
This thesis consists 8 chapters where 1st chapter is the introduction you are reading now, and I will in
this chapter be introducing you to my master thesis.
The 2nd chapter contains some background information on what I need to know before starting this
thesis, which is basic knowledge in image sensor technology, such as how the pixels and photodiode
works. I also need to know standard image sensor structure and since my task are about lay out I
need to know how a chip are made, simple noise characteristics and ASIC design rules.
The 3rd chapter I will describe my way of completing my task, the methods I used, and why/why not I
choose to do it that way. More factors include the designs that cover the most area on chip. I
therefor will focus more on modules such as the pixel or the readout circuit than the output
amplifier. This is because I spent more time with these modules than the modules I only made once.
In the 4th chapter, we will go through the testing and results of our chip. This part might be quite
similar in my thesis as well as Matthias’s thesis. We both did the testing together, and the results are
of course the same.
The 5th we will have a discussion whether or not I or we completed the task in a good way or not. I
will also look into things I’ve could have done better, and how they can be improved.
The 6th chapter is the conclusion. This chapter should answer my introduction chapter.
The 7th chapter contains reference list and figure list. And the 8th chapter is the appendix.

1.2 B ACKGROUND
I was presented a master thesis by my student assistant in the INF4411, Ali Dadashi.
The task was to test a theory for a new amplifier used in an image sensor that may increase the
linearity for the output signal. This means that I have to make a working image sensor that will use
this design, to see if it works as well in practice as in theory.
The task of making an image sensor from scratch is a big task and very time consuming. The
production time is up to 5 months for prototyping, which will be used in my case. Also the design is
huge and making a failure free design might also be difficult. Therefore, we are two students on this
project, one that will do the schematic and one to do the layout. We also extended the time due to
long production time and after school work which might give us the time we need to test the chip as
well.
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1.3 P ROBLEM DEFINITION
According to the given task, there are a few conditions we want to meet. We want to make a proper
image sensor that will output real images, but we want to meet these conditions the easiest way
possible. This will get us a robust design that will allow us to focus on the signal amplification. There
will be neither color, high speed readout nor high definition image, but making a function that will
allow two ways to amplify signals from the pixel array to the signal output would be a big bonus!
That way we may be able to see the difference between a standard image sensor amplifier and Ali’s
high linear amplifier.
We wish to have a framerate per second of more than 10. But this is not a critical feature. Size of the
chip is limited to around 12 square mm, so the resolution will have a physical limitation by this
measure.

1.4 R ESPONSIBILITY
My part is to make a layout that that will allow Mathias Wilhelmsen’s schematic to work as good as
possible. We will run test with PEX values to verify that the circuitry work. If it doesn’t, either I or
Mathias will have to do some changes on the design. For the testing procedure I will be doing the
physical part (test PCB), while Mathias does the software.
Even though we are 2 students on this project, we will be writing our own thesis report. I will be
writing about my part (layout) and Mathias will write about the schematic. Since we both will be
doing the testing, it is expected that we will have quite a similar test report.

1.5 P REREQUISITE AND LIMITATION
Prerequisite
In this project both schematic and layout designs are done in the Cadence AMS OPTO 0.35um
process, provided by the school. Testing and simulation will also be run in the same program. A lot of
my information regarding layout rules, are read in the AMS OPTO 0.35um Design rule. It is hard for
me to refer to this document due to confidentiality. My allegation about these design rules will
therefore be based on my perception of this document, without reference.
My student assistant from courses like INF4420, Dag Halfdan Bryn has been to good help for me in
the beginning of this project, when learning the cadence layout software.
Limitation
The purpose of this project is to test Ali Dadashi’s theory that his amplifier can gain more linearity in
an image sensor, compared to the basic source follower that is normally used. This design will be
produced and tested to confirm his theory. We therefore need to make a robust design that can
withstand real life parasites. Framerate might therefore have its limitation.
As mentioned earlier our chip size is limited to 12 square um or ≈ 3,4um x 3,4um. This is not critical,
and even though we will aim for this size, we can still get a little bigger chip if needed.
As always, there are some time limitations. Even though we have many hours on this project, we
have to stop somewhere. Many image sensors today have inbuilt Analog to digital converter (ADC),
we will not be making our own ADC. Making a proper ADC would be a master thesis itself and we will
have to settle for standard ADC. We would not be getting a tailored ADC but we sti ll might get one
that fit our Image sensor.
5
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1.6 C HALLENGES AND RISK ANALYSIS
Theoretical challenge






Design a circuit that meets the chip specification.
Design a circuit that withstands real life parasites.
Fit all the Layout in a 3.4um x 3.4um chip.
Failure free chip! One single mistake may generate a totally useless chip.
Noise handling. We want to decrease noise as much as possible to get a high linear chip.

Personal challenge




Learning Cadence.
Cooperate with Mathias. I need to be able to make Layout at the same time he does the
schematic. (We do not have time to finish schematic first then Layout)
Documentation. In such a big project, a lot will be forgotten before we finish. It’s important
to document what I’m doing and why I’m doing it, while I’m doing it. Especially for me, this
might become a problem.

6
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2 T HEORETICAL BACKGROUND
2.1 I MAGE SENSOR
The figure 1 below shows the main modules of our image sensor. In the middle, you can see the 320
by 240 pixel array. It is a 344 by 264 pixel array if you include dummy pixels and black pixels. The
pixel array would be the entrance of the image signal. On the left side we have logical drives that
controls the row select and reset signals. Under the pixel array we placed the readout circuit and the
column select signals. On each side of the readout circuit we have the bias control and output
circuitry.

Figure 1 Plan\block diagram of our chip

Light enters the pixels in the pixel array, get pre amplified and sent down to the readout circuit. Each
row is then sent down to the readout circuit at the same time, where it is sampled and held in a
capacitor. Next, each pixel value is sent through the output amplifier and out of the chip one by one,
before next row is sampled and the previous process start again.
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2.2 P HOTODIODE
For me to make a proper layout design, I need to fully understand how the diode works so that I am
able to design a proper layout.
The diode itself is made by combining a positive doped silicon and negative doped silicon. This will
create an electric field where negative ions gather in the positive doped silicon and the positive ions
gather in the negative doped silicon. See figure 2 below. Between the electrical fields that are
created are what we call depletion region, and this is where the photons will transform into holes
and electrons if it hits the photodiode with the right energy. It is when a photon physically stops in
the depletion region it will generate a hole pair that will draw current through the diode.

Figure 2 Diode [1]

The wider the electrical field, the more photons would be captured because of the larger depletion
region. This is important if you want an effective and more sensitive photodiode. Impurities and
design flaws may have electrons travel through this field, even though there are no photons. This is
what we call black current, and can be an issue in forms of noise.

8
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The silicon wafer used in our chip is positive doped silicon substrate, and we need to make a negative
doped tub for where we place the photodiode. We then add diffusion on top and contact s o we can
connect reset and M1. See figure 3 below.

Figure 3 Photodiode

This will create a diode. Current may flow from substrate to the diffusion, but not the other way
around. This of course would require a higher potential in the substrate than the diffusion, unless
photons disrupts and let current flow the opposite way of this diode. For other components in our
circuit, such as transistors, we need to cover that area so photons don’t disrupt or cause more noise
or black current. For this diode, we want this to happen.

2.3 F ULL WELL CAPACITY
Full-well capacity is the maximum amount of charge that may be accumulated in the photodiode [2].
It can also be called “saturation charge” and is given by this formula

[2]
Where 𝐶𝑃𝐷 is diode capacitance, q is the charge of an electron and 𝑉𝑟𝑒𝑠𝑒𝑡 and 𝑉𝑚𝑎𝑥 is the reset
voltage and the maximum voltage respectively [2].

9
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2.4 T RANSISTOR
The CMOS transistor is the most used component in our chip and most of the other chips made
around the world. The structure consists of two N-doped or P-doped contacts, with insulating
material in between, source and drain. A tiny layer of oxide with a gate contact in the middle will
secure an electrical field where current may flow, when the gate potential increases past a certain
value [3] [4]. See figure 4 below:

Figure 4 Physical transistor with its most important dimensions [3]

With a P-substrate like the one we have in our chip, N-well are needed for PMOS transistor. See
figure 5 below. I also need to connect to a bulk nearby. The design rul es in the 0.35um CMOS process
states that the longest distance to nearest guard ring/tap is 20um.

Figure 5 NMOS transistor vs PMOS transistor [5]

2.5 F ILL RATE
Fill rate is the percent space of total pixel space that is allocated by the photodiode in the pixel. 100%
fill rate means the photodiode allocates 100% of the pixel space.

10
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2.6 3T PIXEL
In our image sensor, we have chosen to use 3T pixels. The name 3t comes from the contents of 3
transistors, where one transistor is the reset transistor (𝑀𝑅𝑆𝑇) in the figure 6 below it is marked as
M0. Transistor M1 are the source follower transistor (𝑀𝑆𝐹) and M2 are the Select transistor (𝑀𝑆𝐸𝐿).
The photodiode in the pixel is the component that transforms the signal from light photons to
electrons. The more photons that hit the photodiode in the pixel (see D0 in figure 6 below), the more
holes would be generated, and more electrons may travel through the diode. As e xplained in the
previous chapters.

Figure 6 Pixel

This will decrease the voltage across the diode. A reset signal activates M0(𝑀𝑅𝑆𝑇), which fills each
pixel with energy that will be stored in a parasitic capacitor across the diode (diode diffusion), and
the light that hits the diode will decrease the voltage stored in this capacitor. The lower voltage
across this diode the brighter the pixel will look on the final photo. If the voltage stays high across
this diode, the pixel will appear dark.
When voltage across the diode D0 is high, gate voltage on M1(𝑀𝑆𝐹) will be high as well and more
current will flow from drain to source. When select is high on the M2(𝑀𝑆𝐸𝐿) transistor, the same
current will flow through M2 to the readout circuit.
It’s important that the pixels are small yet the photodiode is big. This is the reason why CMOS image
sensor hasn’t been the greatest choice of image sensor until recent years. Components such as the
transistors in the pixel take up too much space. However, since the technology now has become
smaller like Moore’s law explains [6], and other methods in ASIC design being used, there is more
room for the photodiode. This will allow smaller pixels with bigger photo diodes. (Larger fill rate).
This part of the design is small yet the most important. Each pixel is tiny, but put together they will fill
half the chip. It’s important to occupy minimum transistor space, to allow for a bigger photodiode.
Yet we need to stay within the design rules.

11
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There are several other pixel designs used today as well. We choose to use the 3t pixel, not only
because it is the pixel Ali Dadashi have based his design on the 3t pixel, but because it is the smallest
and simplest design we may use with this amplifier.
We could also have used the 4t pixel. See figure 7 below. The 4t pixel has another transistor between
the photodiode and the reset transistor, which can open the circuit to the diode.

Figure 7 4t pixel [7]

The fourth transistor will connect the photodiode to all pixels in the pixel array at the same time.
When the camera finish sampling the light, all transistors will open, this will disconnect the
photodiode. The voltage will then be stored in the pixel without further current drain. The readout
circuit may then collect values from all pixels without any voltage change in the rest of the array
occurring.
This will allow a straight photo even the object is moving. See figure 8 below. The fan to the left is
what you get with a 3t pixel, and the fan to the right is what you get with a 4t pixel.

Figure 8 Rolling shutter vs Global shutter [7]

Nevertheless, we don’t need the fourth pixel, since the objects we want to photograph are not
moving. Also with a process as big as ours, we might want to save the space. Therefore, 5T and 6T
pixels won’t even be discussed.

12
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2.7 A MPLIFIER
The signal amplifier is the key module of our thesis. This module amplifies the signal from the pixel
array to the output. We want both the new amplifier and the common source follower in our circuit,
so that we may see the difference between these two. It is important that the conditions of both
amplifiers are the same, so that the difference are not caused by design flaws or bad layout.
2.7.1 Ali’s design
We received a pre-made and pre-tested design by Ali, which is now what we call Ali’s design. Ali have
already made this amplifier in TSMC 90nm process to see if it works, and the measurements seems
to be very promising, where there is a clear improvement in linearity compared with a source
follower [8].
The schematic in figure 9 is the circuit we use both before and after the sample and hold capacitors.

Figure 9 Ali's design [8]

The transistors m3 and m5 provide a voltage to the pixel, m4 and m6 would have the same values.
M7 and m9 along with m8 and m10 would make a current mirror. Together all these components will
duplicate the value that is across the diode, so the same value across the capacitor CL. Since the
current that run through m3, m5, m7 and m9, same value have to run through m4, m6, m8 and m10.
This means that the current running through the pixel, will have to run through the dummy pixels as
well ergo voltage across the diode equals voltage across the CL. This is implies if the physical
transistor performances are all equal.

13
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2.7.2 Source follower
The source follower works as a high linear buffer, see figure 10 below. Transistor M2 works as a
current load. Increase in voltage on the input Vi would cause M1 to conduct current, and voltage
would rice on the output Vo. If the voltage on Vi drops, transistor M1 would open and voltage will
drop on the output.

Figure 10 NMOS source follower [9]

One can connect the transistor M2 VDD, and by calculating the transistors physical size, we can get
the right current flowing through. This transistor may also be a PMOS and you can connect this to
ground, and do the same thing. If one chooses this option, the current load cannot be changed after
the chip is made.

2.8 R OW DECODER
The row decoder provides a reset signal and a select signal to each of the pixels rows in the pixel
array. This module will let us control a large number of pixel rows, with a minimal number of input
signals.
The row decoder is a digital circuit. This means its robust, but yet noisy. It’s a good idea to keep this
module away from the analogue circuitry even maybe a separate power source. Since the digital
circuitry is so robust, decoupling or extra thick wiring is not needed.

2.9 C OLUMN DECODER
Like the row decoder, the column decoder controls all columns with a minimal number of input
signals. The layout rules are the same for this circuit as the row decoder.

14
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2.10 G UARD RING
Guard ring must cover noise sensitive circuits or noisy circuits. A guard ring for outer noise should
also cover the chip. A guard ring is often a ground-connected ring, so that positive voltage/current
may go to ground before it reaches sensitive designs. One may also use a positive connected guard
ring. (VDD) so those negative currents get pulled to VDD. Even though guard rings or circuit taps are
connected to GND or VDD it should not be used as a current source [10]!

2.11 P ADS
Pads in the chip are mainly for connecting the wire bonding. The bond wires in AMS 0.35um process
needs at least a 70um x 70um plate, which is quite large compared to the other components we have
in our chip.

2.12 R ESISTOR
ASIC resistors can be realized using a low conductive material. In our process, we can use the popular
material, polysilicon [3]. For this resistor the same rule as any wire implies:

[3]
R is the resistance, is the resistance per square, L is length and W is width of the wire . Like any
conductor, less width/thicknes and longer length will increases the resistance [3]. Even though if
using the smallest width possible in the process, might still not be the smartest move. Given
impurities and design deviation might have a big impact on the accuracy of the resistance in the wire
[11]. The figure 11 below illustrate how the wire is not ideal straight in real life (width is not always
the same value) It is therefor important for me to discuss with Mathias how accurate the resistor I
may design would need to be.

2.13 L AYOUT DESIGN RULES
The design rules decide how small features may be, and how close they may be places [6]. The design
rules are controlled by the factory’s production process limitation [11]. If one violates the rules, the
design might not work [11]. The design rules can be waived and still work, but the factory won’t
guarantee that it will. The figure 11 (a) below show two wires routed close to each other. When
routed too close, they might short circuit.

Figure 11 Layout wiring [11]
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2.14 N OISE
As any other ASIC designs, noise can become an issue. It is therefore important for me to know of
which types of noise sources I have, what circuitry that might be sensitive to that noise and how I can
preserve the sensitive circuitry. The different noise sources I need to worry about are coupling noise,
fixed pattern noise and shot noise [2]. I believe that flicker noise and thermal noise will not be a big
issue when it comes to our image sensor.
2.14.1 Fixed Pattern Noise
The FPN, Fixed Pattern Noise would be visible in the final image. Since it is fixed, it is possible to
correct this in the image processing. However, if I can, I will try to avoid it nonetheless. The fixed
pattern occurs because of differences in the physical part of the circuitry. Circuits that should be
identical, but due to challenges in production may be different [3].
Differences in circuitry may occur because of impurities in the material used, it can occur from black
current, undesired current leakage between pixels, transistors or substrate (revers bias current) [2].
It can also be due to physical differences in material size, like the metal wires in the figure 11 above.

‘
Figure 12 Dark current component in a pixel [2].

To avoid fixed pattern noise in the image, I should stay well within the Design rules. This may
eliminate some of the physical challenges in getting equally sized components as well. There will
always be some dark current, see figure 12 above, but there are some ways to decrease it. Dark noise
may also leak from one NTUB to another, it is therefore important to have some space between pixel
NTUB’s. Some research also states that round pixels may decrease dark current [12].
2.14.2 Shot noise
Shot noise is a common challenge in components like PN diodes, bipolar transistors and metal -oxide
semiconductors (MOS) transistors [2]. The origins for this noise in our case would be light itself, with
a random number of photons accumulating in the pixel diode. This is a great challenge especially for
sensitive pixels and pixel arrays.
For me to avoid such noise, I could probably just make an insensitive pixel diode with large FWC,
which one can do by creating a large photodiode.
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2.14.3 Coupling noise
Coupling noise is a great challenge as well. Since we have a mixed signal IC, coupling between digital
and analogue signals may be a problem. This happens by interference from digital circuits through
substrate, substrate coupling. It can also interfere through the power line. Crosstalk between the
wiring is also a great source to noise coupling.
2.14.3.1 Crosstalk
To avoid crosstalk I need to have great distance between digital and analogue wires. I should also
avoid placing wires with same operation time next to one another. If I have to draw a sensitive wire
through noisy circuitry, shielding should be considered. See figure 13 below.

Figure 13 How to avoid crosstalk [13]
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2.14.3.2 Coupling noise on the power source
Coupling through the power source can be an issue when digital and analogue circuitry shares the
same power line. The sensitive circuitry would sense the digital circuitry switching. Especially when
many digital circuits switch at the same time, and or when sensitive signals are amplified
simultaneously with the logical signals.
The best way to avoid this kind of noise would be to make each circuit their own power source.
Another way is to keep a good connection to VDD all over the chip, and add decoupling capacitors
both inside and outside the chip.
2.14.3.3 Substrate Coupling
Substrate coupling would be a more difficult noise coupling to cope with. Since not sharing substrate
is more difficult than not sharing power source in a mixed signal chip. The substrate coupling
happens pretty much the same way as the coupling through power source. High current digital
circuitry creates fluctuations in the substrate voltage, which has a direct impact on the sensitive
circuitry.
To avoid inductive and/or capacitive coupling through the substrate, distance area and/or guard ring
isolation structures should be added [14]. It is a good idea to add both p+ and n+ guard ring isolation
structures. Placing the guard ring structures close to the noisy circuitry would be the most important
[10].
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3 METHOD
3.1 D ESIGN SPECIFICATION










Chip size:
Pixel size:
Pixel array:
Pixel Fill rate:
Resolution:
Technology:
Operating Voltage:
Number of I/O pins:
Package:

3,4mm x 3,4mm (12mm^2)
7um x 7um
2460um x 1900um
20%
320x240 (QVGA)
AMS OPTO 0.35um process
3.3V and 5V
84
JLPP84

Chip pinning information can be found in appendix A. Pictures of image sensor can be found in
figures below or in appendix C.
The reason for why we choose the AMS, is because of reasonable price per square millimeter. Since
making an image sensor, require a large area for the pixel array, it might be a good idea to use the
process with a smaller square millimeter price. The AMS also offer better optic solutions in their
OPTO process. In this process, they add an extra layer of photo reflective coating, increasing
performance for the photosensitive components in the chip.

3.2 S CHEMATIC
The schematic have mainly been done by Mathias Willhelmsen. I have only contributed with minor
suggestions or concerns due to layout. We cooperated by sharing information about current usage,
resistance in wires and operation time for modules and signals that runs through metal wires. In
addition, we have cooperated with avoiding major crosstalk between sensitive signals.
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3.3 L AYOUT
For the layout, I followed the Cadence tutorial to learn how to use the Cadence AMS OPTO 0.35um
process. I have also been researching how different image sensor designs are made.
I created layout for every submodule and connected them together in a higher hierarchal level. This
would make it easier to keep track on which component should be placed where, and detect errors. I
have studied the DRC document provided by Cadence for the AMS OPTO 0.35um process to get an
insight in how it should be done, what I can do and what I cannot do. Referring to this document is
difficult since they still want to keep it confidential.
When designing the layout I used the trial and error strategy rather than planning strategy, I created
a design; during the creation, I could see better ways to draw the layout. Then start over again. For
the larger designs that were more repetitive such as row and column decoder, I did more planning to
avoid several trials due to time waste.
In the end, I ended up with several designs per designs. The latest version of the designs were often
the best designs. These designs were often more thought through, with less noise, crosstalk, shorter
signal paths and smaller design areal.
I have often used two or more vias on critical spots, in case of defects. This way if one via have a
defect such as a break, another via might still work and it will not affect the chip.
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The figure 14 below, show the top layout of our image sensor in cadence. The fourth metal layer are
turned off to make the different modules more visible.

Figure 14 Image sensor layout
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3.3.1 Pixel
The pixel is the smallest design of them all, yet the most important. This is the design I spent the
most time on. Mostly because it’s my first cadence design, but mainly because of its importance. For
this layout, I did about nine trials and errors, to get the one we ended up using. See figure 15 below.

Figure 15 pixel 8

Everything in this pixel has a minimum gap, except the wiring, were the column signal (pixel output)
are placed a little further away from the Voltage wires. This is due to the change in COL signal may
cause noise on the VB, because of the parasitic capacitance that occurs by this close gap. I could have
placed it even closer to the neighboring pixel. (More to the right) but then the oxide filling might
have covered more photosensitive area for the next pixel. VR and VB can have minimum gap, since
these are both DC voltages. Yet I left some wiggle room.
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The fill rate was at 41% in earlier pixel designs. It has now decreased significantly. This is due to the
DRC will not allow the diffusion layer on the photodiode exceed a closer gap than 0.2um to the
NTUB. We choose to waive the diffusion passing NTUB on the reset transistor. (top transistor on
figure 15 above) The reason why the NTUB aren’t bigger is because of minimum distance to
neighboring NTUBs. See pixel in array in figure 16.

Figure 16 pixel array 8 snipping

Each NTUB need a distance of 3um to closest NTUB of different potential. This is due to current
leakage flowing from one NTUB to the other. There are DRC rules also states that I need the 1.2um
space between the pixel NTUB and transistors. I have placed it as close to the pixel transistor as the
DRC would let me. This gave me a 3.2x4um wide NTUB for the photodiode, that resulted in a 20%
pixel fill rate.
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3.3.2 Pixels we didn’t use
The method I used required several attempts in making the best result of layout design. For the pixel
I had most trials and errors, following are different pixels I made, and why I didn’t use them. I made a
few more designs as well, but they are not worth mentioning.
3.3.2.1 Pixel version 1
In the beginning, we wanted to use the pre made cadence pixel PHDNWA850, see figure 17 below.
Just to be sure everything would work. There are previous school projects at our facility such as
Lukasz Farian that implemented this diode in their designs, with a working chip [15].

Figure 17 version 1

There is one big issue regarding this design, which is the size. As shown in the figure 17 above the
phdnwa850 is 7.7 x 7.7 at its smallest. Moreover, even without the guard ring it will be rather sizable,
especially when I add pixel transistors. I therefore choose to make one from scratch instead.
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3.3.2.2 Pixel version 2
The second image sensor, were made by copying the layers used in the PHDNWA850 photodiode. I
then added the transistors needed. The design looks quite compact with a large fill rate. See figure 18
below:

Figure 18 version 2

There is one big issue with this design. It was designed before I realized that the pixels could not
share NTUB. With the same NTUB all over the pixel array, this would conduct so much current that all
pixels would show the same value. All pixels would be one big pixel.
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3.3.2.3 Pixel version 3
For the next pixel, you can see that the NTUB are implemented to the middle of the diffusion, with
enough distance between neighboring pixels. See figure 19 below. I have also in this design chosen to
use all metal layers, to save space. This gave us a pretty neat and tidy design.

Figure 19 Version 3

With the metal path placed on top of each other, there will be less parasitic capacitance because the
distance between metal paths on different layers are greater than the minimum distance between
two metal paths on same layer. This information is based on the figures I have seen in the DR
document provided by cadence.
The downside of this design is that we have no more metal layers to cover the black frame. The wi dth
of metal paths would also increase on higher layers. When making a chip there are also filling used to
keep components and metals in place. When designing such a tall structure the oxide filling would
build it up as a pyramid, and then cover the photodiodes around the metal wires. Therefore, even
though the metals are placed further away from the photodiode, more area that is photosensitive
would still be covered.
The Metal 4 in our design is now prioritized to shielding and VDD.
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3.3.2.4 Pixel version 4
I therefore went back to the three metal layers pixel design. This design shows a large photosensitive
fill rate. See figure 20 below.

Figure 20 Version 4

Yet it isn’t perfect. For some time we hoped that I could connect poly layer directly to diffusion. This
would let us connect the 𝑀𝑆𝐹 transistor directly to the photodiode without using metal layer, which
could save us a lot of space. I sent a question to our AMS contact, which declined this solution. This
means if we want to make our design work, we will have to use via to metal 1 then via to diffusion.
No connection between poly and diffusion can be achieved this way.
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3.3.2.5 Pixel version 5
For the next design, I went to only two layers of metal in the pixel. This might give the photodiode
even better visibility because of less oxide filling. I also changed the front contact on the photodiode
to metal 1. See figure 21 below. The larger white rectangle in the photodiode might look like a bigger
NTUB, but is really a no fill marking, so that the photodiode could be more exposed to light.

Figure 21 Version 5

We now have some metal 2 covering the photosensitive part of the photodiode but it shouldn’t be
too much of an issue. Transistors exposed to light might be a bigger issue, which may cause leakage
in form of dark current in the pixel. Another issue is the diffusion layer crossing the NTUB. This might
be useless, or it may also work, giving the pixel a greater FWC. For not to take any unnecessary risks, I
choose to keep the diffusion within the NTUP as the DRC rules command.
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3.3.2.6 Pixel version 6
When running PEX values, Mathias came with some concerns about the total resistance in the pixel
array output signals as well as bias VDD voltage. The solution was to make another layer with metal
and use vias between. This could decrease the resistance to more than half the value, see figure 22.

Figure 22 Version 6

This will cause more parasitic capacitance and with such small currents flowing from the pixel to the
readout, such solution was not necessary. After doing some small changes in the schematic,
simulations went great!
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3.3.3 Row decoder
The row decoder is a huge layout module. Even though many of the modules are repetitive, there are
still a lot of different connections within this circuit. This module is very similar to the column
decoder, and these are the biggest designs to make in one hierarchical module. Still it is “only” logic,
which means I don’t need to pay that much attention to the circuit.
The outputs for this circuit are row select signal and reset signal to the pixel array. Closest to the pixel
array we keep the buffer that will drive the whole row in the array. See figure 23 below:

Figure 23 Top of the Row decoder

The Buffers to the right, next to the pixels, supply the pixel array with reset and select signal. The
right Buffer is constructed to handle up to 5V and has an own input voltage, which makes it a level
shifter. The input is 3.3V and the output can be up to 5V. The thick Metal 3 yellow wire going up on
top of the buffers are the voltage source just for this buffer. This is the reset signal. The idea is to be
able to add higher voltage on the 𝑀𝑅𝑆𝑇 gate in the pixel, increasing the voltage flow through this
transistor. This will allow higher voltage across the photodiode and hopefully it will give us even
higher linearity.
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As you can see in the figure 24 below, the level shifter circuit is pretty wide. About 33um wide. This is
so that we can limit the height to only 7um, which would allow us to fit it right into the pixel array,
without having to add any angle to the wiring in between. See figure 23 above. Angling the wiring
from a taller array to a smaller array can be very time consuming and might take a lot of space.

Figure 24 Level shifter

The buffer part of this module is to the left. This provides a trigger signal to the row select transistor,
higher voltage on is buffer is not necessary. For this part, I only modified a premade cadence
component to fit with the level shifter. For the second buffer we used transistors and from the 5V
library in cadence. This module is the only place in our circuit I used such components,
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For the logic part of this design, I had to be careful with physical measurements. I need to make
every part in a copy/paste compatible design. The total width of the logical part of the row decoder is
about 45um, while the length is 1820um.

Figure 25 Row decoder in the middle

The logic in these decoder modules are built by every second nand and nor gate, starting with one
component per pixel, ending with one component for all the pixels. For every step away from the
pixel array, number of gates needed is halved. The gates are premade cadence components, which
are modified to fit our needs. I have mirrored some of the logic components, so that the gate would
come closer to neighboring gates outputs or outputs and vice versa, decreasing signal paths. The
different logic modules for the two decoders are shown in the appendix.
Each logical gate is made in its own hierarchical module, which is about double height of a pixel. With
four steps of vertical logic gate columns, I can fit every logic gate needed. If I wanted a smaller
module, time spent creating this part would be significantly longer. The total width for this module
are 45um.
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3.3.4 Column decoder
For the column decoder, I used similar method as the row decoder. Designing this part went a little
quicker, since I’ve already made the row decoder a couple of times before. This design is wider yet
not as tall. About 2526um wide and 28,5um high. The whole decoder was made by two steps of logic
circuit. see figure 26 below.

Figure 26 Part of the column decoder

The logical gates in this decoder are modified versions of cadence logical gates. As one can see in the
figure 26 above, several transistor gates are connected together. I have mirrore d some cadence
components and connected all gates with poly, so that we save via and metal space. The different
logic gate modules for the decoders are shown in the appendix E. All components are placed to
achieve minimal signal path length. Most of the logic bus in this module are placed on top of the
logic, saving even more space around this module.
As the previous module, this is also all logic, which means that the noise concerns are nearby analog
modules.

33

Stian Sumstad Hjorteset
Inverters for the column decoder are physically placed to the left of the decoder, see figure 27
below. So are the I/O pads for our chip that connects to this decoder, giving a short signal path. The
top row of inverters connects to the bus on top of the decoder. The bottom row of inverters
connects through the bus below the decoder module. There is too many different connections on the
lower row of logical gates, for the bus to be on top of this part of the circuit as well.

Figure 27 Column decoder inverters
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3.3.5 Readout circuit
As you can see in the figure 28, the readout circuit is placed under the pixel array. It consists of all the
components needed to amplify signal from the pixel column to the output amplifier. The readout
circuit are put together by many modules we call column readout. One column readout reads one
column in the pixel array. Together they read all the columns from the pixel array at the same time,
and the column decoder choses when each of the column readout should read to the output
amplifiers, which then amplifies the signal so that it is powerful enough to conduct from the image
sensor chip to the ADC. The column readout circuits are designed so that they fit in an array of
column readouts, which leaves us with the readout circuit.

Figure 28 Readout circuit'

The main and most important signal in this circuit is the signal from the pixel array. This signal path
goes vertically through the different steps of amplifiers and capacitors in the column readout.
The trigger signals for the readout circuit are wired horizontally and are driven by standard AMS
buffers and inverters on each side of the readout array. See figure 29 below.

Figure 29 Input signal buffers
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3.3.5.1

Column readout

Figure 30 column readout

As you can see in the figure 30 above, the column readout is quite a long and slim layout. The width
is only 7um to fit the pixels, while the length is 530um long. Most of the length is because of the
capacitors. I split the pictures in six parts starting from left with the top to right with the bottom, to
demonstrate the whole length.
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The column readout module is built with several different smaller modules as well. When building
each module, I had to make sure not to use any higher-level metal, to save space for the vertical
signals and connections between some of the modules. Metal 3 are mainly used for vertical signals,
metal 2 are used for horizontal signals. Metal 1 are used for horizontal VDD and GND as well as
circuit tap. Sometimes VDD source are connected as circuit tap as well. If that is the case, I have
made sure to have a good via connection from metal 4 layer (VDD) down to the circuit tap, to make
sure there is a proper VDD connection.
The highest number of vertical metal 3 wires in each column readout is 4. With a 7um width I could
potentially have up to 6 metal lines at once, and one of them could have a via. Luckily this isn’t
needed. With 4 wires, I can have more than minimum distance for the critical signals, which
decreases crosstalk.
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3.3.5.2 Buffer
Ali’s buffer is the first part of the readout circuitry after the pixel array. This module amplifies the
signal from the pixel array before it stores in the capacitor. The reason for why we choose to place
this amplifier physically first is to decrease signal length. See figure 31 below. Both Mathias and I
studied the best ways to sort the different modules in the readout circuit. The left yellow vertical
wire coming from the top is the bias voltage going to the pixel array. The right yellow wire from the
top is the signal received from the pixels.

Figure 31 Buffer

This circuit It is put together for a short signal path. Poly connects the closest gates, Metal 1 connects
transistors vertically, Metal 2 are used for horizontal signals, an metal 3 connects signals vertically. I
am very happy with this circuit, it is tight and designed exactly the way I want it to be designed. Being
able to fit all the nmos transistors within 7um with only 0.1um to go is lucky.
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Another buffer is the Buffer col. See figure 32 below. This is the output buffer for Ali’s circuit which
are used two places. One for the reference output and one for the signal output. This amplifier has a
rather clumsy design and are one of the last modules that were made in this project. With a mix of
both pmos and nmos and signal path that runs through both, made me place the transistors as they
are now. Wiring is wider on this design, especially those that drive a lot of current. (Output wiring
that is visible in Top design).

Figure 32 Output buffer

This module also use circuit tap as voltage and ground source. In higher hierarchical modules these
taps has been connected to GND and VDD. The top poly path sticking out from the circuit is placed
like that doe to circuitry in higher hierarchical modules as well.
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3.3.5.3 Transmission gate
The transmission gate x16 component is used a simple switch made by two transistors connected
together. The rather large size is for decreased resistance. To make the readout circuit fit the pixel
array, it cannot be any longer than 7um. I therefor split the transistors in enough slices so that it will
barely fit within these 7um, to save total height of the readout circuit.

Figure 33 Transmission gate x4
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The transmission gate x2 component works as a yet another switch, this transmission gate is placed
between the two capacitors. It switches on when the transistors is supposed to read from the pixel .
The design is simple and even smaller than the previous. The gates and vias are placed on right side
to fit the signal path in the column readout module.

Figure 34 Transmission gate x2

We also use yet a bigger transmission gate, x64. This transmission gate is placed outside the readout
circuitry and the 7um limit is not necessary.

Figure 35 Transmission gate x64
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3.3.5.4

Amplifier transistors

Figure 36 Amplifier transistors for source follower and Ali's circuit

Figure 36 show parts of the P-MOS source follower used in Ali’s circuit. Showing all parts
simultaneously is impossible due to long and slim layout. Because of concerns from Mathias, we had
to increase wire width for the output wires going from these transistors (PSF_OUTSIG). Transistor
widths are calculated along with the wire width to fit each other due to circuitry.
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3.3.5.5

Sample and hold circuit

Figure 37 Sample and Hold
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The figure 37 above shows the top of the capacitor. Like the other designs in the readout circuit, this
design is also made to fit in the array. The sample and hold part of the readout circuit is the
capacitor, storing the voltage from the pixels, before readout. We need two capacitors in each
readout column, since these capacitors cannot exceed more than 7um width. This became an issue
and left us with quite a long and thin component. 177,8um long design to be exact. Using two of
these makes it 355um length in a 530um long module.
The capacitors are made of two poly layers. The upper poly layer (White) is the part of the capacitor
that’s connected to the signal. The bottom poly layer are connected to ground, therefor space
between poly 1 in the different columns are not needed. This is quite a relief for me, allowing me to
have two rather large poly ‘’plates’’ across the readout, see figure 38 below. Another uncertainty was
if the poly plates could potentially break physically because of its big compact sized width of 2352um
and the height of 167,5um. I clarified this with AMS before tape out and they approved the
construction. No DRC error alert either when testing this circuit in cadence.

Figure 38 Readout circuit
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3.3.6 Cascode bias column
Ali’s Buffer needs four different bias voltages to work. We therefore designed a high swing cascade
bias circuit, see figure 39 below. In case, this design does not work, or we will try manually to provide
a better bias voltage, we added the possibility to run the bias voltages external as well.

Figure 39 Cascode bias for column

This circuit required a resistor. The resistor value was not too critical , but we avoided minimum
width. Dummy resistors are not necessary since we only have one resistor. In cases when you want
several similar resistors, dummy resistors may be used.
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3.3.7 Cascode bias Row
This is the cascade bias for the amplifiers in the readout circuit. Like the previous design, I have made
a good connected guard ring and power source. This resistor is much smaller, still the width are
about the same.

Figure 40 Cascode bias for row

3.3.8 Decoupling capacitors
In the end of the project, I added decoupling capacitors on the empty spaces around the chip. These
are the same type of capacitors used in the readout circuit, poly – poly. The total capacitance for the
VDD should be around 260pF. I have also added capacitors for the reset voltage and the voltage
source for the level shift circuit. The reset voltage source has 55.65pF decoupling capacitance and the
level shifter has 47.7pF decoupling capacitance.
The figure 41 below, you can see the decoupling capacitors between the red lines. This is just a
caption of the lower left part of the chip. More capacitors are placed like this around the whole chip.

Figure 41 Decoupling capacitors
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3.4 T EST PCB
For testing the chip, we need to use a test PCB with an ADC converter, we also want to add bias
voltage supplies, test pins for the chip and some decoupling capacitors. The chip should be placed in
a socket so it can easily be replaced in case we break it or if it is malfunctioning. We also need a lens
for the image sensor that will fit this socket. Designing the PCB itself was done by using Eagle 6.4.0.
More photos of the test PCB are shown in the appendix B.
3.4.1 Schematic
When designing the schematic, I first designed the different components, the ADC had a CAD soft
model on Farnell’s web page, the image sensor I made from scratch. The capacitors, potentiometers
and pins were already in eagle library. Since the design is quite simple, I made the schematic in one
hierarchical module, See figure 42 below:

Figure 42 Test PCB schematic
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3.4.2 Test PCB layout
The figure 43 below shows the layout of our test PCB. The top layer free space is filled with GND
metal and the bottom layer free space is filled with VDD. This is removed from this caption to give a
better view in the report.

Figure 43 Test PCB layout

To the left of the layout in the figure 43 above, I have placed most of the voltage dividers. You can
see there is a little space between these wires and the wires going to the chip from the FPGA. The
wires going from the 40 pin contact to the Image sensor are digital signals and may make noise for
the bias voltages. Due to tight space, R10 and R1 are placed on the bottom right side. Each of the
potentiometers have 3 test pins. This is so that we can connect voltage display to each and every one
of them simultaneously.
Capacitors are placed physically close to the chips. I placed the test pins a little further away, so that
the testing cables won’t be in the way of the image sensors view. Even though they still are close.

48

Stian Sumstad Hjorteset
The figure 44 below shows the PCB we received from the factory without components.

Figure 44 PCB without components

The figure 45 below shows the PCB we received from the factory after mounting the components.
The mounting were done at the physics lab in University of Oslo.

Figure 45 PCB with components
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3.4.3 Test PCB components
Mainly to get the camera working, we need the image sensor chip, and we need an ADC. However,
some other components might come in handy as well if we want the test circuit to give us the full
potential of our image sensor CHIP. See part list in appendix B. Olav Stanly Kyrrestad must order the
components from Farnell. I was told to make an order-shopping cart on Farnell’s web page, E-mail it
to Olav and he would take care of the rest.
3.4.3.1

Connector

Figure 46 PCB with 40pin connector

The 40pin connectors are placed with a distance so that we can connect the PCB straight into the
FPGA. The only problem was that this is a 2mm 40pin connector, not 2.54mm as the FPGA. See figure
46 above. This I should have seen coming, given that I can easily measure the layout for this
component the Eagle layout. Nevertheless, since the eagle pre made component just said 40pin with
no more information I rather took it for granted that this had 2.54mm pins. To solve the problem, I
soldered a custom converter, see figure 47 below.

Figure 47 2mm 40pin to 2.54mm 40pin connector converter

This would also allow more height between our test PCB and the FPGA, since the 40 pin contact
alone would not be tall enough by itself.
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Figure 48 Test pins

For the test pins we used in the figure 48 above, I bought a rail of 2.54mm pins, and I cut out the
pieces needed. For the bias voltage pins, I used 3 pin contacts. These are for the voltmeters, see
figure 49 below. For the chip test pins, I added single test pin holes to the layout and placed them
with a 2.54mm distance between each other, right next to the chip.
3.4.3.2 Potentiometers
The potentiometers are seen in the figure 48 above and figure 45. To generate a bias voltage, I used
a potentiometer connected as a voltage divider. These components are configurable with many turns
adjustment, which give them the accuracy we need. They are also quite small, yet big enough for us
to configure them.
3.4.3.3 Voltmeter
I wanted to use voltmeters to measure bias voltages while testing the chip, see figure 49 below.
Building an array with these displays around the chip would give us the overlook so we can easily see
the voltage for each of the biases all at once when testing.

Figure 49 Cheap LCD voltmeter

For noise concerns these components were tested for noise and power consumption before we
added to the design. Due to low quality (faulty devices), and inaccurate values, these LCDs were
thrown away.
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3.4.3.4 ADC
The analog to digital converter is the most critical component used on the test PCB. We need the
ADC to fit the output signal of the chip. It also has to be quick enough and must have a big enough
output resolution so that it can be easier for us to test the linearity.
For the specifications we needed for this component, see table below (figure 50):
Description:
Sample rate
Voltage range
Bit rate
Interface
Input channel type

Value:
4MSPS (Mega Samples Per Second)
3.3V
12 bit
Parallel
Differential
Figure 50 ADC requirements

I found 3 different ADCs in Farnell’s assortment almost matching the requirements and that were in
stock with short delivery time. See tables below (figure 51, 52 and 53):
Linear technology, LTC1746
Description:
Sample rate
Input voltage range peak - peak
Bit rate
Interface
Input channel type

Value:
45MSPS (Mega Samples Per Second)
1.6V
14 bit
Parallel
Differential, single ended
Figure 51 ADC specs for LTC1746

Linear technology, LTC2245CUH
Description:
Sample rate
Input voltage range peak - peak
Bit rate
Interface
Input channel type

Value:
10MSPS (Mega Samples Per Second)
1.5V
14 bit
Parallel
Differential, single ended
Figure 52 ADC specs for LTC2245UH

Analogue devices, AD7484
Description:
Sample rate
Input voltage range peak - peak
Bit rate
Interface
Input channel type

Value:
3MSPS (Mega Samples Per Second)
2.7V
14 bit
Parallel
Single ended
Figure 53 ADC specs for AD7484
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Together with Mathias and Johannes, we decided to use the LTC1746. The fair priced ADC were
closest to the requirements of the ones we could find, even though I wish I found one with wider
input voltage range. The datasheet stated ±1.6V and we had a slight hope that this would give us a
3.2V differential gap.
3.4.3.5 Capacitors
For both the image sensor chip and the ADC chip, decoupling capacitors is recommended. I followed
a rule of thumb, and added one 0.1uF capacitors and one 10uF capacitors for each voltage input. I
choose a standardized size capacitor, the 0603. These components are easier to mount than the
smaller components and they are in the school’s assortment.
The same type capacitors were used to configure the ADC. Information in the datasheet for the
chosen ADC described how to place the capacitors.
3.4.3.6 Chip socket
The chip socket was easy to find, given that we chose to use a standard chip package for our design.
The only criteria I had to look for were that the socket would fit the lens holder that lukaz used in his
project, so that we did not have to make a new one. Lukas sent the lens holder bracket CAD file to
me, and this would fit both the lens and our chip, with the right socket. We only had to print this out.
Due to work, I let Mathias do the printing process. He also did some minor changes to the bracket.
The lens was given to us by Phillip Hafliger when we started testing.
3.4.3.7 Finished test device
Figure below show the Test PCB with image sensor, lens and FPGA connected.

Figure 54 Finnished image sensor device
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4 R ESULTS
When testing the layout circuitry, I run a simple DRC check, making sure the design is buildable at the
AMS factory. Most of these tests have passed. The only fault codes I waived was the pixel reset
transistor/diode and some error codes I got from the premade pads, which AMS designed
themselves. I cleared this with Olav and was told it would not become a problem.
Mathias then ran some extra tests with the extracted PEX values to make sure the design still works
with parasites. I have also run LVS test before sending the design, to be sure we didn’t leave out any
connections.
Some less significant tests with results has been added to the appendix. These are not added to the
report, since they take up a lot of space. These are also early results, which do not really tell much
about the chip linearity, instead they show that the chip works.

4.1 M ODULE OVERVIEW
Mathias made an Excel checklist for us to keep track on what modules remains, not to forget
anything. The figure 55 below contains information about tests that was run and the results for each
test. It also contains module sizes, version numbers, descriptions and the amount of space each
module occupies.

Figure 55 Module overview
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4.2 DRC
When running the final DRC for the TOP layout, these were the Errors showing, see figure 56 below.

Figure 56 DRC #1

Most of these errors are just info check or errors we have cleared with AMS. The
ILL_MET#_NOHOLES_AMW0 is a DRC error regarding stress in metal. This could have been an issue,
especially since metal layer 4 cover the whole chip, but since our chip is a prototype and not mass
production device, this DR can be waived. Most of the NOHOLES error comes from the Pads created
by MAS.
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When I green check all the confirmed errors that will work with AMS, I end up with these three
errors, see figure 57 below:

Figure 57 DRC #2

The Check ILL_GATES_CONN_VSS_ERC message is the error message telling us that all the transistors
in some of the pixels are connected to ground and that they will not work. These are only dummy
pixels, and they are not supposed to work.
The Check SPAC_NDIFF_NTUBHOT_ODC3 is the error message telling me that the pixel NTUB are too
close to the pixel transistors. This error message have come on an off, but we decided to waive this
DR due to pixel space. I simply cannot make the 7x7um pixel complying with this DR.
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Check OVLP_NTUP_NDIFF_ODC1 is the final DR we choose to waive. This is the diffusion crossing the
NTUP from the photodiode to the reset transistor. Not using metal to connect these two saved me a
lot of space! See figure 58 below:

Figure 58 Diffusion crossing NTUP from pixel to reset transistor

4.3 LVS
I have run the final LVS test with all the components connected in the schematic and layout, so if
anything was missing, it would be registered in the report below. Mathias has run most parts of the
circuitry as well with the same setup with parasitic. We are now as sure as we can be that this would
be a working circuit, when we receive the chip from production.

Figure 59 LVS test

The figure 59 above shows the LVS errors I am left with. When I look into these errors, I can see that
the complaint is about the different VDD pads and GND pads are shorted. This is an intentional action
from our side, since we decided that we want common power source and ground for our circuitry. It
requires better connection and decoupling, but I also found it easier to draw the layout.
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4.4 P HYSICAL CHIP
The figure 60 below is photo taken of the physical chip received from fabrications with bonded wires.
This photo was captured through a microscope.

Figure 60 Physical chip
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Figure below show a photo taken of the physical layout, while zoomed in with a microscope, with an
additional zoom in on a few dummy pixels. The beginning of the black pixels is also visible in the
shadowed area to the left of the pixel array. Dust and dirt are seen in the middle/top of this picture
as well, see figure 61.

Figure 61 Picture of physical pixel array, with dust on it.

On the zoomed box, one can see the photodiodes. It shows the three vertical wires, the two
horizontal wires and the photodiode in the middle. The transistors look all covered by the vertical
metal.
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4.5 T EST RESULTS
In our first tests, when testing the chip, we used oscilloscope to see if we could get any values, we
then tested the ADC so we knew both parts worked. After we checked that everything was in place,
we started extracting image. Mathias, who also did the programming, brought the chip home for
tuning and ended up with some promising results.
We then started testing the linearity and noise. We discovered that there is fair amount of noise
generated, so Mathias added some noise cancelation to the software. See figure 62 below.

Figure 62 Cup set, no noise cancelling

The figure 62 above, show the raw image coming out of the image sensor. Each picture has the name
of the different amplifiers used. One can see there is a lot of FPN noise regarding the columns.
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Figure 63 show the set of pictures with dark frame noise cancelling, where values in the pixels that
are placed under the metal 3 frame around the pixel array is subtracted.

Figure 63 Cup set with dark frame cancelling

Unfortunately, this doesn’t seem to have much affection on the Ali – Ali amplifier, nor does it work
on Ali – PMOS amplifier.
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For the last figure, figure 64 I added the cup photos when we have run the DDS noise canceler.

Figure 64 Cup set running DDS

This seems to work as well, the NMOS – PMOS even seems a little brighter than the black frame
subtraction.
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In figure 65 we run a test showing the output ΔVoltage vs light on the pixel array, by sweeping the
sample rate from minimum to maximum lux-seconds.

Figure 65 Light vs output delta voltage sweep

The output voltage shows a rather high linearity on the Ali – Ali amplifier, all the way from the
beginning to the end. Unfortunately, it the linearity stops when it reaches the max imum differential
voltage for the ADC. The Ali – PMOS amplifier also looks to be reaching far, but one may see the line
reaches saturation at the end of the sweep.
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The figure 66 below is a similar test to the previous figure 65, where one can see the image output
bit value vs the sampling time in Row-delay.

Figure 66 Output bit values vs light intensity

The lines in this graph look a little smother than the previous graph due to averaging between pixels,
and better light diffusion when running the test, but the results are mainly the same.
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4.6 P OWER CONSUMPTION
Table below show the power usage with the different amplifier circuit. it looks like the Ali’s circuits
draw more power than the conventional amplifiers.
Pixel\output

ALI

PSF

ALI

9.82mA

9.535mA

NSF

3.153mA

2.994mA

Measured with Fluke 45 Dual display multimeter #11 schools lab.

Information about camera setup:
EXP_rows
T_col
T_SH
T_RST

:
:
:
:

20
75
50
75

We tried to change these parameters, but the outcome was unchanged.
We also tried to change reset voltage and level-shift voltage with no significant change. We only
experienced more power consumption when the image sensor output dark image and low
consumption when it outputs bright image values.
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5 D ISCUSSION
5.1 T HE BIGGEST CHALLENGES
My biggest challenge would be the balance between work and school. Finishing the education should
be the highest priority, but when running a company with a lot of customers expecting work to be
done yesterday, and especially with the amount of work I have had the past year, it clearly has taken
its toll on me.
Due to the job I have, the duration of this thesis has become another extra semester, extending the
time spent on this thesis to almost 2 years. It has therefor be en difficult to remember the work done
in the beginning of this thesis. This is clearly noticeable when writing the report at the end of the
project. We all say that it’s important to start documenting early in the process, but does anyone
ever do this?!
Another great challenge would be working on Linux computers with the Cadence program. This is a
powerful tool with unlimited possibilities. It is therefore a lot to get a hang of when I am not used to
the software nor the OS.
It’s been a great challenge to keep track on all the circuitry, what they should do and where they
should be placed. Good communication with Mathias throughout the project really helped us both
save time, not having to repeat too many designs due to changes in circuitry. This communication
has also come to good use when planning a location on where to place different circuitry and wiring.

5.2 W HAT HAVE I LEARNED
Through this project I have learned a lot more about the physical circuitry and layout overall. This is
the first chip I have ever made, and before I started this project, ASIC design was pure magic to me.
Now I have a perception of how it all works and how it’s done.
I have also got in touch with my own boundaries. During this project, I could start to see my own
limitations when it comes to designing and building a product like this. I can now clearly see how
work has to be divided, and how dependent we are on cooperating. If conducting a project too big, a
lot would be forgotten before you finish, and you no longer know how different parts are put
together or how they used to work.
I have also learned the importance of documenting. I am very grateful for all documentation we
made earlier in the project, but I wish there was more, way more!
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5.3 W HAT COULD HAVE BEEN DONE DIFFERENTLY
5.3.1 ADC
I would say the biggest flaw in our project was the ADC not fitting. Even though a better ADC have
yet not been found, I am sure it is out there. If we had the time, or maybe another student to
cooperate with us, we could have made an in-built ADC tailored for our design. Seeing the results, it
is sad to see the linear signal get cut off like it does at 1.6V when we measure a full potential of 2V
difference on the output of Ali’s circuit.
A simpler solution could also been to lift the potential for the ADC power source.
Another issue in our design would be the power dissipation in our chip. Because both analog and
digital signals share the same voltage source, a lot of coupling noise may occur. To be sure of this
statement more testing is needed. Since Digital and analog signal aren’t in use at the same time, it
might not have an effect on each other, this depends on how long period of time it takes for the
power and GND nodes to settle after digital switching.
We added a great amount of decoupling both inside and outside the chip. This may also contribute to
noise on the output, because recharging the capacitors would make the settling time on the power
nodes longer.
5.3.2 Sample and hold capacitors
The sample and hold capacitors occupies a great amount of space in the readout circuit. In the AMS
0.35 OPTO specification, it states that the only capacitors available are the poly-poly capacitors that
we use. Another type capacitor we could have made would be one based on the diffusion layer. It
would not be guaranteed to work, which is why we did not use this, but maybe it could lead to a lot
shorter layout for the readout circuit.
These capacitors are used in an ongoing project starring Soman Cheng and Marius Lillestøl. It will be
exciting to see if it works.
5.3.3 Pixel Photodiode
To achieve a better dynamic range in the pixel, increasing the FWC in the diode could be a solution.
The DR states that diffusion cannot pass NTUB nor be closer than 0.2um. Designing the pixel diode as
I did in the version 5 pixel in chapter 3 might increase the FWC, Dynamic range and decrease shot
noise sensitivity. It could also lead to more dark current and give a worse result over all.
Another trick known to avoid dark current would be to design a round pixel [12].
5.3.4 Report
Professors always tell you to start writing the report from the beginning of the thesis. One thing I
really wish I did differently is that I just did that! Rushing the report is never a good idea. Especially
when you have forgotten everything, you did last year and the year before that.
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6 C ONCLUSION
We have concluded that Ali’s circuit has indeed increased the linearity in certain tests! Given that the
linearity is increased, there are also a few drawbacks when it comes to this circuit. One is the
operation speed of Ali’s design. Ali’s circuit is clearly slower than the conventional source-follower.
We have also noticed that we get more noise when using Ali’s circuit, without finding any specific
difference in the signal path or module location of our design. Another drawback is more power
consumption. Otherwise, the results are very promising, and I think implementing this design in a
proper image sensor could in fact make a better sensor for conventional cameras.
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8 A PPENDIX
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Figure 67 Table for image sensor pinning

The figure 67 above shows the different pins, containing general information about each pin.
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A PPENDIX B: TEST PCB

Figure 68 Test PCB part list

The figure above is the shopping list for parts used on the test PCB.
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Figure 69 Physical camera setup 1

Figure 70 Physical camera setup 2
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Figure 71 Chip package datasheet

The figures above show 2 pictures of the camera setup. An the last figure above measurements of
the chip socket.
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A PPENDIX C: IMAGES OF IMAGE SENSOR

Figure 72 Image sensor with microscope camera

The figure above show a photo captured through a microscope camera in the schools lab.

79

Stian Sumstad Hjorteset

A PPENDIX D: TEST RESULTS
Tests run before mounting the chip.
1. Test PCB for any short circuit. Also make sure all bias voltages are right.
2. Test FPGA twoards the PCB.
Tests before power
1. Test all VVD and GND for short circuit. High resistance between VDD and GND, Low
resistance between VDD and VDD or GND and GND.
2. Test bias voltage inputs for short circuits.
3. Check all pads versus GND and VDD. See list of expected values in appendix A
Tests on power up
1. Check for smoke or heat.
2. Check that all voltages and bias voltages are constant and at the right value, no ripple.
3. Connect the FPGA and run program. See if we can get any change on the output with or
without light on. If we get any reasonable values, we may move on.
11.10.2016
PRB_ROWBUF330

Check if reaction on light

PRB_VBR1 ≈ 1.93 V
PRB_VBR2 ≈ 0.96 V
PRB_VBR3 ≈ 2.56 V
PRB_VBR4 ≈ 0.84 V

Response if change in USE_EXT_ROW. Compare with
external values.

PRB_VBC1 ≈ 2.12 V
PRB_VBC2 ≈ 1.68 V
PRB_VBC3 ≈ 1.72 V
PRB_VBC4 ≈ 0.72 V

Response if change in USE_EXT_COL
Compare with external values.

X

PRB_ROWSEL5

Compare with FPGA signals.

Fail: no response, too
much C?

PRB_RST5

Check for trigger at the right time.

?

PRB_COL330

Check if COL330 react on light.

Pass: Reaction on
light

PRB_VBCOL330

(should show a reaction on change on COL330 if
USE_NSF = 0 V)

Pass: React on light

PRB_RD5

From row decoder

Pass: 1 half frame

Figure 73 Test procedure table 1
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Test gear
FPGA SoC device
Test PCB
Chip

Connections:
3.3VDD + 5VDD
11.10.2016:
VDD/GND ohming - pass
Basic ADC-test

PASS(probe data output. Adjusted input result in change of values.)

Chip: Light response test.

partly pass. Too much load on probe when running on 15 fps?

13.10.2016:

Input GPIO [ADC manual]
Expected

xxxxxx10101010

Already measured on clkout

10111101000010

clkout -> gnd

11010010111101

clkout -> vdd

00011111000010

clkout -> gnd

10000100000000

clkout -> vdd

11011011110000
00010110110010
10101000011000
Figure 74 Test procedure table 2
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Chip measurments
Yellow

Blue

Oscilloscope screenshot

TPRD5

TPRST5

WA00001.BMP

Description

Show that row
decoder work
on road 5.
(Blue is only
visible on one
trigger. But are
there on all of
them in real
life).
Period ≈ 70 ms
⇒ 14,3 H z

Figure 75 LeCroy print 1

TPRD5

TPRST5

WA00002.BMP

Row decoder
with 2 reset
signals.
First start
exposure,
second start
sampling of
reset voltage.
1 ms exposure
time.

Figure 76 LeCroy print 2

TPRD5

TPRST5

WA00003.BMP

Figure 77 LeCroy print 3
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First reset
signal for row 5.
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TPRD5

TPRST5

WA00004.BMP

Second reset
signal for row 5,
when sampling.

Figure 78 LeCroy print 4

TPRD5

TPROWSEL5

WA00005.BMP

Row select for
row 5 when
sampling.

Figure 79 LeCroy print 5

TPRD5

TPRST5

WA00006.BMP

Figure 80 LeCroy print 6
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Reset signal
with LVL shift
on 2,3V
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WA00007.BMP
TPRD5

TPRST5

Reset signal with
LVL shift on 4V.

Figure 81 LeCroy print 7

TPROWSEL

TPCOL

WA00008.BMP

This figure
shows the
voltage on
column when
sampling
without light.

Figure 82 LeCroy print 8

TPVBCOL

TPCOL

WA00009.BMP

Figure 83 LeCroy print 9
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Shows voltage
across column
330 and
VBcolumn when
sampling
without light.
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WA00010.BMP
TPVBCOL

TPCOL

This figure
show the
voltage across
column 330
col + vbuf when
sampling a lot
of light.

Figure 84 LeCroy print 10

TPVBCOL

TPCOL

WA00011.BMP

voltage across
column 330
col + vbuf when
sampling
medium light.

Figure 85 LeCroy print 11

TPROWSEL

TPROWBUF

WA00012.BMP

Figure 86 LeCroy print 12
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Output from
rowbuffer ->
SH-cap (without
light)
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WA00013.BMP
TPROWSEL

TPROWBUF

Output from
rowbuffer ->
SH-cap (with
light lys)

Figure 87 LeCroy print 13

TPRD5

TPCOL

WA00014.BMP

The figure show
sampling of row
5 with1,43fps
with cover on
the lens.

Figure 88 LeCroy print 14

TPRD5

TPCOL

WA00015.BMP

Figure 89 LeCroy print 15
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The figure show
sampling of row
5 with1,43fps
without cover
on the lens in a
dark room.
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TPRD5

TPCOL

WA00016.BMP

The figure show
sampling of row
5 with1,43fps
without cover
on the lens. In
medium light.

Figure 90 LeCroy print 16

TPRD5

TPCOL

WA00017.BMP

The figure show
sampling of row
5 with1,43fps
without cover
on the lens with
high light
intensity.

Figure 91 LeCroy print 17

RAD5trgger

ROWBUFF

WA00018.BMP

Figure 92 LeCroy print 18
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Show signal
from pixel to
cap with Ali’s
circuit.
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Figure 93 Rigol quickprint 1

ROWSEL

ROWBUF

RST5

Image describe:
T_SH=250
T_RST=75
We adjusted reset so that even the pixel row with probe may settle.
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Figure 94 Rigol quickprint 2

ROW_5

ROWBUFF

TPAIN+

TPAIN-

ALI-ALI with lamp on.

89

(Ain+ og Ain-)

Stian Sumstad Hjorteset

Figure 95 Rigol quickprint 3

ROW_5

ROWBUFF

TPAIN+

TPAIN-

NSF-PSF with lamp on.
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Figure 96 Rigol quickprint 4

ROW_5

ROWBUFF

TPAIN+

TPAIN-

NSF-PSF best result possible.
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Figure 97 Rigol quickprint 5

ROW_5

ROWBUFF

TPAIN+

TPAIN-

Ali-Ali best result, with same setup as Quickprint 4.
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Figure 98 Rigol quickprint 6

VDD3.3
Noise on VDD without power connected. We believe the voltage comes from the chip, which
is powered by the digital inputs.
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Figure 99 Rigol quickprint 7

VDD3.3
Noise on VDD 3.3V with power connected with 2.8V.
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Figure 100 Rigol quickprint 8

VDD3.3
Noise on VDD 3.3V with power supply on with 3.3V

95

Stian Sumstad Hjorteset

Figure 101 Rigol quickprint 9

VDD3.3
Noise on VDD 3.3V with power supply on with 2.8V
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Figure 102 Rigol quickprint 10

VDD3.3
Noise on VDD 3.3V without power supply.
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A PPENDIX E: CHIP LAYOUT
This chapter contains layout images that are not mentioned in the report.
Pads
Here is the layout for the pads we used in our chip:
We used two different ground. GND3OP and GND3RP. These are two different ground inputs, but
they are connected together.

Figure 103 Pad layout GND Pads
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We used two different VDD. VDD3OP and VDD3RP. These are two different VDD inputs, but they are
connected together.

Figure 104 Pad layout VVD pad
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These are the analog inputs and outputs. They have different output resistances. These values are
chosen by Mathias to fit his design.

Figure 105 Pad layout analog I/O
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IDCP is the digital input and output.

Figure 106 Pad lauyout Digital I/O
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This corner is simply to connect each row of pads with VDD and GND. This module is used in every
corner of the CHIPS padframe.

Figure 107 Pad layout blind corner pad
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This is a blind pad and it’s used whenever pads are not used. It has the same dimension, without the
pad, only connecting VDD and GND to the neighboring pads.

Figure 108 Pad layout Blind pad
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Decoder circuits logic
Below is the different logic gate layouts used in the decoder circuits.

Figure 109 Decoder circuits, logical gates 1
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Figure 110 Decoder circuits, logical gates 2
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