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Abstract

CMOS Image Sensors are a key building block in all systems requiring imaging capability such as mobile
phones, digital cameras, space imaging equipment and is used in many more imaging devices. In most of
these sensors one of the most common ADC utilized to convert the analog information into digital form is
the ’'SSADC’(Single Slope ADC)[1], which includes a ramp generator for it’s operation. Most of these ramp
generators are mixed signal circuits, and not many are found in literature which are purely analog in nature,
this thesis thus aims to build a "Continuous Time Passive Ramp Generator" under given specifications of
slope range, voltage swing, linearity and noise. The designed ramp generator operates at a supply voltage
of 1.8V with an operating temperature range of 40°C' — 125°C' and is tested over ss,sf,fs and ff corners.It
consumes a maximum average power of 3.5mW , covering a slope range of 125mV/us to 2000mV/us, the
maximum output noise is 18uV,.,,s and the maximum INL is 0.7%.
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Glossary

apmom1v8 1.8V alternate polarity Metal ON Metal Capacitor. 9
CMOS Complementary Metal Oxide Semiconductor. 1, 2, 36

egslvtnfet EG Super-low Vt nfet. 9

egslvtpfet EG Super-low Vt pfet. 9

fs fast slow corner. 31

FVF Flipped Voltage Follower. 19, 20

pnoise Periodic Noise Analysis. 36
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Chapter 1

Introduction

Most of the modern visual systems require a CMOS Image Sensor[2] to capture the raw analog information
and convert it to digital information for further processing, that is they require an ADC for the data conver-
sion, this is accomplished by using various architectures which include pixel-level ADCs[3], column-level
ADCs[4] and chip level ADCs[5], out of all of these architectures the column-level method is widely adop-
ted since it provides a good trade-off between speed and area[6]. In this column-level architecture various
architectures of ADCs are used which include "SS-ADC"[1], "SAR-ADC"[7] and "cyclic ADC"[§]. Out of
all of these architectures the SS-ADC architecture is widely adopted due to its simplicity since it only con-
tains a single ramp generator, some comparators and digital circuits. The operation is very simple, the input
voltage which carries the light intensity information is compared(through a comparator) with the ramping
voltage from the ramp generator, the amount of time it takes for the ramping voltage to reach the level of the
input voltage carries the information about the pixel intensity, the subsequent digital circuits in the pipeline
can convert this time information to a digital value by means of a counter[6].This thesis focuses on a single
but pivotal block of the SS-ADC, which is the "RAMP Generator". While most of the the ramp generators
use counter based or shift register based techniques[6],[9],[10] to ramp up or down the voltage, this thesis
works on the possibilty of using a "Passive Ramp Generator" instead of "Counter/Shift Register-based" to-
pologies. After the final implementation of the design a comparison can be made in context of how does it
rival with the existing popular topologies.



1.1 Process Technology

The the technology used in this thesis is the 22nm-FDSOI technology where FDSOI is the abbreviation
for "Fully depleted Silicon on Insulator", the transistor implemented in this technology has the benefit
of lower leakage power dissipation[11] when compared to its bulk CMOS counterpart.Figures of both a
transistor implemented in bulk CMOS and a transistor implemented in FDSOI are shown below.
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Figure 1.1: FDSOI MOSFET([12]. Figure 1.2: Traditional MOSFET[12].

The "ULTRA-THIN BURIED OXIDE" layer ensures a very low leakage current from the channel towards
the substrate and hence ensuring very low leakage power dissipation, this fact is important as it would
reduce the the amount of leakage in the logic gates that are used to program our ramp generator. The
FDSOI tranistor is especially known for it’s back-gate effect in which applying a bias voltage at the body
can drastically alter the threshold voltage, this effect however is not used in this thesis as it would require
extra biasing circuitry to generate the bias voltages which would consume a little extra power, and so the
author was reluctant to do that.

1.2 Thesis Outline

The thesis is organized as follows:

Chapter 2 - Background Theory This chapter dwells upon the existing ramp-generators used in the con-
text of CMOS image sensors, it describes how they function and how they differ from the continuous ramp
generator. This chapter also mentions the key specifications of the ramp generator that we will be looking
at in this thesis.

Chapter 3 - Design Procedure This chapter takes the reader to a step by step procedure towards designing
a passive ramp generator such that it fulfills all the specifications.The chapter starts off by discussing the
design of the first stage, then it moves onto choosing a reliable architecture for the buffer, finally it ends on
the final design with the first stage and the buffer cascaded.

Chapter 4 - Final Results This chapter shows the schematic simulation results of the ramp generator
designed in chapter 3. It shows the final results of all the relevant specifications.

Chapter S - Discussion This chapter discusses the simulation results of Chapter 4, and also discusses
potential improvements that can be made to the final design, it also looks upon areas which were not
accounted in great detail in this thesis

Chapter 6 - Conclusion and Future Work This chapter concludes the thesis with some final remarks from
the author.




Chapter 2

Background Theory

2.1 Basic Topology

Conceptually implementing a a "Continuous Time Passive Ramp Generator" is pretty simple, if we consider
a ramping down operation then it could be simply realized by a constant current source discharging a
capacitor as shown in figure 2.1, however building a constant current source over PVT variations is the real
challenge and another notable thing to mention here is that we need to feed this ramp to a load of about
200pF[13] and this is a rough value since it is not fixed by the designer, hence if one directly attaches a
current source to this large capacitive load then there would be uncertainty in the rate of change of the ramp.
Also it may be required that the starting point of the ramp is not the supply voltage in the case of a ramping
down slope, in that case we have flexibility to set the starting bias point to a particular value at the output of
the buffer. In light of the problems highlighted above the actual implementation would be that as shown in
figure 2.2, where we have included a buffer to drive the large output capacitor with an uncertain value, this
way the biasing current which realizes the current source is also minimized.

Figure 2.1: Simple Ramp Generator

2.2 Specifications of a RAMP Generator
In this thesis the critical specifications for the "RAMP GENERATOR" that are focused upon are as follows:

* Voltage Swing
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Figure 2.2: Simple Ramp Generator with Buffer

¢ Integral Non-Linearity(INL)
* Noise
* Slope-Range

* Power Consumption

We will go through each of these to specifications so that it is clear what they are and how do we compute
them in our simulations.




2.2.1 Voltage Swing

It is simply the voltage range the Ramp should cover, this is shown in figure 2.3
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Figure 2.3: Voltage Swing Illustration

2.2.2 Integral Non-Linearity(INL)

This would be simply a measure of how straight the ramp is, and the way it is measured in this thesis is
shown in figure 2.4, it is measured as a percentage in this thesis where we simply represent I N L, ., as a

fraction of the voltage swing.
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Figure 2.4: INL Measurement Illustration

2.2.3 Noise

For this thesis the noise measurement at the output is the total integrated noise in Volts(V) covering the
frequency range 200kHz to 1GHz. Since the time period from one ramp to another ramp is on average Sus
which translates to a frequency of 5% = 200k H =z and noise power below this frequency is almost cancelled
out by the CDS(Correlated Double Sampling) method[14] often used in image sensors.




2.2.4 Slope-Range

It is the range of values for the slope magnitude of the ramp, for this thesis it goes from 125mV/us to
2000mV/ps

2.2.5 Power Consumption

It is simply the average power consumed by the ramp generator circuit, which includes both dynamic and
static power.

2.3 Previous Work

In this section we would discuss some of the architectures usually used as Ramp Generators that are men-
tioned in the literature, however a general review of most of the architectures reveal that the majority of the
RAMP Generators are mixed-signal circuits in nature[9],[10] instead of being purely analog. One of the ar-
chitecture is summarized in figure 2.5 where a digital counter may count up or down depending on weather
we want to ramp or down, the counter value is then converted to an analog value by the use of a DAC,
normally a Current Steering DAC[6], by this a ramp at the output is generated which is discrete in nature
and resembles a staircase. Another popular implementation found in literature was to use a shift register
to tap different points of a resistor ladder to generate the ramp[9], the resistor ladder is supplied current
by a programmable current source, the illustration of this architecture is shown in figure 2.6, a capacitor
variant of this topology is also mentioned in[15]. A general overview of various ramp generator topologies
is presented in [16], where it is mentioned that the topology in figure 2.6 and it’s capacitive variant suffer
from issues of high area consumption and reduced linearity due to matching constraints. In comparison, a
continuous time ramp generator that is also mentioned in [16] by the name of *Continuous CTIA’ where a
passive integrator is used to generate the ramp, occupies a lower area with high linearity and also the area
stays the same with an increase in resolution, however the implementation is not just that of the passive
integrator instead extra hardware is added to auto-calibrate the input current to the integrator continuously.
This calibration is done by comparing the ramp against a clock-frequency, the reader can refer to [17] for
an in-depth explanation.

Voltage

Digital Counter § DAC

Clk

I

Time

Figure 2.5: Popular Architecture for Ramp Generators in CMOS Image Sesnors
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Chapter 3

Design Procedure

The approach to the design was such that it was taken in two stages, the first being the implementation
of the first stage of the passive ramp generator and testing out it’s performance according to the given
specifications over PVT before connecting it to the buffer and subsequently the output load. And so the
design was done so that it fulfills the specification with a reasonable margin so that when the buffer and
the output load are connected they do not deteriorate the performance too much and we still remain within
the given specifications. The overall architecture of the first-stage is shown in figure 3.1. So in principle
we wish to implement the current source shown in figure 2.1 with capability of it being programmed so
that it can fulfill the requirement of the slope range from 125mV/us to 2000mV/us, this is done by using a
cascoded current mirror[ 18] configuration which can provide high output impedance, an essential factor for
the linearity requirement, and also it can provide good matching between the bias current and the mirrored
current which is essential for maintaining the accuracy of the slope value over PVT. Signals B0 — B4 are
digital bits which are supplied to switches STWy-SW, which are chosen as PMOS switches since we will
start ramping down from the supply, this enables the current source to be programmed over the entire slope
range, for example a digital value of 1 would correspond to the switch SW, to be closed, this would connect
the the top plate of capacitor C’ to the cascode configuration of M1 and M2 and this would generate the
ramp slope of 125mV/us, accordingly in this way the transistors from M2-M10 are scaled in a binary fashion
so that we can cover the entire slope range in steps of 125mV/us. The switch SW.,..4.; is the reset switch to
set the capacitor to the supply voltage before ramping.

VDD VDD

EJHJEJEJHJ i

— sw, — sw, =—sw, =—Isw, =——sw, L.

—
Mref, | X[ ML x2[” M3 x4 M5 x8[ M7 xi6| o
[ 11 1 1 ]

Figure 3.1: First Stage of Ramp Generator.



3.1 Device Sizing

The transistors used for the design are "egslvtnfet" and "egslvtpfet" which are the I/O transistors in the
technology, and the capacitor used is the "apmom1v8" metal-on-metal capacitor. To reduce the area and
power consumption the device sizes should be minimized which includes the capacitor size and the tran-
sistor sizes.However the noise specifications limits us to choosing a capacitor value with a reasonable size
and then accordingly select the bias current to attain the slope value.Flicker noise and thermal noise are the
two major sources of noises in this circuit,however at the beginning of our analysis we can ignore the effect
of flicker noise since it is almost cancelled out by the technique of CDS in CMOS Image Sensors, but the
design procedure is such that if in the future we see flicker noise contributing a significant portion of noise
power in the frequency range of 200kHz-1GHz, then we will have the liberty to come back and upscale our
device sizes. In the context of flicker noise we are mainly referring to the device sizes of Mref;,Mref,
and M1-M10, which will be selected with their minimum widths and lengths of 160nm and 150nm for
the beginning of the design phase.That leaves us to only deal with thermal noise from the current mirror
combination and the reset switch SW..sc¢.

3.1.1 Noise Analysis

Before running the simulations to size the capacitor, hand analysis was done to see the impact of various
noise sources on the output, after doing such an analysis it was predicted that the current mirror combination
only contributes minimal noise when compared to the noise of the reset switch SW,..s;. This analysis is
presented in more detail below:

Noise Model for the current mirror configuration

If we ignore the noise contribution of the cascode device then the thermal noise model for the current mirror
configuration is shown in figure 3.2, this is taken from[18]

—e—_|
C
L Vzn,eff
C Brmref

Cg

Mref,

T
T =

Figure 3.2: Noise Model for Current mirror configuration
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It is shown in [18] that the noise current at the output(without the capacitor load ’C’) is given by:

2

gmrefl 2 2 2
= (/"< vy v 3.1
" (C’%wQ + ggnrefl nrest ¥ Vasessnes s G-

When dealing with thermal noise only, the gate-reffered noises Vim 51 and Vn%e ¢ Wwill take the form of
4KT~

p— and % respectively, we also have to consider that in our case with the capacitor connected at
mre me




the output our noise at the output is Vnz,out7c M= ITQL(UJ%)Q Substituting for w = 27 f and carrying out the
aforementioned operations yields the expression for the thermal noise power at the output as:

2 KT~ Imrefl 1 9
V’n,out,CM - 7T2f202 (012347T2f2 + gfnmfl + Gmelf )gmeff (32)
It is also worthy to note that in the context of ramp generation we are not dealing with a continuous time
noise system, in the sense that the ramp does not continue forever, we generate a ramp and then reset the
system by the charging the output to the supply, this is an example of a cyclo-stationary system described
in [19] and [20], so then for the purpose of exactness we must multiply out equation 3.2 by the duty-cycle
of the system "m"(0.5 in our case) and thus the final equation for the output thermal noise is:

mkTy Imrefl 1 2
V2 = + 3.3
n,out,C M ﬂ_QfQCQ (0%471,2.}(-2 + g?nrefl Gmeff )gmeff ( )
We integrate equation 3.3 to get the total Noise Power from the current mirror, since it is a quite complex
integral to solve we use the software from [21] to solve the equation, the result is as follows:

P2 kT g
mrefl 2
d
/fl 7T2f202 (C%4ﬂ2f2 + g»,znrejﬂ * 9mef f )gmeff f
(3.4)
f: —1/CB2m f:
—omkTy 1 2 ) Cp2rtan 1(7%?7‘2#{) 1 2
= 77(202 (? + gmreflgmeff( 3 - Grre 1 ))
f1 gmrefl mref fi
We also recognize the following relationships:
Imeff = Ngmrefl (35)
CB ~ Co:chreflerefl(N + 1) (36)

Substituting the above relationships in equation 3.4 and evaluating the integral at f; and f> gives us the
following:

—2mkTy
Vioutom = ——355 8 (3.7

where [ is given by

1 1 3 1, CoxWireti Linre N +1)2r
b= (E - E)(l + Ngfmefl) + NgrfweflcoxwmreflLmrefl(N +1)2m(tan 1( " g J;ll( —
o tan_l(Comereflerefl(N + 1)27Tf1 ))
Imrefl
(3.8)

10
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Noise Model for the reset switch SW ...+

This is a simple sampling switch model depicted in the figure 3.3, this is simpler to analyze than the current
mirror noise model, since the noise power is just ’%T[IS], for exactness we can include the effect of the
cyclo-stationary nature of the system where the duty cycle is taken into account but for now we ignore it
and we take it into account later:

kT
V2 ~—— 3.9
n,out,sw C ( )

VDD

Reset_n 3_

\V4

Figure 3.3: Noise Model for the reset switch.

After obtaining the noise expressions from the reset switch and the current mirror combination, we can
superimpose them to get the expression for the total output noise power which is:

2 12 2
Vn,out,total ~ Vn,out,CM + Vn,out,sw

(3.10)
—2mkTy kT
¥ oz P

C

Now the capacitor *C’ could be sized appropriately for the given noise specification, and in doing so the
numbers would reveal that the noise from the current mirror is very negligible when compared to the noise
from the switch as mentioned before.

According to the noise specification:

Vn,out,total,rms < 20pV

(3.1D)
VnQ,out,tomz < 400pV?
So the minimum size for the capacitor can be determined by the equation 3.10:
kT’IrQCmin - 2ka'yﬁ )
w202 = 400uV
(3.12)

ETT%Coin — 2mkY B = (400pV )72 C2

min

11



We see that equation 3.12 results in a quadratic equation of the form aC?2,, 4+ bCy,in, + ¢ = 0, where:

a = (400uV?)7?
b= —kTr? (3.13)

c=2mkT~p

Then we can determine the value of C,,,;,, by the quadratic formula:

oo —b+ Vb2 — 4ac
min — T

Before plugging in terms into the quadtratic formula we must find the value of 5 in equation 3.8, and to find
B we must know Cp = CouWiepLres(N + 1), fi(start frequency), fo(end frequency),gyre 1 and N. For
simplicity we select the bias current ;.5 to be 1uA which is yet to be determined, and although we initially
stated that we are going to use minimum dimensions for the current mirror configuration at the beginning
phase of the design, again for simple calculation we use dimensions of 1pm x lum. The value of N is
chosen to be 16 since that is the configuration with the most number of transistors in it and it is more likely
to get the maximum noise in that configuration. The value of f; and f, in 3.8 are the starting and ending
frequency boundaries which in our case are 200kHz and 1GHz, so now we have the values below which we
need to plug in equation 3.8.

N =16
Wref = lum
Lref = lpm

Coz = 5.57 X 10_3(determined from simulation)
C4B - CoatWrefLref(N + ]-)

3.14
Cp = (5.57 x 107%)(160 x 1079)(150 x 1079)(17) 19
Cp =227 x10715F
Imref1 = 20 X 10_6S(determmed from simulation)
f1 =200kHz
fo=1GH=z
Plugging in the above values in 3.8 yields a value of 3 = —5 x 107,
Substituting for ’a’ , b’ and ’c’ in 3.12 yields:
kTn? 4+ \/k2T274 — 4(400pV 272) (2mkT
Coin = 4 \/ m (400pV272) (2mkT~3) (3.15)

272 (400uV2)

mis 0.5, v is %(approximately) and we will evaluate at a temperature of 125°C(398K).First Evaluating the
term inside the square-root gives us:

ET?m% — 4(400uV27%) (2mkT~3)

2
(1.38 x 1072%)(398)%7% — 4(400 x 10~ 27%)(2(0.5)(1.38 x 10_23)(398)(5)(—5 x 107%))  (3.16)
=(2.16 x 107'7) + 1.45 x 10729

The second term of the value 1.45 x 10729 is insignificant and is a consequence of the second term under
the square root, this means that we can simplify 3.15 to:
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ET7? £ VEk2T?74

Crnin =
272 (400pV %)
2
Coiy = — 2T (3.17)
272(400uV?)
kT

Cmin = W
This implies that :

kT
2
Vn,out,total = ? (318)
The above result is an important result since it tells us that the current-mirror configuration contributes
negligible amount of noise at the output when compared to the reset switch SW,.c¢¢, and thus we only
need to consider the noise from the reset switch when sizing our capacitor, below now we also take into
account the duty cycle which we ignored in the beginning for the reset switch:

kT
Cmin ==,
n,out,total

(1.38 x 10~23)(398) (3.19)
400 x 1012

Omin - (05)

Conin = 6.86pF

We size the capacitor to be then 7pF, of course we give us the liberty to scale this value up when we simulate
over corners or when we include the buffer in our final design.Now that we have our capacitor sized, we
can select the biasing current I;,s according the slope requirement:

Ibias
Slope =
ope C
Iyiqs = Slope x C (3.20)

Ipias = (125mV/us)(7pF)
Ibias = 875nA

Now that we have our noise and slope requirement satisfied at least in our hand analysis, we need to look at
our INL requirement, the output impedance of the cascode is the major factor in determining the INL, the
higher the the output impedance the more better the INL performance, we would now proceed to do a more
rigorous analysis to derive an expression for INL.
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3.1.2 INL Analysis

We wish to derive the profile of how a real ramp looks like when subject to a finite output impedance ’r,’
as shown in figure 3.4, this would help in determining the INL expression from which we can determine the

minimum ’ry’ for the given specification.

I V

out(real)

(OB P

Figure 3.4: Real Model of Ramp Generator

KCL at the output node:

Iout = I+]R

Output voltage:

Vout(real) = Ig7,

Output current can also be expressed as:

d‘/out(real)

Iout =-C dt

Substituting for Iz in 3.21 from 3.22 and then plugging in that expression in place of 1, yields:

c

dVout(real) + Vout(real)

I=0
dt To +

Solution to the differential equation in 3.24 is:

Vout(real) = Ae—cL;" —1Ir,

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

The constant A’ can be determine by the initial condition, since we are ramping down from the power
supply, then we can say that at t=0 V4 (rcqa1) = Vpp, plugging this in 3.25, gives the value of A’ as:

A=Vpp +1Ir,

Thus our final solution is: .,
Vout(raal) = (VDD + ITO)QTT" - Iro

(3.26)

(3.27)

To calculate the I N L,,,,, shown in figure 2.4 we need to determine the difference between the real ramp
shown in 3.27 and the straight ramp connecting the two end points of the real ramp which is shown in figure
2.4, although the starting point need not be Vpp for simplicity of analysis we assume that our region of

interest is from Vpp to Vpp — 1 giving us a voltage swing of 1V, the straight line equation is then:

14



t
‘/straz'ght = 75 + VDD (328)

Where ?5 is the end time point of the ramp, the starting time point is from O.

t2 can be determined from equation 3.27 by setting Vot (reai) (t = ta) = Vpp — 1, this evaluates to:

1
ty =Croln(l — ———— 3.29
2= Oroln(l =g .29
The difference between the straight line and real ramp is:
t —t
Vstraignt — Vout(real) = [_E + VDD} - [(VDD + ITO)BCTO - ITO] (3.30)

To obtain the I N L,, ., we set the derivative of 3.30 to zero and evaluate the expression for ., which is the
critical time where we hit IN L,,,4.:

d(‘/straight - Voutmul )

=0
dt
]~ [ (Vo + Tro)e#5] =0
t Cr. DD To)€ o] =
1 tor 1
\% Ir,)e Cro = —
C’I“O( pp t T )6 tg
Substituting in for to:
ter Cr, 3.31
(Vo + Irg)ets — - o G
Croln(l — VDD"FI"'O)
_ter 1
e Cro — — 1
(VDD + IT‘O)ln(l — m)
ter In| 1 ]
— 2 _In
CTO (VDD + ITO)ZTL(]. — m)
-1
ter = —Croln] ]

(Vbp + Iry)In(1 — m)
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We plug ¢, back into equation 3.30 to get the maximum between the real and the straight line:

tCT —ter
(‘/straight - Vout(real))maw = [_T + VDD] - [(VDD + ITO)B Cro — Iro]
2
tCT . .
—— above is given by:
to
-1
tcr ln[(VDD—i_h"o)ln(l_m)
L -
t2 (1= v,
e~ T s given by:
— ter In] = ] -1

1
(VDD‘FITo)l"(l—W)

e Cro =e I
(VDD + I?ﬁo)ln(l — m)

. tcr _ter
Plugging back 1 and e” Cro gives us:
2

In] 6 ]

(VDD‘FITo)ln(l*%rO)

(Vstraight - Vout(real))max = - In(l 1 et + Vpp + ll—l +1Ir,

n( - VDDJrITo) ’I’L( o VDDJrI?”o)

1—In| . T ]

(VDD+ITO)ITL(17 "'o)
(Vstr(zight - Vout(real))max = In(1 1 YDt + VDD + IT’(,

n( - VDDJrITo)

(3.32)

INLpaz(%) is (Vstraight — Vout(real))maz normalized by the voltage swing which is just 1V, hence
IN Linaz (%) = (Vstraight — Vout(real))maz- 50 our expression for I'N Ly,q. (%) is:

1—1In] —1 .
(V] +Iro)ln(177r)
IN Lypoo(%) = l D’_j SLCTRETEAS /NS ) (3.33)
n( - VDDJrITo)

Our INL specification is TN Ly,q.(%) < 0.01,50 we can calculate minimum output resistance 7oy, re-
quired to for IN L4, (%) = 0.01 as:

1—1In] — ]

(V, +Iramin)ln(17+)
0.01 = ;f’(l — b VDJ;“ et + Vpp + ITomin (3.34)
Vop+Iromin

Unfortunately the equation in 3.34 is a non-linear equation and so can not be solved using analytical meth-
ods, one can use numerical methods such as the Newton-Raphson method. However in our case we used a
much more simpler approach, since we already knew that a high output impedance on the order of ~ Mm
would give a good INL performance we started plugging in for 7,,,,, in equation 3.34 starting from the
value of 1//m and then gradually increasing or decreasing the value according to weather we are under or
overestimating, after a few iterations it was observed that choosing a value for romin = 800km gave us a
value for IN L4, (%) = 0.0097 which is just under our requirement of 0.01.The value of "I’ used is 14pA
since it is the maximum current drawn from the capacitor at the steepest ramp, we have taken this value
because we know that the output impedance of the cascode is inversely proportional to the biasing current
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(ro ~ %) and so the 7,,,;, obtained would be of the worst case scenario, Vpp is 1.8V. We then check from
simulations that choosing the minimum lengths for the transistors in the cascode configuration has a greater
output impedance than the computed value of r,,,;, Wwhen the branch is carrying the highest current. The
result of the simulated output impedance with minimum channel length is shown in figure 3.5, it can be
seen that the the worst case output impedance is about 76 M 2 at a temperature of 125°C at the ff corner, so
we conclude that the minimum channel length is sufficient enough to fulfill our INL requirement.

Output Impedance

120 —f
fs
— sf
- 55
110 A —_— tt
c _
H 100
e
9.0 -
80
=25 0 25 50 75 100 125
Temperature(® C )
Figure 3.5: Output Impedance over PVT
Voltage Swing

We also need to ensure that the cascode transistors in the circuit in figure 3.1 remain in saturation as we
discharge node Vout_pre from 1.8V to 800mV, the minimum voltage that is required to keep the cascode
transistors in saturation is approximately Vop(arrer1) + Vop(arrer2) + Vinn, this value is checked in
simulations over temperature and corners and is shown in figure 3.6, it can be seen that the highest voltage
is around 730mV at the ss corner at a temperature —40°C, since this is less than 800mV so we do not need
to increase the unit width of the transistors further to reduce the the overdrive voltages neither we need to
switch to a different architecture such as the high-voltage swing cascode mirror[18] which would require
more transistors and current to generate the necessary bias voltage.
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Minimum Voltage

\ — ff
720 - fs
\ — f
700 - ::
680 -
= —
£ T
Z 660 - —_—
E —
=
640 -
620 -
600 - \

=25 0 25 50 75 100 125
Temperature(® C)

Figure 3.6: Minimum Voltage over PVT

3.2 First Stage Simulation results

Before designing the buffer we check the performance of our first stage ramp generator, this would aid us in
verifying our initial hand analysis and also aid us in designing the buffer, the final results after the inclusion
of the buffer are presented in chapter 4.

3.2.1 Slope Accuracy

Although the error in the slope is not bounded by any specification in this thesis it is still important to
report the findings.We mention the results obtained for the slowest and fastest ramp that is 125mV/us and
2000mV /us over all corners and in the temperature range of —40°C-125°C, the results are shown in table
3.1, it can be seen that the mean value is close to the required ideal value however the the min and max
values deviate quite a bit with the maximum deviation being around 12% in the case of the steepest slope.

Slope Magnitude(Required)(mV/ps) Min(mV/ps) Max(mV/us) Mean(mV/ps)
125 108 147 1254
2000 1763 2243 2000

Table 3.1: Slope accuracy from first stage

3.2.2 Noise Result

The maximum noise value obtained after simulation was 14uV,.,,, at 125°C, of which about 94% of the
noise was thermal noise coming from the reset switch SW,.csc¢.

3.2.3 INL Result

The results for I N L., (%) were obtained over all corners and a temperature range of —40°C-125°C. The
results are shown in table 3.2
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IN L0 (Required)(%) Min(%) Max(%) Mean(%)
0.01 0.00028 0.0007 0.00053

Table 3.2: INL Results from first stage

3.3 Final Device Sizes

After the obtaining the simulation results we can finalize the device sizes in figure 3.1, the unit transistor
widths and lengths of M,..y1 and M, .o are kept to their minimum dimensions of 160nm and 150nm
respectively, the switches from SWy — SWy were sized such that they provide a low on resistance, so a
high % was needed, the lower limit to this value was set by the branch carrying the highest current, which is
the branch of SW, because ST, will have the highest voltage drop across it and it will cause the cascode
transistor to be more nearer to the triode region,thereby decreasing its output impedance which eventually
would degrade our INL performance, so the switch SW, was sized such that it has a high enough % NY)
that we can stay within the INL specification, this value was determined during the process of simulating
for INL, and the lower limit was identified as 2um/150nm, the rest of the switches from SWy — SW3 were
also given the same dimensions. The reset switch SW,..s.; dimensions were constrained by the minimum
time that was required to reset the capacitor *C’ before the next ramp cycle, a % ratio of 1pm/150nm was
found to be adequate.The capacitor *C’ is sized at 50um x 46um for a 7pF capacitance.

3.4 Buffer Design

The whole purpose of the buffer is to drive the huge capacitor load at the output without degrading the lin-
earity, this can be achieved by providing a very low output impedance at the output, but the question is how
low. To find this answer the author had two options, one option was to perform a full exact mathematical
analysis to derive an expression for the I N L,,,, at the buffer’s output, this is what we did for the first stage,
or the second option was to rely on the simulator and find the optimum value through it. The author went
with the second option as an exact mathematical analysis was extremely complicated. In the simulation
method, we have our buffer model as shown in figure 3.7 consisting of a dependent voltage source with
gain "A", an AC coupling capacitor and a output resistance of R,,;, our input is the ramp output of the
first stage. The ac coupling capacitor is simply included in the model to seperate the DC points of V¢
and Viut_pre, which would be the case in the real buffer, the input ramp from the first stage is selected at
the corner and temperature where we were getting the worst INL performance. To find the required value
of R,,: we inject out first stage ramp signal at the input, we sweep R, at low values from 30 — 10012
and plot I N L,,,, against it, the gain "A" is chosen to be 0.9(a reasonable value for a non-ideal buffer), the
result is shown in figure 3.8, from the figure it can be seen that we require an output resistance of about 3552
to meet or maintain our INL specification from the first stage.Three buffer topologies were considered all
of which have the capability to provide the required output impedance but with each having certain merits
and demerits. The three buffer topologies included a flipped voltage follower(FVF)[22], a unity gain buffer
using an opamp and a simple source follower.The FVF and the unity gain buffer have the advantage of
providing a low output impedance(through the use of feedback) at a lower power consumption than the
source-follower, hence they were more attractive ot the author and the first to be tried and tested. The FVF
was rejected after an initial hand analysis, the opamp unity gain buffer was tried and tested in simulations
but was ultimately rejected due to it’s excessive noise contribution at the output, finally the source follower
was chosen which was able to meet all the specification simultaneously across PVT. We will now focus on
each of the three architectures and emphasize on the merits and de-merits of each of them.
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Figure 3.7: Simulation to calculate R,
INL vs Rout
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Figure 3.8: TN Lyq. (%) Vs Rout

3.4.1 Flipped Voltage Follower

A good buffer must have a very low output impedance(ideally zero), a source follower can accomplish this
task but at the expense of burning a lot of power, hence our first choice was for a architecture which is
simple in construction than an opamp but can still can provide a very low output impedance at a relatively
low current consumption through the use of feedback, the FVF shown in figure 3.9 fulfills that require-

ment,where the output impedance is given by m, here we can see that the output impedance

of the traditional source follower( L) is scaled further down approximately by the intrinsic gain of the
device, this intrinsic gain could achleve a reasonable value simply by just increasing the channel length of
the device, that way we can get sufficient gain at low biasing current, hence saving power. With all it’s
advantages the FVF suffers from one major disadvantage which is critical to our application and that is the
voltage swing. It will be demonstrated that the voltage swing necessary for our application is not achievable
with this architecture. The nfet version of the FVF is chosen instead of the pfet version because we would
start ramping from Vpp.
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The maximum voltage that V;,, in figure 3.9 can go to is given by:

‘/in(mao:) = Vgs2 + Vina (3.35)

The minimum voltage is given by:

‘/in(min) = Vgsl + Vop2 (3.36)

Then the voltage swing range is given by:

‘/in(maz) - szn(mzn) = Vqu + Vin — Vqsl —Vob2

= Vys2 — Vop1 — Voba
(3.37)
= Vop2 + Vina — Vop1 — Vop2

= Vino — Vop1

The above result is disappointing for us since it shows that the voltage swing we can get at the input is
a threshold voltage minus an overdrive voltage, the threshold voltage for an nfet device in our case is
approximately 400mV, that means that the maximum attainable voltage swing with this architecture would
always be less than 400mV. This is considerably insufficient for us as we need a voltage swing of 1V, hence
we reject this topology as our choice for buffer.

VDD

¢

Vin M1

Vout

1
gml(gmlrol+1)

M2 R. .=

out

\Y4

Figure 3.9: FVF
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3.4.2 Unity Gain Buffer

The unity gain buffer configuration as shown in figure 3.10 was tried and tested in simulations but was not
considered due to it’s noise performance, the current mirror opamp[23] was chosen as the opamp architec-
ture, with a pfet source follower as our output stage, a pfet source follower is suitable as an output stage
because we need to discharge the load capacitor for the downward ramp and hence sink current. The opamp
architecture is shown in figure 3.11,since we need an output resistance of < 352 to maintain linearity ,

we wish to choose an open loop output resistance(ﬁ) of 1K and an open loop gain(A4,) to be around

30-35dB which will give us a closed loop output resistance of R, ~ 7 110 - ~ 18 — 3202 which is below
352 and we expect the buffer to maintain the linearity.

Vnut_pre +
Vuut

—— c=200pF

Figure 3.10: Unity Gain Configuration
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Output Stage

3 wa | [—s L'Jms
M }
v

= e

Msm v._Ell_ _M|Z‘_V

Mg

[

@
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Figure 3.11: Current mirror opamp with output buffer

The device dimensions in figure 3.11 are shown in table 3.3

Device Name Width Length
MI1/M2 75um 150nm
M3/M4 70um 150nm
M7/M5 70um 150nm
MS8/M6 150pm 150nm
Myai 96um 150nm
M9 480um 8um
MI10 120pm 150nm

Table 3.3: Device Dimensions for Opamp

Our goal with the opamp in the unity gain feedback configuration is to stay equal to or below the output
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resistance required over the entire temperature range, over all corners and also over voltage swing. For our
setup we have chosen the starting bias point at V,,,,; as 1.7V and the endppoint as 700mV, so we must ensure
that the output resistance is low enough for this entire voltage range.

It is essential to note that the bias current in the output branch is not very well defined over temperature(as
observed in simulation), also it varies quite a bit as the output voltage swings from a high voltage near
the supply to a lower voltage. However M9 was sized such that lowest current at a particular corner is
still sufficient enough to provide a sufficiently low open-loop output resistance, which was ~ 1.2K) with
the the output dc voltage at 1.7V, the temperature at 125°C" and the corner being ss.The variation in the
output resistance over PVT and over the voltage swing is shown in figure 3.12,since the closed loop output
resistance is given by R,y (cr) = R"%(UO“ where R, (cr) is the closed loop output resistance R,y (or)
is the open loop output resistance and A, is the open loop voltage gain, we must then ensure that in our

worst case open loop output resistance of 1.2k€) the gain is equal to or greater than A, = =22 —

Rout(required)
1325’;29 ~ 34.3 which in dB translates to approximately 32 , the open loop gain plot in figure 3.13 shows

that if the output voltage is at a high voltage of 1.7V than the gain drops significantly with the temperature
and furthermore our requirement for 32dB is not satisfied in fact the gain drops to 27dB, this is the case
with every other corner at this temperature and voltage level, this issue is primarily due to fact mentioned
above that the bias current in the output stage branch is not well defined by the current source M9 across
temperature, and this is illustrated in figure 3.14, this would mean that the source to gate voltage drop across
M10 would be quite low at low temperatures and if the output voltage is high then M5 would have a lower
source-drain voltage which degrades it’s output resistance, this is even the case when we have ensured by
sizing M5 appropriately that it stays in saturation at this temperature and output voltage. The variation in
this biasing current was mysterious to the author, however dealing with this issue means to increase " % "of
MS5 further so that it is in deep saturation and it maintains its high output resistance and we do not degrade
our DC gain, but as we will see in the following discussion that this measure was not required. The question
is that even if the open-loop gain is not high enough and consequently the closed loop output impedance is
not low enough at this output voltage and high temperature can we still get away with this as this will be a
momentary condition as we ramp down, to verify this we connected our unity gain buffer to the output of
out first stage "Vt pre" in figure 3.1 and simulated for INL performance over PVT at our final output node
Vi,ut, the results achieved are summarized in table 3.4, it is seen that we are still under the specification and
hence we can tolerate the gain degradation at high temperatures at high output voltage levels.

Open-Loop Output Resistance

— (fs,Vout=1.7)
(ff Vout=1.7V)
— (ss,Vout=700mV)
— (ff, Vout=700mV)
1.0 4+ —— (s5,Vout=1.7)
— (sf,Vout=1.7)
(sf, Vout=700mV)
(fs,Vout=700mV)

1.2+

(ka)
|

0.8

1
gm10

0.6 -

0.4 4

-25 0 25 50 75 100 125
Temperature( * C)

Figure 3.12: Open loop output resistance of the opamp
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Open-Loop Gain
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34 4
32 A
30 A
G — (fs,Vout=700mV)
E 8l (ff Vout=700mV)
q> — (ss,Vout=700mV)
— (fs,Vout=1.7V)
26 4
— (tt,Vout=1.7V)
24l (tt,Vout=700mV)
—— (sf,Vout=700mV)
1l (ff, Vout=1.7V)
27 (sf Vout=1.7)
204~ (ss.Vout=1.7V)
=25 0 25 50 75 100 125
Temperature(°C)
Figure 3.13: Open loop gain of the opamp
Output Bias Current
110 — (tt,Vout=700mV)
100 A
% -4
3
~ 80
=
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60 +
50 4
-25 ] 25 50 75 100 125
Temperature(*C)
Figure 3.14: Output Bias Current in the output stage
IN L0 (Required)(%) Min(%) Max(%) Mean(%)
0.01 0.001 0.006 0.0019

Table 3.4: INL Measurement with the unity gain buffer.
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It is also interesting to see the mechanism by which the buffer ensures that V,,,,; follows V¢ . and this
is shown in figure 3.15, where we at first see that the slewing action of the opamp brings the output voltage
down which was initially at the supply voltage and then the linear feedback action takes over and makes
the buffer output track the input from the first stage.The maximum total static current consumption of the
opamp is 1.4mA at the ss corner at a temperature of —40°C, with My, carrying a bias current of 600pA ,
M6 and M8 carrying a current of about 350uA and the output branch carrying a current of 107uA, and the
rest of the current is to generate the biases of Vbl and Vb2.
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Figure 3.15: Ramp outputs pre and post buffer
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Stability

Our initial choice of using the unity gain buffer was to get a low overall output resistance without burning
too much static current, however due to stability concerns the biasing current had too still be fairly large.
This is due to the high frequency poles formed at the gates of M10, M3 and M4, we are forced to increase
the current in the branches containing M3,M4,M5 and M7 to lower the impedances at these nodes and move
them further away into the high frequency range, hence the opamp is designed such that much of the gain
is extracted from g,,1 and g,,2 rather than the output impedances of M5 and M6 hence the channel length
is kept minimum for these devices, this ensures stability.As a comparison for stability performance with
regards to power consumption we perform an experiment where we decrease the bias tail current in Myq;;
from 600puA to 100puA while we increase the channel lengths of M3,M4,M5M6,M7,M8 from 150nm to
500nm keeping our open loop gain roughly constant and run a transient simulation under nominal conditions
to observe the ramp characteristics and then we run a transient simulation under the same conditions but
with the original channel lengths and biasing current, the comparison is shown in figure 3.16 where the plot
on the left is with low bias current and long channel lengths and the right one is our original design.
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Figure 3.16: Stability Comparison
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Noise Issue

The main issue with the unity gain configuration acting as the buffer is it’s noise contribution at the output,
of which the majority comes from the biasing circuitry, the biasing scheme used to generate Vb1 and Vb2
in figure 3.11 for the opamp is shown in figure 3.17, where we can see that the gate-referred noises of
M, p2 and NO travel through a cascade of common source amplifiers until they reache the output, the
first stage consists of NO and PO and the second one is the output branch of the amplifier in figure 3.11
consisting of M9 and M 10, here NO contributes the major part of the noise(about 70%) since the gate noise
of M,y is filtered by the low pass filter formed by the resistance of the diode connected device M, y2
and the capacitance at the node generating Vb2. Flicker noise is the major contributor from NO since NO
is sized at it’s minimum dimensions. One could lower this noise by increasing the dimensions of NO, but
there are other sources of noise within the amplifier that also prove problematic, this includes the thermal
noise generated from the output transistors M9 and M10 and the flicker noise from M6 which also travels
through a common source stage consisting of M5 and M6 and then ultimately through the follower M10
to the output. It is also important to note here that the flicker noise of M6 has a significant contribution
even though M6 is a fairly large transistor. In conclusion what we get out as our maximum noise value is
25uV (rms) which is above our specification.
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Figure 3.17: Noise Propagation into the opamp
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3.4.3 Source Follower

The final choice ultimately made was that of a source follower owing to it’s simplicity and noise perform-
ance but this was at the cost of more power consumption, the structure is shown in figure 3.18, as shown the
follower branch consumes 2mA of current to ensure our INL performance, the device dimensions are shown
in table 3.5, for maximum voltage swing at the output we must ensure the node at the gates of M1,M3 and
M5 is biased at a voltage that approximately equals Vys3 + Vops , however this value would vary over
corners so for this we use transistors M2 and M1 to generate the bias voltage[18] where it could be thought
of as V41 generating V53 and V.o generating Vo p4, and so this configuration would ensure that the bias
voltage dynamically adjusts itself over PVT variations if variations in M3 are similar to M1 and variations
in M4 are similar to M2.The channel lengths for M4 and M6 are chosen higher than the minimum channel
length because it would simultaneously help in increasing the output impedance of the cascode configura-
tion of M6 and M5, and also reduce the flicker noise contribution at the output. It is also important to note
that we have chosen two different ideal current sources for biasing(which in reality can be tapped from a
Bandgap reference)[23], we have chosen this option over biasing everything from a single current source,
as we did with our unity gain buffer where the single current source in figure 3.1 carrying Ip;,s biases
everything, the disadvantage of that strategy is that it forms multiple cascades of common source stages
seen by the gate-referred noise of M.y, this was already illustrated in the previous section.The biasing
currents must also be of a low value since otherwise they can generate excessive shot and thermal noise at
the output, in this case they are chosen to be 1uA. M, has it’s bulk connected to it’s source since the body
effect would degrade the gain of the source follower.
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Figure 3.18: Source Follower Implementaion

Device Name Width Length
Ml lum 150nm
M2 1um 2um
M3 lum 150nm
M4 2um 2um
M5 200um x 20 150nm
M6 200um x 20 2um
My 250pm 150nm

Table 3.5: Device Dimensions for Source Follower
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We would now provide justification on the amount of biasing current chosen for the source follower, if we
have the dimension of M, as shown in table 3.5 and we bias the source follower at 2mA under nominal
conditions then we have a plot of the output resistance over PVT as shown in figure 3.19, it seen that the
variation in the output resistance ranges from about 242 to 40€2.The value 4012 is slightly larger than 352
which was our initial target for getting the INL under specification, however we know that —— is not the
exact output resistance instead it is the parallel combination of this resistance with the resmtance of the
cascode consisting of M11 and M12 that forms the exact output resistance, and so this parallel combination
would further lower the resistance ﬁ such that it is enough to compensate for the 52 above specification
. So to conclude, this biasing current gives us the required output resistance.
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Figure 3.19: Output Resistance of source follower over PVT

Since now we have chosen our buffer topology we can now arrive at the final design shown in figure 3.20,
the only change made in the first stage was to decrease the capacitance of C by 0.2pF(the new dimensions
are then 50um x 44.5um) to accommodate for the parasitic capacitance C), seen at the gate of M.
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Figure 3.20: Final Design
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Choosing starting bias point

Since now the output is isolated from the first stage, we can make our starting bias point selection, we want
to make a selection such that that bias point exists over all corners and temperatures, and second to that it
should satisfy our INL specification. The ramps obtained at 2000mV/us are shown in figure 3.21, it can be
seen that the bias point 1.3V exists over all PVT variations and it also ensures our INL specification(checked
through simulations), so the final ramp range chosen for the final design is from 1.3V to 0.3V.
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Figure 3.21: Starting bias point selection
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Chapter 4

Final Results

The final results are simulated at a supply voltage of 1.8V, over a temperature range of —40°C-—125°C'
and at corners ss,sf,fs and tt.

4.1 Slope Range

4.1.1 Over Corners

We wish to see the slope range coverage from 125mV/us to 2000mV/ps, and quantify the error over PVT.

Target Slope(mV/uS) Mean(mV/ps) Max.error(%)
125 128 20
250 256 13
375 384 15
500 511.5 11.5
625 639 11.8
750 766 11.1
875 892 12
1000 1019 12.7
1125 1143 11
1250 1266 10.8
1375 1388 94
1500 1508 10.2
1625 1626 8.8
1750 1742 9.2
1875 1855 9
2000 1970 11.7

Table 4.1: Slope Measurement across PVT
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4.1.2 Mismatch

Montecarlo mismatch simulation was performed on 200 points at a temperature of 27°C' and at the tt-corner
to see how the mismatch effects the slope accuracy, the results are tabulated in table 4.2

Target Slope(mV/uS) Mean(mV/ps) Max.error(%)
125 126.6 56
250 255.8 48
375 381.8 48
500 511 39
625 636 39
750 764 40
875 888 40
1000 1016 47
1125 1138 43.5
1250 1262 44.7
1375 1381 41.5
1500 1503 38.7
1625 1619 36
1750 1735 36.2
1875 1846 33.5
2000 1960 314

Table 4.2: Slope Measurement during Mismatch

4.2 Power Consumption

Although no limitation was imposed on the power consumption in the specification, it is still important
to report the result. The power consumption was computed as follows, the ramp generator ran for each
slope value sequentially and then the average current drawn was computed and ultimately the power.The
total maximum average current consumption was 1.955mA of which 1.954mA was consumed by the output
buffer and only 1uA was consumed by the first stage. So virtually all the power is consumed by the buffer,
which amounted to 3.5mW.

4.3 Noise

The maximum total integrated noise generated at the output was 18uV/,.,, at a temperature of 125°C.

44 INL

The final results for the INL measurement are shown in table 4.3, the voltage swing of 1V is chosen from
1.3V to 0.3V.

INL,,..(Required)(%) Min(%) Max(%) Mean(%)
0.01 0.0023 0.007 0.003

Table 4.3: INL Final Result
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Chapter 5

Discussion

This chapter would attempt to compare the performance of the continuous time passive ramp generator
built in this thesis with the ones that are already the popular ones.The performance specs for a standalone
ramp generator are not found in literature, a general overview is presented in [16], where a continuous
time ramp has the advantages of having high resolution, linearity and low power consumption, however as
aforementioned there are no real numbers to compare with.The "Passive Continuous Time Ramp Generator"
implemented in this thesis however can serve as a vital source of information and results to compare with
if established numeric data is available for the current state of the art ramp generators.

5.1 Source Follower vs Unity Gain

When we compare the performance of the Source Follower vs the Unity Gain Buffer then it can be seen from
chapter 3 that the Source Follower requires twice as much of bias current for the same level of performance
when compared the unity gain topology, the downside however of the unity gain topology was it’s noise
contribution to the output, however on second glance we notice that the noise was not way ahead of our
specification, it was 25uV,.,,s, this value can be brought down by further optimization of the device sizes
and biasing currents. If this is done then the unity gain topology is a better topology in terms of power
consumption.Although no layout was done in this thesis but we can still have rough estimate of the areas of
the two topologies from the device size information in tables 3.3 and 3.5, this is done by adding up all the
transistor areas(computed from widths and lengths) in the given tables, for the source follower it amounts
to 8643.8um? and for the unity gain configuration it amounts to 3959.4um?2, so we see that in terms of
area performance the unity gain configuration is also superior. So for future implementation of this kind
of architecture, the author recommends the unity gain configuration with some alterations to improve the
noise performance.

5.2 Supply Noise

Apart from the intrinsic noise from the devices the supply may also add noise to the output but the assump-
tion in this thesis was that the supply was well regulated, it is also important to have an accurate spectrum
for the supply noise to accurately determine it’s effect on the output noise, thus simulations for supply noise
were not performed in this thesis. There are three potential paths of supply noise in our final design in
3.20,1)through Iy;4s, 2)through the reset switch SW.cs¢, 3)through M, ¢,case 1 can be neglected since we
can easily assume that Ij;,s is a very good current source.Now we would look at case 2 and 3, 2)In the
reset phase SWieset in figure 3.20 forms a common-gate path from the supply to the input of the buffer, for
part of the charging operation of the capacitor ’C’ the reset switch SW,..s¢; is in saturation, this is approx-
imately from the duration when the capacitor charges from OV to approximately a threshold voltage of the
reset switch, during this time the SW.s.: switch has the capability to act as a good amplifier and so would
amplify the noise on the supply rail and dump it onto the capacitor but this would have no real consequence
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on the sampled noise on the capacitor because we are still some time away from sampling the final voltage,
so the correct model for SW.,..s.; to employ in this regard is the model that is closest in time when we have
actually sampled the supply voltage, and that model is the transistor SW,..s.¢ being in deep triode, or in
much simpler terms it is just considered a simple switch having a finite R,y if we consider this then the
noise added by the supply can simply modelled as being in series with the thermal noise of the switch, so
we just to make a small addition in the figure of 3.3, which gives us a complete model as shown in figure
5.1. The amount of noise power deposited on the capacitor by the supply is dependent on the spectrum of
the supply, so at the very extreme it can be the case that the size of the capacitor instead of being determined
by the ]%T noise, is actually determined by the noise spectrum of the supply, or alternatively we can also
increase the channel length of SW,..s; to increase R, (creates an RC-filter with a lower cut-off frequency),
however then we also would have to increase its width by the same proportion to keep the resetting time
the same.3)Another path that the supply noise could take is through the source follower transistor in figure
M, but the advantage we have here is that M is in saturation and presents itself as a current source to
the supply noise, which means that if the output impedance of M, is high enough then we can easily say
that the noise through this path is negligible when compared to noise in case 2.

Ron \O_

Vo () ——c
e ®

Figure 5.1: Noise Model with addition of supply noise.

5.3 Slope Accuracy over Corners and Mismatch

The results obtained in chapter 4 for slope accuracy tell us that the mean value for the slope is almost pre-
cisely close to the target value, but there are some outliers which give rise to our maximum error. Another
thing to note here is that the mean value for the slopes stays the same for both corner and mismatch simu-
lations and this can be seen in tables 4.1 and 4.2 respectively. However the relative percentage error for the
case of outliers is much greater due to mismatch than PVT variations, the maximum value in this case is an
error of 56%, this value is quite high but since the author was not given any strict specifications in regards
to the slope accuracy, the value was just reported as it is, however in this section it is important to highlight
why this is the case and how it can be tackled with. In the beginning of the design phase in chapter 3 we
selected minimum dimensions for our cascode current mirror configurations in figure 3.1 and we stayed
with that decision till our final design in figure 3.20, unfortunately the minimum dimensions happen to be
the reason for high mismatch and ultimately high relative error in slope. Another factor is the magnitude of
the current Iy, in figure 3.1, this bias current was chosen after the capacitor value was chosen that met the
noise specification, this value can be considered a bit low if we want to accomplish good matching in the
current mirror configuration, we can scale up this value but it would then require scaling up our capacitor
with the same proportion which would increase both area and power consumption. On the other hand if
we wish to reduce mismatch by increasing device dimension of our unit transistor in the current mirror
configuration then there is a potential problem which the author foresees and that is that the capacitances
of the devices in the cascode structure would increase, the immediate solution that one could think of is
to size the capacitor *C’ accordingly so the net capacitance remains the same, the same procedure that we
applied in section 3.4.3 where we took the input capacitance of the source follower into account, however
there is a slight subtlety in the case of the cascode structures and that is that our ramp generator is program-
mable so if the unit dimension of the transistor is increased then the parasitic capacitance at node V out_pre
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would vary quite a bit from when we program the slope for 125mV/us to when we program the slope for
2000mV /s, this can potentially cause large slope errors for the configurations that deviate quite a lot from
the configuration that the capacitor is sized for, for example if we size capacitor *C’ appropriately for the
configuration of 125mV//us then we would have quite an accurate value in this configuration however by
the time we reach the 2000mV/us we would have varied our parasitic capacitance by a lot and this would
result in slope errors in this configuration. So to find an optimal size for high accuracy is something to be
considered for a more improved design, apart from that auto-calibration techniques as mentioned in [17]
can be employed. Further improvement of the slope accuracy for a given slope range in the presence of
mismatch is an area where more innovative ideas can be put into.

5.4 Back-Gate biasing

An important feature of the 22nm FDSOI technology is the the back-gate voltage bias whereby you could
control the threshold voltage of the device with a body bias, this effect was not utilized in this thesis,
however after finishing the design we can identify a potential area where it can be utilized, and these are
the switches in our final design in figure 3.20 which include the transistors from SWy — SW, and the reset
switch SW.cset, the dimensions of these switches can be reduced considerably if we utilize the back-gate
effect to lower the threshold voltage.
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Chapter 6

Conclusion and Future works

The performance of a continuous time passive ramp generator was presented in this thesis, however due
to lack of numeric data on the popular ramp generators existing in literature a conclusive decision on the
performance of our design is pre-mature. The design however can further be improved by using auto-
calibration techniques as in [17]. Post-layout simulations are also required for better authentication of the
design performance, so in the future if this thesis is to be taken forward then a layout of the current design
would be necessary. Since the ramp generator implemented here is a stand-alone component while in reality
it is to be used within a SS-ADC which in turn would be used in a complete CMOS Image Sensor, it would
be an interesting project to create behaviour models around this design and see how it impacts the overall
performance of the system.Lastly for the noise simulations pss and pnoise analysis tools in cadence were
used in this thesis, this was chosen because it had a faster simulation run time when compared to a transient
simulation, however for future work the author recommends also using the transient simulation to determine
the noise power, and then verifying with the results obtained in this thesis.
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Appendix

A Passive Ramp
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Figure 1: Schematic of Passive ramp
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B Opamp Schematic
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Figure 2: Schematic of Opamp
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Slope Measurement Testbench
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Figure 3: Testbench to test the slope accuracy
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D Noise Measurement Testbench
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Figure 4: Testbench to test the noise at the output
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E INL Measurement Testbench
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Figure 5: Testbench to test the INL at the output
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F Opamp operating point measurement and output resistance measurement Test-

bench
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Figure 6: Testbench to check the operating points and close loop output resistance of the opamp.
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G Opamp DC Gain and Stability TestBench
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Figure 7: Testbench to check the open loop DC Gain and Stability of the opamp
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H Source Follower Ramp Testbench
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I VerilogA for int to binary convertor

/f Verilogh for Master_Thesis, int_to_binary, veriloga

“include "constants.vams”
“include "disciplines.vams"”

module int_to_binary(in, out, vss, vdd);
input in;

input vdd;

input vss;

output[4:0] out;

electrical vdd;

electrical vss;

electrical in;
electrical[4:0] out;

integer rem;

genvar i;

analog begin

rem = floor(V{in,vss));
for(i=4; i==0; i=i-1) begin
if(rem == pow(2,i)) begin

V(out[i],vss) <+ V(vdd,vss)*1;
rem = rem - pow(2,i);

end
else begin

Vi{out[i],vss) <+ 0;
end

end

Figure 9: VerilogA code for the "int_to_binary" block used in "C".
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