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Single-layer thickSingle-layer thick transistors

Graphen'icsGraphen'ics (benzen lattice)
Molybdenite'icsMolybdenite'ics (MoS
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One of the official goalsofficial goals of the school is to “expose the participants to a expose the participants to a 
maximum variety of topicsmaximum variety of topics”

What comes just after the “detector” is the first linkfirst link of the DAQ chainDAQ chain

Therefore this lecture will try to deliver:

an intuitive approachintuitive approach to what is listed in the TOCTOC
withoutwithout providing “dry and uglydry and ugly” math phrasesphrases

This lecture will have no specificno specific hands-on laboratory sessionhands-on laboratory session in the current 
program of the school

However it will alwaysalways be there at the lowest level of all the laboratory sessions 
you will attend

The pages will contain enough amount of textenough amount of text necessary for you NOTNOT to need a 
lecturer in order to understand the slides at home (naively assuming that you will 
refer to this lecture in near future)

Therefore please be aware of the above fact, in case you start feeling that the 
pages are a little bit overloadedoverloaded

Composition within the ISOTDAQ curriculumComposition within the ISOTDAQ curriculum
        Motivation for the TOCMotivation for the TOC
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        An Ordinary Heavy Ion CollusionAn Ordinary Heavy Ion Collusion
Heavy ions at the center of ALICE detector; a short Heavy ions at the center of ALICE detector; a short moviemovie of 5 ns of 5 ns
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        An Ordinary Heavy Ion CollusionAn Ordinary Heavy Ion Collusion
Heavy ions at the center of ALICE detector; a short Heavy ions at the center of ALICE detector; a short moviemovie of 5 ns of 5 ns
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      The Big (but Brief) PictureThe Big (but Brief) Picture
FromFrom colliding particles at the  colliding particles at the interaction pointinteraction point
toto the generation of meaningful  the generation of meaningful data for analysisdata for analysis
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        Briefly Front-EndBriefly Front-End
First interpretation of detector dataFirst interpretation of detector data
IntegrateIntegrate the chargecharge as a pulsepulse

ShapeShape this pulsepulse

1)1)CompareCompare pulse height to a threshold
Higher ?? Yes : : No

2)2)Digitize Digitize the pulse for further processing
Digital filters, corrections, etc.

SendSend the result to read-outread-out
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        Briefly Read-OutBriefly Read-Out
How to get data from FE and deliver to DAQHow to get data from FE and deliver to DAQ

Transmitter:
Get data from FEfrom FE
CalculateCalculate FEC and addadd to frame, 
increasing resistance against 
transmission errors
SerializeSerialize parallel data
Drive a laser diodelaser diode over fiber to DAQ

FE

DAQ
FE

FE

FE

Receiver
ReceiveReceive laser light representing 
serial dataserial data from fiber
Check FECFEC code and correctcorrect errors 
(if possible)
ParallelizeParallelize data
DeliverDeliver data to the next stage e.g. FE

High speed section of a possible transceiver architecture (from GBT13).

Add header header / / trailertrailer to the data created by the detector FEs
Combine payload fragments into framesframes to be transmitted to DAQ
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        Briefly SERBriefly SER
Parallel  Serial→Parallel  Serial→

FE

DAQ
FE

FE

FE

Operation:Operation:

@ rising edge of f
MASTER

, loadload 120-bit-wide frameframe into input register (40 MHz40 MHz)

@ rising edge of Load, dividedivide the frame into 3 40-bit-wide40-bit-wide words (40 MHz40 MHz)
@ rising edge of f

BIT/3
, right shiftright shift 30-bit-wide words sequentiallysequentially (1.6 GHz1.6 GHz)

After every shifting, multiplexmultiplex the right bit to outputto output (4.8 GHz4.8 GHz)

4.8 GHz4.8 GHz

Timing DiagramTiming Diagram
Timing DiagramTiming Diagram

Eye DiagramEye Diagram
Eye DiagramEye Diagram
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        Briefly PLLBriefly PLL
Phase-lock loopPhase-lock loop

Locking a clock to a (pseudo) periodic signal
ClkPLLClkPLL is what we we generate locallylocally and RefClkRefClk is 
the reference to be tracked or to be locked to

MeasureMeasure the rising instant timing differencetiming difference between RefClkRefClk and ClkPLLClkPLL by the phase-
frequency detector (PFD)

GenerateGenerate correction commands depending on this measurement (UpUp, DownDown)

Correction commands control the charge pump (Icp) pumping/sinking currentpumping/sinking current into/from the filter 
capacitor, varying the control voltagecontrol voltage for the Voltage Controlled Oscillator (VCO)

Gradually, the  timing errortiming error of the two signals at the inputs of the PFD would vanishvanish (ideal 
locked condition)

Divider

Lo
ca

l

* Please refer to Phaselock Techniques by F. M. Gardner
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Introduction to the Design of Full-Custom Introduction to the Design of Full-Custom 
Front-End & Data Transmission ASICsFront-End & Data Transmission ASICs**
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Pre-AmplifierPre-Amplifier: basic idea – VV

out out 
/ V/ V

inin

TransconductanceTransconductance of a transistor - gg
mm

Evolving a single-stage amplifiersingle-stage amplifier into 
a real-world application

* * Application Specific Integrated Circuit

Radiation Tolerance Issues
Definitions:

Single event upsetSingle event upset, analog analog 
single event transientsingle event transient, latch-uplatch-up

SimulatingSimulating radiation effects on 
analog circuits

Processing Technology
TransistorTransistor switch – A masterpiece

LithographyLithography
Formation of an nMOSnMOS transistor

VLSI design flow
Parasitic extractionextraction

Real-world ASIC examples

In
te

rn
a

tio
na

l S
ch

o
ol

 o
f T

rig
ge

r 
an

d 
D

at
a  

A
cq

ui
si

tio
n

In
te

rn
a

tio
na

l S
ch

o
ol

 o
f T

rig
ge

r 
an

d 
D

at
a  

A
cq

ui
si

tio
n ,

 , 1
 -

 8
 F

eb
ru

ar
y 

20
12

1 
- 

8 
F

eb
ru

ar
y 

20
12

, , 
C

ra
co

w
 / 

P
ol

a n
d

C
ra

co
w

 / 
P

ol
a n

d
D

es
ig

n 
of

 L
ow

-L
ev

el
 F

ro
nt

-E
nd

 a
n

d 
D

a t
a 

Tr
a

ns
m

is
si

on
 A

S
IC

s
D

es
ig

n 
of

 L
ow

-L
ev

el
 F

ro
nt

-E
nd

 a
n

d 
D

a t
a 

Tr
a

ns
m

is
si

on
 A

S
IC

s 
- 

Ö
zg

ür
 Ç

ob
a n

oğ
lu

 -
 Ö

zg
ür

 Ç
ob

a n
oğ

lu

Potential CMOS Replacements(?)
Single-layer thickSingle-layer thick transistors
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        Feed-BackFeed-Back
Actually a Actually a very familiarvery familiar concept from  concept from daily lifedaily life

System underSystem under
controlcontrol

System underSystem under
controlcontrol

Error signalError signal
generatorgenerator

Error signalError signal
generatorgenerator

Signal that isSignal that is
fed-backfed-back

Signal that isSignal that is
fed-backfed-back

What itWhat it
should beshould be
(reference)(reference)

What itWhat it
should beshould be
(reference)(reference)

What it isWhat it is
(resulting(resulting

output)output)

What it isWhat it is
(resulting(resulting

output)output)

AimAim, is decreasing the differencedifference (the error signal) between the referencereference and 
the outputoutput
How ?How ? For each cycle:

A portion of the outputportion of the output is fed-back. Make the system be sensitivesensitive to a 
portion of what it outputs
MeasureMeasure the difference between the reference and what is fed-back (only a 
portion of the output)
Depending on the difference, an error signalerror signal is generated which in turn 
causes a correction stepcorrection step to be taken controlling the systemcontrolling the system under control
RepeatRepeat the cycle

Feed-back system
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Whistling or playing an instrument ?
How do I  knowknow what I play is a “DoDo” but not a “ReRe” ?
Does it make sense to say “I whistle betterbetter than you” ?
What happens when I try to find the rightto find the right guitar solo for an existing song ?

Drinking a glass of water ?
AdjustAdjust the angle & position of the glass accordingly to keepto keep the water flow as 
it is necessarynecessary ?
Remember the childhood: sometimes the water gets dropped to the ground 
accidentally (What is the failure mechanismfailure mechanism ?)

Walking and biking ?
How do I decide the frequencydecide the frequency of my steps not tonot to fall down or to be able toto be able to 
reach somewhere ?
What about walking or biking when drunkwhen drunk ? (What is the failure failure 
mechanismmechanism ?)

Ruling a country ?
Can “referendumreferendum” be a term borrowed from the control theorycontrol theory ?
How come politicians of the same ideology can decidedecide in substantially 
different manners ? < Questionably ignoring corruption :D >

        Feed-BackFeed-Back
Actually a Actually a very familiarvery familiar
concept from concept from daily lifedaily life

System underSystem under
controlcontrol

System underSystem under
controlcontrolError signalError signal

generatorgenerator

Error signalError signal
generatorgenerator

Signal that isSignal that is
fed-backfed-back

Signal that isSignal that is
fed-backfed-back

What itWhat it
should beshould be
(reference)(reference)

What itWhat it
should beshould be
(reference)(reference)

What it isWhat it is
(resulting(resulting
output)output)

What it isWhat it is
(resulting(resulting
output)output)
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Natural frequency conceptNatural frequency concept

ω
n

How frequent the
questions are asked [Hz]

C
o

rr
e

c
t 

a
n

s
w

e
rs

 [
%

]

An imaginary systemsystem answering questionsanswering questions asked continuously
Plot Plot (both logarithmic scale) the successsuccess level within a certain time window 
as a function of frequencyfrequency of questions asked (transfer function)
If the questions are asked slow enoughslow enough, the system answers allall, thus 100% 
success level
Once the questions start to be asked fasterfaster, the system starts failingstarts failing 
answering all, thus transfer function begins going down
CornerCorner is at the natural frequency at the natural frequency of the control loop where the system  
starts impairing significantlystarts impairing significantly

Corner100%
Success

Decreasing 
success

        Feed-BackFeed-Back System underSystem under
controlcontrol

System underSystem under
controlcontrolError signalError signal

generatorgenerator

Error signalError signal
generatorgenerator

Signal that isSignal that is
fed-backfed-back

Signal that isSignal that is
fed-backfed-back

What itWhat it
should beshould be
(reference)(reference)

What itWhat it
should beshould be
(reference)(reference)

What it isWhat it is
(resulting(resulting
output)output)

What it isWhat it is
(resulting(resulting
output)output)
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Choosing Choosing for whatfor what to be  to be sensitivesensitive
        Feed-BackFeed-Back

Actual signal seen by the FE

Detector signals

Base-line

Freq. [Hz]

L
o

o
p

 g
a

in

Adjust Adjust ωω
nn

Adjust Adjust ωω
nn

LowLow  ωω
nn
  → Sense slow variationsslow variations

Loop actsacts on slowly varyingslowly varying signals
Narrow bandwidth – slow loop

HighHigh  ωω
nn
 → Sense fast variationsfast variations

Loop actsacts on rapidly varyingrapidly varying signals
Wide bandwidth – fast loop

ExampleExampleExampleExample

LowLow  ωω
nn

HighHigh  ωω
nn
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Binary read-outBinary read-out
        ExampleExample

Actual signal seen by the FE

Detector signals

Base-line

Requires stable base-linebase-line
Which varies slowly
A narrownarrow loop bandwidth is 
needed (Loop 2) (Loop 2)

Requires a fast signal shapershaper
Which varies rapidly
A widewide bandwidth is 
needed (Loop 1)(Loop 1)

D/AD/A

ComparatorComparator
ComparatorComparator

Fast feed-backFast feed-back

Slow feed-backSlow feed-back

C
d

I
d

Loop 1Loop 1

Loop 2Loop 2

Detector
model

Pre-Amplifier Shaper amplifier (Loop 1) with 
base-line restorer (Loop 2)

Y
e

s
Y

e
s

 o
r 

N
o

N
o

ββ

Sanitized signal Sanitized signal 
to be compared to be compared 
to a thresholdto a threshold
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Binary read-out for Binary read-out for time-over threshold time-over threshold measurementmeasurement
        Real-World ExampleReal-World Example

RandomRandom detector pulsespulses with  a fewa few  MHzMHz frequency; then...
HowHow  fastfast is the fastfast  looploop ?
HowHow  slowslow is the slowslow  looploop ?

Depending on the read-out speedspeed and the operating 
environmentenvironment, parameters are optimizedoptimized

Natural frequencies and gains of the loops, rise/fall-times, etcetc.
Settling behavior, radiation tolerance, damping ratio, power, etcetc.
Circuit footprint, robustness, redundancy, channel efficiency, etcetc.
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OptimizingOptimizing the loop  the loop behaviorbehavior
        Feed-BackFeed-Back System underSystem under

controlcontrol

System underSystem under
controlcontrolError signalError signal

generatorgenerator

Error signalError signal
generatorgenerator

Signal that isSignal that is
fed-backfed-back

Signal that isSignal that is
fed-backfed-back

What itWhat it
should beshould be
(reference)(reference)

What itWhat it
should beshould be
(reference)(reference)

What it isWhat it is
(resulting(resulting
output)output)

What it isWhat it is
(resulting(resulting
output)output)

StabilityStability
regionsregions

StabilityStability
regionsregions

TransferTransfer
functionfunction

TransferTransfer
functionfunction

Settling behaviorSettling behavior
for differentfor different

damping ratiosdamping ratios

Settling behaviorSettling behavior
for differentfor different

damping ratiosdamping ratios

TargetTarget
TargetTarget

Z-PlaneZ-Plane
(Discrete systems)(Discrete systems)

Z-PlaneZ-Plane
(Discrete systems)(Discrete systems)

S-PlaneS-Plane
(Continuous systems)(Continuous systems)

S-PlaneS-Plane
(Continuous systems)(Continuous systems)
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        Simulation Movie QuizSimulation Movie Quiz
Remember the PLLRemember the PLL

referenceClockreferenceClock

dividerClockdividerClock

Slow downSlow down the VCO, ifif it is too fasttoo fast with respect to the reference
Speed upSpeed up the VCO, ifif it is too slowtoo slow with respect to the reference
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        Simulation Movie QuizSimulation Movie Quiz
Remember the PLLRemember the PLL

referenceClockreferenceClock

dividerClockdividerClock

Slow downSlow down the VCO, ifif it is too fasttoo fast with respect to the reference
Speed upSpeed up the VCO, ifif it is too slowtoo slow with respect to the reference
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        Simulation Movie QuizSimulation Movie Quiz
Different loop Different loop behaviorsbehaviors

SeeSee the movies and associateassociate 
the behaviorbehavior to the polespoles on the 
s-planes-plane (complex plane)

Use your intuitionintuition

? -? - Slow-loopSlow-loop with low dampinglow damping ratio (noiselessnoiseless/perfect environment)

? -? - Fast-loopFast-loop with high dampinghigh damping ratio (noiselessnoiseless environment)

? -? - Slow-loopSlow-loop with low dampinglow damping ratio (noisynoisy environment)

AA

BB

BB
CC

CC

DD
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        Simulation Movie QuizSimulation Movie Quiz
Different loop Different loop behaviorsbehaviors

SeeSee the movies and associateassociate 
the behaviorbehavior to the polespoles on the 
s-planes-plane (complex plane)

Use your intuitionintuition

? -? - Slow-loopSlow-loop with low dampinglow damping ratio (noiselessnoiseless/perfect environment)

? -? - Fast-loopFast-loop with high dampinghigh damping ratio (noiselessnoiseless environment)

? -? - Slow-loopSlow-loop with low dampinglow damping ratio (noisynoisy environment)

AA

BB

BB
CC
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DD
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        Simulation Movie QuizSimulation Movie Quiz
Different loop Different loop behaviorsbehaviors

SeeSee the movies and associateassociate 
the behaviorbehavior to the polespoles on the 
s-planes-plane (complex plane)

Use your intuitionintuition

B -B - Slow-loopSlow-loop with low dampinglow damping ratio (noiselessnoiseless/perfect environment)

? -? - Fast-loopFast-loop with high dampinghigh damping ratio (noiselessnoiseless environment)

? -? - Slow-loopSlow-loop with low dampinglow damping ratio (noisynoisy environment)

AA
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        Simulation Movie QuizSimulation Movie Quiz
Different loop Different loop behaviorsbehaviors

SeeSee the movies and associateassociate 
the behaviorbehavior to the polespoles on the 
s-planes-plane (complex plane)

Use your intuitionintuition

B -B - Slow-loopSlow-loop with low dampinglow damping ratio (noiselessnoiseless/perfect environment)

? -? - Fast-loopFast-loop with high dampinghigh damping ratio (noiselessnoiseless environment)

? -? - Slow-loopSlow-loop with low dampinglow damping ratio (noisynoisy environment)
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        Simulation Movie QuizSimulation Movie Quiz
Different loop Different loop behaviorsbehaviors

SeeSee the movies and associateassociate 
the behaviorbehavior to the polespoles on the 
s-planes-plane (complex plane)

Use your intuitionintuition

B -B - Slow-loopSlow-loop with low dampinglow damping ratio (noiselessnoiseless/perfect environment)

A -A - Fast-loopFast-loop with high dampinghigh damping ratio (noiselessnoiseless environment)

? -? - Slow-loopSlow-loop with low dampinglow damping ratio (noisynoisy environment)
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        Simulation Movie QuizSimulation Movie Quiz
Different loop Different loop behaviorsbehaviors

SeeSee the movies and associateassociate 
the behaviorbehavior to the polespoles on the 
s-planes-plane (complex plane)

Use your intuitionintuition

B -B - Slow-loopSlow-loop with low dampinglow damping ratio (noiselessnoiseless/perfect environment)

A -A - Fast-loopFast-loop with high dampinghigh damping ratio (noiselessnoiseless environment)

? -? - Slow-loopSlow-loop with low dampinglow damping ratio (noisynoisy environment)

AA

BB

BB
CC

CC

DD
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FE

DAQ
FE

FE

FE

        Back to the big pictureBack to the big picture
If the If the PLLPLL  failsfails, then , then nothingnothing  worksworks !.. !..

In case the loop parametrizationparametrization is wrong:
PLL can not deliver a proper clockclock

No phase/frequency locked ClkPLL signal
Ignored LHC clock, no synchronization

SER fails
Some of the bits get lostlost or duplicatedduplicated
High jitterjitter leading to closed eye diagrameye diagram

RO fails delivering the data from FE to DAQ
No DAQ → Fatal errorFatal error !..
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Introduction to the Design of Full-Custom Introduction to the Design of Full-Custom 
Front-End & Data Transmission ASICsFront-End & Data Transmission ASICs**

Table of Contents (Table of Contents (TOCTOC))

The Big (but Brief) Picture
Briefly front-endfront-end – FE ASICs
Briefly read-outread-out – RO systems
Briefly serializerserializer - SER
Briefly phase-lock loopphase-lock loop - PLL

Feed-Back Concept
A qualitativequalitative introduction
Natural frequencyNatural frequency concept - ωω

nn

Real-world examples:
BinaryBinary read-out
Time-over thresholdTime-over threshold

Adjusting/optimizing loop behavior
Damping ratio - ξξ

Detector Front-End ASICs
Pre-AmplifierPre-Amplifier: basic idea – VV

out out 
/ V/ V

inin

TransconductanceTransconductance of a transistor - gg
mm

Evolving a single-stage amplifiersingle-stage amplifier into 
a real-world application

* * Application Specific Integrated Circuit

Radiation Tolerance Issues
Definitions:

Single event upsetSingle event upset, analog analog 
single event transientsingle event transient, latch-uplatch-up

SimulatingSimulating radiation effects on 
analog circuits

Processing Technology
TransistorTransistor switch – A masterpiece

LithographyLithography
Formation of an nMOSnMOS transistor

VLSI design flow
Parasitic extractionextraction

Real-world ASIC examples
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Single-layer thickSingle-layer thick transistors

Graphen'icsGraphen'ics (benzen lattice)
Molybdenite'icsMolybdenite'ics (MoS

2
)
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StandardizedStandardized experimental techniques over timeover time

Our discussion on intuitiveintuitive & descriptivedescriptive level

Three types of pre-amplifiers:

Voltage sensitiveVoltage sensitive: usually not preferrednot preferred due to the fact that, for a given amount of 
charge generated by the detector (Q

DET
), the output voltageoutput voltage of the detector (V) is a 

functionfunction of the effective capacitanceeffective capacitance (C
EFF

) of the detector which is variablevariable

Current sensitiveCurrent sensitive: not preferrednot preferred because they are suitablesuitable to be used with  low low 
impedanceimpedance  devices, howeverhowever radiation detectorsdetectors have usually high impedancehigh impedance

Charge sensitiveCharge sensitive: preferredpreferred type because its output is onlyonly a function of the 
charge (Q

DET
) and a fixed C

F
, provided that amplifier gaingain is sufficiently highhigh

        Pre-AmplifierPre-Amplifier
The first stage of the The first stage of the interpretationinterpretation

V =
QDET

CEFF

Weak Input
signal

Strong output 
signal

V

C
F

R
F

V =
QDET

CF

AA

-B -B -B -B 

++++

T=
V OUT

V I N

=
A

1 AB

in out

sage:sage:  T(A, B) = T(A, B) = A/(1+A*B)A/(1+A*B)
sage:sage:  T.limit(T.limit(A=infinityA=infinity))
(A, B) (A, B) |-->|-->  1/B1/B

V
in
          AV

in

* Please refer to Techniques for Nuclear and Particle Physics Experiments: A How-to Approach by W. R. Leo

Area=Q
DET
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29Position 1

Gain= Gain= 
-Sizeof {             }-Sizeof {             }

Sizeof {            }Sizeof {            }

GainGain of the system: 
mechanic amplifier

However in a real circuit, the input 
signal diesdies out, therefore:

Output signal is a re-generatedre-generated 
larger “cloneclone”

Output can have other featuresother features 
that the input did notinput did not

Rotational 
support
point

We want a small changesmall change in the input to 
causecause a big changebig change at the output

The reasonreason it is called an amplifier

Pos
itio

n 
2

in

Light-weight 
stick

out

        Amplifier BasicAmplifier Basic
How to How to amplifyamplify something something

Weak
input
signal

Strong
output
signal

V

Support
(the amplifier)
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        Transconductance - gTransconductance - g
mm

Figure-or-merit (Figure-or-merit (FOMFOM) for a transistor) for a transistor

G B

VV
GSGS

II
DSDS

V
DS

 [Volt]

I D
S
 [

A
m

p
e

r]

V
TH

Operating point of a 
transistor going up as 
V

GS
 increases

gm=
dI DS

dV GS

=
2 ID

V GS−V TH

* Please refer to Design of Analog CMOS Integrated Circuits by B. Razavi

Define a figure-of-merit (FOMFOM) for a single nMOS

How wellHow well a transistor convertsconverts voltage into current

From input VV
GSGS

 to output II
DSDS
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Sink current through RR
DD

As inin increases, outout decreases (faster)
-gg

mm
RR

DD
 suggests that we should increase the load load 

impedanceimpedance to have higher voltage gainhigher voltage gain
An idealideal current source has infinite impedanceinfinite impedance

A current mirrorcurrent mirror is a practical current sourcecurrent source
Simply a transistor biased as a current source

Transconductance ( (gg
mm
) increases ) increases with current

Supply additional currentadditional current to the gain device to have higher gain

        Basic CMOS AmplifierBasic CMOS Amplifier
Single-stage Single-stage common-sourcecommon-source amplifier and its evolution into a complete circuit amplifier and its evolution into a complete circuit

G B

VV
GSGS

II
DSDS
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Add the feedback network CC
FF
 & RR

FF
 forming the BB such that

For high enough AA
VV
, closed loop gain is 1/B1/B

Weak
input
signal

Strong
output
signal

V

        Basic CMOS AmplifierBasic CMOS Amplifier
Single-stage Single-stage common-sourcecommon-source amplifier and its evolution into a complete circuit amplifier and its evolution into a complete circuit

AA

-B -B -B -B 

++++

T=
V OUT

V I N

=
A

1AB

in out

sage:sage:  T(A, B) = T(A, B) = A/(1+A*B)A/(1+A*B)
sage:sage:  T.limit(T.limit(A=infinityA=infinity))
(A, B) (A, B) |-->|-->  1/B1/B
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        Basic CMOS AmplifierBasic CMOS Amplifier
Avoid Avoid loading effect loading effect of the resetting resistorof the resetting resistor

w/o buffer

w/  buffer

Problem: while CC
FF
 is charged, RR

FF
 

resets at the same timeat the same time
LoweringLowering the voltage gain, therefore:
Loading effectLoading effect of the feedback resistorresistor 
should be avoidedavoided
IntegrationIntegration and resettingresetting should be de-de-
coupledcoupled
Employing a bufferbuffer is one of the possible 
solutions
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        Pre-AmplifierPre-Amplifier
Full circuit (currently Full circuit (currently in usein use at a RICH detector) at a RICH detector)

ActualActual CMOS device-level 
implementation of a CSACSA

* Please refer to 
Operational Amplifiers - 
Theory and Design by 
J. Huijsing
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Gain= Gain= 
-Sizeof {             }-Sizeof {             }

Sizeof {            }Sizeof {            }

Support
(the amplifier)

GainGain of the system: 
mechanic amplifier

Rotational support 
axis holding both 
the sticks

Stick 1

Stic
k 2

in

out

        Differential AmplifierDifferential Amplifier
Generating Generating less noiseless noise (also for others) (also for others)
in the cost of more in the cost of more complex designcomplex design

Single-ended 
amplifier

Differential 
amplifier

Other sensitive 
circuitry sharing the 

same substrate

Table in analogy 
to circuit 
substrate
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        Differential SignalingDifferential Signaling

Noise source 
(Ionizing particle 

passage, 
electronic noise 

injected by 
neighboring 

circuitry, etc.)

Tx

++ ==Injected noise
ΔV ~ 0

The informationinformation Tx generates is in the differencedifference

Signal creates  complementary current imagescomplementary current images  on the substrate

Generating less noiseless noise for neighboring circuitry

Rx comparescompares the voltage levels of the pair

Any noise source should affect both of the lines similarly

Generating almost identical transients identical transients on both of the wires

Pair wires are closeclose to each other

Practically high noise rejectionnoise rejection is feasible

Rejecting noiseRejecting noise

Differential signal

Metal 
wires
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Sink current through RR
DD

As inin increases, outout decreases (faster)

Double the structure to act on both the signals
Drawback: signals can be identical (no differential information)

Steer the current either through one inverter or the other
Transition at the input changes the path through which the current is steered

Unless metastable, the amplifier has always differential information at he output

        Differential SignalingDifferential Signaling
Differential gain stageDifferential gain stage

* Please refer to Design of Analog CMOS Integrated Circuits by B. Razavi
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Introduction to the Design of Full-Custom Introduction to the Design of Full-Custom 
Front-End & Data Transmission ASICsFront-End & Data Transmission ASICs**

Table of Contents (Table of Contents (TOCTOC))

The Big (but Brief) Picture
Briefly front-endfront-end – FE ASICs
Briefly read-outread-out – RO systems
Briefly serializerserializer - SER
Briefly phase-lock loopphase-lock loop - PLL

Feed-Back Concept
A qualitativequalitative introduction
Natural frequencyNatural frequency concept - ωω

nn

Real-world examples:
BinaryBinary read-out
Time-over thresholdTime-over threshold

Adjusting/optimizing loop behavior
Damping ratio - ξξ

Detector Front-End ASICs
Pre-AmplifierPre-Amplifier: basic idea – VV

out out 
/ V/ V

inin

TransconductanceTransconductance of a transistor - gg
mm

Evolving a single-stage amplifiersingle-stage amplifier into 
a real-world application

* * Application Specific Integrated Circuit

Radiation Tolerance Issues
Definitions:

Single event upsetSingle event upset, analog analog 
single event transientsingle event transient, latch-uplatch-up

SimulatingSimulating radiation effects on 
analog circuits

Processing Technology
TransistorTransistor switch – A masterpiece

LithographyLithography
Formation of an nMOSnMOS transistor

VLSI design flow
Parasitic extractionextraction

Real-world ASIC examples
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Potential CMOS Replacements(?)
Single-layer thickSingle-layer thick transistors

Graphen'icsGraphen'ics (benzen lattice)
Molybdenite'icsMolybdenite'ics (MoS

2
)
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        SemiconductorSemiconductor Switch -  Switch - TransistorTransistor
A masterpieceA masterpiece

C
u

rr
en

t

Current

S
ym

bo
l

La
yo

ut

Current conduction between DrainDrain--SourceSource 
as a function of GateGate--SourceSource voltage

Gate

Oxide Gate

3D view3D view of a 
single MOS 

transistor

A single MOS 
transistor as drawn as drawn 

by a designerby a designer

V
DS

 [Volt]

I D
S
 [

A
m

p
e

r]

V
TH

Characteristic I-V 
curve of an nMOS Voltage
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          LithographyLithography
The art of The art of drawing drawing byby  lightlight

The ingotingot 
to be sliced 
into waferswafers

A real microelectronic circuit is like a very 
large citycity composed of many many layerslayers

A specific lithographic mask lithographic mask is needed 
for each layerfor each layer to be created

As an exampleexample we will create a “lineline” on 
an oxideoxide layerlayer

Initial state

Target

* Please refer to Semiconductor Devices: Physics and Technology by S. M. Sze
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        Just to draw a single lineJust to draw a single line
SevenSeven  stepssteps to pattern a single layer to pattern a single layer

A

B

C

D

E

F
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        Fabrication of an nMOSFabrication of an nMOS
Simplified steps – Part ISimplified steps – Part I

Images: CMOS Digital Integrated Circuits Analysis & Design by Sung-Mo (Steve) Kang and Yusuf Leblebici 
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http://www.amazon.com/Digital-Integrated-Circuits-Analysis-Design/dp/0072460539/ref=sr_1_1?ie=UTF8&s=books&qid=1264301614&sr=1-1
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        Fabrication of an nMOSFabrication of an nMOS
Simplified steps – Part IISimplified steps – Part II
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        How many layers do you see ?How many layers do you see ?
A process repeated a A process repeated a few hundredfew hundred times times

A ring-type oscillator visualized in “electric”, an open source CAD tool for ASIC design
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        How many layers do you see ?How many layers do you see ?
A process repeated a A process repeated a few hundredfew hundred times times

The CAMD front-end ASIC designed for RICH-I detector of COMPASS experiment at CERN.
(350 nm CMOS technology in Cadence editor, a commercial CAD tool for ASIC design).
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        How many layers do you see ?How many layers do you see ?
A process repeated a A process repeated a few hundredfew hundred times times

The first prototype of the SER-DES ASIC for the GBT13 chip-set under
development for the Super-LHC at CERN. (130 nm CMOS)

A sub-set of masks 
forming the above block

(Animated GIF image)
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        VLSI Design in PracticeVLSI Design in Practice
Daily Daily lifelife of an ASIC designer of an ASIC designer

SpecificationsSpecificationsSpecificationsSpecifications

Schematic entrySchematic entrySchematic entrySchematic entry

SimulationSimulationSimulationSimulation

LayoutLayoutLayoutLayout

Design Rule CheckDesign Rule CheckDesign Rule CheckDesign Rule Check

Parasitic ExtractionParasitic ExtractionParasitic ExtractionParasitic Extraction

Layout VersusLayout Versus
Schematic checkSchematic check

Layout VersusLayout Versus
Schematic checkSchematic check

Post-LayoutPost-Layout
SimulationSimulation

Post-LayoutPost-Layout
SimulationSimulation

Interface between process process 
scientistscientist and designerdesigner
Focus on reliabilityreliability and 
increased manufacturabilitymanufacturability
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        Architectural ChoiceArchitectural Choice
Quantitative comparison between different approachesQuantitative comparison between different approaches

SpecificationsSpecificationsSpecificationsSpecifications

Schematic entrySchematic entrySchematic entrySchematic entry

SimulationSimulationSimulationSimulation

LayoutLayoutLayoutLayout

Design Rule CheckDesign Rule CheckDesign Rule CheckDesign Rule Check

Parasitic ExtractionParasitic ExtractionParasitic ExtractionParasitic Extraction

Layout VersusLayout Versus
Schematic checkSchematic check

Layout VersusLayout Versus
Schematic checkSchematic check

Post-LayoutPost-Layout
SimulationSimulation

Post-LayoutPost-Layout
SimulationSimulationBinary weighted (BWA)                 Thermometer coded (TCA)

MSB MSB-1             ....

TCA

BWA

A 10-Bit10-Bit current-mode D/A converter
Two possible architecturesarchitectures; have to choose onechoose one
Need for qualitative comparisonqualitative comparison: MC is a mustmust
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        ParametrizationParametrization
Optimizing the choice according to the applicationOptimizing the choice according to the application

SpecificationsSpecificationsSpecificationsSpecifications

Schematic entrySchematic entrySchematic entrySchematic entry

SimulationSimulationSimulationSimulation

LayoutLayoutLayoutLayout

Design Rule CheckDesign Rule CheckDesign Rule CheckDesign Rule Check

Parasitic ExtractionParasitic ExtractionParasitic ExtractionParasitic Extraction

Layout VersusLayout Versus
Schematic checkSchematic check

Layout VersusLayout Versus
Schematic checkSchematic check

Post-LayoutPost-Layout
SimulationSimulation

Post-LayoutPost-Layout
SimulationSimulation

Hand calculationscalculations
Corresponding time & frequency 
domain behaviorbehavior
JudgmentJudgment
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        ParametrizationParametrization
Optimizing the choice according to the applicationOptimizing the choice according to the application

SpecificationsSpecificationsSpecificationsSpecifications

Schematic entrySchematic entrySchematic entrySchematic entry

SimulationSimulationSimulationSimulation

LayoutLayoutLayoutLayout

Design Rule CheckDesign Rule CheckDesign Rule CheckDesign Rule Check

Parasitic ExtractionParasitic ExtractionParasitic ExtractionParasitic Extraction

Layout VersusLayout Versus
Schematic checkSchematic check

Layout VersusLayout Versus
Schematic checkSchematic check

Post-LayoutPost-Layout
SimulationSimulation

Post-LayoutPost-Layout
SimulationSimulation

Hand calculationscalculations
Corresponding time & frequency 
domain behaviorbehavior
JudgmentJudgment

CaPPeLLoCaPPeLLo gets just a few numbers and all automaticallyall automatically:
Calculates loop parameters and generates the stability map for comparison
Calculates frequency domain loop response as

Bode and root locus plots, step & impulse responses, noise transfer functions, etc.
Generates the verilog model of the architecture with the selected parameters

Compiles and runs the verilog model, displays the wave forms
Analyzes the jitter data generated during the this simulation

Searches for chaos by means of time series analysis and creates attractors, etc.
Generates a report summarizing all above actions

User
inputs

External
tools

Resulting
loop

parametrization

Resulting
loop

parametrization

Memory of selected
loop operating

points

Architecture
under

treatment

Architecture
under

treatment

Log viewLog view
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        Schematic-Level DesignSchematic-Level Design SpecificationsSpecificationsSpecificationsSpecifications

Schematic entrySchematic entrySchematic entrySchematic entry

SimulationSimulationSimulationSimulation

LayoutLayoutLayoutLayout

Design Rule CheckDesign Rule CheckDesign Rule CheckDesign Rule Check

Parasitic ExtractionParasitic ExtractionParasitic ExtractionParasitic Extraction

Layout VersusLayout Versus
Schematic checkSchematic check

Layout VersusLayout Versus
Schematic checkSchematic check

Post-LayoutPost-Layout
SimulationSimulation

Post-LayoutPost-Layout
SimulationSimulation

Place devicesdevices
Connect portsports
Build a hierarchyhierarchy
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        SimulationSimulation
Model-basedModel-based time-step simulations (HDLs, 
MatLab, Octave, Cadence, etc.)
Transistor-levelTransistor-level SPICE simulations (Spectre, 
UltraSim, etc.)
RadiationRadiation simulations (Process simulators, 
Spectre, etc.)

SpecificationsSpecificationsSpecificationsSpecifications

Schematic entrySchematic entrySchematic entrySchematic entry

SimulationSimulationSimulationSimulation

LayoutLayoutLayoutLayout

Design Rule CheckDesign Rule CheckDesign Rule CheckDesign Rule Check

Parasitic ExtractionParasitic ExtractionParasitic ExtractionParasitic Extraction

Layout VersusLayout Versus
Schematic checkSchematic check

Layout VersusLayout Versus
Schematic checkSchematic check

Post-LayoutPost-Layout
SimulationSimulation

Post-LayoutPost-Layout
SimulationSimulation

In
te

rn
at

io
na

l S
ch

oo
l o

f T
ri

g g
er

 a
nd

 D
at

a
 A

cq
ui

si
tio

n
In

te
rn

at
io

na
l S

ch
oo

l o
f T

ri
g g

er
 a

nd
 D

at
a

 A
cq

ui
si

tio
n ,

 , 1
 -

 8
 F

eb
ru

ar
y 

20
12

1 
- 

8 
F

eb
ru

ar
y 

20
12

, , 
C

ra
co

w
 /

 P
ol

a n
d

C
ra

co
w

 /
 P

ol
a n

d
D

e
si

gn
 o

f L
o

w
-L

e
ve

l F
ro

n
t -

E
nd

 a
nd

 D
a t

a 
Tr

an
sm

is
si

on
 A

S
IC

s
D

e
si

gn
 o

f L
o

w
-L

e
ve

l F
ro

n
t -

E
nd

 a
nd

 D
a t

a 
Tr

an
sm

is
si

on
 A

S
IC

s 
- 

Ö
zg

ür
 Ç

ob
a n

oğ
lu

 -
 Ö

zg
ür

 Ç
ob

a n
oğ

lu



53

        LayoutLayout
Lithographic masksmasks are designed
Actual representation of a circuit on the diedie

SpecificationsSpecificationsSpecificationsSpecifications

Schematic entrySchematic entrySchematic entrySchematic entry

SimulationSimulationSimulationSimulation

LayoutLayoutLayoutLayout

Design Rule CheckDesign Rule CheckDesign Rule CheckDesign Rule Check

Parasitic ExtractionParasitic ExtractionParasitic ExtractionParasitic Extraction

Layout VersusLayout Versus
Schematic checkSchematic check

Layout VersusLayout Versus
Schematic checkSchematic check

Post-LayoutPost-Layout
SimulationSimulation

Post-LayoutPost-Layout
SimulationSimulation
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        DRCDRC
InfiniteInfinite different paths of matching what the 
schematic represents (art)

SpecificationsSpecificationsSpecificationsSpecifications

Schematic entrySchematic entrySchematic entrySchematic entry

SimulationSimulationSimulationSimulation

LayoutLayoutLayoutLayout

Design Rule CheckDesign Rule CheckDesign Rule CheckDesign Rule Check

Parasitic ExtractionParasitic ExtractionParasitic ExtractionParasitic Extraction

Layout VersusLayout Versus
Schematic checkSchematic check

Layout VersusLayout Versus
Schematic checkSchematic check

Post-LayoutPost-Layout
SimulationSimulation

Post-LayoutPost-Layout
SimulationSimulation
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        Parasitic ExtractionParasitic Extraction
For a For a better physical representationbetter physical representation of what is in the circuit of what is in the circuit

Perform two simple connectionssimple connections:
Connect the pin AA to pin BB with metal-1metal-1
Connect the pin CC to pin DD with metal-2 metal-2

Designer did not drawdid not draw any device but the 
effective circuiteffective circuit has at least the followings:

4 capacitors
2 resistors
1 inductor

Things which are not taken into account in 
schematic are the parasitic devices that can can 
not be avoidednot be avoided but minimized/maximized

e.g. minimize input capacitance of a FE or 
wire capacitances between building 
blocks
e.g. maximize narrow-band PLL filter 
capacitance or de-coupling capacitors of 
any ASIC

A

B

D

CInductive

Inductive

Capacitive

2nd Circuit

1st Circuit
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        Test BoardsTest Boards
and tester/configurator applicationand tester/configurator application

USB → I2C adapter

I2C & JTAG ports

FPGA (Cyclon-III)

Where the DUT resides
(DUT: Device Under Test)

Tester SWTester SW

Control bitsControl bits

On-line
documentation

On-line
documentation

Retrieved
oscilloscope

image

Retrieved
oscilloscope

image
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Introduction to the Design of Full-Custom Introduction to the Design of Full-Custom 
Front-End & Data Transmission ASICsFront-End & Data Transmission ASICs**

Table of Contents (Table of Contents (TOCTOC))

The Big (but Brief) Picture
Briefly front-endfront-end – FE ASICs
Briefly read-outread-out – RO systems
Briefly serializerserializer - SER
Briefly phase-lock loopphase-lock loop - PLL

Feed-Back Concept
A qualitativequalitative introduction
Natural frequencyNatural frequency concept - ωω

nn

Real-world examples:
BinaryBinary read-out
Time-over thresholdTime-over threshold

Adjusting/optimizing loop behavior
Damping ratio - ξξ

Detector Front-End ASICs
Pre-AmplifierPre-Amplifier: basic idea – VV

out out 
/ V/ V

inin

TransconductanceTransconductance of a transistor - gg
mm

Evolving a single-stage amplifiersingle-stage amplifier into 
a real-world application

* * Application Specific Integrated Circuit

Radiation Tolerance Issues
Definitions:

Single event upsetSingle event upset, analog analog 
single event transientsingle event transient, latch-uplatch-up

SimulatingSimulating radiation effects on 
analog circuits

Processing Technology
TransistorTransistor switch – A masterpiece

LithographyLithography
Formation of an nMOSnMOS transistor

VLSI design flow
Parasitic extractionextraction

Real-world ASIC examples
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Potential CMOS Replacements(?)
Single-layer thickSingle-layer thick transistors

Graphen'icsGraphen'ics (benzen lattice)
Molybdenite'icsMolybdenite'ics (MoS

2
)
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Single Event Transient (SETSET)
A transient perturbation on an 
analog signal due to charge 
released by an ionizing radiation.

Single Event Upset (SEUSEU)
State change of a digital circuit 
due to charge released by an 
ionizing radiation.

        Radiation IssuesRadiation Issues
Definitions and failure mechanismDefinitions and failure mechanism

Wafer cross-section of the inverter
Equivalent parasitic

BiPolar circuit

Latch-UpLatch-Up
Creation of a low-resistance path between 
Vdd and Gnd due to a positive feedback 
loop formed by parasitic devices.

CMOS inverter and its symbol
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        Modeling Radiation EffectsModeling Radiation Effects
Taking radiation into account in simulationsTaking radiation into account in simulations

SETsSETsSETsSETs

Spec.Spec.Spec.Spec.

SystemSystemSystemSystem

VCOVCOVCOVCO

QQQQ

CircuitCircuitCircuitCircuit

Radiation = current pulse
E.g.: 0.3 pCpC in 130 nm CMOS

Plot: Effect vs Q
Define/check specifications
Repeat the cycle

You startYou start
here !!here !!

You startYou start
here !!here !!
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        Rad-Hard Design TricksRad-Hard Design Tricks
Adding robustness to circuitsAdding robustness to circuits

Use higher current levelshigher current levels and/or larger devices
The current/voltage excursions ionizing 
particles generate stay insignificant
Prise to pay: increased circuit footprint and 
power dissipation, slower operation, etc.

Use triple-welltriple-well and/or guard-ringguard-ring structures 
frequently

To ground any noise before it reaches to 
sensitive circuitry

Use Modular RedundancyModular Redundancy (nMR)
Replicate circuitry and vote at the output, 
Triple Modular Redundancy (TMR) is 
commonly used
The probability for an ionizing particle to affect 
all the three blocks at the same time is very 
low, therefore this technique is commonly used 
to harden designs against SEU

Use dummy statesdummy states to protect Finite State Machines (FSMFSM) against SEUs
If a state change occurs due to an ionizing particle passage, the FSM can return to a 
valid state without impairing
Prise to pay: more complex FSM design, increased power dissipation and circuit 
footprint

Place the ASICs within magnet shadowsshadows (where applicable)
To decrease radiation tolerance requirements

AA

CC

BB Majority
Voter

Majority
Voter Out

In

In

In

s1 s2

s3
Dummy states 
leading to valid 

states

Replicated 
block
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Introduction to the Design of Full-Custom Introduction to the Design of Full-Custom 
Front-End & Data Transmission ASICsFront-End & Data Transmission ASICs**

Table of Contents (Table of Contents (TOCTOC))

The Big (but Brief) Picture
Briefly front-endfront-end – FE ASICs
Briefly read-outread-out – RO systems
Briefly serializerserializer - SER
Briefly phase-lock loopphase-lock loop - PLL

Feed-Back Concept
A qualitativequalitative introduction
Natural frequencyNatural frequency concept - ωω

nn

Real-world examples:
BinaryBinary read-out
Time-over thresholdTime-over threshold

Adjusting/optimizing loop behavior
Damping ratio - ξξ

Detector Front-End ASICs
Pre-AmplifierPre-Amplifier: basic idea – VV

out out 
/ V/ V

inin
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        Potential CMOS Replacements(?)Potential CMOS Replacements(?)
Next Generation Next Generation SingleSingle  Atom-Atom- or  or Molecule-ThickMolecule-Thick Revolutionary Technologies Revolutionary Technologies
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Single-atomSingle-atom thick flat carboncarbon (CC) network: GrapheneGraphene

- Brought 2010 Nobel 2010 Nobel prize
- Graphene-based devicesGraphene-based devices
   including transistors are being
   constructed by many groupsmany groups

Single-moleculeSingle-molecule thick molybdenitemolybdenite ( MoSMoS
22  

) network

- Intrinsically semi-conductorsemi-conductor
- RecentlyRecently characterized
- Demonstrated to be suitable for n-typen-type circuits:

          http://www.nature.com/nnano/journal/v6/n3/full/nnano.2010.279.html

http://www.nature.com/nnano/journal/v5/n7/full/nnano.2010.89.html

First Observed in 1969First Observed in 1969: PLATINUM SURFACE LEED RINGS, SURFACE SCIENCE 17 267-270 

Nobel Prized Study in 2004Nobel Prized Study in 2004: Electric Field Effect in Atomically Thin Carbon Films, K. S. Novoselov,1 
A. K. Geim, S. V. Morozov, D. Jiang, Y. Zhang, S. V. Dubonos, I. V. Grigorieva, A. A. Firsov

Device seen on the rightDevice seen on the right: 

http://www.nature.com/nnano/journal/v6/n3/full/nnano.2010.279.html
http://www.nature.com/nnano/journal/v5/n7/full/nnano.2010.89.html
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