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Mebooot g Zwpatiotonng Duowmng

1) JUuyKEVTPWON EVEPYEIQC OTA
cwpatidia ( )

2) Zuykpouon cwuaTidinv
(dnuioupyia cuvBnkwyv

avaloywv Tou Big Bang)

= Ta 2ZwpaTtidla ouykpouovTal JE TaXUTNTES TTAPATTANCIEC UE AUTH TOU QWTOC
ME ATTOTEAEO A TNV TTAPAYWYN VEWV owlaTidiwv. H diadikacia auTtr divel
TTANPOPOPIEC YIA TOUC PUNXAVIOWOUG OGAANAETTIOPAONG TWV CWHATIOIWY KAl
Kal TOUG BEPEAIWONG PUOIKOUG VOUOUG TTOU Ta DIETTOUV.
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The tlow of Physics data at LHC
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> uaroyn & Emelepyaoio Aedopevmy

16 Million channels
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C [Hayroopio Ynoloyiotino Aintvo

The Worldwide LHC Computing Grid

Th wtes

Ter-0

(CERN and Hungary):
data recording,
reconstruction and
distribution

-170 sites,
42 countries

~750k CPU cores

Tier-1: permanent 600 PB of storage
storage, re-processing,

lysi
analysis > 2 million jobs/day

Tier-2: Simulation,

end-user analysis 10-100 Gb links

WLCS: - o
An Intgmahonal coliaboralion 10 dialrbule ana analyae LHWC cala

INtegrales COMPUIBr CaNtIes woriiwide that RIowas CoMmpu g aNd l0Iage
GS0UICE (PIO, & SNGM B HASIIVCIIG ACCESSIDIG Dy, Al LHC physcisis

’

Running jobs: 214268 ( g
Transfer rate: 42.74 GiB/sec Q)
\\_//

US Dept of State Geographer

© 2013 Google G()()SIC ea rth

Image Landsat
Data SI0, NOAA, U.S. Navy, NGA, GEBCO
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@ Microchips tor Megastructures

On-detector ASIC CMS experiment at the LHC accelerator at CERN

--.lcg

-

Silicon Tracker Hybrid

Off-detector
electronics
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@ ASICs ot @uownn Ydniowv Evepyetov

= ASIC Application-Specific Integrated Circuits
OAokAnpwpuéva KukAwparta €eIDIKEUPEVNGS EQAPHOYAGS

m  [O1aiTEPQ ECEIDIKEUPEVES AEITOUPYIEC
0 EIOIKEC TEXVIKEC ETTECEPYATIAC ONUATOC
o YwnAn avadAuon kai peyalo duvapiko Upog

= [1TOAU peyaAog apiBuoc kavaAiwy avayvwong
o XaunAn katavaAwaon evEpyEIag

= [lepIBaAAov Evrovng akTivoBoAiag

o TID (Total lonizing Dose) of 500 Mrads up to 1 Grad
= Space applications requirements: up to 200 Krads

o SEE (Single Event Effects)
= Particle fluence ~10%> cm (inner tracker layers)
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Silicon Strip Detector electronics

Silicon-strip detector

On-detector electronics
ASIC (Application Specific Integrated Circuit)

Pipeline \

|£'re-ampllf|er Shaper Discriminator memory  Multiplexer

To readout chip
8i0; Al A A
| | r{ B Optical
\7‘_/ % Transmission
p*Si IinI cd LHC clock E
/j ’j l 40MHz @
n Si <
| o
[wy 7 { o
fo =
ntSi ;!ﬁ]f;f;l erey l+HV'bias o
Fig.4: Schematic cross-section of a typical silicon strip detector.
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ns) (s} 100 200 300 400 500 0 20 40 B0 80 100 120 140
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Very small signal (~fC) Charge-sensitive amplifier Predefined signal shape Digitized signal (1/0)
Needs amplification V =-QIC; Noise reduction by Signal above a preset
optimizing useful bandwidth threshold
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@ Silicon Strip Detector electronics

Silicon-strip detector

On-detector electronics
ASIC (Application Specific Integrated Circuit)
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Fig.4: Schematic cross-section of a typical silicon strip detector.
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@ On-detector ASICs

ASIC (Application Specific Integrated Circuits)
CMS Preshower Detector S . >
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Sensor modules with ASICs
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Detector Assembly
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@ Pixel Detector electronics

Velopix readout ASIC
= for the LHCb detector ; 20

18
1.6
, 40 double-columns i
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o] sk 12
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@ CMS Pixel Inner Tracker

15
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@ Pixel Sensors in Medical Imaging

New X-ray technology produces

striking 3D images in full colour

A new medical imaging device uses technology
developed by particle physicists to produce full colour,
3D images of the human body.

A hybrid detector capable of counting each individual
particle hitting the pixels and measure its energy.

- @
Lo inuage

ixel
Leell

Pixelated 300 um thick Si
detector chip (256 x 256
pixels, 55 um pitch)

Read-out ASIC
chip Medipix2

Detectorbias
voltage (~100V)

Bias Voltage

Detector substrate(Si)

28/08/2024 Kostas.Kloukinas@cern.ch

16



@ Electromagnetic Calorimeter electronics

Analog to Digital Converter (ADC)

/

———
ii
T~ 1Y, >_= S\ [Samping = rpo Created charge proportional to energy deposit

" g L ADC CLK = Amplitude measurement
I > 10 MHz = Signal Time defines EVENT TIME
C5 Preamplifier CR-RC Shaper 12-16 bit
B 10us  0.0000s : Orig’d : - E3100%
. Charge-_sensitive (CS) } — 30 keV proton
preamplifier -
+ Shaping: CR differentiator — ~ —20keV proton
and RC integrator ' [ N\
* Lead tungstate crystals [\
» Avalanche Photo-diodes t“ﬂt“ﬂf"—:»‘“?fmﬁ-%w' \»H_ -
Reverse-biased p-n junction e ]

* Primary photoelectrons accelerated
in electric field — avalanche

* Generated charge is proportional
to deposited energy
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@ Some examples of ASICs in CMS

muon chamber:

T

e-cAL N-CAL
beam pipe mm ! I \ \ \ '

S stri
pix strip \
detedtor
: | i Chlps to scale 1 cm
MAD muon det
s0x52 pichs QIES8 calorimeter 181 000 chips
it P 290 400 chips 25 000 m2 gas-filled
R T ?%%%Sl dh(:ft
chips Slide by E. Heij
_ 9.3 M segments T de by ejne
PSI46 pix det e Total CMS TS§CC 2014

16 800 chips
66 M segments

1 m2 Si sensor

appr. 1 million chips
of which 700 000 ASICs o
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Some examples of ASICs in ATLAS

e-CAL h-CAL
detector \

beam pipe o A
.

Si stri
tracke\

——
e
e
—
—
—
—
—

>
Chips to scale 1 cn
2 ASD muon det
; ASDBLR TRT det 148 000 ChipS
b 3 38 000 chips Slide by E. Heijne
L y i (2 SCC 2014
ABCD Si det Total ATLAS

FE-I3 pix det 50 000 chips 100 million sensor cells

28 000 chips 6 M segments  pTMROC TRT d appr. 800 000 chips

80 M segments 60 m2 Si sensor 19 000 chips majority ASICs 3

1.7 m? Si sensor
28/08/2024
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@ CMS Phase-2 upgrade challenges

= LHC - HL-LHC: sustained luminosity of 5x1034 cm2s-1

o From 20 - 200 pileup events per BX

o M, e and jets at exceedingly high rates
" Increasing thresholds would affect physics performance
n Performance of algorithms degrades with increasing pile-up  (Pile-up) ~ 20

= Track Triggering

o Add tracking information to the Level-1 trigger decision (Pile-up) ~ 200
to keep trigger rate at an acceptable level
" Trigger Rate 100 kHz - 750kHz

CMS Preliminary Phase 2 Simulation

= Trigger Latency 3.2 uys - 12.5 ys 5 e e Ao

% 1 0__ 'M:i'AMA»AwmAx-w-um’w““ «,"__r__-_-_"";_:_-

= Outer Tracker modules with p; discrimination B ]
o Reject locally signals from low-p; particles (< 2Gev) o8- .

o Reduce data volume by one order of magnitude oal S inaing sicency | |
making transmission feasible for the available power budget T EikporEn |

o Simplify track finding algorithms 02 . ro .

al Electrons 7

N L

P, [GeVic]
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@ Intelligent particle tracking system

Ll Trigger @ 1MHz (max)

/high—pr
o] Plpellne L1 triggered data
fowr _’b (up to 106 events/s)
Cluster Stub Stream data of encoded
o information of high p; particles
2 mm /// ///// — f|nd|ng (40 MHz frame I’a'[e)
? {
> 200 mm . . . .
Discriminate particles locally
Interaction point based on their pytransverse momentum
0 > and send only interesting particle hits
B 0] to the Trigger System

3.8T provided by the superconducting solenoid

= The CMS OT detector working principle of p; discrimination
o Exploit the strong magnetic field of CMS
o Correlate signals between two closely spaced sensors to identify “stubs”
o Stubs defined as a track coordinate + angle based on tracking window on parallel sensor
o Transmit stub coordinates and momentum instead of a multiplicity of hits
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@ Phase 2 CMS Outer Tracker

. . Outer Barrel Phase 2 Outer Tracker Layout
/— 2S or Strip-Strip module \
2 Strip sensors ' b
No strips: ............. 2x 2 048 per side |||| I | |||| |||| I | e
Strip size: ............ 5cmx 90 um |||| | | |||| |||| | I |20
Spacing: .......cc......... 1.8 mm and 4.0 mm w0 — II|| I | |l||| I!|| I | -
o N S OO | Iy n iy lig -2
Active area: ...... 2 x 90 cm? - mo o m e -2
O A2 NN N Y % Y YOS IIII I 1} .II IIII IIl — iﬁ
Total 2S modules.... 8 424 I T S S S o " " a2
- 4.0
\ / L I * - * 5_E‘I_ID * : f' ‘VUIUU - * - * 15IUU * - * - Z_I]IIi] - - - * Z_SIU_EI - - - * n

z [mm]

. . Inner Barrel
PS or Pixel-Strip module
/ Pivel + Stri \ 13 296 Modules
i Ixe fip sensor 44 Mstrips + 174 Mpixels
No strips: ............ 2 x 960 = 1920 strips 200m?2 of silicon area
Strip size: ............ 2400 mm x 100 um
No pixels: ............ 32 x 960 = 30 720 pixels
Pixel size: ............ 1.5 mm x 100 um
Spacing: .........c.c...... 1.6 mm, 2.6 mm and 4.0 mm
Active area: ...... 2 x 45 cm?

Total PS modules.... 5 708 /

Power density: .... < 100 mW/cm?

[1] CMS collaboration. "The phase-2 upgrade of the CMS tracker." CMS-TDR-014 (2017).
[2] Abbaneo, Duccio. "Upgrade of the CMS Tracker with tracking trigger." Journal of Instrumentation 6.12 (2011): C12065.

28/08/2024 Kostas.Kloukinas@cern.ch 22



SSA analog front-end architecture

o

5 |
4

S

_{i‘ﬂi

deh g

= Schematic design of the analog channel

a

a

a

Preamp: regulated cascode transimpedance amplifier
Booster: class AB buffer with active feedback for overshoot attenuation

3 stage discriminator, folded cascode with resistive feedback
(Discriminator for HIPs not shown)

iélﬁt

Fi_o

k

Design parameters

Peaking time:
Gain:

GBP:

ENC (5 pF input):

Max consumption:

17 ns

60 mV/fC
2.7 GHz
<800 e
250 pA

Designer: Jan Kaplon

28/08/2024
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—_—

@ MPA analog tront-end architecture

L T e fd [WRSRR
90! | T

Il J | [
A Ry FTF o 1

ionizing particle ‘.‘..r

Input T O—| |
o @ I
| [

| | | :

| | ‘:

| | ;

| | :

_ | | s

2 Ik I : -
i | THRESHOLD b
-+ = =+ | DAC | TRIM DAC

|
|
|
|
|
|
|
|
|
|
|
1

nll—'\ig/\/\,
i
©

il

TEST (PIN 32}

CAL DAC

CALSTROBE (PIN7)
R

|
|
| Current consumption <30 uA / channel
|
|
|
|
|
|

Preamplifier Shaper Discriminator

|
Transimpedance Preamplifier Single-ended to differential folded - PMOS folded cascode input
with Krummenacher feedback cascode stage with resistive load - Swing limiter based on PMOS
leakage current compensation working in diode configuration

for n* on p- detectors - Second stage with hysteresis (6mV)

Designer: Jan Kaplon
28/08/2024 Kostas.Kloukinas@cern.ch 24




)/ MPA-SSA Readout Concept

Level-1 accept

40MHz LHC clock ) 40MHz LHC clock
: Level-1 accept <
Pixels MPA P
O] 0] O v i
O JO |O
oo Binary . SRAM . Data. DAQ*
oo oo oo Readout Formatting path
| O) O] O] %
O Jj0 |0
| O} Ol O
o _Jo [o | Trigger*
T ST &> Stub Finding Logic >
© Jo fo | g1Log bath
0 _10 10 |
| O] O} O] A
[O_JO JO |
S . |4OMHZ LHC clock Level-1 accept 'S?A-IO-MP/:\
trl p S SSA interconnec
\ 4
1] Two distinct data paths:
: SRAM
7 Binary *DAQ: Async transmission
Readout 1 MHz event rate,
T 320 Mbps data rate
i Encoder Logic *Trigger: Sync transmission
” 40 MHz frame rate,
1 Gbps data rate
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CMS Tracker Pixel-Strip (PS) module

MPA: Macro Pixel ASIC
SSA: Short Strip ASIC

[ ] DeSign Teams CIC: Concentrator ASIC

o CERN vPA, ssA, cic)
" Alessandro Caratelli
" Davide Ceresa
" Jan Kaplon
=  Gianmario Bergamin
" Kostas Kloukinas
" Simone Scarfi

CMS Outer Tracker PS-Module

o Lyon IPNL/IN2P3 (cic)
" Luigi Caponetto
" Geoffrey Galbit
" Benedetta Nodari
" Sebastian Viret

= Challenging project
o Interoperability and event-by-event synchronization of all ASICs
o MPA ASIC design challenges due to large die size
o Low Power consumption
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@ PS module ASICs

Two full mask-set Engineering Runs on a 9-metal 65nm bulk CMOS process
= Prototype designs were tested

a at die-on-board assemblies using custom made (FPGA based) test benches

=] at wafer level using a probe station at CERN

m Test routines include:

o Scan-chain test for production o Analog bias parameter caracterization o Noise analysis
defects

o Front-end caracterization

o Functional test of digital circuits

o Serial ID and trimming in e-fuses

28/08/2024
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@ PS Module assembled
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@) The basic element: the Transistor

MOSFET : Metal Oxide Field Effect Transistor

Polysilicon Gate : Drain (D)

SiO, Dielectric

Source

Small Signal Vsin

N+
Source | T

Yoo 1
lo 1 .- Fo VDD
Vo (a) Vo (b) | | o

——0
+vin (VDS)

vV, o—
-em

Vv
NMOS FET as a switch in Digital circuits
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@M CMOS Transistors

CMOS : Complementary Metal Oxide
Field Effect Transistor

NMOS

Metal Metal Gate Metal
Contact Contact

n-type

Gate Oxide
Bulk
(a)
Source
P-channel
Gate | | MOSFET
Drain
+
Dram
N-channel
Gate JE@ MOSFET
Source

CMOS Inverter for Digital circuits

PMOS

Source Gate

Metal Metal Gate Metal
Contact Contact

Gate Oxide
Bulk
(b)
VCC (1/1")
Input o—

3

(solves the static current problem of NMOS circuits

when the Output value is “07)

> GND (“0”)

c)

INP

Vss INP VDD

. polysilicon
% [ contact plug

— [ n-diffusion n*
—_— . p-diffusion p"'

. n-well n
p-well p
|:| p-epitaxial layer p~—
[ ] p-substrate pt

n-LDD n
p-LDD P

- silicide or salicide

[ ] dielectric

shallow trench
isolation oxide
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CMOS Logic Gates

Basic CMOS Logic Gates and their truth table

Vdd A
A|F B
A F L|H
H| L
K

CMOS INVERTER CMOS NAND CMOS NOR
Vdd Vdd

A A
2 1 4

_+ F B E

- =
T T
CMOS AND CMOS OR

Basic CMOS Logic Gate Symbols

£ 4 >
9>

INV NAND NOR

Y

.

.

28/08/2024 Kostas.Kloukinas@cern.ch



@ Logic Gate Circuit examples

=1

4-bit Adder with fast carry

Binary to 7-segment display decoder

32

Kostas.Kloukinas@cern.ch
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ASIC design in HEP community

|

2

Fabrication Plant
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&

Semiconductor Manufacturing

Process Flow Chart

Semiconductor Manufacturing Process

28/08/2024
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@ Feature Size and Process Node

Feature Size measured in Nanometers
The size of the features (the elements that make up

the transistors) are measured in nanometers Nl N o R
Historically, the feature size referred to the length of __ Hwnirci : '

the silicon channel between source and drain in field- > (//. -

effect transistors. Today, the feature size is typically % ////

the smallest element in the transistor. //M 2)/

A 25 nm process technology refers to features 25 nm E/L %ﬁ @éﬂ‘;:::%@ -
or 0.025 um in size. Also called a "technology node" Cortadt Cordect  Vies / 7

and "process node”.

3pum

0.18um© @

0.13pm @
90nm ' —
65nm

0.8um

0.6pum

0.5um

0.35um

0.3um

0.25um

0.18um 0.13um

90nm 65nm
- 45nm 40nm 28nm 20nm 16nm 10nm BT

7nm

OB o Ao (D (PN o D PN D o T o D D o A P g e g g P g e e A I A gD g g g® (9 (S N (0
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)/ Moore’s Law

Moore’s Law: The number of transistors on microchips doubles every two years
in Data

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two years.
This advancement is important for other aspects of technological progress in computing - such as processing speed or the price of computers.

Transistor count
50,000,000,000

10,000,000,000
5,000,000,000

1,000,000,000
500,000,000

100,000,000
50,000,000

© O

Pentium 4 Prescoft

tho 0 '@ ©tarton

Pentium 11l Tualatin

Pentium Il Coppermine

10,000,000 PO S sy WU
SOO0,000 Pentium "”’0 %{?H ntium [T Deschute

1,000,000
500,000

100,000 ) o
50,000 68000 @ intel 80186 $1OM

10,0001 - 160 .
5,000 The observation is named after Gordon Moore,

the co-founder of Fairchild Semiconductor and Intel

1,000
A AV ax
NN

/\b/\Q)
NN

O oV o b B O NV o o H» O VL X b
QD7 D O B AT QA QAT AT AT O O OO
SR A R R S S
Data source: Wikipedia (wikipedia.org/wiki/Transistor_count) Year in which the microchip was first introduced
OurWorldinData.org - Research and data to make progress against the world's largest problems. Licensed under CC-BY by the authors Hannah Ritchie and Max Roser.
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62 Evolution of Intel Processors

ntel Process Technology Innovations

L ]
i Angstrom era
!
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Intel

10nm
5 B
E d

Intel l4nm
Intel 22 nm
Intel 32nm Enhanced
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FinFET

Intel 45nm ~
Enhanced HKMG
nhancex train

i

Hi-K
Metal Gate

accelerated

*Graphic is for illustrative purposes only and is not to scale
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CMOS Photomask Lithography

opaque substrate
reflective reticle
carrying layout patterns

NI N

multilayer reflective coating
absorber

b)

laser source
image-reducing
collector mirror multilayer mirrors
Xenon jet 1

plasma
emits radiation =@w

iﬁ

EUV beam

condenser reflects

L7
one selected wavelength e~
towards the reticl —
o @ el S — 7 step and repeat
== A/ operations.
=7

wafer coated
with photoresist

)

A',. : £
" »V Pot lﬁ
Seorrg ! =R,

US$378 million EUV Igrap y machine
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@) CMOS Fabrication

ﬁl) Wafer preparation 2) Pattern fransfer

wafer ingot waler sliced, polished and cleaned

3) Doping

W

ﬁ

oo

& /1 \ L‘“""
Thin ] .'*-. { s

physical vapor deposnﬁon

6) Packa

etching process etched metal diced wafer microchip

28/08/2024 Kostas.Kloukinas@cern.ch 39



@ CMOS Fabrication

. photorz)sisf l 1 1 l l 1 l 1 1 mask L oxide etch
l p-type substrate t A !‘_‘H S ‘
°"'de e'Ch photoreslst 1 1 1 l 1 1 1 1 1 mask 6) 5 n - doping
A ! ! STy
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gate oxide

10) gate

photoresist 1 l 1 1 1 l l l 1 mask o / E e'c\h\ 12) drain source
j \

=

\ 7
metal contact
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@) CMOS Fabrication

Complementary Metal Oxide Semiconductor

NMOS PMOS NMOS PMOS

‘ "
OO R NN NN NN N NN N NN NN NN NN NNNNNNNNNY Polysiicon N
= 0 |
(a) p-substrate b e (a) p-substrate
AN m mﬁ::nuﬂde ] Thick field oxide
. [ESgES TS
(b} p-substrate (b) p-substrate
o Metal
k - / & I//ﬂ L_A/%T Thick field oxide
n=well P
() p-substrate
(c) p-substrate
1 FIGURE 1.38 Cross-sections while manufacturing p-diffusion, contacts, and metal
n=well
() p-substrate
— N
= = ‘ n=wall
(&) p-substrate
AN
(e Lo ] { L J
iy p-substrate

FIGURE 1.37 Cross-sections while manufacturing palysilicon and n-diffusion
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Semiconductor Foundry (Plant)

Construction cost
of a modern Plant: $5 - $20 billion
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@ A Major Fab

AP1
Hsinchu, Taiwan

AP2B
AP2C (Under construction)
Tainan, Taiwan

AP3
Longtan, Taiwan

AP5
Taichung, Taiwan

AP6 (Under construction)
Chunan, Taiwan

Location

Longtan
Hsinchu ..
Chunan @

Taichung
-

Taiwan

28/08/2024
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ASIC development costs

$580M
$542.2M
= Validation
= Prototype

$435M
g "
(&) Software
c
.g $297.8M
& $290M
B
(%)
g = Physical

$174.4M
$145M
$106.3M = Verification
$70.3M
51.3M
$28.5M $37.TM - — Architecture
on _- ! - IP Qualification
65nm 40nm 28nm 22nm 16nm 10nm 7nm S5nm
2004 2011 2015 2017 2019

Chip Design and Manufacturing Cost under Different Process Nodes: Data Source from IBS*

* According to the survey from the International Business Strategy Corporation (IBS),
the increase of design cost for each generation technology has exceeded 50% after 22 nm process, including EDA, design verification, IP core, tape-out, and so forth.
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Semiconductor Industry
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[1] McKinsey & Company. The semiconductor decade: A trillion-dollar industry. April 1,2022.
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https://www.semiconductors.org/despite-short-term-cyclical-downturn-global-semiconductor-markets-long-term-outlook-is-strong/#_ftnref1
https://www.mckinsey.com/industries/semiconductors/our-insights/the-semiconductor-decade-a-trillion-dollar-industry

@ Summary

= Application-specific integrated circuits (ASICs) are the enabling
technology for many complex detector systems
o Customised electronic circuits for a well-defined application
o Typically manufactured in CMOS processes

m Pros of ASICs

Optimised for demanding requirements: size, power, functions, performance,...
Miniaturised, ideal for high density HEP (large number of channels)

High quality with low unit cost on large scale

Radiation hardness using commercial processes

= Cons of ASICs

o Big development investment required in both time and cost
increasing as functionality (= complexity) increases

o Unchangeable once complete, unless a lot of flexibility is built-in(adds complexity)
o Substantial design and evaluation requiring specialist skills (industry pays well!)

O 0O O O
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1 Thank You
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@ Radiation effects AL
D— \

Curz}g/a?ve Single event
Sl 5 effects
Iomzahon Disp acemenf / \
(ELR) (fluence)
Permanent Transient S’raﬂc
focus of

This talk
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S Single Event Effects

ionization (t=0)

¥/ -

Charge collection has

a prompt (dritt) and

low (diffusion) components

current (a,u,]

=13
10
Szymon.Kulis@cern.ch
Kostas.Kloukinas@cern.ch

29/10/2016




@ Single Event Effects — example A LARG

VDD 1) initial state : A-VDD, B-GND

2) charge deposited at drain of M1

I:Ib— 3) transient current changes
i temporary the state of node A

@ (VDD-> GaND)

4) before the desposited charge
is evacuated, the second

M1 inverter (M3—M4) switches

I"" (node B GND->VDD)

GND 5) The change of node B enforces
the wrong state at node A =>
the error is latched into the

SRAM cell memory cell

(pass gates missing) How much charge is needed fo
flip the value?

Szymon.Kulis@cern.ch
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@ Triple Modular Redundancy (TMR)|A EXE

Normaly, the three
blocks give the same output

rllogic/l i
_ &
e

: 0

' 1 0 J 1,
7k s R
\/logicc 1. |0 Pl
| 1 1 0 1
I R e

voter truth table
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