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e lecture 1. Mostly
electronics, some
triggering

e |ecture 2: More
electronics, basics of
Data Acquisition

e |ecture 3: Data

acquisition at the LHC,

odds and ends

e Topics are related, no

100% separation
between the 3

We want to fill in some of
the blanks from Werner
Riegler’'s “Detectors”
lectures to Jamie Boyds's
“From raw data to
physics”. Triggering will be
only tfreated in so faritis
relevant for the
electronics and DAQ. The
“physics” of the trigger s
treated in “Triggers for
LHC physics” by Bryan
Dahmess
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Physics, Detectors, Electronics(@
Trigger & DAQ

High rate

collider oy

o p— electronics

rare, need
many collisions

Big data

/ acquisition
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Disclaimer

Electronics, Trigger and DAQ are vast subjects
covering a lot of physics and engineering

Based entirely on personal bias | have selected a few
topics

While most of it will be only an overview at a few
places we will go into some technical detall

Some things will be only touched upon or left out
altogether — information on those you will find in the
references at the end

— Quantitative treatment of detectorelectronics & physics
behind the electronics

— Derivation of the “physics” in the trigger
— DAQ of experimentsoutside HEP/LHC

— Management of large networks and farms &High-speed
mass storage
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Thanks

e Some material and lots of inspiration
for this lecture was taken from lectures
by my predecessors: P. Mato, P.
Sphicas, J. Christiansen

* In the electronics part | learned a lot
from H. Spieler (see rets at the end)

e Trigger material | got from H. Dijkstra

e Many thanks to S. Suman for his help
with the animations

E nics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH



Lecture 1/3

Mostly electronics

&



Electronics In a nutshell
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Electronics: infroduction

e Why do we care about electronicse
— As physicistse
— As computer scientistse
 The Readout Chain
— Shaping, Amplifying
— Digitizing, Transmitting, Noise and all that
e Timing and Synchronization

e Systems
— Power, Cooling & Radiation
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Physicists stop reading here

| V-D=p
* lfiswellknownthat ¢ . g —

VxE=_92B

VH=1J | oD
o Qrlwtechnical details are missing”

Werner Heisenberg, 1958

A physicistis someone who learned
Electrodynamicsfrom Jackson
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http://www.amazon.com/gp/reader/047130932X/ref=sib_dp_pt

Computer scientists wonder... “

e Why bother with this gruesome analogue electronics

stuff

A _r;,.,‘r\a Machine does ﬂo‘r unJefﬁ'aﬂJ---

£¥ and u“maﬂ
PoinT oul ywe Ca.; Ji"‘e
'aoufmﬁa\b as @ 7‘ “P

M= (Q,VJ \DJE-)&“P,F?

AS \—lo?cfo

:
e T i )
T v

e The problem is that Turing rhocies _re so bad with
/O and it is important fo understand the constraints
of data acquisition and triggering
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The bare minimum

* From Maxwell’s
equations derive: | =

e Ohm’'s law and power

e The |V characteristics of
a capacitance

e Kirchhoff’s laws

o where: Q = charge (Coulomb),
C = Capacitance (Farad), U=V
= Voltage (Volt), P = Power
(Watt), I = Current (Ampere)
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Detector Frontend
Electronics (FEE)
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Seeing the data

OKAY, MOMENT | [-]
OF TRUTH. N

| UNTIL THE THEORISTS GET

\WELL, BACK TO US, WaNNATRY

THEN, HITTING PIGEONS WITH
; THE PROTON STREAM?

l ALREADY ON IT.
/ COOL! I Just
» GAVE A
L ﬁ) %ﬂ HELICOPTER
(- CANCER.

Intro to Detector Readout ISOTDAQ 2011, N. Neufeld CERN/PH
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Once upon a fime... )

Camera

Particles

OO0O0O0OOOPOOOOO

from Wikipedi
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Looking at ATLAS =

Electromagnetic Calorimetry

Muon chambers

Beam pipe

Tracking (in solenoidfield)

Hadronic Calorimetry
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Tracking

e Separate tracks by
charge and
momentum

e Posifion
measurement layer
by layer

— Innerlayers: silicon
pixel and strips 2>

presence of hit
determines position

— Quter layers: “straw™
drift chambers 2> need
time of hit to
determine position

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld
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Calorimetry 2

* Parficles generate
showers in calorimeters

— Electromagnetic
Calorimeter (yellow):
Absorbs and measures the
energies of all electrons,
photons

— Hadronic Calorimeter
(green): Absorbs and
measures the energies of
hadrons, including protons
and neutrons, pions and
kaons

e amplitude measurement

e positioninformation
provided by
segmentation of detector
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Muon System

Track

ATLAS Muon drift chambers have

a radius of 3 cm and are between

1 and 6 m long

Electrons formed along the
track drift towards the cenftral
wire.

The first electronto reach the
high-fieldregion inifiates the
avalanche, whichis used to
derive the timing pulse.

Since the initiation of the
avalancheis delayed by the
transit time of the charge from
the frack to the wire, the
detection fime of the
avalanche can be used to
determine the radial position(.

Principle also used in straw
tracker —need fast fiming
elecftronics

(*) Clearly this needs some start of time t=0
(e.g. the beam-crossing)

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld 19

CERN/PH



Different detectors: similarreguirements ==

Sensors must determine several or all of the following:
1) presence of a particle
2) magnitude of signal
3) time of arrival
Some measurements depend on sensitivity, i.e. detection threshold,

e.q.: silicon tracker, to detect presence of a particle in a given
electrode

Others seek to determine a quantity very accurately, i.e. resolution,
e.g. . calorimeter— magnitude of absorbed energy; muon chambers
— fime measurement yields position

All have in common that they are sensitive to:
. signal magnitude
. fluctuations

20
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The “front-end’” electronics 2

 Front-end electronicsis the electronics directly connected to the
detector (sensitive element)

e |ts purposeisto

— acquire an electrical signal from the detector (usually a short, small current
pulse)
— tailor the response of the system to optimize
* the minimum detectable signal
* energy measurement (charge deposit)
e evenfrate
* time of arrival
e insensitivty to sensor pulse shape

— digitize the signal and store it for further freatment

|
incidehiradiafion

/ pre-amplifier digitization
detector DSP
/WV< shaping buffering
triggering
multiplexing
etc. u

21
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The read-out chain

Detector/ Sensor
Amplifier
Filter

Shaper
Range compression

Sampling
Digitalfilter

/ero suppression
Buffer

Feature extraction

Buffer
Format & Readout

to Data Acquisition System

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld

CERN/PH
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The read-out chain @

etector/ Sensor

Amplifier
— N fiter
__/"I‘\ Shaper
|/I_ Range compression
Clack (TIC) ./ Sampling

A T Digitalfilter
A — Zero suppression

I Buffer
AN __ Feature extraction
|

Buffer
| | Format & Readout

to Data Acquisition System
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The signal -

e The signalis usually a small current pulse varyingin
duration (from ~ 100 ps for a Si sensor to O(10) us for
iInorganic scintillators)

e There are many sources of signals. Magnitude of
signal depends on deposited signal (energy/ E

_ absorbed

charge) and excitation energy =
excitation
Electrical pulse (direct)  lonization 30 eV forgases 1- 10 eV
for semiconductors
Scinfillation light Excitation of optical 20- 500 eV
states
Temperature Excitation of laftice meV
vibrations

24
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A very simple example: Scintillator ®=

SCINTILLATOR PHOTOCATHODE ELECTROM THRESHOLD
MULTIPLIER DIS CRIMINATOR
AN D AN | ——p |
%
INCIDENT LIGHT  ELECTROMS ELECTRICAL
RADIATION SIGMAL
|<—F~HDTOMULT|PL|EH—|-| Vg
NUMBER OF NUMBER OF CHARGE IN PULSE LOGIC PULSE
SCINTILLATION PHOTONS  PHOTC-ELECTROMS PROPORTIONALTO
PROPORTIONAL TO PROPORTIONAL TO ABSORBED EMERGY
ABSORBED EMERGY ABSDORBED ENERGY

from H. Spieler “Analog and Digital Electronics for Detectors”

« Photomultiplier has high intrinsic gain (== amplification) 2 no pre-
amplifier required

» Pulse shape does not depend on signal charge > measurement
Is called pulse height analysis

25
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Acquiring a signal

* [nterestingsignalisthe DETECTOR
deposited energy = need

to infegrate the current

pulse
— on the sensor capacitance 1
— using an integrating pre- @O
amplifier, or |

— using an integrafing Analog
Digital Converter (ADC)

AMPLIFIER

+ Tnesignalisusualyvery
small =» need to amplity if..—"

— with electronics

— by signal multiplication
(e.g. photomultiplier, see
previousslide)

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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A first approach

e The detectoris
essentially a
capacitance Cy (This
Is valid for solid-state
detectors! For other
detectors the
equivalent circuit
can have reisistive
and inductive
elelments)

e A particles puts Qg
iInto the detector

e Add an amplifierand i

amplify V;

DETECTOR

AMPLIFIER

v, =
C,+C,
Not so practicall

Response depends
OnN sensor capacitance

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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&

Charge sensitive amplitication ™=

 Feedback ampilifier Gy
with gain —A |
e Assume infinite input
impedance 2 no Q.
current flowsinto the —
amplifierand all signal DETECTOR »

charge builds up on C; O (L b,
d L
?

* |nput signal produces v;
af the input of the
amplifiergenerating
—Av;0on output Vo Av; A 1 1

(A>1)

AAd = — = — _
< i Cr(A+ 1)y, A+1Ct 5 Cf

« Charge gain depends only on C;
« C,=C;x (A+1) needs to be large Q G 1
compared to Cy Qs Cyu+C; 1+ %_;

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld 28
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How good can we gete

Noise

2



Fluctuations and Noise -

* There are two limitations to the precision of
signal magnitude measurements

1. Fluctuations of the signal charge due to a an
absorption event in the detector

2. Baseline fluctuations in the electronics (“noise”)

e (Often one has both — they are independent
from each other so their contributions add in
quadrature:

AE =/ AE? e + AE noise

* Noise atfects all measurements — must.
maximize signal o noise ration S/N ratio

30
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Signal fluctuation 2

e A signal consists of multiple elementary
events (e.g. a charged particle
creates one electron-hole pair in a Si-
strip)

e The numlber of elementary events
fluctuates AN =+ FN where F is the
Fano tactor (0.1 for Silicon), E the
energy of an elementary event

* AE =E,AN :\/FEEi .m.s.
AEFWHM =2.35xAE__

AQ Summer Stude ectures 2011, N. Neufeld CERN/PH
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Full Width at Half Maximum (FWHM) B2

.....................................

from Wikipedia

Xy

FWHM = 2.35 ¢ for a Gaussian distribution

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Electronics Noise

e Thermal noise

— created by velocity fluctuations of charge
carriersin a conductor

— Noise power density per unit bandwidth is
constant: white noise =»
larger bandwidth - larger noise (see also
next slide)

e Shot noise

— created by fluctuations in the number of
charge carriers (e.g. funneling eventsin d
semi-conductor diode)

— proportional to the total average current

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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SNR / Signal over Noise S
What do we actually care aboute

SIGNAL * BASELINE NOISE — SIGNAL + NOISE
I
BASELINE BASELINE BASELINE
SIGNAL * BASELINE NOISE — SIGNAL + NOISE
BASELINE BASELINE BASELINE

Need to optimize Signal over Noise Ratio (SNR)

34
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SNR and detector capacitance 2

. . DETECTOR AMPLIFIER
 For a given signal
charge Q.:
vs = Qs/(cd = CI) g,)@ C, Vil
* Assume amplifier 1
has an Input noise
voltage V,,, then SNR is inversely
proportional to total
V Q capacitance on the
e SNR =—> > input = thicker sensor

V, V x(C. +C,) gives more signal but
also more noise
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The read-out chain

Detector/ Sensor
Amplifier
Filter

Shape
Range compression

Sampling
Digitalfilter

/ero suppression
Buffer

Feature extraction

Buffer
Format & Readout

to Data Acquisition System

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld
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Two Important concepfs

* The bandwidfth BW of an amplifieris the
frequency range for which the oufput is
at least half of the nominal amplification

e The rise-time t, of a signal is the time in
which o signal goes from 10% to ?0% of its
peak-value

e For a linear RC element (amplifier):
BW *{ =0.35

e For fast rising 5|gnols (t, small) need high
bandwidth, buf this willincrease the noise
- shape the pulse to make it “tlatter”

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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&

The pulse-shaper should “broaden”... =

e Sharp pulse is “broadened” —rounded
around the peak

e Reduces input bandwidth and hence
noise

SENSOR PULSE SHAPER OUTPUT

L = AL

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld 38
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...but not Too much

 Broad pulses reduce the temporal spacing
between consecutive pulses

e Need to limif the effect of “pile-up” =2 pulses
not too broad

e As usualin life: a compromise, in this case
made out of low-band and high-band filters

AMPLITUDE

AMPLITUDE

TME ' TIME

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld
CERN/PH
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The read-out chain @

Detector/ Sensor

v Amplifier

N Filter
]
) Shaper
]
— Range compression

clqt%_p z o
j il — igital filter

(A — Zero suppression

I Buffer
AN __ Feature extraction
|

Buffer
| | Format & Readout

to Data Acquisition System
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Analog/Digital/binary 2

1) Analog memory

]

>

. e . . iLLLLLLLL
After amplification and shaping the &TTTTTTTTT
1 . 111111111
signals must atf some point be TTTTTTTITT
digitized to allow for DAQ and

. control
further processing by computers 2) Analog memory
1.  Analogreadoutf: analog s
buffering ; digitization after TLiiiiiiil-E _
transmission off detector TTTTTTTTT %
o . Llll11111
2. Digitalreadout withanalog TTTTTTTTT|F
oufter control
3. Digitalreadout withdigital buffer 3) Digital memory

e Binary: discriminatorright after

shaping r €

— Binary tracking 00aooomy| 4 T

— Drift fime measurement HO00ooooil-
000oooa”

4]
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Analog to digital conversion 2

There is clearly a tendency to
go digital as early as possible

— This is extensively done in consumer
goods

The “cost” of the ADC
determineswhich architecture is

chosen
— Strongly depends on speed and
resolution
Input frequencies must be
limited to half the sampling (e 2
frequency. Ly i srars
— Otherwise this wil fold in as o Thomson
additional noise. E a2 | ? msPT
High resolution ADC also needs| : a i oan Dev
low jitter clock to maintain E + 2 o AKM
effectiveresolution 0 ¢ s
28 3 &8 &8 & 8 & 5 & & 8 ony
— — — — i ﬁYea: — — — — AN
& 2
42
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An Inconvenient truth =

e A solution in detector-electronics can be:
1. fast
2. cheap
3. low-power

e Choose two of the above: you can't

have three
Power
GHz
>W
Cost means:
Power consumption
Sllicon area
Availabllity of radiation hard ADC
™ Discrete <mWw
# bits
43
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Time measurements are important in
many HEP applicafions
— |dentification of bunch crossing (LHC: 25ns)

— Distinguishing among individual collisions
(events) in confinuous beam like experiments

(or very short bunch interval like CLIC: ~250ps) TH

—  Drift fime

* Positionin drift tubes ( binary detectors with limited fime
resolution: ~1ns)

* Time projection chamber (both good time and amplitude)

. 1]'|cr)rc1)e ())f Flight (TOF) detectors (very high time resolution: 1
ps

Time walk: Time dependency on
amplitude

— Low threshold (noise and pedestal limited)
— Constant fraction discrimination

*  Works quite well but needs good analog delays (cable
delay) whichis not easy to integrate on chip.

—  Amplitude compensation (done in DAQ CPU's)
* Separate measurement of amplitude (expensive)
e Time measurements with two thresholds: 2 TDC channels

» Time over threshold (TOT):1 TDC channelmeasuring both
leading edge and pulse width

Time Over Threshold (TOT) can even be
used as a poor mans ADC
— E.g. ATLAS Pixel

TH,
1

Constant fraction discriminator

>w>
elda
 delal

0| B
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Time to digital conversion -

Start Stop
Counter
— Large dynamic range clock ——pCounter
— Good and cheap time references Reset © rIIoPTPe
available as crystal oscillators |
— Synchronous to system clock so Clock  ——]>Counter
good for time tagging 4L
— Limited resolution: ~1ns Hit  —SRegister
Charge integration (start — Time tagging type
stop)
— Limited dynamic range N
— High resolution: ~1-100 ps
— Sensitive analog circuit needing CD
ADC for final conversion. Start e

— Sensitive to temperature, etc. so
often needs in-system calibratior*®

— Can be combined with time —— |
counter for large dynamic range T Start Stop

ADC -

v

45
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Readout

2



After shaping and amplifying 2

As usual © what you do depends on many factors:

Number of channels and channel density
Collision rate and channel occupancies
Triggering: levels, latencies, rates
Available technology and cost

What you can/want to do in custom made
electronics and what you do in standard computers
(computer farms)

Radiation levels

Power consumption and related cooling
Location of digitization

Given detector technology

47
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Single integrator

Simple (only one sample per channel)
Slow rate (and high precision) experiments
Long dead time

Nuclear physics

Not appropriate for HEP

__{ ADC

1. Collectcharge fromevent
2. Convertwith ADC
3. Senddata to DAQ

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Double buffered

e Use a second integrator while the first is readout
and reset

e Decreases dead time significantly
o Still for low rates

A\ 4

DAQ

_— ADG

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Multiple event bufters -

Good for experimentswith short spills and large spacing
between spills (e.g. fixed target experiment at SPS)

Fill up event buffers during spill (high rate)
Readout between spills (low rate)

ADC can possibly be shared across channels
Buffering can also be done digitally (in RAI\/\)”

]
| 13-
[l i g
— _”_ L
— Shaping = =
1 d= R
N gy ADC— DAQ

-

50
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Constantly sampled i

Needed for high rate experiments with signal pileup
Shapers and not switched integrators

Allows digital signal processing in its tfraditional form
(constantly sampled data stream)

Output rate may be far to high for what following DAQ
system can handle

H Sampling clock

DSP R
(zero-sup.]

DAQ

—*{ Shaping ADC[*

With local zero-suppression this may be an opftion for
future high rate experiments (SLHC, CLIC)
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Excursion: zero-suppression

Is zero for the majority of the time ¢

Perform zero-suppression and only send
data with non-zero content

— ldentify the data with a channel number and/or
a time-stamp

— We do not want to loose information of interest
so this must be done with great care taking into
account pedestals, baseline variations, common
mode, noise, etc.

— Not worth it for occupancies above ~10%

Alternative: data compression
— Huffman encoding and alike

TANSTAFL (There Aint No Such Thing As A
Free Lunch)

Data rates fluctuates all the fime and we have
to fit this info links with a given bandwidth

— Not any more event synchronous
— Complicated buffer handling (overflows)

— Before an experiment is built and runnin? it is
very difficult to give reliable estimates of data
ackground, new physics, etc.)

Why spend bandwidth sending data ’rhq’[r.,

rates needed |

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Freee

Zero-suppression
Channel ID

Channel ID

Time tag

Measurement

Channel ID

Time tag

Measurement

Channel ID

Time tag

Measurement

Channel ID

Time tag

Measurement
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Il Derandomizer buffer

Synchronous readout i

All channels are doing the same “thing” af the same time
Synchronous to a global clock (bunch crossing clock)

Data-rate on each link is identical and depends only on
trigger-rate

On-detectorbuffers (de-randomizers) are of same size and
there occupancy (“how full they are”) depends only on the
trigger-rate
@ Lots of bandwidthwasted forzero's

— Price of links determine if one can afford this
© No problemsif occupancy of detectors or noise higher than
expected

— But there are other problems related to this: spill over, saturation of

detector, etc. : On-detector
! [

Off-detector
-
g Dat Zero- S -«
DAQ < fo?mco’r’r?;g sfpr)i)ressior<_ bl O ><:‘ <}
Data buffering during trigger ‘ - I

Trigger Global clock
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Trigger & DAQ
(Sneak Preview)



01:502.18
02:50.00

(8l open-source
2D rally game®e
A ‘
Ka:! .
Pl AN important part
of a Beretta

B The most famous
B horsein

55
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What is a trigger? -

Wikipedia: " A trigger is a system that
uses simple criteria to rapidly decide
which events in a particle detectorto
keep when only a small fraction of the
total can be recorded. “
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Trigger

e Simple
e Rapid
e Selective

e When only a small fraction can be
recorded

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Trivial DAQ =z

External View

sensor

Physical View
sensor

CPU

ADC Card

Logical View

\ Proces-
L ADC | sing > storage

58
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Trivial DAQ with a real trigger 2

Sensor
[ . .
Trigger

4
Delay \/Discrimina’ror

Proces-

sing /
Srorage )

Interrupt

What if a triggeris produced when the ADC or

processing is busy<e
59
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Trivial DAQ with a real trigger 2 o

Sensor

Trigger

Delay \/D|scr|m|no’ror
ADC do

] and not
Pro@ln’rerrup’r Fg_f—
: Cleard”
Gﬂg Ready k )

Deadtime (%) is the ratio between the time the DAQ
Is busy and the total fime.

\

60
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Trivial DAQ with a real trigger 3 i

Sensor
Trigger
_/,
;; Discriminator
Delay P d
IIDF:I Start Busy Logic
Full o[>
FIE \ ,

DataReady
Proces-
Cos

ﬁiorage 3

Buffers are infroduced to de-randomize dataq,
to decouple the data production from the data
consumption. Better performance.

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Triggered read-out 2

Interactionrale | cALO MUON TRACKING
Trigger processingrequires some data Bunch crossing
transmission and processing time to make LEVEL 1 ik
decision so front-ends must buffer data during e
o o o o c < 75 (100) kHz
this time.Thisis called the frigger latency Derandomizers
For constant high rate experiments a “pipeline”  Regonsotinterest| [T I[” ][ i3s3
bufferis needed in all front-end detector LEveL 2 Resdout s
channels: (analog or digital) ik
1. Realclocked pipeline (high power, large areq, bad for [_Eventbuilder ]
e |Og ) Full-event buffers
2. Circular buffer EESKTERIED and
~ 100 Hz processor sub-farms

3. Time fagged (zero suppressed latency buffer based on
time information)

Data recording

T
N
_ﬂ{ Shcpln& ....................................... Cons_l_on.l.s(/%[l.l.hng

N N S B )

Al ol L3

TITIT  TTT 5%5

T T T T T S — ADG— DAQ

Trigger —x" Q

L3_J

-

X
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Trigger rate control

Triggerrate determined by physics
parameters used in trigger system:
1 kHz — TMHz for LHC experiments
— The lower rate after the trigger allows sharing
resources across channels (e.g. ADC and
readout links)
Triggers will be of random nature i.e.
follow a Poisson distribution - a burst
of triggers can occur within a short
time window so some kind of rate
control/spacingis needed

—  Minimum spacing between trigger accepts
- dead-time

—  Maximum number of triggers within a given
time window
Derandomizer buffers needed in front-
ends to handle this

— Size andreadout speed of this determines
effective triggerrate

Pipeline

A

Derand. ~

L1 X 32

Ll |

Channel mux

;

[ Trigger }

Same state
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(Large) Systems



New problems =

é&%ﬁ%‘%ﬁ; : BUT WE'VE JUST n"'}:..'* ° GOing from Si.n e
s st ( PS Gt wowt ) £ sensors to building
A% detectorread-out of
55 the circuits we have
\.‘)E . seen, brings up a host

NP WHAT AR of new problems:
@ ’ — Power, Cooling
. Cj ;\i, (& W — Crosstalk
— Radiation (LHC)
e Some can be tackled
by (yet) more
sophisticated

% X %a\” technologies
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Radiation effects -

In some experiments large amounts of electfronics are located
inside the detector where there may be a high level of radiation
— This is the case for 3 of the 4 LHC experiments (10 years running)

e Pixeldetectors: 10-100 Mrad ——

e Trackers: ~10Mrad 1 qu == 1 0 mGy
* Calorimeters: 0.1 - TMrad —

e Muon detectors: ~10krad 1 Gy 100 qu

e Cavern:1-10krad

Normal commercial electronics will not survive within this
environment

— One of the reasons why much of the on-detfector electronics in the LHC
experiment are custom made

Special technologies and dedicated design approaches are
needed to make electronics last in this unfriendly environment
Radiation effects on electronics can be divided into three major
effects

— Total dose

— Displacement damage

— Single event upsets
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Total dose =

Generated charges from traversing
particles gets trapped within the insulators
of the active devicesand changes their
behavior

For CMQOS devicesthis happens in the thin
gate oxide layer which have a major
impacton the function of the MOS o

transistor ] e [ —_— :
~ Threshold shifts ) /

— Leakage current o dpleted vegiom s

In deep submicrontechnologies imverted charnel | L
( <0.25um) the trapped charges are )
removed by tunneling currents through the —

very thin gate oxide r P
Only limited threshold shifts o

No major effect on high speed
bipolar technologies

0.25 pm technology
WI/L =30/0.4 - ELT

Prerad and

after 13 Mrad
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Displacement damage -

base
emitter collector

Traversing hadrons provokes
displacements of atoms in the
silicon lattice.

Bipolar devicesrelies extensively
on effects in the silicon lattice.
— Traps (band gap energy levels)

— Increased carrier recombination
in base

Results in decreased gain of
bipolar devices with 4
dependency on the dose rate.

No significant effect on MOS
devices

Also seriously affects Lasers and
PIN diodes used for opftical links.

12 T T T T T T T T Y

52 MeV Protons
100

substrate
80 pnp -
iateral pnp

Gain Due to Displacsment Damage

L Il Il L 1 L | |
& 10 20 2™ & S50 s M K0 W 100
Equivalent Total Doss [krad(Si})
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Single event upsets

Deposition of sufficient charge can make a
memory cell or a flip-flop change value

As for SEL, sufficient charge can only be
deposfred via a nuclear interaction for
traversing hadrons

The sensitivity to thisis expressed as an
efficient cross section for thisto occur

This problem can beresolved at the circuit
level or at the logic level

Make memory element solarge and slow thaf =~ ov ne  w
deposited charge not enough to flip bit

Triple redundant (for registers)
Hamming coding (for memories)
— Single error correction, Double error detection
— Example Hamming codes: 5 bit additional for 8 bit data
* ham([0] = d[1] $ d[2] $ d[3] $ d[4]

ham[1] =d[1] %d[5] %d[é] d[/];
ham[2] = d[2] $ d[3] $ d[5] $ d[6
ham[3] = d[2] $ d[4] $ d

1E-3 =

1E-4 4

Threshold
1E-5

w0 / B|2IUEY [ S35 UOII8G S801)

Saturation

5
BQBm 4] =d[1] $d[3] $ dM
$ = XOR

— Overhead decreasing for larger words
32bits only needs 7hamming bits
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Powering =

Delivering power to the front-end electronics » _
highly embedded in the detectors has been ‘| Al Tracker
seen to be a magjor challenge (underestimated). 13} [ Beam Fipe

O Sensitive
The related cooling and power cabling = asisinge
infrastructure is a serious problem of the inner
trackers as any additional material seriously
degrades the physics performance of the whole
experiment.

A large majority of the materialin these

detectors in LHC relates to the electronics,

cooling and power and not to the silicon

gel’r.e%’ror them selves (which was the initial
elie

How to improve
1. Lower power consumption
2. Improve power distribution
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Data Aquisition

2



INntroduction: DAQ

e Data Acquisition is a specialized
engineering discipline thriving mostly in
the eco-system of large science
experiments, particularly in HEP

e [t consists mainly of elecironics, computer
science, networking and (we hope) @
liftle bit of physics
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Tycho Brahe and the Orbit of Mars

I've studied all available charts of the planets and stars and
none of them match the others. There are just as many
measurements and methods as there are astronomers and all
of them disagree. What's neededis a long term project with
the aim of mapping the heavens conducted from a single
location over a period of several years.

Tycho Brahe, 1563 (age 17).

e First measurement campaign

e Systematic data acquisition

— Conftrolled conditions (same fime of the day and
month)

— Careful observation of boundary conditions
(weather, light condifions efc...) - important for
data quality / systematic uncertainties
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The First Systematic Dato
ACquisition

Tycho Brahe's Mars Observations

20

—
i
O
D
B
=
et
=
o
E
S
D
5

-3
1582 1584 1586 1588 1590 1592 1594 1596 1598 1600

Image Copyright 2000, Wayne Patko

Data acquired over 18 years, normally e every month
» Each measurement lasted atleast 1 hr with the naked eye
e Red line (onlyin the animated version) Shows comparison with modern theory
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Tycho's DAQ in Today's Terminology 2

e Bandwith (bw) = Amount of data
transterred / per unit of time
— "“Transferred” = written to his logbook
— "unit of fime" = duration of measurement
— BWrycho = ~ 100 Bytes / h (compare with LHCb
40. OOO 000.000 Bytes /[ s)
e Trigger = in general something which tells
you when is the “right” moment to take
your data

— In Tycho's case the position of the sun,
respectively the moon was the frigger

— the triggerrate ~ 3.85 x 104 Hz (compare with
LHCb 1.0 x 10¢ Hz)
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Some More Thoughts on Tycho 2

e Tycho did not do the correct analysis
of the Mars data, this was done by
Johannes Kepler (1571-1630),
eventuadlly paving the way for
Newton's laws

e Morale: the size & speed of a DAQ
system are not correlated with the
Importance of the discovery!
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Publicite / Commercial
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[SOTIROFErEr InEernaEional SEhool
2l O 1 2 OF TRIGGER AND LRTAL ACOWISITION

isotdaq.web.cern.ch

Registration until 1 November 2011

Trigger Data Transfer Technologies
NIM Electronics VMEbus, xTCA

Front-end Electronics PCI, PCI-X

FPGA Programming Data Networks

Data Acquisition Review Talks

ADC, TDC, Detector Readout LHC Experiments

Event & Buffer Management  ATLAS TDAQ Architecture
DAQ Control Software CMS TDAQ Architecture
Storage Technologies

O oo

1" ="B February 2012
Cracow, Poland

Adrisory CommitEee

Enrico Pasqualucci (INFN Roma)
Gokhan Unel (UCI)

Kostas Kordas (AUTH)

Livio Mapelli (CERN)

Markus Joos (CERN)

Niko Neufeld (CERN)

Robert McLaren (CERN)
Speranza Falciano (INFN Roma)
Christoph Schwick (CERN)
Hannes Sakulin (CERN)

Janusz Chwastowski (CUT, IF]J PAN)
Krzysztof Korcyl (IFJ PAN, CUT)
Michal Turala (IFJ PAN)

O
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&
The ISOTDAQ permangnt lab

v
. Aoy Yoy
In February 2010 the first ISOTDAQ schoolwas held in Ankcﬁ'@,/, S
See: http://isotdag.web.cern.ch/isotdaqg/isotdag/2010.html /s@

Slides and videos can be found at: ’)7@
http://indico.cern.ch/conferencelimeTable.pyeconfld=68278#20100201 /)/

« Some of the exercisesthat were prepared for this school
were (or will soon be) installed at CERN

* Inferested students can register themselvesto do some of
these exercises.To register:

« Add yourself to:
https://twiki.cern.ch/twiki/bin/view/Sandbox/DagSchool

Lab#Requests for access
* Or write an e-mailto markus.joos@cern.ch

s [fisrecommended to have alook at the slides/ videos
before doing an exercise

NOTE: We cannot guarantee that all the exercises will take place.
So, don't be disappointed, if you favourite is not in


http://isotdaq.web.cern.ch/isotdaq/isotdaq/2010.html
https://twiki.cern.ch/twiki/bin/view/Sandbox/DaqSchoolLab
https://twiki.cern.ch/twiki/bin/view/Sandbox/DaqSchoolLab

A Very Simple Data
Acquisition System

2



Measuring Tempera

e SUppPOSsSe you are given a P11
thermo-resistor

ture

00

e We read the femperatfure as a

voltage with a digital
voltmeter

Hoggico "™ ]

Resistance a1 27
lement
i
% / ko Powe
,.-"" Supply
Bridge Output
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#include <libusb.h>

struct usb bus *bus;

struct usb device *dev;

usb dev handle *vmh = 0;

usb find busses(); usb find devices();

for (bus = usb busses; bus; bus = bus->next)

for (dev = bus->devices; dev; dev = dev-
>next)
if (dev->descriptor.idVendor ==
HOBBICO) vmh = usb open (dev);
usb bulk read(vmh ,3, &u,sizeof (float),500);

Note how small
the sensor has
become.

In DAQ we _
normally need v HCT

not worry about 9( e USB/RS232
the details of | Hossico

the things weg ® Qé’,‘,‘,’:f:im
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Read-out 16 Sensors =

S ,:’“‘.'n > Buy 4 X 4—pOI’T USB
RECHARGE -l Lo hUb (very Che(]p) (+

Hosaico % 3 more voITmeTers)
: ) @~ Adapt our litle DAQ
L program
— ] e No fundamental
i (architectural)
N change to our DAQ

83
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Read-out 160 Sensors

e Fora momentwe (might) consider to

buy 52 USB hulos=E&

..bu
ve
“h|s|
'EXDFH&
our dufa

scalablé

>

Voltmeters

don the idea

—

{fastart cabling

N A — F oY
Electronics, Trigger, DAQ Summer Studentilectures 261% N.

—!
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Read-out with Buses

2



A Better DAQ for Many &)
(tfemperature) Sensors

. e Buy or build a compact
multi-port volt-metermodule,
e.g. 16 inputs

I e Put many of these multi-port

S modulestogetherin a
common chassis or crate

* The modulesneed
— Mechanical support
— Power

— A standardized way to
L access theirdata (our
ﬂ i measurement values)
e All thisis provided by
e e standards for (readout)
]ecl)e]i’;ronics such as VME (IEEE

7U VME Crate 7
(a.k.a. “Subrack”)

86

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH



e Readout boards
. i e B PRI e I s I AR T S G RS
in a VME-crate = 1 P g i

— mechanical
standard for

— electrical
standard for
poweron the
backplane

— signal and
protocol standard
for
communication
on a bus
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A Word on Mechanics and Pizzas 2

The width and height of racks and
crates are measured in US units; Inches
(in, ") and U

~ 1in= 25.4mm TN
— 1U=1.75In=44.45 mm :
The width of a "standard" rackis 19 in.

The height of a crate (also sub-rack) is
measured in Us

Rack-mountable things, in particular
computers, which are 1 U high are
often called pizza-boxes

At least in Europe, the depth is
measured in mm

Gory details can be found in |EEE
1101.x (VME mechanics standard)
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. . . G
Communication in a Crate: Buse 2

* A bus connects two or more devices and allows the
fo communicate

e The busis shared between all deviceson the bus =
arbitration is required

e Devicescan be masters or slaves (some can be
both)

e Devicescan be uniguely identified ("addressed") on
the bus
Master Slave Slave Master

o

_____

[11] I N | |1 | O | N | 1] N NN [ 111 1N |
111 N IDZA | || NI | I N | || DN D ] 1.
|| | | N | S| | N S| | .- | Drdaalliness
| % I | NN | D N | NN N |
I I N | D N DN S .

Sadeadtllinee 89
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Advantages of buses

e Relatively simple to implement
— Constant number of lines
— Each device implements the same
Inferface
e Easy fo add new devices

— topological information of the bus can be
used for automagically choosing
addresses for bus devices: this is what plug
and play is all about.

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Buses for DAQ at LHC?

* A busisshared between all devices (each new
active device slows everybody down)

— Bus-width can only be increased up to a certain point (128
bit for PC-system bus)

— Bus-frequency (number of elementary operations per

second) can be increased, but decreases the physical
bus-length

e Number of devices and physical bus-length is
limited (scalabllity!)

— For synchronous high-speed buses, physical lengthis
correlated with the number of devices (e.g. PCI)

— Typical buses have a lot of control, data and address lines
(look at a SCSI or ATA cable)

e Buses are typically useful for systems < 1 GB/s

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Network based DAQ

e Inlarge (HEP2 experiments we typically have
thousands of devicesto read, which are
sometimes very far from each other - buses can
not do that

 Network technology solves the scalability issues of
buses

— In a network devicesare equal ("peers")

- In k? network devicescommunicate directly with each
ofther

* NO arbitration necessary
* bandwidth guaranteed
— data and control use the same path
* muchfewerlines (e.qg. in fraditional Ethernet only two)

— At the signaling level buses tend to use parallel copper
lines. Network technologies can be also optical, wire-less
and are typically (differential) serial

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Network Technologies —

Examples:

— The telephone network

— Ethernet (IEEE 802.3)

— ATM (the backbone for GSM cell-phones)
— Infiniband

— Myrinet

— many, many more

Note: some of these have "bus'-features as well
(Ethernet, Infiniband)

Network technologies are sometimes functionally
grouped
— Clusterinterconnect (Myrinet, Infiniband) 15 m

— Local area network (Ethernet), 100 mto 10 km
— Wide area network (ATM, SONET) > 50 km

95
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|

Connecting Devices in a Network

e On an network a device is idenftifed by a
network address

— eg: our phone-number, the MAC address of your
computer

 Devices communicate by sending
messages (frames, packets) to each other

e Some establish a connection lilkke the
telephone network, some simply send
messages

e Modern networks are switched with point-fo-
point links

— Circuit switching, packet switching

96
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Switched Networks -

* |In a switched network each node is
connected either to another node or
to a switch

e Switches can be connected to other
switches

e A path from one node to another
leads through 1 or more switches (this
number is sometimesreferred to as the
number of "hops" )
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A Switched Network -
S 1 e While 2 can
< S send data fo 1
< .4 and 4, 3can
Nl < send at full
S speed to 5
=-5| o 2 can distribute
S the share the
bandwidth

between 1 and
4 as needed

98
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Data Acquisition for a Large
Experiment

2



Designing a DAQ System for a N
Large HEP Experiment

e What defines "large"?

— The number of channels: for LHC experiments O(107)
channels

e a (digitized) channel can be between 1 and 14 bits

— The rate: for LHC experiments everything happens at

40.08 MHz, the LHC bunch crossing frequency (This
corresponds to 24.9500998 ns or 25 ns among friends)

e Sub-systems: tracking, calorimeftry, particle-ID,
muon-detectors, are of very different size from
the point of view of the DAQ (the amount of
data from the Muon system is normally small
compared to the pixel detectors)
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What Do We Need to Read Out a L2
Detector (successfully)?

e A selection mechanism (“trigger’)

e Elecfronic readout of the sensors of the
detectors (“front-end electronics”)

e A system to keep all those things in sync
(“clock”)

e A system to collect the selected data
(“DAQH)

o A Control System to configure, conirol
and monitor the entire DAQ

e Time, money, students

101
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Trigger for LHC

 No (affordable) DAQ Black magic
system could read out happening here
O(107) channels at 40 MHz / Detectors

- 400 TBit/s fo read out -
g%gﬂﬁ;f;mmg binary o Front end pipelines

e What's worse: most of

these millions of events per Readout buffers
second are totally
uninteresfing: one Higgs | ] Switching network

eventevery 0.02 seconds

* Afirstleveltrigger (Level-1, @ Processor farms
1) must somehow select
the more interesting events &
and tell us which ones to

deal with any further
(*) See “Triggers for LHC Physics”

102
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Challenges for the L1 at LHC -

N (channels) ~ O(107); =20 interactions every 25 ns
— need huge number of connections

Need to synchronize detector elements 1o (better
than) 25 ns

In some cases: detector signal/fime of flight > 25 ns

— integrate more than one bunch crossing's worth of
information

— need tolz

7 N crossing...

IT's On=ly, “7ackand - arevents)
_ necd e & .~ ~icontroloverall
conc 4

oo L / i
S 4 ‘;" =iy
)
e T
| ~
P i 1ns
7 2
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Clock Distribufion and Synchronisation

e Aneventis a snapshot of Plus:
the values of all detector Trigger decision
front-end electronics 40 Mrz / Bunch cross ID
elements, which have their

value caused by the same
collision

* A common clock signal
must be provided to all
detectorelements

— Since the c isconstant, the 7
detectors are large and |

the electronicsis fast, the
detector elements must be
carefully time-aligned

e Commonsystem for all LHC
experimentsTTC based on
radiation-hard opto-
electronics
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Distributing the L1 Trigger 2

* Assuming now that a
magic box tells for clobal Trigger 1
each bunch crossing

Local level-1 trigger
Primitive e, vy, jets, 1
)

(clock-tick) yes or no ~2-3 s
— Triggering is not for { H ‘ e
philosophers — 1 i
‘perhaps’” is not an mi--_ | Jﬂm
option uj[ wu
e This decision has to | === I |
be brought for each Il = |
CrOSSing TO O” The Front-End Digitizer Efﬂ—bé] i
detector front-end o oo
electronics elements A i Generator
so that they can
send of their data or
diSCCﬂ'd |T Accept/Reject LV-1
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And that, in simple terms, is what
we do in the High Level Trigger

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld
CERN/PH
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After L1: What's nexie¢ -

Where are we affer L1

— ATLAS and CMS :rate is ~751o 100 kHz, eventsize ~ 1 - 2 MB
— LHCb: rate is 1 MHz, eventsize 40 kB / ALICE: O(kHz) and O(GB)

Ideally
— Run the real full-blown physics reconstruction and selection algorithms
— These applicationtake Ofs). Hence: even at above rates stillneed 100

MCHF server farm (Intel will be happy!)
In Reality:

— Start by looking at only part of the detector data seeded by what
triggered the 1% level

— LHCb: 15" levelTrigger confirmation"algorithms: < 10 ms/event

— Aflas: Region of Interest’ (Rol): < 40 ms/event

= Reduce the rate by factor ~ 30, and then do offline
analysis

107
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4 Detector A
11 VELO [1 ST [ OT [{RICH[1 ECal [{ HCal [ Muon »
< | | | | | »
Trigger J* t /
A\ 4 \ 4 A\ 4 \ 4 \ y
I —|=p| FEf Fe f re f Fe I Fe f FE ff FE >
= on on on on = Electronics||Electronics||Electronics||Electronics||Electronics||Electronics||Electronics

- 1HC clock,, | SN NN TN T BN T

| = Readout || Readout || Readout || Readout || Readout || Readout [| Readout
== (== =| Board Board Board Board Board Board Board
\ \

\\ \Fro Ens////
\\1//.(

READOUT NETWORK

/ '

/

SWITCH J SWITCHM SWITCH [{ SWITCH [{ SWITCH [ SWITCH

JJIV VIV TN TN 1T
c|c|c|cl c|clc|c|c|clc|c|c|cl|c|clc|cl|c|c|c|c
ple|p|r||PIP|P|P| |P|P|P|P| |PIP|P|P| |PIP|P|P| |P|P|P|P
uju]ufu| | uju|u]u| |uju|u|u| |u]ulu]u] |ujulu]u] [Uu|ulu

The question is: How do we get the data in?
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Event Bullding

(oroviding the data for the High Level Trigger)

&



Two philosophies =

Level 1 H Detector Front-Ends
e Send -

Trigger " . ot
everything, ask 177 ;H;:;IF[F fl]:;IFiyséms
questions ater - | Contro
( ALl C E, C MS, Manager P4  Builder Network 100 GB/s M%?\(ijtor

HCB) O

Computing Services

e Send @ pOrT Level-1 f= Detector Frontend
first, get better L e e g e e

queSTlon .,_L,‘ﬂ,_]_.l.[.:’.._q.'.q_a.,.;,\. o s

S en d Switch Event . Readout
Manager Builder Network

everything only N M
If interesting Switeh pum—r = = S S

(ATLAS) O R ]‘Farms

Il (Computing services

-’
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1E)

Event Bullding

ﬂ' ~
To Trigger
Algorithms

Event Builder 3

~ Event Builder 3

DataAch|S|t|on

Switch
Event Builder 3
Eventfragments are Eventfragments ar~ Eventbuilder Complete events are
received from read outovera assemblesfragmen’s  processedbytrigger
detectorfront-end networkto an event into a completeev:nt  algorithms
builder
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Push-Based Event Building

Switch Buffer

Data Acquisition

Switch
f Readout .
Superviso Send
nextevent
A

to EB2”

Readout Supervisor Readoutboards do
tells readoutboards not buffer,so switch
where events must must

be sent(round-robin)

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld
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2l

!A\ / Event Builder 1
~ N
N

\ ‘ Event Builder 2

No feedback from
EventBuildersto
Readoutsystem
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Congestion =

Ban

2

"Bang" translates info
random, uncontrolled
packet-loss

In Ethernet this is
perfectly valid behavior
and implemented by
very cheap devices

Higher Level protocols
are supposed to handle
the packet loss due to
lack of buffering

This problem comes from
synchronized sources
sending to the same
destination at the same
time
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“Send me
an event!”

/ ‘ Event Builder 1 e
n

t

Event{BuiRend me
an event!”

<
EBL @ S an event!”
EB2: @
EB3: (@
nextevent 1
to EB3”

EventBuilders notify Readout Supervisor Readoutsystem

Readout Supervisor ensuresthat dataare relies on feedback

of availablecapacity sentonly to nodes with from EventBuilders

available capacity
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AACL

ALICE, ATLAS, CMS, LHCDb
DAQ)S in 4 slides

Ol



ALICE DAQ 2

et T Rare/All

<
«

LO,L1a,L2

BUSY DDL
LO,L1a,L2 H-RORC
HLT Farm
- 7 7 [FERO| [FERQ|
vent l l 144 DDLs 342 DDLs — 10 DDLs
Fragment y
416 D-RORC 10 D-RORC
SUb_event v V‘ Jv v v
@)@ [ Event Building Network 2500 MB/s
i Event r_w \ 4 ‘r ::
50 GDC [ } [ }
o) [@d (g (oo 20 (os] [os]soss
File 2 2 /2 L 2 S
[ Storage Network 1250 MB/s < » PDS

A

*Two stage hardware trigger LO +

I-_Hllgh LeveITrlgger(HLT) on [ TDS 8 ] [ TDS @ :
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ATLAS DAQ f .

e| ] selects events at

Interaction rate [ CALO MUON THACKINGI
100 kHz and defines 'S
) i unch crossing
regions of interest rate 40 MHz Pipeline
LEVEL memories
|2 pulls data from the  TricaER

region of interest and  <75(100) kHz
processes the data in @

{T$-10
<o HIl~¢10

Derandomizers

Read out drivers

fCH’m Of proceSSOrS Regions of Interest e
L2 accepts data at ~ TR hogg) e
1 kHz - 1kHz

*Event Filter reads the Event builder
enfire detector (pull), ~ eventFLTER
processes the eventisin -~ 100Hz

a farm and accepfts at

100 Hz Data recording

Full-event buffers
and
processor sub-farms

@
-
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LHCb DAQ

Detector
VELOH ST H OT HRICHH ECal H HCal HMuon

LO < I I I
Trigger |*
VL \ 4 ) 4 v
1L trlgger = Fre | fre || FfE || FE || FE || FE || FE
—————— Electronics||Electronics| [Electronics||Electronics||Electronics||Electronics||Electronics|
LHC clock

- —p Readout [| Readout [| Readout [| Readout || Readout [| Readout || Readout

4= — = Board Board Board Board Board Board Board
« N\ \ \ 7/ 7 7
4 \\\ \Fro -E7/ //
|
| MEP Request

READOUT NETWORK

40 GB/s
Even buildjng
80 MB/s / / / \ \\

f'{WfH xuuxu 7

clcl|c|c|c|c| |c|c|c|c| |clc|c|c| |c|c|c|cl |c|c|c
clclclc PPPP PiP|P|P| |P|P|P|P PPPP PPPP P|P|P
P(PIPIP U|U|U|U| [U[UJUJU| [UJUJU[U] |U|UJUJU| |UjUJUJU| |UJU(U
UjU|U|U
MON farm HLT farm
——  Event data Average event size 40 kB

- — = Timing and Fast Control Signals

e Average rate into farm 1 MHz
———  Control and Monitoring data

Average rate to tape 2 kHz
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Trigger/DAQ parameters )

No.Levels Level-0,1,2 Event Readout HLT Out
T_ﬂTrigger Rate (Hz) Size (Byte) Bandw.(GB/s) MB/s (Event/s)

oo 500 5x107 25 1250 (102)
o 103 2x106 200 (10?)
va 10° 1.5x10% 4.5 300 (2x102)
v2 3X108

va 105 106 100 1000 (10?)
vo 106 3.5x104 35 70 (2x10°%)
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The end

&



Further Reading =

Electronics

— Helmut Spielers web-site: http://www-
physics.lbl.gov /~spieler/

Buses

—  VME: http://www.vita.com/

- PCI
http://www.pcisig.com/

Network and Protocols

— FEthernet
“Ethernet: The Definitive Guide”,
O'Rellly, C. Spurgeon

- TCP/IP
“TCP/IP lllustrated”, W. R. Stevens

— Protocols: RFCs
www.ietf.org
in particular RFC1925
hitp://www.ietf.org/rfc/rfc1925.1xt

“The 12 networking tfruths” is
required reading
Wikipedia (lll) and references
therein — for all computing related
stuff this is usually excellent

Conferences

|EEE Realtime
ICALEPCS
CHEP

|EEE NSS-MIC

Journals

|EEE Transactions on Nuclear
Science, in particular the
proceedings of the |IEEE Realtime
conferences

|EEE Transactions on
Communications
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http://www.vita.com/
http://www.pcisig.com/
http://www.ietf.org/
http://www.ietf.org/rfc/rfc1925.txt

More Stuft

Data format, DIY DAQ), run-
conitrol

2



Overcoming Congestion: D)
Queuing at the Input

, e Two frames destined
to the same
destination arrive

e While one is
switched through
the other is waiting
at the input port

e When the output
port is free the
queued packet is
sent

" 2

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Head of Line Blocking -

3 e The reason for this is the
: First in First Out (FIFO)

stfructure of the input
buffer

&H%HLQQJH%M AUS st
NG Earreuye oo fsadde 4is free

(and infinitely many switch
ports) the throughput of
the switch willgo down to
58.6% <> that means on
100 MBIt/s network the
nodes will "see"” effectively
only ~ 58 MBit/s

*) "Input Versus Output Queueing on a Space-
Division Packet Switch"; Karol, M. et al. ; IEEE Trans.
Comm., 35/12

125

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH




Output Queuing

O«

L

e |n practice virtual
output queueing is
used: at each input
there is a queue > for
n ports O(n?) queues
must be managed

. Assuming the buffers
PacC ree’r grgge?n% hgu’rpu’r’ro

SUSTCIIH rongom Trc?ﬂc
at 100% nominal link
load
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Binary vs Text =

e 11010110 Pros: o <TEXT></TEXT> Pros:
— compact — universally readable
— quick fowrite &read (no — can be parsed and
conversion) edited equally easily by
e Cons: humans and machines

— long-lived (ASCII has not
changed overdecades)

— machine independent

— opaqgue (humans need
tooltoread it)

— dependson the

machine architecture e Cons:

(endinaness, floating — slow toread/write

pomjr format) — low information density
~ life-time bound to (can be improved by

av ailability of software compression)

which can read it
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~an be done
with several
PCs?

A single PC
suffices?

Data can be acquired

with PC hardware Yes

Yes
No
y
l Yes Connect
Use crate-based them via
Electronics Ethernet
(CompactPCl/
VME)
. Standard
Do it yorself
S «——NO software
In Linux .
available?
Yes B
aw data > 1 MB T~ l Remember:
day b Use it (e.g.
- abien YMMV
Yes .

No

'Use
binary
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Run Control

* The run controllerprovidesthe confrol of the frigger and data
acquisition system. It is the application that inferacts with the
operatorin charge of running the experiment.

e The operatoris not always an expert on T/DAQ. The user
interface on the Run Conftroller plays an importantrole.

e The complete systemis modeled as a finite state machine. The
commands that run controller offers to the operator are state

fransitions.

Recover

UNKNOWN

Configure

Start

Reset

LHCb DAQ /Trigger Finite State Machine diagram (simplified)

Electronics, Trigger, DAQ Summer Student Lectures 2011, N. Neufeld CERN/PH
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Finite State Machine -

* Each component, sub-component of the system is modeled
as a Finite State Machine. This abstraction facilitatesthe
ge?c.rlip’rion of each component behavior without going into

etqi

e The control of the systemis realized by inducing transitions on
remote components due to a transition on a local component

)

Component 1 can only
complete the transition to
) State B if Component 2is
in state D.

Component 1 Component 2

« Each transition may have actions associated. The action
consist of code which needs to be executedin orderto bring
the component to itsnew state

« The functionality of the FSM and state propagationis available
In special software packages such as SMI

131
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Detector Control 2

- The detector confrol system (DCS) (also Slow
Control) provides the monitoring and control of

the detector equipment and the experiment
Infrastructure.

- Due to the scale of the current and future
experiments is becoming more demanding: for
the LHC Experiments: ~ 100000 parameters

Control hierarchy

[ Experiment J
Control
” -1 = ~

e v =~

[ Run / DAQ J Detector
Control Control
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Run Control GUI 2

4% LHCb: TOP !EIE
. System State Auto Pilot | Tue 16-Dec-2008 19:33:25 I
RS wo |3 4| o
Sub-System State
DCS n Run Number: Activity:
= | — 'I & {40859 |TEST -] save |
DAQ m Run Start Time: Trigger Configuration:
Runinfo _i [16-Dec-2008 19:31:33 [cosmics_caloonly Change|
INE | HOTF BEAIVAE Iﬂ}f Run Duration: Time Alignment:
TFC m [oo0.01.47 I TAE half window [0 ~| I L0 Gap
i) _ﬂ Nr. Events: Max Nr. Events:
Storage n [1018568 I” Run limited to [0 Events
- Nr. Steps Left: Automated Run with Steps:
Reconstruction | HOT_ALLOCATED ~ l 2 IU— I Step Run with [U_ Steps
LO Rate: HLT Rate: Dead Time: 1
-100%  n
a 60 t
e
20 30 -50% ?
KHz
"D 10'{ :
-0% s
10.06 KHz 110.33 Hz 0.00% |25

TFC Control | TELL1s| LHCbElog |

Data Destination: ILocal 'I Data Type:|TEST Zl Run DB |

File: Il’daqareallhl:b/dataQDUS/F\'AWILHCh:"TESTMDBSQ

Sub-Detectors:

RUHHING  ~

Main panel of the
LHCb run-confirol
16-Dec-2008 19:31:38 - LHCh executing action GO ;l

16-Dec-2008 19:31:38 - LHCh_TFC E)érutin actioniSTAR'ﬁTTRIGGER
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Confrol and monitoring

VAP, VAG
8 to 12V,10mA

Access to setup registers (must
have read-back)

Access to local monitoring
functions

— Temperatures, powersupply

levels, errors, etc.

Bidirectional with addressing
capability (module, chip,
reqgister)
Speed not critical and does not
need to be synchronous

— IS_ICDDIW speed serial bus: I2C, JTAG,
Must be reasonably reliable
(read-back to check correct
download and re-write when
needed)

=+ 64ch
.. MUX
:t,

VDP, VDG

3.5V -12V, 15 mA
VCP, VCG

8 to12V,
DIGITAL GND 20mA

Voltage
Regulator 3‘3VI
DIP switches

oltage
Regulator 5V

~- [
—
—
e
= S
]
—
-
o
e
o
=
"
-
”m
-
-
-
-

O

-

Example: ELMB
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Gallery 2
ALICE Storage System
| s nnline Ne1wor|< Infros’rruc’r

‘ F’V’z;"

llll\(l(/()

' vuuunl’\)
l’ s !

ldlﬂﬂ'jl),.r.l

R T T T T I TR

i =00

& &y
ALICE

L | ‘;_ * S 1 | 2
b [ umml 1 Il’III
L I

i | il g
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Even more stuff

2



. O
Transistors 2

e Exampe: bi-polar transistor of
the NPN type

e C collector, E emitter, B Base

e EB diode isin forward bias:
holes flow towards np
boundary and into n region

BC diode is inreverse bias:
electrons flow AWAY from pn
boundary

p layer must be thinner than
diffusion length of electrons
so that they can go through
from E to C without much
recombination

from Wikipedia
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Multilevel triggering 2

First level triggering. - Write pointer

— Hardwired trigger system to make trigger decision with
short latency.

— Constantlatency buffersin the front-ends

Second leveltriggeringin DAQ interface

— Processor based (standard CPU's or dedicated accept
custom/DSP/FPGA processing)

— FIFO buffers with each ev entgetting accept/reject in
sequential order

— Circular buffer using eventID to extracted accepted Async_tIg[ls;o]
events
Non accepted events stays and gets overwritten by new events

High leveltriggeringin the DAQ systemsmade
with farms of CPU’s: hundreds — thousands.
(separate lectures on this)

Circular buffer

DAQ interface Front-end
Dafal [Zero- - g:
DAQT form dtigpredsic 4_?4_ :: Uiias 4_?4_ -
Trigger L2
TriggerlL]

Electronics, Trigdé8
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ADC architectures

e Flash

— A discriminator for each of the 2" codes

— New sample everyclock cycle

— Fast, large, lots of power, limited to ~8 bits

— Can be split into two sub-ranging Flash
2x2"2 discriminators: e.g. 16 instead of 256

plus DAC

 Needssample and hold during the two stage

Conv ersion process

=:
V YVY

[P;

vref

S&H

Vin—"
e Ramp L
— Linear analog ramp and count clock
cycles

— Takes 2" clock cycles

— Slow, small, low power, can be made with

Vin
Counter
4 b

large resolution

Flash1

DAC

[15epoous Aibuiq oy iosur]
v

-

Flash 2=

A Ramp
Vin
Start— Stop
—
Start Clock

Electronics, Trigd &R,
DA iimmear ti11idant



ADC architectures i

3 3 o DAC voltage
e Successive approximation T Vin >
— Binary search viaa DAC and single T Aprox reg DA
discriminator = _
1 — » ADC code
— Takes n clock cycles T ]
— Relatively slow, small, low power, medium to 1 | | |
large resolution DAC code 100 010  O11
. Pipelined Dual ADC
— Determines “one bit” per clock cycle per stage [ Sut b S Dt e aae | +|1201
* Extreme type of sub ranging flask ot feoit far Tamit
- nstages o || Zeme | Tem | Tem T wE E
q o g T I bi I =
— Inprinciple 1 bit per stage but to handle e poge | ﬁ
imperfections each stage normally made with P e B
~2bits and n*2bits mapped into n bits via digital 2 s || S || s [ean] stoe @
mapping function that "auto corrects T . SO
Imperfec-l-lons ‘ Digital Data Slmc;glcg:ltjl comrection logic |—> 12bit
- Makes a conversion each clock cycle NN S S CCTTRNIITITIIIIIILLZZ
— Has a latency of n clock cycles — W s
* Not aproblem-in our applications except for very fast Vin ] Voot S g
triggering :
—  Now dominating ADC architecturein modern I
CMOS technologies and impressiv e it
improvementsin the last 10 years: speed, bits,
POwWer, size
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ADC imperfections

Quantization (static)

— Bin size: Least significant bit (LSB) =V ,,qx/2"

— Quantization error: RMS error/resolution:  LSB/v12
Integral non linearity (INL): Deviation from
ideal conversioncurve (static)

—  Max: Maximum dev iation from ideadl

— RMS: Root mean square of deviations from ideadl

curve
Differential non linearity (DNL): Deviation of
quantization steps (static)

—  Min: Minimum v alue of quantization step

-  Max: Maximum v alue of quantization step

— RMS: Root mean square of deviations from ideal

quantization step
Missing codes (static)
— Some binary codes nev er present in digitized
output
Monotonic (stafic)

— Non monotonic conversion can be quite
unfortunate in some applications.
A given outputcode can correspond to sev eral
input values.

DNL: Variations from
ideal LSB

INL:Variation from
ideal curve

‘| Missing code

Non monotonic
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