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Motivation

< Detection of radiation using particle detectors
in the end nearly always comes down to
detecting some small electrical signal.

< Dealing with such small signals is one of the
main challenges in designing detectors and
instrumentation for nuclear physics and particle
physics experiments.

< Electronic processing of signals is done in some
fashion to extract some useful information from
them, usually leading to a physics measurement.




Signals

< Generalised name for inputs into the instrumentation system

< Might seem logical to consider signals even before the sensors, though they
can not be seen or recorded

< Wide range of signal types are possible:

< Most common types of signals:




Signal characteristics

Area of the signal
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Fig. 11.1. Pulse signal terminology Fig. 11.2. Unipolar and bipolar pulses
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[ssues on signal production

« Issues in practical applications

< All these issues mean that one should always be checking or
calibrating measurements intended for accuracy, as best one can




Sensor equivalent circuits

< Many of the sensors can be modelled as current source
associated with large internal resistance and a small capacitance.

< Capacitance of detectors vary considerably:

< Usually there is some resistance associated with the sensor, for
ex. leads or metallisation but this has little effect on signal
formation or amplification

< Notable exceptions: microstrips - gas or silicon




Typical signals

-Some examples

Signal source Duration

Tnorganic scintillator e’ t~fewps
=T

Organic scintillator e

Cerenkov ~Ns

(Gaseous fewns - us

Semiconductor ~10ns

Thermistors continuous

Thermocouple continuous

Laser pulsz train ~ps rise time
or short pulses ~fs

1~ few ns

‘However, we will find later that speed of signal is not always sufficient to build fast

responding systems




Dynamic range of signals

< In most systems, there will be a smallest measurable signal

< and a largest measurable signal

< Dynamic range = ratio of largest to smallest signal often expressed in
dB or bits

< Decibels (dB)




Precision of signal measurement

< Many measurements involve detection of particle or radiation
quantum (photon)

< Why do we need such observations?




Types of detectors

Non-electronic detectors Electronic detectors
(Bubble chamber) (MWPCQ)




Electronic requirements for detectors

Detector Physics Technical

Trac](ing High spatial precision Low power ~mW/channel

Large channel count High radiation levels ~10Mrad
Limited energy precision
Limited dynamic range

Calorimeter High energy resolution Intermediate radiation levels ~o.5Mrad
(EM & Hadron) Large energy range Power constraints

Excellent linearity
Very stable over time

Very large area Low radiation levels
Moderate spatial resolution
Accurate alignment & stability

Time of Flight Discriminates between a lighter and | Time of flight between two detector
a heavier particle of the same planes
momentum

Neutrinos Detected through inferred Good spatial and time resolutions
momentum conservation.

Dark matter Principle of nuclear recoil by Low counting and high precision
candidate particles experiment




Measurements & measuring elements

< Some primary and some < Amplifiers and Comparators

derived + Analog to Digital
< Light Converters

< Energy < Charge to Digital Converters
< Charge/Current < Time to Digital Converters
< Pulse shape < Waveform digitisers

< Pulse height/Voltage < Latches and Registers

< Relative timing < Memories

< Position/Particle track < Logic/trigger systems
< Hybrids




Modes for measuring detector signals

< Current mode

% Pulse mode




Current mode

If we set the open loop gain of the
operational amplifier as A, the
characteristics of the feedback
circuit allows the equivalent input
resistance to be which is several
orders of magnitude smaller than
R¢. Thus this circuit enables ideal
[,. measurement over a wide range.

CURRENT
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An example of pulse mode
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Pulse mode

< Amplitude of the pulses is proportional to the initial charge
signal and the arrival time of the pulse is some fixed time after
the physical event.

< By using appropriate thresholds, one can select and count only
those pulses that one wants to count.

< Often the ‘good events’ are characterised by

< In the pulse mode, one can register a pulse height spectrum and

such a spectrum contains a large amount of useful information.




Two common problems




Transmission of data

*Real systems are often distributed

% Need to understand

% Methods - a mixture




Cables

*Any wire has inductance, capacitance and resistance

so when is it a transmission line?

*Twisted pair

simple pair of wires, mainly intended for differential signals

U

PVC PVC Shield Foil Goph;mr
Jacket Jacket Wire




Coaxial cable

central copper core radius ry, with plastic dielectric, braided metal shield in
cylindrical geometry radius r,

Co = 2ne/In(r,/ry) Ly = (Ug/2n).In(r,/r,) see lecture I notes

*Design Conte gD
enter conductor _
Cu braid connected to (Copper clad steel)

ground provides First outer conductor . Dielectric {I:eoamed
electrical shield (Sealed aluminum - —= polyethyiene)
polypropylene-aluminum

use spacial connectors laminated tape) Braid (Second
L : outer conductor
aluminum wire
braid)

Optional
corrosion resistant
e A5 protectant for aerial
INSULAT|ON drop cable
COPPER MESH ©1997 NCTI
QUTSIDE INSULATION




Electrical transmission lines

‘Line with characteristic inductance and capacitance per unit length
V(x) V(x+Ax)

.. I(x+A
I(x) Loax T(x+Ax) An important assumption

R negligible

‘Voltage and current satisfy 2nd order differential equation
d2V/dx? = -0?LyCoV = -k2V e k = o(LyCy)?

*Solution

V = Aelkx + Be-jkx

Inject signal ~elot V= Aeileot) + Be-ilkx-ot)  fwo opposite direction waves

+Speed v = a/k = 1/(L,Co)V?

‘Impedance Zy =(Ly/Cy)/e

NB real, ie resistive, but defined by L and C




Termination and Matching

‘boundary conditions at fermination
Iin-::+ Ir'ef - IL & Vim:"' Ur'ef - IIl"'fL T o
I .7 ransmission
rerZ0) line Z = Rp

—

apply them (NB V¢ =

Vr'e:f"’ IIII"'im:: = (ZL'Z{))"" (ZL"'Z(])
VIV, = 2Z,/(Z,+Z,)

Inc

-open circuit termination Z; = =
Viet/ Vine = +1 Vi /V,.=2  reflected signal = incident signal

*short circuit termination ZL =0

= -1 V,/V.,..=0 inverted fully reflected signal

*matched termination Z, = Z,
Viet/Vine= 0 Vi/V,.. =1 100% transmission to load

‘improper termination usually causes unwanted effects
but can sometimes make make use of reflection

eg short circuit termination + step pulse = square pulse with width = 2At

‘why don't we always match terminate?




Reflections & terminations

Line impedance =2 Cable impedance = Z_

Load Termination scheme

AN
m
11
8

Z, =2, No termination necessary

Receiving end; parallel
R = Zc/(l - Zc/ZL)

o)
]
-

z[_ >Zc

N

Receiving end; series
R= Zc _ZL

v
~N

NANNANNN
2D

Sending end; series
R=Z.-2,

2
A
~N

Z; Sending end; parallel
R=Z./(1-2./Z,)

Z>Z,

H
N

Combinations of the above situations may also arise in which case an ap-
propriate combination of lermination schemes may be used, e.g.,

SEUSSNNANEE AT

2, Receiving end; parallel
R=Z./(1-2./2;) with
sending end; series

R = ZC_Z’

Z,<Z, Z,>Z,

|
My
| A
+ | |
NNT

L




Match if...

< Impedance matching is a general question, not only for
transmission lines

< Match if

< Usually match by choosing impedances, adding voltage bufters




Don’t match if...

< Don't match if




Coaxial cable limits

< Transmission speed and bandwidth limiting

% When is a cable a transmission line?

% Other forms of transmission line




Pulse distortions in cables

< Signal losses in a transmission line arise from resistance in
the conductors and leakage through the dielectric. In
addition, some loss may also result from electromagnetic
radiation; however, this effect is small, especially in coaxial
cables with their inherent shielding, and can be neglected
for most purposes.

< As frequency of the signal increases, the current in the
conductors confines itself to thinner and thinner layers near
the conductor surface. The effective cross-sectional area of
the conductor is thus reduced and its resistance increased.
For a coaxial cable, this results in a resistance per unit length
which varies approximately as the square root of the
frequency and inversely as the inner and outer radii.




Pulse distortions in cables

INPUT PULSE

Relative Height
Q
)

TItg=05

Titp =0.925

Fig. 13.10
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Amplifiers

< Inescapable in electronic instruments

< In many circumstances amplification, in the sense of
“boosting” signals, is vital




Amplifiers in systems

< Amplification

< Noise will be an important issue in many situations

< In principle, several possible choices




Current sensitive amplifier

*Common configuration, eg for photodiode signals

Vout = _Avin

Vin = Vour = r.ian
Vour = -TA/(A*DLiR; ~ -i
*Input impedance

Vin = iian’f(A"'I) Zin = Rff(‘q"'l}

R¢

gain A

‘Effect of C & R, - consider in frequency domain

Vo = i{lf...lmm IRin) @ —— - l lin
= i(@)R/(1+ jor)

input signal convoluted with falling exponential
increasing R; to gain sensitivity will increase t

fast pulses will follow input with some broadening
‘Noise

will later find that feedback resistor is a noise source
contributes current fluctuations at input ~ 1/R;




Voltage sensitive amplifier

* Most commonly used, simple to implement
* Many times, input signal is first manipulated, followed by a voltage amplifier

*As we have seen many sensors produce current signals but some examples produce
voltages - thermistor, thermocouple,... "

op-amp voltage amplifier ideal for these ! b

o

especially slowly varying signals - few kHz or less Yin V=22

‘For sensors with current signals voltage amplifier usually used for secondary stages
of amplification

. C
'SIQHG' 1II"'Iri::u’r = Qsig"" I["':’n::n’r det
C,,+ = total input capacitance I

C;.+ Will also include contributions from wiring and amplifier
V., depends on C,

not desirable if C_, is likely to vary

eg with time, between similar sensors, or depending on conditions




Charge sensitive amplifier

*Ideally, simple integrator with C;
but need means to discharge capacitor - large R,

*Assume amplifier has Z;, very high (usual case)

Vout = 'Avin

Vout =~ Vin = |:in""«.i':c'{:’f

Vo = -[A/(A+1))i /joC. =i /joC,
= -Q/Cs
*Input impedance
Vin = i/ (A+1)joCs C=(A+1)C; at low f

so amplifier looks like large capacitor to signal source

low impedance but some charge lost

eg. A=10° C(Cg=1pF

Q= Q/[1 + Cypy/ (A+1)C] Ciot = 10pF  Q,/ Q =0.99
C,or = 100pF Qu/ Q = 0.90




Feedback resistance

*Must have means to discharge capacitor so add R;
Zf - Rf| | 1!‘](‘]Cf
Vo = -[A/(A+1) )0, Z.
= i(0)R:/(1 + jorg) t: = ReCs —

Vout

step replaced by decay with ~ exp(-1/R¢C;) 7 is long begause R; is large (noise)

easiest way to limit pulse pileup - differentiate Ik"‘x'h‘g N

\
ie add high pass filter NAN N\
J \\\II LY
N \w\J \

‘Pole-zero cancellation t

exponential decay + differentiation => unwanted baseline undershoot

infroduce canceling network — |
Rs

it

vg = 1/(1 + joortg)

vi = 1/(1 + jot)(1 + jor;)
7,= RC <1¢

add resistor Rys0 R,C = 1¢
then

vi' = 1/(1 + jot3) with t3= (R[IR)C < 14




Need for pulse shaping

Figure 16.8 The pulses with long tails shown in part (a) illustrate the apparent
variation in amplitude due to pulse pile-up. These effects can greatly be reduced by
shaping the pulses as in part (b).




Pulse shaping

< Amplifiers must preserve the information of interest

< Preamplifier pulse

< Optimization of signal-to-noise ratio

< Fast amplifiers: No or very little shaping

< What to do in case you need good timing and pulse height
information?




AN

R-C Coupling Network

§l
—
N OUT % f \

Undershoot Pole-Zero Cancelled Coupling Network

Fig. 14.6. Amplitude defect arising from undershoot in CR-RC pulse Fig. 14.7. Pole-zero cancellation circuit (from Ortec catalog (14.1])
shaping

121
CR-RC-CR
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Tl - Tz
where 7, and 7, are time constants of the differentiating and integrating networks, respectively.
Plots of this response for several different combinations of T, and =, are shown in Fig. 16.12.

In nuclear pulse amplifiers, CR-RC shaping is most often carried out using equal dif-

ferentiation and integration time constants. In that event, Eq. (16.22) becomes indetermi-
nant, and a particular solution for this case is

t
E =E—e/ (16.23)
T

"y 3.
T+ -+

2.0 . . 50 6.0
Figure 16.12 The response of a CR-RC network to a step voltage input of ampli-
tude E at time zero. Curves are shown for four pairs of differentiator + integrator
time constants. Units of the time constants and time scale are identical.



“Undershoot”
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Figure 16.15 Application of pole-zero cancellation to eliminate the undershoot (b) normally gener-
ated by a CR-RC shaping network for an input step with finite decay time. By adding an appropriate
resistance R, to the differentiator stage, a waveform without undershoot (c) can be obtained.




Discriminators

‘Frequently need to compare a signal with a reference
eg temperature control, light detection, DVM,...

basis of analogue to digital conversion -> 1 bit
*Comparator Vief

high gain differential amplifier,
2
difference between inputs sends output to saturation (+ or -) ﬂ

could be op-amp - without feedback - or purpose designed IC
Sometimes ICs designed with open-collector output so add pull-up R to supply
also available with latch (memory) function
‘NB
no negative feedback sov_=v,
saturation voltages may not reach supply voltages - check specs
speed of transition

Potential problem
multiple transitions as signal changes near threshold




Hysteresis

*Add positive feedback (Schmitt trigger)
V,.¢ changes as v, , -> +V.

ie threshold falls once transition is made

preventing immediate fall
positive feedback speeds fransition
Vout = ‘d‘{vr'ef - 'ﬁr‘_}

Vr'e.f >V = Vour = Vs Ura‘F = Vhigh

Vr'e.f <v_= Vout = ov Ur‘ef =V

here, signal => logical "1": v, = OV

low

*Output depends on history
eg V, =10V, V.= +bV, OV
R; = 10kQ, R, = 10kQ2, R; = 100k
V=0V, V=476V
V4 =BV, V=5V

hysteresis = AV __. = 0.24V



RPC’s preamp output pulses

Time(Second)
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Two common problems




Considerations for discriminators

<+'Two common problems

% Time-Pickoff methods




Leading edge discriminators

< Fine with if input amplitudes
restricted to small range.

< For example:

< That will need off-line
corrections for time-walk
using charge or time-over-

threshold (TOT)

measurements.




Off-line corrections of time-walk

Charge, ZH0pC




Zero-crossing and Constant fraction

Fig. 17.3. Zero-crossing timing. . ]
Variations in the cross-over point | Fig. 17.4. Constant fraction dis-
are known as zero-crossing walk | crimination

< /ero-crossing triggering:




Constant fraction triggering

Attenuated & Inverted
pulse V-

Summed pulse Yg-Ye

Fig. 17.5. Technique for constant fraction trig-
gering. In order for this technique (o work rise —-l Rise time walk
times of all signals must be the same. The
dotted line shows the result with a different

rise time signal




Functional diagram of FE ASIC

Common threshold

Regulated Cascode
Transimpedance

Amplifier

N

Differential
Amplifier

Comparator

LVDS

output
driver

N

.

J

Channel-o

>

LVDS_outo

Channel-7

.

8:1 Analog
Multiplexer

Regulated Cascode
Transimpedance
Amplifier

\

Differential
Amplifier

S
~
L Comparator

LVDS output
driver

1

>

o

9

LVDS_outy

Output
Buffer

.




NINO input stage

o The input current flows
1,2 of input circuit through the two transistors and
charges the capacitor at the
output (need to minimise C for

maximum voltage)

ncCD | o Trailing-edge of voltage pulse
MOSFET current AL T

il at output has RC time constant

Cascode o The impedance seen at the

L},.Z,'a;;oidab,e input is mainly the 1/gm of the
Common :
capacitance

gate iInput transistor.

Input —LT} o The advantage of this

MOSFET current configuration is the high
Sﬂume[m(D bandwidth with excellent

¥ stability due to the absence of
P

feedback element.




1p

[ )
Low frequency feedback to control

output driver

Hysterisis

offset and threshold control

f NINO ch

O

1

$VSS

-
o
o
-

4 stage high-bandwidth amplifier

Input stage

omplete c

C




Features of ICAL FE ASIC

< IC Service: Europractice (MPW), Belgium

< Service agent: IMEC, Belgium

< Foundry: austriamicrosystems

< Process: AMSc35b4c3 (0.35um CMOS)
< Input dynamic range:18fC - 1.36pC

< Input impedance: 452 @350MHz

< Amplifier gain: 8mV/pA

< 3-dB Bandwidth: 274MHz

s Rise time: 1.2ns

< Comparator’s sensitivity: 2mV
< LVDS drive: 4mA

< Power per channel: < 20mW
< Package: CLCC48(48-pin)

< Chip area: 13mm?




Coincidence scheme for a muon telescope

Glass RPC under test

P4

(Veto) I
B
I
P6
(Delayed)

Trngger
(TDC Start)

Muon Trigger = PIOP2 o}_)?’ o}_)4 0P5.P6




Coincidence of signals

* To see if an event occurred simultaneously
with some other event, the electronics will
look for the simultaneous presence of two
logical signals within some time Window.
In coincidence counting, one should be
aware of the possibility to have random
coincidences. &
These are occurrences of a coincidence i signal2
caused by two unrelated events arriving by K
chance at the same time.

The rate of random coincidences between
two signals is proportional to the rate of
each type of signal times the duration of the
coincidence window.

AN i _ AN, AN,

signal 1

coincidence

random

dt dt dt

x At




Basic coincidence technique

—p= SCALER ’

s s— A

COINCIDE NCE
& (-AND™)

Fig. 15.8. A system for coincidence measurement

INPUT 1

INPUT 2

COINCIDENCE Fig. 15.9.
OUTPUT Coincidence between pulses




4 x 2 ROM

Ay Dy
A

Memory-lookup tables

Address
AlB

DO OD0D0DO00 00

_ EBCDIC
out

First
4-bit
number

Function
control

—_—

—

>>»>»>>>> > > P

1024 x 4
ROM

=

—

M2

a2

B

i

=)

oo

e




1gger generation

Y

t.

m
=

"WR1SAS a3 03 AJI[IqQIX3[]
Sppe ‘S9d1A3p [STA WIdpoul 10
S9LIOWAUW Ul pajuswajdui aq ue))

Lookup table
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v Analog-to-Digital Converters
v’ Spectroscopy systems

v Time-to-Digital Converters
v Waveform digitisers
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Analogue to Digital Conversion

< Turns electrical input (voltage/charge) into numeric value

» Parameters and requirements




Analog-to-Digital Converters (ADCs)

< Peak-sensing

< Charge sensitive

< Time of integration or the time period over which the ADC
seeks a maximum is determined by the width of the gate
signal




Types of ADCs

< Ramp or Wilkinson

» Successive approximation

< Flash or parallel

< Sigma-delta ADC

< Hybrid (Wilkinson + successive approximation)
< Tracking ADC

< Parallel ripple ADC
< Variable threshold flash ADC




Ramp or Wilkinson ADC

Rundown Canim
Current Source

Lﬂ--(])-

VOLTAGE

la} AMPLIFIER O LOWER LEVEL

//_ DESCHIMINATOR

LINEAR
GATE

{Dpanl

b LOAWWER LEVEL
CISCRIMINATOR
CUTPUT

i
[ Motous

fel FIGNAL ON
RURDOWN
CAPACITOR

(@ ADDRESS CLOCK

=} MEMORY CYCLE

LINEAR
GATE

o ADDRESS

[a) Capatitor Charging

{Clasad )

ADDRESS
CLOCK

-—_— — — | — —

11} LINEAR GATE CLOSED
Il
|

(gl DEADTIME GATE

ADDRESS
CLOCK




Successive approximation ADC

analogous to binary search
generate V. = AV x (2N1 2N-2  20)in N steps
set bit =1 R |

if I1IllFin - 1"’rr'm:

leave
Vin I
elsebit=0 —» }

*Pros -

speed ~ psec
DAC = digital to

analogue converter
ie number -> voltage

high resolution

Cons

DNL 10-20%
very precise resistors required with DAC for V.




3
2
gﬂ
;




R-2R ladder DAC




Flash or parallel ADC

< Flash ADC is the fastest ADC type
available. The digital equivalent of
the analog signal will be available
right away at it output — hence the
name “flash”.

< The number of required
comparators is 2" -1, where n is
the number of output bits.

Priority b2
: Encoder D1
Since Flash ADC comparisons are ) o Do
set by a set of resistors, one could = Digital Output
set different values for the ‘
resistors in order to obtain a non-
linear output, i.e. one value would
represent a different voltage step

from the other values.




Sigma-delta ADC

*Digitise the signal with 1-bit resolution at a high sampling rate (MHz).
useful for high resolution conversion of low-frequency signals, to 20bits
low-distortion conversion of audio signals
good linearity and high accuracy.

*Operation - At +=0,assume V =0
V,+ high
integrator charges -ve

at rate ~ V,

comparator flips

counter goes low

clock increments.. etc,...
V., = 0 =>output = 000000...
V. = (1/2)V, (max) => output = 101010...
V.. = V. (max) => output = 111111...

the higher the input voltage, the more 1's at the serial digital output.




Integral non-linearity

<For more precise evaluation of

<Output value D should be linearly

proportional to V INL fit to line and plot deviations

<+ Check with plot <Plot D;-Dg;, vs nchan

SO0 1B
o / " Pl b B
= P
000 4 L &
R :
&0
2 = . #
E o o L
s 500 ~ E [ Y
e
Em- / g T+ :
' &
] & *
A0
A L
15
w
o S ; : . : ; ; :
. : ' . r . a 1000 FHW 3DO0 4000 s000 SO0 ToOn  E0o0 20
Pukze Height Channel Mumbsr
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Differential non-linearity

* Measures non-uniformity in channel profiles over range
DNL = DV ./<DV> -1
DV . = width of channel i
<DV> = average width
* RMS or worst case values may be quoted
DNL ~ 1% is typical but 103 can be achieved
can show up systematic effects, as well as random

-

L a s L "‘ ".'1--
" ":‘.-' % 'lir': *.n:.-""‘r '-.:":" ‘-r_:_ e "":'.:h“' "lﬁ.“.. -:“"
]

CHANNEL NUMBER CHANNEL NUMBER




Resolution

*To convert an analogue value, eg voltage, to digital two parameters are required
range and number of bits

quantum = AV = (V -V .. )*2N referred to as ILSB (least significant bit)
‘eg 10 bits = 21021024, V V., =1V = AV =1V/1024 =~ ImV

max ' min

(V)
*Ideal ADC behaviour AV

probability vs amplitude ->

|
Vi

‘Real ADC behaviour
noise in digitisation process

Plchannel n)
B

smears resolution

< AV/4

G noise




Other variables

s Conversion time

< Rate effects

« Stability

< A partial solution to most of these problems is regular
calibration, preferably under real operating conditions, as
well as control of variables




Amplifier systems for spectroscopy

< Typical application - precise measurements of x-ray or gamma-ray energies

Preamplifier Main amplifier & pulse shaper to Data
Acquisition
System

Detector .
I Fast amplifier Discriminator Gate

to other
coincidence logic

other logical signals Fast coincidence logic

< Pre-amplifier - first stage of amplification
< Main amplifier - adds gain and provides bandwidth limiting

< Fast amplifier and logic




MCA Vs MCS

Multi Channel Analyser
(MCA)

% Uses ADC

< Sorts incoming pulses
according to their pulse
heights

< Channel represent pulse
height

< Total channels >
Conversion gain

< Application: Spectroscopy

Multi Channel Scaler
(MCS)

< Uses comparator and
counter

< Counts incident pulse
signals (regardless of
amplitude) for a certain
dwell time

< Channels represent bins in
time

< Application: Decay curves of
radioactive isotopes




SCA and MCA schemes

HV ‘
) pPRE

AMP

DETECTOR ’ w, SC
A
’ v-" A I————-

DETECTOR

-y [l
. IN

h‘—-—--h‘

(/ams AMR. | MCA
PULSE STRETCHEH ]




Functional block diagram of a MCA

(Open when
ADC is not
busy)

t

Live time
clock




137 Cs spectrum  (Nal scintillator)

Two gamma rays with energies
of 1.17and 1.33 MeV

I R el 1
- N bt A
1 el e ., .
Ll w o el T
(k) e T M-ﬁ*ﬂvﬂ,.‘_1

Fig. 15.6. Sample MCA pulse height spectra from a Nal detector: (a) ¥’Cs, (b) ¥Co




Why TDCs?

TDCs are used to measure time or intervals

% Start — Stop measurement

<+ Time tagging

Time scale (clock)

S
Hits ¢ﬁ ﬁ




Where TDCs?

<Special needs for High Energy Physics

< Other applications




How to compare TD(Cs?

s Merits

< Use in final system




Basic TDC types - |

< Counter type Start

>Counter

Start-stop type

Reset

Clock —) Counter

Il

Hit — Register

Timetagging type

< Single Delay chain type

Cable delay chain

N AN A N NN
YRY V[V YR

Delay chain with non-inverting gates

Vo N b v Y
—>Register




Basic TDC types - 11
+Single Delay chain type (Contd ...)

Delay Locked Loop

RC delay chain

p Register




Basic TDC types - 111

< Multiple delay chain type

Start delay chain: Tt

Sl Pkl bs Ca ka ik s Vernier principle
RO R L
Stop — > > D> 110D

Stop delay chain: Ty,

<<

Resolution: T2-T1=A




Basic TDC types - IV

< Charge integration

|
=

T

‘\\
Start C")

< Multiple exotic architectures Stop

12=11/k

»l
VI

»
»

Stretched time




Architecture of HPTDC (ALICE TOF)
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Trigger matching

[Search window]
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LIy
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|

JTAG:
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Programming
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Delay Locked Loop (DLL)

Three major components:

Chain of 32 delay elements;
adjustable delay

Delay chain

Phase detector between clock
and delayed signal

Charge pump & level shifter
generating control voltage to
the delay elements

Jitter in the delay chain

. : Lock tracin
Lock monitoring from reset state Jitter

Dynamics of the control loop

Programmable charge pump
current level




Coarse time count

Dynamic range of the fine time measurement, extracted from
the state of DLL is expanded, by

Storing the state of a clock synchronous counter

Hit signal is synchronous to the clocking, so

Two count values, %2 a clock cycle out of phase stored
At reset, coarse time counter loaded with time offset




CALIBRATION OF HPTDC CHO

RESOLUTION OF HPTDC 98ps

DELAY STEP 25ns —m— Deviation

0.8 from
S traight
Line(ns)

y=10.2397x - 120.8717 Linear
R%=1.0000 cHo)

(1/Slope) = resolution
(1/10.2397) = 97.7ps

Deviation in ns

]
<
=]
o
(O
O
(a]
-
a.
I

RMS of Deviation = 30 ps

Delay in ns




Concept of a vernier TDC

Two clocks of slightly different
periods T, and T, (T, > T,) are
employed.

START pulse will start the slow
oscillator (T,) and STOP pulse
will start the fast oscillator (T,).

Since T, < T, fast oscillator will

catch up with the slow one.

The time interval between the
START and STOP can be
measured as:

T = (DRt (Nl Vsl
Two counters for N, and N, are
needed.

B.Satyanarayana, TIFR, Mumbai
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Schematic of a vernier TDC

Coincidence
detector

Ring Osc
slow

\ 4

Ring Osc : o
g Fine counter Subtractor

fast 7y
Start Interpolator

1 Calibrator

X

+

Ring Osc Fine Counter

fast
| Data

Ring Osc 4 Coincidence Controller
slow detector Transfer

Stop Interpolator




Digital waveform samplers

< Versatile element, which can perform simultaneously functions
of several DAQ building blocks discussed so far:

< Made possible due to breakthroughs in VLSI technology and
other techniques®©

< On flipside, it produces a large data size to be handled®




Switched Capacitor Array (SCA)

0.2-2 NS 3 4 :
——  Inverter “Domino” ring chain

Waveform
stored

Out

Clock — Shift Register




Data acquisition through DRS chip
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Lecture - 1V

Wednesday, January 30, 2013

v Digital circuits and systems
v CPLDs, FPGAs and ASICs

v Instrumentation and interface standards
v Data acquisition systems
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Digital electronics

*Explosive growth over 10-20 years - now dominates applications, still growing...

computing
communications: mobile/fixed phones, radio, data links,...
other: digital audio, consumer goods,...
*Why?
binary logic
almost complete noise immunity
high speed, still increasing
Ethernet: ~Gb/s, phones, links: >6b/s, computing ~GHz

ease of use
many analogue functions now easier to implement by digital summation, etc

availability

basic logic to complete IC assemblies of big range of complex functions

*Bits, Bytes & Words
byte = 8 bits word: usually multiple of bytes 8, 16, 32, 64 bits




Basic logic

*bits can be represented in several ways, almost invariably voltage
0/1: Low/High (voltage level) ... or High/Low

values and range depend on families, most common are...

*TTL (bipolar) Transistor-Transistor Logic
usually V. = O o +BV

Vi~ 15V AV~ 1V

outputs & inputs sink/source currents
not identical levels

CMOS - now most common
Ve =0 to +5V but +12V, +3.5V and lower
VT"‘" VS!',E ﬂV"-’O.-‘# V5

outputs swing between supplies

*ECL Emitter Coupled Logic
high speed, but power hungry

Av

Vi

-—— /1 i AV

Vi

Low

designs must tolerate variations
component manufacture
operating temperature
supply voltage
loading

noise




Discrete digital circuits

< For example, in case of the 7400 IC, 4 circuits of 2 input
NAND gate are housed. In case of 7404, 6 circuits of inverter
are housed. These are separate ICs. Therefore, to compose a
circuit, it is necessary to do each wiring among the pins
using the printed board.

1
Wirinzg on the printed board




Programmable logic

*For very complex logic, it's time consuming and risky to develop circuits
programmable logic solves both problems

‘PLA programmable logic array

transistor array with connections set by fuses to burn

‘FPGA field programmable gate array

MOS array of uncommitted gates - few k to several M

connections made by downloading code which sets biasing of circuits
fully re-programmable

-DSP digital signal processor
cut-down microprocessor with limited instruction set

*Various levels of complexity and skills to learn

eg 2M gate FPGA needs sophisticated design and simulation software




Structure of a PLD

/0 Block —[ ]

2D array of logic blocks with means for the user to configure:




Simple PLDs

Programmable Read Only Memory (PROM)

- -4 Predefined link

-~ Programmabie link

-

Address 0 -

Address 1 - —D E:

Address 2 - -

: v 13 -~
Address 3 : - :dab&l"—!

‘adbsic!

Address 4
Address 5 |

Programmabie OR array

Address 6 |

Address T :




Simple PLDs
Programmable Array Logic (PAL)

VA,

e

T ] Fixed OR

_.-,c.__j. L = |

— ._}t_.._':;.;__:r. E I .

Frogrammable
AMND array




Simple PLDs

Programmable Logic Array (PI

= Offers most flexibility in

programming

» Slower performance

= EXpensive




Complex PLDs (CPLDs)

Logic
Block

Logic
Block

Logic
Block

Logic
Block

i_

L

Programmable
interconnect

Logic
Block

Logic
Block

Logic
Block

—

Logic
Block

[+

* The capacity of CPLD is limited. There is limitation on the
number of the pins, too.

* It is possible to rewrite CPLD many times because it is
recording the contents of the circuit to the flash memory.

* In-situ programming of the chip possible.




Field Programmable Gate Array (FPGA)

CONNECTIONS

ROUTING
MATRIX

INPUT
ROUTING

ELOCK

ROUTING
MATRIX

Logic function implemented as look-up table.

LUT may be alternatively configured as RAM or shift register.




Interconnect switches

"+ diffizhan
sicon substrate

Irgn wape

EP‘FIEH —

Antifuse Small Fast

Flash Small Slow Medmm =5
SRAM Large Fast Medium o0




FPGA versus ASIC
Parameter _[WPGA_________ASIC

Circuit Design
Design Flexibility
Logic Density
Complexity

Speed

Power Consumption
Area

Development Cycle

Development Cost
Production Cost

User programmable
Reconfigurable
Lower

Limited

Lower

Higher

Large

Simpler and faster

Lower

Effective for small-scale
applications

Fully custom
Rigid

Higher

High

Higher
Lower

Small

Complicated and time-
consuming

Extremely high

Cheaper for large-
volume designs




Concept of HEP instrumentation

s+~ lrigger

¥ ¥
Monitor and Slow Control




Generic HEP detector readout systems

< Functions required by all
systems
Electrical DAQ Driver

- Fipeline -
Ampllfrer memory : or Receiver | AQ

é[; C ik ng_”nh gﬂﬂp 'h"

Comparator ? AD '

foptional} foptional) : ]
Clock
Trigger

‘Cantrol

Electrical DAQ Driver

o MUX Pipeline :
Amplifier | cptig:[al - memory Receiver | Q
AD ' .

Eh — Dsp =

e | f

Trigger
Control |

detector functions

% Calorimeter and muon é TA;’D

< Optional




ALICE experiment

< A dedicated heavy-ion detector to exploit the unique physics
potential of nucleus-nucleus interactions at LHC energies. It
aims to study the physics of strongly interacting matter at
extreme energy densities, where the formation of a new phase of
matter, the quark-gluon plasma, is expected.

< The existence of such a phase and its properties are key issues in
QCD for the understanding of confinement and of chiral-
symmetry restoration.

« For this purpose, ALICE intends to carry out a comprehensive
study of the hadrons, electrons, muons and photons produced in
the collision of heavy nuclei.

< ALICE will also study proton-proton collisions both as a
comparison with lead-lead collisions and in physics areas where
it is competitive with other LHC experiments.




Detectors of the ALICE experiment

% The Overview

< Tracking particles

< The particles' Identity

< Catching Photons




ALICE experiment
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ALICE trigger and DAQ systems

For every bunch crossing in the LHC machine, the Central Trigger Processor (CTP) decides within
less than one microsecond whether to collect the data resulting from a particular collision.

The trigger decision is distributed to the front-end electronics (FEE) of each detector via the
corresponding Local Trigger Unit (LTU) and an optical broadcast system: the Trigger, Timing and
Control system (TTC).

Upon reception of a positive decision, the data are transferred from the detectors over the 400
optical Detector Data Links (DDL) via PCI adapters (RORC) to a farm of 300 individual
computers; the Local Data Concentrator/Front-End Processors (LDC/FEP).

The several hundred different data fragments corresponding to the information from one event
are checked for data integrity, processed and assembled into sub events.

These sub events are then sent over a network for the event building to one of the 40 Global Data
Collector computers (GDC), which can process up to 40 different events in parallel.

20 Global Data Storage Servers (GDS) store the data locally before their migration and archive in
the CERN computing center where they become available for the offline analysis.

The hardware of the ALICE DAQ system is largely based on commodity components: PC's
running Linux and standard Ethernet switches for the event building network. The required
performances are achieved by the interconnection of hundreds of these PC's into a large DAQ
fabric.

The software framework of the ALICE DAQ is called DATE (ALICE Data Acquisition and Test
Environment). DATE was used during the construction and testing phase of the experiment,
while evolving gradually towards the final production system.




ALICE DAQ) system
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CMS experiment

TRACKER

CRYSTAL ECAL Total wei . 12800 T

Overall diameter : 150 m
Overall length c: M5 m
r Magnetic field : 4 Tesla

SUPERCONDUCTING
MAGNET

o' FORWARD
Y CALORIMETER

MUDN CHAMBERS




A slice of CMS experiment

0om
Key:
Muan
Electron
—— Charged Hadron (e.g. Pion)
= = — = Neutral Hadron (e.g. Neutron)
=====Photon

Silicon
Tracker

! Electromagnetic
i }|1 ll] Calorimeter

Hadran Superconducting
Calorimeter Solenoid

Iran returm yoke interspearsed
Transwverse slice with Muon chambers
through CMS




Principle of CMS DAQ

'- 40 MHz

COLLISION RATE

100 kHz
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ATLAS/CMS Trigger architectures

| I "
- 30 Collisiocns/25ns 4 25 ns | Luminosity = 1[1 crm? sec!

{102 pventisec )

10°F channels
(1018 hitfsec)

Trigger Fate
40 MHz

105 Hz

ESIESIES

Multilevel trigger and readout systems

Trigger Fate
40 MHzZ
250

Front end pipelines @
105 HE

Hsed

Detectors

Feadaout buffers

Switehing network:

FProcessor farms

Detectors

b

Front end pipelines

Feadout buffers

Awitching network

Processor farms




DAQ scheme of CMS experiment

Trigger
Cal. Muon Global

- Systems
- Sub-systems
- Acronyms

Computing Services




INO's ICAL detector




ICAL detector at a glance

No. of modules

Module dimensions
Detector dimensions

No. of iron layers

[ron plate thickness

Gap for RPC trays
Magnetic field

RPC dimensions
Readout strip pitch

No. of RPCs/Road/Layer
No. of Roads/Layer/Module
No. of RPC units/Layer
No. of RPC units

No. of readout strips

3

16m x 16m x 14.5m
48.4m x 16m X 14.5m
151

56mm

40mm

1.3Tesla

1,050mMm X 1,910mm X 26mm
3omm

8

8

192

28,800 (97,505m?)
3,686,400




Overall scheme =] o]

f IC 3 L {Amplifier + Discriminator) I {Amplifier + Discriminator) I

electronics = =

*»* Major elements

Front-end board
RPCDAQ board

Segment Trigger Module
Global Trigger Module

Global Trigger Driver
Tier1 Network Switch | T2 Network Swicn |

Tier2 Network Switch
DAQ Server DAQ Server




Functions & integration of FE-DAQ

1840 mm -
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Shape
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AN
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Picking up the tiny charges

< Process: AMSc35b4c3 (0.35um CMOS
< Input dynamic range:18fC — 1.36pC
< Input impedance: 45() @350MHz
< Amplifier gain: smV/pA

< 3-dB Bandwidth: 274MHz

< Rise time: 1.2ns

< Comparator’s sensitivity: 2mV

< LVDS drive: 4amA

< Power per channel: < 20mW

< Package: CLCC48(48-pin)

< Chip area: 13mm?

y =7.2731x + 16.909
R? = 0.9955

5
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40 60 80
Input current pulse height (uUA)




RPCDAQ module - the workhorse

= Unshaped, digitized,
LVDS RPC signals from
128 strips (64X + 64Y)

= 16 analog RPC signals,
each signal is a
summed or
multiplexed output of
8 RPC amplified signals.

A
MCU BUS

= Global trigger

FIFO Buffer
+

= TDC calibration signals o

» TCP/IP connection to
backend for command
and data transfer




ASIC based TDC device

< Principle
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[CAL Trigger Scheme

~N

* Level 0 Signals T0,-TO,
« Level 1 Signals T1,-T1,,

j
)
* Level 1 Signals T1S,-T1S,,

* Level 2 Signals T2S, p
* Level 3 Signal T3S

_e * Global Trigger Signal




Introduction to NIM

< The NIM (Nuclear Instrumentation Methods) standard established in 1964 for the
nuclear and high energy physics communities. The goal of NIM was to promote a
system that allows for interchangeability of modules.

Standard NIM modules are required to have a height of 8.75", width in multiples of
1.35 . Modules with a width of 1.35" are referred to as single width modules and
modules with a width of 2.7" are double width modules, etc. The NIM crate, or NIM
bin, is designed for mounting in EIA 19" racks, providing slots for 12 single-width
modules. The power supply, which is in general, detachable from the NIM bin, is
required to deliver voltagesof +6 V, -6 V, +12 'V, -12 'V, +24 V, and -24 V.

< The NIM standard also specifies three sets of logic levels.




NIM crate and power supplies
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CAMAC hardware and signals
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CAMAC dataway timing charts
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CAMAC system development

CAMAC Hardware
CAMAC controller and PC interface

Serial, Parallel, GPIB, USB and
Ethernet interfaces

Driver software
Operating System specific

System |

|
ayers |

Application program

DAQ system specific Software library

Programming Language specific




VME system hardware components

“ “VERSA-module Europe”
“* A modern fast, high density, modular, scientific instrumentation standard.

% Bandwidth up to 40MBytes/s (compare with iMByes/s of CAMAC)
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Signals

Custom VME Module

FPGA

Configuration
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Elimination of noise - differential signalling

Figure 1. LVD'S Driver and Receiver

In differential signaling, the
transmitter translates the single
input signal into a pair of outputs
that are driven 180° out of phase.
Since external interference tend
to affect both the wires together,
the receiver recovers the signal as
the difference in the voltages on
the two lines thus improving
immunity to such problems. This
transmission scheme provides
large common-mode rejection
and noise immunity to a data
transmission system that a single-
ended system referenced only to
ground cannot provide.




Advantages of LVDS

< Ability to reject common-mode noise

% Reduced amount of noise emission

< Flexibility around their power supply
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Thank you

For your attention.
Lecture slides are available on my web page:
http://www.tifr.res.in/~bsn/other.html
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