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Some basic concepts

Signal types and characteristics
Pre- and Shaping amplifiers
Comparators/discriminators

Coincidence circuits

Analog-to-Digital Converters (ADCs)

Spectroscopy systems
Time-to-Digital Converters (TDCs)

Waveform digitisers

Digital circuits and systems
Programmable circuits (CPLDs, FPGAs and ASICs)
Instrumentation and interface standards

Data acquisition systems, some examples

ectronics
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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 detectors, though they
can not be seen or recorded

< Wide range of signal types are possible:

< Most common types of signals:
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Signal characteristics

PULSE
HEIGHT

* |
olt, e BASELINE ] |

RISE TIME FALL TIME

OVERSHOOT"™
LA “RINGING™

UNDERSHOOT

Pulse signal terminology

/N

Area of the signal

UNIPOLAR

BIPOLAR

\/

Unipolar and bipolar pulses




Duration

- Radiation: depends on transit time through detector and details of charge
induction process in external circuit

Linearity
- Most radiation detectors are characterised or chosen for linearity

- Commercial components can expect non-linearity, offset and possible
saturation

Repro duCibility :SRalas profile RPCId:ABO2 Strip:21 |
- Many signals are temperature dependent in magnitude - :.

500

mobility of charges, other effects easily possible aswell .

300

Ageing

100|

o 190530 191730 200530 201730 210530 2117:30  2206:30
Real time, dd hh:mm

- Detector signals can change with time for many reasons - 1
- Natural degradation of detector, variation in operating conditions, radiation

damage, etc.
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Detector equivalent circuits

< Many of the detectors 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 detector, for
ex. leads or metallisation but this has little effect on signal
formation or amplification

< Notable exceptions: microstrips - gas or silicon




Typical signals

Signal source Duration

Thorganic scintillator e’ 1~ few pus

T~ few ns

Organic scintillator e

Cerenkov ~Ns

Gaseous few ns - us

Semiconductor ~10ns

Thermistors continuous

Thermocouple continuous

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




-.l’? 4

B SR, M 222 ProCeip Electronice

K-

If there is noise present, it is most likely to be related to the smallest signal

distinguishable from noise
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In the absence of any ionising radiation there is a small current, which is called

the dark current or leakage current

most likely set by apparatus or instrument, eg. saturation

For ex. 8 bits = dynamic range is 256,
= 48dB (if signal is voltage)

Signal magnitudes cover wide range,
so frequently logarithmic scale is preferred.

Number of dB = 10log (P,/P,)
Often measuring voltages in system: dB =20 log (V,/V,)
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Battery status
Charging (USB)

Battery level
83%

My phone number
Network
T-Mobile

Signal strength

-91dBm 11 asu

Mobile network type
HSDPA

Service state
In service
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Simple presence or absence sometimes sufficient = binary (o or 1)
Other measurements are of energy, timing etc.

Primary measurement may be energy

- Ex. medical imaging using gammas or high energy x-rays, astro-particle
physics

Extra information to improve data quality

- Removes experimental background, for ex. Compton scattered photons
mistaken for real signal

Optical communications - pressure to increase “bandwidth” - eg.
number of telephone calls carried per optical fibre

- Wavelength division multiplexing - several “colours” or wavelengths in samet
fibre simultaneously é;
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Types of detectors

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

And also emulsion detectors And almost all modern detectors



Electronic requirements for detectors

Detector Physics Technical
Tracking 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 ~0.5Mrad
(EM & Hadron) Large energy range Power constraints
Excellent linearity
Very stable over time
Muon 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

derived parameters
< Light
< Energy
< Charge/Current
< Pulse shape
< Pulse height/Voltage
< Relative timing

% Position/Particle track

< Amplifiers and Comparators

< Analog to Digital Converters
(ADCs)

< Charge to Digital Converters

(QDCs)

< Time to Digital Converters
(TDCs)

< Waveform digitisers
< Latches and Registers
<+ Memories

< Logic/trigger systems
< Hybrids



Measures the total current of the detector and i 1gnores
the pulse nature of the signal. |

Does not allow advantage to be taken of the timing
and amplitude information present in the signal.

Observes and counts the individual pulses generated
by the particles. i
Gives superior performance but cannot be used if the
rate is too large. B
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An example of Current mode
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SATURATIOMN
CURRENT

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 several orders of
magnitude smaller than R.. Thus
this circuit enables ideal I
measurement over a wide range.

INCREASIMNG
LIGHT LEVEL




An example of pulse mode

Va

1
"7 In(b/a)

= Signal

V‘)a_

4 7
Anode Cathodge where ty= ne/uCV,. For this distance the total drift time Tis
wire

T=ty(b*—a?) .




Pulse mode

< Amplitude of the pulses is proportional to the initial charge
signal. 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.



amplifiers are needed for most of the detectors

even if not used to boost signals, amplifiers are the basis of
most important functional blocks

signals to be measured or observed are often small
defined by source - or object being observed

and detector - it is not usually easy to get large signals
data have to be transferred over long distances without errors ¢

safest with “large” signals
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role of a preamplifier

single gain stage rarely sufficient

add gain to avoid external noise , for ex. to transfer signals from detector
practical designs depend on detailed requirements

constraints on power, space,... cost in large systems

ex. ICs use limited supply voltage which may constrain dynamic range

most noise originates at input as first stage of amplifier dominates
often refer to Preamplifier = input amplifier
may be closest to detector, subsequently transfer signal further away

[ sensitive (Used with low impedance detectors)
V sensitive (Conventional, most common)
Q sensitive (Used with semiconductor detectors)
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Current sensitive amplifier

*Common configuration, eg for photodiode signals
Vout = -Avin

Vin = Vout = fian
Vour = -TA/(A*DLiR; ~ i
Input impedance

Vin = iian‘l(’a""'I) Zin = Rf"’(‘d""l}

Ry

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

i i C
Vo = i(1/joCl[R;,) 6 T R l
- iR/ + jor)

lin

Thermal,

input signal convoluted with falling exponential
increasing R; to gain sensitivity will increase t
fast pulses will follow input with some broadening
‘Noise
feedback resistor is a noise source
contributes current fluctuations at input ~ 1/R;

contact, and
shot noise




Voltage sensitive amplitier

* 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,... e

op-amp voltage amplifier ideal for these ¢

especially slowly varying signals - few kHz or less Vin

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

. C
'Slgnﬂ' 1II"'Iri::u’r = Qsig"’ CT{:T det
C,,+ = total input capacitance :L
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)

Vour = =AVi,
Vout = Vin = Iin/ JOCs
Vour = -[A/(A+1)]i. /joC; =~ i /joC;
=> -Q/Cs
*Input impedance
Vip = i/ (A+1)joC; C=(A+1)C; at low f

so amplifier looks like large capacitor to signal source

low impedance but some charge lost

eqg. A=10® C;=1pF

Qu = Q/[1 + Ci/ (A+1)Cs ] Ciot = 10pF  Q,/ Q=099
Ciot = 100pF Qu/ Q=090




Feedback resistance

*Must have means to discharge capacitor so add R;
Z= Re| |1/ joCs
Vot = -[A/(A+1)]0. Z.
= i(@)R¢/(1 + jorg) s = R:Cs =
step replaced by decay with ~ exp(-t/R¢C) 1 is long because R; is large (noise)
easiest way to limit pulse pileup - differentiate N\

WY M lx\
ie add high pass filter NN ANAN
g p \'\J \\KJ "\'\II\ | x\l

Vout

|
‘Pole-zero cancellation N t

exponential decay + differentiation => unwanted baseline undershoot

intfroduce canceling network — |
R¢

i

Vg = 1/(1 + joorg)

vi = 1/(1 + jote)(l + jot;)
7,=RC <1¢

add resistor Ryso R,C = 1
then

vi' = 1/(1 + jot3) with 3= (RIIR))C < ¢




Need for pulse shaping

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).




[f timing is required: fast response
If pulse height is required: strict proportionality, limit bandwidth

Exponential with long tail
Pulse pileup: Reduce counting rate or reshape

For a given noise spectrum, there exists an optimum pulse shape to
improve the signal-to-noise ratio

For ex: Tail pulses in presence of typical noise spectra are not ideal

Triangular or Gaussian - symmetric pulse shapes are ideal
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CR-RC pulse shapers

Pole-Zero Cancellation

AN

e

AN AN

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




E — ET]: (e-;_la'"rl — I')"Tz)
out T - T
where 7, and 7, are time constants of the differentiating and integrating networks, respectively.
Plots of this response for several different combinations of 7, and 7, 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

f
E  =E—et/"

out
T

0.0

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.
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*Poles and Zeros of a
transfer function are the
frequencies for which the
value of the denominator
and numerator of transfer
function becomes zero
respectively.

"Underhioot” *The values of the poles
and the zeros of a system
determine whether the
system is stable, and how
well the system performs.

*Physically realizable
control systems must have
a number of poles greater
than or equal to the

- number of zeros.
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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 (¢) 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, ﬂ
2

difference between inputs sends output to saturation (+ or -)
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
Vour = A(V s - V)
vr'e,f >V = Vo T Vs Ur'e,f = Uhl’gh

vr'e.f <V_=> Vout = ov Ur‘ef =V

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

low

*Output depends on history
eg V, = 10V, Vo= +bV, OV
R, = 10kQ2, R, = 10kQ2, R5 = 100kQ
V=0V, V=476V
V4 =5V, V=58V

hysteresis = AV . = 0.24V



RPC's preamp output pulses
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Two common problems




& Walk
u Jltter

Leading edge triggering
Fast zero-crossing triggering
Constant fraction triggering

Amplitude and risetime compensated triggering

ectronics




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

fG3-uncorre cted
Entries 3602
tean 4001
RS 30.06

GG 3-corrected
Entnes 3602
W ean 400.9
RS 8731

hprof

v2 f ndf 64.86 / 31
p0 33034072
pl -232.7 + 46.8
p2 7.032 + 1.861
p3 0.1524 + 00411
p4d 0.001809 + 0.000558
-1376e-05 + 4.842e-06

6.747e-08 + 2.694e-08

-2.065e-10 £+ 9208e-11
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Mean 24.15
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f I nidf T2L08 18
Comstant 3206+ 17.6
Mean 24.1+0.1
Sigma 3375 0043
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Development and characterization of glass

Multigap Resistive Plate Chambers

M. M. Devi?, N. K. Mondal?, B. Satyanarayana® and
R. R. Shinde*

Tata Institute of Fundamental Research, Mumbai 400005.
E-mail: Imoonmoon4u@tifr.res.in

20 30 40 50 60
tdc count (LSB=23ps)
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/ero-crossing and Constant fraction

Zero-crossing timing. . )
Variations in the cross-over point Constant fraction dis-

are known as zero-crossing walk crimination
< Zero-crossing triggering:




Constant fraction triggering

Attenuated & Inverted
puise V¢

Summeq puise Vg«Vc

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




2001/ @ 200/ @ 5000/ M@ 5000/ 10068 500/ Auto £ 7.250
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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: 45{) @350MHz

< Amplifier gain: 8mV/pA

< 3-dB Bandwidth: 274MHz |
< Rise time: 1.2ns

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

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

< Chip area: 13mm?

P ————



NINO imnput stage

1/2 of input circuit

DC C’)
MOSFET current
source

Cascode

Common |:>
gate

Input _'_j

>
MOSFET current

source
DC ?

Unavoidable
capacitance

o The input current flows
through the two transistors and
charges the capacitor at the
output (need to minimise C for
maximum voltage)

o Trailing-edge of voltage pulse
at output has RC time constant
o The impedance seen at the
input is mainly the 1/gm of the
iInput transistor.

o The advantage of this
configuration is the high
bandwidth with excellent
stability due to the absence of
feedback element.




Complete circuit of NINO chip

Low frequency feedback to control
offset and threshold control

Input stage




Coincidence scheme a muon telescope

Glass RPC under test

(Delayed)

Tngger
(TDC Start)

RPC

Muon Trigger = PloP2 o}_)3 o}_)4 OPS .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 B
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 1 ——
coincidence window. =

dN dN, dN,

random — x x At

dt dt dt

signal 1




Basic coincidence technique

D? SCALER |

COINCIDENCE
("AND™)

wr

A system for coincidence measurement

INPUT 1T ——

INPUT 2 R—

COINCIDENCE
OuUTPUT Coincidence between pulses




Memory-lookup tables

Address 1024 x 4
4 x 2 ROM AlB ROM
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An experiment in the 1* SERC School (1997), TIFR, Mumbai




1gger generation
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Resolution
- the granularity of the digital values

Integral Non-Linearity
- proportionality of output to input

Differential Non-Linearity
- uniformity of digitisation increments

Conversion time

« how much time to convert signal to digital value

Count-rate performance
- how quickly a new conversion can begin after a previous event

Stability

« how much values change with time

ectronics
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Maximum of the voltage signal is digitised

Ex: Signal of the PMT in voltage mode (slow signals, already
integrated)

Total integrated current digitised

Ex: Signal of the PMT in the current mode (fast signals)

ectronics



Types of ADCs

» Successive approximation

< Ramp or Wilkinson

< Sigma-delta ADC

 Flash or parallel

< Hybrid (Wilkinson + successive approximation)
< Tracking ADC

« Parallel ripple ADC

< Variable threshold flash ADC

/
“‘ LN



Successive approximation ADC

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

if I1IllFin - vr'e.f

leave
Vin e
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.




VOLTAGE

TIME

[a) AMPLIFIER OUTPUT
PULSE

Ramp or Wilkinson ADC

LOWER LEVEL
DISCRIMINATOR

{b) LOWER LEVEL
DISCRIMINATOR
ouUTPUT

LINEAR
GATE

{Open)

ADDRESS

(c] SIGNAL ON
RUNDOWN
CAPACITOR

(¢) ADORESS CLOCK

COUNTER

(e} MEMORY CYCLE

1) LINEAR GATE CLOSED
L

- — —— — w— ] — —

(g} DEADYIME GATE

(a) Capacitor Charging

LS
NEAR
rr o t‘ CDj_
(Closed) | I'ﬁ__ A B
|

o) ADDRESS
COUNTER
ADDRESS

CLOCK

(b) Capacitor Rundown

LINEAR
GATE 0 | o m—_l.
(Closed)

Add 1 1o Memory

ADDRESS

I

Location N
- ———~

ADDRESS

CLOCK




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 t=0,assume V =0
UGUT hlg‘h | Comparator

i (1-Bit ADC)
integrator charges -ve

at rate ~ V.

comparator flips

counter goes low

clock increments... etc,... 1-Bit. DAG

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.




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”.

*

L)

L)

» The number of required
comparators is 2" -1, where n is

: Priorit D2
the number of output bits. Eneodor m

3 . (8- to 3-line)
< Since Flash ADC comparisons are 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.




Weighted resistor DAC

3
g
gﬂ
:




R-2R ladder DAC

Node®  Node N-3 Node N-2 Node N-1
R R R 2R -

2R 2R 2R




[ntegral non-linearity

: % For more precise evaluation of
<+Output value D should be linearly P

proportional to V
<+ Check with plot <+Plot D,-D¢, vs nchan

INL fit to line and plot deviations

L]

in

2
B
&
=

'
a
=]

t |
L]

L
2]

anon =000
Channel Mumbsar




Ditterential 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

Ci'.:'-.’ .. . - . > ® o8

-.lg\& .,‘.-" . ® ® . s

P ‘w\ﬁ& c “s”hh’:&. . N W n'os\v"'h'%"’ '-"“""' el
- - - .

n 0
b b
Z z
= =
O O
O O

CHANNEL NUMBER CHANNEL NUMBER




Resolution

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

S referred to as ILSB (least significant bit)
-V =1V = AV =1V/1024 = ImV
p(v)

*Ideal ADC behaviour AV
probability vs amplitude -

quantum = AV = (V .-V

min

‘eg 10 bits = 2101024, V

Mo

Vit Vi |

*Real ADC behaviour
noise in digitisation process

=
"

smears resolution

P cha il )
= 2

Choise < ﬁv.‘fq'

Channel Numbar n




finite time is required for conversion and storage of values
may depend on signal amplitude

gives rise to dead time in system

i.e. system cannot handle another event during dead time
may need accounting for, or risk bias in results

results may depend on rate of arrival of signals
typically lead to spectral broadening

temperature effects are a typical cause of variations

_Signal Processing Electronics



Amplifier systems for spectroscopy

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

“reamplifier  Main amplifier & pulse shaper to Data
Acquisition

Detector System

to other
coincidence logic

I Fast amplifier Discriminator Gate

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 =2
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‘
PRE

AMP

DETECTOR
— : SCA

HV |

DETECTOR

, ‘ADC
Input __ﬁ—_—-_ﬂ_—“ Pas e ll_ b - J IN

PULSE STRETCHEH ]




Functional block diagram of a MCA

(Open when
ADC is not

Live time
clock




BT Cs spectrum (Nal scintillator) NUMBER OF IDEAL SPECTRAL
32keV X-ray photopeak COUNTS LIN E
P

661.7keV photopeak

“‘\

\ - REAL SPECTRAL

MCA display

AN
X o il
ety ('V{M\\( YRR M:m“m.(‘\t. At "“‘"m,

CHANNEL NUMBER |

R e e ]

Two gamma rays
with energies of 1.17 and 1.33 MeV

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)

SRy |

1= S TR




Where TD(Cs?

<»Special needs for High Energy Physics

Sumanta Pal |

< Other applications
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Resolution
- Bin size and effective resolution (RMS, INL, DNL)
Dynamic range
Stability
- Use of external reference
« Drift (e.g. temperature)
- Jitter and Noise
Integration issues
Digital / analog
Noise / power supply sensitivity
Sensitivity to matching of active elements
Required IC area
Common timing block per channel
Time critical block must be implemented on chip together with noisy digital logic

Can one actually use effectively very high time resolution in large systems (detectors)
Calibration - stability

Distribution of timing reference (start signal or reference clock)

Other features: data buffering, triggering, readout, test, radiation, etc.

ectronics




Advantages

- Simple; but still useful!

. Digital

- large dynamic range possible

- Easy to integrate many channels per chip
Disadvantages

« Limited time resolution (1ns using modern
CMOS technology)

« Meta stability (use of Gray code counter)

Cable delay chain (distributed L-C)
- Very good resolution (5ps mm)
« Not easy to integrate on integrated circuits
Simple delay chain using active gates
Good resolution (~100ps using modern tech)
Limited dynamic range (long delay chain and
register)
Only start-stop type

Large delay variations between chips and with
temperature and supply voltage

ectronics




- = Delay locked loop
- Self calibrating using external frequency reference (clock)
- Allows combination with counter

« Delicate feedback loop design (jitter)
= R-C delay chain

Very good resolution

Signal slew rate deteriorates
Delay chain with losses; so only short delay chain possible
Large sensitivity to process parameters (and temperature)

ectronics




Basic I'DC types - 11l

< Multiple delay chain type

Start delay chain: Tt

Resolution: T2—-T1=A



Basic TDC types - [V

< Charge integration , .
An experiment in
the 15t SERC

School (1997),
TIFR, Mumbai

< Multiple exotic architectures

Start
Stop _J__ ADC _/
5 Stat  Stop i
Start , Clock
T Disc
Stop  [— : b Countei
12=11/k
Start Stop 5

Stretched time



Architecture of HPTDC (ALICE TOF)

.

Encoding
arbitration offset adjust

Trigger matching
Reject counter : do control

JTAG: Error monitoring:

Boundary scan Memories

Programming State machines

Monitoring Measurements
Programming

Slatus JTAG

Production test

Application Specific Integrated Circuit

Token in Token out




Delay Locked Loop (DLL)

Three major components:
Chain of 32 delay elements;

adjustable delay Phase
Phase detector between clock detector | |pump

and delayed signal DLL_current_level[4:0]

Delay chain

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

Jitter in the delay chain

: g Lock tracin
Lock monltol‘lng 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

K __ 1
CNTI
N )

Coarse CNTI | CNTZ2 |

Coarse




CALIBRATION OF HPTDC CHO

RESOLUTION OF HPTDC 98ps

DELAY STEP 25ns —B— 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

2
c
=}
o
(S
o
[a]
-
o
I

RMS of Deviation = 30 ps

Delay in ns




Concept of a vernier TDC - |

Two clocks of slightly different |G-
periods T, and T, (T, > T,) are } T1= 14,

_|_I_I‘I_m_l_l_l_l_l_l_l_i'

Coincidence

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=(N DT —(N, - 1) T,
Two counters for N, and N, are
needed.

I




Concept of a vernier TDC - 11

START
STOP

CLOCHK _]_IM I_I I_I I_l I_ﬂ _I_[_r

Course
COoOumnTter

L

%

LU CEUCET CRCRERT LT T TR

:

LI H'"llltln LLL

A

o
N
W
&

#

START INTERPOLATOR
Tl: Mg =I=(Ts_Tf)
= ng * AT

LA LLL LT

-

Twne Interval

Slow
Clock

STOPINTERPOLATOR

Fast | _L T2= 1y (T, - Ty
Clock T2 = ny* AT

Interval

-:-:}infi

So, The Time interval to be measured is given by

Slow
= n AT+ N*T,.- nsp* AT Clock

- N Y | _
N * T, + (ng nsp} AT Fast _rI—l—I—
N.= Given by the coarse counter Clock |

n, = Given by the fine counter of the start interpolator

T =T, +N*T.—T, ) __:J

ng, > Givenby the fine counter of the stop interpolator




slow

_B.SatyanarayamayLIER, Mumbai __

I

Coincidence
detector

Stop Interpolator

-

!

r1st
Calibrator

Controller Data &
Transfer
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Peak sensing Analog to Digital Conversion
Charge to Digital Conversion

Time to Digital Conversion

Hit registering

Pulse width measurement

Pulse profile monitor
Pulse shape discrimination
Counting rate scaler

And soon ...

ectronics
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_Signal Processing Electronics .



Data acquisition through DRS chip
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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...

AV

+TTL (bipolar) Transistor-Transistor Logic
usually V. = O o +5V
Vi~ 15V AV~ 1V VH
o

outputs & inputs sink/source currents -+ VT

not identical levels Vi

*CMOS - now most common Low
Ve =0 to +5V but +12V, +3.5V and lower
Vi~Vc/2 AV~04 V. designs must tolerate variations

component manufacture

operating femperature
supply voltage

*ECL Emitter Coupled Logic loading
high speed, but power hungry noise

outputs swing between supplies




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.

W}ring 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

fransistor 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 PLLD
OO0 OO OO0 OO - boese

Block
T 1T I“II

oioioo
Ciooio|
Cioioio|
CIDIoIC

0o oo 0o od

2D array of logic blocks with means for the user to configure:
* The function of each block
» [nterconnection between the blocks

/0 Block —»]
]
]
]
]
]
]
]

OO0 OO0 OO0 OO




Simple PLDs: PROMs
- Programmable Read Only Memory (PROM)

- -4 Predefined link

-~ Programmable link
r'la&b8&c
'd&'b&Ci
"a&b&'c
'a&b&ci
ra&&c:
ia&bs ci
a&b&'c
ia&blc

Address 0 :

Address 1 ;

.caé““‘”

Address 2

®

Address 3

®

Address 4 E

éy

Address 5

S

Address 6 ;

G

Programmable OR array

Address 7 :

=

e




Simple PLDs: PALs
Programmable Array Logic (PAL)

D

B C
I
2 _Xé\! i ¥ Fixed OR

R R

Programmable
AND array




Simple PLDs: PLAs
Programmable Logic Array (PLA)

A B C D

o Offers most flexibility in QQQQ

programming

T

ey

= Slower performance

I

s
ST

O
.

» Expensive

f

f

E—GH!H!!I&H—E‘-
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Complex PLDs (CPLDs)

Logic
Block

Logic
Block

Logic
Block

Logic
Block

‘_

P

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

OUTING OUTING
MATRIX MATRIX

INPUT

OUTPUT
MATRIX MATRIX BLOCK

kOUﬂNG ROUTING

INPUT
QUTING
MATRIX OUTPUT

BLOCK

Logic function implemented as look-up table.

LUT may be alternatively configured as RAM or shift register.




Interconnect switches

"+ diffision
silicon substrate

inpurt wirs

o

EF"FIEH B — EF'RI'_‘H R

tecmolosy | Vool | Re-programmai

Antifuse

Flash Small Slow Medmm  >5
SRAM Large Fast Medium o




FPGA versus ASIC

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

o+ = lrigger

¥ !
Monitor and Slow Control




Generic HEP detector readout systems

< Functions required by all
systems

Electrical DAQ Driver

: Pipeline MUX
Ampilice memory or Receiver
optical link | 4o
D’_ DSP
Comparator D :
optional {0, tron'al
(op ) D ) Clock
Trigger
LControI
' T DAQ Driver
Amplifier MUX Ele%t:lcal Plpellne Q
: . memory Receiver
optical link AD
" DSP
% Calorimeter and muon ‘

detector functions

Clock

Trigger
Control

< Optional



CMS experiment

TRACKER
CRYSTAL ECAL Total wei
Overall d

Overall length
lu;nnmcﬂeld

PRESHOWER

SUPERCONDUCTING
MAGNET

. FORWARD
' CALORIMETER

MUON CHAMBERS




A slice of CMS experiment

om

Key:

—— Muon
Electron
———— Charged Hadron (e.g. Pion)
= = = = Neutral Hadron {e.g. Neutron)
= = === Photon .

Silicon
Tracker

! Electromagnetic
i }|ll Calorimeter
Hadron Superconducting

Calorimeter Solenoid

Iron return yoke intersparsed

Transverse slice with Muon chambers

through CM5

T Bevrnas, CERN, Filwacmry 2004




Principle of CMS DAQ)

' 40 MHz

COLLISION RATE

100 kHz
LEVEL-1 TRIGGER

1 Terabit's
(50000 DATA CHANNELS)

500 Gigabit/s

Gigabitfs SERVICE LAN

Detectors

LT

Chamge Tirre  P3dem

%

Computing services

16 Million channels
3 Gigacell buffers

1 Megabyte EVENT DATA

200 Gigabyte BUFFERS
500 Readout memones

EVENT BUILDER. ~1zraeswicting
Febwoek (512512 ports) wih 3 o hmooghps tor
HPRCHMTE Y SO0 Gk s e i emoinecta
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T a1 orrlineand offineappics o,
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ATLAS/CMS Trigger architectures

-
|4 255 —ml | Luminosity = 10* om? sec?

- 30 Collisions/25ns
{102 eventisec )

107 channels
{1015 hitfsec)

Trigger Fate
40 MHz

105 Hz

e [ e

Multilevel trigger and readout systems

Trigger Fate
40 MHZ
290

Front end pipelines @
105 H

Hsec

Detectars

Feadaout buffers

At ching netwiork;

Processor farms

Detectors
o
Front end pipelines

Feadout buffers

Switching netwaork

Processor farms




DAQ scheme of CMS experiment

Trigger
Cal. Muon Global

Readout
Systems

Controls |

. ! ; : ' Filter
- Systems | | Systems
- Sub-systems
- Acronyms




INO's ICAL detector



F:/INO/presentation/DAE-DST-Detector.pptx
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RPC n

Overall scheme
ol 1A
electronics

** Major elements
= Front-end board
= RPCDAQ board
= Segment Trigger Module
= (Global Trigger Module
= (lobal Trigger Driver

= Tier1 Network Switch Tier 2 Network Switch
= Tier2 Network Switch
n DAQ Server Global Signal Driver

(Trigger = TDC Callbrfon+ Jliobal Clack)




Functions &

integration of FE-DA

1840 mm

|FE7 ||FE6 |[FE5 |[FE4 ||FE3 |

|FE2 || FE1 |[FE0 |

1840 mm

[TOT |

Scaler

o

Controller

Pre
Trigger

Pulse
Shape
Monitor

Network
Interface

o

AM

Global Services

% Ny
Pre-Trigger



Picking up the tiny charges

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

ANALQG GSND :ﬁz
ot i

e d

j ,-“0» S
B - ‘§'§.3v(|) Rl
| ] ‘;+ g m ——‘_J

AL : -
L7

oF i *[z o =i ,als /i

3 4

| - -4 5353

| D|§TAL +C1’;'ND° & JIGITAL GN

? ‘ , INO FRONT END BQARD
| < ia
|

Amplifier output pulse height (mV)

500

400 +

300

200 +

100

y=7.2731x + 16.909
R? = 0.9955

20 40 60 80
Input current pulse height (PA)

CMEMS, BARC

100



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.

= Global trigger

TDC Cahbb

= TDC calibration signals e

Global

= TCP/IP connection to

backend for command e
and data transfer




B

Two fine TDCs to measure
start/stop distance to clock edge
(T, T,)

Coarse TDC to count the number of

clocks between start and stop (T,)
TDC output = T_+T-T,

Currently a single-hit TDC, can be
adapted to multi-hit

20 bit parallel output

Clock period, T, = 4ns

Fine TDC interval, T./32 = 125ps
Fine TDC output: 5 bits

Coarse TDC interval: 25* T_ =
131.072S

Coarse TDC output: 15 bits

'»‘1? A

:
HERSFART

pmmrl

Saty anaM Mu‘r’n‘bal : 1gna1 Pr.ogess " .El?ctr.o_r}lc‘s‘

IIT Madras
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[CAL Trigger Scheme

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

» Level 1 Signals TIS,-T1S,,
» Level 2 Signals T2S,, .p
* Level 3 Signal T3S

e » Global Trigger Signal

Sudeshna Dasgupta



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, +12V, -12 'V, +24 V, and -24 V.

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



NIM crate and power supp

8IN CONNECTOR [Pn T FuncTION |
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CAMAC hardware and signals

MNORMAL STATION | NORMAL STATION 2 i NORMAL STATION 3
R QX

ELalat ek -F T3]

READ LINES

-

PEKIMIM IRE WSE TR BNBVLE -
EKLMIME THE

SRS A
POWER SUPPLY SERIAL
NUMBER

=

Cat
Wi te Wi-Wed

ANOTHER CAMAC CRATE FRONT
AND REAR AND FAN TRAY VIEWS




CAMAC dataway timing charts

JalaiRA]
Clear or - . L slgtus
Initialise (C.Z) . fi. Xl
: Haotw 3

lhibit (L1~ Py | [ : Labak-ut - he

with Z only L

Strobe S1 Sirobe 5
loptienal)
Note 4

Strobe S2

Mgxima I 110 ida
1 H

(nsi

Minima

Dotaway Datquay
Operatian Qprration

Computer Automated Measurement and Control




CAMAC system development

CAMAC Hardware
CAMAC controller and PC interface

Serial, Parallel, GPIB, USB and
Fthernet interfaces

Driver software

Operating System specific

—

F System

layers
: 4

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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TR0 1,

Configuration
Logic

T AT (e

-

-
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gt LI

On board logic
analyser port

LVDS Tx OUT

ISAIDSURL],

Address Bus
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