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Plan of the course

o | ectitrsst
< Basic concepts, from signals to DAQ systems

o | ecture=5
< Signal transmission, preamplifiers, shaping amplifiers,
discriminators, coincidence circuits and instrumentation
standards
e Lecture -3
< Analog-to-Digital, Time-to-Digital Converters and modern
DAQ system elements

e Examples from CMS, ALICE and INO experiments
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the granularity of the digital values

proportionality of output to input

uniformity of digitisation increments

how much time to convert signal to digital value
how quickly a new conversion can begin after a previous event

how much values change with time
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Analog-to-Digital Converters (ADCs)

e Peak-sensing
< Maximum of the voltage signal is digitised
< Ex: Signal of the PMT in voltage mode (slow signals, already
integrated)
e Charge sensitive
< Total integrated current digitised
< Ex: Signal of the PMT in the current mode (fast signals)

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

e Ramp or Wilkinson

e Successive approximation

e Flash or parallel

e Sigma-delta ADC

e Hybrid (Wilkinson + successive approximation)
e Tracking ADC

e Parallel ripple ADC

e Variable threshold flash ADC
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Ramp or Wilkinson ADC
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Successive approximation ADC

‘analogous to binary search
generate V .= AV x (2N1 2N-2 . 20)in N steps

set bit=1 -

if Il""rl'n 2 Vr'e.f

leave

+
elsebit=0 —» >_ counter
—

*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__;
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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 comparers
is 271, where n is the number of Prioriy

Encoder

output bits. (8- to 3-line)

Since Flash ADC comparisons are
set by a set of resistors, one could
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.
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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,_ >—
clk=

comparator flips

counter goes low

counter
i

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

the higher the input voltage, the more 1's at the serial digital output.
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[Integral non-linearity

Output value D should be For more precise evaluation of
I 1 ot INL fit to line and plot

Inearly proportional to deviations

Check with plot Plot D.-D¢, vs nchan
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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% typical but 103 can be achieved
can show up systematic effects, as well as random

- . . . . -
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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 1LSB (least significant bit)

-V =1V = AV =1V/1024 =~ 1mV

min

‘eg 10 bits = 219= 1024, V,_..-Viin

(V)

*Ideal ADC behaviour
probability vs amplitude

*Real ADC behaviour

noise in digitisation process

smears resolution

< AV/4

S hoise

-
L L
i e
T EIL]
Channel Numbar n
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Other variables

e Conversion time
< 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

e Rate effects
< results may depend on rate of arrival of signals
< typically lead to spectral broadening
e Stability
< temperature effects are a typical cause of variations
e A partial solution to most of these problems is regular

calibration, preferably under real operating conditions, as
well as control of variables
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Non-linear ADC

*A integrating system for measuring x-ray photons for crystallography, measuring
spots. The most intense spots contain up to ~10° photons, the weakest just a few.
Measure N in spot

aim: achieve 1% resolution 10"3’
using a 10-bit ADC (cost)

assume 1V range

1V = largest signal, defines &,
N < 104 o(N)/N > 1%

defines smallest signals

but ADC LSB > signal

. . 4 " L
Increase small signal gain G, Sfﬂwlml error

Select output in ADC range /
'IS 1% PESG'UTIG” l‘JEhIEVEd fﬂl"‘ L'l,” N':; 2 NI NI R TH1 B W AT ATH B A Ll Lol

4 5 6 7 8 9
If not..? 10 10 10 10
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Why TDCs?

TDCs are used to measure time or intervals
% Start — Stop measurement i

Start signal - Stop signal

< Time tagging
: Time scale (clock)
Time reference (Clock) i nm ﬁ¢ ' n

Events to be measured (Hits)

Such a time scale will have limited range; like 12/24 hour
time scale on your watch when having no date and year
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Where TD(Cs?

e Special needs for High Energy Physics
< Many thousands of channels needed
< Rate of measurements can be very high
< Very high timing resolution
< A mechanism to store measurements during a given interval

and extract only those related to an interesting event,
signaled by a trigger, must be integrated with TDC function

e Other applications
< Laser/radar ranging to measure distance between cars
< Time delay reflection to measure location of broken fiber
< Most other applications only needs one or a few channels
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Bin size and effective resolution (RMS, INL, DNL)

Use of external reference
Drift (e.g. temperature)
Jitter and Noise

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) t
Calibration - stability 3
Distribution of timing reference (start signal or reference clock)

Other features: data buffering, triggering, readout, test, radiation, etc.
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Simple; but still useful!

Digital

large dynamic range possible

Easy to integrate many channels per chip

Limited time resolution (1ns using modern
CMOS technology)

Meta stability (use of Gray code counter)

Very good resolution (5ps mm)
Not easy to integrate on integrated circuits

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

ad ,V‘ ﬁ?’?i‘ [ul ;_!

BPu, VECC, Kolkata

19



Counter-type TDC

Threshold Setting
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Input Signal

PC Interface Parallel Port ¥

. \fl‘l“L“L"L“L 1 leo‘nLoﬂfy ;

4

Kw

Set 1650V

wigh vorbage

(3v~0v-9v) Ac 3, Shar ] s Y sveov AC B 3 S
(e S e

200v~3000V DC
imA
© Pot2 for H.V lottuxq- é
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Self calibrating using external frequency reference
(clock)

Allows combination with counter
Delicate feedback loop design (jitter)

Very good resolution
Signal slew rate deteriorates

Delay chain with losses; so only short delay chain
possible

Large sensitivity to process parameters (and
temperature)
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Resolution determined by delay difference
between two chains. Delay difference can be
made very small and very high resolution can
be obtained.

Small dynamic range (long chains)

Delay chains can not be directly calibrated
using DLL

Matching between delay cells becomes critical

Sub-delay cell resolution (%4)
All DLLs use common time reference (clock)

Common timing generator for multiple
channels

Jitter analysis not trivial

P11, VECC, Kolkata
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Basic I'DC types - [V

e Charge integration

< Using ADC (TAC)

< Using double slope (time stretcher)

e Multiple exotic architectures

< Heavily coupled phase locked loops

< Beating between two PLLs
< Re-circulating delay loops

< Summing of signals with different slew rates
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Time-to-Amplitude Converter (TAC

Typical linearity plot of time-to-voltage converter

Gain=2

Voltage - Expected

output

Voltage, Volts

2N3640 i : f
B Observed:

e L
C1
TLO84 100PF
W I V

s
Tav [300]

REFERENCE 2.9K

+12Vv

SIoP
(CLEAR)

START
(clock

Q OUTPUT

AR [ o) I ) [ e ol S O e LS S D T S

F|_|cp>§|_op CAPACITOR
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Time, nSec

DURATION
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Architecture of HPTDC (ALICE TOF)

JTAG:
Boundary scan
Programming
Monitoring
Status
Production test
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Hit register 0

Encoding
arbitration offset adjust

Trigger matching

Reject counter |-+ [Search window] control

Error monitoring:
Memories

State machines
Measurements
Programming
JTAG

Readout
interface

Token out
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Delay Locked Loop (DLL)

Three major components: Delay chain

Chain of 32 delay elements;
adjustable delay mwlml Phase
Phase detector between clock detector

and delayed signal

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

Jitter in the delay chain

Lock monitoring Lock tracin
rom reset state

Dynamics of the control loop

Programmable charge pump
current level
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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

CLK [ L[ 1
CNTI

CNT2 X&
Coarse CNT1
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CALIBRATION OF HPTDC CHO
RESOLUTION OF HPTDC 98ps

DELAY STEP 25ns —fl— 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

(o))

o

o

o

1
Deviation in ns

[%]
e
[ =
=]
o
o
o
[a]
[
a
I

RMS of Deviation = 30 ps

Delay in ns
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HPTDC's DNL and INL

e Differential Non-Linearity(DNL) is defined as the variation
of any code from an ideal 1 LSB step.

e DNL(n) = (Actual(n)/Expected(n)) - 1.
e Integral Non-Linearity (INL) is the deviation of the
transfer function from a reference line measured in

fractions of 1 LSB using a best straight line. INL is
simply the integral of the DNL.

e So if we can get the DNL then we can compute the INL.

e In HPTDC the base clock is 40 MHz i.e. 25ns so the DNL
pattern repeats every 25ns.
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HPTDC's DNL test result

At 98ps the DNL is +1.25 bjn to -0.1 bin

i i

Bins(1 bin=98ps)
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HPTDC's INL test result

At 98ps the INL is -2.5 bin to +0.5 bin
: /“\\

-0.5

-1.5

-2

_ \\\\Vf

25 3

-3

Bins(1 bin=98ps)
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HPTDC's DNL/INL data correction

The fixed pattern in the INL is caused by 40 MHz cross talk from the
logic part of the chip to the time measurement part .

As this crosstalk comes from the 40MHz clock, which is also the time
reference of the TDC, the integral non linearity have a stable shape
between chips and can therefore be compensated for using the LSB bits
of the measurements.

Effective resolution (RMS)

98ps resolution after INL | 34ps
correction

24ps resolution after INL | 17ps
correction
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Concept of 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=N;-DT;-(N,- DT,
Two counters for N; and N,

Coincidence

0
I
|
0 T T+p T+2T
|
|

needed. Single counter is enough
0
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Shift Register




Stefan Ritt, Paul Scherrer Institute, Switzerland

Functional block diag

(J ()

DOMINO WAVE CIRCUIT

CHANNEL O

CHANNEL 1
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CHANNEL 4
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x
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O
O
L
=
x
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CHANNEL 6
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—

-

i
=
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—
w
0
e
i

VEVEVEVEVEV=ViRY W

()
READ SHIFT REGISTER MUX
: CONFIG REGISTER o
() L
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Stefan Ritt, Paul Scherrer Institute, Switzerland

Data acquisition through DRS chip

FPGA
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