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Introduction @ Task of converter is to convert a
digital quantity into a numerical
value
e Time to Digital Converter
Time
e Analogue to Digital Converter
Voltage, charge, current

=
o

Digital Value

«

et
bin size

@ Analogue values in interval
U; + % are converted to i

@ Bin size: AU

@ Converter Characteristics:

Physical Quantity

d=al (1)

: _ 1
Wltha—m
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Introduction

Converter Errors: Differential Non linearity

o ldeal converter characteristics:
Identical Bin size over whole

2 w0 ADC/TDC characteristics
E | @ Variation of bin size is called
s differential non linearity
Physical Quantity o Quantlfled by deVIHtlon fI‘Om

ideal bin size §Upni
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Introduction

Converter Errors: Integral Non linearity

@ ldeal converter characteristics:
Linear relation between physical
quantity and digital value

@ Deviation from linear relation is
b called integral non linearity

Digital Value

o Quantified by deviation § Uy,
or relative deviation Uy, /U

Physical Quantity
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Introduction
Linearity Test
Linearity test setup:
o Feed converter with uniform
distributed input

o E.g. for TDC use uncorrelated
sources for start and
stop/reference

uniform distribution o Construct a hIStOgram W|th a”
converter values

Counts

@ For ideal converter histogram
should be uniform distributed
Converter Values A U
n=-———N (2)
Umax - Umin
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Introduction
Linearity Test
Linearity test setup:

@ With real converter =
non-uniform distribution

AU+ 46U
i = ———N
" UmaX*Umin (3)
ouU
= Ait+— N4
Umax_Uminl\( )

Counts

o Differential non linearity can be
determined from distribution:

Umax - Umin

Converter Values 5UDNL’[ - (nl - F’)
(5)

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Introduction

Digital Signal Processing
Time to Digital Converter
Analogue to Digital Converter
Literature

Converter Errors

Resolution, Trueness and Precision

Influence of Noise on Timing Precision
Influence of Clock Jitter on Amplitude Precision

Introduction
Linearity Test

@ Integral non linearity by summation of differential non

linearities:
k

SUne(kAU) = 48U (6)
i=0

@ If non linearities are stable in time dUjy (kAU) can be used
as correction function
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Introduction |

Resolution, Trueness and Precision

Terms Resolution, Trueness and Precision are defined in
International vocabulary of metrology[BiPM et al., 2008]. They are
often used wrong.

© Trueness:
[BiPM et al., 2008], 2.14: closeness of agreement between the
average of an infinite number of replicate measured quantity
values and a reference quantity value
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Introduction I

Resolution, Trueness and Precision

© Precision:
[BiPM et al., 2008], 2.15: closeness of agreement between
indications or measured quantity values obtained by replicate
measurements on the same or similar objects under specified
conditions

© Resolution:
[BiPM et al., 2008], 4.14: smallest change in a quantity being
measured that causes a perceptible change in the
corresponding indication
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Literature
Introduction Il
Resolution, Trueness and Precision
\ trueness
precision
reference value measurements

physical quantity
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Introduction

Resolution, Trueness and Precision

In case of ADC / TDC:
© Resolution:
Identical to bin size
@ Precision:

<8 >
1 /AU<t AU>2dt
AU Jo 2

1
= —AU?

12 v

1
~AU 7
B (7)
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Introduction

Influence of Noise on Timing Precision

@ Signal noise oy results in
timing jitter o; after
discrimination

20,
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Influence of Clock Jitter on Amplitude Precision

@ A clock jitter of an sampling
ADC leads to additional
noise

du

oy =0¢- ™ (9)

@ Required clock jitter 7, for
a given ADC resolution of n
bits and signal frequency f

1

oS o (10)
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Outline

© Digital Signal Processing
@ Comparison Analogue and Digital Signal Processing
o Effects of Quantisation
o Effects of Sampling
@ Example of Signal Digitisation
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Digital Signal Processing

Comparison Analogue and Digital Signal Processing

General remark to compare analogue and digital signal processing

@ Many algorithms which are easy to implement digitally are
difficult to implement in an analogue way or it is even
impossible

o But:

P
FOMcsp = —9 2T (11)

Qmax/UQ

o Express power costs of analogue CSA to achiev SNR and speed
o Corresponds to figure of merit for analogue digital converters:

Pqg

FOMapc = W (12)
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Digital Signal Processing

Comparison Analogue and Digital Signal Processing
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Comparison Analogue and Digital Signal Processing
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[o'Conner, 2006]
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Digital Signal Processing

Effects of Quantisation

@ ADC converts continuous voltage range into discrete ADC
values

@ Input voltage given by digital value and residual voltage
Vin=d - AU + VRes (13)

@ Vges(t) is called Quantisation Noise
@ RMS of Quantisation Noise:

1
= —AU 14
O-VRes /12 ( )
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Digital Signal Processing

Effects of Quantisation

A

d AU

VRes

- ——— e
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Digital Signal Processing

Effects of Quantisation

@ Signal to Noise Ratio:
e Full scale input:

Voo =2"- AU (15)
@ In case of sine input:
V, —LV —L2" AU (16)
rms — 2\/§ pp — 2\/§

e Signal to Noise Ratio of ideal ADC:

Vrms
5[dB] = 20 logq i 6.02-n+1.76 (17)

Res
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Effects of Quantisation

log P

\
“ ' ‘ real ADC
|
,J.‘“‘ _‘\.‘_“\Q&QLQL
ideal ADC
f

FFT of ideal and real ADC
with sine input

Comparison Analogue and Digital Signal Processing
Effects of Quantisation

Effects of Sampling

Example of Signal Digitisation

Real ADCs always worse
than ideal ADCs

Additional noise by
electronic components

Harmonic distortion by non
linearities
SNR reduced by noise and
distortions

@ Often characterised by

Effective number of Bits
(ENOBs)
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Digital Signal Processing

Effects of Sampling

@ From continuous analogue
signal to time discrete samples

@ Description as sequence of
Dirac pulses with intensity given
by signal amplitude

l As(t) = > Alkts)s(t — kt;)
u k=—00
(18)
@ Transformation in frequency
| H\lmm\\‘ domain by Fourier
transformation
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Digital Signal Processing

Effects of Sampling

, @ Spectrum periodic in fs = 1/ts
Input signal spectrum

o lIsolated periodic spectra if
frnax < f5/2

@ Sampling theorem by C.
T Shannon[Shannon, 1949]

LD
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Example of Signal Digitisation

U

signal spectrum

Noise

Comparison Analogue and Digital Signal Processing
Effects of Quantisation

Effects of Sampling

Example of Signal Digitisation

Interferiences

f

Spectrum of analogue detector signal with noise and interference
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Digital Signal Processing

Example of Signal Digitisation

U

Anti Alias Filter

signal spectrum

Comparison Analogue and Digital Signal Processing
Effects of Quantisation

Effects of Sampling

Example of Signal Digitisation

Interferiences

Spectrum after analogue anti alias filter
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Digital Signal Processing

Example of Signal Digitisation

U
Sampling

sighal spectrum

Interferiences

Noise

T

1/2fg 3/2fs 5/2f¢
Spectrum after Sampling with minimum fs

—h

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Introduction

D!l Siel [Preez=sing Comparison Ana!ogule and Digital Signal Processing
- 20 Effects of Quantisation
Time to Digital Converter A
P Effects of Sampling
Analogue to Digital Converter . P
N Example of Signal Digitisation
Literature

Digital Signal Processing

Example of Signal Digitisation

U
Oversampling

signal spectrum Quantisation Noise

Noise Interferiences

| - |
1/2fs
Avoiding in band interference’s by oversampling
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Digital Signal Processing

Example of Signal Digitisation

U

Digital filtering
_signal spectrum

Quantisation Nois

1/2,
Noise and interference reduction by digital filtering
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Outline

© Time to Digital Converter
o Counter
@ Time to Amplitude converter
@ PLL or DLL based TDCs
@ FPGA Tapped Delay Line TDCs
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Analogue to Digital Converter UL @ PILL el 1IDES
Li FPGA Tapped Delay Line TDCs
iterature

Time to Digital Converter

Task of a Time to Digital Converter (TDC) is
Measure and digitise time interval between

@ a start and a stop signal (relative time measurement) or

@ an input signal and the next edge of a reference clock signal
(absolute time measurement)
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Time to Digital Converter

Counter

Fdigital counter

counting clock

Counter

Time to Amplitude converter
PLL or DLL based TDCs

FPGA Tapped Delay Line TDCs

Very simple design

Resolution directly connected to
counting clock

Good resolution requires large
frequencies

practical limit O(1 GHz) =

Tpin = 1 ns

Design Example:

[Gao and Partridge, 1991]
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Time to Digital Converter

Time to Amplitude converter: Dual Slope

start _ﬂ

stop J

w_~ T e

countetock [T

Counter

Time to Amplitude converter
PLL or DLL based TDCs

FPGA Tapped Delay Line TDCs

Improvement of counter TDC
by time stretching

Charging of integrator with high
current during start-stop
interval

Discharging with low current
afterwards

Time measurement during
discharging phase with
counter-TDC
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Time to Digital Converter

Time to Amplitude converter: Dual Slope

Pros:
@ Simple design
@ Low power consumption
Cons:
@ Long dead time during discharging phase

@ Non-Linearities due to non ideal current sources and integrator
@ Process, Voltage and Temperatur variations

Design Example: [Chen et al., 2006, Kim et al., 2011]

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Introduction

Digital Signal Processing
Time to Digital Converter
Analogue to Digital Converter
Literature

Time to Digital Converter

Time to Amplitude converter: Single Slope

Counter

Time to Amplitude converter
PLL or DLL based TDCs

FPGA Tapped Delay Line TDCs

Discharging and Counter
replaced by ADC

More complex (ADC required)

In case of fast ADC dead time
reduced

Design Example:
[Rolo et al., 2012]
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Counter

Time to Amplitude converter
PLL or DLL based TDCs

FPGA Tapped Delay Line TDCs

Time to Digital Converter

Time to Amplitude converter: Dual Slope

o Optional architecture: Delay
chain based

@ Can be stabilised with DLL to
compensate PVT variations

@ Precision better than 10 ps
feasible

@ Design Example:
[Koch et al., 2005,
Flemming and Deppe, 2007]
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Time to Digital Converter
PLL or DLL based TDCs

f — Delay Locked Loop!

Hit

Counter

Time to Amplitude converter
PLL or DLL based TDCs

FPGA Tapped Delay Line TDCs

PD | . .
LFH,W,,/HM i @ Self calibrating due to closed

loop, calibrates PVT variations

T E;] E;] E;] E;] = ! o Total delay of delay chain equal
to clock cycle time
| Encoder . .
------ o pmenmEmemeE @ Time bin 7p;, corresponds to
Readout

delay of one delay element:

1
N

Thin =

Teye (19)
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Counter

Time to Amplitude converter
PLL or DLL based TDCs

FPGA Tapped Delay Line TDCs

Time to Digital Converter
PLL or DLL based TDCs

Pros:

Full digital architecture
@ No offline calibration needed
@ Very good multi hit resolution
@ Low dead time
o High rate capability
Cons:
@ Minimum 7p;, limited by technology node e.g.
Tpin = 50...60 ps for 180 nm CMQOS
= Improvement by time interpolation with passive RC
networks[Mota and Christiansen, 1999]
Design Example:
[Deppe and Flemming. 2009. Perktold and Christiansen, 2013]
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Counter

Time to Amplitude converter
PLL or DLL based TDCs

FPGA Tapped Delay Line TDCs

Time to Digital Converter
FPGA Tapped Delay Line TDCs

o Full digital logic implemented in
Field Programmable Gate
Arrays

o Fast structures e.h. carry chains

[Wu et al., 2003] used as delay line
, @ Sensitive to PVT variations:

calibration required
Very bad DNL

@ Precision improvement by multi
edge
sampling[Bayer and Traxler, 2011

PANDA Lecture Weeklntroduction into Front End El Smdb,



n Time Over Threshold Measurement
Introduction

Digital Signal Processing Wilkineem ABE
N S Flash ADC
Time to Digital Converter S B A .
Analogue to Digital Converter Hecessive qplcainatiel
Pipeline ADC

Literature 0 .
versampling

Outline

@ Analogue to Digital Converter
@ Time Over Threshold Measurement
@ Wilkinson ADC
@ Flash ADC
@ Successive Approximation
@ Pipeline ADC
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g g Pipeline ADC

Literature n
Oversampling

Analogue to Digital Converter

Time Over Threshold Measurement

Using a CR-RC" pulse shaper and a time-over-threshold
discriminator and measure the pulse width with a TDC

@ Very simple design
@ Non linear
@ high resolution requires long shaping times = long dead time

@ Used in many application with modest dynamic range and
linearity requirements
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Time Over Threshold Measurement
Wilkinson ADC

Flash ADC

Successive Approximation

Pipeline ADC

Oversampling

Analogue to Digital Converter

Wilkinson ADC

w S TT—  °

countciock T LUUL

Modification of Dual Slope
TDC, Analogue to time
converter and counter

Large dynamic range, good
precision

Extremly slow

Design Example for ILC:
[Bouchel et al., 2007]

PANDA Lecture WeekIntroduction into Front End ElfR&wRaP,



Analogue to Digital Converter

Flash ADC

2°-1 comparators

Encoder

Introduction

Digital Signal Processing
Time to Digital Converter
Analogue to Digital Converter
Literature

Time Over Threshold Measurement
Wilkinson ADC

Flash ADC

Successive Approximation

Pipeline ADC

Oversampling

@ Operation of 2" — 1 comparators in

parallel
@ Very fast
@ Increase of dynamic range requires
R exponentially increasing number of

comparators

@ Large power and area consumption
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Analogue to Digital Converter

Successive Approximation ADC

SA Register

o

clockl

Time Over Threshold Measurement
Wilkinson ADC

Flash ADC

Successive Approximation

Pipeline ADC

Oversampling

@ Bit wise approximation of input
voltage with DAC voltage

@ n clock cycles for n bits

@ Slower than flash ADC but less
circuit complexity and less power
consumption

@ Linearity defined by DAC
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Introduction

. . . Wilkinson ADC
Digital Signal Processing
- S Flash ADC
Time to Digital Converter A q .
Successive Approximation

Analogue to Digital Converter

Thretae Pipeline ADC

Oversampling

Analogue to Digital Converter

Pipeline ADC o
@ k-bit digitisation per stage

@ Incaseof k=1

1
Vin =d- VRef + EVRes (20)

@ Second stage:

Single stage of a

L 1 1
Pipeline ADC Vin = di- VRer + 5 d2- VRer + 4 VRes
(21)
@ n-Stages:
1
Vin = Z i 1d VRef + VRes
i=1
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- =0 Flash ADC
Time to Digital Converter N . .
Analogue to Digital Converter Sluraeeedive AR e i
€ € Pipeline ADC

Literature n
Oversampling

Analogue to Digital Converter
Pipeline ADC

@ One ADC value per clock cycle

v @ Latency of n clock cycles
Ref

@ High dynamic range and clock

Single stage of a frequency possible

Pipeline ADC @ Medium circuit complexity but very
high demand on matching

@ DNL depends extremely on
amplification factor

= In practice: Digital calibration
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Introduction

Digital Signal Processing \éY;LkAn;gCADC
Time to Digital Converter B A .
Ah Successive Approximation
Analogue to Digital Converter Pineline ADC
Literature P!

Oversampling

Analogue to Digital Converter
Pipeline ADC

Design Example: 12 Bit Pipeline ADC with 10 + 1 stages and
digital calibration unit on the top side.
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- =0 Flash ADC
Time to Digital Converter A q .
Analogue to Digital Converter Siuraeeeive AR RE o
g g Pipeline ADC

Literature "
Oversampling

Analogue to Digital Converter

Oversampling

o For signal bandwidth F the
minimum sampling rate is Nyquist
frequency fy = 2F

@ Concept of oversampling ADCs:
gain in dynamic range by fs > fy

A first-order sigma-
delta modulator

[Boyce et al., 1998] @ Simple analogue design due to
1-bit ADC and DAC

@ Digital signal processing is used to
filter out of band quantisation noise

@ Example of sigma-delta-ADC in
CMOS-Pixel: [Fowler et al., 1994]
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