AT

Novel strategies for high-gkanularity and
radlatlon hardness LGAD sensors and
fr

fichele CASELLE
KT
,x' - . . th:edu ,. .:‘ ‘f;.




Readout C

hains

AT

What makes the different between normal sensor and fast sensor?

® Typical front-end readout chain for “slow” silicon sensor in High Energy Physics (HEP)
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® Front-end readout chain for “Fast” silicon detector in High Energy Physics (HEP)
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Readout chains ﬂ("'

What makes the different between normal sensor and fast sensor?

® Typical front-end readout chain for “slow” silicon sensor in High Energy Physics (HEP)

Incident C; Pulse shaper e
Radiati
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W Preamp Shaper Analog to Digital DSP..
Conversion READOUT

Sensor Digital data bus
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Voltage with Capacitive Sources ﬂ("'

What makes efficient the signal collection from silicon sensor?
+ Cin VGIJT
Is (t):QsS(t] CD -1 vin = gRin
Cdet = ) V
Gain = A, ==~
Vin

® R, is usually very large (because physically connected to the gate of the input transistor)

® | is integrated across the total capacitance C;

g—

1
V., = —j I(t)dt = O , V. IS proportional to Qs
Cr=Coet + Ciy D or e LT
e N
V. ——AVin=A Q5 BUT ... it also depends on C !!!
ot Cgee + Cin

® This is not desirable in the systems where C, can vary different strip length/width, bias voltage,
etc...
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Active integrator based on Charge Sensitive S("‘

Most used amplification stage for many sensors Cartate st of Technlo
C
® Inverting voltage amplifier: v, = —A vi [Ql — jiS(t)dt] —| |-
® [nput impedance: ©O |
2y
® What is the effective input capacitance seen from the detector DETECTZR | /_l_\
d\=T/

® By Miller theorem, effective input capacitance C, = C; (1+A)

® Gain of the system:
4 A vin A 1 Dynamic input capacitance

A, = =2 = = = fA>1
°TQ,” Cowin C,(1+4) Cf‘f ”

® Set by a well-controlled quantity, the feedback capacitance

Q;(t)
Cy

(= Q,8(1) l I Q/C ® CSA s a pure integrator

1
Vo Vo= —— (; _
® Dirac pulse = step function ° cf] i, (H)dt =

t t
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Active integrator based on Charge Sensitive ﬂ("‘

Most used amplification stage for many sensors
C
® Inverting voltage amplifier: v, = —A vi [Ql = j ig(t)dtj —|-
® [nput impedance: ©O |
—

® What is the effective input capacitance seen from the detector DETECTZR | /_l_\
® By Miller theorem, effective input capacitance C; = C; (1+A) ’ KI/

| Qs(t)
® Gain of the system: Vout(?) = a0 vin(?) :_c_ffo s dt =—=5 "

174 A vi A 1 Dynamic input capacitance

A, = =2 = = = fA>1
°TQ, Cwi C (1+4) cf‘f >

BUT ... not all the charge goes in the

_ _ amplifier: a small fraction Q. remains on
® Set by a well-controlled quantity, the feedback capacitance

Cyer !
= I Q/c; ® CSAis a pure integrator
Iin(t) Qina(t) 1 .
‘ I — Vo . . V,= __ji (tdt = — Q:(t)
® Dirac pulse = step function Cpl s C;

t t
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Realistic Charge-Sensitive Preamplifiers S(“‘

Amplifiers may be too slow to follow the instantaneous detector pulse  wewsueorzemos

o : C;
® Charge Q. is divided across two capacitors Cy, and C,, !
BLLE
® What is the fraction of the charge that contributed to the Vo and what
IS the fraction that will not contribute because remain on the Cg, ? |
0, 0. 1 1 DETECTOR
in in 1
= = — C (/ \
Qs Qi+ Qde, 1 +% 1 +% d\I/’

Qin Cin
® What is the value of Cin ?

® C =C (1+A), where A is the intrinsic voltage gain of the amplifier Dynamic input capacitance

Qin _ Qin _ 1 _ 1
Qs B Q;, + Qde - % - C et
¢ 1+yg 1+cf(1+A)

® Voltage gain “A” play an important role in the change collection & efficiency
® Example: C = 160 fF, A=102 C;=16 pF, the fraction of the charge collected is: Q,/Q.= 0.9 > 10 % lost
0 C,= 160 fF, A=103 C;=16 pF, the fraction of the charge collected is: Q,/Q.=0.99 - 1 % lost

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Realistic Charge-Sensitive Preamplifiers S(“‘

Amplifiers may be too slow to follow the instantaneous detector pulse  weimiueorremnso

® Charge Q, is divided across two capacitors C,; and C,, 7

Il
BLLE

® What is the fraction of the charge that contributed to the Vo and what
IS the fraction that will not contribute because remain on the Cg, ?

DETECTOR
Qin _ Qin _ 1 _ 1 | /_l_\

_ _ _ oL
Qs Q;,+Qde Qe Cet 4\
s t 14 th 1+ Cint I

® What is the value of Cin ?

® C =C (1+A), where A is the intrinsic voltage gain of the amplifier Dynamic input capacitance

Qin — Qin _ 1 _ 1 BUT ... we are considering an ideal amplifier
Qs Qu+t0Qde, 4 % 14 _ Che with infinite bandwidth (infinite speed) !!
Q. C; (1 + A)

® Voltage gain “A” play an important role in the change collection & efficiency
® Example: C = 160 fF, A=102 C;=16 pF, the fraction of the charge collected is: Q,/Q.= 0.9 > 10 % lost
0 C,= 160 fF, A=103 C;=16 pF, the fraction of the charge collected is: Q,/Q.=0.99 - 1 % lost
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Realistic Charge-Sensitive Preamplifiers S(“‘

Amplifiers may be too slow to follow the instantaneous detector pulse  weimiueorremnso

® A pulse Dirac of input current =» generates a voltage step at the output of the CSA (if « bandwidth (BW)

T a/c | _ .
e | 1 V= -oim 1, e = -2
f

¥ t

® In reality, the volage amplifier is dominated by its dominant pole (time constant) due to the internal
capacitances in the amplifier must first charge up
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Realistic Charge-Sensitive Preamplifiers ﬂ("‘

Amplifiers may be too slow to follow the instantaneous detector PulSe kuune e orrechnoioy

Vi
! 1 +iwC, B R, is i lel to C
— = — + 1w ecause R, is in parallel to
;RL ZL RL 0] L (0]
—° dv di .
.)io L Co A, =—=-"-7Z;, =971 Transconductance = % =g,
I Uo d’Uf,; d”U@' i
L v A, 9..R;
Alw) = o = = — Wwhere o,= 1/t = 1/R,C,
FREQUENCY DOMAIN TIME DOMAIN 1 + i hadl 1 + i hadl
loga,]  SnhiL ; INPUT OUTPUT 0 0
Ay , B ;80 ¥ low-frequency = ¢,,R;
AN v [ - T AWw)
e | _ Y high-frequency A(w) = —iAO%I
) 1 o - log ® V=V, (1-exp(-t/1) power
o t=R;C , : 1 g
t “o Gain-bandwidth product GBW = g,.R, = =
UPPER CUTOFF FREQUENCY 2x f,, RLCO Co
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Realistic Charge-Sensitive Preamplifiers

For timing

DETECTOR -|-
/b
G

| |
A \‘, ‘ //

Dynamic input
capacitance

Mixed-Signals ASIC, Lecture 2
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Karlsruhe Institute of Technolo

m Effective input capacitance C, = C; (1+A(w))

o

1
®m Inputimpedance Zin = iwCi W > W,
. Wo
® High frequency A(w) = _lAOZ
1 1 1 C

® Inputimpedance “in = S~ iwa(—iAO%) CiA,wy  Crgnm

Depending on the size W/L of the input device

The input impedance of the CSA behaves as a
resistor

CD
Cf Aooo0

Timing Tegq = CpZ;,, =

Depends on the C, and BW and g,,, (power)

' Tesa

Michele Caselle

W, glt): CSP output pulse: 10nsidiv



Realistic Charge-Sensitive Preamplifiers ﬂ("‘

Discharging the C; and reset

Karlsruhe Institute of Technology

ideal situation w/o reset y charge appears
C out Q1l QQl Event 2
f” Event1? [ 1Q,IC => “nil " =S t ti
f Q4/C; - plie-up == saturation
iin O — oo oV S - . o .
out > ® Reset circuit is necessary to discharge the
(a) Circuit diagram. (b) Output voltage. Cf
.
Cf“ Yol [ 1L switching pulse
|] reset 1 ” .
i_ ) reset” switch
o Dc o Vout \ ﬁ + const. .
t ® Mainly employed for photon
(a) Switch reset: circuit. (b) Switch reset: output voltage. . .
o sciences, i.e Kalypso detector
. . = system
discharging ¢ o
options | ’ , resistor R¢
in out
C 9 - - -
. Di o R | ® Very simple option, mainly
C eset via resistor: circuit, (d) Reset via resistor: output voltage. .
employed for fast detector, i.e.
@ Vuut
C'.

timing detectors
a current source

® Very accurate option, many HEP
front-end, i.e. ATLAS, CMS, etc.

Mixed-Signals ASIC, Lecture 2 Michele Caselle
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Readout chains ﬂ("'

What makes the different between normal sensor and fast sensor?

® Typical front-end readout chain for “slow” silicon sensor in High Energy Physics (HEP)

Incident C: Pulse shaper .
Radiation IS
fC mV my ADC
J\/W\;P Preamp Shaper Analog to Digital DSP..
Conversion READOUT

Sensor

Digital data bus
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Karlsruhe Institute of Technology

Pulse shaping ﬂ(".
Semi-Gaussian filter based on CR-(RC)M filter (shaper)

® To reduce the noise generated from the sensor (short noise) and the CSA (thermal noise) before the
ADC conversion

Incident o Pulse shaper e
Radiati
adiation fC mV mV ADC FIFO
AVAVAVAY: 2 Preamp Shaper Analog to Digital DSP..
J x \ Conversion READOUT
Sensor Q*3(t) Q/Cit- Digital data bus
Noisy
t £ S £
. [ ] i
High-pass filter c R Low-pass filter What are the main
o— x> ] 0 characteristics of the
1 2 1
1 _ shaper?
Hy(s) = skC i T° Ha(s) = 1+ sRC |
T 1+ sRC 1 ® How does the peaking
time factor in?
Mixed-Signals ASIC, Lecture 2 Michele Caselle
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Pulse shaping ﬂ(".

Semi-Gaussian filter based on CR-(RC)M filter (shaper)

® To reduce the noise generated from the sensor (short noise) and the CSA (thermal noise) before the

ADC conversion
I t t

Incident G Pulse shaper . . . _ _+
el N » ———bits g In the time domain v (t) = A-e’* ,..f
SVAVATAY: 3 $ Preamp Shaper Analog to Digital DSP.. T |
) ‘ l \ Conversion READOUT i Q.(t) / T
B 0 w{m . oo @ A= pulse amplitude = = — o
Noisy f
t t Tp

® The peaking time is always at t=t independently on the pulse amplitude (energy released into sensor)

® Where 1= RC

-
o
T

a Thic i ) " »
; ( - w M This is called CR-(RC) g ool
O_| x1 v {1 32 1t " ot '-a sl .
R — V) =A_-()"e - E
3 % M=2
B % 0.2 V=
® To improve the pile-up of the signal (see next slide) ‘ I M=8
® To increase the bandwidth - less noise reduction Mo AT 2 a4 s

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Pulse shaping vs pileup

Semi-Gaussian filter based on CR-(RC)M filter (shaper)

AT

Karlsruhe Institute of Technology

® To reduce the noise generated from the sensor (short noise) and the CSA (thermal noise) before the

ADC conversion

Incident Ce Pulse shaper

mV

bits
ADC FIFO

Radiation fc
A $
Sensor v l
Icm(t) Q/clm_
Noisy

t t

Preamp Shaper

AMPLITUDE

ﬂMém
Pile-up
® Improve S/N ratio = restrict
bandwidth = increase pulse width

® Butincrease the pile-up

Mixed-Signals ASIC, Lecture 2

AMPLITUDE

DSP..
READOUT

Digital data bus

oooooooooo

TIME
No pile-up
Reduce the pile-up - decrease
pulse width

Reduce S/N ratio, more compex,
more power

Michele Caselle

10 | ®  With increasing of M, shape more
B Gaussian, better double pulse
Jr‘u 08 resolution
v @ However, electronic effort is
,8' i substantially large, more power
w 061 M=1
o
>
et
= 04
Q
= N
T 02
M=8
0.0 | 1 | 1 |
0 17T 2 3 4 5

® Two conflicting objectives arise: the optimal filter

depends on the specific physics application and
the pixel or channel geometry of the sensor
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Some more things ... Q(IT

“Ballistic deficit” or “shaping loss”
e L Pulse shaper | ® The term "ballistic deficit" refers to a phenomenon in particle
oy Rl m g i o detectors, particularly in systems using charge-sensitive amplifiers
1y . ' S s— and shaping circuits, where the signal's amplitude is reduced due
oo o IM Koy t to incomplete charge collection within the shaping time. This
t t v effect can significantly impact the accuracy of energy measurements
A in detectors
CSA output | Eﬂfﬂp“ﬁer m If signal step at the output of CSA takes much longer than the shaper 7.,
: T ® caused e.g.
- T ‘:‘:Zﬁ'dea” ® by a large charge collection time
Y . ® by a large input capacitance
Shape : t ® by an intrinsically slow preamplifier
output ® The V,, (shaper) is trimmed by the slow rise of the preamplifier output pulse
shaper output
® Mitigation strategies, include: Optimizing Shaping Time, designing detectors
with uniform and fast charge collection properties, such as using high-field

~+ Y

regions to speed up carrier drift, understanding the detector's response through
simulations and measurements to anticipate and compensate for ballistic deficit
effects

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



What about the peaking time?
Fast shaper = ballistic deficit

ft) Current from sensor

AT

Karlsruhe Institute of Technology

5/ 5 ! 5| 5| 5|
4l 4 | 4 4 4
. s 3 | . 3 .
= 2| = 2| | = 2| = 2| = 2|
1 1 1) 1 1|
off 1T L — ——— off L — ! R e —— o R — — R ——— —
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
t (ns) t (ns) t (ns) t (ns) t (ns)
he Shaper delta response
T s T o i mompaaatar i scomm cmumn | 100 i = 1.00 e ¢
0.8 \ 0.8 | 08 (g’ Y 08! / o SIS
06 \ 0.6 ; 06 [ |\ | 0.6/ //’ ' - ! 06! \\_
E | 04 | 3 04 / N 1 3 {
A t,=0.5ns o t,=1ns | / t,=2ns | | t=bns '\ | o4/ t=10ns !
0.2 \\ 0.2 | 0.2} \ ; 0.2} - ‘ 02} / ;
i | 0.0/ — | 0.0/  / :
0.0t~ —_ = O e ; % 7 s 0.0t~ - - —3
0 5 10 15 20 0 5 10 15 20 P g t1° " = 0 & 10 1% X 0 5 10 15 20
t (ns) t (ns) () k) t (ns)
v(t) Vout shaper
7= — = —— — 7 7 { 7! 7 =
8 6 6 | 8 6
5 5 5 5 5!
4 Y 4 ! 4 4
4 3; 3| ! 3 3
2 2 2 | 2 2 .
1 1i 1! 1 1 i
0/ : — o . : o o | o !
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
t(ns) SN t (ns) t{he) t(ns)
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Readout chains

What makes the different between normal sensor and fast sensor?

AT

Karlsruhe Institute of Technology

® Typical front-end readout chain for “slow” silicon sensor in High Energy Physics (HEP)

Incident

Radiation
AN j&

fC

|l
C

mV

Pulse shaper

mV

Shaper

Sensor

Preamp

ADC
Analog to Digital
Conversion

its  ppmmmpe
DSP..
READOUT

Digital data bus

® Front-end readout chain for “Fast” silicon detector in High Energy Physics (HEP)

.

SENSOR
V

Ml

| |

Mixed-Signals ASIC, Lecture 2
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PRE-AMPLIFIER

Vi o

—

TIME TO DIGITAL

CONVERTER

® How can we improve the
time resolution?

® What are the key

TDC

RN
S >

DISCRIMINATOR

Michele Caselle

parameters ?
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Readout chains of fast silicon sensors ﬂ("‘

What makes the different between normal sensor and fast sensor?

A
YW
Il d ames
|| TIME TO DIGITAL
SENSOR V e

Karlsruhe Institute of Technolo

CONVERTER

—
61 =it St

PRE-AMPLIFIER

DISCRIMINATOR

® Readout chain consists of:

® Preamplifier (first stage, the noise strongly depend on this stage)

@ Fast comparator

® High resolution TDC

Mixed-Signals ASIC, Lecture 2 Michele Caselle
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Time resolution in timing detectors AUT

The timing capabilities degends on the signal at the output of the pre-
amplifier and by the TDC binning

Karlsruhe Institute of Technology

® Timing measurements is limited by: ‘ M
] 1 - TIME TO DIGITAL
SENSOR CONVERTER
®m Jitter = timing resolution _TY el -] |
® Time walk > timing accuracy ? T et | . ,_f/ e D
) i PRE-AMPLIFIER DISCRIMINATOR
2 _ ,Noise, 2 LSB.» 2 2
® 0t = Gyjad)” Totimewae + (7F5)"F Tsensor + Tfandau Total noise contribution
\ J \ J
Y | Y
Front-end TDC Sensor

Mixed-Signals ASIC, Lecture 2 Michele Caselle
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Time resolution in timing detectors AUT

The timing capabilities degends on the signal at the output of the pre- e orecnooy
amplifier and by the TDC |nn|ng

|| . VTH
T || TIME TO DIGITAL
B CONVERTER

.
S~ i
o T > > m—_—"

— . Ym
PRE-AMPLIFIER DISCRIMINATOR
Noise LSB
] 2 — 2 2 O' O' . . .
Ot (dV/dt) +o tlmewalk + ( ) t Osensor T OLandau Total noise Contrlbutlon
\ y J | l Y J
Yesterday lecture
Front-end TDC Sensor g2 - non-uniform energy deposition

Landau
® Thinner sensor operating E, condition, reduce this noise
contribution

" 62, 2 Weighting field and SNR
® LGAD or 3D technologies, etc.
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Time resolution in timing detectors AUT

The timing capabilities deB_ends on the signal at the output of the pre- e orecnoooy
amplifier and by the TDC binning

® Timing measurements is limited by: "
RO || — TIME TO DIGITAL
S CONVERTER

® Jitter = timing resolution Ji SN |
® Time walk > timing accuracy ? I \/ ’ _> TDC 0
Noise LSB
B 2 2, 2 LSB\ 7 2 2 . . .
Ot (dV/dt) +O_tlmewalk + (m) T Osensor T OlLandau Total noise Contrl butlon
\ J l J
i TDC i
Front-end Sensor

® Noise: There are two primary sources of noise—sensor noise (shot noise) and thermal noise from
the electronics.

® dV/dt: This is influenced by several factors, including the sensor characteristics, signal speed, the
open-loop gain of the charge-sensitive amplifier (CSA), bandwidth, and other parameters.

® Time walk: This effect is tied to the subsequent stage, which is based on the discriminator.

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Time resolution in timing detectors AUT

The timing capabilities degends from the signal at the output of the pre- e stremos
amplifier and by the TDC binning

® Timing measurements is limited by: "
RO || — TIME TO DIGITAL
S CONVERTER

®m Jitter = timing resolution Ji f\ |
® Time walk © timing accuracy ? I \/ ! _> e D
2 Noise 2 LSB 2
® g (dV/dt)z Otimewalk T (ﬁ)z‘l' O-szensor + OLandau Total nO|Se Cont“ bUt|On
\ J l J
Y TDC Y
Front-end Sensor

® Noise: There are two primary sources of noise—sensor noise (shot noise) and thermal noise from
the electronics.

® dV/dt: This is influenced by several factors, including the sensor characteristics, signal speed, the
open-loop gain of the charge-sensitive amplifier (CSA), bandwidth, and other parameters.

® Time walk: This effect is tied to the subsequent stage, which is based on the discriminator.
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The jitter
Noise has an impact in the time measurements Q(IT

Karlsruhe Institute of Technology

® Uncertainty in trée time of crossing threshold - jitter

/ Sensor + electronics noise
— Onoi
Q B At = drvl/(;lse
DETECTOR -L_Ii > Vout at Slope of the signal (Timin
L ‘/_ 9 Tcsa)
el -
Cd KI/ :C V —_
- th C C. C
. . D D 0
Timing Tegyq = C Abw = C. g
f 0 f m

® How to decrease jitter?
v
th

o . ® Decrease 0, = decrease bandwidth
Conflicting conditions:

® Increase slope - increase bandwidth

® Increasing the A, the open loop gain = more power, more complex

® LGADs (Low Gain Avalanche Detectors) offer a significant combined with very short charge collection times and relatively low noise levels.

As a result, LGADs are a key sensor technology for addressing the conflicting requirements often encountered with traditional sensors,
providing an optimal balance between speed, sensitivity, and noise performance

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Time resolution in timing detectors AUT

The timing capabilities degends from the signal at the output of the pre- e stremos
amplifier and by the TDC binning

® Timing measurements is limited by: "
RO || — TIME TO DIGITAL
S CONVERTER

®m Jitter = timing resolution D o |
| TDC
L »

PRE-AMPLIFIER DISCRIMINATOR

2 _ Noise|, LSBy2 , 2 2 . . .
" oi =Gy + ()"t Isensor + Olandau Total noise contribution

\ J \ J
i TDC i

Front-end Sensor

® Time walk - timing accuracy ?

<
T

® Noise: There are two primary sources of noise—sensor noise (shot noise) and thermal noise from
the electronics.

® dV/dt: This is influenced by several factors, including the sensor characteristics, signal speed, the
open-loop gain of the charge-sensitive amplifier (CSA), bandwidth, and other parameters.

® Time walk: This effect is tied to the subsequent stage, which is based on the discriminator.

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Time measurements Q(IT

Time walk from standard leading edge discriminator
® The simplest scheme is based on: Leading edge or Threshold discriminator (comparator), when the signal crosses a

threshold, the output goes from “low” to “high” level
® Even if the input amplitude is constant, time walk

® In the leading edge discriminators, two pulses with
identical shape and time of occurrence, but different can still occur if the shape (rise time) of the pulse
amplitude cross the same threshold in different times: changes (for example, for changes in the charge
collection time): rise time walk

amplitude time walk

% mll

2 £

o 5

. €

<€ <

vih| /£ / Vth
1 1
tATH >
1 1 TATERS) Time

T =712

® The sensitivity of leading edge discriminator to time walk is minimized by setting the threshold as low as possible but it
must be compatible with noise level
® By time-over-threshold ToT: measure the pulse amplitude and apply correction to timing

® Time walk correction:
® Hardware: employ the crossover timing, Constant Fraction timing
IPE
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Time walk correction Q(IT

Crossover timing and Constant Fraction timing

® The crossover timing can greatly reduce the magnitude of the amplitude time walk ~ ve

® Hypothesis: the output of the shaper is a bipolar pulse, and the time of zero-
crossing is independent of the pulse amplitude Zero crossover

® |[f the output of shaper is unipolar, but the peaking time is constant, adding a differentiator (C-R network) we get a
bipolar pulse crossing the zero in correspondence of the signal peak

-/6\ ﬁl:% _J\Qf—— As a derivation function

® This method reduce amplitude time walk, but usually jitter is larger than leading edge triggering

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Time walk correction ﬂ("'

Constant Fraction timing

vV Zero-crossing discr. - ' L
Delay t4 v ‘ |
L}
Aftenuator f(<1)

® Summing:

® inverted and delayed signal, with t; >t

® attenuated signal

® [t can be demonstrated that the Constant Fraction Discriminator (CFD) time of resulting bipolar
signal is independent of pulse amplitude for all pulses with constant shape

® Resulting jitter for optimal parameters (td, f) is lower than cross-over discriminator technique

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Readout chains of fast silicon sensors ﬂ("‘

What makes the different between normal sensor and fast sensor?

A
W
H 1 — TIME TO DIGITAI
SENSOR ME TO DIGITAL

Karlsruhe Institute of Technolo

CONVERTER

V
1
¢ I =P

PRE-AMPLIFIER DISCRIMINATOR

® Readout chain consists of:

® Preamplifier (first stage, the noise strongly depend from this stage)

@ Fast comparator

® High resolution TDC

Mixed-Signals ASIC, Lecture 2 Michele Caselle
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What is the best preamplifier devices ﬂ(“’

Charge Sensitive vs Transimpedance Amplifier

® For planar silicon sensors, the charge collected consists of a limited number of carriers over a period longer than 10 ns, resulting in a very
low associated current. Consequently, a Charge-Sensitive Amplifier (CSA) is essential for signal processing.

® In contrast, LGAD sensors generate a significantly larger charge signal over a much shorter time (~1 ns) compared to the >10 ns typical of
standard pixel or monolithic sensors. As a result, the associated signal is a fast current pulse

Ry
TCAD Simulation 50 pm thick LGAD —ANW—
G S —— ® From ... 1 B To... imcdent
=20°C —a—100 V I . .
8- Iofvodose —o—150 V InCi_delnt Ce Radiation TranSImpedance
7 strip width = 112 ym gy Radiation . AVAVAVAY: 2 ~ Pream —
thickness = 50 pm . _/\/\/\M $
6 300V Pream — V%
:35 Courtesy: Albert Dobl sensor iQé()
= ourtesy: ert Doblas Sensor *d(t
= ;3”\ Moreno on behalf the RD50
§ 4 ]7 ‘1 iLGAD Project (IMB-CNM) CSA
33 i t
2 -
1{ =
0 1 2 3 4 5 6 7 8 9 10
Time (ns)
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What is the best preamplifier devices ﬂ("’

Charge Sensitive vs Transimpedance Amplifier

Karlsruhe Institute of Technology

For planar silicon sensors, the charge collected consists of a limited number of carriers over a period longer than 10 ns, resulting in a very
low associated current. Consequently, a Charge-Sensitive Amplifier (CSA) is essential for signal processing.

In contrast, LGAD sensors generate a significantly larger charge signal over a much shorter time (~1 ns) compared to the >10 ns typical of
standard pixel or monolithic sensors. As a result, the associated signal is a fast current pulse

Re

TCAD Simulation 50 pm thick LGAD 2 From 2 To —ANW—

9 T T T T T T T T T 11 ==« Incident

8. T=20°C :wov Ceiden " C Radiation 1

7 ::;::)t’i::h=112 um ;(5)25 Rlagigfiotr:‘] c /\/\/\M $ - Pream e TranS|mpedance
" thickness = 50 pm —"—ggg: AN\ $ Pream Py H v
3 5 Courtesy: Albert Doblas Sensor Sensor Q*d(t)
= ﬁ‘ Moreno on behalf the RD50 CSA
2 \ iLGAD Project (IMB-CNM)
5s /; ‘ Feedback t

2 i

1{ »=< i

i, . ; R By Miller theorem
0 Mg my =—-AVin=—-Aldet*Rin =—Aldet—- =lde, Rf
0 1 2 3 4 5 6 7 8 9 10 out 1+A4 t
Time (ns)
R¢
Incident
Radiation
AVAVAVAY. 2
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What is the best preamplifier devices ﬂ(“’

Charge Sensitive vs Transimpedance Amplifier

® For planar silicon sensors, the charge collected consists of a limited number of carriers over a period longer than 10 ns, resulting in a very
low associated current. Consequently, a Charge-Sensitive Amplifier (CSA) is essential for signal processing.

Karlsruhe Institute of Technology

® In contrast, LGAD sensors generate a significantly larger charge signal over a much shorter time (~1 ns) compared to the >10 ns typical of
standard pixel or monolithic sensors. As a result, the associated signal is a fast current pulse

Ry

TCAD Simulation 50 pm thick LGAD a From a To —NW—]

9 R Ml L i i e ] »»» Incident

8.4 T=20°C ::100V nciden " C Radiation 1

7 :;:;::::h=112um 2335 Rlagigfiotn c AVAVAVAY. 2 $ A Pream — TranSImpedance
6 thickness = 50 ym —V—gzg: ANNN\P $ Pream —e H %
3 5 Courtesy: Albert Doblas Sensor Sensor Q*d(t)
4 J1 CSA
£ i roject -
£ v Feedback t
° 2 »"”““

1{ = _ ] R By Miller theorem

N I L SRR my =—-AVin=—-Aldet*Rin=—Aldet—- =lIde, Rf Y

o 1 2 3 4 5 6 7 8 9 10 out 1+A t

Time (ns)

® The gain of atransimpedance amplifier is determined directly by the feedback resistor R;.
For example if the gain is = 80 dB - R; = 10 kQ resulting in an output voltage V,,=60 mV, R¢
requiring additional power

Incident
Radiation

AVAVAY.<

® Theinputimpedance R;,=R{/(1+A), for an open-loop gain A = 40 dB (A=1000), R, ~ 10Q

® The time constant=t = Cy, *R,, = is therefore very small, leading to extremely fast pulse
response times with a steeper slope.

Mixed-Signals ASIC, Lecture 2 Michele Caselle
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What is the best preamplifier devices ﬂ("’

Why not both together ?

® The gain of the circuit is determined by the feedback capacitance C;, similar to a

R, 7 = RC; Charge-Sensitive Amplifier (CSA). Specifically, V., = Q,/C;, where C; is typically in the
—NW— femtofarad range.
Incident G ® The feedback resistor R; is used to shape the pulse width and is usually in the range of
Radiation VA _J a feW kQ
j\/\/\/\f’ $ Pream — Tf
Sensor ® Enable a simple feedback mechanism for charge resetting, and the main amplifier

design remains relatively uncomplicated

® TOFFEE: a Fully Custom Amplifier-comparator Chip for Silicon Detectors with
Internal Gain https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8069854

Vi) Qin=501fC Jitter vs input charge i vas
5 t,=2.7ns
o l s?opeslm.amwns 180
750 - - 160 Ps
] o Qin=60fC - o_| l_o
] =2.76ns ]
s ] DRERAR ?(ope-lll.lmvlns
| 120
1 slope =87.4mV, 2
650 | i
! «TPED g 100 °_|E |_°
1 1 out
| | Qin=10fC g 80 Out. butfe o
‘ =20ns Q@
= 1 o ts:wa-ai‘i.ll:l’llns 60 o-—IE
)| n= N =
500 il t,=21ns @D A 3
il slope=13.6mV/ns : 40
:—~ h - Q IN E
450 | ~ 20 s | il .
] nx :
400 j Il 0 - ‘—||T
0 - 5'0 - ‘10'0 o '15"0 R ‘20'0 0 5 10 15 20 25 30 35 40 45 L_ann
time (ns) Input charge (fC)


https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=8069854

Readout chains of fast silicon sensors ﬂ("‘

What makes the different between normal sensor and fast sensor?

A
YW
Il d ames
|| TIME TO DIGITAL
SENSOR V

Karlsruhe Institute of Technolo

CONVERTER

e
A

PRE-AMPLIFIER

DISCRIMINATOR

® Readout chain consists of:

® Preamplifier (first stage, the noise strongly depend from this stage)

@ Fast comparator

® High resolution TDC

Mixed-Signals ASIC, Lecture 2 Michele Caselle
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Comparator architecture overview ﬂ("’

Applications of comparators

® Basic building block of an A/D converter

® Output amplifies difference between V,, & Vgege With a large gain, output
Is ‘digital’ at either the positive or negative supply rail

Dout

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Introduction to the comparator S("'

What is a Comparator? ot st o echnoo
® The comparator is essentially a 1-bit analog-digital converter Voltage transfer function

® Input is analog 2

117, B VOH
® Output is digital 1
is bi i > Vp-VN
® The comparator output is binary with the two-level outputs: “0”’
Vor

® V, = the high output of the comparator

Noninverting comparator
® V, =the low level output of the comparator

® Circuit symbol for a comparator Vo
Vor

vp O—oy

» 1 pD-1

1-bit digital output Vor

Analog input
VN O—

Inverting comparator

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Static characteristics A\‘(IT

“Ideal” and “real” transfer curves

® |[deal comparator the output changes states for an input AV that approaches zero, which
implies a gain of infinity

Vo Model of Noninverting comparator
A
Vou VP O— ° . VouVor
6iq 7 : Gain=A,= IIm —y
Vp-vN Jovp-vn)  vo AV—0
> Vp-VN )
“0” e Comparator © where AV is the input voltage
VoL _|Vou for (vp-vy) >0
Jolvp-vn) = Vor for (vp-vy) <0
® First nonideal effect of comparator is a limited gain Av Vol e A Vorn - VoL
N oltage gainis: A, =7y _—v,,
1 Vou v * 1 — .
| vy Y vo @ DEF: The minimum amount on input
', »vp-vy VO T Comparator ° voltage necessary to make the output
I’ Vor for (vp-vy) > Vin swing between two binary states is
1vp-vN) =< Ay (vp-vy) for Vi < (vp-yN)V . .
VoL ! fim= e o T ST defined: resolution of the comparator
“—~— Resolution Sl A

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Dynamic characteristics ‘(IT

Propagation delay time ot wstrte o Technok

® The delay between the input analog signal and digital output response of the comparator is
defined propagation delay time

® The propagation delay is very important because limits the conversion speed rate of an A/D
converters
v, ® The propagation delay generally varies as function of the
Vort-----—— amplitude of the input

_VoutVor @ Large input = smaller delay time

l 2
: > [ : i
. / ® Propagation delay is large when the comparator
OL I . )
i operates in small-signal mode and smaller when
VvV, = VvVp-V | .
v PN | operates in slew-rate mode
5006 Input | ViV ® The comparator operates in slewing or slew-rate when

further increase in the input will not long effect the delay
propagation delay

| | > =
ViL L/ \ Propagation delay

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Two-stage, open-loop comparators ‘(IT

Propagation delay time

Karlsruhe Institute of Technolo

® The comparator requires: differential input a high-gain to be able to achieve the desired
resolution, the two-stage op amp makes an excellent implementation of the comparator

VD ® The comparator generally works in open-loop mode,
__.II__”:J " Class A the_re_fore it is not necessary any compensatlo.n capacitance
Vid —> it is preferable not compensate so that it has a large
/ | \ . .
(1) ¥ 'r—_ M6 bandwidth possible
C,i;';'_ ' _ A (O) _ Eml Em6
-0—||:Ml M%—_“_ = 2) | vour ® The small-signal voltage gain: AylV) = 210+ 8 il et LasT
Vir | L . J\ ' J
o = :\ Z=Cc @ The poles are: (1) 2)
+ I "\ = M"L_— _(g ds2t8d 4) . '(gds6+gds7)
VB_’ias I_’l M5 \ L_b/, i p1= SC[ S(l) Output: p, = Cy 2) Ci=CL+ Cqps + Copr
Vss ‘
A,(0) prert  pietr2
® The frequency response is: A,(s) = _ | iy 4
pil"' ljpiz"' 1] > Vourlf) = A (0)Vi 1 + Pi-P2 P17 P2
The time response at step input for
Mixed-Signals ASIC, Lecture 2 Michele Caselle
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Two-stage, open-loop comparators ﬂ(IT

Propagation delay time Karlsruhe Institute of Technology
® Assuming that the slew-rate does not occur
VbD ® We define m and t,
paePt piei p
-~ = : _ 2 t
jl It ,,/ \‘\ClaSS A vout(t) —Av(O)Vzn 1+ J P1-P> m =p_l¢ 1 and tl’l — tpl — a
M3 M4
(1) U Ir__ M6 , Vour?) m | |
i | Vour (02 ) = A(OYW = | = ppoTes + ppogem
) O_|l—_>Ml MZI|_ = (2) ‘I O Vout |
Vin : : T
) 'u';.._,_ | m = R
+ oO— IJ\ ' i CL 0 i \4 ® / //"’?
| \ I~ ML . - / y 2 o :
V];ias I|_.I M35 \ Il—_b ,"LT - om —>2// m:/lﬁzo}ﬁzs '
\\ /I i 4 I . ]
Vg NP 0.6

® The propagation delay time reduce m > 1 (p, >> p,)

® In case of slew-rate mode, the propagation delay are:

Normalized Output Voltage
o
I~
IANS

0.2
SR-=I,/C, SR* =(lg-1;)/C,;  Similar to a Class A !
Negative slew-rate Positive slew-rate 0 L L L R
Mixed-Signals ASIC, Lecture 2 Michele Caselle 2 4 6 8 10
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Dynamic characteristics S(IT

Single pole response ol mthut of Techl

® The small-signhal dynamics are characterized by the frequency response of comparator that are
similar to the frequency response of a single-pole amplifier

A0) A 0) ® A,O) is the dc gain

(S) — STc"‘l ® o, = 1/7, Is the -3dB frequency of the single (dominant)
o+ 1 ole
a)c P VoAut
. = - -f/”E .
| Step response: vo(t) = Ay(0) [1 - eVw]Viy, (1) Vor | Comparator output for small-signal
V. (min)| -
|n( —) Vin O——+ YVour  h—— —!\— _____ Yon -Vor

VOH - VOL VOL : —.— _____________
A4,(0) 0 0fp Ip(max)

® The worst propagation delay t,(max) = when the V,, is close to the resolution of the comparator

- Vi (min) =

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Comparators

Comparators are divided in three classes

High resolution

High speed

High voltage gain amplification

@ Av = very high

Mixed-Signals ASIC, Lecture 2

Very low propagation delay
@ Bandwidth = very high

® Circuit based on positive
feedback

Michele Caselle

Hig
ano
Hig

AT

Karlsruhe Institute of Technolo

N speed

N resolution

IPE



High-speed Comparators S(IT

Very fast comparator and very high resolution ot nstute ofTchnolo
® A high-speed comparator should have a propagation delay time as small as possible

® By separating the comparator into a number of cascaded stages with a gain of Ajand a single
pole at 1/t (very high-frequency)

® The basic principle behind the high-speed
comparator is to use a preamplifier to build up
the input change to a sufficiently large value (V)
and then apply it to the latch. This combines the
best aspects of circuits with a negative
exponential response (the preamplifier) with
circuits with a positive exponential response (the Vy
latch). Total responsetimeist, +t,

Positivg feedback
High speed

e

|
|
|
T
|
|
|
|
|

[

12—

® Only preamplifier: the transition from V to Vo, VOL ' :
longer than t1 + t2

> |

Time-domain response for a preamplifier
and a latch are illustrated

—D
Latch o*

Mixed-Signals ASIC, Lecture 2 Michele Caselle - Do- IPE
Preamp

® Only latch: would require longer time if the input is small Vi SV




High-speed Comparators ﬂ(".

High-speed comparators, circuit implementation

® The low-gain preamplifiers must compromise between a high bandwidth and sufficient gain

Amplifier

VoD
M3I:l_|—| llfMﬁl
OI:B_Ij RegtLlLJ.‘ ™ o Q
18 A o Q
VA L " ot flAfJ Latch

. M5
n __ I IS ||:M2 _II:
Enable Latch
o—] —o
Preamplifier Latch
VBias O—I%
Mixed-Signals ASIC, Lecture 2 Michele Caselle
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High-speed Comparators S(IT

High-speed comparators, circuit implementation (ol stut o Technlo

® The low-gain preamplifiers must compromise between a high bandwidth and sufficient gain
- KN’ (W1/Ly)
| Gain: Av gmllgmB gm2/gm4 ,\/Kp’(W3/L3)

I:I o If Amplifier
M3_|—| |—|_M4
S ® Dominant pole: Pyominat = - Ima/C = - 9,,4/C, where

OFB_}H_{ Re&q C is the total capacitance at the node P
FB 1 ° Q ® Advantage: high-frequenc
W L P N Md atch ge: high-frequency
n __ I A ||:M2 _II: :]
Enagle_ll#ON L,_Lagch ® Working principle ...
Preamplifier Latch r-OFF
VBias o—]

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



High-speed Comparators S(IT

High-speed comparators, circuit implementation (ol stut o Technlo
® The low-gain preamplifiers must compromise between a high bandwidth and sufficient gain

- ® Step 1. Enable Preamplifier = 1 =>» differential
M3'-_-1_| I_lfwAmp“f'er stage biased by V,,.. MOS
® Step 2: Resetmode (FB=1& Reset=1) =2 Q =

0, note that M1 and M2 are also connected in a
—t- diode mode by the FB and Reset MOS

I
Vin ::)):_LIIZMI

Enable

o—

Preamplifier

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



High-speed Comparators S(IT

High-speed comparators, circuit implementation (ol stut o Technlo
® The low-gain preamplifiers must compromise between a high bandwidth and sufficient gain

Ve > Vg Ms':lj

I_EW

P
Vin ::))!_LIEM
+ /1
Vin >0 Enact))le_l

Preamplifier

Mixed-Signals ASIC, Lecture 2

Amplifier

® Step 1. Enable Preamplifier = 1 =>» differential
stage biased by V.. MOS

W Step 2: Resetmode (FB=1& Reset=1) =2 Q =
0, note that M1 and M2 are also connected in a
diode mode by the FB and Reset MOS

® Step 3: Preamp mode (FB = 0 & Reset = 0)
Vout preamp A’\/ Vln

Michele Caselle IPE



High-speed Comparators S(IT

High-speed comparators, circuit implementation (ol stut o Technlo
® The low-gain preamplifiers must compromise between a high bandwidth and sufficient gain

® Step 1. Enable Preamplifier = 1 =>» differential

Vop .
Ve > Vg MBL_E | Amplifier stage biased by V,,.. MOS
Von 5 0 m Step 2: Reset mode (FB =1 & Reset = 1) & Q
V = Q, note that M1 and M2 are also connected in a
Q T—° Q diode mode by the FB and Reset MOS
Vin . ) _|le '—I\jé Lalch g gtep 3: Preamp mode (FB = 0 & Reset = 0)

Vout_preamp = Ay Vi,

Latch

Mixed-Signals ASIC, Lecture 2

o ® Step 4: latch mode = 1 and Enable Preamplifier =

0, the positive feedback of the latch will set the
final voltage levels Vo, and V5,

Michele Caselle IPE



Time resolution in timing detectors ﬂ("'
The timing capabilities degends from the signal at the output of the pre-
amplifier and by the TDC

SENSOR

inning

Karlsruhe Institute of Technology

TIME TO DIGITAL
CONVERTER

Noise
a o‘t2 —

\

(dV/dt)2+ timewalk + (

=l
-

\ TDC
L .

DISCRIMINATOR

PRE-AMPLIFIER

LSB

2
) T Gsensor + ULandau

Total noise contribution

Y
Front-end

Mixed-Signals ASIC, Lecture 2

J TDC |\ Y J
Sensor

TDC: Its contribution is negligible within the time
resolution for LSB < 30 ps

It contributes with few ps of time jitter (uncertainty)

Michele Caselle
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Principle of COUNTER based TDC S("‘

The “first” TDC architecture (ortrane nstiute of Technolo

® Counter is the simplest and most reliable way of time measurement. The conceptual diagram of
counter as TDC is as depicted in Figure, the resolution depends on the frequency of the clock
Input. The advantages of counter remains in its simplicity and reliability

start stop Ter
N Py
M Tm[© En Toe ;o N
I L) i Dout |
M Counter ; Number of clock cycles
—an-d | L;zg-\ Clk — — N
T count X 0 X 1 b 2 X 3
D 6 €8 () — 3
- igital counter AT gan Measurements errors @

® The simplest technique to quantize a time interval is to count the cycles of a reference
clock. The measurement interval defined by the start and stop signal is completely
asynchronous to the reference clock signal - this causes a measurement error AT, at the

beginning and ATstOp at the end of the time interval
B AT = N-Type +(Tope ~ATxrop)~ (T ~ATogard) Quantization error & = AT, ~ATgon €[~ Tepr Tei]

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Delay line TDC — Second Generation S(IT
FLASH - TDC architecture Carsane st o Technol

@ Delay line TDC is also called as flash TDC, classical delay line TDC, or tapped delay line

ThC Delay line TDC using buffers

e y N\

R 4
---- ¥
START . T T T start —’? g 1
| ! L/ ¢ 1
i — g / f
STOP: ¢ ¢ ¢ US'; / * 1
| D clk D ¢k D ok = i
| &© / !
Tm Q Qb Q Qb Q Qb 3 0y/
m | B h 0y J
Sy 0} —
Dout x
474 Thermometer to Binary Encoder l
stop ! f
Flash TDC architecture ) AT

® Working principle: delayed versions of the start signal are sampled on the rising edge of the stop signal,
resulting in a thermometer code

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Delay line TDC — Second Generation
FLASH - TDC architecture S(I.I.

Karlsruhe Institute of Technolo

@ Delay line TDC is also called as flash TDC, classical delay line TDC, or tapped delay line

TDC Delay line TDC using buffers CMOS implementation of a single
e ! \ tapped delay line
. 4|>_|>—' - "{> VDD
START
o T " “ Do—"D— 77
| I - -
sTop! ¢ ¢ ¢ a1 03
| Dk D clk Dk A }Q
Tm Q Qb Q o] o  ob @ Ll
T T S ]
Dout v
474 Thermometer to Binary Encoder G N D

® In both CMOS and FPGA technologies the resolution of the TDC is equal to the delay (1) of the buffer
® The INL and DNL depends on the uniformity of the delays (1)

Mixed-Signals ASIC, Lecture 2 Michele Caselle
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Delay line TDC — Second Generation ﬂ(IT
FLASH - TDC architecture

— Hit Tapped Delay Line
L = —
Flash TDC (Mixed-signal) — TTTT{{ ;
- D Flip-Flop Bank
B ||
Digital encoding — Thermo-Binary Encoding

| Clock I

Rising and Falling edge 1 {; \}

+ = Rising Edge Falling Edge
- ¢ Encoder Encoder
Errors correction </ | 7
coarse | | "™ Calibration Calibration
Counter ‘ '
® Coarse timing (by counter) Coarse | SO R e
Timestamp
® Fine timing (by tapped-lines)
Rising Edge Falling Edge _ _
Timestamp out Timestamp out Source: Xinchi Xu
- - F O ALK
Final digital code @) i e 23303 o é
Mixed-Signals ASIC, Lecture 2 Michele Caselle
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TDC resolution and quantization

TLSB

oSt P~

\V
\V

l/

> P>

A

t o] Ld] L]
oSt [ [ [

:

N

i

l

Qy.

1

Qy

AT

Karlsruhe Institute of Technolo

® The number N of all sampling

elements with a HIGH output is
related to the measurement interval
AT according to

)
N=|—"2
11 sB

® where T g5 IS the delay of a single delay element in the delay line

® The time interval AT can be calculated from the number of HIGH outputs by AT = N T o5 +€

® where & describes the quantization error that arises as a delay element has been either

passed by the start signal yet or not

Mixed-Signals ASIC, Lecture 2 Michele Caselle
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Inverter Based Time-to-Digital Converter ﬂ(“‘

Inverter vs buffer

Karlsruhe Institute of Technology

Buffers
v ® Replace buffer (two cascaded inverters) with
> > ____i>_ p .
S <3 <2 . inverter = doubles the resolution but reduces
o — i T | the dynamic range by half
— D D ok D ok
T o ol lo ol T le o 0 The_thermometer code at the outputs of the
T _ sampling elements becomes a pseudo
e Thermometer o Binary Encoder thermometer code with alternating ones and
Buffer based TDC architecture ZEeros.
Inverters__
. oo oo L TLILTTITTTTTT 7 000000000000000  buffer TDC
START |
— ' ot T, 010101010101010_010101010101010  inverter TDC
STOP! ¢ ¢ ¢ ¢ S—
| | D clk D clk D clk D clk . .
- ® The length of the measurement interval is
Tm| Q b Q Qb Q @b Q Qb ; ; .
— Indicated not by a HIGH-LOW transition but by a
P et hemomete 0 By Encoder phase change of the alternation HIGH-LOW

Delay based TDC architecture sequence

Mixed-Signals ASIC, Lecture 2 Michele Caselle Moreover ’ IPE



Time-to-Digital Converters — Third Generation ‘(IT
TDC with Sub-Gate delay Resolution ol mthut of Techl

® The resolution of time-to-digital converters is limited by technology to one inverter delay.
Higher resolution can be achieved only by a faster technology.

® What are the circuit techniques that allow to reach higher resolution TDC? Thereby, do
not depend on a single absolute gate delay

® The ratio between the technology resolution and the actual resolution is the so called sub-
gate delay interpolation factor IF:

]} ech ® TDCs with sub-gate delay resolution use sophisticated circuit
[F = techniques (resolution enhancement techniques) to circumvent the
TLSB limitation of the technology delay
|

One method is Parallel Scaled Delay Elements

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Vernier TDC S(IT

Advanced Sub-Gate delay Resolution (ol stut o Technlo

@ A delay-line based TDC that is capable of measuring time intervals with a sub-gate delay
resolution is the Vernier TDC

O—------- D— ® First delay-line
start ly1 ly1 L ly1 Y
"ty >
> > >
sg’p_ _______ ( D ( D_ ® Second delay-line

tgo tgo tyo

® Cut-out of a Vernier TDC is based on a first delay-line for the start signal and a second one for
the stop signal. The arrival time at two corresponding nodes is assessed by early—late detectors
such as flip-flops

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Vernier TDC — working principle ﬂ("'

Advanced Sub-Gate delay Resolution
t
Start signal b b ﬁb al ® Step 1: start signal propagates along the first delay-
od Yod Yo Yod Ya line.

—P —p —P —P

|
v

® Step 2: stop signal occurs later, but the delays seen

Stop signal —.W% B oo by this signal are smaller

® Step 3: The stop signal chases the start signal

STARTJ; £ 3 ZJ ® Step 4: The point (stage) where both signals are in
STOP J J j J phase is detected by early late detectors (ELDSs),
usually implemented as flip-flops
OLua’::JCurjts 1 1 0 0 0
1 Detected _
® The number of cells necessary for STOP signal to
® Thermometer code: 11 0000... surpass the START signal represents the result of

TDC conversion

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



Vernier TDC — working principle ﬂ("'

Advanced Sub-Gate delay Resolution

: Ld1
Start signal =1 B’ b B’ ® The granularity in the time domain, i.e. the TDC resolution, is
T T P Tqg Pe the delay difference T 45 = ty4; —t4, between the elements in the
e e e e delay-lines, which can be made arbitrarily small, therefore
Stop signal _,W} o ™ Lyo the resolution does not depend on a gate delay, but on the
difference of two gate delays. Consequently, the Vernier TDC
STARJ J — — -ZJ provides a circuit techniqgue to overcome the resolution
12 3 & limitations given by a certain technology
STor J J j J ® The price for this increased resolution is: the area, the power
oLuat‘:)Cuhts 1 1 1 0 0 consumption and the latency. Because the skew between the
Detected signals in the first and the second delay line is reduced by T, 5
In each stage, a maximum number of N stages required to
measure a maximum time interval T, IS
N — Linax _ Linax A Vernier _ Tinax ( AA MV 4 AFF) A™ = grea of one inverter and
ILsg tar —la core LSB AFF = area of one flip-flop

Mixed-Signals ASIC, Lecture 2 Michele Caselle IPE



TOA TDC Architecture (Simplified): Vernier Delay Line mega

TDC Power consumption 0,4 mA *1.2V = 0,5 mW @ 10% occupancy

TOA TDC _ - _
« Resolution: 20 ps Simplified Block Diagram:
* Range:2.5ns @ Bojan Markovic, SLAC  Time-to-Digital Converter (TDC)
® H NN BN B BN BN N BN BN N NN NN NN BN BN N B N NN BN N NN NN NN NN N NN NN BN BN BN BN NN BN BN BN B B
7 bltS 2.5ns Measurement Window 2.5ns 120ps  120ps  120ps  120ps 120ps -I STOP signal propagates
““““““ anna = II > in the Fast Delay Line
%L‘E::egion I S %=1 A o S 5 R N i B L1 (Delay of one cell = 120 ps)
N _
Clock :
i : -
STOP : ] ] i I START signal propagates
i /I START H in the Slow Delay Line
START ’ " L . (Delay of one cell = 140 ps)
p—
'ToA
---------------------- — & Sparkles likes

Bin1 Bin2 Bin3 Bind Bin128

Differential shunt capacitor voltage-controlled delay cells

The START pulse comes first and initializes the TDC operation.
The STOP pulse follows the START with a delay that represents the time interval to be digitalized.

At each tap of the Delay Line the STOP signal catches up to the START signal by the deference of the propagation delays of cells in Slow and Fast branches of
the delay line: i.e. 140ps — 120ps = 20ps that represents the LSB of time measurement.

The number of cells necessary for STOP signal to surpass the START signal represents the result of TDC conversion

Cycling configuration used in order to reduce the total number of Delay Cells.

TDC range is equal to 128*20ps = 2.56ns ] ATLAS HGTD - ALTIROC ASIC -TWEPP 2019
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