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Detector Front-End: what are we measuring?

Event Detection: " Event Counting: T N ™
Analog Out (\ Vthr Analog Out !\ (\ N/thr
S~ N
Disc. Out y_|_ ﬂ_

0 1 D =

Disc. Out

In In
UI/“ Sensor UI/“ Sensor
Out
A, [Event Time Measurement: A, Bent
o[ ] L

Energy Measurement: &
Analog Out (\ Vthr

Analog Out \

................ . —- Disc. Out

:"Shaper/FiIter i f A\ ;

5 /DS : Peak Det. Out Ampl _ ToA

: NX/X ’ %%Sensor
¢ ToA = Time-of-Arrival [ToF = Time-of-Flight]
* ToT = Time-over-Threshold

Sl AL EcHuoLosY CiRcuIYs Bojan Markovic
«  TDC = Time-to-Digital Converter
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Time Measurement

J Time Measurement is a lose term as time has no physical properties to measure. What
we are really measuring is the duration separating two events, thus a more accurate
term is Time Interval Measurement.

J Examples of ways of keeping track of passage of time throughout history include:
sunrise/sunset, phases of the moon, sundials, water clocks, sandglasses, pendulum
clocks, all the way to today’s quartz clocks and atomic clocks.

J Nowadays official sources of time are provided by caesium atomic clocks, such as the
ones operated by National Institute of Standards and Technology (NIST).

- The international standard (SI) unit of time [official definition]: the second, symbol s, is
defined by taking the fixed numerical value of the cesium frequency Av., the unperturbed
ground-state hyperfine transition frequency of the cesium-133 atom, to be 9,192,631,770
when expressed in the unit Hz, which is equal to s™1.

J Electronic high-precision time measurement circuits are called by different names: Time
Interval Meters (TIM), time counters, time digitizers, Time-to-Digital Converters (TDC). 1 1
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Time-to-Digital Converters (TDC)

TDC applications in HEP:

= Systems with hundreds of thousands channels or more, distributed across
large area; time precision/stability across whole system is critical

= Detector/Sensor time resolution sets the requirements for the TDC

- Drift time in gas-based tracking detectors:

) « z +-3500 m Radial extension:(active area)
= Low resolution: ~1ns » 2 layers per side + 1 <4.0 (R = 120 mm)
. + z MBTS enveloppe: 75 mm e n>24 (R =640
= Examples: ATLAS and CMS muon drift tubes , a3 !
Baseline:
o e I
D T|m|ng/TOF detectorS: AT LA ] * Time resolution :
. . I 0,=30 ps per track over
= High resolution: 10ps - 100ps e the lifetime of HL-LHC
s - sl « Radiation hardness:
= Examples: ATLAS HGTD, CMS MTD, ALICE TOF N s il el 3.7x"',$.1;'::,c;2f1?;6y
r‘ =k , . Granular?ty:
Other TDC application include: 25m cisk e/ Pad 1.3 x1.3 mm?for
.. . \ occupancy <10% pad
= communication systems (frequency synthesis, ADPLL, CDR, ...); B t s Thickinss
= distance measurements (LiDAR, 3D imaging, ...); ; ) &T‘jfsct\‘m‘efii;_gsit‘;fie‘i
= biomedical imaging (TOF PET, FLIM, ...); * Active Area: 6.3 m?

= photon science (COLTRIMS, ...);
= general instrumentation (jitter measurement, ...);

ATLAS High-Granularity Timing
SL AT NNovaATioN birecToraT | S1REUS  Bojan Markovic Detector (HGTD) for HL-LHC upgrade 4

€1 A /> TECHNOLOGY INTEGRATED



Analog Waveform Sampling + DSP post-processing

] Picosecond time resolution can be extracted using high-speed sampling of analog waveform followed
by digital signal processor (DSP) post-processing performing matching to a known pulse shape:

Analog Out
UI/“ Sensor

[ For applications with hundreds/thousands of channels/pixels, the use of high-speed waveform
sampling with DSP processing becomes cost and power prohibitive.

 To simplify timing measurements, discriminators are used to translate analog signals into digital ones,
preserving only timing information of interest (losing analog amplitude/shape information)
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Time-Walk, Constant Fraction Discriminator (CFD)

VZ"‘%:* Event 2

Peaking Time

Analog Out 1

_4;_.Analog Out 2

Disc. Out 1

Disc. Out 2

Ck
I ¢ ToA 1 )
1 ToA 2
)
Time-Walk

= Constant Fraction Discriminators (CFD) are not simple to implement in channel-dense ICs.
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Fraction

TDC =(3)

}:} Event 1
Vb\i‘k Event 2
4
CFD Out 1
CFD Out 2
Ck
I ToA 1l
>
ToA 2
P



Time-Walk, Time-over-Threshold (TOT)

M%C} Event 2

Peaking Time

Analog Out 1

Disc. Out 1

ToT 1

Disc. Out 2

Ck
- : ToA 1 |
| ToA 2
-

Time-Walk

= Constant Fraction Discriminators (CFD) are not simple to implement in channel-dense ICs; in HEP designs, most often ToT
measurement (i.e., an indirect coarse measurement of amplitude) is used for offline Time Walk correction. [Other ways of dealing

with Time Walk exist, but are rarely used]

&1 A 7> TECHNOLOGY

Pk ™\ | INNOVATION DIRECTORATE

INTEGRATED
CIRCUITS

uuuuuuuuuu

Bojan Markovic

Altiroc (front-end ASIC for
ATLAS HGTD detector) -
example of estimation of TW
correction accuracy:

Simulation using LGAD signal

TOA vs TOT for TW correction

244.2 /44
1.459¢ 29
7106 + 5.049
8705 + 2.897
7692 +121.1

. . 227 ndi

Sreoo[ ' ' :;oh

L pl
7700F p2
7600[
7500
7400

E o Fit: pg+ p,¥exp(-
7300F- Fit: pg+ Py *exp(-x/p,)

. \ . L1 | | - -
2000 | 4000 6000 8000 10000 12000

g T T T
AF Fit residyals wi LSB = 120 ps ]
4_ -
2 =
v - _
olo- —
wl [ ]
e B
[ 3
vy [ ]
| st I SRR N RN A RN BRI MR R
2000 | 4000 6000 | 8000 10000 12000

4 fC 10 fC
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Inputs of a TDC

- Time interval (T) to be measured is defined by:

= Width of an input pulse signal (PulselN)

= Time elapsed between two input steps/pulses
(START and STOP)

J Measurement is referred/calibrated to a high
accuracy reference clock (quartz/atomic clock)

PulseIN 47} PulselN

PulseIN TDC E Dout
REFck

START

Ck |
SAnang Out
Disc. Out . .
i _ToT, i
i ToA i
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T D Q
sToP § START >0+ L
RSTb

Easily
interchangeable;
all following TDC
architectures can
be implemented
PulselN using either
representation

ToA - time elapsed
between discriminator
output rise time and
clock edge

ToT - pulse-width of
discriminator output



TDC Performance Metrics

] Resolution: quantization step of the conversion, i.e. LSB [ps, ns] Ocrosstalk) OPVT -

O Single-Shot Precision (Jitter): statistical variation of results for
measurement of the same time-interval; expressed as standard

deviation (rms) or full width at half maximum (FWHM) [ps, ns] “n
[ Dynamic Range (Measurement Range): maximum time interval that can ek
be measured [ns] l l l \1,
O Conversion Time (Dead Time): minimum time between end of one Tdet Opreamp ~ 9disc  Otdc  Orefck Otime-walk

conversion and the start of next conversion [ps, ns]

[ Conversion Non-Linearities (INL and DNL): deviation of the conversion
characteristics from the ideal/fitted one [%LSB] Gsingte—shot = \/ 0200 + Oreamp + Orse + O o + 0o + -+
[ Power Consumption [mMW]
O Area [um?] ot 2 0y = \L/%
 Technology [nm]
[ Radiation Tolerance (specific to HEP applications) [TID: Mrad, Grad]

Osingle—shot

Oav N
o1 A _I.“TECHNOLOGY INTEGRATED \ Vsamples
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Counter

g

Simplest method of measuring time intervals is by using

a counter.

Resolution is given by the period of reference clock:

LSB = Tck (1GHz clock = LSB = 1ns)

Tck

0. =
tdc \/ﬁ

Range is defined by number of bits of the counter

PROS: simplicity, reliability, easily extendable range

CONS: resolution limited by clock frequency (not
practical for resolutions lower than 1ns)

Usually employed as a ‘coarse’ stage to extend the
measurement range

ol AR ‘ TECHNOLOGY INTEGRATED
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e Local counter in each channel:

PulselN

REFck

PulselN —>

REFck

Count

Global counter with sampling per
channel (grey code and/or
synchronization of HIT to CK
necessary) :

RW

HITchl Ch1 Hit Sampling Register ‘
0000 ===
HITch2 Ch2 Hit Sampling Register o
0000 s==
o000

R 08(0000050000

T1 7 :
HITch1l Chlout = n-2;

HITch2 T2

Ch2out = n+4

10



Multistage/Interpolating/Nutt-method TDC

O Most multistage/interpolating TDCs (sometimes referred to as Nutt method TDCs) use counters as a ‘coarse’
stage to extend the dynamic range, while some of the ‘fine’ (sub-ns) measurement methods, described in
following slides, are used as interpolators to provide high resolution:

)
| S
. 15 W15 15 .
! 131‘1 :SZ,’ 1314 1314 - — '
12 & 12 12 2 Interpolatjon Stage
11 9" 1 1 !
10 &1 10 :
9 i‘.:*o 9 9
8 & 3 8
T (o) 7 T
6 8 6 6
45 ¢ 45 45 4
i 23 Cb\e 3 i 3 i 3
2 2 P2
1 v 1 1 P
: 0 0 ] 0

1st Interpolation Stage (J‘?bit)

2 |nterpolation Stag‘e'+'1“5t'In’gelgolaﬁenﬁféYég:TCoarse" Counter

Time interval

‘Coarse’ Counter

€1 A #~|TECHNOLOGY INTEGRATED . .
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Indirect/Analog ‘Fine’ Measurement Methods

L This methods perform an indirect conversion of time to digital code by passing through an intermediate step of
conversion to an analog voltage.

[ Time-to-Amplitude Converter (TAC) followed by ADC:  Dual-Slope Pulse Stretching followed by a Counter:

Vee Vee

ér @rl:mz

T APC conversion tme
H_ﬂy‘ T e A
T L N 3 + + ---=
! ADC T T
i, 4 S I*‘:
¥ = Ve =

« Charging a capacitor with constant current during time interval T | « Charging a capacitor during time interval T and discharging it with

performs the conversion to analog voltage that can then be much smaller current “stretches” the interval so that it can be
digitized by an ADC. Moves the complexity to ADC domain. accurately measured with a basic counter (similar to dual-slope ADC)
*  CONS: requires and ADC. * CONS: long conversion time.

L Architectures used extensively in past but not very suitable for implementation in modern scaled technologies and
applications requiring hundreds/thousands of channels/pixels.

€1 A #~|TECHNOLOGY INTEGRATED . .
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Direct/Digital ‘Fine’ Measurement Methods: Pulse Shrinking

* Unequal rise/fall times between two
inverters that compose the elementary
cell (buffer) perform shrinking of the
pulse-width by the quantity:

 Pulse Shrinking:

LSB = (] + t31s¢) — (e + ¢J %)

Y
(J\
|

This LSB can theoretically be arbitrarily
j j [ small (not limited by technology logic
a, a,

> propagation delay)
tfall

3 Cyclic Pulse Shrinking: 1 tzr'ise < Dynamic range (DR) is given by number
’ 2 3 N trise of elementary cells (N) multiplied by LSB

W W&D_DQ _______ DD—DQT o tg all (thermometric scale — area inefficient):

{ DR =N -LSB
I | l l »  Cyclic configuration allows to extend the dynamic range by delegating the
ot o A I B MSB part of the conversion result to a counter (binary representation — area
efficient). Still DR is limited by total propagation delay of the loop:
6-bit conversions requires 64 cells and 64 flip-flops in the DR =N -t, wheret,is cell propagation delay and t, > LSB

regular pulse-stretching method; cyclic configuration can

use just 4 cells and 4+4=8 flip-flops *  While LSB can be smaller than technology propagation delay, pulse
stretching is used less often than Vernier delay lines due to difficulty of

&1 A #~|TECHNOLOGY INTEGRATED . . . . . . . . . 4.
S AT/ NNovaTION birecTorate |GR€UIYS  Bojan Markovic maintaining the rise/fall time ratios with PVT variations. 13



Direct/Digital ‘Fine’ Measurement Methods: Time Amplifiers

O Amplifies the time interval relaxing the LSB requirements of the following stage t,' n o D out / axa !
(counter or another ‘fine’ time measurement method like delay lines etc.) P Doz /

1 SR latch based TA - exploits the input dependent

propagation delay of a SR latch in metastable reglon

Y Tomr ATSR

TA Characteristic: - ro,, ¢ CONS: very limited linear

range; gain not well
\-TO/U}% T

predictable = necessitates
€1 A /> |TECHNOLOGY INTEGRATED

calibration; hard to use in
SN\ INNOVATION DIRECTORATE | SIRCUTYs  Bojan Markovic

practice

(J Cross-coupled Delay Line TA - delay cells with two

possible propagation delays (low ¢t; and high t ); two delay
lines where cells in one switch the delay of corresponding
cell in the other line from low to high delay:

| S

l Delay Cell example:

t
Gain = H
i

* DLL used to fix propagation
delays against PVT variations

CONS: long dead-time

TD gain
control ~T°777

14



Direct/Digital ‘Fine’ Measurement Methods: Delay Line

 Majority of modern TDCs is based on some variation of a Delay-Line structure.
» ] Basic element: Delay Cell

1 Regular (Tapped) Delay Line:

(J TDC resolution given by the propagation
delay of the elementary cell:

%’ 'E El" F’J PLLVCOsand DLLs i
P W F + Consumes Static Bias

m Current

DG

[ e e e - FEEEEEEE NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN NN ENEEEEEEEEEEEEEEEE d
1 1 M
b H b ty | i_i_"_Voltage-Controlled Delay Cell (VCDC): :_
START D1 D2 D3 D4 DN ! : i
1 Ds n
PP Ga LD, e e
pon out  (carry chain mux, etc.) : os H
: ) . Vetrlp 1
- a1 “ @2 Y@ bt - QN I * Requires constant : ._E s i
I calibration : i
'> '> '> '> '> : be E In out 0G :
i w | Delay controlled = |
. ........... i = Digitally-Controlled Delay 2 e Delay controlled rutoa !
1 Q1 Q1 QZ Q2 Q3 Q3 Q4 QN- 1QN ! Cell: : L thrucurrent ]2] i
1 - DG
1 L e e e e e al
! Detrlp ps :
i - : - Differential delay cell with symmetric loads
| (Maneatis cell [1]):
1 .
Binl Bin2  Bin3  Bind BinN ! * Frequently used in
i
1
1
1
1
1
1
1
1
1

: vbn [1] J. G. Maneatis, “Low-jitter :
it ettt : ] process-independent DLL and PLL :
LSB = tp Fully Digital - minimum delay limited by fastest : 0 based on self-biased techniques,”
achievable logic propagation delay in target technology : IEEE J. Solid-State Circuits, vol. 31,
DR = N - LSB . no. 11, pp. 1723-1732, Nov. 1996. :

Rise & fall times (pmos & nmos strength) do not match well over PVT variations = single
O A | IeCHNOLOGY o cromare |CiRcUTYe  Bojan Markovic ~ inverters are less often used as delay cells; usually series of 2 inverters or differential 15
buffers are used as delay elements = propagation delay doubles

uuuuuuuuuu



VCDC propagation delay control: trimming, PLL, DLL

X
_}’\ Preamp Out (START)
|
! Clock (STOP) |
: I
: I Sample
: Memory ;
! :
! I
' |

NIRRT

|
! I l l I I I !
I 100ps 100ps 100ps 100ps 100ps {00ps

100 Delay Line 1

100p v
............................. j@‘\__/fo
Voltage- :
[in > (out> =
Controlled “* o
Delay Cell: ] ] :
oy
€1 A 7> TECHNOLOGY INTEGRATED
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Trimming using resistor voltage dividers or DACs - open loop control = delay value varies
with PVT variations = necessitates frequent recalibration (usually used for off-chip Vctrl
control during prototype characterization)

Phase-Locked Loops (PLL) - closed loop: PLL acts on Vctrl in order to lock the VCO
(Voltage-Controlled Oscillator) frequency to a desired value regardless of PVT variations.

1
vco VCO: .. _L
~ f,- ——— Se—
prp || cp || 1pr [~ )T ek I : i : 1 1
. Vi N [N Vor, —
Y S S S o p_DelayCell . N
il > A — fVCO cellsVCO

Voltage-Controlled Delay Cell Characteristic:

Propagation Delay [s]

at different process corners (TT, SS, FF)
and temperatures (-40°C, 25°C, 85°C)

| FF

0.36V
Control Voltage (Vctrl) [V]

= Delay-Locked Loops (DLL) - closed loop:

DLL acts on Vctrl in order to lock delay
line propagation delay to the period of
input clock regardless of PVT variations.

Clk Y
Vctrl
1 2 N Phase
cikD|Petector| Down
Clk amw IH_ T
TC K

t = —_—
p_DelayCell N

* Most widely used method for VCDC delay control;
* Simpler than PLLs; usually one dominant pole;
* Doesn't filter input clock jitter 16

* False Locking Issue.



Delay Line, Multiphase Clock

O Delay Line per channel/pixel, global DLL generates Vctrl that is
propagated to each channel (most common approach for high
channel count implementations):

*  Mismatch (process, supply) between DLL delay cells and
channel delay cells is a possible issue

Digital Voltage-
Controlled Delay Cell Clic

Phase
2
1 N clkD|Detector
Clk e .H_

€1 A 7> TECHNOLOGY INTEGRATED . .
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 Global DLL or PLL provides multiphase clock that is propagated

and sampled in correspondence of each channel/pixel HIT event:
 PLL-based multlphase

'
'
'
Clack 3+
'
'

Differential
Voltage-Controlled
Delay Cell:

R

: ; [ ;
- chnne '
 Channeiz T 7 5
* DLL-based multiphase: / e

PLL , '

/ DLL
[ [ [
REFCLK N N v .
/‘ /‘ / || Phase | |Charge
Detector| | Pump
Y Y Y \v4
HIT —'—D—| Time Capture Registers | Channel 1
| [ |
HIT *D_| Time Capturc chistcrs |Channe| 2

J DLL- multlphase TDC per channel/plxel Theoretically best delay
accuracy but usually power and area prohibitive =



Delay Line Configurations

d (Regular/Linear) Delay Line:

t t,

tp

ty

ty

- Q T Q2 * a3 " a4 - QN
> >
STOP
& & Y YCLLLLLLLLL ®

»—

 Cyclic Delay Line:

Thermometric Scale

LSB =t,

Counter (M bits)

- Q =@ " a " a = QN
= ->
— P & Y YCLLLLLLLLL ®
B I I
Thermometric Scale Binary Scale

&1 A 7> TECHNOLOGY
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O Ring Oscillator:

LSB =t,

DR =N -LSB

DR = (N +2M) - LSB

Timing always on the same edge

Bringing signal back to the input
causes non-linearity (wider
bin/bins)

START pulse-width must be
lower than N - t,,. Unequal
rise/fall times cause pulse-
shrinking or pulse-stretching =
limits maximum number of cycles
before the pulse is lost; requires
pulse-width regeneration (issue
relaxed with differential /
pseudo-differential delay cells)

Counter (M bits)

A J

Thermometric Scale Binary Scale

LSB =t, DR = (N +2M*1) . LSB

Timing on both rising and falling edges; unequal rise/fall
times introduce non-linearities (issue relaxed/avoided
with differential / pseudo-differential delay cells)

Bringing signal back to the input causes non-linearity
(wider bin/bins)

Special versions of the Ring Oscillator:

* Gated Ring Oscillator (GRO);
* Switched Ring Oscillator (SRO).

Perform noise shaping; require
repetitive measurement o the
time-interval (ADPLL)



* Worst Case: SS @ VDD=0.8V & -40°C
« Typical: TT @ VDD=0.9V & 27°C
FF @ VDD=1V & -40°C

Digital Voltage-Controlled Delay Cells

3 Shunt-Capacitor Delay Cell:  Current-Starved Delay Cell:

28nm CMOS

Single-ended:

Voo Voo

DS
I Vctrlp
D—d

Single-ended:

Voo Voo

Pli Ig.j

Vealib_p
Msp2 P——. Mspa P——-

y
HJ_*;E:_‘
E
]
o
S
9
-
©
S
O
S E
:':L‘
Qg
x B
~ E
T B
vl :
o B
S p
S K
<
.
-
< &
mi
S E
S B

® o> ]
[J1 LI: [J1 . ul
Vsc — Vctrin »
B Start+ In+ In- Start-
@ I? G .—-—' Mn3 HEnl Mrg}—-—. Mna |—-—.
- - = = * Delay controlled thru be pe
Delay controlled thru variable load ;?;fsbls? dceugg?ﬁ)(nmos side, B B -EII—“CI‘ e
. . ’
PROS: more contained and linear bG oG be oG
*  PROS: smaller area. sram+ ) @ sram-

voltage-delay characteristic.

CONS: bigger area. - CONS: highly non-linear [ . FF P, OF) and s (40,550,850 v
I , , voltage-delay characteristics
) =] | 130nm CMOS 7/, (less pronounced in I
350nm £MQS q RE . newer/scaled technologies) |
i ol .
3 % =l B 350nm CMOS
Control Voltage [V] gg "
BT as 10 s ’VC’["}]'?E’ T Zs 30 3s N T T2 b5
35.;%‘3 rl\llzﬁg\’\/lgrll_gﬁ\(DIRECTORATE %TE% Bojan Markovic "Differential Cascode Voltage
Switch Logic (DCVSL) e B



Direct/Digital ‘Fine’ Measurement Methods: Sub-gate delay

) Resistive interpolation across neighboring delay cells:
Delay cell

N N
/ /

il R R R R R R R

> EH EH EH b EH EH EH b
V v interpolated V
/ signals

relevant voliage
rane for
COMmparator

J T 1
= Rise time > propagation delay

= Parasitic capacitances make this resistive division a mixture of R
division and RC delays:

* Low resistor values required to prevent RC component from
dominating;

* With equal resistances the bins are not evenly spaced;
needs optimization of individual resistors

* Does not fully auto-scale with propagation delay of the cell

1 A #~|TECHNOLOGY INTEGRATED . .
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 Multipath Delay Cells:

T
out

nm[- H

= Requires constant operation/oscillation or gated (“freezing” of charge on
internal nodes) function (i.e. GRO) with repetitive/periodic measurements of
the time intervals. Used in ADPLL applications but not very suitable for
single-shot measurements with rare events (like most HEP applications).

 Vernier Delay Line

= Resolution not based on propagation delay of a single cell but on
the difference of propagation delays of two delay cells = LSB
smaller than logic gate delay in the target technology is possible

‘ More on the next slide 20



Vernier Delay Line

2.5ns Measurement Window 2.5ns
Evei1t
Detection
Clock | |
STOP l
START n
'ToA

ToA = 50ps (example)

r
1 tp_fast tp_fast tp_fast

tp_fast

tp_fast i

STOP | '
F1 F2 F3 F4 FN
m» ----- »- E\> = START signal propagates in the
|

-Q3

>

- Q4 -QN

> >

0 Q1 Q1 Q2 Q2 Q3 Q3 Q4 QN-1 QN

START ,

b 1

1
STOP '

1

|  140ps 30ps Binl Bin2 Bin3  Bind
S1 ' ! l

1 1 | -
Bin1=0

F1 ! 120ps : >Q1=0 Bin2=0

// ', | 140ps 10ps
s2 N |

YYYY ¥

BinN

I 1!
1
F2 LM_‘V Q3 = Bin6 = 0
/ ¢ 140ps 19ps Q4=1 Bin7=0
S3 N L . Bin8 = 0
| I »
| 120 4 mO— -
F j—F > Q128=1 Bin128 = 0
LSBrpc = tp_siow — Lp_fast
€1 A /| TECHNOLOGY INTEGRATED . . p_slow p_fas
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DR =N -LSB

— START r“' 1
...,.»..}.» ..... ». I

: s1 s2 s3 s4 SN :/
I |

tp slow tp slow tp slow tp slow

Slow Delay Line (t, 50w > t, fast)

= STOP signal propagates in the
Fast Delay Line

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, ie., t, gow —
tp fast 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.

= As with the regular delay line, cyclic and
oscillator configurations possible. 21



Vernier Delay Line - Variants:

O Cyclic Vernier Delay Line:

SLOW DELAY LINE

STOP

FAST DELAY LINE

siow_first_32 show_frst_1

2 MSBs

5LSBs

O Vernier Ring Oscillator:

Slow RO

Single-Transition | » (O Tyg
End-of-Conversion z%%| DEC
Detection Array

A

EXT RST
—_—

> Readout Array

Reset Logic

RD CLE

Fast RO i

INT RST
€1 A 7> TECHNOLOGY INTEGRATED . .
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O 2D Vernier:

Calibration loop

.;......'.-... D
- “5 ._E @& (10,11) |
A e ' : . i
‘;_' ' Time !
o g Comparators E
IR & » Matrix &
> &)
Relative % 2 ;
Calibration @ | £~ | [0 - ;
1 i 1 i 7 i iTk"
Signal J —|>LI>‘L ‘Dl ‘DJ
Reference ——————= 1 2 1o To

Delay line X (t4)

Absolute Calibration

O 3D Vernier:

D

Output
(thermo-code)

DFF (#1-30,
perating@z=odd)

\ E\DFF #31-61,
[ inga

pperating@z=even)

Delay stage
(inverter)

\\\

Rst F %

Fast Ring Input T \\\
(lag signal) 3

[0
Sl

Al
ow ring

Slow Ring Input
(lead signal

Rst Calibration

RsLS o
t B SW_F
Lap counter Lap counter =D Ripesw
N N =" Cn:tml —
" i 53 SWS

Rst F Rst S

> Extends range, lowers
area, power
consumption and
conversion time
compared to traditional
linear Vernier delay line

22




Regular VS Vernier Delay Line (1/3)

O Regular (Tapped) Delay Line:

Simpler

Resolution (LSB) limited by technology

Smaller Area 5
Shorter Conversion Time (independent on time interval |
being measured) :
* Lower Power Consumption

€1 A /> TECHNOLOGY INTEGRATED

Ol-ﬂ\o‘lNNOVATION DIRECTORATE | S'RcUT¥s  Bojan Markovic

O Vernier Delay Line:

tp_fast

tp_fast tp_fast tp_fast tp_fast

More complex
Resolution (LSB) not limited by technology
Bigger Area:
» 2 delay lines instead of one
* Bigger delay cells due to more stringent mismatch
requirements
Longer Conversion Time (dependent on time interval being
measured)

Higher Power Consumption 23



Regular VS Vernier Delay Line (2/3)

O Regular (Tapped) Delay Line:

O Vernier Delay Line:

Tixel (130nm CMOS; 100ps resolution) Altiroc (130nm CMOS; 20ps resolution)

Delay Cell Layout [area = 127.6um’]: Delay Cell Layout [area = 546um?]:

[P=Ti0p s=2579)

Propagation
Delay of the Slow
Delay Cell

* More complex
 Resolution (LSB) not limited by technology
» Bigger Area:

Shorter Conversion Time (independent on time interval ) 2.de|ay lines instead of one . .
: » Bigger delay cells due to more stringent mismatch

being measured) requirements

* Lower Power Consumption » Longer Conversion Time (dependent on time interval being

measured)
o1 A 7> TECHNOLOGY cireut¥s  Bojan Markovic : ; i
OI-HV‘INNOVATION DIRECTORATE | €IRCUITS J * Higher Power Consumption

Simpler
Resolution (LSB) limited by technology
Smaller Area

24



Regular VS Vernier Delay Line (3/3)

O Regular (Tapped) Delay Line: @ Vernier Delay Line:
I |

I I : I I
I ToA To VS I ToA To
— : —>

S E— : S E—

Conversion Time* | Conversion Time* Conversion Time

| I |
1 : | | Conversion Time
I I I
1 : 1 I
1 | 1

o
o
.
.
.
.
.
.
.
.
.
.
.
.

- — e ——

. I I
.
“y
"
“a

a

.
...... Il

"
“y
“y
.~ U |
.
“y

o,

.

*Similar to Dual-Slope ADC

Simpler « More complex
Resolution (LSB) limited by technology i * Resolution (LSB) not limited by technology
Smaller Area i+ Bigger Area:

. . . . . » 2 delay linesi f
Shorter Conversion Time (independent on time interval i delay lines instead of one : :
. £ » Bigger delay cells due to more stringent mismatch
being measured) :

requirements

* Lower Power Consumption i« Longer Conversion Time (dependent on time interval being
INTEGRATED . . measured)
sLl%\G‘-Irl\llzﬁgvp?rll_gﬁYDlRECTORATE cireurs  Bojan Markovic . 25
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1.5mm

Examples of different TDC architectures:

T Do
E StaRT  stop

Ol

FINE
INTERPOLATOR |,

SYNCHRONIZ

N | — y

* Global DLL generates

START
/WNTERP?LAT
—

i FINE INTERPOLATOR i [

multiphase clocks

* ‘Coarse’ Counter, multiphase clock sampling (15t
interpolation stage) and Cyclic Vernier DI (2nd
interpolation stage) per channel

+ 2 additional global DLLs for Vernier stage biasing

D. Tamborini, B. Markovic, F. Villa and A. Tosi, "16-Channel Module Based on a

Monolithic Array of Single-Photon Detectors and 10-ps Time-to-Digital

Converters," in IEEE Journal of Selected Topics in Quantum Electronics, vol. 20, no.
6, pp. 218-225, Nov.-Dec. 2014, Art no. 3802908, doi:

10.1109/JSTQE2014.2327797. TEGRATE
CIRCUITS

DEPARTMENT

Ol-l'\\.o INNOVATION DIRECTORATE

* Resolution: 10ps§ :

* 130nm CMOS
* Resolution: 5ps

v‘ - ; ° .
= * Range: 160ns - Range: 640ps
: =P
J\ . 1 6 cha n nels Time-Capture Registers 2 8 Cha n nels
I (8 channels)
'~.§__HANNEU [ START mmn Clock Reset sToP
TCHANNEL 75 | ? ? e
CHANNEL 16 f 1\ Tenss ) T =k EEE
PAD 2 | oo e
e g
) 2 " stage DLL
AQCSPADO SPAD on SPAD off SPADon connse H N=32 :
i Fpe o 1156 GHz | L b e 20ps i
| 1 : _(m t REFCLK - ~{ > :
) couken I T n) /| /% p Phase | | Charge delays :
: 1 - Detect Pumy
MLt oA :""s'r'i&ﬁ'{s" OLATOR % ‘ £ STOP INTERPOLATOR 3 e P
Cresdresnnundnu i 3 sewnund i CoARSE
j ; |mmvou10ﬁ 16 o wrerpoLATOR | 2™ stage H
: COARSé | smannonizen ’ sinamonzzR |, 8 g ) resistive 5ps
interpolation delays :

* Global DLL with resistive interpolation generates
multiphase clocks
» Multiphase clock sampling per channel

L. Perktold and J. Christiansen, "A fine time-resolution (« 3 ps-rms)
time-to-digital converter for highly integrated designs," 2013 IEEE
International Instrumentation and Measurement Technology Conference
(12MTC), 2013, pp. 1092-1097, doi: 10.1109/12MTC.2013.6555583

Bojan Markovic

+ 130nm CMOS

* Resolution: 20ps (TOA),
40ps/160ps (TOT)

* Range: 2.5ns TOA, 20n TOT
* 5x5=25 channels (altiroc1)
* 15x15=225 channels (altiroc2)

TOT TDC:

* Cyclic Delay Line with
Vernier Delay Line
interpolation

TOA TDC:
* Cyclic Vernier Delay Line

Coarse Delay Line: range: 20 ns.
bin: 160 ps

\\ SLOW DELAY LINE

2 MSBs

5LSBs

5Bits 2 MSBs

« TOA and TOT TDCs inside each pixel

3 Global DLLs

B. Markovic et al., "ALTIROC1, a 20 ps time-resolution ASIC prototype for
the ATLAS High Granularity Timing Detector (HGTD)," 2018 IEEE Nuclear
Science Symposium and Medical Imaging Conference Proceedings (NSS/MIC),
2018, pp. 1-3, doi: 10.1109/NSSMIC.2018.8824723 26



Some design considerations

O Simpler is better = Perfectly aligned ‘Coarse’ and ‘Fine’ Stages:

200p 400p 600p

= Alignment between interpolation stages is
not trivial and must be done with the
precision of the final resolution.

= Stacking multiple interpolation stages one
after the other allows for reduced area,
power consumption and conversion time,
but must be done with care (1 or 2 " 5 :
Interpolation stages are usually enough: W ; S pinterval [ps]
more than 3 is extremely tricky).

L With technology scaling routing/parasitic
contributions to propagation delay are
becoming more and more pronounced

 Routing of timing critical signals must be
done with care

 For ps-level designs device mismatches

(both systematic and statistical) can have " e 1 Time interval [ps]

L e S L e L A —"
600p 800p 1n

major impact on the performances

€1 A #~|TECHNOLOGY INTEGRATED . .
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Some design considerations

O Simpler is better

= Alignment between interpolation stages is
not trivial and must be done with the
precision of the final resolution. Q Layout: Q Schematic:

= Stacking multiple interpolation stages one
after the other allows for reduced area,
power consumption and conversion time,
but must be done with care (1 or 2
interpolation stages are usually enough;
more than 3 is extremely tricky).

L With technology scaling routing/parasitic |
contributions to propagation delay are ==
becoming more and more pronounced

. Transistor Active Area (Diffusion)

. Transistor Gate (Polysilicon)

Contact (Poly/Diff to M1)
 Routing of timing critical signals must be
done with care

Metal 1

Via 1 (M1 to M2 connection)
 For ps-level designs device mismatches Metal 2
(both systematic and statistical) can have

major impact on the performances

€1 A #~|TECHNOLOGY INTEGRATED . .
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Some design considerations
O Simpler is better | 130m COS elay eII (SH): 130nm CMOS Delay CeII (RCX)

u Align ment between interpC)lation Stages iS 2 i Simulated (RCX) Voltage-Delay Characteristic at different process corners ,
. . . (TT, SS, FF, FS, SF) and temperatures (-40°C, 25°C, ), with Vdd=1.2Vv /

not trivial and must be done with the '

precision of the final resolution.

= Stacking multiple interpolation stages one
after the other allows for reduced area,
power consumption and conversion time,
but must be done with care (1 or 2
interpolation stages are usually enough;
more than 3 is extremely tricky).

] De|2y sl ;

IU
=
123
Qo
(=}
N
8
ol
3
>

L With technology scaling routing/parasitic
contributions to propagation delay are
becoming more and more pronounced

Control Voltage [V]
N 12

J Routing of timing critical signals must be 5 Delay Cell (RCX)
done with care ; ~* Worst Case: SS @ VDD=0.8V & -40°C
- = ‘ Typical: TT @ VDD=0.9V & 27°C
O For ps-level designs device mismatches [§ e FF @ VDD=1V & -40°C

(both systematic and statistical) can have -
major impact on the performances

393.2372m| ® 412.3111m T [#638.4976m

313.9139m| ® 334.4148m ©471.6225m

€1 A 7/~ |TECHNOLOGY INTEGRATED . . ere
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Some design considerations

O Simpler is better

= Alignment between interpolation stages is
not trivial and must be done with the
precision of the final resolution.

= Stacking multiple interpolation stages one
after the other allows for reduced area,
power consumption and conversion time,
but must be done with care (1 or 2
interpolation stages are usually enough;
more than 3 is extremely tricky).

L With technology scaling routing/parasitic
contributions to propagation delay are
becoming more and more pronounced

J Routing of timing critical signals must be
done with care

 For ps-level designs device mismatches
(both systematic and statistical) can have
major impact on the performances

1 A #~|TECHNOLOGY INTEGRATED . .
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vV

222 R

>

1
Ha
R
Ha
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Some design considerations

L Simpler is better = Statistical Mismatches:
= Alignment between interpolation stages is . Altiroc Delay Cell S ==

not trivial and must be done with the

‘s . . Mismatches - Monte- N2} -
precision of the final resolution. ; Propagation

Carlo simulations: : ~  Delay of the Slow
= Stacking multiple interpolation stages one delay Cell “ Delay Cell
after the other allows for reduced area,
power consumption and conversion time,
but must be done with care (1 or 2
interpolation stages are usually enough;
more than 3 is extremely tricky).

L With technology scaling routing/parasitic
contributions to propagation delay are
becoming more and more pronounced

Altiroc measured LSB dispersion per channel:

' Routing of timing critical signals must be e e tbplbe 0o
done with care 21
8 205
( For ps-level designs device mismatches 2
(both systematic and statistical) can have 195
. . 19
major impact on the performances 7 RS =0.35ps ater toning
0 5 10 15 20 25 30
Channel number
. Before After
" Tuning Tuning

O A | N OaY ecToRaTE | E1REUIYS  Bojan Markovic Calibration is a must; tunning capabilities desirable 31



[ ] . .
5 250000 40 = Systematic Mismatches:
= — The idiscontinuity always appedrs for the same width valug and is attributed o~~~ |
% T a discontinuity of the programrt:mable width generation on the FPGA board ; 35
20000 — ; i ; ] .
—— =y oo - Altiroc TOT TDC:
15000 —sb=160.0+0 e s
— L 1 —20
10000 — = —l 15
— chil2 —~ ]
- e ] 10
5000 — T — a3 a4 Q32 f
T r 5 > >
- s R STOP ‘ ‘ r
g UUD I .I I Il I Il | Il Il Il | Il | Il | Il I Il | Il I Il Il [ [......-.I
v A i

15ize

Some design considerations

Altiroc TOT TDC Characterization:

TOTC

[dac]

 For ps-level designs device mismatches
(both systematic and statistical) can have
major impact on the performances

Systematic mismatch shown in parasitic extracted simulation

INTEGRATED
CIRCUITS

DEPARTMENT

€1 A /> TECHNOLOGY
ke NS | INNOVATION DIRECTORATE

Bojan Markovic 32



delay [ps]

Residuals

Some design considerations

* Altiroc TOA TDC Characterization: .

100
21000 =821 ch12 Q=-1 90
20500

20000
18500

Systematic Mismatches:

80 « Altiroc TOA TDC:

18000
18500
18000

tp_fnst tp_f(r.st tp_fﬂst tp_fust tp_fast
— FN

17500
17000
16500

[R¥IV)
80
60
40
20

-

SB=19.2+0.0

'||||||||||Jl

» - * - - - o
e n”-"o.- oot -‘.ﬂ... ,.'v"..,.o-o.qp'.-o et et "

-20 Cpar _|

~40

T[T T T[T e I||III||I|I|||III|I||I||II||I|II||III|I||I|III
#

-III|III|IIIrIﬂ|III|III|III|III

—
na -
=

80 100

=
]
[an]
~
o
[=}]
o

TOA [dac]

 For ps-level designs device mismatches
(both systematic and statistical) can have
major impact on the performances
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Some design considerations

O Simpler is better

= Alignment between interpolation stages is
not trivial and must be done with the
precision of the final resolution.

= Stacking multiple interpolation stages one
after the other allows for reduced area,
power consumption and conversion time,
but must be done with care (1 or 2
interpolation stages are usually enough;
more than 3 is extremely tricky).

L With technology scaling routing/parasitic
contributions to propagation delay are
becoming more and more pronounced

J Routing of timing critical signals must be
done with care

 For ps-level designs device mismatches
(both systematic and statistical) can have
major impact on the performances

1 A #~|TECHNOLOGY INTEGRATED . .
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= Systematic Mismatches:

B. Markovic, S. Tisa, F. A. Villa, A. Tosi and F. Zappa, "A
High-Linearity, 17 ps Precision Time-to-Digital Converter
Based on a Single-Stage Vernier Delay Loop Fine
Interpolation," in IEEE Transactions on Circuits and Systems I:
Regular Papers, vol. 60, no. 3, pp. 557-569, March 2013, doi:
10.1109/TCSI1.2012.2215737.

W gL

o L Ll b e o 19 11§ M1 QL slin il <t

START Channel STOP Channel orientation vertically
orientation same mirrored compared to bias DLLs
as bias DLLs
10ps Nominal Resolution
30 T T
E I Standard deviation for T=10.8 ns
[ Resolution of the START interpolator 25
ol S A A N | < Resolution of the STOP interpolator | 771 |
01 187 19.5 19.2 20 18.8 -
815 14 136 3
10+ o
75
51 -
0
1 2 3 4
Chip N°
Not all systematic mismatches always show in parasitic extracted simulations
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Some design considerations

O Simpler is better

= Alignment between interpolation stages is
not trivial and must be done with the
precision of the final resolution.

= Stacking multiple interpolation stages one
after the other allows for reduced area,
power consumption and conversion time,
but must be done with care (1 or 2
interpolation stages are usually enough;
more than 3 is extremely tricky).

L With technology scaling routing/parasitic
contributions to propagation delay are
becoming more and more pronounced

J Routing of timing critical signals must be
done with care

 For ps-level designs device mismatches
(both systematic and statistical) can have
major impact on the performances

€1 A 7> TECHNOLOGY INTEGRATED . .
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= Systematic Mismatches:

Horizontal Flip:

Vertical F|Ip‘ N

* Good layout practice for matching sensitive circuits:

Horizontal FI|p
Current Flow
«  Keep gates with the '
same orientation

. Qse even numbe{r of Vertical Flip:
fingers per transistor "

35



Linearity Improvement: Sliding Scale Technique

[1] C. Cottini, E. Gatti, and V. Svelto, “A new method for analog to
Ideal Converter: BRE0) Binl Bin2 Bin3 Bin4 Bin5S digital conversion,” Nucl. Instr. Meth., vol. 24, p. 241, Aug. 1963.
[2] E. Gatti, P. F. Manfredi, and D. Marino, “Analysis and
characterization of cyclic-scale compensated analog-to-digital

Real Converter: Bin0 Binl Bin2 Bin4 Bin5 Bin6 converters,” Nucl. Instrum. Methods, vol. 165, no. 2, pp. 225-230,
Oct. 1979.
O Regular Converter: O Sliding Scale [1][2] / Dithering
Measurmentl: Result = Tmeas - Tadd
=Bin4 — Ri
TOAX : n Taddl TOAX : = Bin5
Bin0O  Binl Bin2 Bin3 Bi4 Bin5  Bin6 Bin7 Bin0O  Binl Bin2 Bin3 Bin4 Bin5 Result=5-0=5
Measurment2:
TOAx ;o Tadd2 : TOAX in7
< > < = >
Bin0 Binl Bin2 Bin3 Bin4 Bin5  Bin6 Bin7 Bin0 Binl Bin2 Bin4 Bin5 Result=7-2=5
Measurment3:
=Bin4
TOAXx : Tadd3 ., TOAXx . = Bin6
< >: S sie >

Bin0 Binl Bin2 Bin3 Bin4 Bin5  Bin6 BinO Binl Bin2 Bin4 BinS Result=6-1=5
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Linearity Improvement

O TDC with scrambling/dithering logic: O Wave Union TDC (often used in FPGA
implementations to overcome large bin sizes) :

LOOP FILTER pco

> 6 [ HQUANTIZER—{_ )1 Fico

STOP

f wWave Union Launcher

COUNTER

Delay Element

J) | | | | —e STOP
FRACTIONAL ey " -
~L Frer '

. 5“’% O Stochastic TDC (exploits mismatch and jitter to
perform dithering):

TDC SCRAMBLING

O Asynchronous START and STOP signals (requires 2 interpolators): r,,m,,\_'D > >— o> {>°J
¢ T ) 'O-'-'n el *é-n o 'é-u a
START STOP rPe P c rvc
.- v, v v,
T: FOHe o |tOHe o FOHD o
-« [ Y
START ! sToP Pe - T c
1 : EI T v, V. .
T § 5 E : S‘T.ART—-)T P OO0 o ||"OHr ofh -OHo oh
_ ck ' ; o : ) ?J_L‘ . the . tPe . the
Reference — gt H : H : S . - . <
Clock | : : . : P : | . : :
Slock | — s : .. ?
IIIIIIIIIIIIIIIEIllll[lll.||||||||||: : : .
START Interpolator code widths L,I_lLLJ.I.LLU_LLu_LL.iLLLlLdU..&..h.U.Lﬂu_LU P P
. START Interpolator code wi t: s <d <l see <
OO IO I oI o N S

STOP Interpolator code widths
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HEP timing ASIC example: Altiroc ASIC for ATLAS HGTD

: EC LARG )
: - Cryostat
Outer rin : : :
Peripheral ‘ .
Electronics
Double sided
layers Inner
ring
Moderator/
Outer part
Moderator/ . Back cover
Inner part &
CO2 cooling \\\
manifolds &
|
€1 A 7~ TECHNOLOGY INTEGRATED . .
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High-Granularity Timing Detector (HGTD) for ATLAS Phase ||

* High-Luminosity Large Hadron Collider (HL-LHC) beginning in 2026

* on average 200 interaction per bunch crossing » Pile-up challenge

* High-Granularity Timing Detector (HGTD) for pile-up mitigation

« z: +3500 m
2 layers per side
* z MBTS enveloppe: 75 mm

I

ATLAS |

EXPERIMENT

€1 A /> TECHNOLOGY INTEGRATED

Radial extension:(active area)
* 11 <40 (R= 120 mm)
* 11>2.4 (R =640 mm)

Barrel I ITcer - 1;_:" v 7,
lorimet
Toroid Solenbid Detéctor 7 /Liquld-Argon
Calorimeter

Baseline:
* Time resolution :
0,=30 ps per track over
the lifetime of HL-LHC
» Radiation hardness:
3.7x10" n_/em?, 4MGy
* Granularity :
Pad 1.3 x1.3 mmZfor
occupancy <10% pad
* Thickness
50 um, 35 um is being studied.
Nu of channels : 3.54 M
» Active Area: 6.3 m?

D= MN\S | INNOVATION DIRECTORATE | S/RCUTYs — Bojan Markovic

Placed in the forward region, between the Inner Tracker and
the endcap of EM Calorimeter

2 disks, 2 layers/disk containing modules with sensors and on-
detector electronics

Time resolution: 30 ps
Granularity (<10% Occupancy): 1.3 x 1.3 mm?

50 um thick Low Gain Avalanche Diodes (LGAD) n-on-p Si
detectors

39



HGTD electronics: general architecture

Detector front-end Peripheral on-detector electronics
ePor\Tx 320, 640 and 1280 Mbps ePortRx 10.24 Gbps )
el | N CML 10.24 Gbps

Altiroc | Flex(upto74cm) |pGBT VL+OM |—> fiber FLEX cable

\ J \/
HV wire bony\

Electrical components

N

sensor

Modules assembly
plate at inner ring

LGAD 2x4 cm?

Cooling/support plate

2 ASICs
{Sﬁpacer

Bump bonding

ASIC wire bonding

Final ASIC: 2x 2 cm?, 1.3 x 1.3 mm? 225 pixels (15 x 15 matrix)
* Module: 2 x 4 cm? LGAD sensor + 2 ASICs

80% module
overlap

20% module
overlap

Amm 20 mm
- —

— * Disk: double-sided, modules mounted on both sides (3 952 modules per disk)
20 mm il >xem  * 2 disks ‘ total: 7 904 modules; 15 808 ASICs

R<320mm R>320 mm

1 A #~|TECHNOLOGY INTEGRATED . .
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ASIC requirements

* ALTIROC (ATLAS LGAD Timing Read-Out Circuit) - Front-End ASIC for LGAD sensor readout and time-
measurement of each hit of events selected by LO/L1 trigger with a resolution smaller than 30 ps/MIP

Key requirement: Time resolution per track, combining multiple hits, is 30 ps at the start of lifetime to 50 ps after 4000 fb-1 => Time

resolution /hit must be < 35 ps at start and 70 ps at the end of lifetime.
Main contributors to time resolution

Maximum jitter (G 25 ps at 10 fC at the start of the HL-LHC and 70 ps for 4 fC at the end
2 _ 2 + o2 452
TDC contribution <10 ps Ohit— OLandau ¥ Oclock ¥ Oelec
Time walk contribution <10 ps with G-ézlecz J’]'%ime walk T O}Zitter + JT%DC
Clock contribution <15 ps
|TDC conversion time | <25 ns |
|Clock phase adjustment | 100 ps ‘
Capacitors  Resistors Wire bonding

PAD size 1.3 x 1.3 mm? x 50 um => Cdet = 4 pF N \ forHv,
ASIC size and channels /ASIC 2x2 em®  15x15=225 channels/ASIC . \ 4
Single PAD noise (ENC) <3000 e- or 0.5 fC Wirebennt =~ Flex PCB _ Assemblin it

- nsulating glue
Minimum threshold 2 fC Sensor “f
Dynamic range 4 fC to 50 fC S 802 0 828200 8 fumpberig
TID Tolerance 2 MGy (inner modules replaced after each 1000 b, middle ring after 2000 fb™) ASIC designed in CMOS 130 nm
Full chip SEU probability < 5% [ hour
|Trigger rate (latency) ‘ 1 MHz LO (10 ps) or 0,8 MHz L1 (35 ps) ‘
le-link driver bandwidth | 320 Mbit/s, 640 Mbit/s and 1,28 Gbit/s |

Voltage and Power dissipation per ASIC | 1.2V and 300 mW cm™ => 1.2 W/ASIC (225 ch) or 4.4 mW/channel and 200 mW for the common part
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ALTIROC1 architecture

1.3 mm
*  ALTIROC1 = Second ALTIROC ASIC prototype with 25 complete FE channels to readout 5 x 5 sensor
cells of 1.3 mm x 1.3 mm (6.5 mm x 6.5 mm) + Phase shifter
* 3 labsinvolved & Full-chip Integration), SLAC (Digital part: TDCs, DLLs & FIFO), -
w
SMU (Phase shifter) 3
e  ASICsize: 7 x 7.5 mm?, fabricated in TSMC 0.13 um CMOS technology
Channel 1§
/ Hit Flag_1 bit
19 bits Serial
H 25 x 24 bits
TD(';‘::THM TOT _time (9 bits )+ = = b,\'r,\4 "
o o= 2 3 bits " x 3
Input PA o R:éwl;:' ;.]:) ‘Ih-hugging :[t::;::: :_( N i ;;1]:]:]‘ 225 channels Serializer ’
Input Ctest 2 - (I-‘ll-‘Di El i . X bits 19 hit
picos generator Threshold | = mg‘o’,\m) TOA_time (7 bits) 12t —’ H
Range=2.5 ns
Bin= 20ps
:::.ll:l:n(-.;llmllll.wr i T i / i(JMEU.\I)ESIl;N /
& 40 MHz Clock Write @)
40 MHz Clock
S—— Vih 108 DAC D SLAC DESIGN
-_ i i
shifter Receiver ~
SMU DESIGN
A g D
320 Mz 40 MHz Clock
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ALTIROC?2 architecture

.)I. Triggered Hit Matched Hit ;“ . . . .
e e e b ALTIROC2 (225 ch): Pixel digital part
TOW Time to Digital Toa H
— L'ur'vu'l';:rn :33‘:’:;:1 Sns == ‘ —

: Configuration
| ANALOG FRONT ENO e mem i | o Hit buffer: SRAM 1536 x 19 bits

ALTIROC2 pixel: Lon1 - Circular buffer to store timing data for each BC, until a trigger arrives

\H Analog FE (same as Altiroc1) + DIGITAL PART = - Data= Hitand TOT and TOA bits, only in case of hit to save power
~ 4 - Control unit to handle R/W pointers

» Trigger Hit Selector =

- Each received trigger associated to a trigger tag

- If data stored in Hit buffer related to received trigger, TOA/TOT data + trig tag
J J I' : stored into Matched Hit Buffer

*| Matched Hit Buffer: 32 positions FIFO

- Control Unit: looks for data related to a trigger event when requested by the
End Of Column

- Matched flag handled through a priority OR chain. Pixel at the top of the
column with highest priority

- Synchronous readout at 40 MHz

Config.

Hit Data Lurninosity
Formatting Data

Formatting * Luminosity process unit
- checksif hits are within 2 programmable windows

Registers

Trigger
Table
BC

Counter

Hit Data Serializer

" — ]

[ 12C configuration registers

| 1|}

fast command elink  320MHz clock  12C link 320Mbys, 640Mb/s or 1.28Gb/s saomb/s elinkto  All these digital blocks are integrated in Altipix prototype, first tests in July 2020
from |pGBT from IpGBT elink to IpGBT IpGBT
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TOA TDC

e
-

SLOW DELAY LINE J B E—— T
Wtrl_slow - : I 20 7

TDC Output Code

START

STOP \
> )

Overflow Bit [V]

!

Wtrl_slow Wtrl_fast

Power Consumption per clock period [W] "

FAST DELAY LINE

. Cycling configuration used [ E— ]
in order to reduce the total -
number of Delay Cells. 5 LSBs 2 MSBs

« Resolution: 20ps
« Range: 2.5ns -. S S ST ST "N
e 7 bits

=] 1} 1 | gl
T i e e e el e e el e m e ]
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[OT TDC

Delay Line with Vernier Delay Line Interpolation

Coarse Delay Line: range: 20 ns

Vetrl_coarse (160ps) bin: 160 ps

out_3z

Vetrl_fast (120ps)

Local STOP

Cyclic Vernier Delay Line
range: 160 ps
bin: 40 ps

Local START

Vetrl_coarse (160ps)

5 Bits

€1 A /> [TECHNOLOGY INTEGRATED
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2 MSBs

0 5n 10n

=" Coarse DL Output Code (LSB = 160ps; 7bit)

Wernier DL Output Code (LSB = 20ps)

IID8Output Code (LSB = 20ps; 10bit)

Overflow BIX[V]

Power Consumptign per clock periéd (W]

onl  ConversionTime [s]
| AU
AN

e Interval [s]

T T T T T T

15n] R,
| TR
O AR PRRARRNNRANYT
| NSNS
1 i
1]

PPN

| e ————ad NECAR g K |

]
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RN
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Altiroc1 Testbench (1/2)

TESTBENCH

~¥, 7 mm

Setup: ASIC board (ASIC alone or bump bonded onto sensor) + FPGA board

Charge injection (0 up to 50 fC) using ASIC internal calibration pulser controlled by emd_pulse input, generated

by the FPGA, synchronous to 40 MHz clock

ASIC alone: Cd=4 pF can be set by SC to mimic sensor capacitor

External trigger, width and delay tunable by 10 ps steps : used to characterize the TOA and TOT TDC alone

Tests at system level: need to add interface board to filter FPGA
signals (3 MHz noise DC DC converters) => Vth could be set < 2fC

ALTIROC1_V1, ALTIROC1_V2: testbench measurements (ASIC alone or with sensor), irrradiation tests, testbeam

ASIC Common part

Variable 1 dac
0 to S0 pA
{G-bit DAL pulser)

Pixel Channel

8SC parameter = ON_ctest<pivel>

l'\\ step = -R*Ldac l
—l_ in_pixel

DC=R* I dac
in_ctest i
PAD 5
cmdp pulse SK
e 1

i -

cmdn_pulse

= &l
Ctest Bump
200 (F

SH_Cd

CLPS Rec

PAD

SC puaraweter
II:I

L

i
+pF

ql-l-\\o INNOVATION DIRECTORATE

INTEGRATED
CIRCUITS

uuuuuuuuuu

#>| TECHNOLOGY

Bojan Markovic

46



Altiroc1 Testbench (2/2

40 MHz clock

cmd_pulse for Delay Code 0

TOA Measurment VS Programmable Delay Value

2000 A

1500 4

1000 4

Mean Value [ps]

500 A

100 +

80

60 4

40 -

N of Measrements

20

TOA itter VS Programmable Delay Value

250

€1 A /> TECHNOLOGY
ke N\ | INNOVATION DIRECTORATE

LSB estimate: 30.197478 ps Average Std. Dev. = 18.296122 ps
60 4
— 50 1@
vl
a e
= 40 1 -
i 0
S3te | &
bl [ (Y
EED-!- ‘é— _ P ) o afn & -‘I
L .' " » I_JWG !’ b g M‘b_’b
10 1 - b - = [ ]
T 0 T T T f
200 250 0 100 150 200
270000 ps] Programmable Delay Value
100 TOT Valid Counts VS Injected Charge
Mean = 966.621284 ps
Std. Dev. = 10.161500 ps | 100 1
N of Events = 100 ]
T 804
E
g
3 60
]
=
b 40
E
201
T T T T T T 0 T T T T
850 200 950 1000 1050 1100 0 50 100 150 200
TOA Measurement [ps] Programmable Delay Value
INTEGRATED

crcut¥s  Bojan Markovic
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Altiroc1 Characterization (1/4)

21000 = R21 ch12 Q=1

o EAltiroc1_V3: TOA TDC vs delay

19000

delay [ps]
|II
aolihnds

-
e —— 60
"t

18500

18000
17500

—d0

— 30

17000
16500

1w
&0
&0
40
20 -

0 ﬁM - ‘.l,. - ﬁﬂ.‘.‘- 'o.. ‘vi‘..n# - .P.- ‘-ﬂﬂ-.qn'v -
-20
~40
~&0

LEB=18.2+0.0

II|IIII|I|I I|I
J

!
doolidi b bl

Residuals

LLL ||| ||
_."
bl

20 40 (10} 80 100

=
na
(=]

-
=]
=
g

iy

Altiroc1_V3: TOA TDC LSB dispersion

22

20,5 .
s V \/
RMS = 0.35ps after tuning

0 5 10 15 20 25 30

Channel number

LSB measured with pulser Q~8fC

LSB [ps]

. Before After
Tuning Tuning
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wiclth [ps)

LSB [ps]

25000

20000

15000 | Isb=160.040

10000 — - —
5000 — e —
R ] 20 : a0 80 : 80 00 10
TOTG [dac]
Altiroc1_V3: LSB vs Temperature
25
® L ® L
0 * b ® o ®
15
LSB stable with temperature|- DLLs operational
10
5
o
-30 -20 -10 1] 10 20 30

Temperature ["C]

10

48



Altiroc1 Characterization (2/4)

_out_preamp simulation

sad 1 MIP = 10 fC
“LGAD input N
. | 152 pA
Altiroc1_V2: TOT vs Qinj Irac input I Altiroc1_V2: TOA vs delay
§120_ L ] M:_ Qin= 10 fC '@‘3:"'%'"I""I"""""":
B, C ASIC alone e 842500350 . 1ps = - :
O 100 — O 25— -
5 T L Jeoszmons : = E <TOA>vsdelay °
s " g TOTcof Ch4, Cd =4 pFvs Qinj ] ' e Py 3
O - e 1042450322 C ]
IMBIR - for several boards 1 E ]
60— —+ 1142450374 1.5 -]
40; .& é. 12 4 2450 326 .Ii_ _;
- al ] !a! 80_ L L O B S O B S S L B S B B S A | ‘i‘ 05:_ _:
20,_: ] % 70 litter ~ 25 ps (55 ps) for ASIC alone (ASIC+sensor) at 4fC r ASIC + sensor ]
B ] ] L 1 n ]
T s = - E _ ] PRI NV R [NV WY AT T AN M N AT W N AT o BT
0 10 20 30 40 50 5 6ok i L ALTIROC alone C=4pF Dirac (testbench) E Go 0.5 1 15 2 25 3
QIfcl oo @ ALTIROC+sensor Dirac (testbench) ] Delay [ns]
- ]
50 :_ 5 O ALTIROC+sensor LGAD (testbench+simulation) _:
Altiroc1_V3: Jitter vs channel (ASIC alone) B _ ) , , ] Altiroc1_V3: Jitter vs channel (ASIC + sensor)
40F C QO Estimated jitter using LGAD signal,J
B 1gg§' L L E oo o  using calibration data and simulatiof J'ttersnaDAc_G'S'Sfc
& ~E = Allchannels ON E 30 0 3 . .
s % Only one channel ON E S ] o 0 ] S .
E y 3 o 0 ] a0
705 E 20 * 5 . ‘2 0 4 ¢ ¢ = . . .. .
6O~ Qinj =5 fC, Cd = 4 pF E - ¢ ¢ ¥ B 0 00 0]f Wy =, °
50E- = 108 ¢z o .
40;— —; E ; % 20
3068 e 3 I..' 3'.: ... = 0'.| L PRI P IR ! w||'§
20} . y = 4 6 8 10 12 14 0 Jitter @ 3.8 fC : between ~ 30 and 42 ps for most of the channels
10[- =
OEr P I S S S E T S S S R 3 0
0 5 10 15 20 25 0 s 1 s 2
Channel Nb ch number
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Altiroc1 Characterization (3/4)

Altirocl _V2: TEST BEAM measurement

_| lllllllllllllllllllllllllllllllllllll T T T T T T
B Before Correction: ¢,=58.3 +1.6 ps
250
B After Correction: 0,=46.3 + 1.4 ps
200~ HGTD Testbeam
- November 2019 Time difference between
L T LGAD+ALTIROC1 and Quartz +
150:_ @DESY L, SiPM before and after TW
B correction
100—
2 300 B
g 501
3 TOA vs TOT -
£ et
<

100 200 300 400 500
A(TOALt__ [ps]

Time resolution= 46 ps => electronics jitter 39 ps after substracting Landau

—gOO “400 300 200 100 0

HGTD Testbdan — ; 2 _ 2 2 2
Novemb:zgfg - ﬁuctuat;ons (25 ps) Onit= OLandau * Oclock * Oelec
-l — oo New interface boards designed after this TB => jitter should be reduced by
Limited region for TW correction due to TOT 1 yre 1o o 35 % and so electronic jitter contribution should be 26 ps in testbeam (36
disconitinuities as soon as TOA busy signal . .
is output. Selved in Altiroc1_V3 pPs for time reso’lunon)
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Altiroc1 Characterization (4/4)

Irradiations tests with Altirocl V1 (June 28-July 8, 2019)

CERN facility, TID up to 340 Mrad, requirement: 200 Mrad max

Preamp amplitude for various input charges Jitter measurement on scope (not measured with TDC)
= I A e e R 1.5 T T . =
.E. 140~_ .: ] 3_5; 1 4_:_ ~15% degradation in iitt'eraltZI\nﬂGt,ur . =
Q [ T Fo—— . E i . E
3 120 - |' TR 2 s Ve e Zatans 3
% C ! 1w ~E [ .t--_--'.'."; 2”0 .
<EC 100__ : _: & 12: ‘1“ o .:-"l;. :"-.: '*.n" >
|._ 1 1 11__ oy .'\ :.-:'. :’. -‘.‘z. .-." I . =
{_% 80 ‘_:Il-l-——h—-—__q_.- .J —— . E '..- '\':, ) ..?t 1“‘._ ; I E
B ' eem Tl |
S 60 . = Jd —_— ] 0.9" I e Vth =380 E
i 5 s I ] = e Vth =391 ]
o | = =

40 - aqinj=s5.21C | P 0.8¢ : * Vih=23%0 :
F§ O : ] 0.7F . « Vth =397 i
20— Qinj =10.3 fC : - . s
© 4 Ginj=20.11C : | " . 0.6 I . Vth=387
— ; B E— — I 3 —— I E Ly L 1 [ L 1 1 1 | R
VoS s 2 25 3 35 O gletyE s s
Irradiation [MGy] Irradiation [MGy]
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Conclusion

O Many different architecture and methods for time-to-digital conversion exist.

O Counters are usually employed together with ‘fine’ measurement techniques to achieve long ranges together with
ps-level resolution.

O ‘Fine’ measurement techniques include:

Analog techniques (TAC+ADC; Dual-Slope Pulse Stretching + Counter)
Pulse Shrinking

Time Amplifiers (SR latch based or Cross-Coupled Delay Line)

Delay Line / Multiphase Clocks

Delay Interpolation: resistive divider, multipath cells

Vernier Delay Lines (cyclic, ring oscillator, 2D, 3D)

Linearity improvement: sliding scale, wave union, stochastic

O Delay Elements are usually implemented as Voltage-Controlled Delay Cells (Current-Starved or Shunt-Capacitor)
and their delay is stabilized against PVT variations using DLLs or PLLs

O Interfaces between interpolation stages, signal routing, effects of mismatches are critical at ps resolution levels

O TDCs are part of a bigger (HEP) system; performances at the system level are what counts!
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Thank you for yvour TIME!
T IN CONCLUSION: THERE IS NO SINGLE ||
% UNIVERSAL TIME, RATHER THERE EXIST
5, AN INFINITE NUMRER OF TIMES, . ||

_EACH SPECIFIC TO A DIFFERENT PL&CEJ

25 O]
ek ¥ Y §

ol
Lexaﬁ%ﬁ?ﬁﬁh?éﬁbﬂg %oﬁ‘ﬁ%J [pum, | DON'T KNOW WHY YOU

N TIME (S (MPOSSIBLE. CAN'T JUST SAY “SORRY M LATE”

/ LIKE ANYONE ELSE.

b_
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