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|. Introduction

* Plenty of readout ASICs for photosensor read-out...

Chip name group year Technology | channels | Application
FLC_SiPM OMEGA 2004 BiCMOQOS 18 ILC HCAL
0.8um
NINO CERN 2004 CMOS 0.25um 8 ALICE TOF
MAROC?2 OMEGA 2006 SiGe 0.35um 64 ATLAS lumi
SPIROC OMEGA 2007 SiGe 0.35um 36 ILC HCAL
PETA Heidelberg 2008 CMOQOS 0.18um 40 PET
RAPSODI Krakow 2008 CMOS 0.35um 2 Snooper
BASIC Bari 2009 CMOS 0.35um 32 PET
SPIDER Ideas 2009 CMOS 0.35um 64 Spider rich
© W. Kucevisz (Krakow)
e New members: STIC, Petiroc, Citiroc, ToOFPET,

PACIFIC, etc
& 1CCUB ?:
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|. Introduction

 Many of them are designed for specific applications
— Of course... they are ASICs

— However it means that the readout architecture constrains
the use of the chip to particular systems

* For instance many of them are designed for PET applications and it
becomes difficult to use them elsewhere

 The goal of this talk Is not to present one more ASIC

e But to discuss how to build different FE systems for
different applications based on ASICs which provide
— Flexibility
— High performance
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|. Introduction

 Our approach combines:
— An ASIC performing key analog functions

— A digitizer that can be adapted and optimized
for a given application

ADC
+ Analog
n ch Memaory
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|. Introduction

e This digitizer can

range from: Fast digitizer
: ADC
— A high performance — pvalon
waveform sampling e n ch Memory
system (SCA) Frioger X
= Many examples: DRS,
NECTAr, SAM, etc FPGA based TDC
— A TDC based on a low
cost FPGA —~ FPGA-TDC
n ch n ch ToT
= 10 ps resolution is _ ToA
pOSSible Trigger
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|. Introduction

 Regarding the ASIC: what key analog
functionalities should it perform?
— Impedance adaptation

— Current mode approach for timing
= High speed & low noise

— Input voltage control (for SIPMs)
— Shaping )
— Summation __ Section Il

» To build large are photodetectors (|\/| USIC Chip)
— Discrimination
— Time-over-threshold (ToT) __ Section IV

= Linearization (FlexToT chip)
= Low cost digitizer (FPGA TDC) i
17 October 2017 LIGHT17 #1cCuB P
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|. Introduction

e Must say we did not invent this approach...
NINO

15 Jum 2013

17 October 2017

Chip designed by CERN group for ALICE TOF RPCs
[ E Anghinolfi, P Jarren et al, NINO: an nltora-fast and low-power front-end amplifier/discriminastor ASIT designed for the
multigap resistive plate chamber. NIM A, 2004, %l. 533 page 183-187 |

8 channels amplifier and discriminator
Common grid current conveyor, high speed differential discriminatos
High speed time measurement (10 ps), Amphtude thirough time over threshold techmque
Pd =25 mW/ch, Bannfactured im IBAM 0.25 um

[ ———————

W ran ' e
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|. Introduction
Must say we did not invent this approach..

r CEHN TOE ad'.l"*m: -\H

NINO For PET

,r
|'|

5.E. Bnmmner, MW, Despe . E. Gamstti, M. Goeettlich, H. Hillemanns, P Lecog, T, Meyer, E Powo v,
Williams " iltiplier [S1PH
203 [EEE Nuclear .‘1-:1n=1|r-2 F.',1'1|1n:;1|'.1|| 1"n|'|-2|'-2|'-:;~ iecord, p. 1212 and WNIM G617 ¢

Differential connection of NINO to SiPM
[INO followed by CERN 25 ps HPTDC

IR SEagH DL

] e Dutie
W“_--—-‘-—-
Qul=iL) =

Tima walk| [ Hon Fnear function
of the charge

Cautput of Ning

Qutd-{t) |

15 Jum 204 CoLl PFHOTODET COMFEREMCE
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Il. PACTA: High Dynamic range Preamp (da..

e CTALST and MST (NECTAr) cameras LST cluster

— Based on PMT at low gain(40k) 4

— Requires high dynamic range preamp
= From single photon to > 1000 pe
High BW
= Low noise

— Readout is based on a proven concept =

Waveform sampling at > 1 GS/s
= Analog/digital trigger

7-PMT Slow

cluster control DRS4 readout board
Preamp . .
+di di
i D
Test Highgain | DRS4
pulse DAC
gen. _D_ DAC _
Temp. ||| | Low gain | DRs4 Gigabit
&Hum. ADC Ethernet
Sensor | ~l transceiver | |
PMT 7 Trigger: i
Cockcroft- — ADC |> Anal_c_g L0&L1 || =2
Walton or Digital LO EPGA /O %
HV ' DAC DAC connector|és)
T
CPLD ||| HV voltage set, Test pulse gen.
V, 1, temp., humidity monitor | SRAM

& @ nopmen
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Il. PACTA: High Dynamic range Preamp

‘ cherenkov telescape amay

W QFN32 package N R : _ 100
Back from foundry Oct. 2012 i

. G,
Single phatoelectron at

e Double transimpedance gain:
1.2kQ) (HG) and 80 Q (LG) 2 MJH[W — AW
« Dynamic range > 15 bits N ve e
. N — 1 -—Vo-1G
» -3 dB bandwidth of 450 MHz . L
(gate) ht.ii:gi? WIth.l af
 Low input referred noise: 10 W
pA/NHz E% WA
* Noise (ENC): 4700 electrons T ¥<yerhe
li+ |t —Vo- HG
* 10 ns of integration time g } -
| \j\v’\a
2400 chips for the first LST i
camera - C Entries 100000 |
C Mean 1.2686e-11
00— RMS 4.753e-11
. . - x2 I ndf 14441117
15000 chips being produced for 2s0F v 26013 6T0m
next LSTs and MSTs cameras - N 1estertie o 0%e 14
8 200 136201047 .505e13
G | 5150:— Oz 4.6?8&1119_2119—13
BN PACTAV1.4 chip 2 mm? 5 B setriaman
i - 1.037e-10 + 1.123e-11

= = = & E o=

J very low PMT gain: 40K

Loy 2o | [«10

&
-
=
c_
-
[=]
[ ;8]
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Il. PACTA: High Dynamic range Preamp

Transimpedance gain (integral of

the pulse) and linearity
HG about 1 KOhm
LG about 50 Ohm

— Relative non-linearity error <2 %
= 100x(Meas-Fit)/Fit

Relative linearity error [%]

Relative error of the integral of the output pulse

10

-6
1 - ®- High Gain
-8 —
| —e&— Low Gain
-10

Input peak current [A]

17 October ZU1/

Integral of the output pulse [Vs]

Transimpedance gain (charge)

‘ cherenkov telescape amay
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Il. PACTA: High Dynamic range Preamp (da..

o Tests with SIPM PACTA [
— Low Zin current mode circuit are well suited for SiPM cL
readout vb -

— DC coupling without external components Tsim | L
— We just took an available MPPC (S10931-050P) —

Vop=Vb-HV

= 1V overvoltage J7
— Recovery time seems to be dominated by internal SiPM ng DC coupled
time constant l " SPmbisswihon
-Hv chip circuitry

PACTA SiPM HV70.73V ch:l 1.71V Ti 30ns Statistics

Entries 100000
Mean 2.837e-09
RMS  1.853e-09

sl 10
12 14

1330 Mi-5.86n 72p |

L, 0 excrimvoia
o & MaRia
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I1l. MUSIC: Multipurpose SIPM RO chip

 SIPMs are replacing PMTs in many applications

CTA-SCT (dual mirror)
cta-us.physics.ucla.edu
inspirehep.net/record/1306235

D. Fink et al. “SiPM Based
Focal Plane Instrumentation
Prototype for the MAGIC
Telescopes”, PD15, 2015

T. Montarulli et al. “The small size telescope projects
for the Cherenkov Telescope Array”, ICRC2015

 Dedicated FE electronics is needed to fully exploit SiPM performace
« We present a multipurpose chip integrating many of those functions:

MUSIC
& ICCUB 93
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I1l. MUSIC: Multipurpose SIPM RO chip

e Front end electronics for SIPM Is needed to:

— Shape the input signal

= Large SiPM recovery time constant may cause saturation or
distortion because of pile up

» Pole-zero cancellation or high-pass filters are often used

Response to 50 um 6x6 mm~”2 SiPM single cell pulse
1,2
1
308
c
o]
& \
o 0,6
©
8 \
T 04 —No PZ
£ PZ
= —
0 T - u T L !
0,0E+00 5,0E-08 1,0E-07 1,5E-07 2,0E-07 2,5E-07 3,0E-07
0,2 -
Time (s)
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I1l. MUSIC: Multipurpose SIPM RO chip

e Front end electronics for SIPM Is needed to:

— Preamplify for SNR optimization

= Even if “nominal” gain is in the order of 10° only a fraction of the
charge is used for fast read-out systems

* The “effective” for a fast system can b
lower than the nominal gain

een 2 and 10 times

( Cq o Rfr:rﬂd C'd ET' o )
fot Rq Cq-'_(-.d'

o _
3 Vs _ \CqR,)  increasing with Rq and 1/R__,
B o — ~ -
[ Ve CaCuiRieg) (and Cq of course)
(o ¥t
E x\ Increasing C_/C, or/and R_/R,__.
= N — spike enhancement
i T Dayr— S ~ better timing i
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I1l. MUSIC: Multipurpose SIPM RO chip

* Front end electronics for SIPM is needed to:
— Impedance adaptation: low input impedance for fast systems
— Low noise front end is required for large SIPMs

SiPM capacitances range from 10s pF to more than several nF

Equivalent Noise Charge
9E+5

s Series noise < 2 nV/sqrt(Hz)

: = | Lz L. Parallel noise <20 pA/sqrt(Hz)
; | _ - |
— o —l—-— e & B6E+5 -
_ - | 5 SES
20 S 5l S 4E45
O
=] | = Z 3Es5 ’///—No PZ, High Zt
! _”/ PZ, High Zt
1E+5 -
OE+0 ! !
1.00E-11 1.00E-10 1.00E-09 1.00E-08

Sensor capacitance (F)

— Equalize over-voltage in SiPM arrays (not always needed)

L ? EXCELENCIA
4 MaRIA
' ) DE MAEZTU
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I1l. MUSIC: Multipurpose SIPM RO chip

e Front end electronics for SIPM Is needed to:

— Combine (sum) the signal of several SIPMs

= Typically SIPM size ranges from 1x1 to 6x6 mm?*
= To replace a PMT in some application SiPMs signals need to be added
= Low noise FE electronics becomes mandatory !

7 % SIPM 1x PMT Equivalent Noise Charge ‘
. 9E+5 . .
18 mm diameter Series noise < 2 nV/sqrt(Hz)
6Xx6 mm?2each 8e+5 -~ —1Ch — pgarallel noise < 20 pA/sqrt(Hz)
7E+5 —7Ch |
-y = 6E+5
| S sk | |
z E SNR=5 for a 2-10° SiPM nominal gain
E 4E+S  rnnennmbnnnnnnnnirinhrindnonnnecnnnrionhnroinnnho@nonnhonnrerionnnndicd
% 3E+5 -
2E+5 -
1E+5
* OE+0 - - -
7x7mm2 and some custom 1,00E-11 1,00E-10 1,00E-09 1,00E-08
Sensor capacitance (F)

larger SIPMs exist

OutputNoise . s i MCLUB P55

17 OCtOber 2017 a2 LIGHT17 ENC= Cha‘rge Gain Institute of Cosmos Sciences



I1l. MUSIC: Multipurpose SIPM RO chip

« MUSIC 8 ch ASIC integrates all those functionalities

| Individual channel
| amplification with adjustable
pole-zero cancellation (analog)

Power Down
PZ Shaper - 8
SE Driver 4 Qutchi
+
_ — PZ Shaper [—{ HAB. I:| Fast OR
SiPM Discriminator
chi EEa - | 8, \ N\ OR
- } / Trigger
ZS Current for slow
integration
(HG) Current

s _"___'.___.___.: Switch (HG, LG)

: r‘jJ_[/L'; LT:MLK" | 8 |

I ™ | | (LG) | curent > PZ Shaper - (HG, LG)

I X Xne  Xnp Xne  Xng | Switch L] ,8 \Diff Dr@ SUM
. + i

|
I Current mode input stage for I — Diff output
L SiPM anode readout

Gain control
Anhode voltage control
Sensor switch off

17 October 2017 LIGHT17 & ICCUB P
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I1l. MUSIC: Multipurpose SiPM RO chip

e Output for a LCT4 MPPC ( 3x3 mm?)

File Control Setup D g er Measure Math Analyze Ulilities Demos Help :.|n57, mﬁ

TECHNOLOGIES | we |l —

0.0 kpts [~~~ (8,40 GHz |()[-525.0 mv

File Control Setup Display Trigger Measure Math Analyze Utilities Demos Help

brunt m @ : |20.0 Gsa/s ||1.00 kpts

|:-°::Jﬂ 20.0mv/|[63.6mv @0 |

No Pole Zero
FWHM = 100ns

SEDj [EXLAA | SEIW SWL

5B |E2ILIDA | SEIAW AL

ePole Zero NN __
FWHM = A - _ —

23am 103 ns. 153 ns 2a3ms 303 e 353

6ns SANRC 2 @i v @7 3

Mean | Min | Max | Range (Max-Min) | Std Dev Count
223707 s W0307Mns 9661027 ns  7660Tadns 101613120n 2348
1E5MImY L0 mV 351297 m¥ 350238 my 12126 m 2348

. 46.5 ns 495 ns 52.5 ns . . 70.5 ns
@ |[3.00ns/ |61.5051 ns '

"®) Results (Measure All Edges)

Measurement | Current Min | Range (Max-Min) | Std Dev | Cou
5.04653 ns 5.2689198 ns 4.63594 ns 17.96875 ns 1333281 ns 633.2735 ps 37

apeloiojo]

7 ICCUB ¢
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IIl. MUSIC: Multipurpose SIPM RO chip

e Charge spectrum for a LCT4 MPPC ( 3x3 mm?)
» Pole-zero cancellation

» Excellent resolution with FWHM of 5 ns
300

250 -

Y —

..................................................................................

Counts
[=]
[§)]
(=)

100

-0.5 0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5

Charge (C) le—12 ﬁ)’lCCUB o
17 OCtOber 2017 LIGHT17 Institute of Cosmos Sci



I1l. MUSIC: Multipurpose SIPM RO chip

« MUSIC 8 ch ASIC integrates all those functionalities

| Individual channel
| amplification with adjustable
pole-zero cancellation

Power Down . . .
(discriminated)
PZ Shaper - 8
SE Driver >4 Out chi

SiPM
chi Th

_ 1 PZ Shaper o HW\ FaSt O R
H Discriminator I/

OR
Trigger

Current for slow
integration

(HG)

Current

s _"___’.___.___.: Switch (HG, LG)

: r‘jJ_[/L'; LT:MLK" | 8 |

I ™ | | (LG) | curent > PZ Shaper - (HG, LG)

X Xn Xn,  Xn. Xnq | Switch | ] ,8 \Diff Dr@ SUM
. + i

|
I Current mode input stage for I — Diff output
L SiPM anode readout

Gain control
Anhode voltage control
Sensor switch off

P
17 October 2017 LIGHT17 & ICCUB
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IIl. MUSIC: Multipurpose SIPM RO chip

e Output for a LCT4 HPKK MPPC ( 3x3 mm?)

— Picosecond laser
— Pole-zero cancellation
— Single Photon Time Resolution about 100 ps (@ 5V OV)

1200 SPTR of MUSIC-RED with LCT4 for threshold 392 and V = 57.0

— LCT4 MUSIC-RED Single Photon FWHM: 268.3 ps
1000 1 photon

| o-

7~ Laser trigger signal
: 600nm, 50 ps FWHM

0 5 10 15 20 25 30
Delay (ns)

‘ — LCT4_MUSIC-RED SPTR: 119.9 ps

45 50 55 60 65 7.0 7.5 8.0
17 October 2017 LIGHT17



IIl. MUSIC: Multipurpose SIPM RO chip

» Dark count rate staircase plot (no laser signal):
— Scan the rate of the SiPM signals that are over a certain threshold

* With and W|thout pole Zero cancellatlon

17 October 2017

® e o |[CT4- PZ Optlmum Vov = 4V
J 0 ' ® o LCT4-NOPZ-Vov =4V
10 \.\
| ]
]
]
- . \
I
£ Sy
3
S 10°F .'..
10} Nh
ape
-
o[ LCT4 HPKK MPPC e
] 2
3X3 mm .ﬂ.... ]
e @
-1 1 | 1 | | |
10 0 20 40 60 80 100 120 140 160

Threshold (a.u.)
LIGHT17
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I1l. MUSIC: Multipurpose SIPM RO chip

« MUSIC 8 ch ASIC integrates all those functionalities

Power Down

PZ Shaper

SE Driver

Summation of 1 to 8 channels
with double gain (high dynamic
range) and tunable pole-zero

cancellation

chi Th

__ l—— PZ Shaper + HAB. I: |
SiPM Discriminator

+

8

Fast OR

7

Outchi

OR

L/

Trigger

Current for slow

integration

(HG)

Current

dL__ LI Il _______ Switch

| X n; X n X np X Ne
I Curfent mode input stage for
L SiPM anode readout

Gain control
Anode voltage control

| y\ g T
1T '
: ::‘J_’\q—L':\ L‘;—I"i: : (LG) | current

Xng | Switch

[o2) \\‘}og

(HG. LG)

PZ Shaper

(HG, LG)

;

Diff Dr@
+

SUM

Diff output

Sensor switch off

17 October 2017

LIGHT17

L ?mcm—.\'m.\
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I1l. MUSIC: Multipurpose SiPM RO chip

 MUSIC configuration: the adder takes only 1 channel
— Pole-zero cancellation: trade-off between resolution and speed
— High transimpedance gain (MUSIC)

700
600 f--r-oovoorroo oot G13360. 6050 SiPM
: 6x6 mm?2, 50 um cell
500 -““““““-““? ----------------- 1 2 nF CapaCItan Ce 0.40 : Qccalculzationfor\l=59.0 ;
7 Vv overvoltage 0.35 L
D800 R T | | %
= L 025) /"/ I
° 3008 O & 2 1 : /
. | : ] 1
200}t-------- - . ! | - _________________;__________________,i ____________ 5 0,10 /// R S S S
100 ________________ ) ) - ___________i[_““_____________; ____________ 0.00 ) - /.// S SRUR NN BN NN SR
' ' ~0.08 7 0 1 2 3 a s 6
Photons
(1) -
-2 0 2 4 6 8
Charge (C) le-13
b 4
17 October 2017 LIGHT17 & ICCU B
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I1l. MUSIC: Multipurpose SiPM RO chip

 MUSIC configuration: the adder takes 7 channels
— Noise is much higher (sqtr(7))
— But pe (cell) peaks can still be identified

450
400
350
300

J 250

c
5

S 200

150

100

50

_______________________

______________________

17 October 2017

_____ 7V overvoltage

2 a
Charge (C)

— Channels have been equallzed by MUSIC anode ctrl voltage

|
813360 6050 S|PI\/I
6x6 mm?2, 50 um cell
1.2 nF capacitance

_______________

______________________________________________________

____________________________________________________

____________________________________________

_______________________________________

6 8
le-13
LIGHT17

1 x PMT
di ~ 6x6 mm?
18 mm diameter each
0.25 Qc calculation for V = 59.0
0.20 /',,/
| | | ,/./
//)' |
e
ad
0.05 /
0.00 /"/
,/
-0.05

-0.5 00 05 1.0 1.5 20 25 3.0
Photons

3.5

& ICLUD 7%
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I1l. MUSIC: Multipurpose SiPM RO chip

* Dynamic range for S13360-6050@6V overvoltage

* Optmized pole-zero cancellation

* High gain path output

* Response for n input channels (signal injected in n channels)

Transimpedance gain W/O normalization (peak to peak)

o) 10

Q

>

o 1 ~ Reponse

% independent on

- the number of

o 0,1 active channels

% Summation
works

8_ 0,01

45‘

£ 0,001

O 1 10 100 1000 10000

Input signal (photoelectrons) «— 1z numb%‘!f’é
Ei ' ? Lr_.xr.[.\
17 OCtOber 2017 LIGHT17 Institute of Cosmaos Sci B i



I1l. MUSIC: Multipurpose SiPM RO chip

« Dynamic range for S13360-6050@6V overvoltage:
— Optmized pole-zero cancellation
— Low gain path output

» Response for n input channels (signal injected in n channels)
* The bi-gain system allows to achieve a dynamic range of > 1000 pe

— Dynamic range limited by signal injection circuit

Transimpedance gain W/O normalization (peak to peak)

o) 1
Q
S
Reponse

o 0.1 independent on
O ’ the number of
fe) active channels
> .
i ch x1 Summation
o 0.01 E"“ %2 works

h x4
E— --<-gh is
-
£ 0,001
@) 1 10 100 1000 10000

Input signal (photoelectrons) Total ”“mBﬂ@@UB s

Institute of Cosmaos Sci



I1l. MUSIC: Multipurpose SIPM RO chip

« SHIP experimentis a new general-purpose beam dump facility at the SPS
(CERN) to search for hidden particles
— Predicted by a very large number of recently elaborated models of Hidden
— Dark matter, neutrino oscillations, and the origin of the full baryon asymmetry
* Reconstruction of the HNL decays in the final states: i «', u—p* & e '
’ - Requires long decay volume, magnetic spectrometer, muon detector
‘ and electromagnetic calorimeter, preferably in surface building
— — Magrat yoke
'O' 5 - . W‘H . ::
SHiP
Search for Hidden Particles Oosny ohvms
« Long vacuum vessel, 5 m diameter, 50 m length
Background from active neutrino interactions
becomes negligible at 0.01 mbar . z -
10 m long magnetic spectrometer with 0.5 Tm \| z,/-:jf, /)
dipole magnet and 4 low material tracking chambers Vv e
Tracking chamoers
17 October 2017
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I1l. MUSIC: Multipurpose SIPM RO chip

SHiP

Search for Hidden Particles

-

5m

| R

17 October 2017

A

10m

Timing Detector in SHiP

Cast plastic with light collection
by array of SiPMs

¢ [orthe TD of size 5 m x 10 m with a bar
I00cmxé6cmx1cm

- 5c¢olx 182 row =910 bars =>
- 910barsx2=1820ch =>
- 1820 x 8 = 14560 SiPMs

¢ The resolution at 50 cm is ~140 ps => we
can use with 1 m bar and 2-side readout to
be within 100 ps.

50cm tgar, test wfth cosmf’cs

= =
o =

Time resaluticn [ns]
=

0.04

0.02

3|
B
&
W) ]

) EXCELENCIA
MARIA
% DE MAEZTU
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I1l. MUSIC: Multipurpose SIPM RO chip

Bar and sensors for ToF/ND280

front side
¢ Bar: 230cmx6cmxl1cm '

¢ Plastic material: & i _ dE
3200 (BC408) or EJ208(BCA12) T —
- Attenuation length ~4 m back side
- 1.42 kg/bar

¢ Readout from both ends

v

- 8 sensors of 6 mm x 6 mm
- Example: S13360-6050PE

Plastic not to scale

17
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I1l. MUSIC: Multipurpose SIPM RO chip

e Timing sub-detector test beam with MUSIC chip
— By Univ. Geneva & Univ. Zurich
— MUSIC in summation mode (8 6x6 mm”2 SiPMSs)

=  Bar read-out at both ends

— 2.5 GeV/c muon beam at the CERN P

— Readout with Wavecatcher
= Fast analog memory (LAL & IRFU/CEA)

=
.
]

Time resolutio¢yins]
!:l [}
m -

o
—

0.0aF=s"

0.06—
C —&—  Bx3iPM array-1
0.04— —B—  Gx5iPM array-2
= —&—  Measurement of mean
0.02— —%— ‘Weighted mean
D T | 1 | | 1 1 | 1 1 1 | 1 1 1 | 1 | 1 | | | | | | | 1 | | 1
1 20 40 G0 a0 100 120 140

w [erml

Measurements with the 150 cm x 6 cm x 1 cm bar.

Time resolution as measured by the SiPM arrays at
both ends of the bar as a function of the interaction
point along the bar.

© A. Kornezev (Univ. Geneva) e
17 October 2017 LIGHT17 & |CCUB 95
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I1l. MUSIC: Multipurpose SiPM RO chip

e Studying the possibility to develop a beam loss monitoring
system based on scintillating fibers
— Collaboration with Alba synchrotron General idea:
— Fiber along the beam pipe or in selected regions
— Losses are detected by a rate increase

— With timing information, additional postion information
= Preliminary results: 20 cm resolution for a 2 m fiber of 1 mm diameter

1800
E Centre
1600 N +20cm |
El +40cm
1400 mm -56cm ||
Il +60cm
1200 [---oommmdmmemmee MR W]
21000 - e M
c
3
8 800 - h - R - - SRR
600 [ dooooooohoo R oo - SRR MR - R oo
400 -k R - - - R, R oo
200 [---rom oo - - - - - R R - - - o]
-20 -15 -10 -5 ] 5 10 15 20 25
Delay Time (ns)
) m‘cr;LExr[.\
17 October 2017 Thanks to C. Joram (CERN) for providing SciFibers & |ICCUB ?:
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. PACTA: High Dynamic Preamp
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V. FlexToT: linearized ToT RO chip
V. New developments

5 I CCU B ? o
ﬁ' MARIA
y DE MAEZTU
Institute of Cosmos Sciences

17 October 2017 LIGHT17



V. FlexToT: linearized ToT RO chip

o Joint project with CIEMAT to develop a time-over-
threshold ASIC for SIPM based PET
— ICCUB: expertise on electronics and microelectronics design
for detector FE

— CIEMAT: expertise on PET and medical imaging
iInstrumentation

FlexToT

16 channel
SiGe BiCMOS 0.35um

Aaustriamicrosystem
10 mm?
3.3V (10 mW/ch)

fE==>— sICcCUB®=

3“":‘;" “““““ - Institute of Cosmos Sci

17 October 2017 LIGHT17



IVV. FlexToT: linearized ToT RO chip

* A Flexible ASIC for SIPM RO (PET, SPECT, Compton)

— Novel current mode input stage ol mn
— Time resolution for ToF ] :'m o
— Time over Threshold RO ]
Ous k Vigo | G [~ " J L Energy
= No ADC W | 5 g~ |
SiPM array T J\k_ D o OLe N

common cathode) I

SATURATION IP )
Servoctrl CoNTROL T H o Peak
7y IR peiloror -® L
g Ml:ll__l M2

: Qf Typical signals
—|__MIf ,1 ; : ;
C | - ~N ; | | © 15 | f’— Time
Dl | e e ' ;| |
| Va_ref | = ' s ’ :
| +—0 | I /

St e
e

[

Energy
Pile-up

e 2 N o
B o oRoMeo okt noineen

[y

Voltage(V) Current(mA) Voltage(V) Voltage(\V)

N Xne Xnp le07  0e+00 : 7
LIGHT17 E:‘ﬁ"ﬁ RS, C”fft ’lCCUB?

rg«us Mesaanbannie tute of Cosmaos Sci
Albgian

17 October 2017



IVV. FlexToT: linearized ToT RO chip

 Why FlexToT is flexible?

— Different scintillator time constants
— Trading-off resolution versus rate
— Accurate analog processing directly connected to FPGA
» TDCs and signal processing are in FPGA: reconfigurable !

1 1
] . ! )
- First e
: {12C, JT.\\G}
| |:|—| M2
1 : :::
E 2 : ::: lhrl:;ahdt:‘l: k—y Control
| I
| | I
\ I
1 .
1 I L
. ; FPGA
- |
: : Logic Unit
|
|
Trigger & timing
E-ﬁ E8 i Clomat
& rpiticas, Medcanbeenmies
TDC
(Fast)
& |ICCUB ?:
17 OCtOber 2017 Institute of Cosmaos Sci




IVV. FlexToT: linearized ToT RO chip

High Gain Low Gain
[
e Configurable ToT ool
— Non-linear vs linear w v ’,‘[‘_'m g I o
— Tuneable feedback current )
= Rate vs resolution /hm
n |,
Common base
(gate) stage with Energy
current division n:1 + TDC (slow)
Th
>+ :
Time st
Thr— -
AMPLITUDE 1 , ————
"ToT1.dat’
09} Threshold Level = 1% ‘ToT2.dat——-
. . . _,----"":ToTS.dat: ------
e Classical ToT is non-linear 0 ToTédal oo -
. . . ; 0.7 //, . e -
— CSP+Shaper+Discriminator EA o
6 05 / ; . 7]
3 ’.' ,'_
w 04 H 7 K " 40% -
= o
= 03K ! , -
TIME T
0.2t / ,-"‘ o
o1f [ L780%
0 | [ ] L ] 1 1 1// 1 ]
0 10 20 30 40 50 60 70 80 90 100 110
HEIGHT (a.u.)

d = )
1 PR 4 ? }E“E:::E?.TL
al=p) Orita, NIMA 648, 524-27. 20011 =& U D 1




IVV. FlexToT: linearized ToT RO chip

4000

1600

* No linear ToT may degrade .|
resolution

 Linear ToT is possible

— Used in Medipix, Timepix,
Dosepix ASICs family

— Also proposed for PET ol

3000

2500

2000

Counts

1500

1000 H

— Tuneable feedback current

T

Il 1 1

T T T
'03~20RT1.txt’

Non linear 4 1200 Linear ToT R
TOT -1 1000 ]
7 E 800 ]
(@]
. 600 7
7 400 |+ 7

T T T T
'"ToT_graph0421_2dtot.dat’
-1 1400 -

Orita, NIMA 649,

S24-27, 2

(IFB) °
= Rate vs resolution

A
Q ViCpq
Q/Crs ToT — |_ - tl—
FB FB
~(Ire/Crg)-t

Trot i

| | | 1 al |

0
100 200 300 Ch4°°| 500 600 700 800 100 150 200 250 300 350 400 450
anne Clock Counts
High Gain Low Gain
I
SATURATION|
CONTROL
CIRCUIT
e Fﬂtw o B P
1 I
7 FB
Al
Cr
n |1
Common base )
(gate) stage with Energy +
current division n:1 + TDC (slow)
| J The— -
b :
Time Fast Current
Discriminator,
Thr -
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IVV. FlexToT: linearized ToT RO chip

20

=
ul

(%)

error

-10

-20

17 October 2017

Good linearity and uniformity
— With only comparator threshold offset equalization

Different operating ranges can be covered

=
-

=
s

Linearity scan measurement

T T

<l

R[]

n 1e-06
] 9e-07
- 8e-07
- Te-07
- 6e-07
= 5e-07
] 4e-07
-+ 3e-07
4 2e-07

< 1e-07

10
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0.004
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LIGHT17
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IVV. FlexToT: linearized ToT RO chip

e Spectroscopy with linear ToT

Sources spectra

T T Na T
800 | Nag —— -
Cs ——
Csjp ——
n Co ——
700 | U Coft —— -
A\ .
600 - f /\f\ Co 173 =1491 ]
Cosigma 173 =95
Copy 3% =1717
500 COggma 22 =6:4
g
= Nay,, ! =53.6
2 400 |- Negigma 21t -=6.7 .
o
300 L -
Cs 52 =75.9
200 [ CS yigiia 3= 6:6 -
Na,, 127° = 166.
100 - Naggma 27> =35 .
0 J'\ﬁ_./\\
0 50 100 150 200

TTVIDAD

- S“:T‘ ":‘: - Institute of Cosmaos Sciences

EXCELENCIA
e &ICCUB °®:
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I\VV. FlexToT: linearized ToT RO chip

Coincidence Time Resolution (CTR): 128 ps FWHM
* 2%2%5 mm3 L50:Ce,Ca crystals.

° . * Measurements performedin a black-box at15 ecC.
Measured @ CERN. * Coincidences correspondingto 511 KeV photopeak (£30).
— Single Photon Time resolution (SPTR)
— Coincidence Time Resolution (CTR) e s semilitor oyl

— Supported by FAST COST ACTION m -
= Many thanks to E. Auffray and S. Gundacker |

Ma radicactive source

Silicon photomultiplier

— Similar results as for NINO but 3 times lower S
power consumption | 0000
. SiPM= S13360-3050CS %0 Coincidence Time Resolution (CTR) test bench setup
250 4 ® SPTR sigma (ps) NINO 451 FlexToT v2 jitter
A SPTR sigma (ps) FlexToT 40 700 3
’3“ ] $133660-3050CS + LSO:Ce,Ca (2x2 x5 mm”)
~— 4 354 —
= 200 - 600 - R
g, 150- A 8% "UC-}' f \ mean = 212.5 ps
E . E 254 g) 500 - 123 ps FWHM
K 100+ “ E’?: i; 400-
» . . = .
o L ] T
o, o . £ CTR: 123 ps
0 T T T T T T T T :
59 60 61 62 3 5 10 15 20 s Z 2004
number of photoelectrons
Voltage (V) . 100 -
SPTR=90Ds Jitter floor: 7 psrms
j— T T T 1 L T T T
p -0,6 -0,4 -0,2 0,0 0,2
FAF r Time (ns)
A LIG HT i Cmﬂt ) EXCELENCIA
s comp wome,  Clomal & ICCUB %35

17 OCtO ber 20 17 Fast Advanced Scintillalor Timing o % D‘EW MO0 s "‘:::“;‘a':"""“’ Institute of Cosmaos Sciences




I\VV. FlexToT: linearized ToT RO chip

* Pisa University has develpped a FPGA based

TDC readout for FlexToT

— Based on Arria 10 FPGA
= TDC: 38 ps resolution

— System CTR: 116 ps FWHM !
— Energy resolution: 8 % FWHM @ 511 KeV

P. Catra,
G. Sportelli

2 LYSO xtals 3x3x5 mm3

: NUV-S1iPM
— Dead time < 5ns
30000f — O p—>100.205, fwhm —> 116.25
% FWHM=8.8 D p—>-0.00865478, fwhm —> 115.722
Relative frequency 25000 O p—>-99957 fwhm —> 116.152
o 20000} -
n u CTR: 116
ol Ge68 spectrum 15000} A {1 ps FWHM
8.8 % FWHM 10000} nEsaps
0.005¢ - Bl -
0 == R o = —— Time (ps)

—3|00 -200  -100 0 100 200 300

H HH HH H H I ‘ Timing distributions for different source positions
_______ il I Tica=omow i 11 111\

Tl T GOBERND MINSTERIO Ciemat £ ?;\\rﬁl}ua o
17 October 2017 LIGHT17 E: ik W & ICCUB i
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Outlook

Introduction
. PACTA: High Dynamic Preamp
II. MUSIC: Multipurpose SIPM RO chip
V. FlexToT: linearized ToT RO chip

V. New developments
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V. New developments

e FE electronics must have low
jitter to achieve good timing I
— Low noise

_l'Jl ||Ji I||,| !
— High slew rate: dV/dt \ /

= Not only high BW !

o

* High BW and low noise are the B
key for low electronics jitter ( J
threshold

dr
« Differential readout can help in:

— Increasing dV/dt (if coupled to a
differential sensor)

— Rejecting common mode noise T Example: NINO ASIC

S _ _ See C. Williams talk at NDIP2014
— But intrinsic noise increases:
problem for SE sensors

C. De La Taille, Photodet conference, 2012

& I cc U B ? L
&' MARIA
. y DE MAEZTU
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V. New developments

 NINO is a FE chip used in many applications

— “Old design” in 250 nm
— Could gain a lot in BW (dV/dt) and jitter by scaling down the design !

Maximum GBW versus channel length L

GBW n
Vgg¥r * 02V
GHz I
| o -
I
10 p=3
65 nm / e
or16 x
f
0.25 um // GBW = ﬁ
<2GHz o1
10 nm 100 nm L T m

W. Sansen, "Analog IC Design in Nanometer CMOS Technologies,” _
17 October 2017 VLSI Design, 2009 22nd International Conference, 2009 -yB o



. New developments

e Collaboration between CERN and ICCUB to

develop a 65 nm FE chip optimized for timing
applications A
— First user meeting was held recently: M. Campbell
R. Ballabriga
= Please let us know if you are interested J. Fernandez

» Different types of fast photo-sensors:

— PMTs and MCPs

— SiPMs

— New structures: Typsy, LAPPD, micromegas, etc
e Use previous concepts:

— Current mode

— Flexibility and configurability
— Linearized ToT

) EXCELENCIA
4 MARIA
% DE MAEZTU

17 OCtOber 2017 LIGHT17 Institute of Cosmas Sciences


https://indico.cern.ch/event/646451/

V. New developments

 Why do we need to improve time resolution?

Direct 3D PET

<20 ps gives mm
resolution !

 Enabling direct 3D PET event localization eliminating
the need for statistical image reconstruction.

— Recent results: 100 ps time resolution barrier can be broken

— A new technological breakthrough is required to achieve
direct 3D event localization

) ? EXCELENCIA
d MARLA

1 ) DE MAEZTU
Ins

titute of Cosmos Sciences



V. New developments

° HOW to aCh|eve |t? http://iopscience.iop.org/article/

10.1088/0031-9155/61/7/2802/pdf
CTR; glps] with 14=40ns and LY=40 000ph/MeV

SFE::] 6600 I L
) PDE=33% CTR [ps]
of the sensor for a k 100
single photon O IO
! | :
: 6.6
New developments in
photo-detection and —_— .
FE electronics ' T | 1
.8 8 80ps 800 8000
1 » T [ps]
Scintillator rise time (light emission)

SPTR <20 ps !

New scintillators: prompt light emissio o
17 October 2017 (CherenkoMetiight, nanocrystals) 3ICCU B



V. New developments

| PMT*_| SPAD | aSiPM_| dSPM_| MCP _

70% ~45% ~25%
0) 0)
PDE 35% (blue) (green)  (olue) (blue 35%
SPTR 200ps 20ps 80ps B3mm2) 120ps‘: 20ps
L Excellent SPAD tlmlng resolutlon Is degraded

by the current aSIPM and dSIPM architectures:

DCR ] i

Interconnection, skew, etc
ENF 1.1 1.0x 1.1 ? 1.05
el Good lower lower lower Good
hardness
Reliability/Life Good Good Good Good moderate
MEGETE (el bad Good Good Good moderate
tolerance
VTSRS Good Good Good Good Good

sensitivit
FAY;T Fast Advanced Scintillator Ilmln
17 October 2017 A COSTuszION (TD14101) . % 1CCUB ?:i



V. New developments

* No detector Is yet valid to reach a SPTR of 20 ps !!!

 The problem can not be solved only by FE
optmization

« NEW SENSOR+FE system is required !V

5 I CCU B ? o
ﬁ' MARIA
y DE MAEZTU
Institute of Cosmos Sciences
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V. New developments

« 3D integration allows 1 TDC per SPAD: no interconnection problem

* Very low power TDCs have been designed (100 uw) S
o

SPAD arrays in CMOS technology §
Research at TU Delft Sl "
(group of E. Charbon): .1—' iy
e SPADnet o L S
. 3D-integration (flip chip) . ._'3 _- ? S
@)

Counter + TDC (30ps) %

N s =

S

]

>

Courtesy of E. Charbon : 7 s 5_5

g

@©

Anyway a typical SIPM has thoum;ands cells
3600x100uW=360 mW (40 mW/mm?)

per cristal/SIPM not affordable !!!!

17 October 2017 LIGHT17 i TG sam



V. New developments

 Two enemies to fight to:
1) Capacitance: Slope (dV/dt) and noise !
2) Interconnection and non-uniformities: TTS, delay, etc

e R&D on new hybrid sensors
— SiPM microcells divided in subgroups

New scintillators

= Each subgroup is readout by analog buffer &

and processed: sum, disc, TDC... Qs‘x J

(2}
— Use best technology for sensor and for J@Q///////
electronics &

= Similar as for pixel detectors in HEP: i

exploit vertical integration technology = —

array

= Cooperation between sensor industry and CMOS readout  spTR ~10 ps

FE developpers is required ! Optical Fiber Link

LIGHT17 e
& ICCUB 90

17 OCtOber 2017 Institute of Cosmos Sciences



V. New developments

 Two enemies to fight to:
1) Capacitance: Slope (dV/dt) and noise !
2) Interconnection and non-uniformities: TTS, delay, etc

New scintillators

HYBRID APPROACH &

For SIPM/SPAD and also
for other techs...

SPAD array
CMOS readout SPTR ~10 ps
Optical Fiber Link

SPTR should approach to the one of the SPAD

— Sensor capacitance is much smaller
— Interconnection can be equalized

Other advantages: high PDE & “clean” technology
&|CCUB 5

17 October 2017 LIGHT17 of Cosmios 565



Thanks a lot for your attention !l

Questions ?

dgascon@fqa.ub.edu

InE UNIVERSITATox
BARCELONA
& P
17 October 2017 LIGHT17 .‘?:tlg(m:yB



I1l. MUSIC: Multipurpose SIPM RO chip

* Input
— Up to 8 pixels (6x6 mm?2 SiPMs)
— Possible to disable each input reducing
overvoltage by 4V

e Qutputs:

e Additional features

] — OR trigger

. « Control

- — Every block and channel can be disabled
oo (power down)
o2 Shaper Elj . — SPI control: gain, PZ parameter, disc th
SE Driver Qutchi

_ || Pz Shaper S HW\ Fast OR

i T :l [ RN OR
ZS } / Trigger

Current for slow
integration

Current

it iy S Sp— switeh L (HG, LG)
I l:
| 8
I ;‘L‘: L‘:\ —I_’< | (LG) Current PZ Shaper I - (HG, LG)
: Xn X n Xn, Xne  Xng | Switch g Diff Dr@ SUM
+
I

Current mode input stage for I = Diff output

L SiPM anode readout | —

Gain control
Anode voltage control
Sensor switch off

& @ napmen
17 October 2017 LIGHT17 & |CCUB i

Institute of Cosmos Sciences



I1l. MUSIC: Multipurpose SIPM RO chip

Extlntegrator

 AMS SiGe 0.35um
BICMOS

e Area: 9 mm?
e 64-QFN 9x9mm package

« Power consumption
between 15 and 30 mW/ch
depending on the
operation mode

e Received in Q2 2016

MUSICR1
TOP VIEW
[Not to Scale)

fiﬁ@#;

3533

? EXCRLENCIA
or wAr?Tu

17 OCtOber 2017 LIGHT17 Institute of Cosmos Sciences



I1l. MUSIC: Multipurpose SiPM RO chip

MUSIC evaluation board 1) Custon card: SIPM_TP1
connector on (bottom)
Two input
Differential Sum methods: 2) SiPM connector (top)
Power supply (HG&LG) Designed for 7 (xx SiPM) +
(DC5V) 1 (yy SIPM)

RisiiErRiiEicHY

oj[0]i"

mac?z c70 -

USB 3 F R slINde
Data & SlowControl

= g T 8 s o | 5
: A L B Ok
o= / o @ng
- c196137
E . R ; cl:im:lasrpm"
e, cizicsy @9
i - E = e )
= ] 7

FPGA

JI3J14J12J11 J1S

WeRed g IH : -
U15 ot i = - -

I S

Designator]

SMA FastOr ; )] [ . = e | o hustc teet pcb

SiPM Supply
Single Ended Output (8 Channels) Voltage

An additional card provides SMA/
LEMO connectivity

) EXCELENCIA
MARIA
) DE MAEZTU

LI G HT17 Institute of Cosmaos Sciences



V. New developments

Analog SIPM

Vbias
Readout ASIC
Ij |j m Discriminator HTDC 9 Time
AP AR

{>J:Shaper— | HADCH Energy

SiPM

Digital SiPM

|Vbias |Vbias
Cell . Cell
Electronics Electronics

Courtesey of T. Frach & PDPC

Recharge - =
rigger || .
> Network TDC >T|me
Photon
> Counter — > Energy

L ? EXCELENCIA
4 MaRIA
. ) DE MAEZTU
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. MATRIX TDC

ISa4cC PS
— 4 input channels.
— 15-ps nominal time bins.
— Jitter: 10 to 20 ps.
— Linearity: 4 ps.
— Power: 11.3 mW / channel.

5 P N
01259 a}f QSP
> D)
&7 & \ad
N N
clk200
A PLL
clk800
/M g
cp|| V™ RIMC » clk800
i (vco)
CLK_REF DCD— PFD SERIALIZER  le_
clk200 =
clk200 —»f
D FRONT-END Fine data BACK-END
TIME<3:0>
READOUT > READOUT N
A
Coarse data
COARSE_RST DOCH COARSE COUNTER
clk800
| SPI SLAVE <
COARSE_OVF SPI BUS IGRST

Technology: CMOS 180 nm

J. Mauricio et alt. “MATRIX: a 15 ps resistive interpolation
TDC ASIC based on a novel regular structure”, JINST 2016.

R0 ROzl

W ? A Y"‘ e %7’-.-:, ? "
v

Rlw s Ad=3» RO<4» RO Al=Es Rl Ts

LY
¥}
(=13 ] A3zl RO«<1= Rl 2w AQ<3w RO=4. RO«<S™ AT 5w RO T

RIMC schematic: an array of Ring Oscillators

910 um

ROWO

ADWAL

ROW 2

ROV 3

ROWAL

L=l ]

AW

Institute of Cosmaos Sciences




INL (ps)

Hh AU O N B O

DNL {ps)

=
o

2.5

15

0.5

-0.5

-1.5

-2.5

Linearity:

200 400 600 800
Phase (ps)
Chip #1 - ChO DNL (calibrated)
°
.. LY ... ... .. . L ... .
o.'...'t‘ 'oo.‘.o ° o.....io o
e’ e ’. o* e . ®e ¢ ... .
° ® o o0 ** e v ““hﬁb
( & 00 o e . o ¢ e ®
° % " ....o ‘.....-.“. il I d
® ® o® o ®  ® we o
200 400 600 800
Phase (ps)

Chip #1 - ChO INL (calibrated)

1000

1200

1200

INL = + 10.2 ps
RMS INL < 3.7 ps

DNL = + 4.7 ps
RMS DNL < 1.1 ps
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=
Measurement Results

« Jitter (pulse generator + MATRIX TDC):

PLL M

TDC Jitter (ps)
Uncalibrated Calibrated

4 9.7 9.3
8 13.4 12.9
16 21.2 20.6

— TDC jitter is dominated by PLL.

= M =4 has a natural frequency (w,) 2X M = 8 and thus jitter improves.

» |mproved by factor > 2 in MATRIXV2 TBC: just recebi,ved
Kyco =VCO gain [72

wn
Icp = CP current [A]
Kyco.l
= vco-“cp M = fb divisor
N M- Cl C, = large loop — filter capg;]l e
& ICCUB 950

Institute of Cosmos Sciences


Moderador
Notas de la presentación
This indicates that most of the TDC jitter is caused by PLL...
  
   - When we move from M=4 to M=16, TDC jitter twices.

   - This is because PLL natural frequency decreases by 2.

   - In conclusion, we can improve jitter in further MATRIX versions by improving the PLL.


#Channels
Resolution
Linearity

Jitter

Power consumption
Dynamic range
Max. Input rate
Dead time
Reference clock
Outputs

Configurability

MATRIX TDC Specifications

4

15 ps (sub-delay), 10 ps (statistical)
<4 ps RMS

<10 ps (v1), <5 ps (v2)

45 mwW

1280 ns

10 MHz (sustained), 50 MHz (peak)
<20ns

50/ 100/ 200 MHz

Individual
e Single Ended
« LVDS

SPI

L, 0 excrimvoia
o & MaRia
% DE MAEZTU
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Other FE ASICs: PACIFIC

 PACIFIC: A 64 ch ASIC for  Collaboration with Heidelberg,

Scintillating Fiber Tracking in LPC-Clermont, IFIC-Valencia

LHCb Upgradeswmm | - TransiSTapgeedance Fast Shaper W-—l Non-linear Flash Digitizer
| 4 NN M Concalltion

2b

[
Thi —
AR
2ot |—“—| S&H
. ;v EI | é i} —"—_L_ Th2 —

NATAY

ﬂi%?&:: % 1" > ;
E rrrrr i C((:)Lrj:vr:;;r p Th3 —
;‘r:ztﬁ';dmr::;fgi;:ﬂrm Interleaved Gated Integrators
o . 130 nm CMOS
e Similar input current conveyor as in FlexToT technology

e Current conveyor with very low impedance input (= 30Q)

— Adjustable gain / dynamic range
— Input voltage adjustment

e Fast tunable shaper

— Pole-zero cancellation to cancel slow SIPM time constant
— A FWHM of 5 ns is achieved for single-cell signal

« Dual interleaved 25ns gated integrator

— Almost no dead time
— Average photo-statistical fluctuations
— Maximize charge collection (25 ns integration)

o 2 bits 40MS/s flash non-linear ADC | - —
« Power consumption < 8mW/channel @ 1.2 V & ICCUB 93
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