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Imaging calorimetry at the International Linear

Collider

—> New detectors with one hundred million channels,
“calorimetry grade”

— Readout electronics: must be highly integrated
(System On Chip) and ultra low power to be
embedded inside the detectors

— Readout ASICs: HARDROC, MICROROC, SPIROC and
SKIROC in SiGe 350 nm technology (AMS) by
OMEGA group (CNRS-Ecole Polytechnique)
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O 1st generation ASICs: FLC-PHY3 and
FLC_SiPM (2003) for physics prototypes

( 2"dgeneration ASICs: ROC chips for
technological prototypes —
v' Address integrationissues R
v' Auto-trigger, analogstorage, internal
digitization, power pulsing
v' Readout architecture common to all
calorimeters and minimization of data lines

& power

v Daisy chain using token ring mode

v" Open collector, low voltage signals
v" Low capacitance lines

1 3rdgeneration ASICs (AIDA funded)

v" Independent channels to perform

Zero suppress
1ms (.5%)

1% duty vl

©) AIDA
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SKIROC2 for ECAL readout OcruE

Heat shield

O « Imaging » calorimetry for « particle flow

SMBV4

algorithm » => 30%/VE jet resolution
R . . % 4 FEV9 BGA
v High granularity and segmentation of the e T
calorimeters oir
d Si W Calorimeter K«w«nﬂvr@
v Active medium: SILICON SENSORS (WAFERS) Lo

v 325um thick Silicon Wafers => 25000e/MIP ie

1 M I P= 4 fC Agencj:\'aliuna]e de la Recherche
v’ High granularity : 5x5 mm2 /4 | \‘

A A

ALIIMAX-HEP

v" High segmentation: 45000 cells with embedded
electronics for the technological prototype

O Final ECAL: 30 layers, 100 M channels

v" Front End boards: crucial element

QO Stitchable motherboards (Active Sensor Units)

U Minimize connections between boards
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SKIROC 2 main features Meqa

* Energy measurement : 14 bits
— 2 gains (1-10) + 12 bit ADC: 1 Mip (4fC)-> 2500 Mip (10pC)
— Variable shaping time from 50ns to 100ns
— Mip/noise ratio > 10

* Auto-trigger on 1/2 MIP (2 fC)
— MIP/noise ratio on trigger channel >10
— Fast shaper : ~30 ns
— Auto-Trigger on %2 MIP

* Time measurement:
— 12-bit Bunch Crossing ID + 12 bit TAC step~100 ps

* Analog memory for time and charge measurement : depth = 15
* 12 bit-ADC, 4k internal memory
* Daisychainreadout

* Low consumption: ~25 uW per channel (in power pulsing mode)
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SKIROC2 Analogue core meaa

12 bit-TDC Ramp | 12 bit-ADC Rampl

P HOLD READ
v Y
| TDepth=15 .
: C2=1.6pF 3 l :
: &l I S—
. o i el o R2=100k E o out_adc
: 1 or 10M Ri=4k  Cl=45pF : —
. % A |_ HOLD E READ b_»
: v : M out_tdc
: i M
! Cf “/ vref ss + | J‘ f U Time,
: f ' |Depth=15 ssh_Gl,
: 400f 8007, 1.6p. 3. 2pF i i : out ssh_G1 X ssh_G10
: C2I—I3pF conversion
! " ! out_ssh_G10
| AN i Slow shaper’.
: in_PA Slow Sh. G10 AN L dgmal el
: RI=22k  Cl1=8pF
| PAC | u _ H (:I D RE?D Gain_selection
| | 1 i>_' Vth gs |,
| vref_ss . . Pepth=15 -
E 100£, 200£. 300f or 400fF E
| TDC on ?
| Gain10 Fast Shaper | (slow control) |
: AN
| 3p.10p. 13 or 20pF 0 HOLD | | Auto Gain ?
! L Forced Gain ?
B vref_fs /- 8-bit Delay Box : (SIO%
q 100ns to 300ns
) ‘“’-tﬂﬂgﬂ 1/ Sel FlagTDCh Ext 7
Forced FlagTDCb ?|
4-bit DAC (slow control)
adjustment .
out_trigger
- ; FLAG_TDC
10-bit DAC 10-bit DAC (from Digital ASIC)

70 mm?
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SKIROC2 digital features

Chipsat i .
| Acquisition — '
ExtSidmaTl (OH36)
| SinwClock t
s .
| |
| |
| |
| |
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W Dlstijm;gge) :
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Common features with Hardroc & Spiroc
(compatibility with any CALICE DAQ system)

— Open Collector token-ring ReadOut

— Multiplexed Slow Control & Probe

— Redundancy on Data Out & Transmit On signal lines

— 2 switchable StartReadOut Inputs & EndReadOut
Outputs :

- to prevent chip failure

Very Complex Digital Part (~10% of the Die)

— Manage Acquisition, Conversion, 15 SCA control,
RAM, 1/Os...

Top Manager

Switched
Capacitor
: Array [ o ]
:Slow shaper signal | _.—.> Analog to Digital 5

: _/_ Converter

:TDC ramp signal

e, 5 A
Registers
Shift 8 1001
¢ Register 4‘ 0111
i 0101
Read-Out
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SKIROC2 PERFORMANCE

Fast shaper

Trigger efficiency
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Time between 2 bunch crosings:
POWER PULSING -
-
, e (L
Requirement: o

. rain length: » Time between 2 trains: 200 ms
O 25 uW/ch with 0.5% duty cycle 2820x33ns=950u s

O 500 pA for the entire chip

Power pulsing:
vdd

e OFF all O Bandgap + ref Voltages + master I: switched ON/OFF

Master O Shut down bias currents with vdd always ON
Ihias ¢ Rbias

{e xterna |) Agencﬁ Nationale de la Recherche|
celpl i .“‘i"" cell SK2 power consumption measurement: A | \‘ I 2
| m.l._“...*w' o) 0 123 mAx 3.3V = 400 mW => 6 mW/ch CALIIMAX-HEP

- 4 Power pulsing lines : analog, conversion, dac, digital
Each chip can be forced on/off by slow control

Master source

MEASUREMENTS
Acquisition | 88 mA, 290 mW Duty Cycle =0.5%, 1.45 mW
Conversion | 27.3 mA, 90 mW Duty Cycle =0.25%, 0.225 mW
Readout 8.0 mA, 26.4 mW Duty Cycle =0.25%, 0.066 mW

Skiroc2 power consumption with Power pulsing: 1.7 mW ie 27 uW/ch
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TESTBEAMSs with SKIROC2

power pulsing mode, autotrigger mode, e- ( 1 to 5GeV)
v’ 4 packaged skiroc2/slab

v Nice event displays Line Length - Sigma
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é structure

(ausuvi beIs)

HARDROC for SDHCAL readout i?;‘:.iwswessm

Semi Digital HCAL: RPC layers
Hadronic Rpc Detector Read Out Chip

— 64 channels m

— semi digital readout to reduce the S _
number of data with 3 thresholds P (L ammyaSicts.7 L0

PCB\support (polycarbor |

* preamp + shaper+ 3 discris + memory i i

— Auto trigger on 10fC up to 20 pC

Cathode glass (1.1mm)

+ resistive coating
Anode glass (0.7mm)
+ resistive coating

Myl 175
ylar € H Ceramic ball spacer (1.2mm)

Glass fiber frame (=1.2mm)

— Full power pulsing

SESSIIISEISINES ST SISEEESEIIES
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HARDROC SCHEMATICS

64 inputs - HARDROC2

ANALOG PART http://omega.inZp3.11/ .
) S Gain HARDROC2

Current preamp with 8 bits gain correct: G=0to 255 Cho: 4 bits channel
(ana|0g G=O tO 2) ANALOG PART 12,114,181/ 16 +Hol{l Read Multiplex
[(Z‘mmcm'rcclion J SLow | - Charge output
§ bits/channel B Shaper _J@_/ -
3 shapers, variable Rf,Cf and gains: 0 |y I
ariab <
U Fsbil,G=%,1/4,1/8,1/16 = | GainPA[ | Bipolar FAST JL —— [ R -
Sl - ( r Do ate — = —
U Fsb2,G=1/8,1/16,1/32,1/64 AP 1 vino RS T- nor64_0
\'th0: 10fC to 100fC HSCTLL Omi“k"| triggerd
3 dISCI"ImIn{:.ItOI"S || s Gain e ASTF—— ot ove 1T YR g
) 3 10bit-DACs to set the thresholds (100fC, 1pC, 12, 148,16 || Shaper 1 | VL P ot | RS :—--
10 pC) ~ Vth1; 100fC to 1pC Omaskl]  piggert
. . { -
(1 Encoded in 2 bits FSB2 Gain  |[Bipolar FAST JL — I {Read Cho_trig2
| | e | Stper2 | Vo2 P2 e | :—-' o642
. ) Vth2: 1pC to10pC Qmask2|  joger2
Auto-trigger down to 10fCupto 10pC .
. triggerl encod0<0=>
R iriggerl .
trigger " ENCODER| encodl<I1>
All channels and BCID stored for every hitin a 127 bit DIGITAL PART o —
deep dlgital memory Common to the 64 channels = = =
) Dataformat : 127 (depth)*[2bit*64ch+24bit(BCID) Dact T Digital Memory L | ORG4
+8bit(Header)] = 20 320 bits encod0<0>
DAC1 | Vthl encodl<0> ¢ WR
10 bits i
R <
872 SCregisters, default config DACO | Vtho : B
O Mask of bad channel S 5 -
asK or bad channels encod0<63>| 128 1 SERIAL OUTPUT
encodl<63=> X transfered to DAQ
. 24 Bit counterBem || 10 during
Full power pulsing: < 10uW/ch 7 P e Inter Bunch J
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HARDROC performance Qme -

100 1O s
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20} 20k ﬁ ~
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o 2% | €100 feg i g
c | 0 3= S N N -t WO N
Q 270 | A B N it S Sl v ot Sl Mt S S S
1 = St LT Pt T WO TS OO
200 [P 1O £C e L1 I 9o S s B B
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i T T o S, T, B, SN o o SO S, T, P § g W s
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(0] 10 20 30 40 50 60 .
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HARDROC in Testbeam

— SDHCAL technological proto with up to 50
layers (7200 HR2 chips) builtin 2010-2011.

— Scalablereadout scheme successfully tested

— Complete system in TB with 460 000 channels,
AUTOTRIGGER mode and power pulsing (5%)

@IPNL Lyon

‘SDHCAL made: Reconstrucied ensrgy vs Beam Energy SDHCAL mode: Relatve resclution vs Beam Energy
= s
8 100 22 4 nat 181.8/10 EE ¥ i naf B7ZINM
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Het 1008 = 0001855 o 0.3~ o 07058 40017
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of e Lo Lo Lo Lo Lua o | Ochll\|\II‘III|II\‘\\I|III|
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POWER PULSING T

Power dissipation

— 1.5 mW/ch continuous

— 25 ps awake time

10 uW/ch = 24h operation of full e e e
slab with 2 AAA batteries ! Pevr 0

Testbeam: 370 000 channels power pulsed (5% duty cycle) m

! wa i
ok h‘.'.l;‘r= i "‘:“!" .‘.!:; LA

"
L
L
L]
2l
£l

r
50 GeV pion - 50 GeV electan
% & # # o .'. T E zZ
YE """l""'l'l::'* 1H ;{-;!;I. ‘:.”1 =
i z Z

L
3

Colours correspond to the three thresholds: Green (114 fC), Blue (5 pC), Red (15 pC)
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MICROROC (variant of HARDROC) Q eda

64 channels to readout a DHCAL equipped with MICROMEGAS

@LAPP Annecy

O Very similar to HARDROC except for the input preamp (@LAPP)
and shapers (100-150 ns)

O Noise: 0.2fC (Cd=80 pF). Auto trigger on 1fC up to 500fC

O Pulsed power: 10 pW/ch (0.5 % duty cycle) ’d@

J 4 Micromegas prototypes of 1x1 m? were constructed in 2011-
2012 and tested in particle beams inside the DHCAL steel
structure in 2012 Shower profile - 150 GeV pions - 370 V

12500

O Very good performance of the electronics and detector in autotrigger 7:
mode and with threshold set to 1fC

—1500
Landau distribution with cuts on the passed thresholds

350 R ERLaEy RREE L AARAD| IS0 T 1000
¥/ ndf 1128/8 | 3 H x°/ ndf 2668/ 177 | ]
300 0 456440040 | 30 0 12074011 |
pl 02119200174 | - | pl 08274+ 00516 | -
EEL - - 500
Hoi"m
200f | ~ .
1500 i 33MIP | 4 10 20 30 40 S 60 70 80 90
iy ] y (em)
n: : LY ]
00§ 1
L
soft
s

3 35 40
charge (fC)
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HARDROC3 Qme -

 3rd generation chip forILD -~
@ AIDA
0 Independent channels (zero suppress): NS
Each of the hundred millions of channels:

will sense that it gets a signal,
will measure its charge on 16 bits and its time to a fraction of ns

and will send its zero-suppressed digital information to the :
reconstruction farms. This scheme is extremely challenging for such large detectors

O 12C link (@IPNL) for Slow Control parameters and triple voting

(d HARDROCS3: 15t of the 3" generation chip to be submitted
— No majorchange in the analog part

— PLL: integrated to generate clocks internally,
— Submitted in Feb 2013 (SiGe 0.35um), funded by AIDA, received end of June 2013

— Diesize *30 mm? (6.3 x4.7 mm?2)
— To be packagedin a TQFP208, will equip 2-3m RPC chambers

— 2013: dedicated to the test of HR3 before submitting other chips
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SPIROC for AHCAL readout

J Analog HCAL:

v 40 layers of 1.5 m2 2 cm thick steel
platesinterleaved with cassettes of 29¢

! G HCAL Base Unit
! 12 x 12 tiles

| &

£
scintillatingtiles (3x3 cm?) readout by ‘8_\ , O?':{EUOC
SiPMs T
HEB

HCAL Endcap Board
Hosts mezzanine

modules:
HLD DIF, CALIB and POWER
HCAL Layer Distributor
Reflector Foil Polyimide Foil HBU Interface
10Cum ASIC 100um pep 500um gap

Sector
wall

800um Top Plate Spacer

Top Plate 600em steel §. 7mim

fixing

TQFP-100
Imm-high

1 FE Chip embedded inside the
detector

v" Thickness:critical issue, mother boards . "
) HBSO:mhhl-gh Bottom Plate  Tile Bo?!T\.:rrh [linner' Absorber
(HBU) are sandwiched between 2 b g 600 Imm e om Plates.
absorber plates

{4.9mm without covers => absorber) plate
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SPIROC main features
! !mega

* Internalinput 8-bit DAC (0-5V) for individual SiPM gain adjustment
* Energy measurement : 14 bits
— 2 gains (1-10) + 12 bit ADC: 1 pe = 2000 pe
— Variable shaping time from 50ns to 100ns
— pe/noise ratio : 11
* Auto-trigger on 1/3 pe (50 fC)
— pe/noise ratio on trigger channel : 24
— Fast shaper : ~10 ns

— Auto-Trigger on % pe

* Time measurement:
— 12-bit Bunch Crossing ID
— 12 bit TDC step~100 ps

* Analog memory for time and charge measurement: depth = 16

e 4dkinternal memory and Daisy chain readout

* Low consumption: ~25 uW per channel (in power pulsing mode)
* Individuallyaddressable calibrationinjection capacitance

* Embedded bandgap for voltage references

« Embedded 10 bit DAC for trigger threshold and gain selection
 Multiplexed analog output for physics prototype DAQ

OMEGA ROC CHIPS - TWEPP2013 19



SPIROC: one channel schematics

Slow Shapet Analog memor

Preamplifier

Gain

Slow Shapef )
}‘ 0.1pF-1.5pF
ﬁﬂ'i Charge
d 0-100ns measurement
Depth 16
HOLD L READ |
IN High gain Fast Shaper —e
Preamplifier Variable|delay I
Discri :
rigger
Flag
4 Depth 16| TpcC
DAC outout 4-bit threshold 1 il
outpu adjustment | | T ] ...
el v
S N 1: Time
Common to the | 10-bit DAC Ve e | measurement
36 channels | 300ns/5 us |
' |
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SPIROC2 performance Q
meagad

50 % Trigger efficiency point vs Q;,,

SiPM SPECTRUM with Autotrigger

z | Trigger at S0fC 8 o o o :
= (1/3 photon-electron at 10°) B ST ragper et loverts -
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60 —% m} E
40 —3 5"“; é
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v Qinj(fC) ADC
Power pulsing measurements on testbench (DESY) (Monitoring of the gain vs wake up time)
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TESTBEAMS WITH SPIROC2 Qme -

576 channel AHCAL layer prototype successfully : St al
. 60000 — _
tested at CERN and at DESY in 2012 - ’r‘ Entries 613925
50000 Mean  -0.1884
40000 Rus (1919
O TDC: First tests of TDC ramps in SPIROC2b show wooob-
promising results zﬂmé
v" Several corrections needed: memory cell and channel wise
offsets correction, chip wise ramp corrections 10000
v' Electronics resolution ~ 2 ns, allows neutrons identification S S S T —
O Multi layer prototypein TB at DESY in June 2013 Time-TDC(interpol) [ns]

threshaold
AL Spec

m ASHS 132

1l

130

:
IIIIIIIIIIII|I|III|III|IIIII

:

g
E
g

i
![
i

i i i
Eon a0 L1

Plivts: Foatja Knlge

o -

OMEGA ROC CHIPS - TWEPP2013 22



EASIROC: SIMPLER VERSION
—/[/ R

| 1 A C'hannel 0
input [/ S Hold Reaq EEEER (analogue part of SPIROC)
in_calib _— + + Multiplexed 1 i

'——>~ %Om—ut. - — 2 multiplexed analog outputs

’ 25-175ns I h h . I . )[t . t t
i} e . - (high gain, low gain) [tri state
inputsgg0 S v At alu,?l':iﬁ:gd 1 outputs]

|__® | Slow Shaper|———" +°Utp—”t. WP e TTi gger output
— 32 Trigger outputs
ON -+
- v I : 32
% 8-bijDAc ] v Lah | — — OR32 output
0- 15 ns s : . .
7 Discri Read O | — Trigger multiplexed output
N Y Outpﬁ“t ourent (latch included) [Tri state
output]
[Gggfi;,*ﬂe(;gg)] {bf%%ﬁ%:’)’g] B 5 R cub LOVV\V/ p(r)]wer : 4.84 mW/channel, 155
. . HG Slow Shaper Ch31_trigger AT~ m /C Ip
[G\;;‘rﬁg\'e(r:)%g)] [Variable Shapingﬂ
Time (3 bits) Common to the 32 channels

SipMed, IMNC, LAL, OMEGA
B

Many applications:

w — Astrophysics (CTA Palermo),

® — Nuclear physics (KEK, Tohoku),
— PET (Roma, Pisa, Valencia),

— Vulcanology (Napoli, IPN Lyon) [ SEEEttite

JPARC
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SUMMARY Qme -

U Imaging calorimetry possible thanks to ROC chips, also
used for many other applications (astrophysics,

vulcanology, medical imaging) i
- LA

A

1 Integration issues successfully addressed with the 2nd
generation chips

y ray camera
readout with Hardroc

(J Complete systems with up to 400k channels run at
system level in auto trigger mode and with power
pulsing

[ 3" and last generation of chips (= completely
independent channels, triggerless) underway

= Intelligence brought inside the chips

= Major change for the next generation of detectors

OMEGA ROC CHIPS - TWEPP2013 24



BACKUP SLIDES
! !mega
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DIGITAL PART FOR DAISY CHAIN READOUT

Ck_40n,ck_40p

Slow control resetb LVDS pin 99,100 Clk_40MHz
967: Sel startreadoutt pin 102 E\T‘Binﬁ:_s?es ‘_ | f h
or2 v 868: EN_OC chipsath SI nals from C | S
e B A : ;
pin 111 ‘
rt_readoutl ] -
5in 110 Synchro WriteEvents O U_’ hipSatb
block State Machine - in 108
: El 1
|
=AM - Dout2b,Open Collector
08 Junch | slow control 128 x 160b — 7 O~ [ pin 105
Ll
S Data ~ T . Dout1b, Open Collector
128 bits 24 bits 8bits{ 160 bits 160 bitgSerlzer |4y ~ 4 fpin 104
Din Dou Slow ¢ 1
encodl_chi) to 63 Addr 872: ;N_O?:“:i?m b
encodl_chil to 63 7 bits Clk 5MHz / 1MHz
Slow control_
RAM address ] Roadout 869: EN_OC_TransmitOnzb
ea
. Counter State Machine ‘* - TransmitOn2b, Open Collector
Signals from DAQ e o709 pintor
From Synchro Block :
. e TransmitOn1b, Open Collector:
—© ‘}CF' pin 106
p
Slow control J
BT0: EN_OC_TransimitOnib
. 0 AN
* Readout architecture COMMON to all calorimeters
Slow control
. H H H B66: Sel endreadout! or2
*  Minimization of data lines & power { A ]
— Daisy chain using token ring mode O/O—.E'I‘:ﬁgd"”‘z
— Open collector, low voltage signals

O_’ ndreadout1
in112
— Low capacitance lines
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MAIN SIGNALS OF THE DAISY CHAIN

(d COMMON to all the ROC chips s 45K
TnggerOut S e : — Rt
Triggerft DIGITAL SIGNALS |Rad »
D Sta rtAcq DHQ.:IH\ Reset* I:cu'cmnlmmds write for l.)'dib)’ chain P gr]?f-]:l)—l(\:;-;z_ =
QO Startacquisition, generated by DAQ D, Q. Clk. Reset* for register read —{CIk_SMH: / 1MH:
StartAcq
= ValExt
o y —_— R:Z(‘hn
a ChipSat (Open Collectorsignal):
U Generated by chip, « 1 »: digital memoryisfull oracqis finished
ASICN ASICO DaQ
D Sta rt Re d d o ut . gidﬂ\ll Réa:(t;lll: - g::.lom Real:(t;‘l]l: '—;‘emom
U Generated by DAQ, start of the readout [ Ena
"] ReadOut
»| ChipSath
D End Readout | Trans mitOnb
U Generated by chip, End of the readout #{Doutb
) Dout: data out (OC signal) ILC

No conversion in Hardroc

Start J_ blue= generated by the DAQ (DIF)

) TransmitOn (OC signal) Acquisition ==y /
U Generated by chip, Data out are transmitted :’.,m" . j j
Conversion b~ 1 \ |_|
1 1
. . Start i i f'
 Buffers integrated for OC signals R v f!_l
3.3V or 1.2V ! inl=cenerated hv the chi
e Chip Sat . all ! « pink=generated by the chip
External T T (I
% Rxcgl'::tor End i i ! 0!
Doutb 7 50 ohm Read Ot ! I - | |_I
i i o
i EN_OCDouth | EN_OC Doutb | | | | [ Acquisition| Conversion | | Read-Out ||

chip N chip 1

Dout_N }/4( ﬂ( Dout_1 _&4( 47 —E Tm:

47 47 Bunch Crossing Train
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POWER PULSING LINES

200ms .
100us x32 samples
Ims bunch (46 analogue stages ADC + TDC)
train
'
i ’ ‘ H||| f?;ﬁ;v 150ms : readout of 24 SPIROCs in chain @ 3MHz | detector sleep H”H”H
4 power supplies ' ;
to SPIROCs — -—
pw_4d —= |
T_dn is defined
pw_adc L | r— by dperating software
—————= = =
pw_d I_-E:ni- +——
T ﬂlﬁ;l
pw_dac et ——

(B. Hermberg, M. Reinecke, M.Terwort (2012))
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