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5D calorimetry: x, v, z, E, t

High granularity =» Millions of channels =» low power
Energy measurement: large dynamic range (0,1fC/10pC)
Timing information: pile-up mitigation, need few tens of ps
EndCap calorimetry =» 200 Mrad, 1E16 N

New Endcap Calorimeters
* Rad. tolerant

* High Granularity: increased transverse and longitudinal segmentation,
needed to mitigate pileup effects to select events with a hard scatter
process at L1-Trigger and to identify the associated vertex and particles

* precise timing capability: further mitigation of pileup effects

Cassettes mounted together to form the

Modules (22k) ECAL (EE) and Front HCal (FH)
Glued stack of W/Cu baseplate, Motherboard Panel with concentrator

kapton, Hexagonal 8” Si sensor, PCB ASIC and optical transmitters to readout
data and trigger data of 6M channels

Cassette

VLSI 2018



Challenges for electronics

« Stringent requirements for Front-End
Electronics

Panel Motherbaoard

Low power (~10mW for analogue channel, ~5mW for digital)
low noise (< 2000 e-), MIP ~ 1-4 fC
Detector capacitance 40 — 60 pF, 10uA max. leakage

High dynamic range: up to 3000 MIP (10pC), 17 bits
required with 0,1 fC resolution

Time measurement: 20 ps resolution, PU mitigation
High radiation (200 Mrad, 1016 N)

System on chip (charge, time, digitization, data and trigger
processing, on-chip zero-supress...)

High speed readout (1,28 Gb/s)
~ 185 FE chips
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4 ASICs submitted in the past two years mega

« SKIROC2 CMS
— SiGe 350 nm
— Submitted in January 2016
— Dedicated to test beam

« 1sttest vehicle: TV1
— CMOS 130 nm L
— Submitted in May 2016, received in august 2016
— Dedicated to preamplifier studies

« 2nd test vehicle: TV2
— CMOS 130 nm
— Submitted in December 2016, received in may 2017
— Dedicated to technical proposal’ analog channel study

« HGROCVv1
— CMOS 130 nm
— Submitted in July 2017, received in Nov 2017

— all analog and mixed blocks; large part, but not
complete, digital blocks

VLSI 2018 4



mperial College
HGROCvl q .?'Loﬂdonc 9 mega

= ] N
HGROCv1 features: nu | L1 decouing logic |
Local R/W Control
- 32 channels ﬁmls U : L
Fixedlatency
i by |
- Dual polarity Manag Dot
L1 Buffer Tt
. . Align o Zero
- TOT with 2 variants: Buter ™ > o s ;:liig _&:
- i Align
Low power @ Imperial Al |
- DLL @ OMEGA (CERNbased) @~ [T T - - === === === =" R e
Tri 11
- TOA (CEA-IRFU) Lmeaﬁzaﬁ.,:n / rigger eell
TOT / ADC

- 11-bit SAR ADC @ 40MHz (OMEGA) Trigger

- Truncation
Gain 2, Digital . L Trigdge:
i ifi i . O (- = Compression readou
- Simplified Trigger path K l Correction I' § > readont

il

4or?)
- Onlysumby 4 0-suppress

- No O-suppress (4+4 log) )

- SC with triple voting (like SK2-CMS) e-links o threshold || ToA threshold

ASIC parametfers

Voliage References

- Data readout @ 320MHz
PLL /DLL DAC 1 DAC 2 Bandgap
Time measurement
T T

- Many digital block with simplified

architecture
LSB 4 ADC

- Services
TOT
- Bandgap from CERN

- PLL from CEA-IRFU

- 10b DAC from TV2 O Charge (fC)

VLSI 2018 - > 5




Analog and Mixed channel mega

« DC coupled W FTTSTESss=s===--- N
e . . 100 [F, 200 I
«  Preamplifier gain adjustable on e l |
4b A 1 Vth_toa |
It 25k -00K - 14 1 FAST DISCRIMINATOR |
«  New shaper without SK ' Time Path !
— In anext version, with SK and tunable R 20T A O -
shaping time and gain
« Decay time given by Ry -
- 25K 4

— 100K

Calibration Circuil

. New TOT architecture (Lo o)

—  Gain adjustable by SC Htwh tot

- Undershoot = dead time

’ 1
| I
1 I
1 I
! I
1 I
1 I
! I
1 I
| T I
— Inanextversion, find a way to ! Vreft I
remove/reduce it (dynamic reset) : — :
! I
1 I
! I
1 I
! I
1 I
! I
1 I
1 I
1 I
t I
\

-~ |

M

"y
10K - 20K - 30K

. New TOA fast discriminator

— Inanext version, higher preamp bias
current and fast output to improve the
time measurement

» Local 5bit DAC to adjust the Vrefs
and the thresholds

» Local input current DAC to
compensate the leakage

* Internal calibration circuit
—  Low range up to 600 fC
—  High range up to 12 pC Power dissipation @ 1,5V supply
* Vdda (preamp): 1,6mA
* Vdd (tot): 160pA
* Vdd(shaper, toa): 1,1mA
HGROCV1 test results - April 17, 2018 6
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New mixed-signal circuits ! !mega

« ADC SAR e [ |
— Inspired from Krakow design, 11 bit Lhab i b s 5331?53=°r
- 2TDCs for TOT e }
— IC design, 50ps/200ns, based on a l e
ring oscillator JRD o e R 1
— OMEGA design, 50ps/400ns, based -
on a global DLL running at 640MHz IR """"""
« TDC for TOA ey

— CEA-IRFU design
— 10/11 bit

« PLL
— CEA-IRFU design
— 40MHz input clock _— s :
— 1,28GHz running frequency e ’

RC-C filter
up st Ve
40 MHz input = S [1] & [ 2 [+ weo [ 1,28 GHz Oscillator
oNn —
Fox 32 pre-scaler External initigl load voltage & adjustable current injection
| Encoder & Sel-Logic it

+MSB<3.0> \40, 160, 320, 640 or 1280 MHz output

VLSI 2018 7



Analog measurements (May 2018) mega

ENC
Preamplifier 4000
400 3500 —ENC (Rf=100K) - -
— — SIMU ENC (Rf=100K) _--
350 ®—Preamp —— ENC (Rf=25K)
300 — — SIMU ENC (Rf=25K)
—#—SIMU preamp _
250
=) F
é 200 3
150
100
500
50
0
0 0 10 20 30 40 50 60 70 80 1) 100
0 20 40 60 (f ) 80 100 120 140 Detector capacitance (pF)
C
Inverted shaper output
Rt pa=100K
1,2 . .
Ralated to bonding issues ?
New boards available by the end of May
B
v z ——outM on SCOPE — . E !
— — simu outM (typical) e
0.7 simu outm (slow) = T, :
0,6 e — : »—wfm-j \
-75 -50 25 0 25 50 75 100 125 150 175 200 225 W/ I ;

o ety

)
e | TELLU TR

time (ns)
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HGROCvV1: elink for trigger readout

Q

The chip integrates 2 elink transmitter to handle the 64 bits from the trigger path

(I R W

Doutl i
outl_i 50

Possibility to readout a known frame (set by SC)
Default is 1,28 Gb/s (DDR)

Clk640

Doutl 0

Clk640 —L

Dout
—

Dout2 1

D Q

Specification

description
Max speed 1,28 Gb/s
Levels CLPS (LpGBT)

Pre-emphasis

Yes (Programmable)

Sync Pattern Yes
Vcm (common voltage) 0,6V
Vdiff (differential voltage) 100 to 200 mV
Pre-emphasis current 0,5t0 4 mA
Termination load 100 Q

4 channels are encoded into 8 bits (with 4+4 encoding)
2 variants (fully digital or mixed =» way the last mux is done)

VLSI 2018
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PLL MESUREMENT

Architecture: _ 1.28 GHz - Nolse jitter 160 MHz output
RC-C flllter , Oscillator e e 19 ps RMS
uP ctrt curl o \_\605 ! 1
. Faer Phase/ b — 66 - Fuoco - 10 9% -
40 MHz input —s| Freaveney | | S075° Lwl % | veo L o] ot Q) e
L o 132;&#%\6?10;. C TMQB art g'emﬂ Q
GreenField Technology ‘ | | ‘ ﬁ ‘
Fox 32 pre-scaler sl N 1
Clock & Pulse generator ] 1 | H |
s
GFT 1004 Coumer Rt ps mowe aﬁns 104 ps 3045 504 ps
160, 320, 640 or 1280 MHz output :
. SDA Jitter Ti(1e-12.0) Rilsp) Difsp) Pi
for a” the Chlp and TOA TDC Lane3 35932 ps 1316 ps 86.09 ps 97.62 ps
TDC for ToA measurements : Multi channel TDC Data reconstruction: 50 events
S — graph_0
Bunch clock 40 MHz bs0] — cmc
—— FTDC
Tineas | —— COUNTER_GRAY
GreenField Technology chl - T o 2001
Clock & Pulse generator ch2 - e
. 7 150
GFT 1004 : Tineas g
chN « » <]
100 |
The time conversion result is composed of:
Gray counter (8 bits) 201
Coarse TDC (CTDC) (5 bits) e
Fine TDC (FTDC) (5 bits) ol . | | | |
0 10 20 30 40 50

All channels work in parallel with the same master internal DLL

CEA - Saclay / DRF/Irfu/DEDIP

Multichannel TDC for HGROC ToA - 04 2018 | PAGE 10



Towards HGROCdv1 block diagram + sensors mega

E=-=-- PLL Fast commands |q—
|' L1 < - comm.port |q—
el BxRst 4 1
R/W control logic |
/ L1 decoding I
Align
— ]
Buffer v .
L1 Buffer Data
Fixed latency Z€Ero
Manager [ suppress =P readout
@ 40 MHz manager
Allign . Data
Buffer |~ Common to | link
n channels |

Linearization

Trigger

e | ------------------- .
|
|
1

TOT/ADC i
v - link
Gain Digital Truncation Trigger
Correction > I readout
Compression manager
f I
Ve |
DAC Bandgap |
ToT/ToA ‘ Voltage | A
thresholds References ! |
b - . _ _ASIC parameters Slow control | ¢—

comm. port  |e—p

VFE HGCAL meeting - Apr 30, 2018 11



HGROCdv1: slow control - 12C ! !mega

1 Slow-control comm. Port:

R — 3
L Read / write ASIC parameters | Load «—2= Indﬁfiif;f;;fw |
U Defined @ system level (spec available) | _ eradd]  ADamAccess |
- ~—— =TT = e
O A first set of rtl code available/modified | addr < 16 | . [Ro: Indirect @ LSB \
C . . " Rt Indi :
O Need to set-up realistic simulation with ASIC | I; R Indweot @ M35 SDA |
I ] R2: Data 12C >
parameter |WrData ‘_"Qj!:m: Diawih@r | | | e | |
O SC cell with TV defined | :| R4: ot [—:
| - |IRs: |
| | Rs: :
| I IR7 % /
O First 12C word (7 bits + 1 RW bit) divide in 2 parts: lRiDia_z_/l
O 4 bits for chip addressing + 3 bits for extd addressing
12C @ Register Comments
0 ASIC parameter address (LSB) Indirect @ 1 modules = 310 6
1 ASIC parameter address (MSB) Indirect @ HGCROC
2 Data
3 Data with auto @++ Increment @ after access
4-7 Thd (TMR status, parity...)
(x16 12C)
» Concentrator

VFE HGCAL meeting - Feb 20, 2018 12



HGROCDv1: Fast commands (tracker) ! !mega

[ Fast control comm. Port

_cmatatconmarg | 27| 20| 05| 0 23 g2 81| 20
L Fast commands + 40 MHz clock _
Il | r i | 1 n] a 0 n] a

U Defined @ system level (spec available) ReSyne [-a:: Fies _ P R ‘:

L Need to Also need to define which combinations are L1-Trigger Tno0- . 1 o o 1 o a 1
possible CalPulse Text Fu T | I T BT R

L Next step: define for each command the actions @ BCO it Rase i i o a4 0 0 1 1

ASIC level Teti | 00 11

Thd2 1 l oo 1 0 l 1

Thd3 ' 0 0 1 l 1

O Fast commands (LHC clock synchronous): _ T '
Syne code Command code

0 Command frame: 110 xxxx 1
L Synchronisation code: 110 (this code does not appear elsewhere in bitstream)
O Serial commands transmitted MSB first at 320Mb/s

B1 BO 'B7 B6 B5 B4 B3 B2 B1 BO
CLK320 ‘ ‘ ‘

TL1 + J

/ fast command /

CLK40

T1_cmd X X

VFE HGCAL meeting - Feb 20, 2018 13




Clock tree mega
L Only 1 clock received by the chip through LbGbt fast commands line (320 MHz)

O PLLis used to generate all 40 MHz multiples

O Try to minimize CDC

40 MHz ||| 320 MHz | [ 640 MHz 160 MHz <—CIk320M - -
(TOT baseline) Fast commands From
LpGbt
__________ comm. port < Data320 — — P
' DL Beeao 2 2 P Fast commands -
- ) v v ;lR -t: - comm. port | —
— : 1 17 R/W Control logi | . ‘ CIk40M
72 ch /L1 decoding N '
Alig
N N [ Foed ttemes L1 Buffer Data
-- F \[nlli;gel’ su;;l:]ess readout P LL (VCO 1.28 GHZ)
‘@ 40 MHz manager
Align :
e Butfer Common to ; 40M 160M
L Roreach_ 0 rroooaadds O e PLL PLL
channel '
Common to a trigger cells ' '
Linearization !
TOT . v Trigger
TOT/ ADC N I — ' link P has e
— = igita T ati Trigger
\ Cog‘:ll:ion % z ™ run;‘ "T“ readout Selector (X2) <+
T f e = (4or9) Compression manager (Ste p 1. 56 nS)
( DAC Dondoan ) |
ToT/ToA ’ Voltage J ' A v v v
thresholds References ! !
- B :_ I :_ __ ASIC parameters Slow control g 4OM 40M 160M 640M 320M
comm. port - - ADC phase ADC phase

VFE HGCAL meeting - Apr 30, 2018 14



Trigger path: HGROCdv1 (already in v1)

Cho
. g e —
O Data processing (charge): 3 | 70T threshold e —, | > TC4
. &oof- Method 3 Ch3
O Data alignment 5 | cha
° e
O LSB linearization (ADC vs TOT) 1500k Chs >
i ché TC4 —— TC9
O Sum 4 or 9 channels _ chr >’+/‘
U Log compression (4E+4M) e chs
Ch9
s00[- 7 Ch 10 >+
o P e TOT > TC4
O Data serialized @ 1,28 Gb/s | dBeuadi iy ) o T
¢ = 190 150In|'.-ut g:uarge [1('2,)50 Ch 13
Ch1a > + >
ch 15 TC4 ————> TC9
Ch 16 >""/'
O 19-bit linearized charge compressed into 8-bit Log:
S 250
3
1 1 0 1 1 1 0 = i I B
_»_g 200}
0 o 0 o0 1 1 0 D ~
l A l O 150]
Y ! S
MSB Following codes g 100
Position (Pos) (Bits) @) i
50i —Log 8
4+4
* Data path in backup slides obil il

VFE HGCAL meeting - Feb

| | ‘ | 1 |
0 10000 20000 30000 40000 50000 60000
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Conclusion medada

0 HGROCdv1 will be submitted by the end of the year with:
[¢ \J(,\‘Oﬁ.)() @0 & 490 6 49 00 & 4o & €I O Do O O O 00

72 channels with “final” BGA package (pitch ,5 or ,6 mm)
. . . A TR MG DI00 0101 0050 B0 DI080,0, 0.4 O O
Final analog part (many block in validation stage) IRy oadity gt nigingn.e0. 0 0

O Oy (Uﬂo Q) oCr O 02y O o Q 100 Y O 20r O Qo P Vo Qoo O O
o g TP €8 13208 £3 90563 33208 83 102 CL 13 SCE 3 1D TGP 5°° O O

Slow control through 12C + partial fast commands (full clock tree ) :g;;;(;gmg{;mﬁg, ; o(;ggug ‘
New DRAM for L1 buffering + “Final” trigger path (details...)

Partial DAQ readout (not final)

OOT pile-up mitigation
TMR

Q n‘\‘(‘ 0000000000 OOOOOOOOO 0O
QR Q’(:‘o {300 L 400 63 &3 0@ k3 do &) &3 96k k3 Lo &) D@ Q ool O O
QR (}\\O Qo OO0y Q) e O Qo Qo QD VO 00
C

Gy B LSO W02 EEEISCLEI WS CELISCERI A LED°C T O O

ocooo0doUdo

[F»4—-0—-0 |

O Try to see as soon as possible integration issues

R/W Control logic
1 L1 aeconmg

: bee----d PLL [TTTTTTTTTTTOTT ¥y T Fast commands L
T v Ll -- comm. port 4 —
BxRst - -
mternal clocks Rt

(+2+4) Align
Bufler

b TOT Fixed latency . L1 Buffer
Nanager o
‘40 MHz

Align
TOA < |
Buffer

Pulse shape with tp =20 ns

Data
zero
suppress * readout
) o manager

1 Data
' link

1,2

Common to
n channels

Common to a trigger cells
Linearization
TOT/ ADC

Gain Digital Truncation Trigger
Correction Y ™ / B ru.m.lout
" (Hor9) Compression manager

-0,2

t(ns)

t ot

DAC Bandgap
ToT/ToA Voltage
thresholds References

Slow control
comm. port .

VLSI 2018

16



Additional slides

VLSI 2018

me

d

17



Data path: HGROCdv1

L With online 0-suppression

J Data serialized @ 1,28 Gb/s

meqga

3*32 bits N * 32 hits N’ * 32 bits N’ * 32 bits 32 bits
i r I , J | . A
7 ' 7 7 [
T I| | ; | ; ‘
4 bit 18 bit 72 bit nADC*10 bits nTOA*10 bits nTOT*10 bits i,z E;t
Header Ey # bitmap CR(:;.E nt
2 bit
FLAGS

W Zero Padding

FLAGS = 00 : Normal ewvent;

01 : Empty (Lost)

10 : Raw Event: all ADCs,
11 : Idle word (no L1lA),

i.e. 3¥32+(N + N'+ N'"")*32+32 (Nch = 72)

Event, only first 32 bit word, no bitmap, no trailer word

VFE HGCAL meeting - Feb 20, 2018

PreADCs, TOAs, TOTs, fixed length (Nch = 78)
only first 32 bit word, no bitmap, no trailer
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HGROCv1 TOT path bloc diagram (baseline)

d Based on DLL + 1 counter @ 640MHz =» 400 ns with 48,8ps steps

O 32 tap DLL =» 48,8 ps LSB
O 8b counter = step of 1,56 ns + 1b counter to mitigate TOT near 640MHz edges

( Raw data available (28 bits/ch) or TOT value (TOE-TOA)

TOT
discriminator

TOT

discriminator

x16 channels

me

>
32 DLL RE 9 CPT RE
> registers registers >
16 _+— : —L l 32 to 5 bits encoder |——p
_ :
Z :
: | 32 to 5 bits encoder -
> 32DLL FE 9 CPT FE
registers registers >
>
32 1 9 A
DLL 8b counter RE
40 MHz — I?(Il‘é‘ Gfosgﬂ Hz p  32taps +
(1.56 ns) (48.8ps) 1b counter FE
x16 channels
32DLL RE 9 CPT RE >
> registers registers >
16 _+— : —L l 32 to 5 bits encoder |——p
_ :
Z :
: | 32 to 5 bits encoder -
, 32DLL FE 9 CPT FE
registers registers >
>

d
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Bonding issues mega

. Many issues during the dicing, cabling and bonding
. 3 boards over 5 are more or less usable

— At OMEGA, some wire bonds missing (probe outp, vdd_tdc_ic), some doubts

on the quality of some power supplies and ground, but all parts are accessible

— AtIC, for now impossible to see an analog waveform but the TOT TDC and

digital seem working well 7 _
— At IRFU: bandgap missing, no analog part accessible, but PLL, TOA TDC and ‘_.;’: "}“::Ll“m Wite
digital seem working well
. New boards are in cabling and will be send to wire bonding at CERN

. Fermilab has also launched a new batch

VLSI 2018




Reminder 2 ! !mega

L When the TOT is fired (current source on PA), ADC not usable until the end of TOT
conversion

O Auto-0 ADC directly in the AlignBuffer Flip-Flops

CIké0_ADC

BX [0 [ext [ e [ we [ o | oxs [ exs [ o [ e | s [ oo [ ar [ a2 [ a3 [ e [ s [ exie | a7 [ sxie | wag [ oxoo | st [ mxez | B3 | mo | s

ADC_Valug [apc2 Japc1 | apco | apct | apce | aoca | apcs | apcs | apce | apcr | apce | apce | ancio [ apcii [apci2 [ apcia | anci4 | ancis [ apcis | apci7 [ apcie | aocig [ apcao [ apc2t | apcaz | apce

DiserToT [ te_o o o e ]n

TOT Value l TOT2 I

AdcVal_Delay_AutoD | | | | apc-s | apc-8 | apc-7 | ADc-6 | apc-s | aDc-4 | apc-3 | apc-2 | apc-t | apco | apct Jlancz || Auto-0 | I ADCY llADCWO [ apcit1 | apciz [ apct
Q_TP_AutaD | | | | aoc-s [ apcs | aoc7 | apcs | apc-5 | apc-4 | apc- | apc-2 | apct | apco [ apct )| ToT2 | [ apcs | apce [ apcio [ aocts | apciz | apci

VFE HGCAL meeting - Apr 30, 2018 21



MULTI-CHANNEL TDC ARCHITECTURE FOR THE TOA

10/11 bits over 25 ns multichannel TDC architecture :

Clk_40 MHz 32 x PLL

Ring. Osellator TDC resolution is increased by a counter

> 8 bits Counter = the 2 most significant bits of the TDC

are now obtained by a counter operating at

the CTDC frequency who is also a multiple
of the 40 MHz bunch clock.0

Smj’m Puise tra] i The common
uise train I
Coarse | _|Residue | Residue [~ | Fine i and 6 other bits for bunch marking.
—a| TDC Amplifier »| TODC i
Stop_Coarse SRR i . .
i A common PLL in phase with the external
T A e e e : bunch clock (40 MHz)
iTocChanngiN-t
Timing and resolution :
+ 6 bits Counter 6 bits Register | Tag event: 1600 ns
Clk_40 MHz[ B[ x 3578 =
160 MHz
2 bits Counter 2 bits Register Resolution : 6,25 ns
Total time: 25 ns / RMS < LSB 35
- , —_— S
/ C_lc_mgrcse 5 bits Encoder | Resolution : 195,3 ps Notse NEW) P
Total time: 6,25 ns
Fine 3/4 bits Resolution :
Total time: 3 bits x 0,73 ns = 5,84 ns / e Encoder | 3bits:243 ps

4 bits x 0,73 ns = 11,68 ns 4 bits 1 12,15 ps | TDC for HGROC ToA - 04 2017 | PAGE 22



Z SKIROC2 CMS for HGCAL ! !mega

- new SKIROC2 for CMS
a0 s e \

— Optimized version for CMS

testbeam, pin to pin compatible F’fﬂ —};?j - _Di
— Dual polarity charge preamplifier , - ST B
— Faster shapers (25 ns instead of o

200 ns)

— 40 MHz circular analog memory,
depth= 300 ns

— TDC (TAC) for ToA and ToT,
accuracy : ~50 ps

— Submitted jan 2016, SiGe 350nm
 Test beam:

— Pedestal stability, MIP
calibration

— HG to LG calibration
— Showers for e+ and 1+

300 GeV 1+ %

Hexaboard
designed at
CERN

Electron and pions signals
seen in testbeam

VLSI 2018 23



