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FalLaPHEL in a nutshell

 Goal of the project

 Improve the state of the art of high speed data links and mixed-signal readout circuits for future high
rate pixel detector applications, and study the integration of these data links and of analog/digital
front-end blocks in a prototype readout circuit.

 The project targets the tracker of the FCC-hh experiments with the opportunity to replace the inner
pixel systems of the HL-LHC experiments in about 2032

e |INFN Units: Padova, Pavia, Pisa

 External Units: Scuola Superiore S. Anna di Pisa, Dip. Ingegneria Informazione
UniPisa, Dip. Fisica UniMilano

e Duration: 3 years
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Next generation HEP detectors

High-Luminosity LHC

* Increase of radiation levels
up to 6 MGy TID
up to 5x101% neg/cm?

e Large data rates
Aggregate of 60 Th/s

FCC-hh

* 0.5-50 x 10*® ny,/cm?
 0.1to400 MGy
 Huge data rates

~6000 Th/s outer tracker
(untriggered)

150 Thb/s (triggered @ 1 MHz) 200

pixel module 10 Gb/s/cm?
(triggered @ 1 MHz)
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Central tracker:
o firstIB layer (2.5 cm ): ~400 MGy
o external part: 0.1 MGy
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1600 [ Hadronic calorimeter (scintillator):
— o barrel: 6 kGy
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1200 kil° previous layout: 3 kGy, with 40% longer tracker and 10% deeper EM-calo
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Forward calorimeters:
o EM-calo: 5000 MGy
o  HAD-calo: ~1000 MGy

o atR=2m the dose is ~1 MGy
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State of the Art

LpGBT and Versatile Link +
« Based on 65 nm . BT st

V sat ile
teChnOIOgy and VCSEL Timing & Trigge :] (’_D FFG;\/__’Timing&Triqur
e‘e@ " <

* Total dose 2 MGy oae GBTX O D ¢ pome

« Total fluence 10% n/cm? ...c. » 1 > R ey Siow Contro
cannot be used at HL- EEESLE : \ﬁ_n —
LHC bGIOW ~20 cm Radiatio?u H:rde;:c';mnics ! Commercial Off-"la'hi(fs{?wglf(CDTS)
radius High radiation doses No or small radiation doses

Implies RD53 chips
needs e-links to
LpGBT (~1 meter
away)

P. Moreira, The LpGBT ProjectStatus and Overview

* Silicon Photonics demonstrated to be sufficiently rad-hard (>10%® n/cm? and tested
up to 300 Mrad)

« PHOS4BRAIN (CSN5) project showed 65 nm driver to to be rad-hard up to 8 MGy
and reach ~5 Gb/s, limited by packaging (Aluminum wire bonds)
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Goals of FalLaPHEL

 Hybrid (3D or 2.5D) integration of Silicon Photonics modulators with high speed
radiation hard (210 MGy) electronics in 28 nm

« Aggregated 100 Gb/s links using wavelength division multiplexing (4 wavelength on a
single optical fibre) and Integrated Front-End electronics

Table 1: Technology benchmarks and envisioned performance improvement with FALAPHEL

State of the art — VCSEL+

This project (FALAPHEL)

Data rate 10 Gb/s

=100 Gb/s

Radiation TID 200 Mrad (2 MGy)

>1 Grad (10 MGy)

Total Fluence 10"n/em?

>5 x 10"n/em?

« Design and fabrication of a
demonstrator

@ Tx optical output

[single mode optical fibre)

CoE) Silicon Photonics die

; (2)
O light power | ’
14 waneelengths)

Electronic|

PLL die
g% |
[ Sensor |
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Challenges - |

e ASIC: CMOS 28 nm wrt 65 nm
« Allows to reach higher modulation speed at similar power consumption
e Similar or better radiation tolerance
o Parasitic effects may have more significant impact

requires optimisation and study of bonding pads and interconnects (Synergy
with AIDAInnova)

« 28nm Front-End
 Expected very low thresholds at lower power (to be verified experimentally)

 Photonics: Ring vs Mach-Zehnder Modulators
« RMs have smaller driving voltage than MZM (~1V vs 2V)
« RMs can be tuned for different wavelengths allowing WDM
single optical fibre
« RMs are more sensitive to temperature variations
need tune circuits
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Challenges - I

* Hybrid assembly of two chips

o Parasitics: 3D (flip chip) < 2.5D (interposer) < 2D (wire bonds)
 Need careful thermal management (Synergy with AIDAInnova)

* Interest to use DIAM (Development & Innovations on Additive Manufacturing)
expertise (INFN Padova) on producing metallic additive manufacturing structures

for heat removal
2D Integration Wite Bonds

Optical Fibers
———
b) PIC| |EIC
_ 2.5D Integration

3D Integration Wire Bonds Optical Fibers [ PIC FCB EIC

R

— FC Bnps ferposer
FIC d) O O O O O O O O BGA
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WP Structure

Table 3. Work Packages.

WP Topic Leader Unit Areas of work

1 System Design | Luigi Gaioni INFN Pavia Demonstrator design, system
specifications and key
performance indicators

2 Silicon Stefano Faralli Scuola Superiore S. | PIC blocks, Ring-Resonator
Photonics Anna of Pisa Modulator, MachZehnder
Modulator, WDM and SDM

3 Electronics Gianluca Traversi | INFN Pavia Serdes, Driver, PLL/CDR, DAC,
(focus FE) and Bandgap, Front-End

Guido Magazzu INFN Pisa
(focus IP cores)

4 EIC-PIC Sergio Saponara | University of Pisa Packaging and integration,

Integration thermal studies, prototyping and
fabrication

5 Radiation Serena Mattiazzo | INFN Padova Tests with X-rays, Heavy lons,
hardness protons, neutrons

6 Project Fabrizio Palla INFN Pisa Resource management, planning
management and coordination. Dissemination
and and exploitation of the results

dissemination

WpP2
(Silicon
Photonics)

WP3
(Electronics)

(EIC-PIC

WP5 Integration)
(Radiation
Hardness)
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Commitments for Pavia

« WHP1 (System Design) defines the system specifications and key performance

Indicators (KPI) as inputs to WP 2 to 5 to outperform state of the art and benchmarking.
Designs the final demonstrator together with WPA4.

Who: L. Gaioni, V. Re, AdR#5
D1.1 System specifications and KPI
D1.2 Demonstrator design

« WHP3 (Electronics) design of the fundamental rad-hard and high-speed electronics and
test boards

Who: L. Ratti, G. Traversi, AdR#4, AdR#5
D3.2/3.2b Drivers and Tune circuit
D3.4/3.4b Front-End circuits

D3.5/3.5b DAC/Bandgap

D3.6 Final large area EIC submission

WP5 (Radiation Hardness) will be in charge of the irradiation and radiation tolerance
characterization of the EIC and PIC, and that of the integrated demonstrator

Who: E. Riceputi
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Participants per research unit

Table 5. List of participant Units with their leaders, FTE/year, number of members and designers

(MEC: Mechanical; ELE: Electronic; PHO: Silicon Photonics).

Research Unit | Leader FTE/year Members | Designers
INFN Pisa Fabrizio Palla | 1.9 + 3 (AdR) 8+ 3 (AdR) | ELE: 3 + 2 (AdR)
PHO:1 (AdR)
MEC: 2
INFN Pavia Luigi Gaioni 1.6 + 2 (AdR) o+ 2 (AdR) | ELE: 5 + 2 (AdR)
INFN Padova Serena 1.55+1(AdR) |7+ 1(AdR) | ELE: 7 + 1 (AdR)
Mattiazzo
University of Pisa | Sergio 1.05 3 ELE: 2
Saponara ELE/PHO: 1
SSSA Stefano Faralli | 0.80 3 PHO: 3
University of Valentino 0.15 3 ELE: 2
Milan Liberali PHO: 1
CDS INFN Pavia FALAPHEL

10



Participant list - Pavia

Name Role Unit WP1 WP2 WP3 WP4 WP5 Total
L. Gaioni ELE INFN PV 40 40
L. Ratti ELE INFN PV 30 30
V. Re ELE INFN PV 10 10
E. Riceputi ELE INFN PV 20 50
G. Traversi ELE INFN PV 30 30
AdR #4 ELE INFN PV 100 100
AdR #5 ELE INFN PV 50 50 100
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Participant list Others

Name Role Unit WP1 WP2 WP3 WP4 WP5 Total
M. Bagalin ELE INFMN PO 15 18
A Cardelori ELE INFMN PO 20 20
5. Gerardin ELE INFN PO 15 15
5. Mattiazzo ELE INFN PO 20 20
A Paccagralla ELE INFN PD 15 18
M. Teng ELE INFM PO LN LTH
D. Wogrig ELE IMFM PO 20 20
AdR #5 ELE INFM PO 100 100
L. Gaioni ELE INFM Py 40 40
L. Ratti ELE IMFM P a0 a0
V. Re ELE INFM P 10 10
E. Ricaputi ELE INFN PV a0 S0
G. Travarsi ELE INFR PV a0 30
AdR #4 ELE IMFR P 100 100
AdR #5 ELE INFM Py a0 A0 100
F. Di Pasguala  PHOC 55548 10 10 20
5. Farall PHC BE5EA ] 20 10 a5
P “alha PHC fatzizd ] 10 10 25
5. Cammarata EIC/FPHO Uniw. Pisa 20 10 10 40
DO. Manda EIC Univ. Pisa 10 a0 10 L]
5. Saponara EIC Univ. Pisa 5 10 15
L. Froatini PHO U niw. Milan 5 a
W, Liberali EIC Uniw. Milan 5 5
A Stahile EIC Univ. Milan & ]

WP1 WP2 WP3I WP4 WPS Total
TOTAL 185 135 54D 145 gD 1305
CDS INFN Pavia FALAPHEL
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Budget

Year 1 Year 2 Year 3

'TEM WF PD PV Pl PD PY Pl PD PY Pl TOTAL
Travels 2 2z 2 H - 5 T 3 5 41
Irradiation and lesling a a 0 0 i 4 3 G 3 3 24
Work betwean designers 3] 1 1 1 1 1 1 0 1 1 B
Ganeral maelings [ conferences i 1 1 1 1 1 1 1 1 1 4
Consumables L] LI a9 15 32 119 15 65 25 397
EIC submission 3 a 17 34 0 17 34 o a0 o 152
PIC submission 2 a 0 25 a a S0 ) 1] o ]
Tast boands EIC 3 0 & 10 0 B 10 o 5 ] 43
Test boands PIC 2 a 1] 0 a a ] o o 5 12
A-ray tubes & a 0 0 ] 0 o 5 1] o 10

CHmers (cables, fibers, gluas, fluids, 1,23,
powder, renfing aguipment) 4.5 3 b = . b 0 2 e = 105
Access o exlemal iradiation facilites| 5 a 0 i) 4] a ) ] 1] o 12
Extarnal services 0 0 10 0 0 15 0 0 25 20
Dermansiratar daesign arnd assembhy 4 0 0 10 0 1] 15 0 o 25 50
Licenses 0 0 B 0 0 1 1] ] 1 10
PIC design 2 a 0 i a a 1 ) O 1 12
Equipment 0 20 L 0 0 1] ] ] 0 55
FPGA 4 a = 10 a a o o 1] 0 15
Power supply 3 a a 0 0 0 o o o o &
Laser Source (DFB} x2 2 a 0 10 a a ) ) O 0 12
Workslabions ! HD 7 Sereen 2 a 0 ] 0 0 o o 0 0 &
Workslabions [ HD J Scraen 3 a 10 10 0 0 1] o 0 o 40
TOTAL wio AdR T 54 144 23 37 140 22 70 a6 233
Assegni di Ricerca (AdR) 0 60 85 25 60 725 25 125 125 | 3525
TOTAL T 114 229 4B ar 213 47 g3 B9 | 905,5
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Assegni di Ricerca

Table 6. Requested AdR. Type: Junior (J) / Senior (S)

AdR # | Type | Unit Months | Research Topic
1 J Pl 30 PIC design and test. PIC-EIC integration and test
2 S Pl 24 Driver design. PIC-EIC integration and test
3 J Pl 18 PLL/CDR design and test
4 J PV 30 DAC design and test
) S PV 24 FE design, test and integration in the demonstrator
6 J PD 24 Irradiation tests and analysis

CDS INFN Pavia
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INFN Pavia services requests

NONE

CDS INFN Pavia FALAPHEL
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Gantt chart

—_— 1|23l 4|5 |6 F| B |G/L0|1L)12 2314 |15 16|17 |18 10|20 |21 | k2| 23|24 | 25| 3G| 27| XH| X9 ) 30| 31| 32| 33| X3 35| 36
I
= Jan |Feb e dpr|Maylun ol |bag|5ealOck | Mo Decllan | Feb [Wardpr| MayJun ol | Sug|5ea Gt | Mo Decllar | Feb| barjépr| BayJun Jul | Sug]fep [Oct | Mo Dec
WP [Systam Dasign) spacikbsnchiviar
Cezirnin nesirators
(FIC) FIC mink ook
PIC fus-bloca LT T[T
IP and FE 11
Wil (FIC] IF and FE Znd
Final EIC
WA (EIC-PIC 18l dome
Iniogratean} {inad dom
WPS [Irrsdiatsan)
WG (P rajit maenagessal &
dissomination|
MILESTONES M1 iz | M3 | 1 M [ w7 | M ms| M1
Celivaraios 1.1 o J1E JLEEET S JRa 4.1 R =T L7 23 ot .2
(B
Legenda Milestones

M1 [Definitions of the specs and KPI) (TO+2]
M2 [Silican Photonics PIC design for the subrmisgion of the mini-black chig fabrication] [TD+6)
M3 [18t submission of the High Speed rad-hard block design) (TO+10)

Md [2nd submission of the High Speed rad-hard black design) [TO+16)
M5 [Final Silicon Phatanics PIC design for the submission of the full block chip fabrication) [T0+18)
ME [First integration EIC+PIC) {TO+21)

MT [Final, large area EIC submission) (TO+25)

MB [Qualification of rad-hardness of PIC and EIC) (TO+28]

M8 [Final demonstrater integration) {TO+32)

M10 {Final demeanstrator qualification) {TO*36]

caticns/bemchmark Seerification
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Backup slides
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Silicon Photonics Modulators

Si Mach-Zehnder Modulator
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Driver in 65 nm TSMC technology

Normalized amplitude variation @ 1 Gbps

Driving voltage: above 1 Vpp for each arm of the MZM 120

Speed: 5 Gb/s
110

Rad Tolerance: HL-LHC compatible

S
_‘ 2,100
Last pre-driving CML stage Qutput CML stage E,., 9{]
Voo, Vb, Vbpy o : Bl o )
\K \ \ - 2 . é é |
| : ! o
oD — - — | — I +|l— 2 2 Sn o, R0
" : 2
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- peaking g * ‘ u“ W :.“ _ :f;_
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MZM Driver
1Gbps

MZM Driver
5Gbps
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Integration and measurement

@ Electrical and optical measurements of the system are done in typical and
irradiated conditions for the drivers characterisation.

@ We used a MZM and RR fabricated by IMEC under CERN’s design in ISIPP25G
technology.

CDS INFN Pavia FALAPHEL 20



Results of the tests (Phos4brain)

ISIPP25 MZM + Driver ISIPP25 RR + Driver
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