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Readout electronics in particle physics experiments

* In large-scale particle physics experiment facilities, electronics are key parts.
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s The information obtained from the detectors (sensors) has to be manipulated,
processed, and transferred by the electronics before being used by the
computer farms.
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Tasks of readout electronics

< New challenges appear for electronics ® Electronics from other fields can not
with the development of particle physics meet the requirements
experiments: B Necessary to study key techniques

< Faster signal processing

< NS — sub-ns

<~ Higher measurement accuracy © Higher Speed

< Higher Accuracy

»<> Higher Integration »

< Low Power
< Tens of thousands -> millions or
< Radiation Tolerance

< ps Time, sub-fC Charge

< Larger number of channels

more channels

< High-speed real-time data processing
and transmission
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Readout electronics system
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Content

» Front end ASICs for pixelated detectors

< Silicon pixel detector

o LGAD
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| Development of high-granularity detectors

Tracking
Vertex, tracker rebuilding

High-precision position
measurement

Time-of-Flight
Particle Identification

High-precision time
measurement

Mesh (13 pum wi redlmle 35 um cell size) \\
..........

------------------------

10 um glue + 25 um Polyimide 50 um Polyimide + 50 um Prepreg DLE (0.1 pum thickness)

Top strips (80 um width, 17 um thickness} Bottom strips (340 pm width, 17 um thickness)

(a) MicroMegas

Well structure (50 um thickness) 20 um epoxy glue + 12 um Polyimide + 20 um epoxy glue

25 um Insulator DL (0.1 pum thickness)

Top strips (60 ym width, 5 jm thickness) Botiom strips (350 ym width, 5 um thickness)

Silicon Pixel Detector
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Pixel Detectors

< Hybrid pixels

front-end /
~ Advantages: e /
/
Sensor and readout circuit can be optimized separately i
Excellent radiation hardness '

Fast timing and high rate capability

< Disadvantages: ¥ :
& pixel
I :7' detector

Relatively large material budget -

|
Hybridization: complex, expensive —_

‘l.-

< Monolithic active pixel sensors (MAPS)

< Advantages:

Easier integration, lower cost NWELL PMOS NMoS

Spaclng DIODE Spaclng TRANSISTOR, TRANSISTOR

| nwell
Collectio

diode ¢ -

Depl:euon
reg'ion

Potential of low material budget
Higher spatial resolution
< Disadvantages:

Smaller signal and longer collection time 770 b epitaxial layer ]

‘/ p substrate
Particle hit

Radiation tolerance limitation
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Pixel chips

Chip Process Array size Pixel size Experiment Type
FEI3 250 nm 18X 160 50 X400 pm? ATLAS pixel detector hybrid
FE-14 130 nm 80X 336 50 X250 pm? ATLAS pixel detector hybrid
Timepix3 130 nm 256 X 256 55 X 55 um? GEM-TPCs hybrid
HEPS-BPI1X4 130 nm 20X 32 55 X 55 um? HEPS hybrid
EMPIX 180 nm 32X8 150 X150 pm? / hybrid
ULTIMATE 350 nm 928 X960 20.7 X20.7 um? RHIC STAR monolithic
ALPIDE 180 nm 512X1024 28 X 28 um? ALICE ITS monolithic
ATLASPix3 180 nm 132X 372 150 X 50 pm? ATLAS pixel detector monolithic
Mupix10 180 nm 250X 256 80 X80 um? Mu3e monolithic
TJ-Monopix2 180 nm 512 X512 33 X33 um? ATLAS pixel detector monolithic
CLICTD 180 nm 16X128 300 X 30 pm? CLIC monolithic
JadePix3 180 nm 512X192 16X23.1 pm? CEPC monolithic
TaiChuPix-2 180 nm 192X 64 25X 25 pm? CEPC monolithic
MIC 180 nm 356 X398 20X 30 pm? CEPC monolithic
Topmetal-M2 130 nm 400X 512 45X 45 pm? / Topmetal+MAPS
Topmetal-S2/CEE 130 nm / / Ovpp/CEE Topmetal
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‘ ALPIDE

> MAPS for the ALlCE |TS upgrade DIODE TRANSISTOR /  TRANSISTOR

< Process: TJ 180 nm (High resistivity p-type
epitaxial layer on a p-type substrate)

< Array size: 512 X 1024

Epitaxial Layer P-

< Pixel size: 28 ym X 28 ym

< Chip size: 15 mm X 30 mm

Matrix

<> Power: < 40 mW/Cm2 32readoytreg\ons

3x Multi event
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v PIX_IN v OUT_A 5-10 us Bandgap +
t~=10ns 4 ~2 us peaking time * > Temp Sens L 2bx40MHz_ paraliel pata Port
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|
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MIC6 V3

MIC6 V3 wafer

Matrix

32 readout regions

| Pixels Config |
g ~ ~
I Region Readout (1) RR (2) [| RR (3) RR (32)
|128x24b DPRAMI
< <

32: 1T DATAMUX

v,..,, 5 I

le—> | Readonft &= | Chip Data Formatting

4

Module Data Management
8b/10b
Control Bus Triggers U
B Serial Data Transmission
I e ] Lo ][>

Parallel Data Port

[e—

Serial Out Port

———4

MIC6 V3 block diagram
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Clock Source

Test Sytem of MIC6 V3

KC705 FPGA EVB
T -~
\‘A"

Features MIC6_V3
Process Technology GSMC-130 nm
Core Voltage 1.2V
Chip Size 30 mm X 15 mm
Pixel Array 980X 512
Pixel Size 30.53 um X26.8 um
Zero Suppression

Readout AERD
High-Speed Serial Output | 1.1Gbps
Power Consumption 32 mW/cm?
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MIC6 V3

{Pixel Front end Test i Pixel Array Readout Test
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CharTPix

» Designed for Super Tau-Charm Facility Inner Tracker ]

» Position, Time and Charge measurement with low power
consumption (Low material budget )

« Pixel Pitch: 33 um X33 ym
« Pixel Array: 576 rows X 144 columns (prototype chip)

£
Super Pixel Token n S E
R R R S Dighal logict (red)| L~ o7
: | I NS AL, ¢ Digital logict (blue)| | g
'
: \Amplifier omparald Digital logic2 (red)| |
: ' Digital logic2 (blue)| "
Bensor :
; i Digital logic3 (red)| |
sy et
T T oo 612 Pueis | | Dioital logic3 (bhue)] [~
Token out
Swer|
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o> P T B P4 P PLI B P
FSM | FSM FSM | FSM
[ Gray Counter+Oriver | | |
Bias DACs
V‘io chmt: Data Processing
P L8 I pivel Cor
[ — ] SLVS
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CharTPix

» A novel super-pixel readout scheme is proposed

» Prototype performance gl il ol ] | o e
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Front end ASICs for pixelated detectors

<&

o LGAD
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LGAD

-1
» LGAD : Low Gain Avalanche Detector
> Pitch: ~1 mm — ~100 ym (AC-LGAD)

—Sum

» Advantages:
> High time resolution (~30 ps)
- High spatial resolution (AC-LGAD)

Current [pA]
o L L] w = v o ~ =]

0.0 0.2 04 0.6 0.8 1.0 12
Time [ns]

» Fast and weak signals:
- Rise time ~500ps; bottom width ~1ns;
charge quantity ~10fC
» Readout challenge:
> Lows-jitter amplification discrimination
> High-precision time measurement

o Low-power readout (for low material
guantity application)

» Readout ASIC: ALTIROC, ETROC,
EICROC, LATIC...
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ALTIROC (for ATLAS)

» ATLAS LGAD Timing Integrated Read-Out Chip [ T g o
~ Process: TSMC 130 nm : e | 52
. . . .. ofrer er 9
© Architecture: Pre-Amplifier + Discriminator + TDC  ||:| . TS L T Ll
TOT e TOL” Selector Buffer =
< PA: Cascode + Source Follower e il TS N
TOT H 1 rocessor E
<~ TDC: Vernier TDC (20 ps LSB, 2.56 ns range) fomn ] | [t
. : Processing Unit Registers
< Jitter: ~20 ps @ 10 fC ANALOGPRONTEND B
. LO/L1
<~ Power consumption per channel: 4mW ~ 5 mW - SEE—— — ! —
, | !
" Time-to-Digital Converter (TDC) ‘
§ s mp- mp- g ‘
acBias k.-.(vm::u:); ;:; '::'?:f 1 5 x 1 5 Chan nels
5§ [ (dcptmkl:‘id {
TSMC 130 nm
g in_TZ T l
% g = O C EOC FOC FOC FOC FOC FOC FEOC FOC FOC FOC FOC FOC FOC FOC
ATLAS HGTD Preliminary
- 80 v N o o Trigger Data Processing Unit l).ull‘::cl:l:.i:y Unit
s _E '\ Boards ASIC alone -@- 100 E Bias blocks -
¢ PF 8 with Cd = 3 pF { o 01 | 3 , Tobte
£ 60— by \\\ Boardswith -8 102 -] Temp sensor cgisters z Hit "af:l l.umiumil_\. Data
g = e B\ -® 117 +LGAD 3 o = Formatting Formatting
50 ;_ *\‘\\\\ ASIC + sensor (=> Cd = 4 pF) { -0 118.4+LGAD_3 POR PLL + Phase Shifter (")I::"”
40 E— \Q{ —f Fast Command Unit -SI"“ Luminosity Data
E X 10 fC 3 [2EEEE Hit Data Serializer il
RE: Wee=rig = L L V V V
wE E Fast command elink 320 MHz clock  12Clink 320 Mb/s, 640 Mb/s or 1.28 Gb/s 640 Mbs
05 + : - 5 - = D from 1pGBT from IpGBT elink to IpGBT elink to IpGBT
Charge [fC]
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‘ ETROC (for CMS)

» ETROC (Endcap Timing Readout Chip) i ———

\

<~ Process: TSMC 65 nm
< Architecture: Pre-Amplifier + Discriminator + TDC j == L1 Trigger )
L
©~ PA: Cascode + Source Follower N
! .
<~ TDC: Delay chain TDC(15 ps LSB) ; 1
o Jitter: ~20 ps @ 10 fC : =2
. e ’ N )
< Power consumption per channel: 2.9 mW | e
] g ,
Sczo> 70 | g
pm‘j}q—{ﬂpmz rq[lpmz [ Pms s —=— Csold=2 pF, high power 2 56 GSPS
R1 __60 Csold=2 pF, low power
m “ é —o— Csensor, high power Waveform
L g 50 Csensor, low power Sampler
4[ pme T (On-chip
o NMI:]T_l_mNm o g% \ Oscilloscope)
| | %30- 1
@_‘..{[:lnm (LSE;)_{ NM4 -QEUZO |
ey =i T |
kWt en as em
== ot . % 5 10 15 20 25 30 35 E IE'
T S Injected Charge (fC) H
------------------------------------------------- | | PLL | ‘ 126 ‘ smﬁ:"c:ﬂ|
START. ___ |em __ lvw___ | e |lsm __ | @ L |,
/] iy
let:::k - I l \J y
TOTCLK® Clock scL” TADDR scL  ADDR

TOA/CAL
—
fine recorder

TOACLKm®
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EICROC (for EIC)

» EICROC (Electron-lon Collider Read-Out Chip)

< Process: 130 nm
< Architecture:

Pre-Amplifier + Discriminator + TDC (time measurement)
Adopts the time measurement circuit of ALTIROC

Amplifier + Shaping + ADC (charge measurement)

1 channel (1 pixel) schematics

TZ Pre Amplifier TDC
Discriminator

—> Time of Arrival

< Design Goals:
Pixel size: 0.5 X 0.5 mm?
Power consumption: 2 mW/channel
Minimum detectable charge: 2 fC  AC-LGAD
Time resolution: 30 ps pixelated sensor

designed and _&rovided stope Tackswd | ADC > Charge
Charge measurement function by e Brookhaven '

National Laboratory

Integrator

< Preliminary test results: jitter ~ 30 ps
Time jitter estimated from noise/slope of preamp output waveform

Injected charge value | ASIC without sensor | ASIC with sensor
10 fC 27.5ps 33ps
20fC 16.5 ps 20 ps
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LATIC

LATIC: LGAD Amplification and Timing IC

_ (Designed by USTC group)
» Design Target

< To achieve high time precision "LDT% IS A

Start

>

low Ring Cnt
Slow ring Ve
>
>
Fast ring Ve
Fast Ring Cnt

[ EAREEES]

CMOS Cascode PA Double Ring Vernier TDC D

front-end digital readout at low e I ‘*E__HL

power consumption R e o
VSS .'B'I' VSS
» Core functions |
< Preamplifier — 1 Los
< Discriminator Bump pad v 1> > oupdt
< Time to Digital Converter e | _ > 1 |TorstoT , oo
Pl i imi [ A
» Research progress Discriminator |y |
< Finished the design of AFE ASIC 40M reference dlock| [ |

and TDC ASIC, separately

< Finished the design of 5X5
array full functional chip

wire bonding
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LATIC

» LATIC Performance
< TDC: Double Ring Vernier TDC
- ~ 5 ps time precision
< Jitter of AFE + TDC
- <20ps @ 10 fC, 4 pF R
+ <10 ps @ large signal (>15 fC)
<~ Power consumption per channel: 3 mW

- [\ %]
wh (=]
I J

Jitter (ps)
=)

60 Folded Cascode - — —Test 4
e Simulation

TOA Jitter(ps)

Charge (fC)
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Development of Pixelated Detectors

<+ Larger scale & high density:
< a total area of m?to 100 m?
< small pitch size: hundreds of um for LGAD and tens of um for pixel detector

<~ Smaller pixels to improve position resolution and to cope with higher hit

density
< Pixel detector <+ LGAD
< High-precision position < High-precision timing
< =>» improving timing precision < => Improving spatial precision
< + charge measurement < + charge measurement

—

Multi-dimensional information measurement
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Challenges for Pixelated Detector Readout

<+ Larger number of chips

> e.g. ALICE ITS2 ~24000 ALPIDE chips TG
~ Multi-layer data concentrator is needed

<+ Large amount of data to collect,
process, and transfer in real-time
< High speed data receiving and transferring
< Trigger match

<~ Data compression

+»» Control/Clock distribution

<~ Command decoding and distribution
< Clock recovery and distribution

UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA
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Readout system for pixelated detectors
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RHIC-STAR

*» Heavy Flavor Tracker, HFT

» Readout required

* 400 MAPS chips

» Trigger based hit selection

* Format event package

* Configuration /Trigger/Clock

» Readout System

* Mass Termination Board

« Drive the detector data

« Config & monitoring

« 160 Mbps
Via a 13 m twisted-pair cable to RDO
ReaD Out Board (FPGA)

« Zero compression and data formatting

« Configuration processing
» Optical fiber transmission

UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA

MAPS Detector

Ladder x 4

RDO board x 1

L x
Y =
L]
LU prot. power
[woo o | 77

MTBx 1

Power Control Triager
Supplies PC 88
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RHIC-sPHENIX

MPGD Detector

#‘cryogenic chimney

outer HCal

* Time-Projection Chamber, TPC

» Readout required SG magnet

flux return door

« ~1.6x10°chl/ 624 FEE INTT

+ 960 bidirectional fibers links e .
Coa T e

inner HCal

« Average continuous: 1.1-1.8 Tbps total

support carriage

» Readout System

* SAMPAASIC FPGA: Xilinx Artix-7 =—>
« 32ch/chip & 320 Mbps R inial setup
+ Fast timing /ADC/DSP e
ast timing S “f‘,_ﬂﬁ Cock/igger
o FPGA :slow control
.. —] FPGA .
» Data formatting SAMPA [(_Siow cnt T P
- Clock/Trigger/Slow control e %}
* 5 Gbps fiber link | f ;e TPC FEE
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LHC-ALICE

B

*» Inner Tracker System, ITS MAPS Detector

» Readout required
» 2 barrels (IB,0B)
« 7 cylinder layers

« Data Reformat & Uplink
« Control /Trigger/Time Signal

» Readout System

* SRAM_FPGA Rad"”‘vi?i:"i“?-%i”f‘jffi‘di ,,,,,,,,, NiFia,d‘,aTn 77777777777 SR Detector Control System
Stave RU 1 GB“;ks
* Control and read out the data from stave
. 2 Common Readout
» Deliver packed data to CRU =« M 0T i e
 Flash-FPGA ) l;‘— : (CRU) (FLP)
* monitor and protect the SRAM-FPGA from . o
SEU A
TRIGGER
e Control and monitor Power Board o B conTROL
(°8) i DATA
° GBT ASIC ! M POWER
» High-speed data transfer(4.8 Gbps) Main PP il Kt

Aux FPGA: Microsemi ProASIC3

UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA 28



Trigger link

\

LHC-ALICE

¢ Block Diagram of ITS-RU data processing logic

_ MAPS data
“assemble

W Control
Manitor

Trigger H 1\
I : ALPIDE
N A . U —[mvmr]«bﬂﬂmpmm ] o [ oo ||
, ]

Trigger
Injector Tri Trigger

handier
Handier | rmonitor

Iy H Datapath GTH GTH || DRP | : [
(1 H Monitor monitor | | Control(| Bridge | | ' 1
oy H : ' I

S=p=-

I | TriccER

GBT contrqlg}_

N

GBTx
controlier
GBTx2
%€

PU controller

K

Control link :
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LHC-ATLAS

» New Small Wheel, NSW

« VMMASIC

channels
Output: 2 lines @ 640 Mbps

« ROCASIC

formatting the data
E-LINK
320 Mbps/link

Merges data from 64 front-end

Handling, Preprocessing and

. SCAASIC &GBT ASIC (4.8 Gbps)

 Inner Tracker (ITK)

UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA
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SR on NSW rim T
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e pe— fibre ;
—_— e m— = Trigger
MM ADDC _ 2/yerfsecior /:: procgegssor
// |

» VMM

#VMMs per FEB:
MM: 8
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IM & sTGC
g pLART [ GoT|
1
|
t
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win-ax\
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i
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ASIC Config
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|
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Front end boards

LL_NSW_EIxOur_v13

\

=== config/monitor trigger
= readout monitor
- trigger

Readout unit
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ration

swROD ﬁ

event
monitor

Config

Data Transceiver

e ' Ficl_))er
GBCR2 — lpGBT «—>»{ VTRx+ E- S0 m

. |Counting
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LHC-CMS

» Tracker system

— Providing tracking information
to the L1 trigger

— Quter Tracker & Inner Tracker

» Trigger rate: 100 kHz to 750 kHz

» Latency: 12.5 ys

2S modules

> Readout System = S VA |
. CICASIC { = E—
v’ Collect and format the front-end chips data | ..t o . | o,
—Ll» LpGBT ViR *:‘:Q)_L‘DODC %Y 4! [‘ - LpeaT | Process E
v" Distribute clock, trigger, and control signals =0 -,

- - = FPGA R:“"e
m
i TRIG
! L1 track-finding
CBC =
« IpGBTASIC & VTR+ASIC &  f#. | e -
nnnnn
e Track it
Route
& FE Hybrid TRIG
KK S S -

v Transmission of the data and the distribution «;

of clock and control signals
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Data chain options

» FPGA

<~ Programmable device

< Flexible

<~ Abundant resource

< High speed data interface
< High cost

< High system complexity

< System radiation hard design

» ASIC

< Specifically designed chip
< Much effort in chip design &

testing
< High speed data interface
< Low cost in massive production
< Low system complexity

< Chip level radiation hard design

» ASIC-based technique is very important for large scale application.

» Categorization in functionality and systematic R&D is necessary.

UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA
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High-speed Data Transmission System in HEP

» FE/ROC ASIC: Detector Front-end Back-end
Il r r in FE ASICs .
data collector & processing ay Ly . Downlink —
» SCAASIC: I 1 GBTX # ! FPGA| Cotl
slow control, cmd & config distribution = Fpor | .
] Sl ™ Eport L LT } E DAQ
» GBTX: — | : —
o | w3 ABTD] | i .
bi-directional data interface ASIC me : g | and Trigger
»  VTRX: Customized optical module By il b B o
User pegss 0 Q
< G BLD: monitoring . !
high-speed laser driver ASIC Uplink |
<> GBTIA: GBT-SCA Embedded electronigzligctger } Control room
h'gh"_s'peed low noise - Bi-directional Optical data transmission
transimpedance amplifier ASIC scheme developed by CERN

» Optical data transmission between the front-end and back-end is widely used in particle
physics experiments.

» Versatile Link Project: A typical system developed by CERN.

<~ Aims to build a high-speed, radiation-tolerant, bi-directional optical data transmission
system for the particle physics experiments applications.
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‘ CIC ASIC

s The Concentrator Integrated Circuit (CIC) ASIC is a front-end chip for
both Pixel-Strip and Strip-Strip modules of the Phase-Il CMS Outer
Tracker upgrade at HL-LHC.

PHY-port (TRIG_IN) Trigger data-path block
StubOutputFormatter

FE ports - o  TriggerfE Blocks StubSelection pul

3x18

.

> Ck40_Core

3
[>Ck320_Core|

5 .
> ckao PHY || . e AR §

: . WordAlignment Controller "
of < III
i
ARpser iNT 5
RESET_IN O
Ck40_Core
r
Ck320 ore
=

23xNMAX STUB
+

12C slave | registers

TR
Output PADS

galy

fCLK IN

*||sbc
0_PHY k40_12C

FAST CONTROL_IN

L1 data-path block
L1FE Blocks L10utput Formatter

PHY-port (L1_IN)
1 >

»{| FE ports - >

1 s >

> Ck320_Core ¥ 1

E > Ck160_PHY m
: D Cka0_PHY ' Sock sampli

* Input: 48 lines @ 320 MHz, connected to 8 FE chips

rn-)gxnvmvnvsvﬁ « Each FE chip, 5-bit trigger data and 1-bit L1 data

pass| s, o A | .
1.6.4'omm| ( )223?23'353313/ - - Output: 7 lines @320/640MHz

Ln_w_n_n_n_;ﬁ_nm_l * 6 lines for trigger data and 1 line for L1 data
stub

« Data compression
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VMM ROC ASIC

* VMM ROC is used for handling , filtering and

processing of ATLAS muon detector data

> Input

« 8 channel / Data rate: 640 Mbps

» Output

» 4 channel / Data rate: 640/320/160/80Mpbs
(DDR)

» TTC rate: 320 Mbps (DDR)
» Configurable X Bars

» Multi-channel data aggregation

» Output clk 80/160/320MHz clock signal to
VMM, TDS, ART

» Send soft reset /BC reset/Test Pulse
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real-time

packet

iclock)

BC, BCR separate delays f
11 eachofaTosasic
4—2;):':;‘( — 160MHz
—t PLI -l =
BCclk BCclk| © L < E-link clock (= BC
56
ENA/SOFTRST phase ENA/SOFTRST
BCR/OCR aligne BCR/OCR T
TestPulse TestPulse |contiire E-link (TTC @320Mb/s)
Level-0 Acdept LOA
Separate delays for BCID, Orbit count L1ID
each of 8 VMMs | [
r -
VMM capture (1 of 8) —-— SROC1 Yooy
Captures LO event packets 0 8elo; (ilr}?(l)t couml Level1-ID |
that contain several hits =] FIFO

from the LO BCID window.

from up to
8 VMMs

Select L1 events
from LO events

mll [
\ 3/

according to
BCID match

VMM-to-RO Companion Serial link is
2 x 160MHz DDR = 640Mb/s,
8b/10b encoding yields 512Mb/s net.

Readout Controller

Format: Event frame,
8b/10b encode

E-links

serializer
FIFO [ to E-link

3
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Slow Control ASIC

+» GBT-SCA ASIC provides slow control

monitoring FE and detectors.

» Variety of protocol buses and functions

» 32 bit Parallel Interface Adapter (GPIO)

« 16 independent I12C master serial bus
channels
SPI master, 8 individual slave

« JTAG serial bus master channel

« 12-bit ADC (31 bit analog inputs )

« 4 DAC channels , 8 bit resolution

« Temperature monitoring module
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GBTx & LpGBT ASIC

Clock[7:0] ﬁ External clock reference

Phase - Shifter CLK

Dafaranca /DI

LI L
AN

¥25a/23a

Ja8euen 1D

N\

JN3/¥DS

Control Logic Configuration

JTAG 12C Slave 12C Master

| 12C (light

%+ GBTx ASIC o3

> Input:
-40 channels @ 80Mbps
-20 channels @ 160Mbps
-10 channels @ 320Mbps
» Output : 4.8 Gbps
» Power : 22 W /1.5V
» BGA 400 pin
» 130 nm CMOS
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GBTX

Each bank can be configured at
80Mb/s, 160Mb/s, 320Mb/s

Slow Control at

80Mb/s

Bankl[ IBankZl |Bank3| |Bank4|

120Ibits

A

[ Internal  External

Cor}trol Conltrol

= |

GBT protocol

Header Data Data Data Data Data FEC FEC
(3:0) | €O |ECEON | 1oeay | (63:48) | (47:32) | (31:16) | (15:0) | (31:16) | (15:0)
\ J \ J\ J )
. | | |
Header field Slow Control Data field - 80bits Forward Error
- 4bits field - 4bits Correction field - 32bits

LpGBT ASIC is the upgraded of the GBTx

> Input :

- Input channel: 28/14/7

- Data rate: 160/320/640 Mbps @ output 5.12 Gbps
- Data rate: 320/640/1280 Mbps @ output 5.12 Gbps

» Output: 5.12 Gbps /10.24 Gbps

> Power : 1.2V
» BGA 289 pin
> 65 nm CMOS
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Optical Fiber Transceiver ASIC

Optical Connector

Latch
/ Transmitter Optical

Sub-Assembly
(TOSA)

GigaBit Laser
Driver
(GBLD)

Receiver Optical

Sub-Assembly
(ROSA)

Small Form-factor Pluggable (SFP+)
Interface

VTRx Optical Module Developed by CERN

Optical Fibre
VIRx and Connec tors TRx (SFP+)
TOSA
Singlemode n . 3 D
{ | Laser Diode
EEL/InGaAs ; e O
Multimode _W
VCSEL/Gans L=
ROSA
On-Detector Off-Detector
Radiation zone Radiation-free zone
VTTx DRx12
TOSA O
Multimode _’ D
VCSEL 50-150m
N oy e M O R S

VTRx (Versatile Link Transceiver ) is a
customized optical module developed
by CERN. It is a pluggable module that
integrates the laser, PIN-diode, GBLD,
GBTIA and related optical components
and mechanics.

This module was first developed using
TOSA and ROSA components as the
single-channel form (1Tx + 1Rx), and
updated to VTRx+ using the laser
array and array driver to achieve the
parallel-channel form (4Tx + 1R,
configurable).
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|
GBLD & GBTIA ASIC

1900um

25V B vormGE | BANDGAP | ...
GND E——]| SHIFTER REFERENCE "

EMPH >
q

MOD >
q

MOD™>
q -

MPH >

»c
INTERFACE
-]
i
=
|
B

DAC | Buas™>
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LDQ10 ASIC (GBLD ASIC in 65nm)
* Upgrade to 65nm CMOS

* 4 x10 Gbps/ch

* Four-channel laser array driver

A

1700um

GBLD is a laser driver ASIC. It amplifies the high-speed serial
data from GBTx ASIC, and drives the VCSEL laser to emit light.

This lase driver ASIC was first developed under 130nm CMOS
technology (GBLD, 5 Gbps/ch), and updated to the four-channel
array form (4 x 10 Gbps/ch) in 65nm CMOS technology.

» GBTIA is a transimpedance amplifier
ASIC. It amplifies the high-speed current
signal from PIN-Diode as part of the
downlink optical-to-electrical conversion.

» This ASIC was first developed under
130nm CMOS technology (GBTIA), and

GBTIAASIC updated to the IpGBTIA using 65nm
* 130 nm CMOS CMOS technology.

 2.56 Gbps/ch

*  Downlink
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‘ Summary of GBT & VTRXx

» The first generation of the GBT ASICs is based on 130 nm CMOQOS technology
(around 2011). 2.56 Gbps Downlink + 5 Gbps uplink.

» The second generation of the GBT ASICs is based on 65 nm CMOS technology
(around 2019). 2.56 Gbps Downlink and 10 Gbps uplink.

» In future, more advanced process (28nm, ...), higher data rate, lower power...

1900um

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

E
5| — 2
ﬂ!"'m
GBT_SCA IpGBTX GBLD (LDQ10) GBTIA
130nm CMOS  65nm CMOS 65nm CMOS 130 nm CMOS

VTRx+ optical module
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Content

Some work in China on readout chain

v
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FPGA based Readout Unit

r
.Ba“e\ Power Supply
<—|— Power Unit (PU) I
| 1 |
"' | [ceme s [Fot o Fion | crome | vower 1| | =%
i ¢ I I ] e
I . 1| FPGA (Xilinx I Front_end control network '
v «—control | | | itraseale) | cont o
e = clock | i 1 . BDC ! . Data_in §§ §
e | Interface || Readout g2 2
MAPS \—I_:DATA > i ICErcLits i Coitrol BDC = Data ;:;ndn;:tn Ciink & ik Eo
} ! Logic - I Unit E
| ! ! BDC ransceiver i i
‘ \ T o b= T
L e ]
| Readout Unit (RU) | L Local ‘—T>:gfyer E&g
Trigger é"
I_ _________ I Units T_ir‘r_1e‘ _S\LSICIk
.
» Control and read out the data from MAPS stave
» SRAM-FPGA receives control/trigger signals and delivers packed data to CRU
» BDTC function integrated into the SRAM-FPGA
» A Flash-FPGA to monitor and protect the SRAM-FPGA from SEU based on

scrubbing
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ITS-FPGA based Readout Unit

&€ Tested and verified the circuits

« BER < 102 for serial data links and
optic fiber paths at 99.99%
condidence level

« Data rates:
« 400 Mbps for serial data link i -
. 5 Gbps for optic fiber path " k
& Tested and verified the logic ’

« FPGA implemented high speed
data transfer protocol

« Scrubber design
MAPS simulator

s O

ETFRFRH

s
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ITS-Power Board

4 One PB is composed by
independent PU (PUR and PUL)

two

€ Each PU contains 8 channels of
analogue output (1.8V/250mA) and 8

channels of digital output (1.8V/1.5A)

& A flash FPGA on PUR controls both
PUR and PUL and is responsible for
communication with RU

PUR
UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA

PUL

Power output
to Stave

Power output
to Stave

Power output
to Stave

Power output
to Stave

Power input

Control signals

+1.8V

DW

OmPUI Analogue

X8  voltage
18V domain

output

+1.8V

ik

ouput] pigital
(X8  voltage
18V domain

output

Power
connector

Digital

Power
connector

Analogue 3
voltage X8
domain -

voltage X8
domain

from CAEN from RU
[ [
2 NS
Power UART
connector
FPGA connector FPGA
PUL PUR

Cooling
plate

a1n | 84 YOIN
.
- s

Power output
to Stave

Power output
to Stave

Power output
to Stave

Power output
to Stave

Front Panel
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ITS- ASIC based RU

Trigger signals
Tirgger Time
Processor Carvar

Front_end control network

17 7777777777 Control_linki
I
I

clk_link

GBT link (data, Control), Common
Readout o
GBT link

— Unit

1

Local

> Trigger
Units
Readout Unit (RU) Timed SysClk

| |
| { WRPTP ||

(9
% ASIC group replace the function of FPGA, form the complete data and control link;
% RCC: Readout and Control Chip

v MAPS data receive and processing, Slow control, Clock and Trigger
s BDTC: Bi-directional Data-transceiver Chip

v" high speed bidirectional data transfer

% Optical Transceiver : Laser-driver/receiver ASIC to modulate serial data on a laser
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RCC AS I C RCC: Readout and Control Chip

| | Next
| PU | BDTIC RCC
UART SPI
Global clk Control
Control& trigger Slow control 20MHz
ENA/BCRST
PLL
Config Trigger R
Serial | CDR+ 2% P TriggeriD|
erial o re
L Align Store =
MAPS [ data |Deserialize Cik } process TTC store
l X >
Fitter M‘f_‘»ﬂ& 0
l_
5 Qa
:XG cBar ‘ 0 X2 0
TTC store T _
X >
Data, | L}
: . Pre
Serial| CDR+ Ali nF» —%St
MAPS g ore . Enc&
data |Deserialize|CIk process » Filter 4S‘°’eHRe“’rma‘e | serialize]

Seriz?ll Serial Clock. Trigger High Speed Serial
Config Data and Control Interface

RCC integrates the functionalities of Assembler, Buffer, Aggregator, and Data
Packet processing for the MAPS detectors.

Adjust and distribute control, trigger and clock information for MAPS/GBT/PU.

RCC also optimizes the bandwidth utilization and reduces the number of
required data links.

UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA 46



RCC ASIC

MAPS Link: i wam <
v Data link: 400 Mbps / 8 channels — 1.2 Gbps el
v' Cfg link: 40 Mbps / Bi-directional

Link to BDTC:

v' Data link: 160/320/640/1280 Mbps (configurable)
v' 1/2/4 channels

v' Cfg link: 80 Mbps

v' Trigger link :320 Mbps

v" Clock : 40 MHz

Provides Control, Trigger and Clock information for ==
the detector Realize the function of data |
reorganization

Trigger / Trigger-less

Evaluat;bh z

Integrated CDR & PLL Sl
SPI for BDTIC / UART for PU cfg & monitor :

SRAM ECC & Critical logic TMR protection
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B TC AS I C BDC: Bi-directional Data-transceiver Chip

Data Interface ASIC Layout ASIC Bonding Diagram ASIC Test Board

» The first prototype of the data interface ASIC has been designed and
verified, including the following analog cores.
© 5.12 GHz PLL
< 2.56 GHz Clock and Data Recovery (CDR)
< 10.24 Gbps 16:1 Serializer
< 2.56 Gbps 1:16 Deserialzier
» Based on 55nm CMOS Technology

» Die size: 3 mm x4 mm 166 Pins
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Optical Transceiver- Laser Driver and Receiver ASICs

Optical module front l

-

gty

l‘u]:ul,lvl"f'ul}

LDLA14 TOSA ROSA

Optical module back

LDLA ASIC Layout ASIC Bonding Diagram ASIC Test Board
LDLA ASIC integrated in the customized optical
module (SFP-like, 1Tx+1Rx) for test

» The first prototype of laser driver ASIC (LDLA) has been designed and
verified.

» The ASIC has been integrated within the customized optical module,
and 10 Gbps wide-open Tx optical eye has been captured and verified.
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Optical Transceiver- Array Laser Driver ASIC

~RO OTLAD. ELECBoS
LDAr on electrical test PC

&

"
[ =]

== | DAr ASIC e

LDAr ASIC
integrated in the

;‘ WP _..a:._.s.‘
ﬁu"ﬂftrﬂﬂuwrleli
1850um "

LDAr ASIC Layout LDAr ASIC integrated in the customized array optical
module (4Tx) for test

10 Gbps optical eye

» The first prototype of four-channel laser array driver ASIC (LDAr) has
been designed and verified.

» The ASIC has been integrated within the customized array optical
module, and 4 x 10 Gbps wide-open Tx optical eye has been captured
and verified.
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Optical Transceiver- Higher Speed Research

PAM2-NRZ

0O0O|1T 1|01 14011 1 110 O

1 1 1 1 o
S ———

10
0 1 0 1
00 0 0 NRZ

NRZ signal and PAM4 signal NRZ and PAM4 eyediagrams

» For higher speed optical data transmission development (two ways):

<~ Use more peaking techniques in ASIC circuit design, and use more
advanced process in ASIC manufacture for higher intrinsic analog
bandwidth.

<~ Use different signal modulation format, e.g. Pulse Amplitude
Modulation 4-level (PAM4).
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Optical Transceiver- Higher Speed Research

LSB channel PAM4-core output driver
Equalizer Limiting amplifier

IAC coupling
m

LSBinn

L]

10 Gbps "vb_i ) )
o = ] i
——r PAM-4 1
M§:\:Ie - c&m;':::'::
MSBinn[} i}

10 Gbps "’u—% VCSEL
NRZ data Msmnp: _/\> > " 3

Equalizer Limiting amplifier Cemis

MSB channel
E"

20Gbps/ch+ PAM4 VCSEL Driver ASIC 20Gbps/ch+ PAM4 Receiver ASIC

Block Diagram Block Diagram

» PAM4 VCSEL Driver ASIC is under design. The core issue for this ASIC:

< To combine and transform two regular NRZ signals into a 4 voltage level
signal with enough amplitude and linearity.

» PAM4 Receiver ASIC is under design. The core issue for this ASIC:

<~ To amplify the signal, and recover two NRZ signals from the PAM4
signal with enough bandwidth.
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Content

v

WR technique for clock phase compensation
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Mixed transmission

High-precision clock synchronization is essential for precise time measurement

and control.

Mixed transmission of data, clock, and command is preferred for larger

experiments.

The clock is embedded within the data stream, and recovered at the front end.
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White Rabbit

White Rabbit (WR) was proposed by CERN and
GSl in 2008.

Based on Synchronous Ethernet and PTP
technology.

Kilometer-scale sub-nanosecond clock
synchronization accuracy and multi-node long-
distance clock distribution.

Specified switches, compatible with standard
Ethernet protocol.

Support fiber based mixed transmission of data,
clock, and commands bidirectionally.

Automatic clock phase compensation.
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Timestamps
known by slave

tt byt

PTP (Precise Time Protocol)

Tround_trip =T-Th +T4— T;

= (Ty—-Ty) — (T3— Ty)

delay = [(Ty= Tr) — (T3~ T3)]/2
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White Rabbit

 Round-trip delay measurement
 Digital Dual Mixer Time
Difference (DDMTD)
« picosecond-level precision
 Round-trip delay distribution
(link asymmetry)
« Fiber delay asymmetry factor o
« Electronic delay ( Apems
Arxm’ Atxs’ Arxs ) 1 Via
calibration

Clock adjustment

 Coarse time adjustment(Dual-
edge counter)

Link Slave

. »
phaseyy Phase
detector

Master-recovered clock 4

b)

 Fine phase adjustment(Soft PLL 7,z . zﬁ(&
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Clock Electronics in LHAASO WDCA

LHAASO -- Large High Altitude Cosmic

Ray Observatory
« WCDA -- Water Cherenkov Detector Array
« Design requirements

3120 channels, over 80,000 square
meters of water pool.

Environmental temperature variation
Automatic clock phase compensation
within +100 ps (peak-to-peak)
Transmission distance over 400 meters

» Readout electronics architecture

Distributed front-end digital architecture

Mixed transmission of data, commands,
and clock

High-precision clock distribution and
phase auto-compensation

UNIVERSITY OF SCIENCE AND TECHNOLOGY OF CHINA

I

System clock

‘ WR Switch ‘ ‘

§

t 1

¥

. . WR
‘WR Switch WR Switch
1_‘ wie l_. V:EI Slxii‘tch Switch
WR llllll WR WR ------ WR ------
Switch Switch ’iv’vitch Switch Switch Switch

o0

i

i Bl
S

57



Clock Electronics in LHAASO WDCA
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Clock Electronics Test Results in LHAASO WDCA

« Period jitter: 15 ps RMS

« Temperature variation range: -10 to 60 °C

» Clock phase synchronization accuracy in varying
temperature Environments: better than 100 ps (peak to
peak)

« Clock synchronization accuracy during power cycling:
better than 40 ps (peak to peak)

 When both factors are present, clock synchronization

accuracy: better than +70 ps (peak to peak)
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Based on High-Speed Serial Transceivers

Fixed link delay

« Fixed phase at the transmitter and fixed phase at the
receiver

Precision of phase measurement and adjustment

e Phase measurement: DDMTD, TDC

Single-mode dual-core

« Phase adjustment: unit in SerDes can achieve high optical fiber
precision compensation for phase adjustment

Implementation of symmetrical uplink and downlink delays

FPGA  [Adjustment | EPGA Period jitter: < 1 ps
1 > Q R
PLL ! DES | TX > "| CDR |RX » p|| Repeated power up
Phase
Detection SerDes a7 SFP SerDes results in skew variation:
0 || b—— e cor ~Q ] s | ;
< 15 ps peak-to-peak
Master Slave
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Conclusion

MAPS has been applied in high-energy particle physics experiments,
and is one key solution for ITS in future domestic experiments of this
domain.

LGAD is under fast development, and several readout ASICs have
achieved good performance, such as ALTIROC, ETROC, EICROC.
We have also finished the prototype ASIC -- LATIC, which is
expected to be used.

Data transfer is one of the key techniques of readout electronics for
pixelated detectors and other high-granularity detectors.

FPGA devices were widely used in this domain, while ASIC-based
transmission from the front end is an important direction.

Mixed transmission of data, command, and clock is preferred.
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