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Introduction (I)

Next generation of silicon pixel detectors for phase-2 upgrade of ATLAS and CMS
experiments at HL-LHC (~2024-26) sets unprecedented design requirements

— High granularity - small pixels (50x50 pm? / 25x100 pm?)

— Large chips (~2x2 cm?, ~10° transistors)

— High occupancy (pileup ~200) - 3 GHz/cm? hit rate

— Radiation tolerance for innermost layers: 2x10%¢ n,,/cm?, 1 Grad TID

RD53 Collaboration: focused R&D developing pixel chips
for ATLAS/CMS upgrades (baseline technology: 65 nm)

— Extensive radiation testing to determine how best to obtain sufficient radiation
hardness

— Tools and methodology to efficiently design large complex mixed signal chips
— dedicated simulation and verification framework

— Developed and tested many test structures, building blocks and small pixel arrays
— shared rad-hard IP library (analog front-ends, calibration circuit, bandgap, DAC, ADC,
PLL, serializer, cable driver, serial 1I/O, serial power regulator, on-chip monitoring)
— radiation test structures (transistor arrays, analog circuits, digital libraries)

— two small scale (64x64) prototypes: FE65-P2 (see presentation by Timon Heim),
CHIPIX65 (see presentation by Luca Pacher)

— Design and characterization of full scale demonstrator pixel chip: RD53A
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Introduction (II)

— RD53A is intended to demonstrate in | ae——a————
large format IC the suitability of the b : -
chosen 65nm CMOS technology for
HL-LHC upgrades of ATLAS and CMS

— radiation tolerance
— stable low threshold operation
— high hit and trigger rate capabilities

— RD53A size: 20 x 11.8 mm?
- 400 columns x 192 rows,
50 x 50 um? pixels

— RD53A is not intended to be a final production chip

for use by the experiments
— contains design variations for testing purposes
— wafer scale production will enable prototyping of bump bonding
assembly with realistic sensors in new technology -
- performance measurement

— forms the basis for production designs of ATLAS and CMS:
architecture designed to be easily scalable to a full scale chip

CLICPIX

— Submitted: end of August 2017 (shared engineering
run with CMS MPA/SSA chips for cost sharing)
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Preparatory work — Radiation qualification (I)

— Extensive irradiation

campaign in past 3 years
— transistor arrays
— analog circuits
— digital test chip

— Significant radiation
damage above 100 Mrad

— analog: transconductance,
Vy, shift
— digital: speed degradation

% Delay degradation

160

'Y

<}
=

3
=]

®
(<]

-3
=

IS
o

n
=]

=

Irradiation at 25°C
9TNVT library with bias

0. g
.‘ » £ 0.
o s &
’.'O' .l'
Sl
Oy é
I'.o 4 .
G
oo
UL
o
?
.:::. L
O
K A -’
e PRY
AT, >
R 5 o8 -3
P> o
oot X <) o
PR = et
| e
Sad
. " . . ) . L . . J
0 50 100 150 200 250 300 350 400 450 500
TID (Mrad)

— Short and narrow channel effects (RISCE, RINCE)
— strongly depend on temperature during irradiation and

bias conditions of devices

— less damage when irradiating at low temperature (-20 °C)
— worst case bias : Vgg = Vpg = 1.2 V (diode connected)

— some recovery observed at low and room temperature
annealing but high temperature annealing with bias

introduces high Vy, shift
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Preparatory work — Radiation qualification (II)

— Realistic to stand 500 Mrad with conservative design
approach (inner barrel layer can be replaced after 5 yrs)

— Conservative transistor simulation models for
behavior after 200 and 500 Mrad dose (worst case
bias, irradiation at room temperature) for circuit
simulations and optimizations

— Analog circuits appropriately designed (large
transistors) and then simulated with 500 Mrad corner
model

— Digital libraries: DRAD chip [Jara Casas et al., JINST, 2017]

— study effect of radiation on digital standard cells in 65nm ;.I:gt:; m
— test efficiency and validity of digital simulations 12 Track: 2.4 uM
with irradiation corner model 18 Track: 3.6 uM

— Simulation results agree with irradiation tests
but the model overestimates TID damage level

— NOR gates should be avoided due to strong degradation
— Large devices - better time margins

— Test results used to decide which timing corner to use
for RD53A design

substrate contacts
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http://dx.doi.org/10.1088/1748-0221/12/02/C02039

The RD53A demonstrator

RD53A specifications [CERN-RD53-PUB-15-001]
Technology 65 nm CMOS
Pixel size 50 x 50 um?
Pixels 192 x 400 = 76800 (50% of production chip)
Detector capacitance < 100fF (200fF for edge pixels)
Detector leakage < 10nA (20nA for edge pixels)
Detection threshold < 600e-
In-time threshold < 1200e"
Noise hits < 106
Hit rate < 3 GHz/cm? (75 kHz avg. pixel hit rate)
Trigger rate Max 1 MHz
Trigger latency 12.5 us
Hit loss at max hit rate (in-pixel pile-up) < 1%
Charge resolution > 4 bits ToT (Time over Threshold)
Readout data rate 1-4 links @ 1.28Gbits/s = max 5.12 Gbits/s
Radiation tolerance 500Mrad, 1 x 1016 1Mev eq. n/cm? at -15 °C
SEU affecting whole chip < 0.05/hr/chip at 1.5GHz/cm? particle flux
Power consumption at max hit/trigger rate < 1W/cm? including SLDO losses
Pixel analog/digital current 4 uA /4 uA
Temperature range -40°C + 40°C
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http://cds.cern.ch/record/2113263

RD53A floorplan and organization (1)
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— RD53A metal stack: 9 metal layers + 28K AP layer

— RD53A uses standard V., 9-track library (tcbn65Ip)
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RD353A floorplan and organization (II)

50x50 um? pixel floorplan
— 50% Analog Front End (AFE), 50% digital cells

— Pixel array built up of 8x8 pixel cores
- 16 analog “islands” (quads) embedded in a flat digital synthesized “sea”

— A pixel core can be simulated at transistor level with analog simulator

— All cores (for each FE flavour) are identical
- hierarchical verifications

Digital logic D D
AFE ' ) () '
35 15
>
PIXEL ANALOG QUAD

PIXEL CORE
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RD353A design flow: Top level integration

Analog Chip Bottom
Analog front-end .g P
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e to an. blocks Calibre
v DRC/LVS
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-VEPIX53 (System Verilog/UVM) ~)
—-BDAQ53 (Python) (see Marco Vogt’s presentation)
—Verilog AMS (Wreal)
—HSIM Tapeout
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Power

— RD53A designed to operate with serial powering ~10a, ~12v 4(2) chips per module

- constant current to power chips/modules in series HV
A Module
I a1
— 2 internal voltage rails: analog (Vppa) e
. :
and digital (Vppp) 50 ﬁFm T
ROC :
— Based on ShuntLDO regulator:Low Drop-Out 7
linear voltage regulator + shunt regulator HY
= BATaS:
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- . . 1 - R e NS
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I (see presentation by Stella Orfanelli) I
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Pixel Array — Analog front-ends (1)

3 different analog front-end designs for performance comparisons with same layout area

— Easily interchangeable on the pixel array
— Common calibration injection circuit for direct performance comparison

Synchronous FE Linear FE Differential FE
128 columns 136 columns 136 columns
(16 core columns) (17 core columns) (17 core columns)
RGN 0—127 >| < 128-263 > < S U] B
ITHIH[EH_T_H_H"HIHHTHITFHTHlT[ﬂTmeHﬂTHII'HIIIIIIIIIIIIII”IIIIIJIIM:!![IIlllllllllgyIIIIII!LHHIIIIII
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Pixel Array — Analog front-ends (1)

3 different analog front-end designs for performance comparisons with same layout area

— Easily interchangeable on the pixel array
— Common calibration injection circuit for direct performance comparison

Synchronous FE Linear FE Differential FE
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— Single stage Charge Sensitive Amplifier AC coupled to synchronous comparator
— Baseline “auto-zeroing” scheme - no threshold trimming needed
— Latch can be turned into local oscillator up to 800 MHz for fast ToT counting
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Pixel Array — Analog front-ends (1)

3 different analog front-end designs for performance comparisons with same layout area

— Easily interchangeable on the pixel array
— Common calibration injection circuit for direct performance comparison

Synchronous FE Linear FE Differential FE
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Pixel Array — Analog front-ends (1)

3 different analog front-end designs for performance comparisons with same layout area

— Easily interchangeable on the pixel array
— Common calibration injection circuit for direct performance comparison

Synchronous FE Linear FE Differential FE

I
)
|
Sea—IH=
F'rl:.l"..l:r..;...."' | v
Ik.-"" .

Continuous reset integrator first stage
+ DC-coupled pre-comparator stage
with differential threshold circuit

LiedHlas Cr
| IrjsEctica 4|

:

2017 Topical Workshop on Electronics for Particle Physics — Sept. 11-14, Santa Cruz, CA — Elia Conti (CERN) 12/22



Pixel Array — Analog front-ends (II)

_ Post-layout simulations (*except
;‘;?Loi?e;rtou':::nds Sync. | Lin. | Diff.* | spec | Diff.: schematic level sim):
Cp=50 fF, T=27 °C, Q4=600 e-
Charge sensitivity [mV/ke"] 43 25 103 = _ _ ]
ENC rms [e] = - = E— — In-time overdrive relative to
r B -
5 Q,,=30 ke
Threshold dispersion o(Qy,) rms [e7] 93 32 20 <<126 )
— Time walk > Q;,=1200 e-
V(ENC? + 0(Qy)?) [€] 115 89 54 <126 (relative to a Q, =30 ke-)
In-time overdrive [e <50 <100 | O < 600
[e’] — ToT > Q,, = 6 ke
Current consumption [pA/pixel] 3.31 4.3 3.5 <4
1 . .
Time over threshold [ns] 121 99 | 118 < 133 5.1 uA including latch

Digital n-well guard ring
_ ; | closed: analog quad
fanalog ground GNDA.; o 7 7 isolated from “outside”
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Pixel Array — Digital matrix (I)

Pixel array logic organization Ix4 pixel
— region
— Basic layout unit: 8x8 digital Pixel Core 8x8 | 8x8
- synthesized as one digital circuit pix || pix OR
— Pixel Core contains multiple Pixel 192x40(
Regions (PR) and some additional e 4x4 pixel
arbitration and clock logic region
— Each Pixel Core receives all input signal ?;I(f ?;I(f
from the previous core
(closer to Digital Chip Bottom) and
regenerates the signals for next core ! ! !
. . : . 8x8 8x8 8x8
— Timing critical clock and calibration Pixel Pixel Pixel
injection signals are internally delayed Core Core Core
within the core relative to the VA VA N VA
regenerated ones to have a uniform 8_x8 8_x8 8_x8
timing (within 1-2 ns) Pixel Pixel Pixel
Core Core Core
VA VA VA

Digital Chip Bottom
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Pixel Array — Digital matrix (1)

— Pixel Regions contain trigger latency buffering (most efficient architectural solution in
order to handle very high hit rate)

— Architecture exploration from initial statistical study (2013) to behavioral
parameterized pixel array model: two different buffering architectures (2014-2015),
eventually implemented into small scale prototypes

] Pixel Region (PR)
) PUC matrix PR buffer
:—:}ESUt PUC | PUC PU .
> 1| 2| - [ WS PUC outputs hiatcket Hiltggggﬁgt . -
oS . |oT, tate) — ||| .. Centralized Buffering
] Write Architecture (CBA)
logi . .
euc| [ [eue o9ie Tri:er — 4x4 pixel region
A ional : . .
external l regional signals ;ieggAZTSi melact)cglgclng — implemented into CHIPIX65
counter A
signal |
trigger
Pixel Region (PR
input PUC matrix d (PR)
! PR latency memory
hits PUC | PUC PU - - -
:Q; 28| - | Puc oupus magees Distributed Buffering
oT, state output (ToA -
. e R Architecture (DBA)
: ) — 4 pixel region
pel ] [ Lt egiona vasered 2x2 > 1x4 pixel regio
; Y |signals hit packet — based on ATLAS FE-I4
external regional signals w— : :
counter uni — implemented into FE65_P2
signal
trigger

2017 Topical Workshop on Electronics for Particle Physics — Sept. 11-14, Santa Cruz, CA — Elia Conti (CERN) 15/22



Pixel Array — Digital matrix (111)

— VEPIX53: simulation and verification
environment (UVM) supporting design

est

E |:{>[ TEST SCENARICD] N
library

Configurationtl gt from initial architectural modeling to
4 T TESTBENCH) final verification
[Sequencer) [subscriber} interfacol — generation of different kinds of input stimuli
[Conyern ] [wonitom [ > ] (internally generated or from Monte Carlo)
e — automated verification features
Virtuald] =e _ _ Triggerfl
seqr. ISequencerEb ISubscrlber[}] interfacell! P I ht t f
Levar ] |on | =) - Pixel array architecture performance
¥ metrics: hit loss and latency buffer
. n
Analysisuva DUT occupancy
Referencel? = ; .
modeln Y@ Scoreboard? Analysis] ! — Comparative study DBA-CBA:
—————————————————————————— interfacel
(——— ) — at behavioral level
| — at RTL from small scale prototypes
Output@VC — Comparable performance found
Outputll .
interfacefl between CBA and DBA architectures
N [—] |) in terms of buffer overflow hit loss

Result of the study motivated further optimizations implemented into RD53A
addressing design limitations - all differences solved
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Digital Chip Bottom (DCB) (1)

Serial input

stream
(custom
protocol)

( Datain, )CDR/PLL
Q

1/2/4 CML
outputs
@ 1.28 Gbps

Aurora 64/66
(Xilinx)

SER_out
<

_ Analog Digital Chip Bottom
Chip Bottom
Data out RX_Data[15:0]
Channel Z | Command
> _ — Sync Decoder
< CMD_clk
\ (160 MHz) BX ekl o _H{dIL____ ——-
Fine delay (40 MHz)
clock Yvy >
640 MHz
( ) Global I'I' I Decoded g
JTAG Config commands
SER clk
(1.28 GHz)
To_Serializer Register data _
— : [19:0] Aurora 100 D_ata Pixel|Data
Serializ. < 64b/66b Builder
Readout proceeds with column-parallel token chain one trigger at a time
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Digital Chip Bottom (DCB) (11)

Configuration: 9-bit address, 16-bit data

— Global configuration: 9-bit address, 16-bit data

— Pixel configuration: up to 8-bit data per pixel, R/W done on pixel pairs

SEU tolerance strategy

— SEU tolerant dual interlocked
(DICE) latches with interleaved
layout designed and irradiated:
9x more tolerant than
single latch > not sufficient

— Triple Modular Redundancy

Mean time between errors | Area/bit
Pixel config Global config (without
(1.28 Mbit/chip) (1 kbit/chip) | ctrl logic)
Single latch | 55 ms 71s 5 um?
DICE 0.5s 639 s 11.6 um?2
TMR 209 s 74 h 700 um?

(TMR) consumes area and not compatible for pixel configuration

- used for global configuration

— Solution for pixel configuration: simple DFF with trickle configuration

(frequent data refresh cycles)

— To be refined, extended and have SEU simulations for final chips
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Analog Chip Bottom (ACB)

— Multi-purpose macroblock containing all analog IPs, assembled in analog
environment (Virtuoso) and simulated with analog and mixed-signal simulator

— Provides 4 pA current reference to current DACs, regulated in order to compensate for process
variations

— Monitors different quantities (temperature, total dose, currents/voltages) in different parts of the
chip, digitized by 12-bit ADC

— Provides global analog front-end bias and calibration circuit voltage levels

— All IPs previously thoroughly tested, also from the standpoint of radiation tolerance
before integration in RD53A chip

Macrocol_Bias_Sync Macrocol_Bias_Lin Macrocol_Bias_Diff

L e RS0
1
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Mon-Cal-I

Temp. sens Temp. sens th
(ShLDO. DIG) (ShLDO, AN) (4th Temp. sensor on top of array)
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RD53A Verification (1)

VEPIX53 UVM verification components (UVC) allowing for reusability and automated
verification functions

Also support directed test pattern generation

Interface verification 4 TESTBENCH )
components (UVCs):
— Hit (sensor pixel hit data) DUT

— Command (custom input protocol : PIXEL ARRAY
for control and trigger) Hit || —> |

— Aurora, HitOr (monitor pixel chip A
output)

Pixel Array
UVC

Virtual
seqr.

Module UVCs:

— Pixel array UVC (reference [ ] CLOBAL
models, scoreboard, lost hits cmdif CONEIG
classifier) UVC  |[— ]| s | o ,

SYNC “AURORA
— Channel Sync and Command DCB I - LI_) Aurora UVC

Decoder UVC (monitor, checker)
— Planned: configuration register Cmd decoder
model (automatic configuration UVC
register verification), Config register
SEU injection \_ model )
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RD53A Verification (II)

Verification approach:

1. Constrained-random tests - functional coverage collection

— Based on generation of constrained-random inputs
— Automated pixel array verification

2. Directed tests > specific test cases aimed to verify single functions and unlikely
perturbations

— Custom command sequences

— Extreme hits/triggers

— No extensive tests

— So far tests checked manually (eManager logs and Simvision waveforms for debug)

3. Generation of stimuli for analog simulations

Generated on: Wed Aug 30 09:38:50 2017

=) UnGrouped
Runs UnFiltered
Runs Table: Contains 27 runs in 27 groups (no runs are filtered out)
[¥  [Run1d ¢ [Status ¢ [Full Title ¢ Top Files = Seed ¢ SV Seed & : :
# 0| RO0D00I|passed  |full-chip-gl/typ_corner/top_test read_default_gc top_test_read_default_gc.s random, 971770175 Example Of teSt regreSS|on run at eaCh deS|gn
¥ 1 RO0002 [passed  |full-chip-gl/typ_cornerstop_test_random hits and_trigs_4lanes_fullchip top _test random hits and trigs 4lanes fullchip.s random  -616799104 iteration (RTL and gate_level 3 timing Corners)
¥ 2 RO0003 [passed  [full-chip-gljtyp_cornerftop_test injection hitor top_test_inject s\ random 2014921419 !

&
w

Lipassed |full-chip-gl/ th corner/ tnp test m]ectlon hitor random -983996844

win ooz |BIOCK / FUNCTION Test type

random 704213094

=
e

[passed .
i[passed |

]
o

full Ehlp gl ftyp_cornerftop_test_injection_hitor

=]
o

random| 2084898728

e e e Global configuration readback [Directed

passed : ifull-chip-gl/typ_corner/top_test_injection_trig
G|passed  [full-chip-gltyp_corner/top_test pix conf readback autorow

&

=
¥ g| R ) [passed : (full-chip-gl/typ_cornerjtop_test_pix conf readback autocol : ‘top test pix conf readback autocol.sy random| 1848973406 . .

Mg RO0010passed | [full-chip-gl/min_corner/top_test read default gc LI p_test read default gc.s: random| -250792562 Hlt Or data path Constralned-random
2 10 BiTlpassed | f“"'“'“p'gl"“““—“'ner"mp'tm'm_‘full chip-gl/typ_corner/top test_injection hitor g

el Zpassed MR Ra/p T 0 |—_ - = 2 I7- = = Triggered data path Constrained-random
ff L f'Pﬂ“e? 2::":P'gif@“—c"m”‘t"l‘{est—?“ ‘full-chip-gl/typ_cornel‘ftop_test_injection_trig 99 P

¥ 13| RO0014[passed -chip-gl/min_cornerjtop_test_inf— . . .. . . .

ERT! 1015 /passed |[full-chip-gl/min_cormerftop, test, i ‘full-chip-gl/typ_cornerftop_test_pix_conf_readback_autorow Calibration |nject|on hits Directed

&
o

RO0016|passed (full-chip-gl/min_corner/top_test_ing™— |

‘full-chip-gl/typ_cornerftop_test_pix_cnnf_readback_autocul

&y
=

1017 |passed  |full-chip-glfmin corner/top_test_pi

Pixel configuration readback [Directed

© 17[  RO001E[passed [full-chip-gljmin_comerftop_test pi ‘full chip-gl/min corner/top test read default gc
¥ 18 RO0019 passed (full-chip-gl/max_cornerftop_test req—
210 Eipassed Fall-chip-gl/max_cormerftop_test T ‘full Chlp gl/min_ comel/top test random hits and trigs 4lanes fullchip

1 macend  [fnll ohin alimay sarnarftan tact ininerinn hir Tandnm 110703800
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Conclusion

The goal of the RD53A chip is to demonstrate feasibility of 65 nm technology
with respect to the challenging requirements set by the future experiment
upgrades at the HL_LHC

RD53A puts into practice guidelines elaborated by RD53 over the years
(radiation tolerance, architecture exploration, floorplan, design flow, serial
powering, verification) and used IP library developed, prototyped and tested

- different analog front-end flavors and digital pixel array architectures coexisting on the same chip

RD53A submitted at end of August on shared engineering run, expecting
delivery ~November

Preparation for chip testing already ongoing

RD53 in agreement with upgrade management of experiments is formally
proposing to make final chips for ATLAS and CMS

— select front end variant, increase pixel matrix size, additional functionality according to
experiment specs

— further optimization (power, architecture, SEU immunity)
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Pixel Array — Analog front-ends (bak_1)

3 different analog front-end designs for performance comparisons with same layout area
— Easily interchangeable on the pixel array
— Common calibration injection circuit for direct performance comparison

Synchronous FE Linear FE Differential FE

Sinagle sta ingle stage with current Continuous reset integrator
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— Single stage Charge Sensitive Amplifier with Krummenacher feedback AC coupled to synchronous
discriminator (offset compensated Differential Amplifier (DA) + positive feedback latch)

— Baseline “auto-zeroing” scheme - no threshold trimming needed

— Latch can be turned into local oscillator up to 800 MHz using asynchronous logic feedback loop - Fast
ToT counting
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Pixel Array — Analog front-ends (bak_2)

3 different analog front-end designs for performance comparisons with same layout area
— Easily interchangeable on the pixel array
— Common calibration injection circuit for direct performance comparison

Synchronous FE Linear FE Differential FE

Sinagle sta stage with current Continuous reset integrator

— Linear pulse amplification
Vopa _ stage with current
1 él Py Voo comparator and ToT counter

— Single amplification stage for

BUMP PAD |
Q M| ' 1 —E minimum power dissipation

‘_ Vo I\ = Vo — Krummenacher feedback to
comply with expected large
increase in detector leakage

l_“: = N Lo - L current

GAIN_SEL L — High speed, low power
Veer xeaum FTT " Vi current comparator
T ”C

P2 — Selectable gain

‘ + PIXEL_HIT

charge, ~450 mV
preamplifier output dynamic
range

— 30000 e” maximum input
H%
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Pixel Array — Analog front-ends (bak_3)

3 different analog front-end designs for performance comparisons with same layout area
— Easily interchangeable on the pixel array
— Common calibration injection circuit for direct performance comparison

Synchronous FE Linear FE Differential FE

Single stage with SAR-like Single stage with curre (ntegrator

= — Preamplifier: continuous reset and adjustable
- gain (two possible values of feedback
{EJ . a g capacitance), can operate at very low currents

— DC-coupled pre-comparator stage: additional
gain and differential threshold circuit

- L — Global threshold adjustable through two

’ distributed voltages, trimmed in each pixel

| using one 4-bit resistor ladder in each pre-
Frafme o m} ' comparator branch.

‘ : ' — Continuous time comparator stage with output

connected to digital pixel region through logic
gates

— Optimized for low-threshold operation (~500e-
\ g
)
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— Current consumption: 4 pA/pixel at 50 fF
detector load and 10 nA leakage current

:
&
&
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Pixel Array — Analog front-ends (bak_4)

3 different analog front-end designs for performance comparisons with same layout area

— Easily interchangeable on the pixel array
— Common calibration injection circuit for direct performance comparison

VAN
Synchro \Linear FE Differential FE

PESSSSSSSLISTP LTSI SIS — Local generation of analog
o . | test pulse from 2 defined DC
Digital Section : Analog Macro I voItages (CAL_HI, CAL_ME)
| : distributed to all pixels and a
| I
I S0b
8 - :
|
|
|
|
|
|
|

3rd level (local gnd)

S0*

— Two operation modes allowing
to generate 2 consecutive
signals of same polarity or to
inject different charges in
neighboring pixels at same

’, St | time

PIXELIN

ot b > e —ml - Control signals SO and S1
|

| Cinj generated in digital domain
: ' and can be phase shifted with
|

— : fine delay (global for the

P ! whole chip)
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Pixel Array — Analog front-ends (bak_4)

3 different analog front-end designs for performance comparisons with same layout area

— Easily interchangeable on the pixel array
— Common calibration injection circuit for direct performance comparison
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Pixel Array — Analog front-ends (bak_5)

» Fast ToT counting with local oscillator
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Pixel Array — Analog front-ends (bak_6)

AFE irradiation campaign at -20°C
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Pixel Array — Analog front-ends (bak_7)

* The AFE prototype in FE65 P2 shows significant degradation of its threshold tuning

capabilities
ThresholdDist ThresholdDist
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Pixel Array architecture study (I)

— Pixel array architecture performance metrics: hit loss and latency buffer occupancy

— Compa rative Study DBA-CBA: N Hit loss due to dead time Hit loss - buffer overflow
5 L 2 . 4
— at behavioral level 2 al oo = A %\n/ gg:ggggggg O 66’\,$
— at RTL from small scale prototypes g g [ %ﬁ\\’ **********
- P \/
10 e = \y@@ ©
— DBA to be preferred at / {0 Ve T
behavioral level = IR o e
0 Internal CMS data CMS data
1x1 2x2 3x3 4x4 5x5 6x6 7x7 8x8 hits 50%x50 um2 25x100 um?2
Pixel region configuration Input hits
— Comparable performance found Metri CBA DBA
between CBA and DBA architectures Sihlies (CHIPIX65) | (FE65_P2)
in terms of buffer overflow hit loss _
analog dead time 3.19 0.72
Hit loss
(%) 15 /oc.: 0.59 8loc.: 0.74
buffer overfiow 16loc.: 0.24 | 9loc.: 0.27
— Result of the study motivated further |rotas it loss (%) jg ;Zz g-zz g;gz é-;‘g
optimizations implemented into s >
RD53A ToT loss (%) 0.10 -
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Digital matrix (I)

Implemented DBA architecture

PixelLogic PixelLogic PixelLogic PixelLogic
Hit
. latch . lateh : latch ; lateh
Hit Hit Hit
|| oisc Disc Disc ' O '
BX clock & LoT e ] & (eTmem | & (ol mem ) 8 (TeT mem )
ToT ToT ToT ToT  —
counter counter counter Founter] C—
=".LI—I nd T | ‘[—]
Read — — — —
I | | e | | E——
- ] B
v Y Y
Add rregmn hit ', region hit region hit l region hit l
Data ‘ Data Data Data
[ Timestamp mem [« mzizﬂp icf:tt
| Tng[g < . P
dres | - Trigger
| r| ger | . Trigger Id
| - Id check ~ Trigger |d Req
| Afbltration ;‘ Token In
Pixel Reaion Data (4 4-bit ToT) Token Out

— Shared hit time buffer (latency counters)

— Independent hit charge buffer in each PUC

— 8 memory locations

— 1x4 elongated shape more convenient for buffer occupancy
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Digital matrix (II)

Implemented CBA architecture

PixelRegionLogic
Hit Pixel Pixel Pixel
P o] N . - = = .
T afoteoint || (x16 Pixels) | |& ot count
hit "agsl fot{ hit flags] _toty, hit flags — 7 T tot
L ¥
\ Staging Buffer
y hit map

‘ ToT compressor |-«—

" Hit v | * T - - Time cnt
read It map ol me | | | | Timestamp me - Time cnt - Lat
mem | | | | | | [ | | Trigger |«——

al o R e | | | mateh | | Trigger

[ ) | X8 C | | ] | Trigger || Trigger Id

I 'x16 . I |:)(1":'» ’ | :x16 | Id check | ™ TTrigger Id Req

l ] | i | | Arbitration | _ | Token In.

1 | |
. n ) " " '
Pixel Region Data (8 4-bit ToT, 16-bit hit map) Token Out

— Pixels have a latch-based single-row buffer

— Staging buffer delays hit map for Sync time Clock Cycles (2 rows deep)
— TOT Compression maps 16 TOTs into 8 slots

— 16 rows deep timestamp buffer

— Integrated with Sync
analog front-end
(Fast ToT)
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Digital Chip Bottom (DCB) (bak_1)

Serial input
t — -
Stream Analog Digital Chip Bottom
(custom Chip Bott
protocol) Ip bottom
Data_out RX_Dat,a[15:0]>
> - - Sync Decoder
2 CMD_clk
\ (160 MHz) BX ckl 5 _ _ __ 1L____ _
1/2/4 CML Fine delay (40 MHz)
outputs clock | >
@ 1.28 Gbps S | Global =
Aurora 64/66 - Config commands
- _clk
(Xilinx) (1.28 GHz)
To_Serializer Register data
SER_out . = - .
< B [19:0] Aurora 000 D_ata Pixel|Data
B Serializ. g 64b/66b Builder

— Different reset procedures for different parts of the chip

— Data path logic reset with ECR command

— Active low Power-On Reset (POR) generator powered from digital power internal rail (no brown-

out detection)
— Asynchronous reset for Global Config register, synchronized with CMD_CLK for all other blocks
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Digital Chip Bottom (DCB) (bak_2)

Serial input . .
ireer | ——| Custom serial input protocol
(custom | = ~pet — Clock and commands encoded on a single link
protocol) !
— DC-balanced with short run length for AC coupling and reliable tx
Data_in
— Built-in framing and error detection
— Continuous stream of 16-bit frames (each frame exactly DC
1/2/4 CML balanced)
o1 2°8ug’|;"ts N\ - unique sync frame (data frame alignment for protocol initialization)
' Ps — trigger (15 different patterns)
Aurora 64/66 — command

— command frame = 2 identical command symbols allowing for error correction
— 7 command types: BCR, ECR, Cal, GlobalPulse, WrReg, RdReg, Null

— data frame = 2 data symbols encoding 5 bits each > 32 data symbols

irs

— 3 phases: Initialization (Channel Synchronizer lock), Data
Transmission and Decoding

— ChipID associated to commands with data frames: command
executed only by the chip with matching geographical address
(3 wirebond pads)
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Digital Chip Bottom (DCB) (bak_3)

Output protocol: T .
reqister word 1 register word -
Aurora 64b66D “ | N data words B N data words N data words |---

— All data, messages, and
configuration readback
serialized with the Aurora
protocol
and transmittedon 1to 4 | (
parallel lanes (1.28 Gbps

[ 16b address | 16bToT | 16baddress | 16b ToT
each, programmable) |’ 715 = header

Bb Aurora [10D address | 16b value [10b address| 16b value [ 4b stat

0-511 are global registers
512-895 are offset pixel now numbears

o

| Y
<Ia

| 7bTag [16baddress | 16bToT | obofiset | 16bToT
OR

OR

| Idie Frame _
' | |

Register data

— Multilane Aurora protocol
using strict alignment: all
lanes send same type of
Aurora frame (66-bits

long)

— Output stream: N, data
frames + 1
register/service frame
(Np:1 ratio arallel token chain one trigger at a time

programmable)

To_Serializer

Data Pixel]Data
Builder
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Digital Chip Bottom (DCB) (bak_4)

Serial input

stream
(custom
protocol)

Analog

Chip Bottom

( Datain, >CDR/PLL
Q

Data_out
>

1/2/4 CML
outputs
@ 1.28 Gbps

Aurora 64/66
(Xilinx)

SER_out
<

\
\

Fine delay
clock
(140 MHz)

SER clk
(1.28 GHz)

Serializ.

> ——
CMD_clk
(160 MHz)

d

JTAG

To_Serializer
[19:0]

YVl

JTAG module disabled by default (via
wire bonding) but if forced externally
allows to:

— Bypass Command Decoder (replace
Command Decoder outputs)

— Fully scan Configuration Register
(minimal Scan Chain interface)

— Spy critical registers (Boundary
Scan)

W I9Xld

X1

PixellData

Data
Builder

— We need to have a working chip even in case of malfunctioning blocks
- we must be able to completely bypass critical blocks

— CMD_CLK and SER_CLK can be externally bypassed
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SEU: TMR placement

L

(see Sandeep Miryala’s presentation)

i
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Analog Chip Bottom (ACB) (bak_1)

Analog front-end bias

2-stage structure:

1.Global V/I provided by 10-bit current steering
DACs in ACB

2. After current scaling biases are distributed to
MacroColumnBias cells where final bias is
distributed in parallel to 384 pixels (768) of two
adjacent columns

Advantages:

— Improved reliability (failure in a pixel involving
bias lines affects only 2 columns)

— Limited effect of leakage current increase with
radiation

Drawback: increase of mismatch among

2x384

{7

i

Macrocol

Macrocol

il

Macrocol

pixels, (but 1st current mirroring is done with B‘,';‘fl B‘f;fz B'as,tfoo
large transistors)

fRef. current |*#YA ToDACs | Mirror 1 [ Mirror n \
All DACs currents generator [ | fref ‘ C oRaing
can be read back S CDAC 1 CDAC n ADC
from Monitoring
block
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\_ Global bias in ACB
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RD53A test preparation

RD53A test working group preparing testing

—  Chips will come in November

Test systems being prepared:

A. PC plug-in Hardware:
e  Commercial PCI-E FPGA card
e  Custom FMC adapter card

B. Standalone custom card: Ethernet

- Single chip card with standardized interface:
e Command/clock line and Readout link(s) on standard display port cable

e  Power prepared for serial powering Connectors
~  Multi-chip hybrids: In the pipeline for later tests | snatecnp ™| [adaper cord
- Firmware, e |

- Software
- Based on previous experience with FEI4 test systems

Pixel sensors being produced in both ATLAS and
CMS.

Bump-bonding being prepared
- RD53A dummy wafers and sensors for initial trials

- 300mm wafer handling in HEP community and BB comp:s l l{ll
e Community getting equipped with 300mm wafer probers R

FPGA
Board

Radiation testing

Many systems will be used in ATLAS/CMS pixe:
community

2017 Topical Workshop on Electronics for Particle Physics — Sept. 11-14, Santa Cruz, CA — Elia Conti (CERN)



