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The VTX Upgrade Proposal OAW

Belle IT
@ Planned for LS2 ~ 2028, CDR in publishing process Low Occupancy
@ 5 straight layers with Depleted Monolithic Active Pixel Sensors
@ Identical chips on all layers: Optimized BELIe Il plXel sensor
@ Different features enabled on different layers
o L1 & L2 (iVTX):
o All silicon ladders
e Air cooling (constrains power)
@ L3 to L5 (oVTX):
o Carbon fiber support frame
o Cold plate with liquid cooling
L1 L2 L3 L4 L5 Unit
Radius 141 221 | 39.1 895 140.0 mm
# Ladders 6 10 17 40 31
# Sensors 4 4 7 16 2 x 24 | per ladder
Expected hitrate* 19.6 7.5 5.1 1.2 0.7 MHz/cm2 *: Large uncertainties due to beam background extrapolation,
Material budget 0.2 0.2 0.3 05 0.8 % Xo possible changes in IR (interaction region)
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Matrix inherited from TJ-Monopix2, size adjusted
464 rows and 896 columns

Timestamp resolution: ~ 50 ns

Power: < 200 mW /cm?

TID tolerance: 1 MGy

NIEL tolerance: 5 x 10'* neq/cm?

Trigger latency 10 ps, Trigger rate of > 30 kHz
Hitrates up to 120 MHz/cm?

Hitrate spikes due to injection background

Generous margin for all beam background scenarios

For TJ-Monopix2 Results, see Talk from Lars Schall
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The OBELIX chip

oY\

OBELIX-1

matrix: 896x464 pixels
overall size 30.2x18.8 mm?

LDO regulator

W digital

W lperiphery

2x2 pixels
pitch 33x33 um?
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OBELIX Block Diagram OAW i

OBELIX-1
Pixel Matrix
896 Columns, 464 Rows

a | Analog EoC & Buffers |
] (<)}
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2 (Control Unit) (Sync Clock Unit)

TXU TTT
(Transmission Unit) (Track Trigger Transmission)

Analog:

@ Column drain architecture from
TJ-Monopix2

@ Monitoring ADC
@ Temperature sensors
Power Supply:
@ On-chip LDOs
Digital:
@ TRU: Pixel readout, trigger
processing
@ PTD: Part of TRU for precision
timing
@ TTT: Fast transmission in parallel
for contribution to Belle Il Trigger
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OBELIX Trigger Group (TRG)

Trigger Trig. ID
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( EoC :V.\ 2 Stage 1 Storage Stage 2 s e
=2 (FIFO) Storage <9
= AT

() EoC [0 » 128 Hits 32 Hits s
g 5=
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) EoC [T> 5 ﬁ

( Trig. ID

Pixel Matrix (Request)

Trigger memory: 112 Tigger Groups, for 8 columns each
Sophisticated 2 stage memory design
Stage 1: Pre-trigger buffer SRAM, low power

Stage 2: Associative memory to match trigger, power hungy

Buffer sizing driven by power and hitrate, evaluated with extensive simulations
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= - Trigger System: Simulations OAW

Belle I
TRU Performance 250 ¢ Baseline Option
— —~ ® |bias=500 nA, Thin=50 ns | ® Ibias=330 nA, Thin=50 ns
Clipping: 1.2 ps N — - ’ !
£ ® Ibias=500nA, Thin=100ns ® |bias=330 nA, Thin=100 ns
1.000- L L]
H
£
g 200 ° *
0.995- s
Trigger 5 PS
> Latency 2 pe ®
c o L
-2 0.990- o= 5ps §_ e Py
ES 5
& - 0ps 150 pe
i pe * L]
%= 125ps 2
0.985- g L4
i e
<100
0.980- 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
0 50 100 150
Hitrate / MHz/cm? Hit rate (MHz/cm2)

@ Simulation includes: clustering & charge/ToT conversion
@ Calibrated with TJ-Monopix2 results
@ Power slightly above budget for 120 MHz/cm?

@ Clock frequency or analog bias current could be reduced
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Pixel Matrix

Peripheral Time to Digital converter oy
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'WO08R19: Timing residual

Hits

TJ-Monopix2
Measurement

—r— Time residual
~—— Gaussian fit

-40

-20  -10 0 10 20 30
Residual / ns

AUSTRIAN

Hitor: all comparator outputs of one column in an
OR-chain (asynchronous)

PTD: precision timing better than Timestamp (47 ns)
Sampling: 2.95 ns period (169.7 MHz DDR)
Power hungry feature: disabled in iVTX

Little overhead when disbaled (Little die space, clock
can be turned off)

Resolution limited by timewalk and PVT (process,
voltage, temperature) variation

Calibration necessary
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Belle IT
PTD Timing Annotation Efficiency Power Dissipation: Digital Periphery
Clipping: 1.2 ps. 400 -
z H PTD
g, E 300- Implementation:
% 5 - 1Cols/ED
o
5" £ 200- “®- 2 Cols/ED
= @2 “®- 4 Cols/ED
S o
€ o) =@~ 8 Cols/ED
@ 2 100~
a g PTD Off
e . |
£ Digital Periphery only!
0-
0 20 4‘0 6‘0 6 2.0 4‘0 GIO 8.0 1 (I)O 1 éO
Hitrate / MHz/cm® Hitrate / MHz/cm?

@ Suitable for outer Layers

@ Power consumption of digital periphery increases when PTD enabled

@ At least one PTD annotation per track necessary

> Very low probability that all three oVTX layer miss the PTD annotation

> All timing info we get makes tracking easier
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Pixel Matrix @ Independent from normal readout

@ Whole matrix grouped in 2 to 8
Macropixels

8b/10b :> Serializer —>LVDS Output

Encoder

@ Time binning: 29.6 ns

8 Macropixels 10 Bit Words 1 Bit Serial
DDR Stream

HitOr

@ Simple, high throughput transmission

448 EDs

TTT Timing Resolution: 3 Layers

[idie T idle _J00000010] idle ] [00010001] TTT Data 0.04 7 —— Real PDF
JUPPTTE . :::-_:_.-- (8b/10b Encoded) ‘; Sigma:|9.2ns —— Gaussian Fit
N ) et Lent N Lo o 50.02-
T T 4 T > Time a
"\*&‘T?\@‘T‘w\“ 0.00 4 : . ; : -
IR -30 -20 -10 0 10 20 30

Timing Resolution / ns
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Summary and Outlook S

@ The OBELIX chip is based on TJ-Monopix2
@ Additional features in OBELIX (all on-chip):

o Voltage regulators

o ADC and temperature sensors

o Trigger logic

o Precision timing module

o Fast transmission for trigger contribution

@ Development and verification is entering final
stage

@ Aiming submission fall 2024

OELIX Designers Meeting Fall 2023
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Backup slides
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8 Macropixel Configuration
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TTT Output
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Macropixel Size:
3.7 x15.3 mm?

A A

TTT: Configuration and Performance

4 Macropixel Configuration

X OBELL

—>
—

A A A AT
—>

Data Output

TTT Output

Data Output’

lave

Data Output

TTT Output

aster

Data Output
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FECTR)
D

Macropixel Size:
7.4 x 15.3 mm?

@ Different Layers in VTX need different
resolution: Can save wireing

@ Physics simulation pending
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2 Macropixel Configuration TTT Timing Resolution

301D

Timing Resolution / ns

@ Timing resolution limited by HitOr delay (45 ns max)
@ Averages out with multiple layers

@ Baseline: 3 oVTX layers use TTT
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2 Layers
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S TTT: Efficiency in VTX OAW
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| Average efficiency = 98.1+ 1%

= Trigger Efficiency with respect to :
» Transverse Momentum » Angle ¢ » Angle ©

Trigger Efficiency depending on pr Trigger Efficiency depending on ¢ Trigger Efficiency depending on 6
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o ooy Z-vertex Acceptance and ® Accuracy OAW

Z-vertex Acceptance : [z]| <2.5cm | ¢ Accuracy : Gaussian 0 =3.17°

Trigger Efficiency with respect to Z-vertex Density histogram of A¢
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Column Drain Readout

Column bus
Addr ﬁ VAR Addr
LE Pixel Logic LE
| TE — TE |

(7]
Pixel column 2 o Pixel column
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e
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1. High hit efficiency at demanding hitrates ® Matrix inherited from TJ-Monopix2
with sufficient timesamping @ See CMOS Talk from Lars Schall

2. Handling trigger latency of the Belle Il © New implementation of digital periphery
experiment (up to 10 ps) ' @ Simulation to validate performance

3. Power dissipation: o o o _
: : . Optimized digital logic with optional
e air cooling of inner layers features

o liquid cooling of outer layers

@ On chip voltage regulators
4. Little space for cables inside detector » @ 2 LVDS downlinks for groups of chips (Rx)
@ 1 or 2 LVDS uplink(s) per chip (Tx)
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<L ey OBELIX Optional Features OAW

5. Incresed timing resolution at expense of » @ Precision timing module in periphery (PTD)

power @ Offline timing annotation

6. Contribution to Belle Il Trigger » ® Independent fast data path
@ Fast coarse hit transmission

These features require significant power:
Only switched on for liquid cooled layers L3 to L5
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7 HEPHY m at DESY Summer 2023 OAW s
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@ First week: Regular measurements with telescope (efficiency and angular scans for depletion)
@ Second week: Timing measurements, parasitic to RD50 MPW3 Testbeam
@ Beamtelescope with Alpide chips (Duranta)
@ Spatial Resolution < 10pm for all chips SuperPixel inpixel efficiency
T F
E F q
Chip SN Irradiation Substrate <005
WO02R05 None Epi £
WO5R16 p', 5x10%n., Epi 005
WO08R19  None Epi E
WI14R12  None Cz ot
Chip SN Frontend Efficiency 0.03? -.
WO05R16  Normal 0.9999 E
Normal Cascode  0.9979 0.02f—
HV Cascode 0.9913 E
HV 0.9811 0.01—
The measurements leading to these and following results have been performed O:' cooe oy, ) GRS ),
at the Test Beam Facility at DESY Hamburg (Germany), a member of the 0 0.01 0.02 0.03 0.04 0.05
Helmholtz Association (HGF). WO05R16, Normal Frontend
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@ TDC module of BDAQ53 firmware measures
delay between scintillator and Hitor

@ TDC words inserted into data stream
A

N
able (Clock, CMD, Datal BDAQ53 . . .
K e 0 Do) ) Q @ TDC data is matched to hits offline

Delay

T)-Monopix 2 @ Whole chip has one Hitor line: ambiguities
Hitor »! in TDC arise

Trig  eaomhz

@ ToT is measured by both, TJ-Monopix2 and

| scintillator | }D— TDC module

Discriminator & Coincidence

@ Therefore used to match and cut (+25ns cut)

Beam
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WO08R19: Timing residual

0254 —— Time residual N: Timing accuracy
—— Gaussian fit n 5
e
0.20 4 :
] -4
g4 °
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0.15 1 B
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T >
()
0.10 1 E
S 2 =
o = O
0.05 1 %
2
0.00 1 £
T T T T T T T 0 T T T T
—-40 -30 -20 -10 0 10 20 30 40 6) © o q
Residual / ns Q S N N
: . o ) RO
@ Three corrections applied: S K& K& K
$\‘2’< $’f”‘ o $\°‘(
o Column delay (Hitor) N
o Row delay (Hitor) T
o Timewalk irradiated

@ Tail in distribution: wrong associations

@ Resolution: < 2ns (unirradiated), < 3ns (irradiated WO05R16)
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0WOBRIQ/NC: Hitor Delay: Relationship with Row \stSnglNC: Hitor Delay: Relationship with Columt 200 WO8R19/NC: Timewalk
141 11
—— Maximum +  Maximum —— Maximum
105 4 [y ——- Fit

Fit: y = 245.36 ns / (tot + 4.52) + 103.68 ns | 1000
i 800

] W Immm]

s g s .
2 2 904 o 600 :
% :‘i_é 851 Em” 400
= = =
80 1 | |
| WIWMM Il
i m‘ 200
751 il (il
1 |
70 + r r L1 - } v — v v - v
0 100 200 300 400 500 0 20 40 60 80 100 120
Row Column ToT /25ns
@ lterative fit
@ Halos caused by wrong associations
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N: Timing accuracy 5 NC: Timing accuracy @ N: Normal Frontend

@ NC: Normal Cascode Frontend
HV: High Voltage Frontend
11 @ HVC: High Voltage Cascode Frontend

0+— :
« o © o
SO oY Lo L Lo £
K& K K@ FP S K& K
O ¢ S& S P& P& G& LS8

N 9 1 $@, $u >

w
Timing accuracy (sigma) / ns
w
|
o
[

Timing accuracy (sigma) / ns

2,

HVC: Timing accuracy HV: Timing accuracy

Timing accuracy (sigma) / ns
o
o I-H'O
Timing accuracy (sigma) / ns
N
N
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Control-word:

Transmission| geg.adr, Reg-data
From CRU FIFO
(control) 24 >

Pseudo
Data- 8b/10b DDR
frami :'|9> Encoder :'|1°> Serializer >{Dual-edege —»

framing FF
Tr issi 40
From TRU » FIFO 8 bit data + 10 bit encoded 1 bit serial 1 bit serial
(Hit) Hit-word: 1 k-bit
Le, Te. Address

@ Most TXU components run at 32 MHz (160 MHz/5) intermediate clock
@ Serializer needs one byte (10 bit encoded, DDR) per 32 MHz clock cycle
@ This allows simple state machines

@ Clock boundary to 20 MHz clock is done via FIFO

@ Hits are sent in frames sharing the same leading edge BCID
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