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Disclaimer /Wﬂ

BERKELEY LAB

e | will/can not be exhaustive, happy to go into more detail if questions come up
e Here |l compiled information | would consider useful at the user-level
e | will make generalizations that are not fully correct but are communicating the right understanding
e The slides are “incomplete” if viewed offline as | will make use of the white board
e | explain better when | can see what is unclear
e Most of the information is leveraged from the manual and paper:

e Manual: https://cds.cern.ch/record/2890222

e Paper: https://cds.cern.ch/record/2898416
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332 pixels/18.3 mm

382 pixels/20.7 mm

Timon Heim

400 pixels / 20 mm

RD53A
* August 2017
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RD53B-ATLAS (ItkPix1) RD53B-CMS (CROCv1) RD53C-ATLAS (ItkPix2)
June 2021 * March 2023

* March 2020 ¢

RD53C-CMS (CROCv2)
* October 2023

RD53B/C:

* Virtual chip library

« “Compiled” in two versions:

- CMS CROC V1/2 (432x332 pixels
- lin FE

« ATLAS ITKPixV1/2 (400x384 pixels
- diff FE

» Digital RTL shared between both chips

- Same End-Of-Chip (analog and digital) for both chips
- Same pad ring

« Within ATLAS usually:
« RD53B = ITkPixV1 = ITkPixV1.1 I= ITkPixV1.0
- RD53C = ITkPixV2
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Peripher

AFE island: 4 AFEs

16.8 mm

CMS:

DoubleCOL DoubleCOL DoubleCOL
Bias Bias Bias

70 um Analog Chip Bottom (ACB)

Digital Chip Bottom (DCB)

/| 1f a¢ 1 ¢
Bias DACs CDR/PLL
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https://arxiv.org/abs/1908.06182
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Charge Sensitive Amplifier:
» Straight cascode design

* Global settings for |t (8-bit DAC)
» Selectable gain

Dlﬁerentlal Front-End /\\ﬂ

BERKELEY LAB

Tek Run: 500MS/s Sam[ple 1 rig ]

Prelimina

Two Stage Comparator:

- Differential design

- Global 8-bit threshold DAC

» Two per pixel 4-bit threshold DACs

* Optimised for low threshold operation

Timon Heim 6
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SO = CAL_edge OR CAL_aux | nj ection /\‘ﬂ

S1 =CAL_edge AND CAL_aux BERKELEY LAB

Vcal_Hi
Vcal Med

Digital Section Analog Macro

CAL_edge Z| | |
CAL_aux Z |

- CAL_edge
Delay + _ | i q— duration
Fine delay ° °

D

Vcal Med

. S1b

Vcal Hi

}_ S1b
Pixel_In Vcal Med

CALCMD __—><|

CAL_edge

CAL_aux

CAL_aux + : P
delay —» <4—Fine delay - <—Fine delay

CAL_edge i CAL edge
delay duration

Timon Heim / ITk Pixel Workshop



Timon Heim

Pixel AFE TOT _discharge

Threshol
(()) reshold =

Preamp

E Preamp’ bias

Sensor leakage
compensation

Adjust_range

is 5b Adjust

Discriminator
Digital Hit

Discr_bias

Generic AFE /jﬂ

Amplitude

Large hit (linear)

Rise time: Pre-amp

ime-walk

Discriminator resolving time
“ not linear with ovérdrive

i (Saturatiopn)’

Fall time: Linear discharge

"'.’""""”{“‘--lug,t in time hit

—

In-time
interval

—

Out-of-time interval

BERKELEY LAB

In-time Threshold
} Required over-drive
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Tek Run: 500MS/s e o oy I
P, rroim Diff FE ToT Response

ToT vs charge - Vff 160

RD53b Frontend Scope : Many pixels

] 1 ) | ] | ] | ] | ] 1 1 1 1

DiffVff:40
DiffVff:50
DiffVff:80
DiffVff:120 |
/ DiffVff:160
DiffVff:200
DiffVff:240 _
DiffVff:280
DiffVff:320
DiffVff:360
DiffVff:400 -
DiffVff:440
DiffVff:480

Ath [counts]

10000 15000 20000 25000 30000
charge [e]

200 300

Time [ns]
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RD53B Chip SN: JohnDoe Chip SN: JohnDoe
RD53B Chip SN: JohnDoe TDAC_Projection sCurve_0_Map 30000
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Digitization: -2

— e BERKELEY LAB

BX Clock

Binary in

from FE Enable
> Hit Disc.

& Counter

Cal
Enable

_CAL_edge

Enable : HitOR Out
gital HitOR In
Injection 1 w40 MHZ ToT

== 40 MHz ToT 6b4b

. ' w80 MHZz ToT
ITkPixV2 Chip SN 0x20049 80 MHz ToT 6b4b

True ToT bin (low edge) [BX]
40 MHz speed 80 MHz speed
4-bit (DEF) | 6-to-4 bit 4-bit 6-to-4 bit

0 0 0
05 05 40MHz Clk_

1 1 :
T s Large hit —— ; ,
. . Lﬁading edge: 40MHz sampling Trailing edge TOT; 80MHz sampling

2 2 Sampled
2.5 2.5

3 3

3> 3:5 Small hit

4 4 ;

4.5 6 Sam pled Small h;it missed by simple sampling

5 8 i Small hit caught by latched samplin
L h ] ght by pling

55 0 atched ;

6 12

6.5 14

>7 >16

_ _ YARR_ToT = Chip_ToT + 1 _
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Dataflow 7

BERKELEY LAB

. —
DAC

_ri—l_ <1 Config Config.

\/ interface Control

{ﬁ Disc. ll)?,ti,
Hit Proc. |
‘D ToT | Control

Pad to @ Threshold
sensor [Monitoring 3 x 320 Mbs
—| DAC Latency temp, bias,

buffers: 8 supply L,V Merger

Pixel cell ote.
50um x 50um l Dm;t_aluJJ e vV

Compres.
Format
Readout

25x100 pixels

Pixel region: 4x1 Bus Int'l_)

50x50 pixels

Pixel core: 2x8 pixel regions = 8x8 pixels Interface |4 /' 1 98 Gbs

[ ] 25x100 pixels
Pixel core column: 48/42 cores

Digital Chip Bottom +
Analog Chip Bottom +
IO PAD frame

4x1 Pixel Region

RD53 pixel chip

Pixel core: 8 x 8 = 64 pixels,
2 x 8 = 16 pixel regions
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Calibration
Scenario

Data taking
Scenario

Trigger Timing. -2 I

Latency (Chip Cfg)

BERKELEY LAB

Trigger Delay (DAQ Cfg)
Injection Trigger Command
: !
]
t
v \
t
7'\ A
Partidle Hit :
TLU Trigger to DAQ Trigger éommand

Trigger Delay
—_— = ="

Trigger Delay: defined in scan config as part of trigger loop
Latency: part of chip config

thit = ttrigger - latency

Trigger Commands: 16bit frame stretches
over 4 bunch crossings => 15 different
trigger commands for all possible
combinations

13
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160Mbps CMD

Timon Heim

Serialiser

4x 320Mbps/1.28Gbps
Data

Digital /0 7

BERKELEY LAB

« Sending only single CMD signal to chip (custom DC balanced

encoding)

* CDR/PLL recovers 160MHz clock and generates clocks for

different domains (LHC runs with 40MHz bunch crossing
frequency)

* High output speed requires 8x multiplication of recovered clock
- Total of four 1.28Gbps output lanes which can be bonded into

one Aurora 64b/66b channel (320Mbps in case of data merging)

14 ITk Pixel Workshop




- Data rates vary drastically over whole
detector

» Chip designed for central barrel
Innermost layer
« 4x 1.28Gbps links

» Can use single link @ 1.28Gbps

» Majority of detector needs less than half
of 1.28Gbps
* Introduced capability into chip to

merge multiple links into one

Timon Heim
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ATLAS ITk Simulation Preliminary
ITk Layout: 23-00-03, tt, (u)=200, with ToT

0.170.18 0.19 0.20 0.22 023 023 024 024 0.25 0.25 0.26 028 0.31

022 024 026 0.28 029 030 031 032 0.33 0.35 0.38 0.43

el LHL R0 O O N O I

034 0.38 044 04g 047049 051 053 056 058 062 067 075  0.85

| | | | | [LLT LT T |

0.570.62 065 068 0.70 0.73 077 080 083 086 080 094 0.96 0.98 0.99

2% 2.

h.as hiasa has hsa hs7 et

Data rate per chip (+20%) [Gb/s]

2.652.64 269 277 284 294 3.07

500 1000 1500 2000 2500 3000

|z| [mm]
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Triplet

Common Quad

f_/\-_\ﬂh

Common Quad Module:
* Three possible modes, chosen via chip configuration
* 1 link per chip
* 0.5 links per chip (1 primary, 1 secondary)
* 0.25 links per chip (1primary, 3 secondary)

Section
Flat barrel
Barrel rings
End-cap rings
Flat barrel
Barrel rings
End-cap rings
Flat barrel
Barrel rings
End-cap rings (1-5)
End-cap rings (6-11)
Flat barrel
Barrel rings
End-cap rings
Flat barrel
Barrel rings
End-cap rings (1-7)
End-cap rings (8-9)

Number of Links/FE

Link Configuration

Triplet Module:
* Linear Triplet: 4 links per chip
* Ring Triplet: 3 links per chip

T 320Mbps T 1280Mbps

~~
fD‘ﬂ

BERKELEY LAB
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Ccolll6] 1 O

Ccoll[6] 0 O
Ccoll[6] O O

Ccoll[6] 1 O

Tag2 [11]

Tag Core col

Data Output Protocol

Qrow1[8] ToTs[4...] Ccol2[6] 1 0

Qrow1|(8] ToTs[4...] 1 O

Qrow1[8] ToTs[4...] |

Ccolll6] 1 O

Q-core row Islast

» Link layer protocol: Aurora 66b/66b:
* Only 3% overhead, DC balanced through scrambling, support of K-words for
non-hit-data transfer (register reads)
- Custom data encoding (compression):
- Had to serve wide range data sparsity, from dense small cluster hits in the inner
layer, to sparse large clusters in out layer
 Hit data organized in “streams”, each stream can contain more than one event to
effectively use 64bit aurora frame (though ATLAS choose not to use this feature)
« Streams are not-byte aligned, hit addresses can be relative to previous address
- Hit maps combine 4 1x4 pixel regions (16 pixel), hit maps are encoded as binary

trees, length can vary

Isneighbor

Tag2 [11]

Qrow1|[8] ToTs[4...] |

[:]Hit map

Tag3 [11]

Ccoll[6]

0 0 Qr

~~
f"}‘ﬂ
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Qrow1[8] ToTs[4 to 64]
Qrowl[8] ToTs[4 to 64]

Qrow1[8] ToTs[4..] 1 1| Hmap[4 to 30] | ToTs[4 to 64]

Ccoll[6] 1 0 Qrowl[s] ToTs[4...]

11

10

|
01 01 10

11

AN
11

/N

01 10
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Serial Powering il
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@|in—>FE>——>FE>— ~ FE ~ > FE ~ FE ~ > FE
+
- FE — > FE — - FE — > FE — - FE — > FE —
Module Module Module

- Advantage of serial powering:
« Power loss in cable: Pheat = Rcanle * 12 => Less current => Less mass (Higher resistance)
- Parallel powering: current scales with modules
» Serial powering: voltage scales with modules
 But serial powering requires module impedance to be constant
- If iImpedance is not constant over time, power supply will have to react
- PSU reaction is delayed due to cable inductance
* => |[mpedance changes result in voltage transients in chain
- Chip impedance inherently not constant but depends on activity
- Shunt LDO circuit stabilizes chip impedance to the outside world

Timon Heim 18 ITk Pixel Workshop



PoweMlirncd by Digital activity

”N
, Failure: undershunt : reeeer ||
Powering

current BERKELEY LAB

i Overhead
Total serial

power current

Rext_dig/ana

k = 1000

Vin =Vofs + Iin g Rshunt/ k

Iin = Icore + Ishunt = | ¥ Ictrl

lcert = (vin'vofs) / Rshunt

Timon Heim 19 ITk Pixel Workshop




An Example il
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Analog Digital Total Module
Analog Periphery [A] 0.120
Analog Matrix [A] 0.440 Rshunt — (Vin-VOfS) / ICtI"l
Digital Periphery [A] 0.250 —
Digital Periphery Activity [A] 0.010 = (Vin-Vofs) / (I in / I()
Digital Matrix [A] 0.450 =
DigitaIgMatrix Activity [A] 0.040 Vin ”~ VOfS T (Reff g Iin)
lcore[A] 0.560 0.750
lcore+ OVerhead (10/20%) [A] 0.616 0.900
|shunt 0.056 0.150
lincurrent per chip [A] 1.516 6.064 Impedance of chip/module will be
I 1000 1000 equal to Reff unless lshunt goes to OA!
Offset [V] 1.000
Target Vin [V] 1.500
Rext [Ohm] 812 556
Ref [Ohm] 330 82
Timon Heim 20 ITk Pixel Workshop




Iref Current Histogram

39to4.1
3.5999999999999996 to 3.9
4.1 t0 4.199999999999999
0.0 to 3.5999999999999996
4.199999999999999 to 4.5

Mean: 4.017
Std:. 0.018

VIND Shunt k factor Histogram

930 to 1070
900 to 930
1070 to 1200
0 to 900
1200 to 2000

Mean: 986.736
Std: 11.656

900 1000 1100 1200 1300 1400 1500 1600
a.u.

* 0.1% tolerance resistors

Sigma 0.01343 + 0.00000

0.66 0.68
IINA [A]

Constant 8.688e+05 + 5.223e+02

™ | Mean 0.8953 + 0.0000
/| |\ Sigma 0.01836 + 0.00001

IIND [A]

- Variations in k-factor, resistance, Vin, and Vofs will lead to change in impedance
» k-factor measured on cut on during wafer probing

* Vots = 2%(Rots*lref) => Ref measured and cut on during wafer probing
* Variation in impedance will lead to unequal current splitting in module
» Lower impedance chips will take away current from higher impedance chips

* Variation in lcore Will lead to reduced overhead

Timon Heim
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| % min

15 -10 -5 0 5 10 15 20
Minimum Analog Local Current Overhead s - [%]

0% min

15 10 _ -5 0 5 10 15 20
Minimum Digital Local Current Overhead s i [%]
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Backup
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25um x 100um Pixels /\‘ﬂ

BERKELEY LAB

Figure 48: Two options (a and b) for mapping of 25 um x 100 um pixel sensors to the core

pixel address. Which option is correct is determined by the sensor metalization. The filled circles
represent the bump bond locations while the open rounded rectangles extend from each bump to
the center line of the sensor pixel served. The top left corner of an 8 by 8 pixel core i1s shown.
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VDD _PRE VDD_PRE

VinA VDD _PRE ~ 1.2V 4uA to Bias DACs
4uA

\:;?)GRV Trimmed CUTfEﬂt
~ m ot - mirror
4-bit | Iref=4uA VrefA VrefD
DAC 4-bit DAC 4-bit DAC

Except the untrimmed
current through R_IREF, all
other currents scale with
IREF TRIM

IREF_TRIM pads

20 uA (un-trimmed)

P —

GNDA REF GNDD_REF GNDA_REF
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Low Power Mode /\\ﬂ
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Iref Offset

Mirror startup
circuit

CLp EN AC AC
m
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Selftrigger /jﬂ
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HitOrEn
b HitOr \_/

b HitOr lV
b D

b HitOrEn ll‘

Core column

D
I"
T HitOrColEn
JO0L
- HitDigThrEn

=) - HitDigThr[3..0]

. SelfTrigger SelfTrigger
SelfTriggerEn  vyitiplier(4..o] Delay|8..0]

To E :
logic
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Vmux/Imux /\\ﬂ
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INTC | [ s
DAC ‘ Momtored

voltages

n/c
Monitored { -

currents

|_mux
pad

R_IMUX
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