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CEPC Vertex detector requirements

Circular Electron Positron Collider (CEPC) proposed as a Higgs factory.
Efficient tagging of heavy quarks (b/c) and T leptons

=» Impact parameter resolution,

10
oo = 2 O 5z (um)

Physics driven requirements Running constraints Sensor specifications
Ogp - 28 M s > Small pixel ~16 ym
Material budget - - 9:13% Xo/layer _____________________________________5  Thinningto 50 pm

L e o o ool > Air cooliNg -----ccccmomao- > lowpower 50 mW/cm?
r of Inqer most layer Jlemm > beam-related background ----> fast readout ~1 s

e > radiation damage------------ >  radiation tolerance

< 3.4 Mrad/ year
Baseline design parameters for CEPC vertex detector < 6.2x10%n,,/ (cm2year)

R (mm) |z|(mm) |cosf| o(pm)

Tayer! 16 625 097 28 O

Layer 2 18 62.5 0.96 6

Layer 3 37 125.0 0.96 4

Layer 4 39 125.0 0.95 4

Layer 5 58 125.0 091 4 Ref: CEPC Conceptual Design Report, Volume Il - Physics &
Layer6 60 1250 090 4 Detector, http://cepc.ihep.ac.cn/
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CEF
Overview of pixel sensors in China for CEPC VTX ‘“’Sﬂe

= Development of pixel sensors for CEPC VTX supported by

» Ministry of Science and Technology of China (MOST)

» National Natural Science Foundation of China (NSFC)

> IHEP fund for innovation This talk
2015 2017 2019 2020 2021 l

i 4.
Lﬁ,

JadePix-1

JadePix-2/MIC4

180nm CIS process

=200nm SOI proce —

—CPV-4
/

In talk “3D-bonded SOI pixel detectors” on Friday
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Outline w

m Overview of the CEPC Vertex detector R&D

PPPPPPP

= Progress of the JadePix chips -

qqqqq

L.

= Progress of the TaichuPix chips

CMOS monolithic pixel sensor
= Summary and outlook
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JadePix chips strategy

JadePix concerns the concept of double-sided layer

> Fine pitch & low power sensor for spatial resolution

Laser test on JadePix-3 indicates s.p. < 3 ym achievable

» A faster sensor to provide time-stamp

»
>

JadePix-4 s.p. ~5 uym, 1 ps integration time

time stamp

Concept of double-sided layer

8.6 mm

-,

i
4
cl’ Outside

T \ ~ Inner side .

1
/ ~ spatial resolution

| JadePix-3 JadePix-4

Pixel size 16 ym x 23.1 ym 20 pm x 29 ym |

Integration time  98.3 us ~1 s i 4

Average power < 100 mW/cm? < 100 mW/cm? £ g8

Pixel array 512 row x 192 col. 356 row x 498 col. § A 20cPix-3 Layout
Die size 10.4mm x 6.1 mm 8.6 mm x 14.8 mm |

Readout mode Rolling shutter Data-driven
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Hit processing flow of JadePix-3/4 \Jﬁ?e/

= Hit registered in each pixel needs fast processing
> Hit position (col. and row address) to be encoded
» Time stamp to be attached
> Regqister to be reset for the next hit
= A major modification on the hit processing flow
» JadePix-3, rolling shutter - minimized pixel pitches

> JadePix-4, row address encoder embedded in the matrix = much faster

JadePix-3 flow

M

row address information |

extracted from the row —fsassssssssassss s sansan|

selecting sequence ixel-matri

(Rolling shutter)

Dedicated row

address encoder
for each double-
column, only hit
pixel to be read

col. address encoded

at EOC

time stamp attached —> Time stamp Time stamp

to the generated hit : :

addres?s Data buffering & Data buffering &
transmission transmission
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An overview of the JadePix-3 design

= Full-sized in the re direction of detector layout

> Matrix coverage: 16 ym x 512 rows = 8.2 mm

= 4 parallel sectors, scalable in the z direction
> 48 x4 =192 columns

= Rolling shutter to avoid heavy logic and routing

in pixel matrix

> Minimum pixel size: 16 ym x 23.11 pym

» Matrix readout time: 98.3 pys/frame

= Full functional blocks in the chip peripheral

> Zero suppression, data buffering, Serializer, PLL,

DACs, SPI

> 8-bit parallel output or serial differential output @ 833

Mbit/s

_Sector | Diode | Analog | _ Digital | __Pixellayout

0 2+2um
1 2+2um
2 2+2um
3 2+2pum

FE_VO
FE_VO
FE_VO0
FE_V1

DGT_VO
DGT_V1
DGT_V2
DGT_\VO

T

E2€

9 bit Col addr.

for 192 col.s
1 AnalogueoutputPad XL |~ — = T T
for 64 col.s
<€

16 Digital output Pads

9 bit row addr.

D

Peri. readout

LVDS pair 8 Digital
output Pads

16%x26 pm?

16% 26 pm?
16x 23.11 pm?

16x26 pm?

Details in NIMA, 1048
(2023) 167967
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‘ Threshold and noise of JadePix-3

= Threshold and noise distribution measured with electrical test pulse

> Threshold: 228 + 7.6 e, temporal noise 4.0 e for sector2 of matrix

L Di
§ 1800(— Entries 24528
z E Mean 2282
% 1600~ StdDev 76
1400—
1200—
1000/
800—
600[—
400—
200
o:'""""' A B BT
160 180 280 ]
Threshold/e

= Noise hit rate below 10-%frame/pixel

> Sensitivity limit due to the statistics
(1k/100k frames sampled for GS/RS)

> The minimum thresholds are between 90

and 140 e

nes

Ent

Temporal Noise Distribution

8000

7000

6000

5000

4000

3000

2000

1000

_llI\‘IIIIIIIII||||||||I||||||[|I|||l\II[I

Entries 24528

Mean 3.967
Std Dev  0.8449

Moise Hit Rate/per pixel per frame ime
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Noise Hit Rate

8
Temporal Noise/e’

—s— SECo@GS
—— SEC1@GS
—»— SEC2@GS
—a&— SEC3@GS
—=— SECO@RS
—&— SEC1@RS
—=— SEC2@RS
—&— SEC3@RS

Sensitivity Limit @GS
Sensitivity Limit @RS

L L
120 140

160 180

Equivalent Threshold Charge/e’



# entries

‘ JadePix-3 Telescope

[+
=

g

250

= Beam test performed in DESY TB21
» 4 detector planes assembled, one as DUT
> Beam energy ~4GeV
Residual in global X
residualsX
A Entries 23140
- Mean -1.389 g
d 5id Dev 779 -
Constant 3484 = 1.5 A
- Mean  -1.324 «0.031 Il
Sigma 6482 = 0.032 >
o (measurg) = 6.5um X =23.11 pm
E Residual in global Y
holeesla ., (I IR w EO0F residualsy
B0 B0 40 20 0 20 40 &0 B0 100 b o 23140
Horgey Koy (M) E Mean -0.4643
R ; St Dev 5.863
400~ Conetant 444218
Mean -0.4889 = 0.0210
| Sigma 4.854 = 0.021
3o
2 — 2 2 12
Omeas = Opur + Otel
200
O'x(DUT) =5.4 um i r;\.{frxffcf.ﬁ'tr;'ff) = 4 Qum
O'y(DUT) =4.1um 100/
D: Lisw ity | |

20 30 40
yﬂ'ﬂm_yﬂl ["Im]

i : \ TaichuPix telescope
Lo e LS RS I

JadePix telescope

—

Test setup @DESY Dec 2022
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Pixel of JadePix-4 prototype CtP

= Key component verified and
reused from JadePix-3

» Diode
» Analog front-end
> Hit register
= Asynchronized Encoder and
Reset Decoder (AERD) *

» Generating col. and row address

JadePix-4 pixel layout
(MET4 and above not shown)

from hit pixel 1. Diode 2. Analog front-end
_ o 3. Digital logic; 4. AERD shared by 2 col.
» Tracing back to reset hit pixel
= Final layout of pixel matrix = Submitted to a shared
> pixel array: 356 row x 498 col. engineering run in Oct. 2021
> Pixel size: 20 um x 29 ym > Chips received in July 2022, test on-

going

*P.Yang, et al., NIMA 785(2015) 61-69

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX 11



‘ Readout of JadePix-4

Triggerless mode
» Global gate signal, strobe==1
> All hits registered at their leading edge

> 0.2 hits/ps per double col. with the estimated
hit density of inner most layer

» Occupancy 0.02% @ integration time = 1 us

Trigger mode
> Global gate controlled by trigger signal
> Hits registered only when overlapped with a
trigger (analog buffer)

» Capable to handle very high hit density with
a dead time for readout, 50 ns/hit

hit_pix_1 - |
hitﬁpix72 ,’ | o~ DPLSE

APLSE

1
strobe \ CON_DATA

rowselp

Valid > ol

read

L]
addr<3:0> XIX XD( pri

pixel_outl —|
- pixelout2 |
- § [ strobe T
Valid B I
read l_l ,_I
}% addr<3:0> XD( XZX

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX
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Outline

= Overview of the CEPC Vertex detector R&D
= Progress of the JadePix chips

= Progress of the TaichuPix chips

= Summary and outlook
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TaichuPix prototypes overview

= Motivation: a large-scale & full functionality pixel sensor for the first 6-layer
vertex detector prototype
= Major challenges for design
> Small pixel size = high resolution (3-5 pm)
> High readout speed (dead time < 500 ns @ 40 MHz ) - for CEPC Z pole
> Radiation tolerance (per year): 1 Mrad TID
= Completed 3 round of sensor prototyping in 180 nm CMOS process

> Two MPW chips (5 mm x5 mm)
e TaichuPix-1: 2019; TaichuPix-2: 2020 - feasibility and functionality verification
> 1stengineering run
o Full-scale chip: TaichuPix-3, received in July 2022 & March 2023

415.9 mm

e
o VSITIsITTsseee

25.7 mm

TaichuPix-3
TaichuPix-1 TaichuPix-2 Pixel size: 25 um X 25 um

@

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX 14



TaichuPix architecture

Pixel Matrix (512 x 1024) Block x4
————————————————————— W=7~
| Group 1 x32 || Gr.2 || Gr.3 || Gr.4 |
(= |
| 1 1 |
I 512 pixels |z I F I I
' o L I I I
: g : | I I |
| a | | ¥ |
' FE g EE | | I [ |
| Y A A A | AN A oA AAI A D |
g P | g gt gl At _I___I___-
U bl@‘!u WVIRZ _l
[ X332 2 3P 2
Double col. Reader Dcol. Reader ||| Dcol. Reader ||| Dcol. Reader
DACs .
trigger and match & FIFO1 -& FIFO1 & FIFO1 & FIFO1
| |[2b@ 0o mh: Iji Iji Iji
Bandgap Group Read.out Unit 1 Group Region Region
Data driven & Readout Readout Readout
Addres? IPriotity Un.i.t 2 U'?i.t 3 U'?i.t 4
Pixel v v v
' | Hierarchical data MUX 2:1 |
config i
| FIFO2 (256*32bit) |

Slow 1T x4

control | Hierarchical data MUX|

T T T 5 MHz @ trigger
CLK 40 MHz Clock = 120 MHz @ triggerless .
PLL [— Serializer Periphery
generator —

~~—

CEP

» Continuously active front-end, in-pixel
discrimination

Pixel 25 pm x 25 ym

> Fast-readout digital, with masking & testing
config. logic
Column-drain readout for pixel matrix
> Priority based data-driven readout
» Time stamp added at EOC
> Readout time: 50 ns for each pixel
2-level FIFO architecture
» L1 FIFO: de-randomize the injecting charge

> L2 FIFO: match the in/out data rate between
core and interface

Trigger-less & Trigger mode compatible
> Trigger-less: 3.84 Gbps data interface

> Trigger: data coincidence by time stamp, only
matched event will be readout

Features standalone operation

» On-chip bias generation, LDO, slow control, etc.

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX
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Pixel analog front-end

m Based on ALPIDE* front-end scheme

» modified for faster response

> ‘FASTOR’ signal delivered to the EOC
(end of column) when a pixel fired,
timestamps of hit recorded at pos. edge
of ‘FASTOR’

AVDD
VA

PIX_IN

IDB—I: M7 \/
\

IBIAS_I -

t

M1
I
M5

PIX_IN T A

D <+ M2 VCASNZ_I M8 QUT_A
threshold

VCASN_II: Ve
VCASP_I pa- ‘Il:“"m
[, mo

v

M3

-~

Out_A \—

v OUT D

wa ]

Ll

~

Schematic of pixel front-end

*Ref: D. Kim et al. DOI 10.1088/1748-0221/11/02/C02042

_ Pulse injection” '«

Pixel analog output”

—_

" pulselengh

*,.

‘FASTOR” at EOC,

delay ki?re

T{E derived from pixel

Aivital + +
dlgital outputl

150

—©—analog power = 140 mWicm?

v
\
125 w — & ~analog power = 96 mW/cm? ||

—¥-~analog power = 50 mW/cm?

100

Mean delay time [ns]
h =l
= [}

time walk I
|

200 400 600 800 1000

Injected charge [g]

1200

Delay time of FASTOR with respect to the pulse
injection vs. injected charge. The delay time was
measured by the timestamp of a step of 25 ns.

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX

16



. : i ] ] ¥ CFT
‘ Functionality of complete signal chain of TalchuPl&ZS' e/

= Functionality of the complete signal chain (including sensor, analog front-end,
in-pixel logic readout, matrix periphery readout and data transmission unit)

was firstly proved with an X-ray source and a laser source.

Transient Fri Oct 23 09:06:09 2020 1

prame. [vis viow | g

b @ 700.0

620.0

540.0

V (mV)

460.0
380.0

300.0

290 nlc s
T T T T T e AT
0.0 200.0 400.0 600.0 85(

time (ns)

TaichuPix2 response to X-ray tube (cutting energy @ 6keV) Simulated analog output with different input signal

column

Hit counts
column
Hit counts

20 40 60 80 100 120 140 160 180

._ Row
Row
Hit map of the TaichuPix-2 under X-ray from the X-tube Letter imaging obtained with a 1064 nm
voltage of 8 kV for 5 min. laser spot scanning on the TaichuPix-2

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX 17



TaichuPix2 test with 9°Sr =
TC2 exposure to °Sr source at different threshold setting (ITHR)
07 . Analog output of one 241 Average cluster size vs. threshold |~ —
1 | pixel under 90Sr exposure L _:;
06 §2'2 I |
3
2 05 @ 2r
S_ ‘w
2304 % 1.8 1
3
g 0.3 %1.6 B
" g 141 S1-S4features different thresholds for
" ' the same DAC code
0.1 . : : L L L ! L L 1.2 L L 1 I L
2 4 0 1 2 3 4 5 & 7 8 4 6 8 10 12 14 16
Time [s] %1077

DAC code of ITHR
« Shape and amplitude of analog signal as expected, but peaking time and pulse

length larger than simulation.
« Average cluster size decreases with threshold as expected
* Average cluster size for S1-S4 less than 3 as expected
« Indicates the estimated maximum hit rate (36 MHz/cm?) reasonable

« Cluster size >1, benefits the spatial resolution (better than pitch/v12 = 7.2 um)
2023/6/13, CMOS pixel sensor prototypes for CEPC VTX 18



T
‘ Large-scale sensor TaichuPix-3 /e

= 12 TaichuPix-3 wafers produced from two rounds

» One wafer thinned down to 150 ym and diced

8-inch wafer Wafer after thinning and dicing Thickness after thinning

» 11 wafers were tested on probe-station before dicing - chip selecting & yield evaluation

Wafer T212141 02E3 1 0.65 0 475
‘ 2 0.725 || 5 0.625
3 -- 6 0.525
7 0.775 || 10 0.675
8 0.725 || 11 0.6
9 0.275 || 12 0.35
Probe card for wafer test An example of wafer test result 1st round 2" round

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX 19



Number of Pixels

Threshold and noise of TaichuPix-3

= Pixel threshold and noise were measured with selected pixels

» Average threshold ~215 e-, threshold dispersion ~43 e-, temporal noise ~12 e- @

nominal bias setting

Threshold distribution, W9RS5, Entries = 1919

300
I 14=01983V, 7 =00397 V|

250

200

150

100

50| measured
D i Wt i
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Threshold voltage [V]

300

250

Number of Pixels
- ]
%] =
= =

—
=
=

50 ¢

Noise distribution, W9RS5, Entries = 1919

[C__Jx=00110V, 5 =0.0025V]

measured

=1 i —1

0.01 0.02 0.03 0.04 0.05
Noise Voltage [V]
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TaichuPix-3 telescope

= The 6-layer of TaichuPix-3 telescope built

» Each layer consists of a TaichuPix-3 bonding
board and a FPGA readout board

6-layer TaichuPix-3 telescope

= TaichuPix-3 telescope achieved the expected
goal in the DESY testbeam
> Basically works well during the beam test time

> The preliminary offline results indicate the best spal
resolution could be <5 pm

Spatial resolution at DUT [.um]

Efficiency [%]

@
Y
=

R\

-~

2
]

=]

o
o

o

»
5]

100

1 1 T
N ' ' s s : : -
N A . ] ]
98— L o : ]
- ¢
| 4Geve . : i .
- DUT, : L
- e d=25um. : ; 1
B £ d=75 um: : ]
sob b i i ] _preliminary. 1
88 2:55 2|92 3:{!0 3{68 4:;2 4I91 i

I\IIEII\I|IIIIiIIIIlIIII|\III|IHI

! ! ! T T T T
4GeVe ~ —%— X-direction _
ouT, 5 ~ —o— Y-direction

_preliminary

I\IIFII\IlIIII!IIIIlIIIIl\IIIlIHI

i i i i I i
265 292 330 368 432 491 600
Threshold £, [e]

Spatial resolution vs. pixel threshold

600
Threshold &, [e]

Detection efficiency vs. pixel threshold
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S

vkl
Summary and outlook cePl

Development of JadePix series towards the baseline requirements of CEPC
vertex detector

» JadePix3: excellent noise performance; spatial resolution close to the requirement in one
direction

> Jadepix4: a complementary design to the JadePix-3, to complete the R&D for the
double-sided concept

The full-scale and high granularity pixel sensor prototype, TaichuPix-3, has
been designed and tested

» Spatial resolution ~5 ym measured with 4 GeV electron beam in DESY

» Full vertex detector prototype assembly in process

In future, more advanced technology node (65/55nm CMQOS) or new process
techniques (3D-integrated devices or stitching) may significantly improve the
performances of the design

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX 22



Pixel sensor teams — 1§

JadePix-3/4

>

>

>

>

IHEP: Ying Zhang, Yang Zhou, Zhigang Wu (graduated), Jing Dong, Wenhao Dong/ USTC,
Chunhao Tian/ USTC, Sheng Dong, Yunpeng Lu, Qun Ouyang

CCNU: Yang Ping, Weiping Ren, Le Xiao, Di Guo, Chenxing Meng (graduated), Anyang Xu
(graduated), Hulin Wang, Xiangming Sun

SDU: Liang Zhang, Meng Wang
Dalian Minzu Unv: Zhan Shi
USTC: Zhiliang Chen, Lailin Xu

TaichuPix

>

IHEP: Wei Wel, Ying Zhang, Xiaoting Li, Jun Hu, Hongyu Zhang, Zhijun Liang, Joao
Guimaraes da Costa

CCNU/IFAE: Tianya Wu, Raimon Casanova, Sebastian Grinstein
NWPU: Xiaomin Wei, Jia Wang

SDU: Liang Zhang, Jianing Dong, Long Li

NJU: Xiaoxu Zhang, Yiming HU, Lei Zhang, Ming Qi

Thank you very much for your attention!

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX 23



Backup
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Periphery readout of JadePix-3

Matrix

192 column-output lines

Cache_CLK EOC DFF 48-bit | EOC DFF 48-bit | EOC DFF 48-bit
Hit Clear
AERD_16 AERD_16 AERD_16 AERD_16
Valid[1:4]
To FPGA 16-bit 16-bit 16-bit 16-bit
WE WE WE WE
—
-
FIFO FIFO FIFO FIFO H;
RE RE RE RE
8-bit 21 8-bit 8-bit 2 8-bit
| N N N ﬂ
Deiodai Multiplexer
Empty & full
K28.5
From FPGA 1l
ReadEn Internal_En ESM
Select [0:1] Data_out[7:0]
| >
Inquiry[0:1] AV4

l 10-bit

43,75 MHz
REF_CLK——]

PLL

875 Mbps

437.5 MHz
10-to-1 serializer

AERD* (Address Encoder and Reset Decoder)

CML

—

*P.Yang, et al., NIMA 785(2015) 61-69
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. . . . CFE
TaichuPix specification \dﬂﬁe/

: Hit Density vs. VXD Radius
= Bunch spacing -

7 Pair Production Bkg

5
m
> Higgs: 680 ns; W: 210 ns; Z: 25 ns g - O fs= 91 Gev
E M fs= 160 Gev
> Max. bunch rate: 40 M/s a O 5= 240 Gev
: . 2
= Hit density or e 5,
> 2.5 hits/bunch/cm? for Higgs/W; 0.2 i .
v
hits/bunch/cm? for Z 1y : 54
= Cluster size: ~3 pixels/hit A
> Epi-layer thickness: ~18 ym o o
1I 23456

> Pixel size: 25 um x 25 ym VXD Radius [cm]

Ref: CEPC Conceptual Design Report, Volume |1

For Specs For High rate Specs. For Ladder | Specs.
Vertex Vertex Prototype

Pixel pitch <25 um Hitrate 120 MHz/chip Pixel array 512 row x 1024 col
TID >1 Mrad Data rate 3.84 Gbps Power < 200 mW/cm?
--triggerless Density (air cooling)
~110 Mbps
--trigger
Dead time <500 ns Chip size ~1.4 cm x 2.56 cm
(for 98% efficiency)

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX 26



Pixel architecture — parallel digital schemes

Vreset

Analog :
Jfalibration ! Last Pixel

] Pixel Pixel Address
Priority State Decoder :
] : Register H
=Next Pixel Fast-Or Pixel Addr:
...................................................... ;

uuuuu

Y

|
\/
\/

\/

nnnnnn

.
vaLD =
e | .
o me o O .
§ H -
Address | £ L _
o | & . s e
. N
S . . A
= 5.1 . address
By
HE : @D ROM
) . G RST T FAST
ADORESSPZ] . R _ LAST FASTOR
tu . READINT 7 o
.
.
=

READ

o T P.Yang et al.
7‘?_‘?”“[ Y Nucl Instrum.Meth A785(2015)61

Simplified column-drain readout:
» Each double column shares a common Fast-Or bus for hit indication
» Common time stamp register @40MHz will record the hit arrival time
> Hit pixels in the same cluster will share a common time stamp as the Trigger ID

Two parallel digital readout architectures were designed:
> Scheme 1: ALPIDE-like: benefit from the proved digital readout in small pixel size

Readout speed was enhanced for 40MHz BX
> Scheme 2: FE-I3-like: benefit from the proved fast readout @40MHz BX (ATLAS)

Fully customized layout of digital cells and address decoder for smaller area

2023/6/13, CMOS pixel sensor prototypes for CEPC VTX
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]

e
Pixel Digital Circuit- fully customized logic Lor

——
ek 1 bit shifting register chain is used to mask pixel and
<] Ty S EN | weur_pata calibration
Q T 0o 3
- 1 Qo 1SE_EX + The storage regis‘Fers and “strobe” is replaced by an
[ESa I D "¢ Voltage Jtep edge -triggered flip-flop
Master clock Stave > generatjpr
— .load C APLSE . -
| o Lwd A D, . m o * The boosting speed AERD is implemented to
CON_DATA - . enhance readout speed
—J‘_ b WASK EN EN i e
N_CLK > Ly o p—or . l Masko0 @EIER Ko E i RN
= Shift - =
| Load_M >| - I re Rl
- ¢ La i
7”7”7 PLSE EN 3 :m‘:t:':{‘:
S Voltage ster 4 ] T TR e
X WLSE f prsroin — e o
LAST HIT - e =
: o o by 2
- HIT CON_CLE MASK_EN *| [T = e %’a g
P B s
— " 9 e [
.7 ] oones }»% d 8l
[ S aneoven |7 g msu;:;:[z:“r g[3
- . DPLSE . . H
‘P D P ty PIX_INB d - :,:z. ADDRESS[3:2]
G_RST < LAST FASTOR rlorl o Yo
READINT K
AL sExT T 5 ] sooressin
G_rst v 0o
TCWITT cost arouna 106 transistqrs, including
tha Analan Aalihratinn hlanl
e — i
First level
In-pixel
P T
. 1
. I
logic In-pixel
H I
logic |

50um

Address

ROM Second level

AERD

50um 50um
Layout of FE-13-like scheme Layout of ALPIDE-like scheme 28



Readout & Periphery

1 12 13 14
Fastor(EOC) X
0<TDAP<1.5*TclkTsu 0¥ g O<TDFOR<2*TclkTDin
READ(EOC) 7 b
i 7DAI »
—» P TDAN>0,5*Tclk+Thd
TDAP —
READ(top)
ADDR_FEI3_i 1023 0 1 1022 1023 —< 1023
pullN 1023 1023
Latch_en
ADDR FEI3 0 X, AN . N o XN o

CLK

fastor_syn

latch_en_Per

addr_rcv

S N N N I R

Fastor negedga is not syncronized.

Fastor Posedge is syncronized by the CLK negative edge followed a CLK positive edge..

ADDR is taken at the positive edge of clock when latch_en is high.

X_o X 1 X 1022

X 1023

Designed for low power

»  Only the hit (fastor) info & address are fannout from the pixel array

> Only the read (acquisition) signal is fanned in to the pixel array

Clock & time stamp are localized only in the EOC, different
from FE-I3

Optimized @ CEPC hit rate

» Common time stamp recorded for a full double column

For low power

Column is hit every 8.3us / pixel is readout in 2 clocks (50ns)

/ cluster size 3 pixels
Dead time 500ns — 98% trigger efficiency
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Time stamp recorded when
Fastor is valid

Each pixel readout by 2 clocks

(50ns)
> Worst delay ~ 25ns
Sim by 512 rows (full size)
TDA: read sent —addr come
> Address latch @ 37.5ns
@1.5 clock

Enough headroom for all corners
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Ladder readout
= Completed detector module (ladder) design

>

>

>

>

Detector module (ladder) = 10 sensors + readout board + support structure + control board

Sensors are glued and wire bonded to the flexible PCB

Flexible PCB will be supported by carbon fiber support structure

Signal, clock, control, power, ground will be handled by control board through flexible PCB

= Challenges

» Long flex cable - some issue with power distribution and delay

» Limited space for power and ground placement - bad isolation between signals

> No debug testing point - hard to debug the flex readout system

Ladder readout system U10

U9

U8

urs

U6

us

U4

U3

U2

Ul
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Detector prototype w

= 6 double-sided layers assembled on the detector prototype

» 12 flex boards with two TaichuPix-3 chips bonded on each flex

> Readout boards on one side of the detector
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