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Main specifications of the full-scale chip

= A full-scale pixel chip should be design to
build the first vertex detector prototype

> No full-scale CMOS pixel sensor for particle
detector exists in China before this project

= Project assessment index (5% 1543)

> Spatial resolution: 3-5 ym
> Total ionization dose (TID) > 1 Mrad
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Additional specifications on the full-scale chip

Additional specifications considered besides the main goals of project
» Assembled on ladder - large sensitivity area
» Low material > low power density
> High detection efficiency - small dead time
» Bunch spacing: Higgs: 680 ns; W: 210 ns; Z: 25 ns
Hit density: 2.5 hits/bunch/cm? for Higgs/W; 0.2 hits/bunch/cm? for Z - high hit rate

TaichuPix design goals JadePix design goals
Specs Parameter Specs Parameter
Hit rate 120 MHz/chip Spatial resolution <5 um
Data rate 3.84 Gbps (triggerless) Integration time <100 ps

~110 Mbps (trigger)

Dead time <500 ns Power Density < 100 mW/cm?
Pixel array 512 row x 1024 col Chip size no requirement
Chip size ~1.4 x 2.56 cm?
Power < 200 mW/cm?
Density (air cooling)

Major innovation of TaichuPix: High data-rate processing maintaining good spatial resolution

19 June 2023, Sensor chip design and testing 3
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T
Structure and process of sensor ﬂe

= Technology: CMOS Monolithic pixel sensor
> N-well/P-epitaxial diodes employed collection elements
> Readout electronics integrated on the same Si-substrate

= Low material budget, low pixel capacitor, easy to assemble

NMOS PMOS "wee}:ei:(:;fggon

o= |} —
- == | ] [ LI =EEw
,: == t well J

m Process : TowerJazz CIS 180 nm process - = T ™
» Process splits: ’ :
» Standard process S |

0 Baseline option, the only choice available in the o

MPW submisions e

 Modified process* Standard process

0 Adding an extra low dose n-type layer based on
the standard process, to achieve faster charge = ‘="

nwell collection
electrode

. . . pwell nwell f: -‘
collection, thus a better radiation tolerance plw—f‘ ‘
o Very difficult to access, the first time available | | | mmespeman s =l

to a Chinese institute

p° epitaxial lay

*Reference: NIM, A 871 (2017) 90-96 Modified process*

19 June 2023, Sensor chip design and testing 4



‘ TaichuPix sensor architecture

Pixel Matrix (512 x 1024) Block x4
————————————————————— N——"7 11—~ "1
| Group 1 ><32I: Gr.2 ,: Gr.3 ,: Gr.4
(= |
I I I I
: 512 pixels 512 pixels I T I I
1 r |
L w | I I |
: Pixel Pixel : | 1 1 |
| [ Sensor |||« [ Sensor ] | : :: : : :
| FE FE I I I |
| I AP A A AALI A 44
fap—— | P I ——— S I R
10bit @40 MHZ =
[ x32; 2 32 2
DACs Double col. Reader Dcol. Reader ||| Dcol. Reader ||| Dcol. Reader
trigger and match & FIFO1 -& FIFO1 & FIFO1 & FIFO1
[ “22 b @ 40 MHz
Bandgap Group Readput Unit 1 Group Region Region
Data driven & Readout Readout Readout
Add ress IPriotitv Unit 2 Unit 3 Unit 4
Pixel - .
config | Hierarchical ﬁlta MUX 2:1 |
| FIFO2 (256*32bit) | i
Slow U L “
control | Hierarchical data MUX
T T T 5 MHz @ trigger
120 MHz @ triggerless
CLK 40 MH
5 bl Clock Serializer Periphery

generator

~

Pixel matrix

le——— 257 mm

A ____Peripheryreadout

TaichuPix-3
layout

CEP

Pixel 25 pm x 25 ym

>

>

>

>

>

Continuously active front-end, in-pixel discrimination

Fast-readout digital, with masking & testing config. logic

Column-drain readout for pixel matrix

Priority based data-driven readout
Time stamp added at end of column (EOC)

Readout time: 50 ns for each pixel

2-level FIFO scheme

>

L1 FIFO: de-randomize the injecting charge

Invented a new buffer tree architecture, patented
F: CN: 2021.11130545.6

>

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

Proposed a readout scheme for mitigating data congestion
L F: CN202210631994.1, 2022-06-07

>

>

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.

19 June 2023, Sensor chip design and testing



TaichuPix prototypes overview \‘Jﬂye/

Major challenges for the sensor 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 rounds of sensor prototyping in 180 nm CMOS process

> Two MPW chips (5 mm x5 mm)

o TaichuPix-1: 2019; TaichuPix-2: 2020 - feasibility and functionality verification
> 1stengineering run

e Full-scale chip: TaichuPix-3, received in July 2022 & March 2023

« Difficulties encountered in submission: no domestic access, complex and long time procedure from
abroad access, very expensive ...

415.9 mm

25.7 mm

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

19 June 2023, Sensor chip design and testing 6
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‘ Functionality of complete signal chain \S ;,ye/

= 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 X-ray, electron and laser sources.

Transient Fri Oct 23 09:06:09 2020 1

piame. |vis o | |

fram @ 700.09

Simulated with o ;|v|*e21§u ed by
'\ different injected Q Y ray source

620.0

540.0

Measured results
consistent with
simulations in term
of shape, amplitude

V (mV)

460.0
380.01

300.0

22004
T

T b L
400.0 600.0 85(
time (ns)

0.7

06

Hit counts

Pixel analog output [V]
o
>

=}
w
T

o
o

Hit map of the TaichuPix-2 under X-ray :
from the X-tube for 5 min. Analog output of one pixel under 9OSr exposure

Time [s]

19 June 2023, Sensor chip design and testing 7



TaichuPix-2 test with 20Sr

Four pixel sectors with different analog front-end variations for design
optimization, S1 used in the full-scale chip due to the lowest ENC

Sectors Front-end design features Threshold and noise of different pixel sectors
S1 Reference design, inherited from Sec- Threshold Threshol  Temporal Total equiv.
TaichuPix-1 tors Mean (&) drms(e) noise (e) noise (e)
S2 PMOS in independent N-wells
— S1 267.0 49.8 29.3 57.8
S3 One transistor in an enclosed
layout S2 293.4 54.5 26.9 60.8
S4 Increased transistor size to reduce S3 384.9 58.4 24.4 63.3
the threshold dispersion S4 411.9 56.6 26.5 62.5
24| Average cluster size vs. threshold
—-o—S1
-8 -82/ |

N
N
T

TC2 exposure to %Sr source

N
T

« Average cluster size decreases with

threshold as expected

»
~
<

* Average cluster size for S1-S4 larger than 1,

Average cluster size [pixel]
0]

~ benefits the spatial resolution (better than . S1-S4 features different thresholds for the

same DAC code

-
~

the binary resolution, 25/v12 = 7.2 um

_\
N

6 8 10 12 14 16
) . ) DAC code of ITHR
19 June 2023, Sensor chip design and testing 8
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‘ Laser test of TaichuPix-2

= Setup: a 3-D linear translation stage with

E’ 350~ h_deltaX
a 1064 nm laser Sk e 0
é 3005_ Std Dev ;4.008
= Method: 2 as0f- S
> One dimension laser scan on the test chip i3
- igma 3.982 + 0.046
with a fixed step of 1 pm E
100~
> Take the linear fit of the observed X,Y -
50—
position as the expected laser position L o
%3020 0 0 10 \ZOJR‘e;ic;ggl\)(l(;u;‘t)
Test Chlp Distribution of residual X
“‘v
-“““‘
xexp‘ o 5 F h_defta
6\ 56( ®..-*" % ?; 250:— I\EA’:::S 0.;222
.o o - Std Dev 4.137
?\\\G LM Xobs § 200:_ ¥ (ndf 34.9/32
L :
Measured results o
Resolution Overall error | Statistical  error | Translation error 50—
(um) (um) (um) (um) E Lol
3.08 +0.23 +0.05 +0.22 %0 0 Residul Y (um)”
4.12 +0.25 +0.05 +0.25

Distribution of residual Y

19 June 2023, Sensor chip design and testing



Large-scale sensor TaichuPix-3 \_,-_r;-ye/

= 12 TaichuPix-3 wafers produced from two rounds

» Wafers thinned down to 150 ym and diced

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

> Wafers tested on probe-station - chip selecting & yield evaluation

Wafer T212141-02E3

Probe card for wafer test An example of wafer test result

19 June 2023, Sensor chip design and testing 10



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 Noise distribution, W9RS5, Entries = 1919

300 300
I 14=01983V, 7 =00397 V| [ 1u=00110V, 7 =0.0025V]|

250 f 1 250 f
[%2] [%2]
= 200 = 200
= =
o o
G G
= 150 = 150
ik} ik}
L L
§ §
= 100 = 100

50| Measured ] 50| Measured
D i I i =" i I D —1 i —r1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0 0.01 0.02 0.03 0.04 0.05
Threshold voltage [V] Noise Voltage [V]

19 June 2023, Sensor chip design and testing 11



TID test setup ‘C‘EPe

Beamline Specifications

Source Wiggler
Energy Range 5-18 keV
Resolution (AE/E) Qver 4x 1074
Flux {photons/sec) 1012
w Beam Size (HxV) 1mm X 0.6 mm
o
TC2 at BSRF 1W2B beamline TC3 at BSRF 1W2B beamline
500 > lonization chamber is
AfttAeInfuz_a:tl_onoogi\luml;:um (thickness used to calibrate
0 oll1s 0.01 mm/layer ~ 500 4 . .
yer) » y = 499.39e-1513x irradiation dose rate
> 400 . ..
O] R2 = 0.9954 > The irradiation dose
% layers 0.02rad/s o 0 Is regulated by Al foil
64 layers 3 rad/s IS .
= 200 » Chip was exposed
32 layers 394 rad/s a . .
o T with full working
28 layers 722 radls . condition: power, bias,
24 |ayeI’S 1321.6 rad/s 0 0.05 01 015 02 Clk
y wun
1 layers 42927 rad/s

Al thickness (mm)

19 June 2023, Sensor chip design and testing 12
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‘ TID test result

m Testof TC2 =

»> Normal chip functionality and good
noise performance proved up to 30
Mrad TID

TC2 Pixel threshold vs. TID

o
T

o

pixel threshold
T T T
\ —+—pixel (7,120)
L e — - o - el
£\ [ ——
\ e —
gg‘g 7‘&’&**—*—7—7_ _
5 \
> b -
+
| | | | | |
0.5 1 1.5 2 25 3 35

<104

Voltage [V]
o f=3

8 § =8
T

I

o

=
T

o
=]
<)

TC2 Pixel noise vs. TID

krad]
—+—pixel (7,120)
—pixel (40,120)

0.5 1 15 2 25 3 35
TID <10
/ [krad]

10 Mrad 30 Mrad

Test of TC3

> All three irradiation regions indicated a
good performance to 3 Mrad TID

TC3 Pixel threshold vs. TID
0.48! T T T T T

0.46,

0.44

0.42
= : =
5o
° —&—Position1,ITHR = 96
§ 0.38 —e—Position2,ITHR = 64| |
=036 Position2,ITHR = 96|
- 034 —e— Position3,ITHR = 96

Preliminary

0.5 1 1.5 2 25
Irradiation[Mrad]

TC3 Pixel noise vs. TID

19 June 2023, Sensor chip design and testing
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Preliminary

—&—Position1,ITHR = 96
—o—Position2,ITHR = 64

Position2,ITHR = 96
—o—Position3,ITHR = 96

_? 3 Mrad

0.5 1 1.5 2 25
Irradiation[Mrad]
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- . o=
TaichuPix-3 telescope ‘Jf-’*/e

= The 6-layer of TaichuPix-3 telescope built
> Each layer consists of a TaichuPix-3 bonding board anqb% ﬁrF:GA readout board

257 mm

An open window
with size of 1.2 cm x0.9 cm

i e T A open WlndOW on PCB
under TC3 chip to
reduce multi-scattering

Lokl G0 1 R (PR GV FR0 GULER) B9 <89 60

TaichuPix-3
telescope

= Setup in the DESY testbeam

» TaichuPix-3 telescope in the middle

> Beam energy: 4 GeV mainly used
> Tests performed for different DUT
(Detector Under Test)

19 June 2023, Sensor chip design and testing 14



‘ TaichuPix-3 beam test result

Spatial resolution at DUT [um]

o bl
(4 (24 [ o) ~

=
2]

IIII]I\II}II\IIIIII'

3.5

2 DUT with different processes tested
> DUTjg with the standard process; DUT , with the

modified process

Spatial resolution results

» The resolution gets better when decrease the pixel

threshold, due to the increased cluster size

> Aresolution <5 pm achieved for both processes,

best resolution is 4.78 pym

Ge\é e + X-directioin

Spatial resolution at DUT [um]

|
175

i i i i i i
197 218 260 295 342 367
Threshold &_ [e]

~

3.5

IIIIIIIII;II\IEII\I'

—©— Y-direction

" Modified process

4 rll—"/-'ll—'
Cx = J)
‘g 70_19”||||-||n||||:||||||||||:|||.|x|||||||||||||| =]
E - . - Data ]
e~ Spatial Resolution —— =
. ~4.78 um : ]
50__ Opyy =4-78%0.01(star.) pnJ
a0l 3
sl o
8 Standard 1
20— —]
. process 1
10— -
T R Y T Y. YR X Y NN
residual(x - X, . ) [mm]
Distribution of residual X
T T J ; ) % T
C i4Geve | : —#— X-direction :

IlIIilllItIIJIEIIJI|l|l||l||l|l||l

1 |
265 292

i
330

i
368

Spatial resolution vs. pixel threshold

19 June 2023, Sensor chip design and testing
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Ladder readout design \ ffpe/

= Detector module (ladder) = 10 sensors + readout board + support structure +
control board
» Sensors are glued and wire bonded to the flexible PCB, supported by carbon fiber support
» Signal, clock, control, power, ground will be handled by control board through flexible PCB
= Challenges
> Long flex cable - hard to assemble & some issue with power distribution and delay
> Limited space for power and ground placement - bad isolation between signals
= Solutions

> Read out from both ends, readout system composes of three parts, careful design on
power placement and low noise
553 mm

e mmmreemeeeeeeee e _ e ———— ——— e m e —————————————— =
] 1

Readout board Ladder

I
|1l2[3l‘41h lt’:llT’lRl‘)llU

Interposer Interposer

U10 U9 ug u7 l?(u.lIS U4 U3 U2 Ul

Ladder Readout board

FPGA board

FPGA board

Ladder readout system

19 June 2023, Sensor chip design and testing 16



Ladder readout design

Flexible board Interposer board FPGA board
Power and ground s Linear regulator s Chip configuration
Control bus DAC ¢ Data assembly
Receive data & clk Data link FIFOs

Functional block diagram of a ladder readout unit

Design key points of the flexible board
» Carefully chosen stack-up, minimum the thickness

> Appropriately sacrifice the slow signals to guarantee the shielding of the major signals
and the low impedance path for analog power supply.

» Very challenging in manufacture because of the extremely long & thin PCB routing

Design key points of the interposer board
> Ultralow noise power supply to chips, RMS noise ~1 pV
> Low noise DAC reference: 16 bits, 1 LSB INL
> Independent power supply and data path for back-to-back ladders

19 June 2023, Sensor chip design and testing 17



CED
Laser test result of ladder -Jf?/e

Fundamental readout unit Fundamental readout unit
. 5chipsonladder T T T T T T
: FPGA |« Interposer UTONUONIUSINUARIUGN US | U4 | U3 | U2 | UL _4|,Interposer » FPGA :
[ |
________________________________ UL U |

Full ladder readout
= A full ladder includes two identical fundamental readout units
» Each contains 5 TaichuPix chips, a interposer board, a FPGA readout board
= Functionality of a full ladder fundamental readout unit was verified
» Configuring 5 chips in the same unit

» Scanning a laser spot on the different chips with a step of 50 um, clear and correct
letter imaging observed

Demonstrating 5 chips working together = one ladder readout unit working

Laser tests on 5 Taichupix chip on a full ladder
("CEPCV” pattern by scanning laser on different chips on ladder)

19 June 2023, Sensor chip design and testing 18



Summary

cepll

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

designed and tested

The project design indicators were achieved

Project indicators

Test results

Spatial resolution 3-5 um 3.98/4.12 ym for X/Y dir.
(laser test)
4.78/4.85 um for X/Y dir.
(beam test)
TID > 1 Mrad > 3 Mrad

Readout electronics for the sensor test and the ladder readout were

developed

> Performed the sensor characterization in the lab successfully

» Completed beam tests for the pixel sensor prototype and the vertex detector

mechanical prototype

19 June 2023, Sensor chip design and testing
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‘ Backup

19 June 2023, Sensor chip design and testing

20



r,
Ct¥

Patent (E#F))

BUBRA, TG, T BEIESE RR KA. — R IRA S B AT S A
CN: 2021.11130545.6, 2021-11-5

PUBRE, skibmE, TAE, AR, BEIETE, B, WK, — Rk BE R EIE K%
B B AR R 45 5 7%, CN202210632037.0, 2022-06-07

T, BESE, AR, RS, BESEE, AL, —M/ERRERSWHMEE R B
£ RLDOHE K, CN202111161887.9, 2021-9-30

R, FERE, T, BBRE, BIEE, kA —MESIIFEE 3R E FMKIh#E
AT SR E B B R % T 54, CN202111087544.2, 2021-9-16

BRIRSE, HEH, B, SRR, T, AR, Sk —FafmRKEE
ADC##J, CN202111089036.8, 2021-9-16
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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.

19 June 2023, Sensor chip design and testing
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Pixel architecture — parallel digital schemes

Vreset

Analog : E
Jfalibration : ‘ :

: Last Pixel,

Pixel glt:te: Address
Priority Decoder

_— : Register :
Pixel Addr}
Bus &

=Next Pixel Fast-Or

address
ROM

LAST FASTOR

@
G RST <
READINT T
READ

P.Yang et al.
OKESUO 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 m the proved fast readout @40MHz BX (ATLAS)
Fully customized layout of digital cells and address decoder for smaller area

23



Fastor(EOC)
READ(EOC) A

READ(top)

ADDR_FEI3_i 1023 0 CLy—<o2 1023 —<

pullN

Latch_en

ADDR_FEI3_0 XN . N . N e N oz

CLK

Readout & Periphery

2 3 8 0 11 12 13

¢ “—>
5*Telk-Tsu TDFOR O<TDFOR<2*Tclk-TDin

S BN S S D NN N D SN D SN SN D N S NN G D N D BEE

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 ma

eeeeeee

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

cepll

— Time stamp recorded when Fastor is
— T, ToanosTaRT Valid

Each pixel readout by 2 clocks (50ns)

% Worst delay ~ 25ns

Sim by 512 rows (full size)
TDA: read sent —addr come

v Address latch @ 37.5ns

Detection Efficiency

@1.5 clock
Enough headroom for all corners

0.99

0.98

0.97

0.96

II[II

0.95

om

P L L L - L .
500 1000 1500 2000 2500
Dead Time (ns)
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‘ Readout & Perlphery on 2 level FIFOs ffpe

readout of 512 double

= FIFO1 group for 32 DCols
‘ } > Limited by the 25um pitch
oo oo > Depth = 9 *22bits (8+10+4)
giE \ EHENE > Row-level priority readout to

group interface

FIFO Tree {Time order)

A4 = FIFO2 for 4 FIFO1-Group
Jﬁ%ﬁ:‘ e | > Round-robin in 4 groups by data
: l_ o = E
| Hierarchical EATJ_A Mulxz: L | , ' ' mux
| Dual Port SRAM (256°32b11) | : : » DualPort SRAM for each FIFO2
| — -I:E:t;r:'chmal Dg@l ] | > Depth 256 * 32b|ts
Using SPI_CLK when TEST=11 “”” @g T ggeriess? | Serlahzel’ |nterface Wlth PLL &-
32 bit shift Reg Serial datac'lj'g:ansmlsmn
Tore = CML/LVDS
* When 8b10b encoading is enable, valid data bandwidth is 70MHz due to some filling code. > Trigger mode @160Mbp$ LVDS
_ max
| et svatas SUSSE v U I > Triggerless mode @ 4Gbps
. ; - CML max

19 June 2023, Sensor chip design and testing o5



‘ FIFO Tree for 32Dcol

o I« P [ I D i & L 8 L P 8 <= 8 L B D i« 8]« B P D= 1 [ = L L« L L

0’0 0’ 0’0 0’0
I - :’- 1 R o R o IR ] i ﬂ- i [ e L2
O O O OO O O O O O O OO O O O
- —— Se—————
. 3 i
@)

e 2 i m L3

—  —— —
mE | e |l L4
Q @ O
- o L5
O O
] L6
O

Timestam
© FIFOi(depth=4) (O FIFOL(depth=32) [ Data router :Discrimmafer

Double
|:| column |:| Reader

19 June 2023, Sensor chip design and testing

Motivation:

» Share the storage
volume

> Reduce the area and
optimize clock tree

FIFO volumn: 288

> L1-L5: 4
> L6: 32
Router:

» Timestamp priority

26



cepl

8 bit time stamp can cover a range of
|| | 6.4us @ 40MHz

Trigger & triggerless readout

* Designed for trigger readout by
A window can be set to cover the trigger default
uncertainty » Considering the non-overlapped time
. Time walk, jitter, .. stamps, estimated trigger latency is ~3us
maximum

> By defaulta +=3LSB(==%75ns) window is set
(=7LSBSs),

> Pixel analog’s speed is set with the window
correspondingly (for low power or high time
resolution ) All the raw data can also be readout
in triggerless mode

> 8b10b encoder added for balanced
bitstream at Gbps

Limited by the 32bit serializer, a 32-bit
data is encoded in two words
o Discussion in the following part

Each with 20bit encoded info and 12bit
dummy

When data is invalid, k28.5 code will be
sent for data alignment

> Trigger ID calc. by the trigger’s time
stamp — latency

» Only matched event be readout

19 June 2023, Sensor chip design and testing 27



High speed serial link

160MHz

B80MHz

160MHz

BOMHz

40MHz

4X8

N DSEL 0/’

L Driver

32 TMOD=0, 160Mbps

v
Pixel Data SCK DOUT T™oD=1, 2.56Gbps/5.12Gbps

LVDS_REF_CLK M M [

LVDS_DATA[31]

— 1

LVDS_DATA[30:0]

IDatal

DataZI Data# IDatalll

= High speed clock is generated by the on-chip PLL

m Serializer is based on balanced 2: 1 Mux architecture

> «: Benéefit for the speed at high clock frequency

> X : Length of the Ser cannot be configured
= By default, 160Mbps data rate (plain code w/o 8b10b) will be set

» MSB D<31> will be used for data synchronization, independently output

> CML (Gbps) / LVDS (s160Mbps, in engineering run) optional for optimized power

19 June 2023, Sensor chip design and testing
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‘ Bias generation

SCLEo— 10Bis

M50 0——— SPIL

EBits

RS

R B SR

P8 2 T2

= Structure of the DAC CfPe

> Voltage DAC (VDAC)

» Current DAC (CDAC)

> Bandgap(BGR)

> MUX7tol

» Current bias reference generation

m Characteristics

» Voltage DAC (VDAC)
o 10 bit
o LSB:1.56 mV
+ Range:0~1.6V
» Current DAC (CDAC)
e 8hit
e LSB:40 nA for common, 0.1nA for ITHR
o Range:0 nA~10.2 pA

L Px Px P 2 Px 2k 2k 2

I B
= b ,ﬂ ,ﬂ 43 ,ﬂ 'ﬂ S ,ﬂ ]
? 11 7

Curent Generation

i Architecture of CDAC

Tout

19 June 2023, Sensor chip design and testing
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0 64 65 Ignore “0"
Dcol Dcol Dcol Dcol o /A 16 bits data packet
EFE = 2
g E g a ; SPI_CSB \
0-& 0-a o
L N T U O o e o U 2 T e Y e 3 f j j
l_ikg &Fg """" 3 SPI_CLK r rl 2 0 Tau| Tiz| Tis| Ta| Tis| Tes
DAC === il é 0 §_ <
g 3‘ g 3 SPI_MOSI “§ / 4
Dcol Deol | . Dcol Dcol Dcol | . Dcol Dcol Deol | . Dcol
reader reader reader reader reader reader reader reader reader SPI_MISO
@ ‘ FIFO TREE (FIFO1) ‘ ‘ FIFO TREE (FIFO1) ‘ ‘ FIFO TREE (FIFO1) ‘ =
S o 3 . . .
- g3 All the configuration bits can be loaded
g &3
£ Ve by the common SPI interface controlled
S Fast readout of 96 Dcols (FIFO2)
= . . .
% | FIFO2 (256*32bit) | = in the Pel‘lphery block
@, &
a Using SPI_CLK when TEST=11 5 MHz @trigger (32bit) I: R . .
S mewshiRes [ ] e 3 >  Chip global operation mode
[ Data distribution . .
T > DAC bias tuning
Serial data Transimision R
(PLL&SER) > PLL status
i 1 140 MHz @trigger
4.43GMH: @triggerless . . . .
= >  Pixel matrix CalEn/Mask bits

Standard SPI protocol designed, 8 bits
loading each time

Pixel matrix slow control by two steps

>  Write one row by SPI, 8 cols each time

» Generate a shift clock by SPI, 1clk each time

Con_clk0
Pixel_mask_out

Con_clk1

Send a load pulse, depending on

v

Con_data511

Pixzrtle—y%is; _ ] - ) Con_data0 - k Con_datal ] - k
ook o { - ; CalEn/Mask configuration
Pixeltest_clk Row_clk (pixel_mask_clk) ]
P\xeltes?j!:?gss ] _____ col_clk(Con_clk0,:,...Con_clk511) Apulse ——————— Apulse0,~-,Apulse511, > Problem left to be solved: matrix
Test - Dpulse =~ ———————— Dpulse0, ***, Dpulse511 . .
Load m - — Load <0 Loades11 et configuration speed should be speed up by
Load_c . —  Load_m0,***,Loadm511 ] G_rst (G_rst0, **=, G_rst511)

por_rstn —

backend electronics
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Readout system of TaichuPix chips

= Readout system for single-chip includes
> A dedicated test board for chip wire-bonding and power link

» A readout board loaded with a FPGA to perform chip configuration and data
readout

> A DC power supply

il ~_." . :

T@st board

CcsB

— fnCeL; SPI Configuration
MISO Module
Control Readout System Ethernet
- - PHY
TaichuPix3 10 Signals PC
TCP/IP
DOUT_P Data Assembly FIFOs
LVDS DOUT_N Deserializer Module

Structure of the readout system
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‘ Electrical test \E?g

= Electrical performance verified by injecting external voltage pulses
into pixel front-end

Vresest == - ——=——————-—-x
- : Front-end |
|
XN | oUT_A _‘F: QuUT_D In-pixel C.hlp
Collection Ir— —j_— = : : readout logic perlphery
diode | Cinj : S S | \
Vpwell : :
|
APULSE_PIX | BUF OUTA_Buff . -
| - Threshold\dispersion

4"

08r

o
[=2]
T

- Threshold

Probability

S
~
T

02r

0.05 0.1 0.15 0.2 0.25 03 0 35 0. 4 0. 4
_ _ Vin [V] Nqse (peak-t peak)
Analog output of a pixel @ Vin=0.9 V ) >
Measured “S-curve” for 128 pixels
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Test of the data interface (TaichuPix-1)

R

i

h_ﬁ_ﬂwﬁ i

L

.,

lUlIWIWN‘H

I

v

g

Wi

Measure PifreqCl) PZamplCl) Plhase(Cl)  Pdlop(C1) PSermsj(Eve)  PAeppi(Eye) PT.QEye) PE:pded(Eye)
walue 112160 GHz 9896 mV -600.4 my 4882 my 167 ps 106.3 ps 8.5438 38e-3
mean B97.1421 MHZ = 968.1059 mV =<-486.665 mV = 481.440my 19.679 ps 106.297 ps 8.543586 39.08e-3
min 17092 MHz =0284mv  =-5027 mY » 4634 my 157 ps 106.3 ps 85438 39e-3
max 115117 GHZ =9853my  <-458.0mY = 4833 my 15.7 ps 106.3 ps 8.5436 38e-3
sdev 2886860 MHz = 18188 mYV  <12536mV »8534my - - - -
num 8.676e+3 156 1585 1565 1 1 1 1
status v v ki ki3 kg L
SDA Jitter Til1e-12) Ritsm Difsp) BitRate Pi 151 oco
value 141,63 ps 5.39 ps B4.77ps 2.2400 Ghitisec 15.80 ps 45 ps Ips
status ki & & v ki v v
SDA Eye EyeHeight EyeOne EyeZero EyeAmpl Eyeiiith EyeCross EyeAvaPvr
walue 5835 my 441 8my -457.5my 899.3 my 3522ps 4966 % 22my
status ki & & ki3 ki3 T ki3

Nl

P4

3

@2.24Gbps

Doy

12ps

v
MaskHits EyeBER
1.363091e+6 B.59283502e-18
T T

Tmehase

[y
P2ampl(C1)  P3base(C1)

Measure P freqiC1) P4lopiC1) Phermsj(Eye)  PAeppilEye) PT.QEye) PH:pdcd(Eye)
walue 1.1076 GHz =8B98mMY  =-4B0OmY 428.9my 18.2p8 115.0ps 7.0496 18e-3
mean 1.036750 GHz = 803732 mV <-4B6.151 mV > 437 581 mY 16.212ps 1156034 ps 7.048625 18.14e-3
min 295.2 MHZ = 8504 my  <-S41E6mY =349.8 my 16.2ps 115.0 ps 7.0486 18e-3
max 18142 GHz =8791myY =42 1my »4833my 16.2ps 115.0ps 7.0438 18e-3
sdev 447550 MHz = 26016 mV  <20382mV = 14582 mY - - - -
num 14.388e+3 173 173 173 1 1 1 1
status 4 4+ 13 T T T 3
SDA Jitter Ti(1e-12) Ritsp) Diisp) BitRate Fj 11 DeD
walug 12327 ps 4.84 ps 54.26ps  3.3600 Ghitizec T15ps 51 ps 1ps
status T 1] k1 4 T 1 I
SDA Eye EyeHeight Eye0ne EyeZero EyeAmpl EyeWidth EyeCross EyeArgPur
walue 479.8 my 4041 my -431.1 my 8352 mV 2003 ps 50.01 % -4 my
status & + & & + k13 &

FeppjEye) P10---

@3.36Gbps

DDj
1ps
[
MaskHits EveBER
1524591846 914.398622¢-15
3 3

A

1

Clk freq
BER
Tj@e-12
Rj

Dj

1.12GHz
6.59e-18
141.63ps
5.39ps

64.77ps

1.68GHz
9.14e-13
123.27ps
4.84ps

54.26ps

o

m Datareadout in DDR mode

&Y
0

2.24GHz
3.23e-5
147.14ps
5.35ps

70.90ps

= Data interface was tested by the on-
chip PRBS source, a high speed
oscilloscope (@16Gsps), and code
stream verified in FPGA

= BER qualified till 3.36 Gbps, failed at
4.48 Ghps
= Concerning the highest data rate for
triggerless at 4 Ghps, at least 2 SER
interface ports needed

Thus bit rate @2.24 Gbps is safe and
power optimized
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Number of Pixels

Performance of threshold and noise of TaichuPix2

f’.’;:J(JD /

i ¥

Pixel array includes 4 sectors with different transistor parameters/layout
for analog front-end, S1 chosen for the full-scale design.

Threshold can be tuned by changing ‘ITHR’ (a global current bias)

Threshold distribution of four sectors

Noise distribution of four sectors

Mean threshold of Sectorl vs. ITHR setting

160 b 160 | ! 400 T
[ Ist:p=2670e,0=498¢ [ Ist:p=293e.0=48e
140 [ Js2:u=2034e 0=545¢] 140 [ Is2p=269e,0=60e] 250 | Sectorl
S3:u=3849¢e",0=584¢ Shpu=244d4e , 0=60¢€
120¢ ___lsap=4119e.0=568e|1 , 120] S4u=265¢.0=69¢|] —
g ; 300
100 & 100 ¢ E
‘5 %)
80 g 80| E 250
60 | E 6o} 3
z 2 200
40 40 + . . .
151 Noise hit rate < 10-1%event/pixel
21 200 for the measured threshold range
0 0 100 ! : ! : ! . !
100 200 300 400 500 2 4 6 8 10 12 14 16
Threshold [e7] Noise [e7] DAC code of ITHR
S1 |
I 26720 49.8 29.3 2,8
S2 293.4 54.5 26.9 60.8
S3 384.9 58.4 24.4 63.3
S4 411.9 56.6 26.5 62.5

19 June 2023, Sensor chip design and testing

34



TID test on TaichuPix-2 _,-_r;-ye

T T T
—+—pixel (7,120)
pixel (40,120)

I

1.5 2 2.5

w

35
x10%

Pixel noise vs. TID

—+—pixel (7,120)
pixel (40,120)

TaichuPix-2 irradiated at BSRF 1W2B
beamline (6 keV X-ray)

= Chip was exposed with full working condition: power, bias, clk, ...

m Doserate ~17.63 krad/min for the first 2.5 Mrad, then 211.56 krad/min
for 51 min, then 1.24 Mrad/min for 15 min

= Normal chip functionality and good noise performance proved up to
30 Mrad TID
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CEP
TID test on TaichuPix-3 ‘Jﬁﬁe

Beamline Specs

Source Wiggler

Energy Range 5-18 keV

Resolution (AE/E) Over 4x 1074

Flux (photons/sec) 1012

Beam Size (HxV) Tmm x 0.6 mm

Beamline Specifications Analog signal of the pixel monitored by the oscilloscope
600
. > The energy of X-ray
—~ .
96 layers 0.02rad/s g y = 499 39e-15.13x is setto 12 KeV
64 layers 3rad/s 400 L.
o o R2 = 0.9954 > lonization chamber
32 layers 394 rad/s @ 30 is used to calibrate
© . .
28 layers 722 rad/s = 200 irradiation dose rate
21. . .
24 layers 1321.6 rad/s § o I N > The irradiation dose
1 layers 42927 rad/s . is regulated by
Attenuation of Aluminum (thickness ’ o o e . aluminum foll
of Al foil is 0.01 mm/layer) Al thickness (mm)
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CEP
‘ TID test on TaichuPix-3 ‘Jﬁﬂe

Pixel threshold vs. TID

Positionl position3 Position2 =  Chip was exposed with full 046
¥ working condition: power, bias, "
0.42
clk, ... = o, . !
2,
° —&—Position1,ITHR = 96
e 08 —e—Position2,ITHR = 64| |
_ £ 036 Position2,ITHR = 96 |
= Doserate ~1.2rad/min for the =, —o—Position3,ITHR = 96

first 12 min, in order to find the 0.32

. position of beam spot. e | | | | |
TaichuPix-3 irradiated at BSRF "0 05 1 s 2z 25 a

Preliminary

— ; L

_ - The size of beam spot agrees Irradiation[Mrad]
1W2B beamline (12 keV X-ra . .
ine ( Y) with the expectation of 1 mm x 0.6
mm

Pixel noise vs. TID

0036 ——

—$
Dose rate ~43.3 krad/min for 69 0.002 |
min until total dose over 3 Mrad. 003

§ 0.026 Preliminary
All three irradiation regions = oo
T 0.022 —e—Position1,ITHR = 96
indicated a good performanceto —o—Position2THR = 64
. Position2,ITHR = 96
Full image of the X-ray beam 3 Mrad TID ‘WT —e—Position3,ITHR = 96
spot(position 1) T es 5 2 25 3

Irradiation[Mrad]
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0.6 mm

15.2 mm

PN

Overview of the full-scale prototype

Pixel array
1024*512

2. Periphery

3. DAC & Bias
generation

Ll
=

4. Data interface

5. LDO (test
blocks)

6. Chip inter-
connection
features

7. Scribe-able top
power
Gl connection

features

[
'l

A

25.7 mm
= Process: 180 nm CMOS Imaging Sensor process (7 metal layers)

= Pixel cell copied exactly from MPW + scaled logic with new layout
Periphery + debugged/improved blocks + enhanced power network
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Yield of TaichuPix-3

12 TaichuPix-3 wafers produced from two rounds

> Wafer #1-6 from modified process, 7-12 from standard process

(1 o065 |[4 o475 |

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
1st round 2"d round

19 June 2023, Sensor chip design and testing
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Ladder readout design \Cﬂpe/

= Flex: for chip bonding and providing power & control bus
» Minimize material budget: limited height of flex, minimum set of signals
> Robust power supply
» Challenging in manufacture due to long and thin flex

External flex SENSOr area(257.6 X 17.23) External flex

(147.7 X 17.23) For 10 chips (147.7 X 17.23)
553 mm >
= Interposer board = FPGA board

> Provide power supply
> DAC, reference, linear regulator
> Datalink to FPGA 5cm

PERERD

100 mm x17.23 mm

Communication with chips
Data processing and package data
Readout to PC via 1Gbps Ethernet

Capability of 6 Gbps readout and 2GB
internal DDR memory

wo/
YV VY VYV VY
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‘ Design of the flex board

Layer 1

Layer 2

Layer 3

Layer 4

12.5

20

24

13

12.5

12

25

12

12.5

13

24

20

12.5

um
um
um
um
um
um
um
um
um
um
um
um
um

FPCELRE 213Jum

Coverlay
Coverlay Adhesive

(yellow)

Soldmask (green)

Polyimide (Adhesiveless)

Adhesive

Adhesive
Polyimide (Adhesiveless

Coverlay Adhesive

Coverlay (yellow)

Spec:  210jum [+

50|um

Ladder stack-up

553mm X 17.23mm

19 June 2023, Sensor chip design and testing
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Production of flex boards

Flexible board from FASTPRINT company
» Thickness: 0.162 mm (2-layer); 0.273 mm (4-layer);

Flexible board from Zsipak company
» Thickness: 0.161 mm for 2-layer; 0.213 mm for 4-layer

Old 4-layer

stiffeneron _— :
backside of socket ’

New 4-layer
No stiffener

19 June 2023, Sensor chip design and testing
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TaichuPix-3 specification & performance

Spatial resolution* 3~5 um

TID* > 1 Mrad

Pixel pitch <25um

Chip size ~1.4 x 2.56 cm?
Dead time <500 ns

Data rate 110 Mbps (trigger)

3.84 Gbps (triggerless)

Power density < 200 mW/cm?
*project indicator

19 June 2023, Sensor chip design and testing

4.78 um (best)
> 3 Mrad

25 um

1.59 x 2.57 cm?
~ 300 ns

Not tested (trigger)
Currently 160 Mbps tested
(triggerless)

89 — 164 mW/cm? @40 MHZ
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Laser test result of ladder flex L'Jje

= Functionality of flex readout was first verified by two chips bonded
» Chips U10 & U9 can work independently

» Two can work simultaneously, NO error code/cross-talk found

220
235

230 215

225
210

220

215 205

720 730 740 750 760

Gap = 175 um = 7 pixels

1005 1010 1015 1020 25 1030 1035 1040 1045 1050

cﬁips on ladder

FPGA

Interposers U0 | U9 | U8 | U7 | U6 | U5 [ U4 | U3 | U2 U1__|.Interposer FPGA

A
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Efficiency [%]

100

98

94

92

90

88

S
TC3 beam test results ‘Jf*ﬂe

= Detection efficiency vs. threshold (4 GeV)

> The efficiency decreasing with increasing threshold

Nmrztched Tracks
|wmeas yYmeas —Tpre,Ypre |<d

€E =
Tracks
Ntel

- Efficiency is the ratio of tracks that match the hit on the DUT within a distance d around the
predicted hit from the telescope to all tracks of the telescope

100

98

Efficiency [%]

III|III1III1III1III1III

4GeVe |

4§GeVe“§ . . : i : :
ot

out,
e d=25um ; i ;
A d=75 um

e d=25um i ; _
s d=75um

90

III|III1III1III1III1III
II||III1III1III1III1III

o
IIIiIIIiIIIiIIIiIIIiIII

i i i 88 i i

i i i i i i i i
265 292 330 368 432 491 600 175 197 218 260 295 342 367 _
Threshold ?;'A [e] Threshold EB [e]
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‘ Design of DAQ

Considering 6 double-sided ladders

R

<_
R

<_
Readout Board Dl

<_
R
R

1_

Beam

scintilfator 1

-

eadout Board Dl

Double-sided Ladder

eadout Board Dl

Double-sided Ladder

Double-sided Ladder

eadout Board Dl
P S—

Double-sided Ladder

eadout Board Dl

Double-sided Ladder

Readout Board Dl
4_

\4

Double-sided Ladder

scintiltator 2

v

Readout Control
Board

Trigger Board

Readout Board
Readout Board

1GbE

10GbE

Readout Board
Readout Board

B serzvr Bd

Readout Board

Clock Fanout
Board

Switch

DAQ Server

]
/RN

DAQ Server

Monitor Laptop
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