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Overview of CEPC Silicon Tracker

We have developed a comprehensive design for the CEPC Silicon Tracker,

incorporating many unique design features compared to existing
experiments.

In this presentation, | will give a complete overview of the CEPC Silicon
Tracker.
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CEPC ITK Design: Barrels with HVCMOS Pixels

40.1 mm

<>

FPC (Flex Printed Circuit)

140.6 mm

HVCMOS pixel sensor:

* Sensorsize: 20 mm X 20 mm (active area of 17.4 mm X 19.2 mm)
* Arraysize: 512 rows X 128 columns

* Pixel size: 34 um X 150 um (spatial resolution: 8 um X 40 um)

* Time resolution: 3-5 ns

* Power consumption: ~200 mW/cm?2

Module:

* 14 sensors (2 rows X 7 columns)
* Sensor gap: 100 um
*  Module dimensions: 140.6 mm X 40.1 mm

Stave:

*  Module gap: 300 um
« Length: 986.6 mm (ITKB1), 1,409.6 mm (ITKB2), and 1973.2 mm (ITKB3)

Barrel radii: 235 mm (ITKB1), 345 mm (ITKB2), and 555.6 mm (ITKB3)

Information about staves, modules, and sensors used for 3 ITK barrels construction

Barrel |Number of staves | Modules per stave| Sensors per module —Total number of sensors ~ Sensor area [m?]

ITKB1 44 7 14 4312 1.72
ITKB2 64 10 14 8960 3.58
ITKB3 102 14 14 19992 8.00

Total 210 33264 13.31




CEPC ITK Design: Endcaps with HYCMOS Pixels

Module:
 3typesof modules: 8, 12, and 14 sensors for all 4 ITK endcaps

Endcap active area radii:

*  81.5mm<r<242.5 mm(ITKE1), 110.5 mm<r<352.3 mm (ITKE2),
163 mm <r<564 mm (ITKE3), and 223 mm<r<564 mm (ITKE4)

Front view of endcap

Back view of endcap Perspective view of full endcap

The Module and Sensor Layout of a Single Face of Each ITK Endcap
Endcap Number of module rings Number of modules per module ring Number of sensors per module Total sensors

ITKE1 2 13,20 8.8 264
ITKE2 2 16,24,28 8,88 544
ITKE3 3 24,36,44 12,14,14 1408
ITKE4 3 24,36,44 8,12,14 1312

Total 3528
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CEPC ITK Design: Endcaps with CMOS Strips (Alternative)

Optical module
Sector

Optical
module

Data aggregation

Data Link
DC-DC

DC-DC
Data aggregation

Optical module 7 ﬁ \
. DC-DC FPC
Data aggregation
B9t=g Data Link Sensor

CMOQOS Strip Chip/Sensor (CSC) for CEPC:
* Chip size: 21 mm X 23 mm \11

* Strip number per chip: 1024
* Strip pitch size: 20 um (spatial resolution 5 um)
* Time resolution: 3-5ns

* Power consumption: ~80 mW/cm

Normal half endcap

Strips 225 R
Sf}/gs

Hit position

22.5¢ half endcap 04~3.6 um 5
0,~15.6 um




CEPC OTK Barrel Design with AC-LGAD Strips

8 ‘S’z?::er Ladder (16 sensors)
: Module (2 sensors)

388 68

88€'/8

rpc 15t Data aggregation

¢ 200.00

AC-LGAD sensor:

* Sensorsize: 87.388 mm X 52.20 mm (2 sets of strips)
89.888 mm X 52.20 mm (2 sets of strips)

e Strip length: 43.644 mm or 44.894 mm

e Strip number: 512 X2

e Strip pitch: 100 um

* Time resolution: 50 ps /

* Power consumption: 300 mW/cm?

Module: 2 sensors (16 readout ASICs with 128-channels)

Ladder:

* 8 modules (16 sensors)
* Length: 699.8 mm or 719.8 mm

Stave: 8 ladders (4 short+4 long)




CEPC OTK Endcap Design with AC-LGAD Strips

Endcap (16 sectors, 10 m?) 1/16 Sector  Sensor: 8 wafer (group C sensors)

Group D:
1400mm-1816mm

Group C:
1008mm-1400mm

Group B:
662mm-1008mm

Group A:
406mm-662mm

groups.

*  Each group contains 2-4 types of trapezoid
sensors, dicing from one 8" silicon wafer.

*  Each group of sensors is aligned to a 1/16 sector.

* The long sensor contains 4 sets of short strips
while short sensor contains 2 sets of short strips.

» Strip pitch:80.7-113.8 um
» Strip length:28.38-37.61 mm

8"’ wafer (group A, B, D sensors)

Maximize the use of silicon wafers and facilitate
detector assembly.



CEPC OTK Endcap Design with AC-LGAD Strips (2)

Endcap (16 sectors)

Group C sensors: 1/16 Sector

Group D:

Group C:

r: 406mm - 1816mm

Group B:
Optical fiber module
Data Link

Group A:

OTK Endcap Trapezoidal Sensor Strip Parameters

Sensor type  Number of strip sets | Number of strips per set| |Strip pitch [um]| | Strip length [mm
Al 4 384 81.5-107.6 31.755
A2 4 512 80.7-100.3 31.755
B1 4 384 95.1-113.8 31.630
B2 2 512 85.3-93.2 35.610
B3 4 512 93.2-109.2 36.255
C1 4 384 101.5-113.2 28.380 Sensors and Silicon Wafers Usage per OTK Endcap
C2 4 512 84.9-95.0 32.755 Mask A B C D
Cc3 2 512 95.0-100.3 34.110 Sensor type Al A2| Bl B2 B3 |[Cl C2 C3 C4 | Dl D2 D3 D4
Cc4 2 512 100.3-106.1 37.610  Number of sensors | 80 80 | 112 112 112 | 160 160 160 160 | 224 224 224 224
D1 2 384 100.6-105.0 29.360 Number of wafers 80 112 160 224
D2 2 384 105.0-109.4 29.610
D3 4 512 82.0-90.1 36.755
D4 4 512 90.1-98.2 36.755




Silicon Tracker Power Cabling Scheme

Original LV 48 V

|

LV dropped to 12 V
(DC-DC)

\ 4
LV dropped to 1.2 V/1.8 V (2.5 V/3.3 V)
(DC-DC)




Power Rail for ITK Barrel Stave

Module (14 sensor) FPC ITKB1: 7 modules per stave (986.6 mm)

ITKB2: 10 modules per stave (1,409.6 mm)
3: DC-DC: ITKB3: 14 modules per stave (1,973.2 mm)
LV input 12 V
N LVoutput1.2V(2.5V) The staves of ITKB2 and ITKB3 use 2 Power
\\\ Buses, each serving 5 or 7 modules from
one end.

Power requirement per Power Bus:
5-module: ~60 W

Power Bus FPC 7-module: ~84 W

2: DC-DC:
LV input 48 V
LV output 12V

For the 7 modules, the currents are:
48V:1.75 A
12V (with 2 lanes): 3.5 A

Qi Yan, Yihan Zhang, Shoudong

Luo, Xiongbo Yan 1: Power Bus:

HV input 150 V
LV input 48 V 10



OTK Voltage Transmission

One OTK stave consists of 8 ladders (700 mm or 720 3: DC-DC:
mm), with 4 ladders read out in one direction. LV input 12 V

Power Rail for OTK Barrel Stave
Qi Yan, Yihan Zhang, Shoudong Luo, Xiongbo Yan

LV output 1.2 V

The high voltage (HV, 200 V) and original low
voltage (LV, 48 V) are transmitted to the 2nd
data aggregation boards through the long
power bus FPC (Stave FPC).

The DC-DC converters in the 2nd data
aggregation boards step down the 48 V LV
input to 12 V.

The 12 V LV, along with 200 V HV for sensor

'~ 2:DC-DC:
LV input 48 V
LV output 12 V

biasing, is distributed to all modules via I%I:VP.ower ngg:V A
shorter ladder FPC. Input _ ptical tiber
LV input 48 V Multi-layers of FPC
Data Link:

e Data output, clock and commands inputs are transmitted between sensor modules and optical

module on the secondary data aggregation board through the ladder FPC.
11



Power Rail for OTK Endcap (1/16 Sector)

Total power requirement:

1840 W per sector (300 mW/cm?) _ _
Qi Yan, Yihan Zhang,

Upper Area: D 670 W each Shoudong Luo, Xiongbo Yan
Lower Area: D 500 W

83.6 W ~7A (12 V)

77.2\W
701 W
: 60.8 W
gk i 48.3 W

5 - ...
‘-—-----
¢ =5
o=
-

— %12V ->1.2V
Z7%:48V ->12V

- - -

o ‘—' 46.8 W
W T W N W

_,\a._-_-_a;__‘.‘.‘.'.=---'-‘- 422 W

o .
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OTK Endcap Power Rail: Power Buses on 3 Frames

Carbon fiber frames

. 0.5 mm and 1 mm Pitch FPC/FFC Connectors
FH12 Series

X3
e » ‘G

-
3
5y

oL

Connector

12 mm width (match with connector: 24

Power Bus transmits: HV (200 V) and LV (48 V)  Pins x 0.5 mm pitch)
* 180 um thick (with metal layer of 25 um * Maxlength: 1,330 mm
copper or aluminum) is more than sufficient Max power transmission: 4.8 A, 23?3W



Improvement of the ITK Stave Support and Cooling Design

ITS2 Outer barrel stave ITS2 Inner barrel stave

Power Bus
Flexible Printed Circuit

2 x 7 Pixel Chips —

Module Carbon Plate

Cold Plate

Polyimide pipe

Qi Yan, Yihan Zhang, Yujie Li, and Quan Ji

— —

CEPCITK Barrel stave 58 — 62 deg

Water with polyimide cooling pipe was used as baseline cooling fluid for the ITK.
Polyimide possesses outstanding properties such as low mass, high temperature resistance,
corrosion resistance, radiation resistance, and high strength. ”



ITK Stave Deformatlon and First Natural Frequency

A: Static Stry dﬂl
Total Deformatio
Type: TlIDfrma!
Unit: mm

Time: 1

. 0.085187 Max
0.075722
== 0.066257
0.0567%2
0.047326
. 0.037861
0.028396
0.018931
I 0.0094653

0 Min

Type: Total Deformation
Frequency: 126.17355 Hz
Unit: mm

. 376.17 Max

33437

= 29258
250.78
208.98

.1719

125.39

83.593
I 41,797
0 Min

"~ First order mode and first natural frfitiency

ITKB1 stave deformation

Yujie Li and Quan Ji

..

.00 100.00 200,00 {mm}

50.00 150.00

X
.00 100.00 200,00 {mm}

50.00 150.00

ITK Stave ITKB1 ITKB2 ITKB3
Stave length [mm] 987 1410 1974
Maximum sag [um] 85 289 896
First natural frequency [Hz] 126 69 34

The first natural frequency indicates the frequency at which an external impulse can induce
resonance phenomena in the structure, resulting in oscillations of the sensor positions. 15



ITK Barrel Stave Thermal Characterisation

The heat generated by ITK sensors with a magnitude of 200 mW/cm?. The cooling
design should achieve the following:

 The overall sensor operating temperature <30 °C.
* The temperature uniformity across a single sensor <5°C. Yujie Li and Quan Ji

A water cooling fluid structure coupled finite element model was established to
study the temperature distribution:

Cooling fluid: liquid water
Velocity inlet: 1m/s
Temperature inlet: 152C

— 2
Heat flux=200mw/cm Heat flux=200

Coolir_\g f_l‘—'id: liquid water Cooling fluid: liquid water
Velocity inlet: 1m/s fo Velocity inlet: 1m/s g
Temperature inlet: 15°C BB~

Temperature inlet: 15°C

The temperature gradient along the 987 mm length of the stave can be controlled
within 5°C. The water cooling meets the detector’s requirements.
16



ITK Mechanical and Cooling Structure Design

Qi Yan, Yihan Zhang, Shoudong Luo

Carbon fiber

Rib honeycomb

Outer ring

Barrel

FPC —m—

Sensors ~—

Carbon Fleece ——
Carbon Fiber Plate —>
Cooling pipes ———>
Graphite foil ~——
Carbon Fleece ———

Truss Frame ———

Back carbon fiber facesheet
(with sensor modules)

Estimation of ITK stave material contributions

Cooling loop

Front carbon fiber facesheet
(with sensor modules)

Endcap

Estimation of ITK HV-CMOS pixel endcap material contributions

Functional unit | Component Material Thickness [um] X, [cm] | Radiation Length [% Xo] _ _ _ - —

Sensor Module | FPC metal layers “Aluminium 100 8.896 0112 g‘e‘;‘:':r"l‘\‘:é“i“‘l‘: g;éni::t:nla — i‘la‘e'_‘ailum “‘Ckn;s)s (pm] X; é;g‘] Radm“"“;“g‘slith [% Xol
FPC Insulating layers| Polyimide 100 28.41 0.035 u P Insulatili, lavers Poml ““hm‘,de 100 2841 0,035
Sensor Silicon 150 9.369 0.160 Semsor 8 1y sniycon 150 9369 0160
Glue ) 100 44.31 0.023 Glue 100 44.37 0.023
Other electronics 0.050 Other electronics 0.050

Cooling Plate | Carbon fleece layers | Carbon fleece 40 106.80 0.004 Structure Carbon fiber facesheet Carbon fiber 150 26.08 0.057
Carbon fiber plate Carbon fiber 150 26.08 0.057 Cooline tube wall Titanium 3.560 XXX
Cooling tube wall Polyimide 64 2841 0.013 Cooling fuid Water 3'5.7 6 XXX
Cooling fluid Water 35.76 0.105 Graphite foam+Honeycomb|  Allcomp+Carbon fiber 2000 186 0.108
Graphite foil Graphite . 30 26.56 0.011 Carbon fiber facesheet Carbon fiber 150 26.08 0.057
Glue Cyanate ester resin 100 44.37 0.023 Glue Cyanate ester resin 200 44.37 0.045

Truss Frame Carbon rowing 0.080 Total 0.591+XXX

Total 0.673

17




Mechanical and Cooling Structure Design for the OTK Barrel

Qi Yan, Shoudong Luo, Quan Ji

Sensor
Carbon fiber plane
Carbon fiber honeycomb

Carbon fiber plane

Cooling pipe

High thermal conductivity foam

1)  The TPC outer barrel is made of a carbon
fiber cylinder with stepped ramp rings.

2)  The lower support carbon fiber facesheet,
with a carbon fiber honeycomb glued on
top, was mounted onto the stepped ramp
rings.

3)  Two cooling pipes (*6 min length), were
then inserted into the gaps of the carbon
fiber honeycomb, sealed with high
conductivity foam surrounding them.

4) 8 ladders were glued on top one by one to
enclose stave honeycomb and complete the
construction of one stave. Each OTK ladder
(~0.7 meters) has its own support,
consisting of 16 sensors, electronic
components, and a carbon fiber facesheet.

18




OTK Barrel Structural and Thermal Characterisation

A: Static Structural
Total Deformation B: Modal
Type: Total Deformation Total Deformation

Unit: mm . Type: Total Deformation .
rimed Maximum sag: 0.135 mm reuency 7508 First natural frequency: 76.1 Hz
0.13529 Max '
0.12026 174.827 Max
0.10523 155.401
0.090195 135.976
0.075163 116.551
0.06013 97.1258
0.045098 77.7007
0.030065 z 58.2755
0.015033 38.8503 z
0 Min kv 19.4252
X 0 Min Sy
0.00 100.00 200.00 (mm) X
—0.00 —R0.00 0.00 100.00 200.00 (mm)
50.00 150.00

ﬁ \5 HD: 5 mm T Yujie LI and Quan JI

uuuuuuuuu contour-1
uuuuuuuuuuuuuu Static Temperaturc
14.61

o Heat flux: 300 m\W/cm?2 Heat flux: 300 mW/cm?
= Vlelocity inlet:2m/s (ID: 5 mm) 22 T
- - e —
= e 5 ¢ . .= Velocity inlet:2m/s (ID: 5 mm) Inlet water temperature: 5°C
Outlet water temperature: 10.4°C 771 Outlet water temperature: 10.4°C
b Inlet gauge pressure:0.73 atmospheres e Inlet gauge pressure:0.73 atmospheres

A Staadv-Stata )

Gsing a 5°Cand 2 m/s water inlet (ID: 5 mm), the maximum temperature difference across
one sensor is <2.9 °C for inlet from one end and <4 °C for inlet from two ends.
Water cooling can meet the thermal requirements for the OTK over ~6 m stave length.



Mechanical and Cooling Design for the OTK Endcap

OTK endcap 1/16 sector OTK Endcap

Carbon Fiber closeouts

Ne——"

Cooling Plate,

Qi Yan and Yihan Zhang

Power FPC

Sensors

Carbon Fiber Cooling Plate

D: Static Struct
Total Deformat

Type: Total Deformatior Y
Unit: mm X
Time: 1

0.53145 Max
04724
041335
0.3543
0.29525
0.2362
0.17715
0.1181
0.05905

0 Min

c(,m,,osnfo,, Mounting neighboring 1/16 sectors Yujie LI and Quan JI 20



Cooling Loop Design for the OTK Endcap

A few months ago, Quan Ji, Gang Li, and | visited Zhengzhou University of Light Industry, to
explore ways to strengthen CEPC’s R&D capabilities in mechanical and thermal systems.

The School of Energy and Power Engineering at Zhengzhou University of Light Industry has
extensive experience and a strong focus on thermal system development, including CO,
cooling. During our visit, we were highly impressed by their expertise in both thermal and
mechanical engineering.

On Jan 10, the Dean of the School of Energy and Power Engineering, Professor Xuehong Wu,
and his team, visited IHEP in return. They are now actively contributing to the design and
analysis of the CEPC thermal system.

V2 design V3 desgin
. |_ e w_el_h:(%e_tu_b;fMe;I v_wt?m v_va:eg I = welght (the tube filled with water)
V1 design , o Welg s 6 o S 18049
I / o A0
2 > = AN /' / | | N & - = = 7 / =
| ) > W : B _ N e / 7
1 24-layer SN SS5S 1 I C0i|2inlgyt?.lrbe < L L
j coolingtube LT T |E>| 19.16 S & 4
| (16.85m) X oSS L, . - I (19.16m) - <
I S I (R \ / 4 v o
| // /  1 I 4 ¢ 4 L
e . L ’ 4 : I/” ‘ \, 4
| > '1,4 I \
| q\gA <+— inlet 1 I v’l\} <+— jinlet
i & '\> ' S Q — outlet
I = "viA\ — outlet I I / o ,Q

Cooling loops design and thermal analysis for the OTK endcap performed by Zhengzhou
University of Light Industry OM %% Tk K2%).
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OTK Endcap Thermal Mesh Generatlon

‘

32-layer cooling tube(19.16m, cell count 10645946, Orthogonal Quality>0.5)

v The mesh generation is performed for two different cooling tube arrangements, and
numerical solutions are obtained using the finite volume method.

v' The cooling performance of both arrangements is analyzed and compared.

contour-1 contour-1
Static Temperature Static Temperature
20.0 18.0
18.5 16.7
17.0 15.4
155 141
14.0 12.8
125 11.5
10.2
8.9
7.6

11.0
6.3

9.5
8.0

A 50 A
[Cl]

24-layer cooling tube 32-layer cooling tube

« Cooling tube diameter: 2.6 mm
« Water inlet velocity: 2.5m/s

Continuous optimization is ongoing! |

6.5
5.0

Xuedong Wu, Yong Liu, ...
(KR P 32 ok oK 27)




Silicon Tracker Power and Cooling Rail Routing Outward

Qi Yan, Quan Ji, Xiongbo Yan

O F\VO K
VOKE

J&_

AR

'

-—> |TK cable and pipe
—> OTK cable and pipe
—> |TK & OTK cable and pipe

B = :\.
= i
O
19 n
Detector Number of power cables| Number of Number of @ (‘E
(supply both LV & HV) | optical fibers| cooling pipes M -j=
< N -
ITKB1 44 308 88 =1 NI ||| &
=N
ITK Barrel ITKB2 128 640 128 N>
ITKB3 204 1,428 204 N1 ([
ITKE1 128 192 64 i
ITK Endcap ITKE2 160 288 64 ' i
(Strips) ITKE3 320 736 64 R
ITKE4 256 608 64
OTK Barrel OTKB 440 880 220 -~—
OTK Endcap OTKE 544 544 Cooling plate SS=—==———~— 1|
Total 2,224 5,624

23



CEPC Silicon Tracker
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Parameterlzatlon of CEPC Tracking Performance

><10_3
of- Qi YAN and Gang LI's formulae
F |~ 6=85 Momentum resolution in the barrel region:
18_ —_— — o
n 6=865 (Upt> = ap; @ b
n_*" : Upt b52
= L — = as D
a;“ 1.4 (pt )TPC 1P B+/sin 0
°© - (apt> B 1
1'2:_ - Pt / Combined \/(aﬂ)_z_i_ (aﬂ>_2
1'_' """ Pt /i Pt JTPC
- where ¢ = 1.5 x 107°, b = 1.4 x 1073,
o - — s1 =~ 6, and so =~ 0.8.
10 10?
P[GeV/c] _
102F[=—0= 9.0° a

Momentum resolution in the endcap region:

o
op, _ a'py b c \/_ =
pt  (tand)? Btan@x/ cos § f B(tan @)z (cos@)i °

where o/ ~ 0.4 x 107, = 0.9 x 1073, and ¢ = 4.5 x 107°

Endcap

10

P[GeV/c] 25
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Progress on COFFEE3 Development and Submission

Submitted 2025.1/ expected received 2025.5 Provided by Yang ZHOU

Two readout architectures:

Both include nearly a complete ASIC readout

framework, and the solution can be extended

to a full-size chip.

- 'y -
e

izl i sl e
A AL

Each pixel can independently adjust its

Array: 32 row 12 column
2 Pixel:40pum X 100um

threshold through SPI (4-bit in-pixel DAC) and

configure the mask.
» Architecture 1: the optimized design

framework based on current process

conditions (Triple-well process);
_ , » Architecture 2: an improved solution, while
* In-pixel electronics;
« Pix matrix readout strategy; requires process modification. (Deep P-well
* Periphery digital logics and functional IPs;
* Slow control & Fast control....
 Data/Power/CLK interfaces...... 55nm process node,.

required); fully utilize the advantages of the
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ArCh IteCtu re 1 : NMOS Pixel Array Schematic Diagram

Provided by Yang ZHOU e
5 2 2 = On . BT %
COFFEE3 architecture 2: I I I I _ |
5iaz #-T-: :## ##: ###
.l T )
ig Pip.l.in.o ------------ plp-mus rlp-u.us : ;_;3-
3,‘: F,Io ............ ,.Io e :
L I z
%ME !E & 320MHz
‘ 7 LVDS driver/receiver up to 1.28Gb/s
| $ - In-pixel NMOS based comparator, in-pixel 4-bit

?“aly_ :4‘58 “’“)’(1124 g"lumn 1 ™8 Array: DAC for threshold tuning;
S - | ' li| ° Time information (TOA, TOT...) and data
formation in the end of each column;
* Improved capability to manage high incident
conditions;

Architecture 2: an improved solution, fully utilize
the advantages of the 55 nm process node

DLL LVDS driver/receiver up to
1.28Gb/s

AReny |axid

[ v 2 ‘l/ [ n‘/po
o .’.. /[ 4‘,.. ik mio.. || o] e t{ﬂ..  [onea] _ .
In-pixel Coarse-fine TDC and 4-bit threshold tuning; | — ik o g
FSmM | ,?; PERIPHERY F
ToA and ToT information are saved in each pixel,; Serialzer g o Bt
320MHz

Data-driven readout; . _
LVDS driver/receiver up to 1.28Gb/s 28



Prototypes in 55 nm HV-CMOS Process

Several MPWs to reach the full-size full-function sensor

{4y 2023 2027

Cmos sensOR IN
FiFTy-FIVE nMm PROCE SS

Time line

Chip size: ~2cm * 2cm

V4 of the full size

HV process

Two P-well outerrings  Newell Guard ring  P-stop
Dnwell

|
x

£, H
x :r- arge collection node |
, H
x

P-type substrate

Top view of single pixel

Submitted 2023.8/received 2023.12 Submitted 2025.1/ expected received 2025.5 -~ N.we:.

. . . . Deep N-well
Process characteristics & In-pixel electronics; m
Technology validation *  Pix matrix readout strategy; ' .

*  Periphery digital logics and functional IPs; HV-CMOS process cross-section diagram

¢ Slow control & Fast control....

; showing the guard ring and pixel structure.
*  Data/Power/CLK interfaces......

COFFEE3:t> F#¢itHIBA: 15 designers

- TEEEFT: 2R QLR SRR |« KRN (Rt K&/ miaefn) « B, BE EE. F;
FadL TR, RERL BEE. &5 B 2

- WILKR%E: RS, 2SR

- RERKERE: BRE. TWEL e,
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Progress on CMOS Strip Chip (CSC1) Development

CSC1 Sensor + ASIC Qi Yan and Xin Shi

‘
~| TDC H FIFO H Serializer

Sensor
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CMOS Strip Sensor Design and Simulation

Foundry: CSMC CMOS (1P4M)

Sensor Size: 20.000 mm X 3.486 mm

Strip length: 19.716 mm, pitch 75.5 um
— n-well:18 um, n+: 15 um
— p-well: 4 um, p+:2 pum

pad area: 75 pum X 180 um

Number of channels: 40

n-well to bias ring via well-resister

Two n+ guard rings

Doping concentration

Device top details

z Y
X

NetActive
.8.357e+

2.488e+17
7.408e+14

I2.0933+ 12
-3.806e+13

-1.278e+16
I-4.294e+18

(cm”-3)
19

-1.5e+2 -le+2 -50

Reverse Bias Voltage [V]

0

CV relation

L L
-le+2 -50

Reverse Bias Voltage [V]

0

IV/CV results consistent with existing data*

* Diehl et. al, Characterization of passive CMOS strip

sensors, NIMA 1033 (2022) 166671
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Analog Frontend Design Status and CSC1 Submission

 Completed the design of Analog Frontend (AFE): Preamplifier, the 1t stage
amplifier, shaper, discriminator, and bandgap.
— Circuit design, layout design, pre-simulation, and post-simulation

 Completed the overall Design Rule Checkmg (DRC), Layout Versus Schematics
(LVS) checks. ., e

Analog input

——— | Preamplifier

The 1st Stage
Amplifier

Shaper Discriminator fF———

Bandgap

CsC GDslI Wafer

m Design >| Fab (full mask) > \
A A A A o
. . , > i Working on the TDC
2024.11 2025.2 2025.5 . Target for SmeISSIOn
CSC1 Test System | Design >| Production > by February

/



AC-LGAD Strip Sensor New R&D Design

New layout and design was done based on simulation. IHEP new AC-LGAD strip
sensor prototype design for the CEPC OTK&TOF:

e Striplength: 1cm,2cm,and4cm

e  Strip pitch size: 100 pm, 200 um, and 500 pm Designed by Mei Zhao
Optimized isolated structure design to reduce sensor capacitance

*  Process design optimized for better spatial resolution (n+ layer dose)

4cm
AC-LGAD

2cm
AC-LGAD

1cm AC LGAD
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AC-LGAD Sensor Readout Board Preparation

Mei Zhao
* 4-channels readout boards has been fabricated for AC-LGAD testing
e 2-stage amplifiers, Gain~70
* Signal shape has significantly improved, showing no oscillations.

34



AC-LGAD Strip Sensor Development Plan

Short term plan: 2024.12-2025.2

Simulation: ongoing

»  Simulation of Strip length and its effect (signal shape)

»  Simulation to reduce capacitance (isolation structure)

»  Simulation of process parameters to optimize spatial resolution (AC coupling capacitor, n+ dose)
Testing:

»  Multi-channel readout board with low noise design and fabrication (2 stages of amplifier) done
» Testing of short strip connected, radiation testing(TID) ongoing

Submission 1: 2025.2 (layout design is done, process simulation ongoing)

Strip AC-LGAD with different length and pad-pitch size: [1 cm, 2 cm, 4 cm] [100um, 200 um, 500 um]
»  Strip AC-LGAD with different process parameters: n+ dose, dielectric material and thickness, ...
»  Strip AC-LGAD with different isolation structure - Capacitance

» Sensors with EPI layer of different thickness (50 um, 65 um, 80 um, 300 um)

Sensor Testing:

» clarify the sensors performance and requirement (include test beam and radiation test)

»  Find out how to optimize the sensor performance (structure and process)

Submission 2: 2025.10

» Based on the results from first version and more simulation

»  Sensors with strip length ~4cm

Sensor Testing: basic properties and test together with ASIC and BEE

Submission 3: 2026.6
> large area sensor design and fabrication

Submission 4 if needed: 2027.2
> module: built sensor + ASIC module and test
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OTK AC-LGAD Readout ASIC (JuLoong, JH7¥)

Xiongbo YAN
» Functions: 433MHz
* TOA (Time of arrival) for precise time and TOT | ' +| serializer
' | calib
(Time over threshold) for time walk correction |

and accurate position determination.

\\

* Each channel includes preamplifier, discriminator,
and Time-to-Digital Converter (TDC).

TOT

Event I
builder i
» Requirements:

e 128 channels, channel pitch less than 100 um.

* Single channel power consumption less than 20 mW.

* Time resolution for TOA better than 30 ps.

JuLoong diagram
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OTK AC-LGAD ASIC Development Progress

Xiongbo YAN

Several key cells are designed or verified: =
» FPMROC (10 ps) chip

» FEE: Preamplifier+Discriminator

jitter<7.8ps @ input 2.5mV, t,=0.1ns, Cs=0 pF

(need to be test with real LGAD sensor)

» TDC core needs a new design

» PLL, Serializer, SPI is verified but need to be simplified

» 12C Slave: ASIC parameter configuration FPMROC

» 12-bit DAC: threshold and calibration -
/ SPI

DAC Transfer Function (B1#§)

=

¥=00003x + 0.00F"s

~

%

s o
=

eeeeeee

Output Voltage [V]
s
=

I
o

Bol i 1118 .

=Y

0 500 1000 1500 2000 2500 3000 3500 4000 4500
DAC Code

DAC test result y,

N\ FEE 12¢ DAC TDC ) FEE test result
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OTK AC-LGAD TDC Core Design

Xiongbo YA

» Event driven delay line to reduce the power

» Real time Calibration for PVT (Process, Voltage,

Temperature)
» LSB ~36 ps for preliminary layout post-simulation
» Power Consumption: |

* Average current for single event: 443 YA

 Static current: < 5pA Delay line layout

tie High

RO key .. =
452" -
° ———
3 —
8 —
CLK gl ises
pulse () (J N
cK ] —
latch () ) j I
0 TOT fine count latch 81 o
gl
TOA and CAL fine count latch 10 { . = =
’ Delay (ps)

Single-Channel Delay Chain and Quantization Block Diagram ~ TOA transfer function curve (step=5 ps, TT27)
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OTK AC-LGAD ASIC (JuLoong) Development Plan

2025.4: Design key components, including preamplifier, discriminator, and TDC, along with
the design of the ASIC test system. Performance testing of the ASIC will be conducted by the
end of the year, with radiation hardness testing for each component.

2025.7: Conduct components performance test.

2025.10: Refine components and complete the first version of multi-channel integration.
2026. 2: Performance test on the multi-channel ASIC, including radiation hardness testing.
2026. 6: Further refinement and integration of 128 channels.

2027.10: Performance testing of 128 channel ASIC will be conducted, integrated with LGAD
sensor.

2027.12: Finalize the prototype and prepare for mass production of the chips.



Summary

Our silicon tracker group is steadily progressing towards the Ref-
TDR.

We greatly appreciate the mechanical and thermal support from
Xuedong Wu and his group at Zhengzhou University of Light

Industry (KM% Tl oK E2).

After the Ref-TDR, we will focus on R&D efforts, including all sensor
technologies and the supporting components, such as mechanical
and thermal R&D.

In parallel, I, along with the group members, will make significant
efforts to strengthen our connections with research units and
industries, including semiconductor foundries, to advance the R&D
work.
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5.4.5.4 Summary

2024 Q4 2025 Q2 2025 Q4 2026 Q2 2026 Q4 2027 Q2 2027 Q4
p
OTKLGAD 1st Test & OTKLGAD 2nd || Test with ASIC, OTKLGAD 3rd | Test
Sensor: | submission characterization || submission Test beam , submission(large
L (4cm long) | (optimization) || radiation test array) S
(@ N
ASIC: OTKroc ASIC ASIC OTKroc ASIC ASIC OTKroc ASIC ASIC
1st submission Test 2nd submission Test 3rd submission Test
\ 4
e A
Module: | Module built and test I RISERRS t.>u|It and
test(large size)
. 4

Figure 5.106: Timeline for OTK, including sensor, ASIC, mechanics and so on

All the R&D mentioned above is part of a 3-year plan, as detailed in Fig. 5.106. Considering the project timeline
of more than 5 years from construction, the CEPC project is flexible enough to adjust its technical approach and has
sufficient backup plans for the engineering phase. For example, if the performance of the AC-LGAD strip sensor degrades
significantly for large-dimension strip sensor, we may consider using conventional large-dimension sensor, with or without
an external time-of-flight detector, or opt for bump bonding or monolithic AC-LGAD technology if it becomes mature.

For the OTK system, including sensor, readout ASIC, and mechanical and cooling components, we are open to both
domestic collaborations with research units and industry as well as international partnerships. In light of all these factors,
we are confident in delivering a high performance OTK system that meets the physics requirements in a timely manner.
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