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Background & Motivation

Current R&D targets for two applications:

17507 OTK-with precision —_a¥|
15004 timing

TPC

2000 2500 3000

The CEPC Inner Tracker (ITK) LHCb Upstream tracker upgrade II (UP)
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Key Performance Metrics for Both Applications

CEPC ITK: 3 barrels layers + 4 pairs of endcap disks

Pixel Sensors
UP Module

Readout-Flex

UP Full Stave

UP Full Stave

LHCDb UP: 4 layers of endcap

Time resolution: ~3 — 5 ns for precise tagging of bunch crossing
(~23 ns for CEPC, 25ns for LHCb);

Spatial resolution: Spatial resolution: ~8 pm in the R-¢ (bending)
direction for CEPC, with less stringent requirements for LHCb;

Power dissipation: <200 mW/cm?;

Max hit rate: ~100 MHz/cm? for LHCb UP;
Radiation tolerance: 250 Mrad & 4X10"°n, /cm?;

Sensor thickness: <200 pum;
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HV-CMOS Pixel Sensor: a promising candidate for both applications

Target specifications for design HV-MAPS
Sensor Design Specifications
Time resolution ~3-5ns
Spatial resolution (Pixel size) ~30 pym x 150 uym mese nfi“_
Power dissipation < 200 mW/cm? @/ /ﬁl.l\_\. Charge collection nod;e
Max hit rate ~100 MHz/cm? | |
Radiation tolerance 250 Mrad & 4x10"® neg/cm* N Depletsdzone
Sensor thickness <200 um Friype substrate
Sensor dimension ~2cmX2cm, ~90% sensitive area Cross-section of a typical HV-CMOS pixel sensor.

» The sensor can be fully depleted, featuring fast signal collection and good radiation tolerance.

» Since this technology was first developed in the early 2000s. A wide range of chips have been designed, exhibiting outstanding
performance. Such as ATLASPix, MuPix, LF-MonoPix, RD50-MPW series , RadPix, MightyPix ........ (All fabricated using the
180 nm/150 nm process).

» Starting from the 55 nm process, we intend to meet the overall performance demands of both applications, while expanding available

MAPS process possibilities for the high-energy physics community.
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Main Tasks Carried Out in Parallel

*  Verify the technical principles in 55 nm process

Chip size: ~2cm * 2cm

* Investigate the commercial standard process

Periphery: DACS/IPC/digital process lagics/PLL/Serializer/LVDS & IO

*  ASIC design and validation on standard process.

Performance Optimization
—~ Combining modified Process
and Validated ASIC.

e Pursue possibility of process modifications for enhanced sensor performance.

Now we are here
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COFFEE Series Development Roadmap

COFFEE2 COFFEE3

CHiR x

COFFEE1

0.5cm

X 2cm

B WAl

55nm LL-CMOS process S5Snm HV-CMOS process Small prototype Process modification and validation 7 full size sensor

Final version

2cm X 2cm

Full size sensor

2022.10 2023.08 2025.01 2026.01 2027

S \ <

Key progress: - verified the technical principles - ASIC design architecture verification - Process modification and verification
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Design Overview of COFFEE2

Three independent regions in COFFEE2:

1. Passive diode arrays: racte eristics study
* Various sensing structur&i.&)&\\\fpfﬁge(ﬁgtances with/without P-stop ;
For the e comm

2. An active pixel matrix including 3 variations of pixel design:

* To quantitatively evaluate the “cross-talk" 1 ﬁ (&"—{ﬁﬁMOS pixel

xel

sensor technolQ1 g]ﬂﬂ@d@ew\’plfgc&s and guide the overall design of
nS

Yor (thsafﬁglre detector chip

3. An active pixel matrix with a new readout architecture:

*  Very small pixel size 25 X 25um? (for a @ﬁ@gﬁg‘}ﬁél‘ggﬂsm)

ocesS
* New matrlx reaéi(iﬁ 55]1“&‘[9 o
For new “\]‘)'tht perlpheral data processing included; Published paper: 1. NIMA Volume 1069 P169905 (2024)
2.2025 JINST 20 C03023 . ;
3.2025 JINST 20 C10011. ;
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The COFFEE2 design includes three independent regions.


https://doi.org/10.1016/j.nima.2024.169905
https://doi.org/10.1088/1748-0221/20/03/C03023
https://doi.org/10.1088/1748-0221/20/10/C10011
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Investigation of the Commercial Standard Process: results from COFFEE2

» The in-pixel amplifier & comparators work as the simulation predicts
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» Clear response to laser/>Fe / °'Sr sources: depleted depth ~ 10 um @ sensor bias -30V
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Investigation of the Commercial Standard Process: results from COFFEE2

> Breakdown voltage:
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Breakdown takes place between DNW and p-type
surface. Lowering p-type concentration at DNW edge
(using high-resistivity wafers) improves breakdown
voltage.

~ =70V for regular resistivity wafer (10 €2-cm).
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CV test results of a pixel with or without P-well inside.

Pixel layout size:40 X 145 ym?
P-WELL inside version cover ~50% area of the pixel

HV-MAPS

NMOS PMOS HY
n-wel

» Ciode I8 ~ 200 fF,
dominated by
P-well-to-DN'W
capacitance.

Depleted zone

P-type substrate
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Investigation of the Commercial Standard Process: results from COFFEE2 Cuos sevsOmm

Firry-FIvE nm prOCESS

VoD

HVbigs  1y0 powall outer fings  M-well Guard ring  P-stop

&3 » Process limitation: in-pixel design

In-pixel digital signal may cause parasitic charge
injection throw NW into sensing DNW. (cross-talk)

: Charge collection node i

P-Tyjpe substrate

Top view of single pixel

P-well
N-well
m Deep N-well

In-pixel CMOS comparator design In-pixel NMOS comparator design

Test results of cross-talk issue:

* (a) CSA output when the CMOS
discriminator on (yellow) and off (white) with
the corresponding CMOS discriminator output

(blue);

* (b) CSA output (yellow) when the NMOS
discriminator on (green).

[\\\ Amplifier (discriminator off)
A

\

\ ool

(b)
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Layout and Targets of COFFEE3

» Architecture 1: In-pixel NMOS design to
avoid cross-talk risk.

M Array: 32 row 12 column|
§ Pixel: 40pmX100pm

» Architecture 2: In-pixel CMOS design for
Potential Future Process Modifications

VDS driver/receiver
COFFEE3 layout, 3 X4 mm?.

Main design:

» Two independent readout architecture, both could be scaled to large sensor (~2 X 2 cm?);

» Necessary digital and analogue Peripheral Function Modules;

To answer:

1. Ifit possible to meet (Time resolution ~ns; Spatial resolution ~10 um; Hit rate ~ 100MHz/cm?, Power dissipation <200mW/cm?) at the same time?
2. What’s more can 55 nm process bring to HV-MAPS?
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Readout Architectures

Architecture 1: In-pixel NMOS design, after digitization, each pixel
data is transmitted in parallel to the bottom of the array, where time

stamps are added.

Pixel Column Pixel Column Pixel Column
Address 0 0 0
Bus Bus Bus
1 1 1
Hit <
- Il
Hit 2L 2 2
it~
~~.
37 3 3
4 4 4
EoC (End of Column) EoC (End of Column) EoC (End of Column)
Package2 [TS2, Address2]
TS TS TS
@ @ @ Package3 [TS3, Address3]
(a) Convert hit pulse to digital signal by (b) Read out digital signal to EoC (c) Capture leading and tailing edge
comparator parallelly in EoC

Readout concept of Architecture 1, similar with ATLASPix, MightyPix, MuPix, etc

Targets:

* Potential for Low power consumption or
high position accuracy

Architecture 2: employs a TDC within each pixel. Particle hit information
(arrival time, end time) is recorded locally in each pixel and then read out to

the bottom of the array in priority order.

Pixel Column Pixel Column Pixel Column

Address 0 5@ Reg[ | " 0 5@ Reg[ | » 0 s@®Rea | s
Hit\l TS@REQD_ 1 5@ Regl:l— 1 HO) Reg|:|—

2L TS @ Re — 2 15 (® Re -TSZ — 2 15 (®) Re -
Hit~ R © Reo @ e Ok J Package3 [TS3, Address3]
TR 15 ® Reo | 3 15 @ Reg[153]— 3 5@ Reg[ | —
4 TS Re — 4 TS Re 4 TS Re
@ gI:l @ g|:| @ gI:l J Package2 [TS2, Address2]
| EoC (End of Column) | | EoC (End of Column) | | EoC (End of Column) |
(a) Convert hit pulse to digital signal by (b) Capture leading and tailing edge (c) Read out package(time stamp and address)
comparator and store time stamp in pixel to EoC in priority order

Readout concept of Architecture 2, similar with RadPix, MonoPix, Timepix (hybrid),
etc.

* More possibilities & High hit density
processing capability

12 Yang ZHOU — The FEE 2026, Paris, France, 18-22 May, 2026



Design Specifications: Chip System-Level Simulation

Particle Rate
E z Innermost chips Hit Rate Distribution by Double Column
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50 000 Bunch crossing physics simulation data at

LHCb UP for future LHC upgrades.

Electric field conditions
obtained from TCAD.

\

(coffeePixel)

Pixel hits per event

o Ernes 1000
Mean 1031
H ey o218

Signal collection
information
provided by

-t Allpix2.

The final chip arrangement on the detector.

Hits/BXID/Chip Distribution

Mormalized Events

.root file (MC)

Hit event: . i |
BXID, (x, v, % 0 20 30 0 50 0
(% ¥, 2) > °
READ Width = 100ns
% 100
;;.: 9‘3,95; ]-|
5 oss=
99.85—
998
99.75=
99.75-
System C based ASIC behavioral description framework, %065
to guarantee >99% detection efficiency. e mwmar

Double Column
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Hit-rate Variation of Pixels Inside Extreme-Position Chips

* Analogue pile-up: Analogue signal
width;

* Digital pile-up: Data processing speed
and FIFO depth;

* Output Link Num. and speed and on

chip Data Compression Algorithm;



Architecture 1: design for Higher Hit Density Processing Capability

Pixel Column

Architecture 1: Pixel Hit Parallel Transmission to Array Bottom

Chip Efficiency
Pixel Column Pixel Column Pixel Column
Address 0 Bus 0 Bus 0 Bus g 9.7 —Chipl
Hit < 1 1 1 a )
) at 2 — 2 g 995 Chip2
hIL 3 — ‘ s = —Chip3
! ] ! ] ‘ ‘ _| - 99.3 —Chip4
EoC (End of Column) EoC (End of Column) EoC (End of Column) E
=0 =0 B e > 99.1
(a) Convert hit pulse to digital signal by (b) Read out digital signal to EoC (c) Capture leading and tailing edge
comparator parallelly in EoC 98.9
Each column shares an EoC module 4 6 8 10 12
. ) s . s ; s Group number
CLK [EoC|
T3 TN 2 X 3 X 4 X 5 X 8§ X 7 X 38 ' . ' At UP extreme positions, digital logic
One pixel column architecture in COFFEE3. induced efficiency loss is ~1%.
Pixel 1
» Limitation: while hit density increa > ral tens of Mhz/cm?
- TOT last 100 ns -1.6 us on: while hit density increase (eg. > several tens o /em?)
. . ) > 3 . . . .
@ Can not provide independent time stamp Timestamp information inaccurate;
\:ounter for each pixel at EoC » Efficiency loss;
LE 8 N4
- » To handle higher hit rates: 4 EoC modules for each column, and
TE 6 . }
two FSMs for each Eoc in COFFEE3. The area of the peripheral
> This concept with 1 EoC for each column, while hit density increase, the digital circuits does not significantly increase (still much less than 10%
timestamp information maybe inaccurate. of the whole sensor).
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Architecture 2: for more possibilities & High hit density processing capability

Architecture 2: the event time information are recorded within

IN PIXEL READOUT LOGIC IN PIXEL MEMORY

each pixel. Then read out to the bottom of the array in order of priority Analog Front-end N Wﬁ;;‘:m, [TTpTTTTTTII !
. . 1.2v = I
(Efficiency > 99.9% @ UP while READ < 100 ns). NN Comparator LD AT e P
L s | gl = el T
Pixel Column Pixel Column Pixel Column J_ z# L | P B "D | g ; |
Cinj 5 [ I
Address 0 Bus 0 TS@ Regl:] Bus 0 TS@ RegI:l Bus L . fsensor wrle (ﬂ:;:%T:e\} i E Addr-ROM E i
njection 4TDAC in i L
1| @[] 1 m@ul] [ e TD R
S njection I 1
Hit 2 2 L @ Reg 2 ™ ® Reg|:| Pixel Config € ! !
Sse l Package3 [TS3, Address3] b Lo
3 3 75 () Reg[Ts3] 3 O I wEnD
FREEZE
4 4 @® Regl:] 4 s® Reg[l lPa:kageZ [TS2, Address2] ‘ ——
| EoC (End of Column) | | EoC (End of Column) | | EoC (End of Column) I . RAM
LE_Flag _Flag
(a) Convert hit pulse to digital signal by (b) Capture leading and tailing edge (c) Read out package(time stamp and address) WrlE_p
comparator and store time stamp in pixel to EoC in priority order
CLK
No limitations like Architecture 1, time information is accurate. / ccmc | generation | » k » » » ~ »J
circuit | ‘
: . ; = " . . WTE_p
PIXEL T
Time-to-Digital Converter I

Layout of 2 X 3 pixels, signal pixel size is 40 X 145 pum?

Down PU MP

| PERIPHERY DLL e e e @" {_']
R

*The actual manufacturing size will be scaled down to 0.9 times the layout size. CLK (a0}

» More integration in-pixel: The analog front-end, comparators, in-pixel DACs, priority readout structure, memories, and TDCs have all been integrated

within a limited pixel area. This further enhances the capability of HV-MAPS to provide high-precision hit information in high hit density applications.
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Architecture 2: Low-Power Design Considerations

Pixel l Token_in LEC TEC

*************************************************** TIMER —__ X_ TSn_X_TSn+l X _TSn+2 X_TSn+3 XISn+4
— vepr | —] veoL —| VCDL } Analog DigiEal —
| SR ax _ L
I <+—1 Conf. Reg DIS OUT
— veoL | —{ vepL VCDL } Heak el DAC —_— - L]
| Phasc0 DFF (LEF) WrLEC 1
I bt o Phases DFF (TEF) [\ LEF
o ‘ - WITEF | Phase0 [
& | —vepr| |— veoL — vepL } , Phasel L —
::‘T | mask | WILEF \\rL\l',i ‘1 o\
& \ CSA CMP —/ Readout  PEF SRAM (LEC) Phase2 q L |
| Sensor CSA_OUT WiLEC
- Ve | DIS_OUT Controller [ Phase3 u_ ‘
@ [Readint | WrTEC [ |
5 CLK — | Charge o Phase4 | 0 r_ /
g FPD Cpharge veDL } e injcction —\-[  sram (TEC) ase ! ‘J v
5 — ump LPF | enable Phase5 ‘ "s‘
2 | L. 9
7777777777777777777777777777 t 77177777777777777777 WiLEF
HV Test Pul: Global Vth Tok t Read LK 'Rstn Tim WiTEF P
Peripheral DLL and duplicated in-pixel VCDL The comparator output is used for VCDL 6 phases are used for Leading edge and 2 of them
are used for tailing edge.
Deign of in-pixel Coarse-fine TDC: for lower power dissipation 4.16ns fine timestamp for LE

» Only a small VCDL block in-pixel (DLL is at the Peripheral);
» Almost no static power consumption for in-pixel TDC: only works while pixels are fired;
» Low power for Coarse time-stamp distribution into pixel matrix: 20 Mhz (Convert to 40 MHz, within the pixel);

» One delay line for both Leading edge and Tailing edge information.
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Common design: In-pixel Analogue Front-end

«  CSA+NMOS comparator in Architecturel *  CSA+CMOS comparator in Architecture 2

ey —
-, P

Key design performances:

* Response time:
* Power dissipation:
* Time Over Threshold:

 Noise:

VDD VDD

t -
VouT
M2 ‘| Ve
B4
M1

b)

VIN ~|

End of Column

2). CSA2: fold-cascode + SF
1). CSA1: cascode + SF

comparator

Com_bias VDD

CLAMP «i Mo ML

VOUT | Comin

T C

M3

IBias

VSS

M8

Comparator_out

M9

Simulation based on the expectation of using high-resistivity wafers in the future.

Caiode ~200 fF (Estimated)
Signal 2k - 20ke- (Assuming high-—
distribution resistivity wafer)

Threshold set

5 times of noise values
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Common design: In-pixel Analogue Front-end

& Time over Threshold:

Efficiency vs ToT TOT Distribution
100.0% + o
. 3 2 E}
99.8% 1 Pixel: 40 * 145 um i
o
99.5% 1 g
™
99.2% 1 E
=}
=

99.0% = - FE T S I e e

Efficiency (%)

98.8%

98.5% 1

98.2%

0 260 460 G(IJO 860 IO‘O(I) 12I00 14I00 16I00 18‘00 2000 10 20 a0 B 40 R 50 ) T Gu
o TOT[25ns]
Efficiency vs ToT while the hit density @ 100 Mhz/cm? Simulation results of ToT distribution of a MIP in HV-CMOS pixel sensor
(only analogue part) (2ke- --> 20ke-).

The maximum ToT (for MIP) is limited to ~1us, ensuring far less than 1% efficiency loss due to analogue pile-up
while the hit density reaches 100Mhz/cm?.
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Timing Resolution Budget

Sensor Pre-Amplifier Time measuring circuit (TOT compensation

9 9 9 9
A Of = 07w T+ 0] +0TpC -

not included)

Typical time measurement detector structure. Electronics noise.  threshold TDC quantization noise:

inconsistency from pixel to pixel, etc. Time stamp bin size N12
Signal charge distribution. analog front-end
design. comparator threshold setting, etc.
2
< (4ns) 2 < (2ns) 2 < (2ns)

Time resolution < 5 ns

The current analysis does not incorporate TOT compensation, clock delay (~1ns, compensable), or clock jitter (ps-level) effects.

The final performance highly depends on the final process condition we could access.
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Common design: In-pixel Analogue Front-end

€ The time-walk: simulations for MIP in fully depleted 200 um thick sensor.

=] =) - -
(#)] [--] =] %]

o

Comparator_output (V)
o

=
)

o
(=]

€ Power: ~ 10 uW/pixel for in pixel CSA + Comparator

19
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E | |‘ ” I| | | ‘ | |‘ 17

_ i | | | | 16

4 I L 1] =

d H .i ‘ I [ 1 - g

: i EHEEE —— - Time-walk ~ 13.5 ns

— | | | { | -

_ !‘ ‘ | I | -éu

. | i T,r%e-waﬂk ~113.5/ns

i ‘: ‘ 1 |‘ ‘ ‘ | 9.0

- (RN =

E | || 1] - ! o

= II I!: (il I| | | | II | 60

3 gyl I,'I ] / .‘I / / ..

N | T Trrryrg? | : T rTTTTTT | rrr1irvryrie | LR DL BLE B | LI L LG DL L | L | o

705.0 705.005 705.01 705.015 705.02 705.025 m'o', R S M M L s R ML L
time (us) ) ) ) ) Injection (V) ) ) : )

Time walk: 13.5 ns Time of Arrive: 5 ns - > 20 ns

€ Noise: ~120 e (in test results section)
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Preliminary Estimation of Chip Power Consumption and Area

20 mm

Estimated overall power consumption and area (based on architecture 2)

--- on the expectation of using high-resistivity wafers in the future.

Pixel matrix

Area 20 X 18.4 mm? 20 X 1.6 mm? 20 X 20 mm?
184 mm
Total power  ~580 mW ~22 mW (may overly  ~ 602 mW
consumption optimistic)
Power ~158 mW/cm? ~123 mW/cm? ~ 150 mW/cm? (hit
density (estimate one data density related dynamic
— Transmitter channel)  power not included yet)
sisHE = D B ; mm
SHRRERS: BEIEES. B Tm

T THET = l_l ....... Bl {ozmm

Estimated layout of a full size HV-CMOS sensor.

21 Yang ZHOU — The FEE 2026, Paris, France, 18-22 May, 2026



22

The Preliminary Test Results of COFFEE3

Power Supply

1800ceecs - ;:.-,,‘

COFFEE3 Carlbou DAQ

Yang ZHOU — The FEE 2026, Paris, France, 18-22 May, 2026



Response of Full Readout Chain with Laser Test

Architecture 2: in-pixel TDC

—y—

l— Laser on
[b] (2]

: comparator |

I digital Hit
wwmmn.wmuwm m'ﬂ!wwhl\!ll'm qmmuumuun |Ml.qu.mu’-1

Valid hit on the only unmasked pixel

(i

D JIIFI\lal'!'i\bniimllrllrllu M mumnmmnmmmmmnmmauymmm )

I"l"'

Empty packet

ol i = s ]

DL

T Passive diodes PLL
gAY samm

T——

LVDS driver/receiver

Layout of COFFEE3

Architecture 1: in-pixel NMOS design

Readout data with
tlme & address

comparator

Empty packet

T» 200.0mVidiv

Vv EE
TP 50.0mVidiv 5000 Byu250M

100ns.

EE» S 1440mv
@ 263us

D 2640

@D 37.879kHz

4 bit 4 bit 8 bit 8 bit 6 bit 2 bit 7 bit 3 bit
header CHIP_TS LE coarse TE_coarse LE_fine TE_fine Addr_Row Add_Col Valoe Mean Min Max  StDev  Count io
0/1 1/ 0fo10/1]o/o0/10110]o/11/021/01/1]1 1/0/0 0 ofo/efo o/o/0o 00 1[0/0/0 B wax'  [2560mv_[2560m  [2560m  256m  Joo

A valid transmission packet Correct row & column address

corresponding to a hit

The full readout chain works for both of the two readout architectures.

Sensing diode — in-pixel (CSA\comparator\TDC) — EOC (digital peripheral) -> data link-> DAQ
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Test Results of Functional Modules

All the functional modules designed in COFFEE3 work:

e PLL works ups to 640Mhz * LVDS driver/receiver works at * Delay line for in-pixel TDC works
640 Mhz support 1.28 Gbps data as expected )
l‘illkux gI gI ?(I <>(I
o N X ouT1
- CLK_REF T
—
vesw DLL ouT3
R)LOUT‘_> . RSTB ouT4
CLK_IN CLK_OUT TO T
VOUT_RX % ’ ouT6
Fig 3.1.1 LVDS block diagram
700? ) No dela)’
N r
é so~ * Test results
E o Simulation results
= F
% 400—
o L
o F
& 300—
eoo;
:L1LJ1L1|\11|||\I:lJllJ:{J
0 0.2 04 06 08 1 12

VCO voltage [V]
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In Pixel Analog Front-End Test Results

Yang ZHOU - The FEE 2026, Paris, France, 18-22 May, 2026

_ Threshold vs. ToT COFFEE3 V2.0-1 Coll Fe55 HV=-65V
> 094 |
2 F \ ]
3 092 4 l] . threshold — £a0
E E . | 500
0.9_— . e _.2_
r . v 0.95 1
088 . g e Source Test Results
L —_— ——— S
086 — . TOT o
E . £ 0.90 1
C ¢
0.84_'— . lE
0_32:_ ’ o 0.85
08— . ]
Ci .| T A O O O DT T A . T T A L 0.80 T T 1 T T y T 0.02 0.04 0.06 0.08 0.10 0.12 0.14
02 0.4 06 08 1 12 1.4 0.2 04 0.8 0.5 9 12 1.4 Values [V]
TOT (us) ToT (us)
No significant calibration peak (1640e- for 5.9 keV
Measured TOT-threshold relationship matches simulation results. X-ray) is observed.
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In Pixel Analog Front-End Test Results

S-curve results of the In-pixel TDC version: Each pixel integrates a 4-bit DAC for threshold tunning

Before threshold tunning After threshold tunning
> \ \ L B \ T 2 - L N ]
% 1.0 § L0 L I Dashed line: TDAC target u = 1.1536 V ]
g g - .
E 0.8 h08 | .
: " 1 ]
0.6 05 -
oal- m) o :
I 02— -
02— - ]
B 0.0 C. v P B e eeteeetoomelsesbosdeebe ot ]
0.9 1.0 1.1 12 1.3 1.4
0'%.90

Threshold Variation Noise: 4.6 mV

Threshold Variation Noise: 34.7mV

Temporal Noise:5.5 mV

[
B0 5220 -

=3 ] £ E| g
2 3 5200 - 1 Sk e
F 3 F =11551£0.0140 - 50 -
B 50 1 =1.0670 £0.0035 180 - i ooe s00 1 =0.0055 £ 0.0001
6=0.0347 +0.0025 160 =0.0046 £ 0. E “ 6=0.0012 +0.0001
400 + 5 140 |- 3
F 1 120 - E oF 1
30 - 100 E F
80 [ E b
E 3 20 N
20— - 60 - ] F
0
E ] 10
10 ok E
+ : I I 9 ‘ . : 0 [ L
8 09 10 L1 12 L3 L4 0.000 0.005 0010 0.015 0,020
0.90 095 1.00 105 110 115 120 - : - - .o
V(50%) (V) TDAC tuned V(50%) (V) Noise (V)

If we take 0.1V as the calibration peak of >>Fe, noise after tunning would be ~ 120 e (results are just obtained, very preliminary and need further confirmation.)
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Laser Response of Dual-Column Pixels

2column X 48 rows pixel

i
|
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|
&
i
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Laser response test of pixel array:

1000 laser injections per position with a 200 pm
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moving step, covering an equivalent pixel interval =~ «. .

of ~5 pixels (180 pum, pixel size = 36 um).
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The preliminary test results are positive

However, standard commercial S55Snm HV-CMOS process is by no means the ideal MAPS process

ﬁ Ew«uomﬁrings N-ndring P-stop s pe o s . -
o “ m ﬂ m e 1. Triple-well process > cross-talk risks between sensor (deep-n) and

1
A
i
ke
T
1

R T— PMOS transistors; =2 Restrict the flexibility of in-pixel design;
et 2. Break down at ~-70V; - Extremely limits the SNR.
E D::N.we‘. 3. No access of high-resistivity wafers;

In collaboration with the Foundry, some process modifications have just been made

for better sensor performances
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Process Modifications for better Sensor Performances

Modifications :

COPW CONW CONW CONW COPW

DNW<—>D NW
Deep-PW i\ £:f$?
renal p_sub=6.63616el12 / 2k Q*cm

p_sub=1.32768e13 / 1kQ*cm

nt (A)

Curre
-
5

11111

Psub
Very-deep-NWiE)x%{ﬂ:? p_sub=2.65681e13 / 5000*cm
——p_sub=1.33344el4 / 100Q*cm
——p_sub=1.35849e15 / 10Q*cm
IU‘UU -900 -800 =71

-600 -500 -400
Voltage (V)

s mal » Breakdown V: 70 -=> > 400V > Capacitance of VDNW/p-sub:
~ hundreds fF --> ~ tens of fF
0 e i R

€ Add layers: Deep-PW & Very-deep-NW;

50

€ Change doping rules affecting breakdown voltage;

100

@ Replace wafer: from 10 Q-cm --> >1k/2k/4k Q-cm; pron

150 -1.840e+02

200

200 000 -100 [ 100 200

» Depletion depth: ~10 pm = >200 um

Huge S/N gain : Signal increase >10 times, while C, 4. reduce
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First Design based on Modified Process: CHiR 1.0

"CHiR (COFFEE-HiRes)
20 times the layout size of COFFEE3, can be diced into a number of chips

-
Il mm

serving various goals: TSR Cre TS )
T LY ol ih;_mfmsénﬁr ;
2 rp SO L~ [ =2

* Guard rings & Passive sensor design validation:

* (A) 20 arrays of 3x4 passive pixels with diff guard ring designs, each can be
diced into individual 1x1 mm? chip;

* In-pixel FE and Active pixel matrix design validation:
* (B) 9 variations of in-pixel FE designs & 12 variations of pixel sizes;
* (C) A 256 x 64 pixel matrix (pixel size 38 um x 150 um) With digital periphery;

ww 7z~

* Analogue IP & Digital modules and transistors validations
* (D) necessary analog IPs: PLL, DAC, LVDS, SLDO ...
* (E) alternative small pixel arrays and SLDO versions
* (F) digital modules and transistors for TID and SEE studies

The chip is expected to be returned next month.

Answers to many key questions can be expected! 2mm  3mm 5.5 mm
Layout of CHiR 1.0, submitted Jan. 24, 2026
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Summary and Outlook

» We have complete the design of COFFEE2/3 in a commercial 55nm HV-CMOS process; The preliminary test results
are positive, more performance tests are in progress;

» The first design CHiR 1.0, based on the modified process has been submitted; answers to many key questions can be
expected! If everything goes well, the design optimization will be implemented based on the modified process.

» Hopefully, we could have the full-function and full-size chip at the end of 2027.

Time line

Several MPWs to reach the full-size full-function sensor 2027
2023.8 2025.1

v

Chip size: ~2cm * 2cm

COFFEE2

V4 of the full size

COFFEE3 BRI
Process modification

Full functional design

Target: Time resolution ~ ns; Spatial resolution ~10 um; Power dissipation <200mW/cm? ;
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Power Dissipation

Architecture 1: Architecture 2:
»  in pixel matrix: ~10pW/pixel » in pixel matrix:
* Two analogue FE design: ~10 uW/pixel;
* Power for time-stamp distribution: ~ 20 mW/cm?;
* Fine time TDC: only work in fired pixel;
* Hit density related dynamic power consumption: not yet
evaluated;

Layout area and simulated power consumption of the peripheral functional modules

Peripheral modules | area Frequency Power consumption
Digital module ~1.2mm X18 mm |40 Mhz ~ 40 mW/cm? (estimated)
PLL 360 X360 um? 160/320/640 Mhz 0.98/1.76/2.66 mW
LVDS Receiver 70 X140 pm? 40/160/320/640 Mhz/ 1.13/1.58/2.18/3.38 mW
LVDS Transmitter | 112X250um? 40/160/320/640 Mhz 4.87/5.04/5.27/5.73 mW
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Architecture 1: a simple in-pixel design leads a small C ,.

le-11

| == Capacitance_with_HV Cyy = 24.124F
[ Capacitance_with_PWELL/DPW [ Cpwerr = 185.91F
10-12':
=)
@
E 1e-13
R
& [
6 t
Te13y 100 200 300 400
HV Voltage (V)

TCAD simulation of the CV for one pixel.
ESOOE' ||||w‘||:
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< = wy 4
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CV test results of a pixel with or without P-well inside.
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HV-MAPS

€ The power consumption:

Deepn—wtlell E 1 Cd
A 5 Tesa X ——
/Z;:\. Charge collection node Im Ct
1 '

\%

TW « TCSAL

V . .
sig,min

Depleted zone

P-type substrate

For a determined temporal response, a smaller C,; and larger signal are
crucial to reduce the power consumption of the in-pixel amplifier.

4 Architecture 1: only a CSA and a comparator in pixel 2>
very compact in-pixel ASIC layout.

--» potential for low power or small pixel size (high
position accuracy)

&
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