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Background & Motivation

Tracking detectors for high-energy physics experiments: current R&D targets for two applications
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® Differences:

* LHCb requires higher hit density processing capability

® Common requirements: Time resolution ~ ns; Spatial resolution ~10 um; Power dissipation < 200mW/cm? ;

* Lower power consumption has a higher priority for CEPC;

and higher radiation resistance performances;
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COFFEE series outline

Eirty-FIvE nm PROCESS

As of now, we have completed two tape-outs in a commercial 55nm HV-CMOS process:
— COFFEE2: exploring and verifying the process characteristics;
— COFFEE3: verifying readout circuit structures and core performances;
The next submission will be at the end of this month; some process modifications will be made for better sensor

performance. Hopefully, we could have full functional design with % of the full size sensor in the end of 2026, and a full

size full functional sensor at the end of 2027.
Time line
Several MPWs to reach the full-size full-function sensor 2027
2025.11

Chip size: ~2cm * 2cm

V4 of the full size

COFFEE3 Process modification

Full functional design
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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" ifsufﬁ)gﬂ‘\ééimﬁglxel

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

Brief results from COFFEE2

Feasibility study of a commercial 55Snm HVCMOS process for future R&D

* For the sensor: breakdown voltage ~ -70V for regular resistivity wafer (10 QQ-cm)
* For electronics: the in-pixel amplifier & comparators work as the simulation predicts
 For the sensing diode + in-pixel amplifiers: clear response to laser/ >Fe / *°Sr sources
* Leakage current increase from ~10pA/pixel to ~1nA /pixel after irradiation of 10'* n, /em?.
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COFFEE?2, the first prototype in S5nm
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COFFEE3 design specifications

The Design of COFFEES3 still faces some process uncertainties, with a focus on verifying circuits and basic functionalities.

€ Process conditions uncertainties: two readout architectures are integrated

vbD PMOS NMOS

.....

Current: triple-well, 10 Q-cm substrate Expected: quadruple-well, >1k Q-cm substrate

€ Specification targets for design:
>  Spatial resolution: ~10 pm (one direction) ; Mainly determined by pixel size
» Time resolution: ~ several ns;

> Power dissipation: <200 mW/cm?;

€ Leverage the potential of 55 nm process nodes to enhance the performance upper limit of this technical type (eg. higher
hit density processing capability, Max. Particle Rate > 100Mhz/cm?)
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Layout and floorplan of COFFEE3

i g T T =g | @ Two readout architectures: with the expectation of process modifications

=

» Architecture 1: NMOS design in-pixel, for current triple-well

process;

R N s

-

~ Architecture 2

#i

gl

el ok

» Architecture 2: CMOS design in-pixel, for future quadruple-

B}

Ik Array: 32 row 12 column well Process;

Array: 48 row 12 column i
Pixel: 40 pm X145 pm s B

s
i e

» Peripheral digital readout matched with the pixel array;

€ Necessary Peripheral Function Modules: DLL, LVDS, PLL, etc.; for

IP accumulation and comprehensive assessment of overall power consumption;

@ Passive diode array: for further research on the sensor and process;

DLL LVDS driver/receiver

COFFEES3 layout, 3X4 mm?. 2025.1.Submitted Jan.2025. Returned May 2025.
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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

Address 0

Hit < _

dL
4L

Hit~ _

Wl N e

EoC (End of Column)

5®

Pixel Column

Pixel Column

(a) Convert hit pulse to digital signal by
comparator

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

0 0
Bus Bus

1 1

I
2 2
JL
3 3
4 4
EoC (End of Column) EoC (End of Column)

Ts @ TS @ Package2 [TS2, Address2]
Package3 [TS3, Address3]

(b) Read out digital signal to EoC

parallelly

(c) Capture leading and tailing edge
in EoC

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
Address 0 5@ Reg[ | e 0 s@® Reg|:|—
Hit\l s@® Reg|:|— 1 50 Reg|:|—
e L@ Rl ]— 2| 1(® Reg[Ts2)—
PRI @ Rea[ | 3| s Reg[Ts3]—

4 IHO) Reg|:|—- 4 s@reg[ ]

Bus

| EoC (End of Column) ‘ | EoC (End of Column)

(a) Convert hit pulse to digital signal by
comparator and store time stamp in pixel

(b) Capture leading and tailing edge

Pixel Column

s@®re[ |

5@ reg[ |

5@ Reg[ |

HO) Reg|:|—

5@ Reg[ ]

l Package3 [TS3, Address3]

l Package2 [TS2, Address2]

EoC (End of Column)

(c) Read out package(time stamp and address)
to EoC in priority order

Readout concept of Architecture 2, similar with Timepix, RadPix, MonoPix, etc.
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Some key performances from design simulation

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

B Time resolution

» Time walk; Cyiode ~200 fF (Estimated)

> . Signal 2k - 20ke- (Assuming high-
Noise; distribution resistivity wafer)

» TDC bin size; Threshold set 5 times of noise values

B Power & area estimate
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Time resolution

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, nor account for clock delay (~1ns, compensable) or clock jitter (ps-
level) effects. A lot of simulation parameters based on experience values. The final performance needs to be verified through testing
and highly depends on the final process condition we could access.
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Power & Area estimate

20 mm

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

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 COFFEE sensor.
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Leverage the potential of S55Snm process nodes

- enhance the performance upper limit of this technical type



More integration at the EoC

Architecture 1: Pixel Hit Parallel Transmission to Array Bottom Pixel1  Pixel 2 pixel Column
Pixel Column Pixel Column Pixel Column .
Address 0 Bus 0 Bus 0 Bus ‘
it e 1 1 1
I it : L :
Tk 3 JL ‘ 3 1
i ] i
EoC (End of Column) EoC (End of Column) EoC (End of Column) 0.98 g:l
=® =® B0 o e £ oo ®
(a) Convert hit pulse to digital signal by (b) Read out digital signal to EoC (¢) Capture leading and tailing edge E:L_: 0.96
comparator parallelly in EoC
0.95
Each column shares an EoC module 0.04
1 2 3 4 5 6 7 8 093
1 2 3 4 5 6 7 8
CLK Hit density[/25ns*cmA2]
15 TN 2 X 3 X 4 X 5 X & X T X 8 For high hit density, there will be some loss in efficiency.
One pixel column architecture in COFFEE3.
Pixel 1
ol 2 TOT last 100 ns -1.6 us
@ Can not provide independent time stamp » COFFEE3 divides each column of pixels into 4 groups, which are input
\:ounter for each pixel at EoC ) ) .
LE <8 - into 4 EoC modules. Each EoC also includes additional FSMs to
e 5 handle higher hit rates. The area of the peripheral digital circuits does

» This concept with 1 EoC for each column, while hit density increase, the not significantly increase (still less than 10% of the whole sensor).

timestamp information maybe inaccurate.
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More integration in each pixel

Architecture 2: the event time information are recorded within

IN PIXEL READOUT LOGIC IN PIXEL MEMORY

each pixel. . .. el e ey (TTETTTTTIIS !
p Time stamp bin size: | » s 2| e ||
Time Stamp > s, D 15 XK s, XK ° Coarse: 25ns J_ I IAm}j o Comparator ’_[jim Logic i %J: _’_g i
[ o |
. Cinj Z# _ [ 2
- L+ L+ L% L+ L_« Fine:25ns/6 =4.16ns Ty Tee s i V| e | B
cowors T p 3 T
—T l— Injection
E‘E% —,rg"i '—f"_ Pixel Config ¢ y i_ ___________ 1 _i
PH4 o4 | ‘ FREEZE
,;:Z z A ] 1 — TSLE_p {6-b) .
WrlE_p
WILE LE = TS,_, + <111000>
WrTE TE = TS,,., + <01> CLK'
clK_Toc _,| generation Delay, Delay Delay Delay Delay Delay
{20MHz) & Sync
circuit
WrTE_p | ‘
PIXEL m TSTE_p (2-b)
Time-to-Digital Converter I
y . PERIPHERY u.m
Layout of 2 X 3 pixels, signal pixel size is 40 X 145 pum? o

*The actual manufacturing size will be scaled down to 0.9 times the layout size. cuk aome)

» 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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The preliminary test results of COFFEE3
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Response of full readout chain with laser test

Sensing diode — in-pixel (CSA\comparator\TDC) — EOC (digital peripheral) -> data link-> DAQ

Architecture 2: in-pixel TDC

l— Laser on
[b] (3]

I comparator |

digital Hit Valid hit on the only unmasked pixel

Immwﬂmm m’mﬁfﬁjﬁ,lll;qiﬁ’i'[ﬂiii'ilqjliﬂ{j 1 '"_i‘;H||iiiijil-q'inniiilqiiqéi"iﬁ@uai;i,i.i:‘:Hi.ii-uq'lw,ll'ﬂ-.iin;i'
> iirl!mlrrih'miiuumlmimuummimuﬁninm" AL RO RSEARYE K DI ERPTON b O

i -
i ]
| Empty packet I Empty packet
| | i
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
o/1/1/0)j0 1 0/1|j0/0/O 1 0/1/12/0({0/2/2/0/1/0/1|2|2/1/0/0/0/0]0/0O/0O/OD/0O/D 002|000
A valid transmission packet Correct row & column address

corresponding to a hit

Architecture |: in-pixel NMOS design

' hit

2]

L serialize

. ..Readout data with
7.4 -lime & address

| comparator

&I 200.0mVidiv v == & 100ns @ e S 144.0my
T 50.0mVidiv 5000 By250M P 265

D 26.4us

@D 37.379kHz

Valoe Mean Mt M St Dev Count  Wnlo
E® Max®  [256.0mv_ [2560m [2s6.0m  [2560m oo

The full readout chain works for both of the two readout architectures.
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Test results of functional Modules

All the functional modules designed in COFFEE3 works, good start for future integration:

« PLL works ups to 640Mhz * LVDS driver/receiver works at * Delay line for in-pixel TDC works
640 Mhz support 1.28 bps data as expected ¢ 4+ 4 -
I link.. gI 4 I I
CLK_IN CLK_OUT &’O D LL %»

Fig 3.1.1 LVDS block diagram

700

® festresult

600

& simulation result

500

Frequency [MHz|

e b e b e b o e b e e o 1

0 0.2 04 0.6 0.8 1 1.2

VCO voltage [V]
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Process modifications for HV-CMOS pixel sensors



Process modification: a very important step 1n S5nm process

Current condition of the commercial 55 nm process: Modifications :

HV“‘ Two P-well outer rings  N-well Guard ring  P-stop H E H
E COPW CONW CONW CONW COPW
DNW DNW
: “Cherge collecion node i Deep-PW i A &{?

Psub

P-type substrate

Very-deep-NW;E A\ &{4?
Top view of single pixel

P-well
N-well PsubEBFE=E=100~2000 Q-cm
m Deep N-well

@ Deep-PW & Very-deep-NW added;

@ Triple-well;

> : S 1o
@ 10 Q-cm substrate: € >1k Q-cm substrate possible;

€ Change doping rules affecting breakdown voltage

The first submission will be in one month!

Answers to many key questions can be expected!
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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 very positive, more performance tests are in progress;

The first submission to validate the process modification for HV-CMOS pixel sensors in 55nm process will be in
the end of this month; answers to many key questions could be expected!

Future designs will be based on the readout architecture validated by COFFEE3 and the modified process
characteristics, combined with CEPC's system requirements, to complete the full-function and full-size chip design as

soon as possible.

Picture of COFFEE3, received May. 27 2025
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...... more details could also refer to the posters of this workshop

For the design:
» Xiaoxu Zhang et al. “55 nm HVCMOS Pixel Sensor: Readout Architecture Simulation, Hit Loss Analysis, and Data
Transmission Optimization”
» LeyiLietal. “4 55 nm HV-CMOS Pixel Sensor Design for High-Energy Particle Tracking with High Hit Rate and
Precise Time Resolution™
» Bingchen Yan et al. “4 Low-Power 55 nm HV-CMOS Pixel Sensor Readout Architecture for the CEPC Inner
Tracker”
For the tests:
» Boxin Wang et al. “Current Testing Results of the Sensing Diode, PLL, NMOS Comparator and Readout Circuit of
COFFEE3 Pixel MAPS Prototype for CEPC” ;
» Yuman Cai et al. “Current Testing Results of the In-Pixel CSA, Discriminator, TDC, and Readout Circuit of
COFFEE3 Pixel MAPS Prototype for CEPC”
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TDC bin size

Architecture 1: Timestamp marking at the end of Architecture 2: integrates pixel level coarse-fine TDC based
pixel array on delay-line structure.

Working Principle of In-Pixel Coarse-fine Time Information Provision

Time Stamp s, DX s, DX s, XK
Hit
clk s 4 4 | l
Time Stamp X TSy X TSy X TSN+ X coworr % 1
PH1 [ 1 |
PH2 < L0
Clk 4 4 4 0 J =
PH4 of |
PH5 o 4 I
PHG 0 4§ L
LE_Flag S |
TE_Flag T
» The timestamp can use any of the 40MHz 160MHz or 320MHz, WrLE HE = Ty S1LI000> —
WiTE =TS,,, + <01>

corresponding to timestamp widths of 25ns, 6.25ns, and

3.125ns respectively. » The pixel array employs a 40MHz coarse timestamp (25ns period). Within

each pixel, a delay-line structure processes the comparator output to

subdivide each coarse period into 6 bins, providing a 4.16ns fine timestamp

for the leading edge (LE) of hit events.
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Power dissipation

Architecture 1: Architecture 2:
» in pixel matrix: ~10pW/pixel » in pixel matrix:
* Two analogue FE design: 11 uW/pixel and 9 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 / 40 Mhz ~ 40 mW/cm?

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 | 112 X250um? 40/160/320/640 Mhz 4.87/5.04/5.27/5.73 mW
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