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Requirements of CMOS Pixel Sensors for CEPC

Main Requirements”:

O Spatial Resolution : ~3 um

O Fast readout: according to the bunch spacing of 25 ns @ 90GeV
O Maximal Hitrate: ~ 36 MHz/ cm? @ 160 GeV
O Power consumption: 50 mW/ cm?
O Radiation hardness
Schematic View of CEPC Vertex detector
Baseline design parameters of CEPC vertex detector” Hit density vs. VXD Radius * Bunch Spacing & hit density *
R (mm) |z|(mm) [cosf| o(pm) F? ) /“e e Parameter Unit Higgs W Z
E M ys= 160 GeV
Layer1 16 625 097 /2.8 3 S e Bunch spacing ns 680 210 25
Layer2 18 625 096 6 T RS
+ ‘\ / - - . 2
Layer 3 37 125.0 096 A ©, ; Hit density hits/bunch/cm 2.4 2.3 0.25
Layerd 39 1250 095 | 4 o . = Hit rate MHz/cm? 12 [36) 32
Layer5 58 1250 091 4 i .
e i om Data Rate MHz/chip 36 0 96
Layer 6 60 125.0 0.90 4 10
1 2 3 4 5 6
VXD Radius [cm] 3

* From “CEPC CDR, Volume I1” , the requirements in CEPC TDR will be beyond that in the CDR. The trend is higher data rate and higher radiation tolerance.



Current States of CPS for the CEPC

O since 2015, JadePix, CPV : Different sensor designs, kinds of readout architectures
and SOl process => high radiation tolerance and high spatial resolution

O since 2019, TaichuPix: To realize fully functional sensors for the prototype

This report will focus on TaichuPix3, which is with a pixel array of 1024x512 and was used to structure the

prototype of the vertex detector.
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CPS chips for CEPC Vertex detector®
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@ Pair Production Bkg
O {s= 91 Gev
& fs= 160 Gev
O {s= 240 Gev

=

Specifications of TaichuPix3

H
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Full size and fully functional sensors
O Pixel array: 1024 X512

=
2
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Hit Density [hits/cm* BX]
O
O
&
0

=1
|

O Pixel pitch: 25 um
O Datarate*: 3.84 Gbps (120 Mpixels/s-chip )
O

VXD Radius [cm]

Support trigger and triggerless modes* Hit density vs. VXD Radius

§* -
O Triggerless mode: 4.48 Gbps 2 B
O Trigger mode: 160 Mbps e D
O Pixel readout: e
O Cycle: 50 ns (double column level: 500 ns) o7
O Response time dispersion: ~100 ns asef
O Power consumption: 200 mW/cm? —
0 500 1000 1500 zmﬂnlegrationz'lélgg (n9)
* Estimation condition: Simulation: Detection Efficiency vs. Deadtime

1) The chip sensing active area is 3.2768 cm? (1024*512 pixel array, 25 pm pixel pitch),
2) The cluster size is 3 pixels.

Each hit pixel is recoded with 32 bits (Timestamp: 8 bits, pixel address: 19 bits).
3) The trigger latency is supposed 3~6 us, and the average trigger rate is 50 kHz.



Fast readout architecture of TaichuPix3
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Block Diagram of TaichuPix3
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O Pixelarray: 1024 x 512
O 512 Double columns
O Configurable and testable

O Peripheral Readout

O Dcols are read out in parallel. The data are
compressed during the readout, and then sent to
the first level FIFOs (FIFO1).

O Trigger signal is matched when data are read out
from FIFOL1.

O FIFO2 is used to satisfy the chip interface speed.
O Three data readout modes
O Trigger mode: 160 Mbps
O Triggerless mode: 4.48 Gbps
O Slow control mode: data output by SPI

O Fully functional integrated
O DAC, PLL, Serdes
O Debug and test mode
O Scan Chain and memory BIST 6



Analog Front End Design

Optimize the response time

O ALPIDE topology

time walk ~ys— ~100 ns
O Simulation results:
Threshold < 200 e- , ENC <10 e-

Delay of leading edge vs. input charge

jame Vis| V] ibi ' ':;;>- = I !'d

|
175.0 4 F p
160-07
320-07
b

IBIAS = 160 NnA — 50 mW/cm?
IBIAS = 320 nA — 100 mW/cm?
IBIAS =440 nA — 138 mW/cm?
*Assuming pixel pitch = 25 um
Cd=25fF

45 ns
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Block diagram of a pixel
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Digital readout logic in pixel
The main limitation is the small area.

O In pixel columns, priority control and address encoder are realized combining with the
configuration of pixel mask, bias and test signal. The readout cycle is 50 ns.

O The timestamps are recorded in the EOC, and thus a time window is necessary for data match.

Pixel

‘0’

Ial D 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Analog S Q D pqQ
fronalot s N Fastor(EOC) / \
atcl p 9
rR *{@0—5’“ 0<TDAP<1.5*TclkTsu ?EE‘OR 0<TDFOR<2*Tclk-TDin
Cor (C7—— READ(EOC) A N/ N/ A
iTDANL *
| | ¢ » €CAN),  TDAN>0,5*Tclk+Thd
Q " TDAP i
READ(top) /TN N N/
Pixel
Analog JL 3 Q AND D pQ ADDR_FE|3_i 1023 ) 0 1 ) 1022 ) 1023 3 1023
Front-end RS Latch
glatch ’_‘W&_EN
r ot - pullN 1023 1023
AND 3
o
o o
g 3 Latch_en /N N/ N/ N\
=
o
PN
5 ADDR_FEI3 0 0 ) 1023
H =
H o
Pixel
- oo CLK IR S N S N S S S N S NN S B S S B e A N N B
Analog 3 a AND D pQ
Front-end LaRtih Latch
H EN ! .
rR W— fastor_syn / \ Fastor negedga is not syncronized.
Cor | Fastor Posedge is syncronized by the CLK negative edge followed a CLK positive edge..
AND
o8 latch_en_Per /—\—/—\—/—\—/—\—
=
ADDR is taken at the positive edge of clock when latch_en is high.
I‘*
Logical Equal to FASTOR READ RST LATCH_EN 'ADDR addr_rcv X__o X 1 X 1022 X__ 1023
__________________________________ DC
| Dcol Reader (in Peripheral Readout ) :
L TimeGen

Readout logic and Timing in a Dcol



Peripheral readout in TaichuPix3

512 Dcol =4 * 128 Dcol

High speed readout

128Dco=4*32Dcol

Readout of 32 double columns

O Dcol: real time data compression

ngo}r [ O 32 Dcols: a sharing FIFO tree
DCOL
reader reader
2] |3 :|i]] |; O 128 Dcols and the top level:
Hierarchical data multiplexers, not to

waste any clock cycles

FIFO Tree (FIFO1_1)

=
EEE DCOL128_INSTO
_<| g
2 &

[0:92]0a

[0:92]oa
[0:92]oa

o

<
[0:92]oa

l——

)

| Hierarchical DATA MUX2:1 |
v 40 MHz

| Dual Port SRAM (FIFO2_1) |

Do_128C[26:0]

[0:92]0821 qa
[0:9¢]08z1f 0@
[0:9¢]08e1 0a

5 MHz @trigger (32bit)
Vv _AONMHZ @TEEETiEess T (3201T) L 7 4

| Hierarchical DATA MUX2:1

J, Using SP1_CLK when TEST=11 oo sizcpo0): %2 S e rless
. Serial data Transimision
32 bit shift Re
tReg (LVDC&CML) g & g - ;
lSPI 50 ¢1 160 MHz @trigger £ = 5 8 ER s 2
- 4.48GMHz@triggerless DCOL32_INSTO DCOL32_INSTL DCOL32_INST2 DCOL32_INST3
Block diagram of peripheral readout Hierarchical DATA MUX2:1



Real time data compression (in Dcol Reader)

Strateqy:

Dcol Read

O The adjacent several addresses are compressed in one

N
I
=
=]
<
Y2
—

System_time
dO1Sv4
avay
[0:6]4aav

word.
O Only the first address is recorded and the rest pixel ‘-
FASTOR_SYN
addresses in the compression range (5 adjacent addresses BUSY
CLK_40MHz READ_FSM
in TaichuPix3) are not ‘0/1’ in the following bits. :
aichuPix3) are noted as ‘0/ e following bits comesess £y
Area costs: | :
(@]
. E | B2[ B1[ BO | )
O Additional latch for storing the first address in a pattern CLK““WHE_STAMP I LAH_DATIS:)
O A compression pattern should be added for each word Block diagram of Dcol reader
O The readout control is much complex. L I
Timing overhead: e EEF o BN B B B - B

H . - - . . " -«7"'_'T| o o (e | m | w| L ey
O In Taichupix3, there is no additional timing overhead. o . E

Because two clock cycles are required for reading one
address from pixel column. It is enough for reading and
compressing the data.

Timing in Dcol reader

10

O In other cases, the circuit should be carefully.



Shared FIFO tree (32 Dcols)

TaichuPix1: One FIFO for each Dcol

O 12 words (corresponding 4 hits with cluster size of 3)
O 384 words in total

TaichuPix2/3: a shared FIFO tree

O 280 words in total

O 8.7(in average) - 52(in maximal)words for each Dcol

O Cross access to reduce the conflicts in one cluster

]
]
~— -]

]
L]
]
]
]
-]
]
]
]
O]
]

Dcol
FIFO(depth=16) | | MUX
D Dol D ceatkr I (depth=16)

AULDOTRY BURRTREY RRDRATRG RORARAED

Child FIFOs
(depth=4)

D Dcol

l Root FIFO
(depth=32)

Dcol
D reader O

[ Data router

O Advantages: Higher data rate can be accepted. The die size

Is reduced (The layout height is reduced from 1.3mm to 1.1mm).
The loads on the clock transmission line are reduced.

O Costs: The control logics are much complicated.

11



Simulation of the chip readout

Hit density
> —>
: Hit ma Image arra it i : . Periheral |—» Data
Cluster size P g [Hitimage | _| Pixel readout g Acquisition
generation o mapping logic Readout
Images Iayereol> Time info. o logic
( Time walk)
> -
S .
Data Analysis :
—>
Performance evaluation
Simulation system
100% [ o o 100%
L ey r
- o . r
[ @ _ !
% 80% ; 09‘ 300 : 90% C
S 3 ~ & [
S 60% | o [ S 80% |
a L D 200 f S r
< i 2 3 -
S 0% f = < 70% |
8 -8 1o | i ; Shared FIFO
20% —e— No compression § —&- No compression 0% L —e— Share tree
I —e— Compressed —o- Compressed —&— Exclusive FIFO for each Dcol
0% D A S R R 0 L
B R .,
0 ! 2 3 4 > 6 i - - 6 N 800 o6 1% 1% 2 2% 3% 3%
Cluster size Hit flux (10 /S/Chlp) Hit occupancy
(a) (b) ©

Simulation of TaichuPix3 & TaichuPix1 (the cluster size is 3 in Fig (b) and (c))
(a) Compression rate vs cluster size (b) Readout speed vs hit flux (c) Readout accuracy vs hit occupancy

Output
data
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" m Using laser sources to verify the functionality

Chip test results

O Chipsize: 15.9 mm x25.7 mm

O Noise:
. Noise: FPN 43 e, random ~12 e-

. Threshold: ~215 e-
420 425 430 435 440 44SC°|_4|-5‘Lmber 460 465 470 475 480 485 490 495

O Function test with Laser: Work well with

264

» With a 653 nm laser source & all pixels unmask

|—<‘2000 265
Shift 40 pixels
along the row direc.

200(

% Row number

150(

100(

262

With a 1064 nm laser source |:> 260

258

O Response speed

the statistics of timestamps in output digital data when providing APULSE
« Time walk: ~ 60-95 ns

Sensor+ pixel analog + pixel digital + periphery readout + data interface

O Power consumption:
89-164 mW/cm? (with different Bias currents) @ Clk: 40 MHz & Serdes: 160 Mbps

150 . . . . 200 Threshold distribution, WORS5, Entries = 1919 200 Noise distribution, WORS5, Entries = 1919
% —&—analog power = 140 mW/cm? [(_Jx=01983 V.5 = 00397 v] \ 5 =0.0110 V, o = 0.0025V |
_ 1251 VV — & ~analog power = 96 mW/cm? || 250 : asg |
a v ~*¥7-—analog power = 50 mW/cm?
cég 100 gzog- 2 200
E a &
> b —
& 75 2150 2 150
S 2 g
& 50 5 100 g
L =100} 100
£ 0.92V/e" = 0.92V/er
25+ 50 measured | sol measured
9 I : I I 00 olw olz 0‘3 0‘4 ols ole 07 T ' ‘
: HY : H 200 400 600 800 1000 1200 - . - g : : - 0 0.01 0.02 0.03 0.04 0.05
TaichuPix-3 chip vs. coin Threshold voltage [V] Naise Vokege V]

Injected charge [e]



Beam test @DESY

O Telescope tested in December 2022 O Prototype tested in April 2023

Hitmap

= ﬁﬁhﬁ%

e =T

4ch|ps/ladder)

Prototype (6 ladders,

Telescope with 6 PCBs

x10°
A R A A R R R R AR AR AR R §100_i ; 4 T ™
o BO— - — — C ‘ 7
& F Resolution 4.93 pm -~ Dat E 3 98F =
O Results oE —Fit 3 & e E
; . 605— Opyy = 4.9340.0(stat.) pm—f E 94 —
« Spatial resolution: ~5 um s - o2f- E
50— — - : ]
» Detection efficiency: ~99% b E 0L E
au;— — o E
20— — L i -
The resolution and efficiency in the 10E- _ \ E 82 =
; ; ; E : ' 3 80 : J
prototype is slightly worse than in the B T ;'65;1[‘ i 32 64 L I;ﬁleR

telescope. Detection efficiency of a DUT on

Resolution of Prototype the prototype
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Summary

O The design specifications and the implementation of TaichuPix3 are introduced. Fast
pixel design and high-speed peripheral readout logic were adopted to achieve high hit
rate readout with large pixel array.

O A simulation system is constructed to analyze the chip readout with different cluster sizes
and hit rates. The results show that the real-time data compression and the shared FIFO
tree are helpful for fast data readout.

O The test results of the prototype and the telescope indicate that the spatial resolution of
TaichuPix3 can reach 5 um and the detection efficiency can be above 99%.

Future works

O The tests are still progressing. The performances in the trigger mode and in the high
data rate mode still need to be evaluated.

O The power consumption and the robust of the chip should be improved.

O TDR of the accelerator indicates higher data rate and new challenges, the new
requirements are studying.
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Test Results

O The compression function is indicated feasible in the single chip test. The
compressibility of the data has been preliminarily calculated. Practicality still need
to be evaluated in advance.

1111

1110

1101
m 1100
m1011
m 1010
m 1001
m 1000
m0111
m 0110
m 0101

m 0100 5.40%

0011 2.19%
= 0010 19.46%
= 0001 44.77%

m 0000
Legend 0% 5% 10% 15% 20% 25% 30% 35% 40% 45% 50%
Proportion

1.12%
0.77%
1.03%

50% of data is compressible'!

Compression pattern

9.14%

Probability of each compressed code appearing under 90Sr source irradiation in TaichuPix3 "



Cluster size vs. threshold

Sectors Front-end design features

S1

S2
S3

S4

Reference design, inherited from
TaichuPix-1

PMOQOS in independent N-wells

One transistor in an enclosed
layout

Increased transistor size to reduce
the threshold dispersion

TaichuPix2 under °9Sr source

N

Average cluster size [pixel]
o o]

-
N

-
(N

Average cluster size vs. threshold

——S1

—B-82|

S1-S4 features different thresholds for the
same DAC code

-9

6

8 10 12
DAC code of ITHR
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Data match in trigger mode

CLK“‘O“"“Z’JIEIEIHIII:IEIEIEIIIEI.IE_
Timer DEE X6“X7X8X9X10X11X12\‘X13X14X15;X16X:

FASTOR % : ! : \
TDFOR|

Fastor_sync I——
READ 2_
ADDR[9:0] !
|
|
| \
I‘ l “l
3 | |
Time_stamp([7:0] 7 <5 ! x v
| | |
| | |
RCV_ADDR[9:0] X N )k A2 X XAz
) |
| I

M In order to reduce the pixel area, the timestamp is only recorded in Dcol level.

Uncertain of the timestamp is considered in the trigger discriminating logic.

2024/4/22 20



Data match in trigger mode

2024/4/22

B Register control of trigger parameters:
TRIGGER_LATENCY: 0-6 us (8-bit register)
=> Only the data in recent 6 u s are stored; the old data is discarded.

TRIGGER_UNCERTAIN: 0-175 ns with step of 25 ns (3-bit register)

2.925us 3.075us

| | 1| | g
Ous 3us 6Us

T trigger

Example of setting trigger latency and trigger uncertain

B Example: Suppose the trigger signal comes at 6 us, and users
wants to acquire the hits from 2.925 u s to 3.075 us, then we should
set TRIGGER LATENCY as 8d 123 (123*25 ns = 3.075 ps), and
TRIGGER_UNCERTAIN as 3'b110 (6*25 ns = 0.15 p s).

21



Real-time data compression

O Recording the address of the first pixels in a package, the following three pixels are indicated
by a three-bit code, where “0” indicates no hit in the pixel and “1” indicates a hit pixel.

Position of 1%

Address Possible data distribution in a word _]
E‘1
1], 110 110 110 110 111 111 111 111
0 <+ 0fo 110 ojlt | 1|1 0fo 0]1 110 | |1]1 | The search direction
- 1 - |1 -1 1 1[I -11 =1 S I I 0 ll
1 _: 0]0 0]0 110 110 01 0]1 111 111 312
- 0] - 1f- 0] - 1- Of - 1] - Of- 1 LY-1 Possible Positions of
St - -
, | 0[1 ot | [oTt ] ool [Tt [2lx] [ 1 1lt iorﬁdfef;i:]”zge?r':
Y 0o olt | [0 | Izl [ofo| [olt] [Tlo| T[T P P
1] OO HEEEE B B EHEE e
3 = 00 00 0l1 0f1 1]0 1]0 111 | L1l Hit pixel
-|Y -lo Jalt-lol L-da] [-fo] [ -2 Jo]-Ia [1]

E unconcerned
Compression Pattern 000 001 010 011 100 101 110 111

2024/4/22 Example of Data compression in peripheral logic

22



The hit density in CEPC-CDR
 Parameter | Umit | Higs | W | Z
680 210 25

s
hits/bunch/cm? 2.4 2.3 0.25
Hit density hits/bunch 7.87 7.54 0.82
pixels/bunch 24 24 2.5
MHz/cm? 12 36 32
Hit pixel rate
MHz/chip 36 120 96
(trig;:::::::tr:ast&om MHz/32bit 36 120 96
Chip data rate MHz/32bit (min) 1.2 1.2 0.125
Designed data rate MHz/32bit 5
Designed data rate MHz/64bit 70
(triggerless, 8b10b) Gbps 4.48%
Designed-datarate MHz/40bit 120

feriggerlessJESD204b) Gbps 48
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