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Medipix4 collaboration

> Medipix4 Collaboration is set to provide the next generation of Medipix family chips (Medipix4
and Timepix4):

O

o

Agreement signed on May 2016
19 collaboration members

> Timepix4 (2019)

o

O

o

o

O

o

65nm technology

Pixel matrix of 512 x 448 pixels (55 x 55 um?)

Particle identification and tracking (Data-driven and zero suppressed)
Sub-ns time binning

X-ray Imaging (full frame based with CRW sequential readout)
Improved energy resolution

> Medipix4 (2022)

o

O

o

130nm technology
Pixel matrix of 320 x 320 (75 x 75 pm?) or 160 x 160 (150 x 150 pym?)
Charge Summing architecture

> Both chips have a 4-side buttable architecture:

o

O

o

Periphery integrated inside the pixel matrix
Prepare for readout using TSV (Through-Silicon-Vias)
Larger ASICs
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Expected global parameters 4

Timepix3 (2013) Timepix4 (2019)
Technology 130nm — 8 metal 65nm — 10 metal
Pixel Size 55 x 55 um 55 % 55 pm
;ixel Sfeneement 3-side buttable 4-side buttable
256 x 256 512 x 448
Sensitive area 1.98 cm? 6.94 cm?
Mode TOT and TOA
© Data driven (Event Packet 48-bit 64-bit
-Eg (Tracking) Max rate 0.43x10° hits/mm?2/s 3.58x10° hits/mm?/s
= | Max Pix rate 1.3 KHz/pixel 10.8 KHz/pixel
S Mode PC (10-bit) and iTOT (14-bit) CRW: PC (8 or 16-bit)
© Frame based T _ _
I e Frame Zero-suppressed (with pixel addr) Full Frame (without pixel addr)
Max count rate ~0.82 x 10° hits/mm?/s ~5 x 10° hits/mm?/s
TOT energy resolution < 2KeV < 1Kev
TOA binning resolution 1.56ns 195ps

TOA dynamic range

409.6 ps (14-bits @ 40MHz)

1.6384 ms (16-bits @ 40MHz)

Readout bandwidth

<5.12Gb (8x SLVS@640 Mbps)

<163.84 Gbps (16x @10.24 Gbps)

Target global minimum threshold

<500 e-

<500 e’




Timepix4 submissions

p

[ Q4 2019 ]
Timepix4v0

Full mask engineering
run

6 wafers received

~

Ve

[ Q3 2020 ]

Timepix4vl
4 BEOL masks changed

Small test VCO chip

6 wafers received

[ Q2 2021 ]

Timepix4v2
4 FEOL + 4 BEOL masks
changed

19 wafers received

[ Q3 2022 ]

Timepix4v3
2 BEOL masks changed

25 wafers received




Potential applications of Timepix4 ASIC

> Particle tracking:

O

©)

o O O O O

very high rate pixel telescope

sensor studies with < 100 ps timing resolution and ~10 ym
spatial resolution

Time-of-flight mass spectroscopy

Radiation monitors

Compton camera

Gamma and neutron imaging

X-ray imaging

> Frame-based imaging:

©)

X-ray imaging in synchrotrons with very high rates (> 10°
particles/mm?/s)



Timepix4 arrangement: TSV, Wire bonds

> 2 matrices: TOP and BOTTOM
o 256 x 448 pixels each
TOP Matrix
256 x 448
55 um?

BOTTOM Matrix
256 x 448
55 um?




Timepix4 arrangement: TSV, Wire bonds

TOP Matrix
256 x 448
55 um?

BOTTOM Matrix
256 x 448
55 um?

> 2 matrices: TOP and BOTTOM

O

256 x 448 pixels each

> 3 peripheries:

O

O

TOP and BOTTOM: data readout (16 x 10.24 Gbps
serializers)
CENTER: analog blocks (global DACs and ADCs,

)



Timepix4 arrangement: TSV, Wire bonds

TOP Matrix
256 x 448
55 um?

BOTTOM Matrix
256 x 448
55 um?

> 2 matrices: TOP and BOTTOM
o 256 x 448 pixels each
> 3 peripheries:
o TOP and BOTTOM: data readout (16 x 10.24 Gbps
serializers)
o CENTER: analog blocks (global DACs and ADCs,
...)

> 2 wire bond extenders on edge peripheries



Timepix4 arrangement: TSV, Wire bonds

TOF Matvix
250 X 448

PO M Vv atrx
295 e

Vv

2 matrices: TOP and BOTTOM
o 256 x 448 pixels each
3 peripheries:
o TOP and BOTTOM: data readout (16 x 10.24 Gbps
serializers)
o CENTER: analog blocks (global DACs and ADCs,
...)
2 wire bond extenders on edge peripheries
Through-Silicon-Via compatible
o 4-side buttable
o possibility to place several chips adjacent to cover
larger detectors
Dicing options:
o  with wire bonds: ~93.7 % active area
o with TSV: ~99.5 % active area



Timepix4 arrangement: TSV, Wire bonds

> 2 matrices: TOP and BOTTOM
o 256 x 448 pixels each
3 peripheries:
o TOP and BOTTOM: data readout (16 x 10.24 Gbps
serializers)
o CENTER: analog blocks (global DACs and ADCs,
...)
2 wire bond extenders on edge peripheries
Through-Silicon-Via compatible
o 4-side buttable
o possibility to place several chips adjacent to cover
larger detectors
> Dicing options:
o  with wire bonds: ~93.7 % active area
o with TSV: ~99.5 % active area




Analog and digital front-end

> Pixel level:
o analog front-end: S fz,pfmls
m pixel enable ; . | |
m input pad Front-end : Front-end : Super pixel : SPG
m charge integration circuit Lesage : i |
[ | local threshold Compensation : Counters  [“ADDR gits | : :
m local test pulse RS S—— Y . 1 -
o digital front-end: : uTokstop s I ocal | /)
m pixel mask : — | Ciroatal s E s | | /no
m TDC and time stamp ' —Z:&IH | | = :
> SPlevel: ~50mV/ke — : | st
o VCO 3fF s | ? 4 : Vo :
o pixels readout e S !
> SPG level: ---%- ——————— -‘—---L -------- - J—-T--- =l
O AdeStabIe Delay BUﬁ:er, tO TpA TpB Global threshold Time stamp OP Mode Control  Data out clock
correctly distribute the voltsge  tEOC  (A0MHz)

reference clock to the pixels
across the double column

[ X. Llopart et al 2022 JINST 17 C01044 ]



https://iopscience.iop.org/article/10.1088/1748-0221/17/01/C01044

Readout modes: data driven 9

> Event-based readout
> Zero-suppressed
> 2 acquisition modes:
o  24-bit photon counting:

pixel coordinates
photon counting per pixel

Address: 18 bits =——=)

PC24bit mode packets specification

Top
EoC
SPGroup
Spixel
Pixel
UNUSED
Event Count

W N B O -

24

Bits used
[63:63]
[62:55]
[54:51]
[50:49]
[48:46]
[45:24]
[23:0]



Readout modes: data driven 9

> Event-based readout

> -
Zero-suppressed ToA/ToT mode packets specification

> 2 acquisitign modes: | Nama Width Bits used
o  24-bit photon counting: Top 1 [63:63]
m pixel coordinates EoC 6 [62:55]
m photon counting per pixel SPGroup 4 [54:51]
o  ToA-ToT mode: Spixel - [0:49]
ixel dinat Pixel 3 [48:46]
(] Elxe foor inates ToA 16 [45:30]
® lmestamp ufToA_start 4 [29:26] . .
m charge ufToA stop 4 [25:22] Time: 29 bits
fToA rise 5 [21:17]
Charge: 21 bits fToA_fall 5 [16:12]
ToT 11 7[11:17]
Pileup 1 [0:0]



Readout modes: data driven 9

VVY

Event-based readout
Zero-suppressed
2 acquisition modes:

o  24-bit photon counting:
pixel coordinates
photon counting per pixel

o ToA-ToT mode:

64-bit packets for each event, encoded with Aurora
64b/66b standard encoding communication protocol

Output via:

o slow control: 40 Mb/s (2.6 Hz/pixel)
o high speed links: from 40 Mb/s to 160 Gb/s (10.8

pixel coordinates

timestamp
charge

kHz/pixel)

ToA/ToT mode packets specification

Name Width Bits used
Top 1 [63:63]
EoC 6 [62:55]

SPGroup 4 [54:51]

Spixel 2 [50:49]
Pixel 3 [48:46]
ToA 16 [45:30]

ufToA_start 4 [29:26]
ufToA stop 4 [25:22]
fToA rise 5 [21:17]
fToA fall 5 [16:12]
ToT 11 [11:1]
Pileup 1 [0:0]



ToA and ToT measurements

>  ToA measurement: Threshold
o  coarse Time-of-Arrival (ToA), 40 MHz clock (25 ns Preamp out == 2z
bins width)
o fine-ToA bins, 640 MHz clock, generated by the 40MHzZ =1 <—Sltop A ==
VCO (1.56 ns bins width) 640 MHz m i
o  Ultrafine-ToA, by 4 copies of 640 MHz clock (195 T ,
. - ol
ps bins width)
> ToT measurements: only coarse and fine Coarse ToA X X X X X X X

40 MHz reference

~—Stop —— -

Discriminator output

2 [ E —_—
640 MHz phases S I m ToA counter (40 MHz clock)
3] ! | s :

1
1
4 | | ‘ | I | | ': o f‘l'oAriSc counter (640 MHz clock)

Y
Ultra-fine ToA code = Ob1110

1 1
1 '
1 1
! 1
v v
Fine ToA n X n+1 X n+2 X n+3 UfToA  code UfToA code

[ K. Heijhoff et al 2022 JINST 17 P07006 ]



https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07006

High-speed readout

> Gigabit Wireline Transmitter with a Clock Cleaner
(GWT-CC):
o serializes data stream
o transmits data to an off-chip receiver
> High configurability:
o each link can be configured to operate at different
speed, from 40 Mb/s to 10.24 Gb/s
o possible to use from 1 to 8 links per half-matrix

> Max bandwidth of 160 Gb/s
> PRBS generator for links tests
> Tested up to 5.12 Gb/s, both with WB and TSV

connection
> Timepix4 and control board links alignment and physics
measurement performed only @ 2.56 Gb/s




Timepix4 threshold equalization and noise

- 0:[249.23 32.52 (481.98e-)]
-+ 1:[259.34 31.43 (465.81e-)]

L ]
52
@ 2:[268.18 30.72 (455.21e-)] e -
@ 3:[276.98 30.11 (446.27e-)] <40 € rms
®

> Threshold equalization: s S e St LM ]
o  24-bit photon counting 012{3" & (3002 26.00 4275011 post-eq.
mode --@- 7:[307.62 28.75 (426.00e-)]
©- 8:[314.03 28.65 (424.63e-)]
o global threshold shifted 0] o 1012765 2830 (9350
using 5-bit local DAC 121 (340,81 2628 (41780801
st f el ked 14 (35257 2,04 (15 570
© {lﬁs ehwlglg'etmbast' € 0081 | or 26:(372.30 26,34 (417,056
o reshold distribution
from ~450 e rm.s. 0061
pre-equalization to < 40
e r.m.s. 0041 3. 1432 37 2050 53221222511 ~ 450 e rms
OSt e uallzatlon 26: [440.13 29.26 (433.64e-)]
post-eq e e ) / pre-eq.
0.02 @ 29:[466.75 30.72 (455.27e-)]

20: [397.20 28.22 (418.24e-)]
21: [404.21 28.30 (419.43e-)]
22:[411.02 28.48 (422.06e-)]
23: [418.05 28.56 (423.25e-)]

0 0000O0O0CGCOPODNOGOONOGOODROGEOGEODS

17:[377.98 28.09 (416.24e-)]
18: [384.33 28.16 (417.36e-)]

19: [390.82 28.17 (417.45e-)]
--@+ 30:[476.59 31.73 (470.16e-)]
©-®- 31:[488.00 32.86 (487.04e-)]
mgmm EQ: [368.52 2.34 (34.69e-)]

0.00

100 200 300 400 500 600
THR DAC [step]

X. Llopart (CERN)



Timepix4 threshold equalization and noise

100000 ENC(EImS) 200
500 g\% 2
V0 fite
> Threshold equalization: 10000 vi 175
o  24-bit photon counting . - 60
mode 150
o global threshold shifted 0
using 5-bit local DAC 10 m3°°
o just few pixel masked . f g 100
O threshold distribution 0 20 40 60 80 100 120 140 160 180 200 200 -
from ~450 e r.m.s. [e-rms]
pre-equalization to < 40 180 50
e rm.s ol — o
e . . w1 —_—\2 25
post-equalization £ 120
; ; ; . o 100 v
> NOISG after equallzatlon' s 80 % 50 100 150 200 250 300 350 400 0
o ENC average of ~70 e & | A ' Colamp
r.m.s. 40

0 64 128 192 256 320 384 448 512
Row #

X. Llopart (CERN)



Timepix4 characterization measurements - VCO calibration

> On pixel VCO oscillation frequency controlled

by a PLL at the center of the chip (@ 640 MHz Entries 28672 f [MHz]
nominal) 5 500
> It has been measured that on pixel VCO E : by
oscillate around 640 MHz with a spread of F, 400 655
around 40 MHz >
650

10* 645

. 640

Counts/(445 kHz)

. 635
10

630

50 100 150 200 250 300 350 400

X [# cols]

IHI| T IIIIHI| T IIIIIII| T IIIIHI| T I\IIHIl

()
R —

T N T N R T A |
5 630 635 640 645 650 655 660 665
f[MHz]




Timepix4 characterization measurements - VCO calibration

> On pixel VCO oscillation frequency controlled
by a PLL at the center of the chip (@ 640 MHz Entries 28672 f [MHz]
nominal)

> |t has been measured that on pixel VCO o

oscillate around 640 MHz with a spread of
around 40 MHz

655

Y [# rows]

650
>  Spread caused by power supply dispersion due 900 Fy

to large size and wire bonds: large ,
improvements expected with TSV 200 (=4

645

640

> Finer ToA bins generated with different width
635

> Timing performances heavily affected by this

effect 630

. . 0 50 100 150 200 250 300 350 400
> Internal test pulse tool exploited to calibrate 10 X [# cols]

VCO frequencies for the whole matrix
(28672 VCO)



ToT vs Q calibration

o Analog testpulse

o Non linear calibration

o Threshold set to 1 ke

o Per-pixel calibration done

over the whole matrix

ToT [ns]

3000

2500

2000

1500

1000

500

Pixel [304,145]
- Pixel [304,144]
Pixel [304,143]
—— Pixel [305,145]
—— Pixel [305,144]
—— Pixel [305,143]
Pixel [306,145]
—— Pixel [306,144]
—— Pixel [306,143]

lllllllllll

10 12 14
Charge [ke-]



ToT vs Q calibration

o Analog testpulse

o Non linear calibration

o Threshold set to 1 ke

o Per-pixel calibration done over the
whole matrix

o Automatic algorithm exploiting fast
read-out

o Calibration fit parameters distribution

[Entries 229174 | P, [ns/ke-]

o 500

300

200

100

50 100 150 200 250 300 350 400
X [#cols]

ToT(Q)=p,+p,Q+p,/(p,+Q)



ToT vs Q calibration

o Validation with radioactive sources('*’Cs and ?*'Am superimposed spectra)

Entries 1057726

50000

Counts/(30 ns)

40000

30000

20000

10000

o_l L | | l | Je [ Y | | IIIIIII I]I L1 1

1
0 1000 2000 3000 4000 5000 6000
Cluster ToT [ns]




ToT vs Q calibration

o Validation with radioactive sources('*’Cs and ?*'Am superimposed spectra)

S,
()

o
o

S
—
=
[2)
—

Coun

14000

12000

10000

8000

6000

4000

2000

0

-
o

9 keV—+

8.6 keV

|

Entries 1057726

59.54 keV

o 10 20 30 40

5

0 60 70
Cluster energy [keV]

Up to 1.3 keV
FHWM (@ 8 keV)
Resolution up to
8% (@60 keV)
ASIC bonded to
100 um n-on-p Si
detector



Timing resolution measurements - Time bins sizes measurements

Fine time bins Ultra-fine time bins
1‘0_1""I""l""l""l_ TT T T T rrr [ rrrr oo
[ N24(v2) u ' ; VN
o [ T()p a = i 6
e, 0.8_' b 3 _A_
5 L 5 .
> External testpulse used to measure fToA oG ' 1 E " ﬁ
. . 2 L g
and UfToA bins width: X ot i ] 93 a
- g 4L 1 &, B
o delay settable up to ps precision £t ' {1 =
. . . . g 02F : . 1 A
o signals sent directly to the Timepix4 ] ] 0 B
through digital pixels 007457750 1.55 1.60 1.65 100 150 200 250 300
> Correct VCO on Timepix4_v2: Bingize (os] Bansize: (]
o average fToA bin size: 1.56 ns n - - ] ; - ' -
: UFToA bin size: ~ 195 i %
o T~ P [ = ]
average | o. in size | F.)S Z o8l Bottom o f 6
> Some UfToA bins with much higher size 5t 5 )y 9
= 06F 1 g4 .
X I T 3 A
:‘3 04 _— ’," by E
E | k ] P
3 o2f ,.. : 1 -
: 1 o A
0'01.45 1.50 1.55 1.60 1.65 100 150 200 250 300
Bin size [ns] Bin size [ps]

[ K. Heijhoff et al 2022 JINST 17 P07006 ]



https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07006

Timing resolution measurements - Test pulse

> Analog internal test pulse used to measure the
analog front-end jitter

> HOIe_(_:_O”eCtlng mOd.e: 1000 | # N4 (vl bare) e mode |7
o jitter asymptotic to ~100 ps r.m.s. [ # N4 (vl,bare) h* mode
. . . . . 4 N8 (vI, sensor) ¢~ mode
o bare Timepix4 and Timepix4 bonded to Si — g S
sensor show similar trends = # N24 (v2,bare) ¢~ mode
) ) g ¢ N24 (v2,bare) h* mode
o atlow charge, worst resolution with sensor 5 R
[} i { W
bonded é Threshold ‘.‘;*ﬁ*
. 800e : _
> Electron-collecting mode: E 100F | “!ﬁ}:‘ﬁm + $44A8894 ] 1" mode
o no asymptotic trend L *## m 44 ++++AMH ]
. . Femmin TDC resolution 5662 ps 1
o resolution lower than 50 ps r.m.s. both with - + *ﬁ]c mode ]
. 40t ]
bare and bonded chips ph o wws pu g ,
0 5 0 20 25

Injected charge [kc]

[ K. Heijhoff et al 2022 JINST 17 P07006 ]



https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07006

Timing resolution measurements - Laser measurements

> Spidr4 control board Pulse generator Active
Spidr4 control board Technologies PG-1072

(interchannel jitter ~7 ps r.m.s.)

> Timepix4v2:

o bonded to a 100 um n-on-p Si To digital pixels

detector biased at -150 V <€
o  metalization with holes pattern _
Period: 5 ms
o  Courtesy of CERN and NIKHEF =2 Width: 1 s
Medipix4/VELO groups Amplitude: 1.9 V

>  Waveform generator
o input signal to digital pixels
o laser trigger

Period: 5 ms
Amplitude: 1.2V

6dB attenuation

v

>  Laser:
o 1060 nm
o  variable attenuator

e UN
b Ve

INFN

Laser variable Pulsed Diode Laser
Attenuator PDL 800-B

<
< (]
SoRg Fo°

This project has received funding from the European Research Council (ERC) under the European Union’s Horizon 2020 research and innovation programme (4DPHOTON
project, grant agreement No. 819627)



Single pixel timing resolution

> Laser focused using micro-collimator:

o 0 =1.4pixel =77 pm - ToT [ns]
g 148 —2000
. . oo o =
> Laser spot in fixed position for all £ u7E —11800
presented measurements * qagk —{1600
1455_ —1400
1445—
1435—
1423—
1413—
1405—
1393_] | | 1 | 1 | | |
“301 302 303 304 305 306 307 308 309

X [#cols]




Single pixel timing resolution

> Laser focused using micro-collimator:

o 0 =14 pixel=77 pm

Counts
% WL

> Laser spot in fixed position for all = r %0
(] -

presented measurements T 15— .
(@) L
ol -

> Measurements using variable laser & qab- -
attenuation, populating a wide ToT range =

on each pixel 18- 15

> Different time walk trends on different E 10
pixels ter

- 5

> Time walk corrected separately on each 1 :
1 _l 1 I 1 ] I | I | I ) | [ 1 I S E=1 I | R I | I I ] T | l Jo1==2] ). l | I 5 [ | l T I P |
Plxel 1000 2000 3000 4000 5000 6000 7000 8000 9000 0
ToT [ns]

e UN
b Ve

INFN




Single pixel timing resolution

> Laser focused using micro-collimator:

o 0 =14 pixel=77 pm

Counts
o 1 —22
> Laser spot in fixed position for all = sb —120
T
presented measurements = s —18
2 - —16
> Measurements using variable laser & YA .
attenuation, populating a wide ToT range P o2 12
on each pixel Nl 10
> Different time walk trends on different 02
pixels 04
- 4
. -0.6—
> Time walk corrected separately on each B 2
H _0-8 | | o L [ T - o] | (. | I { I Y| | { I T [ | | = [ ] | I [ 523 . EX | I | Fo] ] | |
pixel "000 2000 3000 4000 5000 6000 7000 8000 9000  °
ToT [ns]
e UN
de\p‘ IV&Q@

<R

2 FER
Vo
Us sV)-\

4,
SoRg ¢V



Single pixel timing resolution

Oroa-ToARef [NS]

0.18

0.16

0.14

0.12

GToA—ToARef(TOT) - Exp(p0+pl 'TOT) * pz

%2 / ndf
p0
p1
p2

49.28 /39

—-1.643 +0.05282
-0.1574 £ 0.00685
0.1275 +0.0006833

| ESY e I | | | I I N | I | ST Y (. ! I | I E | I | EY S I | | { I N |

u-..L]IlIIIlIIIlIIIIIIIIII

10

15

Charge [ke-]

ToT vs charge calibration applied to each
pixel

Distribution of timing resolution as a function
of injected charge

For the pixel [305,144], where the laser is
focused, the standard deviation saturates at
128+1 ps rms

Subtracting the contribution of the reference
TDC (60 ps), a resolution of 111+1 ps rms is
obtained

<R




Cluster timing resolution

>  For each cluster:

o weighted average of ToA using charge as

. 'a‘ -
weights = - @
20.145—
o cluster charge computed 20.13F- {{ ’C
_ : £ E
> Timing resolution dependency on cluster o012 {I ’%¢
: a I
charge: 0.1 I . 4)
o best result: o =79 + 1 ps rms 01 b "E}-
"~ ToADiffAvg - i = I
: R
m timing resolution subtracting 009E frig 3 -
reference TDC contribution: 0.08— P optEitpgge
Oroaavg~ 47 £ 1 ps rms e I I I A I I

: 100 200 300 400 500 600
Cluster charge [ke-]

o

<R




Through-Silicon Via first tests with Timepix4v0 in IZM (Germany)

> First Timepix4v0 samples received on June 2023 (43 TSV ASICs
received)

> |ZM to finish remaining 2 Timepix4v1 wafers and 3 Timepix4v2

> First devices mounted on Nikhef TSV chipboard (with 2 different
bonding methods)




Through-Silicon Via first tests with Timepix4v0 in IZM (Germany)

> First tests very promising, with both the —

bonding techniques: 500 100.0
o chip equalized
o average ENC of ~60 e r.m.s.
o fast links locking at 5.12 Gb/s o
daccodes 400
80.0
300
£ 70.0
&
200
60.0
100
50.0
0 40.0

250 300 350 400
150 200 250 Columns

Columns




Conclusions

> Timepix4:

@)

new hybrid pixel detector for tracking and imaging developed by the Medipix4 collaboration

>  Characteristics:

@)

o O O O

O

large active area: 6.94 cm?

4-side buttable architecture

ToA: 1.6 ms dynamic range; 195 ps bin size

ToT: 1.56 ns bin size (~200 e” rms charge resolution)
Frame-based PC: 8-bit or 16-bit, up to 5x10° hits/mm?/s
Readout: up to 160 Gb/s, encoded 64b/66b

> Performance:

O

energy calibration with Timepix4v2 bonded to 100 um n-on-p Si detector, with resolution up to 8% (@
60 keV) and FWHM up to 1.3 keV (@ 8.6 keV)

timing resolution measured with internal analog testpulse ~40 ps on single pixel

timing resolution measured with laser with Timepix4 bonded to 100 um n-on-p Si detector biased at
-150 V: ~110 ps on single pixels and ~50 ps on clusters

> Next steps:

©)

(@)

characterization with TSV processed wafers and TSV compatible chipboard (NIKHEF)
several DAQs being designed by members of the collaboration
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Readout modes: frame based

readout_enable (0x4204 and Oxc204)
start_frame_enable (0x4204 and Oxc204)
readout_mode (0x4204 and Oxc204)
op_mode (0x8000)

shutter

t0_sync

counter_select(internal)

counter (# frame number)

readout (# frame number)

> Photon counting information
> 2 counter depths modes:
o 8-bit
o 16-bit
> Full frame readout
> Max count rate (with 16 high speed links
enabled): ~5 x 10° hits/mm/s?
Z
) Z
4 PC 8-bit=0x2 or PC 16-bit=0x3
7% Z PC 8-bit=0x1 or PC 16-bit=0x2
b 1
i
L I T
C#0 C#0 X c#1 X c# 1 c#d | C #4

Idle X R#0 X R#1 X R# X R# |

Idle




Readout modes: frame based

> Timepix4v1 with 300 ym Si sensor
> CRW 16 bit frame based
> X-ray source (s2 acquisition)
Raw Corrected with FlatField
. >00 16000
14000

400

300

Rows
Rows

200

100

00 50 100 150 200 250 300 350 400
Columns

150 200 250 300 350
Columns



Readout modes: frame based

> Frame based through high-speed links
implemented

> Up to now tested only with internal
testpulse

> Both 8-bit and 16-bit modes tested

pc_plot
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T T 1
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T T 1
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T T T

N

Entries 4539 oC
Mean x 223
Mean y 254.8
StdDevx 129.2 )C
StdDevy 147.6
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Analog power supply distribution

2 Wire bonds

X. Llopart (CERN)

[ Total I (chip)

2WB 3 TSV

Nominal Analog Power ym[VDDA-GNDA] 19.6 mV 6.9 mV
5 ~2300 mA

[10 pA/pixel] Imax pad 60 mA 57 mA
L Anmioe Poweee i Varop [VDDA-GNDA] 1.96mV 0.69mV
[1 pA/pixel] Imax pad 6 mA 5.7 mA

:mwu_u—wo ;qu Control 0

B==== | :

e C—

X (ke ) 0 Merdure e =

093 ¥ Auta uodate previen

3TSV



Digital power consumption and cooling

1.8 I
1.6 e Total Power I
== D|G Power I
1.4 |

= ANA Power
> Timepix4 power consumption~ 5W - :

Timepix4
> Goal: stable operation with 20°C inside the L1 P :
vacuum tube 2 03 I
0.6

o  Cold finger attached to the ceramic

carrier

sl

1| 10 100 1000 10000 100000
Pixel Hit Rate [Hz]

X. Llopart (CERN)



Timing resolution measurements - Time bins sizes measurements

> External testpulse used to measure fToA
and UfToA bins:
o delay settable up to ps precision

o signals sent directly to the Timepix4 g rr ,F.".m.t.",".c.b.n.ls - —_— ,‘.J!t.rf',ﬁf’?.n.n?c. l.".".s, —_—
through digital pixels o Dravy ﬁgé% (7) A
o error function fit of even and odd fToA g 0T 1 gl 4.
and UfToA to estimate bins width = 06 s 4 o
> VCO too fast on Timepix4_v1: = oaf P
o average fToA bin size: 1.26 ns I = ? e
o average UfToA bin size: ~ 150 ps ol 0 &
00115 120 125 130 135 100 150 200 250

Bin size [ns] Bin size [ps]



Pixel structure

e L __________________ TOP edge Periphery i y

0 SPGroup
1
SPixel
TOP Matrix
[448 x 256]
>  Active area: ~ 7 cm? 15
> Super Pixel (SP): 2 adjacent columns of 4 pixel :"""""'""'c';}{{e}"é;{,;ﬁé& """""""" :
EOCcen PO 2 -----------==-- -
> Super Pixel Group (SPG): column of 4 SP
15
> 16 SPG in a column form a Double column i

BOTTOM Matrix
[448 x 256]

’ e
EOC edge e o OO G - ‘l
BOT edge Periphery AParoup.  coivel

[ X. Llopart et al 2022 JINST 17 C01044 ]



https://iopscience.iop.org/article/10.1088/1748-0221/17/01/C01044

Timepix generations

Tech. node (nm)

Pixel size (mm)

# pixels (xx y)

Sensitive area

Number of sides for tiling using WB
Number of sides for tiling using TSV

positive (h+)

negative (e-)

Minimum detectable charge

Readout

Event Data
Tracking 107 energy
(Ev'entl resolution
SN TOA bin size
time E
and/or TOA dynamic
energy) BBEE

Max Rate

Max Pix Rate

Readout
s Counter
(Event gl
counting) Frame rate

Max Count
Rate

IBM 250
2005

55

256 x 256

1.98 cm?

3 (87.1% active area)
No TSV ready

Gain (16mV/kh")
(Volcano >0.8MeV/pixel)

Gain (16mV/ke’)

~750 €

(Full Frame-based
(Sequential R/W)
TOT or TOA

<3keV (FWHM Si)

\10ns (@100MHz)

118.1ps (@100MHz)

(<1x10° hits/cm?/s
(with 300ps readout dead time)
\ 33 Hz/pixel

v,

Full Frame-based
(Sequential R/W)

14-bits

100 fps @1x100Mbps
3.2 kfps @32x100Mbps
~35 x 10° hits/cm?/s

Maximum Readout bandwidth 3.2Gbps (32 x 100MHz)

Timepix2
TSMC 130
2018

55

256 x 256
1.98 cm?
3 (85.6% active area)
3 (85.6% active area)

High Gain (25mV/kh")
Logarithmic Gain (19mV/kh")

High Gain (25mV/ke)

~600 e

Full Frame-based
i Continuous R/W)
TOT and TOAJTOT or TOA

~0.75keV (FWHM Si)

10ns (@100MHz)
2.62ms (@100MHz)

) <1x10° hits/cm?/s

(no readout dead time)
33 Hz/pixel

Full Frame-based
(Sequential or Continuous R/W)
10-bit or 14-bit

4.9 kfps @10-bit 32x100Mbps
3.5 kfps @14-bit 32x100Mbps
~35 x 10° hits/cm’/s

3.2Gbps (32 x 100MHz)

1BM 130
2013

55

256 x 256

1.98 cm’

3 (86.7% active area)
3 (91.6% active area)

High Gain (45mV/kh")
(Volcano >0.3MeV/pixel)

High Gain (45mV/ke’)

~500 e

Data-driven

(48-bit packet per pixel hit)
TOT & TOA

~2KeV (FWHM Si)

[ 1.56ns (On-pixel TDC @40MHz) ]
409.6us (@40MHz)

43x10° hits/cm?/s

I 1.3 KHz/pixel I

Zero-suppressed (with pixel addr)
(Sequential R/W)

Counting (10-bit) and integral TOT
(14-bit)

1.62 kfps @48-bit 8x640Mbps

~82 x 10° hits/cm?/s

£5.12Gbps (8x SLVS@640 Mbps)

2019

55

448 x 512

6.94 cm’

2 (93.7% active area)
4 (99.3% active area)

High Gain (35mV/kh")
Low Gain (20mV/kh")
Logarithmic Gain

High Gain (35mV/ke’)
Low Gain (20mV/ke)

~500 e

ata-driven
(64-bit packet per pixel hit)
TOT & TOA
~1KeV (FWHM Si)

195ps (On-pixel TDC @40MHz)
1.63ms (@40MHz)

358x10° hits/cm?/s

(no readout dead time)
10.8 KHz/pixel

Full Frame-based
(Continuous R/W)

@ts or 16-bits /

89.2 kfps @8-bit 16x163Gbps
44.8 kfps @16-bit 16x163Gbps
~800 x 10° hits/cm? /s

[ £163.84Gbps (16x @10.24 Gbps)]




Timepix generations 3

> Photon counting chips

Medipix chips family > Frame based readout



Timepix generations 3

Medipix chips family

~

Timepix

> Pixel arrangement:
o 256 x 256 pixels
o 55 um pitch
> Frame based readout
> Operating modes:
o arrival time mode
o energy mode (ToT measurement)
o event counting
> Timing resolution: 10 ns

> Dead time per pixel: 300 us



Timepix generations 3

Medipix chips family

~

Timepix

~

Timepix3

> Pixel arrangement:
o 256 x 256 pixels
o 55 um pitch

> Particle with both polarities
measurable

> Simultaneous ToA and ToT
information per pixel

> Data-driven readout introduction

(event-by-event readout and
0-suppressed): decreased dead
time

> |mproved time resolution: 1.56 ns



Timepix generations 3

Medipix chips family

~

Timepix

~

Timepix3

Timepix2

Energy (ToT) dynamic
range extended

Highly configurable pixel
and readout architecture



Timepix generations 3

Medipix chips family

N Timepix2

Timepix
Timepix3 N
Timepix4



High-speed readout

> Gigabit Wireline Transmitter with a Clock Cleaner
(GWT-CC):
o serializes data stream
o transmits data to an off-chip receiver
> Two operation mode:
o high-speed: 80 Mb/s - 10.24 Gb/s per link
o lower-speed: 40 Mb/s - 5.12 Gb/s per link
> Total of 16 links (8 per half-matrix): max bandwidth of
160 Gb/s — —
PRBS generator for links tests ‘%‘L‘»"‘J“L “1 ‘M\‘\?\”\JW\‘\“\W\\ ‘h“ ¥l \‘M\ HM [ J\J il
Tests performed on each link at each possible
frequency:
o eye diagram well opened @ 2.56 Gb/s

il

JLL

T

WL

(Ll

Y Vv




VCO calibration

g —®— vy =663.37MHz
. . . . **
> VCO of different pixels oscillate with = 120]—=— v = 640.48MHz
different frequencies § (ool v = B19:22MHz
>
> Finer ToA bins generated with different ;
width E %
> ToA and ToT measurements heavily 60

affected by this effect




Analog internal test pulse used to measure the
analog front-end jitter
Hole-collecting mode:
o jitter asymptotic to ~100 ps r.m.s.
o bare Timepix4 and Timepix4 bonded to Si
sensor show similar trends
o atlow charge, worst resolution with sensor
bonded
Electron-collecting mode:
o no asymptotic trend
o resolution lower than 50 ps r.m.s. both with
bare and bonded chips
Resolution improved changing discriminator bias

Time resolution [ps]

1000 b

100 |

40+

Timing resolution measurements - Test pulse

800e

® N24 (v2, bare) e~ mode
# N24 (v2, bare) h* mode
4 N24 (v2, bare) ¢~ mode Modified DACs
4 N24 (v2, bare) h™ mode Modified DACs

o N
Threshold A" “

‘#t*==:*'*¢#m¢¢¢¢ﬂﬂtﬁmt!t##ﬁ#tﬂ!} .

i mode ]

i ‘tﬁfﬁHM“HM ‘

E ' TDC resolution 5662 ps t**** 1
I I *** ¢~ mode

o s 10 15 20 25

[ K. Heijhoff et al 2022 JINST 17 P07006 ]

Injected charge [ke]



https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07006

Timing resolution measurements - Test pulse

Vv

Analog internal test pulse used to measure the
analog front-end jitter
Hole-collecting mode:
o jitter asymptotic to ~100 ps r.m.s.
o bare Timepix4 and Timepix4 bonded to Si
sensor show similar trends
o atlow charge, worst resolution with sensor
bonded
Electron-collecting mode:
o no asymptotic trend
o resolution lower than 50 ps r.m.s. both with
bare and bonded chips
Resolution improved changing discriminator bias
Resolution dependence on preamp current

[ K. Heijhoff et al 2022 JINST 17 P07006 ]

Time resolution [ps]|

Time resolution [ps]

300

100

30+

300
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30

__ljv_\‘}""l": """ L B B B TTr T T
ﬂ* i B N4 (vl bare) 10.0ke
Y ! B N4 (vl bare) 21.0ke
*“4...***4\ i } N8 (vl sensor) 10.0ke

* *+**:+ 4;4 4 N8 (v1,sensor) 21.0ke

TR W ;

B His MUk . T YRR RN

I TDC A H+ L1 B G g L L L

P

e~ mode Default

0 64 12 192 256

1

E ¥ N4 (vIbare)  10.0ke
: @ N4 (vl bare) 21.0ke
i 4 N8 (vl, sensor) 10.0ke
a 4 N8 (vl,sensor) 21.0ke

[
c
(@)

0 64 12 192 256
Preamplifier bias-current DAC



https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07006

Timing resolution measurements - Test pulse

> Analog internal test pulse used to measure the
analog front-end jitter

> Hole-collecting mode: oL L B e B e e i

o jitter asymptotic to ~100 ps r.m.s. s : N DLl 2ivi

o bare Timepix4 and Timepix4 bonded to Si ~ — 160¢ Rl i sl

o a. r 4 N8B (v, sensor) 21.0ke

sensor show similar trends = ]40-_+ 1:

o atlow charge, worst resolution with sensor § I H + +H i

e Ll

bonded 2 120f HH | +H HH | :

. o By + + + ++++ |

> Electron-collecting mode: - [ H i
o  no asymptotic trend = 100 #####

o resolution lower than 50 ps r.m.s. both with s0f # #ﬁ* “*W*#

bare and bonded chips ' :
o _ . _ 0.5 o 5 20 3.0 3.5

Resolution improved changing discriminator bias Threshold [kb]

Resolution dependence on preamp current

Dependence on threshold

vVYVY

[ K. Heijhoff et al 2022 JINST 17 P07006 ]



https://iopscience.iop.org/article/10.1088/1748-0221/17/07/P07006

Single pixel timing resolution

> ToT vs charge calibration applied to each

|
n
o

; osf N pixel
= .
v B :j > Distribution divided into “vertical” slices, each
i e e - one selecting a narrow range of charge
0.2— .
0 B > Timing resolution values extracted for each
b N . slice
Y | \\JfrojectionY of binx=[180,189] [x=25.26..26.44]
Z:i‘ L L . B TR Lspeds i % :zg - \\\ Entries 3168
K Chargeke] © F \\ Mean  0.01774 + 0.002281
\\\ é 70; \\ StdDev  0.1284 + 0.001613
\\ Z gof N
\\\\ 40§ | . o
\\\\ 20§ ‘\\ .
\\\\\ 105 R -
EB.:B' 06 04 -02 0 02 040508 n

06 038 1
ToA - ToARef [ns]



