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ForwArd Search ExpeRiment at the LHC

Search for light, weakly interacting particles
as potential dark matter candidates

Front Scintillator
veto system

Tracking spectrometer stations Scintillator

veto system

Interface FASERv emulsion
Tracker (IFT) detector

Calorimeter

Trigger / timing
scintillator station

2 Magnets
Trigger / pre-shower &
scintillator system
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Front Scintillator
veto system

Tracking spectrometer stations Scintillator

veto system

& @
1 d M
- 2

FASERvV emulsion
detector

Interface
Tracker (IFT)

Trigger / timing
scintillator station

Magnets

Trigger / pre-shower
scintillator system

- Installation in December 2024 * 6 detector planes:

- Operation during LHC Run 3 and Run 4 - 1W layer

e 1Siplane
New preshower detector with 200 pm X-Y

granularity for di-photon events resolution _
CERN-LHCC-2022-006 ( Technical proposal )
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Monolithic active pixel sensor
130 nm SiGe BiCMOS technology (IHP SG13G2)

- High R substrate (220 {0cm), 150 pm thick
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Vsource < Vlnpixel

Particle hit
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Monolithic active pixel sensor
130 nm SiGe BiCMOS technology (IHP SG13G2)

- High R substrate (220 {0cm), 150 pm thick

. Not in scale
- Deep n-well hexagonal pixels ( PIXEL ) Vsource < Vinpixel

Particle hit

HV down to -300V
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Monolithic active pixel sensor
130 nm SiGe BiCMOS technology (IHP SG13G2)

- High R substrate (220 {0cm), 150 pm thick

. Not in scale
- Deep n-well hexagonal pixels ( PIXEL ) Vsource € Vinpivel

B B : |
Siissees  Pre-amp it ‘
HE ‘ Discriminator

+ memory
control

Particle hit

HV down to -300V
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ASIC specs

Pixel Size

65 pm side (hexagonal)

Time resolution

<1ns

Event size from 1 pixel to 2000 pixels
Event readout time < 200 ps
Background readout time < 10 ps

Pixel charge information

0.5 fC to 65 fC

Pixel ENC

< 200 e- (0.032 fC)

Power consumption

< 150 mW/cm?
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Full-reticle chip divided in 13 “super-column” with:
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- Active region, subdivided into 8 “super-pixels” of 16x16 pixels

- Digital column (40 pm thick) in the middle with distributed logic for masking and readout

Digital periphery at the bottom for configuration and readout Superpixe

A A

ADC

Digital logic

Full Custom Super Pixel
[ [

[]

1.5 cm

Super-pixel:

* 16 rows with 8+8 pixels
* Analogue 256-to-1 MUX
* 4-bit flash ADC
S : * 3 fast-OR lines

uper-pixel .
2.2 cm * Local biasing

* Masking logic
—— Carlo Alberto Fenoglio TWEPP 2024 - Glasgow
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Qin
®

Deposited
charge
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>

In-pixel
front end

ToA
o
Leading
edge
\L
@
Digital
hit pulse
ToTl
@
ToT < Qi
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Fast-OR grouping
@

Buffering towards TDC

Vv

mem

Vimem &« ToT < Q;y

Time stamp TDC
®

120 ps time stamp

4-bit charge value
®

Flash ADC
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Row O left Row 0 right

" PIXEL_7
" PIXEL_O ' \
f Bias Analogue : to ADC |
circuit memory < ¥ >
i
. I
Signal '
— I
detector R | | Amp / —p -
signal i | | driver i '
Aplified - : \ Memory
- . control
e signal ‘ - |__ /
N I
\ Cal pulse threshold I mask J
gy on B kg /
\x_ - _ in pixel 1 in digital column ___//
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Charge measured per-pixel

above threshold generates signal buffered to the periphery through
fast-OR tree

Row O left Row O right

~ PIXEL_7
" PIXEL_O i \
f Bias Analogue : to ADC |
circuit memory < ¥ >
)
. '
Signal '
— I
detector R | | Amp / —p -
signal i | | driver i '
Amplified - 1 Memory
- . : control
-1 signal i |__
\\ :
| Cal pulse threshold I mask |
"\\ in pixel : in digital column /’f
Pulse to
TDC/Periphery
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Charge measured per-pixel

above threshold generates signal buffered to the periphery through

fast-OR tree

- A charge proportional to the ToT is stored into pixel’s analogue memory

“ PIXEL_7
" PIXEL_O i \
f Bias Analogue : to ADC |
circuit memory < » >
= '
i I ' Charge with
igna i
e : const current
detector R | | Amp / —p -
signal i | | driver i '
Amplified - : Memory
- . 1 control
signal ‘ - |__
\\ :
| Cal pulse threshold I mask |
"\\ in pixel : in digital column /’f
Pulse to
TDC/Periphery
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Row O right
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* Local 4-bit flash ADC housed in the inactive region in the middle of each super-pixel

* 1 ADC per super-pixel, shared for all its pixels

* An analogue MUX scans the super-pixel, connecting one pixel at a time to the ADC

during readout.

MUX
\

4-bit flash
>

ADC

Pho p'I'I'I'T'I'-) \|_

/

Pixels scanning in a single frame

Carlo Alberto Fenoglio
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Count + 1

- 1 TDC per super-column
- Each with a shared, 7-stages, free-running ring oscillator with calibration
- 24 channels + 1 calibration channel

- Power consumption ~ 7.68 mW (0.36 mW in power saving mode)

Common Ring Oscillator

Lﬁm} >M1} >o~=:2:=- [\“*-.\,CD-QE} DM4:- DM? Dc o<f>

Disambiguation count + 1

- Coarse time counter on 1 0<0>

- Fine time encoding oscillator states gives the LSB ( Design parameters:
- Disambiguation on 1 o<1> (in anti-phase, T N=7
) ] . LSB AT = — < T=21
checked for fine time 13 and 0 to avoid an error of 2N = <.1Ns
full period T) L AT =117 ps (measured)

—— Carlo Alberto Fenoglio TWEPP 2024 - Glasgow
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Hit pixels Data bits (i from ADC + address) b,/b; contour plot
A A 1.0 — T T T
e N N
b, = Npixel - 0ccupancy - (i + 1og; (Npixer)) Compression ratio
- 3.0
_ 0.8
b = Npixer * (1 + occupancy - i)
l N 25
. C -
Hit flag ADC data for hit pixels 2 06
2 2.0
)
5
Compression ratio = by, /by S s 1.5
3!
O
_ 1.0
0.2
- 0.5
0.0 0
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Log, (N_pixel)

C. A. Fenoglio et al. "A Scalable Frame-Based Readout Architecture for Monolithic Pixel Detectors with
Local ADC and Time Digitization," 2023 18th Conference on Ph.D Research in Microelectronics and
Electronics (PRIME), Valencia, Spain, 2023, pp. 89-92, doi: 10.1109/PRIME58259.2023.10161814.
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Hit pixels Data bits (i from ADC + address) b,/b; contour plot
_ A o A - 1.0 '1'_2'5'1'_5'""2'2.25"'2'.7*5'3"—
b, = Npixel - 0ccupancy - (i + 1og; (Npixer)) ' Compression ratio
i 3.0
_ 0.8
b = Npixer - (1 + occupancy - i)
l » 2.5
: c ot
Hit flag ADC data for hit pixels 2 06
2 2.0
>
Q
5
Compression ratio = by, /by S s 1.5
3!
O
_ 1.0
0.2
i 0.5
0.0 0

Log, (N_pixel)

C. A. Fenoglio et al. "A Scalable Frame-Based Readout Architecture for Monolithic Pixel Detectors with
Local ADC and Time Digitization," 2023 18th Conference on Ph.D Research in Microelectronics and
Electronics (PRIME), Valencia, Spain, 2023, pp. 89-92, doi: 10.1109/PRIME58259.2023.10161814.
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Hit pixels Data bits (i from ADC + address) b,/b; contour plot
P A - N - 1.0 '1'__2'5'1'_5'""2'2.25"'2'755'5"‘
b, = Npixel - 0ccupancy - (i + 1og; (Npixer)) ' Compression ratio
i 3.0
_ 0.8
b = Npixer - (1 + occupancy - i)
l » 2.5
. C -
Hit flag ADC data for hit pixels 2 06
2 2.0
>
O
5
Compression ratio = by, /by S s 1.5
3!
O
Pixels Occupancy I 1.0
0.2
i 0.5
o i
256 12/0 0.0 0

Log, (N_pixel)

Super-pixel size in Lower occupancy limit

. . C. A. Fenoglio et al. "A Scalable Frame-Based Readout Architecture for Monolithic Pixel Detectors with
FASER design convenient for frame readout

Local ADC and Time Digitization," 2023 18th Conference on Ph.D Research in Microelectronics and
Electronics (PRIME), Valencia, Spain, 2023, pp. 89-92, doi: 10.1109/PRIME58259.2023.10161814.
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periphery logic

SC0 SC1 5C12
ABSTRACTION ABSTRACTION ABSTRACTION
Full Custom Super Column
T
>
=
ol o
e o
@ g
= c
2 £
5 o]
L O
2
1
| | I R e— N [ T
[&]
| 8
w
[23:0JFAST_OR J A A
tdc data
rigger_column(0] I
a I
= = column_com[12] %
= £
% 8 trigger_column[1] . 5
I ;:l 8
C = |
= = )
= ] 2
8 o trigger_column[0] o
V AV l
A 4
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I
data_out TO PADS
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Frame-based, event-driven readout:

- After a hit, a snapshot of the matrix is taken

- Non-continuous readout of all the pixels at 200 Mbps

- Dead time ( ~ us to 200 us depending on event occupancy)

- More like an image sensor than a HEP tracker
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- Groups the bits and sends them to the periphery logic

SCO SC1 sc12 - -dri .
ABSTRACTION ABSTRACTION ABSTRACTION Frqme bqsed’ event drlven requUt'
Eull Custom Super Column - After a hit, a snapshot of the matrix is taken
2 [T - Non-continuous readout of all the pixels at 200 Mbps
3 2 g N - Dead time ( ~ us to 200 us depending on event occupancy)
£ T » = \
9 £ 1 . .
2 E 3 ! - More like an image sensor than a HEP tracker
5 ) % !
w \ = /I e |
c I \ / . Distributed control logic inside the matrix:
Enuxadaress= 9 A B : I
230/FAST OR \“7\8—,\" i - Each super-pixel is readout in parallel by a standalone i
J i processing unit :
tdc data | !
! I
! I

- Performs zero suppression at pixel level

rigger_column(0]

>

0]
(1]

L column_com[12]
trigger_column[1] .

trigger_column[0]

column_com

column_com

trigger _column[12]

V AV

periphery logic

I
data_out TO PADS
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SCO SC1 SC12 Frame-based, event-driven readout:
ABSTRACTION ABSTRACTION ABSTRACTION
4l Custom Super Column - After a hit, a snapshot of the matrix is taken
= ~ m -7 - Non-continuous readout of all the pixels at 200 Mbps
3 2 2 \ - Dead time ( ~ us to 200 us depending on event occupancy)
= T » = \
9 £ 1 . .
3 i 3 ! - More like an image sensor than a HEP tracker
E D x ‘\ gj_ I, Ir- ——————————————————————————————————————————————————————————— 1
- . \ / . Distributed control logic inside the matrix:
Enuxadaress= 9 A ! !
2301FAST OR f_ ' - Each super-pixel is readout in parallel by a standalone |
} i processing unit !
TDC ! . . . :
tde data . - Groups the bits and sends them to the periphery logic !
rigger_columnio] Jl i - Performs zero suppression at pixel level I

periphery logic

i I
= = column_com[12] g .'"": ___________________ T :
£ £ . £ ' Periphery control logic at the bottom: !
ZI ;:l g : I
5 5 5 ' - Controls the frame-based readout |
1 . - Reads one super-column after the other acting as !
pininintaiuiaiubeiaieiubuiuiubuiatuuiaie Voo AV e e . -
v | arbiter :

—_——————

, - Performs empty columns data suppression
data_out TO PADS | e e e —————— —

____________________________________________________
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Lab measurements and prototype comparison
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Sr? Hit-map

o 20 40 60 80 100 120 140 160 180 200
column

0 20 ] 40 60 80 100 120 140 10 180 200
column

Not calibrated!
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Main Fixes from Pre-Production

O Fix on memory leakage

0 Improved FE : resizing to improve mismatch.

O Improved FE : removed Post-amp -> operation at higher gain
O Power-on reset

o Default configuration at power-on (not for masking)

0 Allow readout when pixel always firing

0 Readback configuration

0 Readout at 200 MHz (not achieved in pre-production)

O Fix on output data stream + multiple header for easier
reconstruction.

0 Fix on TDC reset (absent in pre-production)

—— Carlo Alberto Fenoglio TWEPP 2024 - Glasgow
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Small charges are properly discriminated
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Pre-Production Chip:

Peaks are not well separated

IIII|IIII|IIII|IIII|IIIIIIIIIIIIIIlIIIIl_

FASER Pre-production Chip
Small charges sensitivity

1 l[T-ll

|ﬂ|n|

|

T
—Q=3851C 1
—Q-=1270fC 1

II1|IIII|IIIII

I N« P 1

o

1000 2000 3000 4000 5000 6000 7000 8000

TOT [ns]
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Drifting pixels vs drift time

—e— Production
400 1 —a— Pre-production

350 A
300 -
250 1

200 A

# Active pixels

150

100 ~

50

Analogue memories leakage could
modify the memory value:

=» Fake hits in the ADC data

=» The higher the drift time, the more
visible the effect, the more fake active
pixels

=>» Need to operate at high rates

Fix is working and the problem is solved
in Production ASIC

104

1071

10t

Drift time (s)

—— Carlo Alberto Fenoglio
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Summary and outlook
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New FASER preshower ASIC
- Full-reticle imaging chip
- Fast charge and time measurement

- Optimized readout

ASIC preliminary validation
- Implemented fixes from prototype work

- Final test beam next week to validate the
whole detector system

- Ready and hopeful for the detector
installation in December 2024

Carlo Alberto Fenoglio
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Wire bond
protection cap

Module flex
Glue interface

Asics

Thermal glue

Aluminum base
plate

Thermal interface
sheet

6 ASICs per module,
208x128 pixels each

12 modules per plane

—— Carlo Alberto Fenoglio TWEPP 2024 - Glasgow
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Monolithic active pixel sensor
130 nm SiGe BiCMOS technology (IHP SG13G2)

- High R substrate (220 {lcm), 130 um thick

- Deep n-well hexagonal pixels (C_.. = 183 fF )

pix
- In-pixel front-end

—— Carlo Alberto Fenoglio
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# Discriminator &

=8  +memory g=
; control =
1 (R n -

ASIC specs

Pixel Size

65 um side (hexagonal)

Time resolution

< 300 ps

Event size

from 1 pixel to 2000 pixels

Event readout time

< 200 ps

Pixel charge information

0.5 fC to 65 fC

Pixel ENC

< 200 e- (0.032 fC)

Power consumption

< 150 mW/cm?
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above threshold generates signal buffered to the periphery through fast-OR Row O left Row O right
- A charge proportional to the ToT is stored into pixel’s analogue memory

- After a configurable delay, readout starts, the ADC reads each analogue memory

PIXEL_7 __
" PIXEL_O : \
f Bias Analogue ' _ to ADC
circuit memory < . — >
A I
i I ‘ Charge with
igna I
nst rrent
> : const curre
detector R | | Amp / — :
signal | | driver 1
Amplified . ] Memory
- : 1 control
| ‘\jlg nal - |__
‘ i
Ny i
| Cal pulse threshold §mask Signal
N\ in pixel : in digital column| copy n°1 ./
out[1] out[0]
outly fast-OR-odd fast-OR-even
out[5]
out[7
to TDC to TDC

—— Carlo Alberto Fenoglio TWEPP 2024 - Glasgow 34
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~==="" Charge Measurement

Analogue memories: capacitors inside each pixel charged with constant current during ToT

- When signal returns below threshold, memory is disconnected and left floating until the readout by
the ADC

Preamplifier designed to produce a signal proportional to the log of the input charge

Simulation data

1.1 1.25
\ 0.5 fC
1{C
1.0 \64 fc
32 ¢ 1.1 \ 2fC
S \
S 09 310 \ B
= S
2_ 0.9 8 fC
S
€ 0.8 g
< LY
S 0.8

16 fC
0.7 N

’\, 0.7

v 32 fC

64 fC
0.6 Ll L i B L B 0.6

0.0 80.0 160.0 300.0 0.0 200.0 400.0 600.0
Time (ns) time (ns)
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Sensor bias and AC Pre-amp reset Pre-amp
coupling (return to zero)
VeeA VechA

bias feedback

VecA

Sensor bias out_preamp

- slow reset

(bias_pixel) | |
| .

S Ce in_preamp

500
o

N\

Sensor

N
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Qi, ToA
® @ ®

Deposited charge Digital hit pulse

Common Ring Oscillator

\_I>O-:0> Dmb- >M2:=~ >m> {>c°":4:' >m> D‘: 0<b>

- Coarse time counter on 1 0<0>
- Fine time encoding oscillator states gives the LSB

- Disambiguation on 1 0<1> (in anti-phase, checked for fine time

0<0>
13 and 0 to avoid an error of full period T)
o<1>
Count + 1
Fine time measurement states encoding o<2>
Encoded states 0<3>
Tme lol1l2]3]als]el7 e o molmalrzlss] .
o<0> |1 1 1 1 1 1 1 0 0 0 0 0 0 O
o<1> [1 0 0o 0 0 0 00 1 1 1 1 1 1 0<b5>
o<2> |0 0 1 1 1 1 1 1 1 0 0 0 0 O
o<3> |1 1 1. 0 0 0 0 0 0 0 1 1 1 1 0<6>
o<4> |0 0 0 0 1 1 1 1 1 1 1 0 0 O
o<5> |1 1 1 1 1 0 0 0 0 0 0 0 1 1 Coarse time
0<6> |0 0 0 0 0 0 1 1 1 1 1 1 1 0 Disambiguation

Disambiguation count + 1

Fast-OR grouping

Buffering towards TDC

1

Time stamp TDC

150 ps time stamp

Design parameters:

N=7
T=2.1ns
AT = 150 ps

Fine time 012345678910111213 0123 4567891011213 0123456789 10111213

2 3
2 3
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\"@ Chip Assembly
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input_delay

Super column
clk_SC Ats
FSM
data_out_SC
A
Output_delay Aty

data_column

Ats

clk_column

—Header

£

|—>
clk_periphery

Periphery

Carlo Alberto Fenoglio

data_out

¢ clk_in

Analogue-on-top design

Asynchronous interfaces
Distribution of 200 MHz clock

Careful, manual timing closure analysis:

¢ At;: clock tree delay in periphery
* At,: clock tree delay in SC
* At, and At,: connection delays

* At between the two clocks:
At = 2;At,

TWEPP 2024 - Glasgow 38




LR \jemory Leakag

e

Vdd

A VecA AVccA

bias fbk ||: J bias amp

threshold

Il

input

GndA

Vdd

biaw {

rest
:l reset —4

discriminator
output

i)

bias load | [

Vend

Leakage compensation
in the memory control
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To MUX and Flash ADC

|

<}
@
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o

|
ol |
©
E
MUX enable

Leakage compensation
in the MUX
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Ao Periphery — SC Data Synchronization
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Super column
clk SC At
FSM
data_out_SC »
A
Aty )
Ats
input_delay data_column clk_column
> I
— —Header [ Aty ‘
P [
L clk_periphery
data_out ' iy
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delay in SC

* Neglect At, and d1

.\Y-"-""-

:
data_column ﬁ/

i
[
L
!

data_out / i

clk_periphery

e At,: clock tree
delay In clk_column : E.

. [ —_
periphery : 2

i s

¢ Aty: clock tree clk_sc 2
s

[

=

2

]

o

T
o
[ I S
o
[55]
@

* At between o

the two clocks:

-_-K. -----|———|--Captureedge-—-
ereiasiheacamcaeas holdtimeforout FE - cbev e innann
®

e AR

B

Aty delay + séltup
"""""""""""""" *_ »lg » -« »
. . 1
ir Atwt - :1 Atwt

| AR

L

input_delay on data_colum

0
(-min) output_delay on data_out_SC (-min)
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e Hit-Map Simulations
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One Event - Hitmap - Chip 405 -2 photons - 1 Tev each - 500 um Distance - After the Detector Effects

Before the Detector Effects
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After the Detector Effects
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