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* Radiotracer injected into the body

e Cells with abnormal metabolic behavior will show an
excess of radiotracers

e Positron emission -> e- e+ annihilation

* Detect 2 back-to-back Gamma at 511 keV

e Reconstruct image from Line of Response (LoR)

PIXEL 2024

Atherosclerosis plagues in mouse

Pre-clinical scanner
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* Radiotracer injected into the body

e Cells with abnormal metabolic behavior will show an
excess of radiotracers

e Positron emission -> e- e+ annihilation

* Detect 2 back-to-back Gamma at 511 keV

e Reconstruct image from Line of Response (LoR)
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Image quality and Acquisition time:

e Spatial Resolution
* Noise event rate vs. True coincidence rate
e ->Small time window and low jitter

Atherosclerosis plagues in mouse
Pre-clinical scanner
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Best pre-clinical small animal scanner combine
MRI — CT with PET to achieve resolution of 0.5mm3

Conventional scanner
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Overview of current small animal PET scanners

Refi; Digital PET/MRI for Preclinical Applications (Doctoral thesis of B. WeiBler, ° Hyperion 1o
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0 Mouse phantom from Digimouse PET (background) + IMontel@a rloktruth it

atherosclerotic plaque microCT (signal of interest)

O Injected activity: 30 MBg
O Measurement time: 20 min

B Mouse volume = 45 mL = 1.4 x 10% background annihilations

m  Plaque volume = 0.006 mL = 8.4 x 10% plaque annihilation
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How far can we
bring down the spatial resolution?
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100um pixel pitch

No acollinearity,
No positron range,
p = 0.1 mm, no bismuth,
reconstructed with OSEM

PIXEL 2024

—8.5 X [mm] 8.5

No uncertanty in Gamma emission process
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100um pixel pitch

PIXEL 2024

Positron range: 102um FWHM for F18
Acolinearity: 90um ~ 4-107>R ‘ é

—8.5 X [mm] 8.5
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PIXEL 2024

N
Positron range: 102um FWHM for F18 %é :\3@
Acolinearity: 90um ~ 4-107>R

—8.5 x [mm] g.5 Reference scanner ~ state of the art
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.‘\- 1t Readout flex

q 4 ASICs 1¢ layer

100pPET Scanner:
\ Reference cooling block 4 towers (960 ChIpS)

F. Cadoux et al.
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https://www.sciencedirect.com/science/article/pii/S016890022201244X?via%3Dihub
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Event size 1 cluster (< (5x5) pixels)

Event rate 10 kHz/cm?

Equivalent Noise Charge (ENC) ~250 e-

Operation Threshold [2000 / 3000] e-

Time resolution RMS (Qin > 7 ke-) 200 ps %
ToA Yes, seed pixel 2
ToT Yes, for time-walk correction

Power consumption < 100 mW/cm?

Pixel pitch 150 pm

CMOS monolithic sensor in IHP SG13G2 BiCMOS, 130 nm process featuring SiGe HBT

See also talk from L. Paolozzi next Thursday
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Vsource < Vbulk
Low-doped P

NMOS PMOS

* In-pixel electronics
» Affects input capacitance
* Non-isolated PMOS
* Need to reduce in-pixel
digital circuits
* 360fF pixel capacitance
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=)100UPET
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Readout channel

X VccA
On-chip TDC
— ‘I Ce Time of Arrival (ToA) :
periphery I l §
ASIC < ' Time over Threshold (ToT) £
detector ASensor

J

threshold
Incoming ;
1 radiation o
Yy 3bit-DAC >—

Pixel matrix
(segment)

[ Tol x Q;,> Time-walk correction ]

A. Picardi et al.
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https://ieeexplore.ieee.org/document/10559741

Good time resolution to select
coincidence events from noise

Use 1 ns time window
“4D-Tracking”
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100p.PET prototype (2023) - T/mlng performance SPICE simulation in Virtuoso
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Excellent timing performance with very low power consumption.

Want to see what SiGe can do with little increase in power consumption?
Don’t miss the talk from L. Paolozzi next Thursday
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_Q 2
N R — fno € 2-EN C2 100pPET prototype (2023) - NR with threshold tun/ng anaIySIs SPICE S|mulat|on in Vlrtuoso
A T s S Vech= 1.2V
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Mismatch worsens the Noise Rate. With threshold tuning, we can achieve the required Noise Rate
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100uPET prototype (2023) - NR with threshold tuning ana/ys:s SPICE 5|mulat|on in Virtuoso
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Mismatch worsens the Noise Rate. With threshold tuning, we can achieve the required Noise Rate
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SPO
| . .
= Simulation results
SP2
|- Max skew 67 ps
Delay line matching oP3 Mismatch rms 11 ps
Pixel 2
— — £ | |SP4 .
_ = Jitter rms 0.5 ps
Pixel_0O () O Y <
Qllsps| 2222 =
= cggg T. coeff. 0.6 ps/C ]
N|lsps| 333 2
4994 V. coeff. 7.3 ps/mV =
SP7
= No pixel-to-pixel
sPe| $4499 . .
o ol delay calibration
SP10 .
v vV oy required
w 11 Super-Pixel output fast-OR
L. lodice et al. TDC [LSB 150 ps] 1 TDC channel/Super Column EACULTY OF SCIENCE
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https://ieeexplore.ieee.org/document/10559663
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Common Ring Oscillator x1

Count + 1
A
> {>¢ 0<0 <1> o<2>{>)¢<3> 0<4|>° 0<5> {>)Q<6> {>¢

X2

Power
Saving En

Buffering
and count0<0:6>

Latching A I I N ‘_rlo o LD o LD o LD a LD o
g<0> | I—EN rEN EN I—EN ’/EN |—EN rEN

| count1<0:6> Disambiguation count + 1

PIXEL 2024

Supercolumn independent Flash-TDC with 7-stages free-running ring oscillator.

States of the oscillator encode the fine-time: expected LSB = 150ps.

Course timing with a counter on stage 0 and disambiguation bit on stage 1.

Reference and Calibration’s channel signals are generated per Supercolumn.

Reference : Synchronization with DAQ for coincidence with an internal counter at readout clock frequency (50MHz).
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* We are building a small-animal PET with ultra-high resolution

e All silicon (MAPS): 960 sensors to build the full scanner

* Design validated with simulations
* Volumetric resolution between 0.01 mm3 and 0.02 mm?3
e Sensitivity from 3% to 5.5%

PIXEL 2024

* Currently building a thermal Mock-up scanner to validate cooling and assembly
* NCP assembly validated with mock-ups

* MAPS submitted in October 2023
* 130nm SiGe BiCMOS
e Asynch readout
e 150um pitch, 200 ps time resolution, 2ke- ENC 280-e @ <100mW cm?
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Backup slides

PIXEL 2024
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Au studs with NCP bonding was chosen for the assembly
o 100% yield connection among hundreds of pads
o0  (Direct) Current stress-tests to verify bonding failure

o Limit DC to 200 mA, avoiding local heating exceeding Tg of the glue (60-80 °C)
m  Visible permanent defects (hot spots — higher bonding resistance) after reaching 300 mA

o 100 TCs from +5 to +60 °C

PIXEL 2024

o No effect on connections

nce [Ohm]

Temperature [degC]

After ~60 hours
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VccA T

bIanbk [
Pi” blaspreamp P2

VccA T

l Ifeedback Ipreamp
Outpreamp
NF”—»—{ N2
Am p-In

GndA };

Figure 72 — Preamplifier schematic.

N5 }—{Ee(xz)

N7 l——@e(xz)

Gndgisc

threshold tuning DAC
(local current mirror)

Outpreamp

IR100pPET
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VDDygisc

Q2
globaly,

biasgisc 1_loc

Gndgisc

Gnddisc
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12 13 14 15

e

~N

Previous R v R Next
ASIC ASIC/DAQ

Each super-column provides pixel address and TDC data:
event size of 143 bits.

<
N
o
~N
—
L
=
(a1

Each super-column data is processed in parallel and independently in the periphery
3-level buffer minimizes data loss at the target event rate.

Read-out speed 50 Mb/s (with 50 MHz clock)
* Max read-out event rate 350 k events/s,
* Chips can be daisy-chained to reduce the number of outputs to DAQ.

*  Maximum expected rate for quad module (24 cm? x 10 kHz/cm?) = 240 k events/s
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0.6
4 Total Rate )
0-5 N E_ TI'UC Rate .Zk P "E] NECR p— ‘S':ZZ—'—KR
—+ NECR ;3// F +T'+
0.4 | --© - Scatter Rate 4 < /

- % Random Rate ET//

PIXEL 2024

Count rate [Mcps]

Activity [MBq]

Fig. 17. Count rate as a function of activity with a window of 1 ns. (The
timing resolution is of 0.3 ns.)
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-+ ACK_out ACK_in [«+<€—={ ACK_out ACK_in |=+<€—={ ACK_out ACK_in [«+<€—={ ACK_out ACK_in |+<€From DAQ—
10kQ
Reqg_in Req_out =—>»+{ Req_in Req_out =+ Req_in Req_out =—»+{ Req_in Req_out »——1 pAQ—>
ASIC 3 ASIC 2 ASIC 1 ASIC 0
+| DATA_IN- ¥ & DATA_OUT- =—»+{ DATA_IN- ¥ & DATA_OUT- =+ DATA_IN- ¥ & DATA_OUT- =+ DATA_IN- ¥ & DATA_OUT-f»
& & & o & & & o To DAQ
+ DATA_IN+ Y y/ DATA_OUT+ —>»+ DATA_IN+ y/ y DATA_OUT+ p—»+ DATA_IN+ Y y/ DATA_OUT+ —>»+ DATA_IN+ y, y DATA_OUT+
& & & & & & & & 1000
P AN PN PAND AN YA AN 100 g,
I
VDD ]
x
[a
§ 1000 From DAQ

* 4-chip daisy chain
* Priority given to the left-most chip (furthest from DAQ)
* First chip request to GND

* DAQ acts as last unit in the chain.

Department of Nuclear and
Particle Physics
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* |In pixel sensor applications, especially for large area pixel sensors with a density of thousands
of pixels, one of the challenges is an efficient information readout that meets the recent trends
of stringent timing specifications.

- Two different approaches:

Synchronous
Synchronous Asynchronous * Clock distributed across the chip
Sl 1 : al > High power dissipation
» Noise on the power supply
] ! » Stringent skew constraints on the clock tree

PIXEL 2024

* . Asynchronous

* No clock distributed across the chip
» Lower power dissipation
i L . » Less noise on the power supply
Sy 0 N I A S A - *l TR A N Y N e > Stringent skew constraints on the outputs

Data ¥

| out

~Ccm
~cm

CLK_|_|_|_|_’_| Async Data out ﬁ UN|VERS|TE FACULTY OF SCIENCE
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100pPET prototype (2023) - Noise Rate Analysis - SPICE simulation in Virtuoso

10°
—Q 2 VccA= 1.2V
_t_h7 1061 lpreamp = 8 LA
NR = fno +c €2-ENC Zoomed-in Region —e— Experimental
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Figure 74 — Simulation - Mismatch compensation technique: frequency and the probability
density function (PDF) of charge threshold mismatch of both untuned and tuned
configurations.(Qth=3000 e, # montecarlo = 100)
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