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Principle of Positron Emission Tomography (PET)
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PMT based = SiPM based

photosensors
i

‘ scintillation
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high-resolution, TOF PET, PET/MRI, insert, compact organ-specific PET
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SiIPM Readout Electronics for PET
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Courtesy of
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Courtesy of Guen Bae Ko

current mode preamplifer for
low input impedance =
sharper leading edge

most charge in the slow tail =»
needs a long integration time

v

TOF PET




ASICs for SIPM P.P. Calo et al, NIMA (2019)

chip Time resolution Power Note
consumption

SPIROC 1 ns rms 25 uW/ch voltage mode; 0.35 um, 50Q input impenedance, inverting voltage amplifier; a CRRC?
shaper with selectable shaping time, x1 or x10;a bipolar fast shaper with shaping time of
15 ns for generating trigger; power pulsing to reduce power consumption

EASIROC <0.3 nsrms 4.84 uW/ch voltage mode, similar to SPIROC

PETIROC trigger jitter 46 ps, 1x1 mm? 3.6 mW/ch voltage mode; SiGe, high bandwidth f>60Ghz; slower shaper for energy and an RF
Hamamatsu MPPC, fast laser common emitter preamp with 10Ghz gain-bandwidth product and a fast discriminator

PETA3 190 ps FWHM CRT, 3x3x5 32 mW/ch voltage mode; 50Q2; x20; fully differential voltage amplifier for the fast time channel
LYSO, 3x3 mm? FBP SiPMs

NINO 64 ps rms SPTR, Hamamatsu 20 mW/ch current mode; differential front-end, open-loop common gate current follower; 1.5 ns rise
S13360-3050CS biased at 62V time for a single fired microcell, 100 ps rms jitter for a 3x3mm?2 Hamamatsu MPPC with

1.5V overvoltage

STIC3 67.1 ps rms SPTR, Hamamatsu 25 mW/ch current mode; differential front-end, open-loop common gate current follower;
S13360-3050CS

TOFPET2 95 ps rms SPTR, Hamamatsu <10 mW/ch current mode; regulated common gate transimpedance amplifier to save power

S13361-3050E-04, biased at
7.5V overvoltage
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Data Acquisition (DAQ) System for PET
PETSYS FEB/A v2

TOFPET?2 | REB/ANE
« CMOS, 64 ch \
» top-level scheme of one channel

Clock&trig
board

FEB/I

HV 70777 g
=7 EB < FEB/S
E< | O
Sz | &
___________ R4 FEM128
5 " |B  « 2FEB/A_v2: 64ch TOFPET2 ASIC,
o N
S 9 _ temperature sensor
£5 in‘igg?:tﬁg'ﬁme o . 1 FEB/S: connection adaptor  FEB/D-1024 support up to 8 FEM128
=38  to2ps « 1 FEB/I: communicate with FEB/D « Upto 32 FEB/D-1024 can be daisy

chained to a single DAQ input
« time-over-threshold (tot) or

energy integration (qdc) mode
« 5-8.2mWi/ch
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Methods to improve timing

Analog high-pass filtering Bootstrapping techniques
High-pass filter leads to improved timing: (a) passive
better SNR on fast leading edge HY [ | >I>_<nmmg
No Multiplexing, No Filtering Amplifiers o2
Scintillation Pulse or ASICs ;“ . i
o teadng sdoe | TSiPM % %Balun better single |_
% Dark Pulse | | Transformer E 0.06 photon
g | ~ g oo response
CC 0.02
Time ’

/ \ (b) aCtlve 002 20 a0 40 ) r“?'o 70 80 90 100

__________________ 1 | _|
Multiplexing, No Filtering Multiplexing with Filtering HV
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‘ I : 1 | |
. \ |
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High-pass filter with pole-zero
cancellation for baseline correction
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Data Acquisition Electronics
Time-over-threshold (TOT)

Integrated signal [V]

Time info.
(LED; rising edge) Energy info. (ToT value

linearized TOT

~ Energy Histogram

Timeg [ns]

\ ToT | f il \ 3 integration 0 discharge
Ol va

VR i AR ToT Histogram

*I} CR filter -~

™S
= Cost effective (using simple comparator + TDC) presmeter )

= reduced dead time
= ToT value «< log (Energy) L ‘J\/ :ﬁ; L
= relatively poor energy resolution, but acceptable for
PET when using 1:1 coupling and bright scintillators

<
"/

) OR gate

=

using bipolar shaper

Courtesy of Guen Bae Ko
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Features

Product Information

BASP-]_OO 11 Compact general purpose 16 channel DAQ module

SiPM Vbias Readout ASIC Digital

1 channel HV output (40-70 V, up to 300 mW)

1 channel DAC output (0 — 2.5V, up to 20 mA)

16 channel ADC with analog gain (12-bit, 80 MSPS)
16 channel FPGA-based TDC (16 ps LSB)

4 channel slow ADC for temperature monitoring

5V and 12V power supply output for front-end circuit Applications

High throughput with LVDS serializer (up to 2.4 Gbps) .
Expandable with Brightonix Signal Multiplexer Board .
(up to 32 modules) .
USB 3.0 interface (up to 1.6 Gbps) .
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| M

14.67 ps RMS
34.55 ps FWHM

|

0 =75 =50 =25 0 25 50 75
TDC code (16.66 ps unit)

BASP-10011
~ 200 mm

PET/SPECT detector

Gamma spectroscopy

Compton camera

General purpose data acquisition
Various academic research




DAQ Electronics A

Waveform Sampler (Switched Capacitor Array)

Voltage, relative units / 200 psec

= m Switched Capacitor Array (Analog Memory)

0.2-2ns 10-100 mwW oot i
—*—  Inverter “Domino” ring chain \ |

_ : -/ - - =1 -~/ -~/ -/ -~/ -~ Waveform
fy : _ _ _ _ _ _ _ _ __ stored PS|
DRS4 chip Out ,
Clock O— Shift Register | 3F3A:\3,|CHZ
= 12 bit, upto 5 GHz
= 8+1 channel, 1024 samples/ch
= digital, nontrivial post pulse processing (e.g. noise filtering, CAEN
baseline correction, pulse pile-up correction) VME 32 ch; NIM 16 ch, desktop 16 ch
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DAQ Electronics
Waveform Sampler PSEC4

* Hardware + (lots of) firmware required for system integration of ASICs.

& fZIX RSS connectors for USB 2.0 for  Calibration Signal conditioning
exible system ulse input mezzanine / signal
Sl . operation (1 clock + 7 standa_lone P P h /. &
< LVDS data lines up to operation Imput: Flugs into
Fheriocatiode -t . LAPPDs with ribbon
Ceramic body [ 1 800 Mbps per line) 30 channels of
\ HY coax cable
“Anude” WEEn nnnnlnnnngnn
“Fichug® iRy | o 5y
Ly ground | : : :‘Iw power
o l llﬂllﬁ I.,:.ﬂ.. llﬂ ~1.5A

LU A U U

A 30-channel 10
GSa/s ‘scope’

To wavelorm digitizer

USB2.0

PSEC4a: 6 ch, 1024 samples, 2-11 GS/s

http://psec.uchicago.edu
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DAQ Electronics
Multi-Voltage Threshold (MVT)
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Pulse reconstruction using curve fitting

VPR T N ——

Vch ............................................ Energy info.

V (reconstructed
J— e

pulse)

Time info.
(reconstructed ulse)

* M\Il"T samples

T T T
e 50Gsps digital pulse
= = = ® hi-exponential fitted

§ 8

Amplitude (mV)
g

1 1 1 1
50 0 50 100 150 200 i 50 100 150
Time {ns) Time (ns)

= can reconstruct pulse shape
= improve energy linearity

BRIGHTONIX



Data Acquisition Electronics
Multi-Voltage Threshold (MVT)
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12 ch board, 8-level Scintillation pulse P

Courtesy of Prof. Q. Xie (HUST)
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Commercial PET systems

m
- - . ~214 ps (Siemens) e Y \ -
Siemens Biograph Vision ~225 ps (Prenosil et al, INM (2022)) ' |

+

[ ]

3.2%x3.2x20
mm3 LSO

4x4 SiPM . ..
s Biograph Vision 600:
19 DEA on 82cm dia. Cylinder

Siemens UDR: Detector electronics « 26.3 cm length
« 2x2 miniblocks => one * assembly (DEA): > 60,800 LSOs,

elec. channel, 1 TDC, 4 ; « 2x8 UDRs 19*2,408=38,912 SiPMs

ADCs » 3,200 LSOs, Biograph Vision Quadra
« 2 elect. Channel 2,048 SiPMs 106 cm length

» 200 LSOs, 128 SiPMs ~ 4x2 minibld8 » 243,200 LSOs, 155,648

(1.5625 ratio) SiPMs

https://www.siemens-healthineers.com/
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Commercial PET Systems
GE Discovery MI/Signa -385 ps (Levin et al, IEEE TMI (2016))

Transaxial:
Won =20 cm (4 axial rings)

4x 3.9%
Transaxial dimension = 6.4 cm

(4 Transaxial blocks per module)

S Thickness:
i 25 mm
T ’( i : ~ i Tapered - i Sy
SiPM piXeI;\ \\\\E(// lightguide Block detector Closed loop cooling tubes
—

4 mm X 6 mm

detector module = 4x5
detector blocks for 25 cm
length

» 720 LSOs, 360 SiPMs

« 4x9 LYSO crystal (3.95x5.3x25 mm3)  °
« 3x6 Hamamatsu SiPMs, each 2x2 mm?
 Light sharing multiplexing, tapered
lightguide (36 LYSOs = 18 SiPMSs)
» 36 LYSO s, 18 SIPMs (2:1 ratio)

Hsu and Levin (2020) in Advances in PET
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P betector module : TETE o

D-MI: 34 detector modules on

74.4 cm dia. Ring

» 24,480 LYSOs, 12,240
SiPMs

Signa (PET/MR): 28 detector

modules on a 62.4 cm dia. ring

» 20,160 LYSOs, 10,080
SiPMs




Commercial Systems

Ul u EXp lorer -s12 ps (Spencer et al, INM (2021)) - Detector block = 7x6 LYSO array of
2.76x2.76x18.1 mm?3 =» 2x2 SiPMs of

6X6 mm?2 SensL J-series SiPMs
> 42 LYSOs, 4 SiPMs (10.5:1 ratio)

« Detector module = 5 (transaxial) x
- A\ = 14(axial) detector blocks
- ! : » 2,940 LYSOs, 280 SiPMs
L « Unit = 24 detector modules, 24.02 cm
/' long, 78.6 cm diameter

PR » 70,560 LSOs, 6,720 SiPMs

— 8 units =» axial length 194 cm
564,480 LYSOs, 53,760 SiPMs
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Commercial PET Systems

. ps A
Ph | I I pS VereOS ~315 PS (Miller et al, INM (2015)) | die3 | die7 | diet1 ||die 15 | _ _
- 3216 mm 4x4 independent dies, but share 2
] ies | wes | weso lsers | TDCs and produce 1 time stamp
32.6 mm
2 . die1 | die5 | die9 [|die13 Vbias Vbias d|g|tal SiPM
Detle?:tor 3 ; = lr_;_f::_;ﬂ;;f’;;f;f;fi_:j_ 7; Digital SiPM Digital
Modules ( dieQ | die4 | dies ||die 12
' = *DPC-3200-22 e ! e Time
8x8 dSiPMs  #Liu et al, JINST (2016)
5 . Energy
Subpixel 1 | Sub pixel 4 7 8775 mm
pixel 4
6 Subpinel2 | Subpixel 3 (5-40) ns (0-20) us 680 ns (5-80) ns
Zhang et al, EJNMMI (2018) Yes
7
3.8775 mm 7.15 mm
18 detector modules pixel 2 pixel 3 o
3.2lmm
« 5x4 DPC sensors , .
. g] er

*  40x32 array of 4x4x19mm3LYSOs  2x2 pixels (1st 2nd. 319, 4th photon)
« 1,280 dSlF_’I\/Is/moduIe . 3_200 APD_s/p_lx_eI Philips Manual
« 23,040 dSiPMs total » Pixel has individual counter
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M u |t| p I eXI n g Read O Ut Park et al, Biomed Eng Lett (2022)
Charge modulation based

Discretized positioning circuit (DPC) (a) hybrid DPC
R
/\ O vAYAYs /\
A AN ANN—ANA—ANM—AM~—AM—A— B %RL A {Jg-.{, } B
AN AN A=A\ (b) im}ﬂ___LlA. _,___n'm}

¢ “WA—+AW——ANA—ANN——AM——M\—\—D

Z=A+B+C+D; X=(B+C)/Z; Y=(A+B)/Z it . improved timing

 suitable for compact module C R : .

) » shape uniformit
* undesirable RC delay P y
» Resistors =» capacitors: better timing Park et al, PMB (2017)
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M u |t| p I eXI n g Read O Ut Park et al, Biomed Eng Lett (2022)
Charge modulation based

row-column sum

?N»A?NW?N\A?NA %H—«&(F&Hﬂ%l—« ;T iH: TaT
?M-‘)%WWEW?M'* >&-IP)EF>‘1_(F‘&1_“_‘ ":" T T Tr

> T 1T I TIT
?M«)%W\AE\M’-'?/\M > %}ﬁ &H— >$j_—“"%il— s
?/v\« ?Nw ?Nv-‘ ?vw-‘ L A I i i i i A

> ?H—* ?«F ?l—»?ﬁ 5 v N
« performance > DPC but more preamp and readout channels | | | _' vy
« capacitor-based has better timing S X3 X4-Xn
« cross talks between channels * Use diodes to reduce

cross talks
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Multiplexing Readout

Charge modulation based

Park et al, Biomed Eng Lett (2022)

symmetric charge division (SCD)

N

) E«w—
s

1T

Cross-strip capacitive coupling

Y,

TT

Eimieie)

:
N

1
T

PP

]

T LN NN

- H

T LN LN NN

1 rn ri i
T

X
0 X
X
1

X. '—"NVMXW\'—‘ X, x.—<] =2 ! X, X

 row-column sum + 1d resistive chain
* reduce # readout channels
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M u |t| p I eXI n g Read O Ut Park et al, Biomed Eng Lett (2022)
Time modulation based

Stripline readout S Red: Left delay grid multiplexing
< L _ St Blue : Right

—f{—|t o : L
tl Q |t2 . . - R L
_v_ v T I A A A A

IR
IR

6t=t1_t2=2'€/v %{%88

SL-32(37.5 mm)

¥ [ ¥
X[ ¥

\—r_l
Unit delay 600

=
l\I‘I\Ill\l‘IH‘HI‘HI‘IH‘HI‘III‘IHlHI‘

: x = ((ty—tc) + (tg — tp)) /4 § o |
l : oSL-8 Yy = ((tB_tA) + (tD —_ tC))/4 200 |

WSL-16

ASLR2 1 -05_ 0 05 1
T T R S TR Time (ns)

= Kimet al, NIMA (2020) Trace length

'—

1
SiPM — 9 150
output 3

no
a1
[=]
(T[T T T I TT T T
|
|
L J
|
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M u |t| p I eXI n g Read O Ut Park et al, Biomed Eng Lett (2022)
Time modulation based

electrical delay line multiplexing

FRONT VIEW BACK VIEW

y 16 : 1 power combiner
input Mini-Circuits JEPS-16-1W
(1of16) (10f2)

SRS ARG
L] . "L'

v
N

Ss Sk

1 1

VY V.Y

s

¢ @

1:2 RF splitter @ 2

er spl
Mini-Circuits SBTC-2-10+
(1 of 16)

N : 1 Combiner

1st digital delay

comparator
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Multiplexing Readout

Frequency modulation based

Park et al, Biomed Eng Lett (2022)

Polarity modulation based

2001

f1

i

f

H

SiPM,

e (ADC)
S

f2

Amplitud
2

(=3
T T T T [T T T T [T T 1= <l

F }

H
SiPM,

— 0 200 400 600 800 1000 1200
Time (ns)

« Single sinusoid source per SiPM - scalability?
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Position g | | o, 4 : 1 Multiplexing Circuit
Sensitive ¢ | | ¢, A ——
PET bl pe A | A
Block py From Detector 1
++++
o AT A N
Position g | | g, B- B
Sensitive ¢ | | .. B — 1+
PET ot o From Detector 2
Block py .
c. —— -
—Ha| oS ;oo
Position g | g >
Sensitive ¢ | | ¢ o sy vv”\')dq;:‘:"“é'%'% ,/*’;%Jé
PET »pllp D —|— / V7
Block py be 4P / 1/
U
— kA U
Position g| | g.
Sensitive ¢ [ | ¢ -
PET |l o +0Y
Block py




M u |t| p I eXI n g Read O Ut Park et al, Biomed Eng Lett (2022)

Digital modulation based |
Pulse-tagging

« Early digitization allows better performance (@) e
etector XPOS
» Digital multiplexing can be based on FPGA .
J plexing W nnjmm 8
Ys [ n:# It
digital pulse sequence generation , s
2l
Y1 g b Sl |G S| e S ﬁjk
" . S use ADC
Mg,
i ) 5 J_I — Output (16:1 MUX;

A 16ch, 4ch. Timing Signal P )
|:||:||:||:| X ™~ [I'\ a (b) PET Detector G
ooog |\ =] e
l:”:”:”:l - > b © Energy and Position Signal ) J—LYS m
DDDD Y. \ ’H\ o 20 J_Lyz %\

e v 1 |y,
SiPM Array Resistor  Amplifier Comparator Delay
Matrix chip N X N K
LI, TDC only
+500 ns (@ : unitlength ) Output (16:1 MUX)
Multiplexing ratio 16:2 Multiplexing ratio 16:1
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Examples
Modular PET unit

RJ4S (Ether A (7 VAT T <
e DOODOG-| <
sampling ég éw ég‘wg <
{Ji:itterface ﬁg ég’ég ég’éwg <
stripline clg (“3 T ég E‘g i <
readout unit l l l l l l <
LYSO/SiPM — > )

unit

AAAAAA (B

=
E S EIoER Clock board
9))]
~~
O 50 mm
)] — - ~
(o] (o] —
/5] @ s
CF\|| ot a o g
& (b)
—i
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Examples
Compact DOI/TOF detector

SL. Board

////N Y50

NxN sipM | gfounded;

arrays ou l_e’
ended light

rgadout fpr
DOI

SL Board
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ot, front-end array (ns)

- 6t, back-end array (ns)

f\m \ "f |[“k

F/(F +B) Rarzo

3mm

5mm ||

9mm

13mm|
15mm|{ U
17mm|

391 ps

0 5 10
ot, back-end array (ns)

3mm
5

Tmm
13mm
15mm
17mm|

| MJ“‘. Y II'%.

i ILM li't

0.4 0.6

F/(F +B) Rano

584 ps




Examples

%2/ ndf 123/ 41

Constant

Mean 5.935 + 0.002

Sigma  0.1404 £ 0.0020

' EPRi‘magnet

6.5 7 1.5

<
N
¥ Time Difference (ns)

A‘ | Bl i i B B e D e - - r- -Tr - ___I__)B
Al B1A2 B2A3 B3A4 B4A5 B5A6 B6A7 B7A8 BS 185 mm
S1 ([|S2 ||S3 ||S4 [|S5 ||[S6 ||S7 ||S8 m
D1: C1D2:C2D3:C3D4:C4AD5:C5D6:CpC7:C7D8!C8 ©
I R & ek okl g ® T = el i 3
1 2 B3 34 x5 6 X7 (28 1as 3

SLoytg <~ AWML= A - A LA A~ oo5 SL 4
1,152 LYSOs = 128 SiPMs =6 outputs

signal cables

passive electronics: shielding and
heat problem are reduced
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Pulsar Board R&D Goals

The Pulsar is a custom ATCA full mesh enabled FPGA-based processor
board which has been designed with the goal of creating a scalable
architecture abundant in flexible, non-blocking, high bandwidth
Interconnections. Initially motivated by silicon-based tracking trigger R&D
needs for LHC experiments, the Pulsar is uniguely positioned as a flexible
general-purpose platform ideally suited to situations where multiple
processing engines need to be tightly coupled.

« ATCA platform, full mesh backplane
« Scalable, flexible, interconnected

* High bandwidth interconnects
 FPGA based, general purpose

* Multiple processors, tightly coupled
* Blur the distinction between FPGAs
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ATCA Background

Advanced Telecommunications
Computing Architecture

» High availability

» Redundant 48V power

» Redundant control

» Hot swap everything

Unique full mesh backplane

» 4 lanes between all slots

» 10G — 406G - 100G

Large 8U x 280mm form factor
High power 300W+ per slot

IPMI management of intelligent field
replaceable units
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Pulsar2b Results

SHot -
wap
LVDS Z
F M C. I O
Mezzanine 3GTH N
40 GTH to RTM E
FPGA ; --
= ___| Config 4 - & Ty
I 12C V| l'tex-7 Flash 0 . om - (=
| %Fermu\ah - Fermilab
; \ q - , Pulsar ||
EMC XCTVX415T  — oo ‘ O
Mezzaning XC7VX485T
XC7VX550T ]
XC7VX690T [iaees
| Z
FFG1927 o
—_— N
FMC 28 GTH to Fabric 5
Mezzanine —
| Base
I ch1 J
12C/PMBus
| |
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Pulsar2a/2b Expansion: Mezzanine Cards

« Single and Double wide FMC mezzanine cards
« Test high speed interfaces (LVDS, MGT) to Pulsar boards
« Expand processing power (2 x KU0O60 FPGAS)

« Standalone test platform for Pattern Recognition Associative
Memory Devices
» ASIC
» FPGA

« Track finder board in the
demonstration system
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Observation

* time of flight = need high bandwidth-gain product,
power consumption

* Insert, OS systems = limited space, heat

* long-bore system =» extremely larege number of

channels
» Multiplexing, helps but TOF? count rate?

» Scalable backend electronics? For digital
waveform processing?
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DAQ Electronics
LAPPD Design

Fused Silica window
(Photocathode inside)

= Electrode

Emissive
Layer

Glass
Substrate

MCPs + Spacers

Resistive
Layer

Transit Time = t,-t, ncoming photon

top window

HV tabs at each corner

(Independently power - \ mep 1
MCPs) Internal Resistive Anode

photocathode (pc)

mep 2

User changeable signal board

« No wall or anode penetrations o —
« Active area: 195 mm x 195 mm :  LAllinexpensive giass

o Grid Spacer leaves active Illustration provided by Univ. of Chicago

area of 373 cm? (97%)
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DAQ Electronics
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