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ﬂ Semiconductor Radiation Detectors

O “Eyes” of Radiation Instrumentation
» Charged particles (h*, e, a, B, Heavy ions), neutrons, photons (X, y-rays)
» Features = Continuous pulse signals, random in time and amplitude
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@ Front-End Electronics

O Discrete Circuits & Application-Specific Integrated Circuits (ASICs)
— Signal Modulation: Readout, Charge & Time Measurement, Photon counting
— Digitization: for future processing by computers
— Performance bottle-neck of the detector system
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Common solution and frontier technologies =
Employing ASICs to construct front-end electronics



@ Physical Implementation

O Multichannel Readout ASICs
— Main Blocks: Charge-Sensitive Amplifier, Pulse Shaper, Discriminator, Peak

Detector, ADC/TDC, Counter, Shift Registers
— Feature: “Big Analog, Small Digital” (KAZ\D)
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@ Physical Implementation

O Pixel Readout ASICs
— Main blocks: Pixel AFE, Pixel ADC/Counter, Readout Matrix, PISO Registers,
Serializer, PLL and Global Controller
— Feature: “Analog Islands in Digital Sea” (=8, 1=RiD)
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@ ~pplication Example

O ASICs for High-Energy Physics Collider

— lllustrate the radial positions of different systems in the LHC ATLAS/CMS
— Different types, Different performance, the amount of chip up to 0.8 million

muon chambers
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Application Example

O Tracker ASICs Versus Commercial Electronic Chips
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@ R&D Challenges

O Complex Design Considerations

— Performance Matching
 Dynamic Range
* Noise Performance
* Linearity
« Shaping Time/Count Rate |
« ADC resolution
« Time precision
« Consistency
« Power dissipation |

Low Noise

Rad. Hard.

High
Integration

High
Reliability

— Physical Connection
« Package/COB/flip chip/TSV

— Reliability | High ‘ |WideRDyn.

 Rad. Hard., Low temp., Life ' '
_ Vield & Cost | Low ot |

1$/channel?
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@ R&D Challenges

O Multiple iterations - 4~6 years/product

[ Design requirements ]
v — System Design
Logic System Design of ROIC Analog 1~2 months
A v oo i v v N
i ( Rad-Hard Digital Lib ] ' Behavior modeling ] [ Analog Block Design J
; ! ; ! !
H ( Simulation of Radiation Effects j H RTL Synthesis j [ SPICE Simulation J
I 1 . . .
: v : v v — Circuit Design
i [Parameter Extraction (LEF/LIB)J i Simulation with delay j [ All-blocks functional Simulation ] 3~4 mo nths
: |
A 4
[ On-Chip Verification ]

(Analog Layout Designj )

Digital Layout Synthesis j<
i F( AC Simulation )—‘ - Layout DeS|gn

(On-Chip Layout Designj 3~4 months

[ Layout Verification ]
(DRC, LVS, ERC) _

\ 4 . . .

( E— ) Fabrication & Testing
: 2~3 months
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Front-End Readout ASICs: A Survey




@) Research Institutions

O Distribution of ASIC Designers

Europe
IDEAS, NOR; Phillips, NL;
Linkdping, SWE
NOF'[h AGH, Poland; Bonne,
. Heidelberg, GE
America
Rutherford,
UCSC, SLAC UK ®e
LBNL, Stanford, CEA. CNRS,
NOVA, IPHC. OMEGA \ >
CERN =3
[ ]
: Spain /.
Fermilab,
Chicago INFN, Pavia,
UPenn,Harvad ltaly
BNL |

China

IMP

NPU

Tsinghua, PKU,
IHEP, CAERI

USTC, SDU

SJTU

AN

HNU

Source: ASICs in published papers and books during 2000-2023
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@ Classification

O Development of Front-End ASICs in the last 20 years

P-I-N Strip Pixel 1. Low-Noise Energy-Res. ROICs Charge }
Measurement
2. Large Dyn. Rang. ROI
» Preamp. » Multi-ch. » Multi-ch. arge -y ang. ROICs
» Shaping ROIC ROIC Time
amp. » Multi-ch. > Pixel 3. Low-Noise Phot. Count ROICs Measurement
»ADC/TDC ADC/TDC ROIC
4. Analog Pixel ROICs

» Monolithic Active Pixel Sensor (MAPS)

» Si Sensor + ROIC, not ASIC 5. Digital Pixel ROICs
Measurement

Photon Count}

14



@ State-of-the-art Work

O Type l: Low-Noise Energy-Resolving ROICs
— Topology: CSA, PZC, CR-RC", PDH, BLH, DSC, DAC, Mux, TCON
— IDeF-X: 0.35 ym, 32 ch, *40fC, 17 e, 0.73 ps <1,< 10 ps, 100 kcps, 0.85 mWich
— Low-level threshold is ~ 1.2 keV @ Si Drift Detector, X-ray tube, -10°C
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(D. Baudin, IRFU/DEDIP, CEA, Université Paris-Saclay, TNS, 2022) 15



@ State-of-the-art Work

O Type ll: Large-Dynamic Range ROICs

— Topology: TIA, 2 DSC, TDC/TOT, Loc. Reg., Glb. TCON, LVDS

— TOFPET2: 110 nm CMOS, 64 ch, 1500 pC, 500 kcps, 10b ADC, 30-ps TDC, 3.2 Gbps,
8.2 mW/ch

— LYSO/SIPM 2 10.5 % @ 511 keV Na-22, Coin. Time Res. 119 ps
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@ State-of-the-art Work

O Type lll: Low-Noise High-Rate Photon-Count ROICs

— Topology: CSA, PZC, CR-RC", 8 DSC, 8 Counters, Readout, LVDS

— 180 nm CMOS, 160 ch, 214 e-, 10 ns <1,< 40 ns, 17 Mcps, 4.2 mW/ch - 8 energy bin
with 8b counters for strip detector

Analog Inputs

8 Programmable
Thresholds

l

160 Analog
Channels

Compat

Control Serial LVDS Serial In

2LVDS Output pairs @ 400Mbit/s

Digital LVDS Data Out [
Count/Readout

o 2o
Pad

%

-
ps
Vit
>
rH

Re:
>

N-bit Counter

f

80 Analog Channels

80 Analog Channels

Digital
part

TABLE 1I
ASIC OVERVIEW
Target/Simulation Measured
Number of channels 160
Gain 2.08mV/keV 2.10mV/keV
Noise |level, ENC 300 electrons @5pF 214 electrons @~5pF
Number of energy bins 8
Counter resolution 8b
Peak times 10ns, 20ns, 40ns 10ns, 20ns, 40ns
Maximum count rate 17Mcps @100MHz 17Mcps@100MHz
Maximum frame rate 37kframe/s @100MHz
Process 180nm CMOS 180nm CMOS
Clock frequency 100MHz, 200MH?z 100MHz
Power consumption 800mwW @200MHz 670mW @100MHz

Chip area

Smm x 6.6mm

(M. Gustavsson, Linképing University, Sweden, TNS, 2012)
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@ State-of-the-art Work

O Type IV: Analog Pixel ROICs

— Topology: Pixel AFE(CSA+SP+BL+DSC+PDH) , Mux, Reg., Global TCON, BGR,
Bias, Temp. Sensor

— HEXID2: 130nm CMOS, 250%x250 pm?, 16x%16, 0.06 ~ 5.4 fC, 10 ~15 e, 0.125 us <T,<
1 us, 0.6 mW/pix = SI/CZT pixel detector for space X-ray imaging

B[] ek W o o e
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en wen ck tki tko di do

t 4t
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w

— 3f'"7“'—f_)trder DFF shaper
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pump-bond oSS e —e— with CZT pixel (~100 fF) .
........................................... pad rihaseling holder ar /
i R?Q%I;l:or | s iscriminhr s 45 B Bf T
: enable | F=Peak detector| s o ®
¢ input charge range | GO E o
0.06 *l 5.4 fC i % 12 |
' 1 DSC 5 e
—— —— ! E 1 -
CA — SABL —¢ | ; T [ \.\ /
i L]
L PD E 5 —ampl 0k

[{=]
T

L 1 L 1 L 1 L 1 L 1
0 200 400 600 800 1000
Peaking Time (ns)

_______________________________________________

(S. Li, BNL, USA, 2017)
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@ State-of-the-art Work

O Type V: Digital Pixel ROICs
— Topology: Pixel AFE(CSA+SP+BL+DSC), Pixel ADC/Counter, Readout Matrix, PISO
Registers, Serializer, PLL and Global Controller
RD53C: 65 nm CMOS, 50 x 50 ym?, 400x384, *40fC, 600 e, 3 GHz/cm?4, 10
MW/pixel, 500 Mrad
— Others: FE-I4, TDCPIix, Velopix, Medipix4, Timepix4, MPA, ClicPix

' - \ — 7 Single analog Example‘of
H E B ATLAS: 400 columns x 384 rows B FrontEng f)(r]\u:erssrc))l:( H
; g TR=HEE CVIS: 432 columns x 336 rows {EIE=HI l above
Digital “sea” Bump bond
P — Analog Chip Bottom (ACB) location
1 1
E Digital Chip Bottom (DCB)
o Analog
3 1Ll 1t i “island”
Aoc | [calibr] | Bias bACs | [CDR/PLLI [sensors | [Ring osc]
e [shwo_an ][ snuoo_oie | [smo0an | [ smoo.ois | [ omersnec | [P0 ][ stt00.an | snioo_ois [ snoo_an || smooois |
+ | 00000000000 e NO000COOOOOND

(G.-S., Maurice, LBNL, USA, 2024)
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@) Performance Overview

Multichannel ROICs Pixel ROICs
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@) Performance Overview
‘ Multichannel ROICs Pixel ROICs

)
echnology (nm)
5] ]

Conclusion

O Main Electrical Characteristics
» Fabrication Process (nm) : 350 2250 = 180-> 130-> 65 > 40 - 28 (Adv. 65 Vs. 28)

» Equivalent Noise Charge (e-) : <150 (Mini. ENC 10 Vs. 10)

» Count Rate (Mcps): 0.52122->3>5->10->17 225 (Max. 17 Vs. 25)
» Discriminators per channel/pixel: 12224 2> 5 2> 6 = 8 (Max. 8 Vs. 8)

» Channel/Pixel Number: Continuously increasing (Max. 256 Vs. 448x512)
» Power Dissipation (pW/ch) :7.5~5000 (Mini. 600 Vs.7.5)

F
Pixel Nmuber

Channel Number
o w
]

2010

2010 2015
2005 2015
YEAR ¥

tttttt

YEAR Year
(Source: ASICs in published papers and books during 2000-2023) 21



@) Performance Overview

O Total ionization dose (TID)

— Ipofs reduced with the shrink of process nodes, but worse for 14-nm FInFETs

— 65 nm CMOS: ELT shown tiny |5 . and AV,,,@ 100 Mrad but |, ¢, o, affected by
dose rate effects

— Medipix/Timepix Family = 800 Mrad

>

nnealing (T=100°C)

1000 - 50 . ‘I!rr!e!r!Jjatiun (T=25"C:3 ,

— pMOS (ELT) oo0boodoodseod W/L = 1.32 ym/0.06 fom
Partially-depleted ; M g pMOS; diode
CMOS/SOI 5 Low Pl J’_% =i _A
(Palkuti, Proc. IEEE SOI-3D Conf.| power Op— i =‘6’=W X %
Oct. 2014) = J T=25°C] L -5 Y 1
100+ i
High S &5 \E\ }
Performance -
High density E \EﬂLB_E_rE—*E’E ) T'| 82
3D & ' : & -101
architecture = ©W=1.32um;L=0.06pm =
0. <1 -100f & w=1.42,m:L=0.12um A
W=1.63m;L=0.24:m m —6—10 Mrad/h ™~ K., ‘-‘7
= W=1.84um;L=0.36um P 15} = -1 Mrad/h AL
1501 W=2.43m;L=0.6m e <nfe 500 krad /h N
W=3.24m;L=1,m —A—-100 krad/h it
N gl 2B S =m [r=zsdlg | an
150 130 90 65 45 32 14 14 14 - 1 L 1 1
I T TSl ok utes PreRad 10 10° 0 20 40 60 0 10 20 30 40 50
FinFET FinFET TID [rad] Time [h] TID [Mrad(SiOz)]
Technology Node
(Hughes,2015) (F. Faccio, CERN, NIM A, 2023)

22



@) Performance Overview

O Single Event Effects (SEE)

— Critical charge <1 fC @ sub-100 nm nodes - lower LET,, = Multi-bit upset (MBU)
— Triple-Mode Redundancy, Time Redundancy, EDAC - LET,, > 75 MeVcm?/mg
— SEL immunity = LET,, > 100 MeVcm?/mg

Lot did Ermbrizi-e— sram =i
[ FE o === Petersen Model
103 s ; e 3 10
T — = S 3

o 102 g > ol - T s
£ o " 5 = 68U
4] =X mo
§ 101 5 1E8 e/,::/ 2 6 m5BU
G 4 A 5 m4BU
™ T W =]
.E 10° S § =—#—130 nm § 4 38U
£ b 2
5 169 o &=50 nm g m28U

101 A s B B S R e 65 nm - 18U

I Qc-0.02312 E.L. Petersen, circa 1982 [ ‘
102 7 P 1E-10 | ‘
10 10 10 10 0.0 50 100 150 200 250 300 35.0 0 -
Feature Size (nm) LET [MeVem2/me] 1.1 30 6.0 102 144 204 289
LET [MeVem2/mg]
( Massengill, 2012 ) ( F. Faccio, CERN, NIM A, 2023 )
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@) Performance Overview

0 Technical Trends

— QOverseas: 28 nm, larger ch./matrix, 10 e-(rms), 25 Mcps, ~yW/ch, 800 Mrad
— Domestic: all types involving, less applications

Parameter

Process (min)
Channel No. (max)
ENC (min)

Discr. No. (max)
Count Depth (max)
Count R. (max)

Power Diss. (min)

Radiation hardness

Overseas
Multichannel
65 nm 28 nm
256 448 X512
10 e 10 e
8 8
24 bits 24 bits
17 Mcps 25 Mcps
600 pyWich 7.5 yWi/pixel

TID > 800 Mrad(Si)
SEU LET,, > 75 MeVcm?/mg
SEL LET,, > 100 MeVcm?/mg

Domestic
Multichannel Pixel

65 nm 65 nm
64/128 400X 512

25 e 100 e

8 3
16 bits 24 bits
10 Mcps 5 Mcps
600 uW/ch 38.9 yW/pixel

TID > 30 Mrad(Si)
SEU LET,, > 75 MeVcm?/mg
SEL LET,, > 100 MeVcm?/mg
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Intelligent Front-end Processors




© Requirements

O Next-generation Instrumentation
High-luminosity Collider, Energy-resolving photon-counting CT, X-ray Astronomy

higher precision detectors (MAPS & HPD)

ROIC: 50 pm pitch, 448 x 512 (Timepix4, 200 PB, 4.8 Gbps)

New challenges
« The rapid increasing amount of data
« Traditional methods are inefficient

Radiation

Pixel

Sensor

Readout
ASIC

i

Data
acquisition

CPU

DSP > User
FPGA
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@) Issues and Solution of Current Electronics

O Non-idea effects of Sensing 2
— Compton scattering, charge sharing, piles-up, dark/FPN noise etc.

— Requires feature enhancement Fusion of Sensing
O Computation Issues and computing is
a trend

— Increased data stream > Accelerator-> Power Wall + Memory Wall
— Requires data compression, feature extraction & recognition

In-Sensor Computing

Near-Sensor Computmg

Sensor Sensor
,'

E*EEE’

Digital process circuits (W. Pan, Engineering, 2022) 27
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|
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@ Relative Work

O Fermilab(2021): Front-end data compression based on convolutional
neural networks for high granularity detectors
— Two neural networks — Encoder and decoder
— Deploying unique compression algorithms for sensors in different detector regions

— Alleviates data transmission issues while retaining key information on detector
energy distribution

High-granularity Algorithms Output to 7 Sensor output NN outputs
detector data trigger path 4.0- bandwidth — 6
- = —+ 64 bits 10
— | Normalizer | — | Cell 5 351 --- 160 bits — 16
"'."’. max 9 -
O v | | :
O 2.5 4
“‘_‘Q “’0 Neural / S
’ ‘ Network = |8 2.0
Shape- ] o |
= 1.5
‘ Encoder \_ &
L = 1.04

. . . . Occupancy [1 MIPr cells]
(Giuseppe Di Guglielmo, physics. Ins-det, 2021)
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©) Relative Work

O BNL(2022): Edge computing architecture for front-end electronics of
particle detectors

— Bring Al closer to the original data = Optimize the data processing of the
Increasing amount of data + Estimating Charge Signals from sampled Waveforms

- MLP/CNN
Sensor = FEE(Amplifier + S » Neural 12048
Response Shaper + ADC) oo °, Network 7 Q 5“
’ ° 4 X - 1x16
4 LN\
Modelled in Sampled N It NN 8 o
Mathematica framework Waveform N N e
. sty O 4 O‘:&{C ';"\}:\O Z g
o R B 3x3Super O /)
Pixel @) 'g
neuron 7 ing O Dense

Post Processing FIFO
High Speed Drivers

) Hsav | 2 @ oS 3 oL

Joy=f[ Elw;x;+h]

;)pen-soL'l(rt?e Intermediate Commercial RTL
ramework in format, Python HLS tool from Generation
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©) Relative Work

O INFN(2024): In-sensor Intelligence in radiation detectors
— 64 inputs, 2 hide layers, and 2 outputs = reduce the data transfer (64> 2)
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@) Alternative Proposals

O NPU (2023): CNN-based Front-end Processor for X-ray imaging
— Pixel Readout + 3 layer Neural network (784 in, 2x2 Cov. Layer,10 out)
— Analog computing employed x-ra

— 1 o
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@) Alternative Proposals

O NPU (2024): SNN-based Front-end Processor for X-ray imaging
— Using LIF neurons to replace the integrator = improving accuracy to 95.4 %
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R&D of ASICs by Our Group



@ ASIC Overview

O Developed Chips in the last 10 years
— 20+ types of ASICs and 50+ types of IP cores from 0.35 ym - 0.13 pym CMOS
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@ Representative work

O A 32-channel 8-Energy Photon-count ASIC for Si Strip Detectors
— 0.35um CMOS 3.3V,4.8mm x 4.8 mm, Taped out: Mar. 2024
— ENC =53 e- + 4.2 e-/pF, SAR-based photon count = X-ray diffraction imaging
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(Submitted to IEEE NSS/MIC 2024)
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@ Representative work

O A 64-ch High-rate Energy-Resolving Photon Count Readout ASIC
0.13 ym CMOS 1.2/3.3V, 4.3 mm x 3.0 mm, Taped out: Mar. 2024
Eight 5-ns Discriminators/16-bit counters in each channel
Automatic feedback reset - 10.5 Mcps

Segmented Si Strip Detectors = CT imaging Scanners
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@ Representative work

O A 64-channel Readout ASIC with TDC for SiPM Detectors
— 0.13 ym CMOS 1.2/3.3V, 4.98 mm x 4.98 mm, Taped out: Mar. 2024
— Q,,> 1500 pC, 1 Mcps, T,;, = 312.5 ps = SiPM based y-ray imaging
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(Submitted to IEEE NSS/MIC 2024)
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@ Representative work

O A front-end processor chip based on convolutional neural network
— 0.18 ym CMOS 1.8/3.3V, 3.78 mm x 4.85 mm, Taped out: Jun. 2024
— 28x28 pixel readout circuits with 2x2 super pixel built-in LDO
— CNN network=-> 1st layer (Analog MAC + ReLu) in pixel matrix + 2 layer FC (CIM)
— Precision up to 92 % when hide layer nodes is 90
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(To be submitted to TCAS-I)
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Conclusion and Perspective




@ Conclusion and Perspective

0 Conclusion
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Basis of front-end electronics
State-of-the-art work and Trends
Intelligent front-end Processors
R&D of front-end ASICs in NPU

O Future Work
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192-ch 8-Energy Photon-Count ASIC
256 x 256 pixel readout ASIC
CNN/SNN-based front-end Processors
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