o (55

Computerized Tomography ohy andiApplicatons,

SR FPETRBAFRO R YA R

WL, 7 &, R, HERE

Advance in Silicon Photomultiplier for All-Digital Positron Emission Tomography
HU Wentao, LAO Hui, QIU Ao, and XIE Qingguo

TELR I BE View online: https:/doi.org/10.15953/j.ctta.2024.015

BT REBSB Y H A ST

Articles you may be interested in

ST X LTS R TR SR B AR T 1

Energy Calibration Method of the Photon Counting Detector Based on Continuous X-ray Spectrum

CTHEE 5 R 5T, 2018, 27(3): 363-372

Ce J7 UEAT R T T RO 2k B 238 LI P I 2

The Advantages of Ce Filtration in the Measurement of Bone Mineral Density Using Photon Counting X-ray Detector
CTIRIE 5 R RS, 2018, 27(5): 573-582

BT B MR e/ N AT 1 2 RIS R AR 7Y

Research of Bone Mineral Density Energy Spectrum Detection Technology Based on High—compact Support Moving Least Square Method
CTHES S R HBEFE. 2021, 30(5): 555-565

AESPETICTH RIS RIey B i e

Research Progress of PET/CT and New Breakthrough in Axial Field of View

CTHIE 5 R FWTSE. 2018, 27(5): 675-682

AR X LRV HR 5 18 M 00 B {7 Sk SRS CT A 9 R ]

To Investigate the Application of Low—dose Contrast Agent Combined with Low Monitoring Threshold in CTA of the Head and Neck
CTHEIE 5 R NS 2019, 28(4): 455-461

XA 2 DI REAZ B2 2 UG 2R 8 T UL T DT IR 5E

Geometric Correction Method for Double—plane “Multi-use” Nuclear Medical Imaging System

CTHEE 5 R ANFFT. 2017, 26(2): 129-138

KIEMFEART, PRHELZHOEE


http://www.cttacn.org.cn//article/doi/10.15953/j.ctta.2024.015
http://www.cttacn.org.cn//article/doi/10.15953/j.1004-4140.2018.27.03.09
http://www.cttacn.org.cn//article/doi/10.15953/j.1004-4140.2018.27.05.03
http://www.cttacn.org.cn//article/doi/10.15953/j.1004-4140.2021.30.05.03
http://www.cttacn.org.cn//article/doi/10.15953/j.1004-4140.2018.27.05.15
http://www.cttacn.org.cn//article/doi/10.15953/j.1004-4140.2019.28.04.06
http://www.cttacn.org.cn//article/doi/10.15953/j.1004-4140.2017.26.02.01

33K W4l CT HE SRR (Hh3e30) Vol. 33, No.4
2024 47 H (421-432) Computerized Tomography Theory and Applications Jul., 2024

FASCHE, 9V R, BB, S AT PET SRR AT B U AR (J]. CT B 5N AP Chs3), 2024, 33(4): 421-432.
DOT:10. 15953/ j. ctta. 2024. 015.

HU W T, LAO H, QIU A, et al. Advance in Silicon Photomultiplier for All-Digital Positron Emission Tomography[J]. CT Theory and
Applications, 2024, 33(4): 421-432. DOI:10.15953/]. ctta. 2024. 015. (in Chinese).

S LW ay2 ==} =+ |z v r B3 o)y
T F PET XEHZHELBEEESMRER
WXH, wE, OBAE, gRE™

L AR RS A TRE R, X 430074

2. PEBEF AR KRBT TS BRI R, AR 230026

3. POEHE KT, #iX 430074
FE: ITFK, M (SiPD A HARMERERIL, 2408 FE BT R WZE K% (PET) H
B Y H B e B2 0 . SiPM L AT B T4 W fig S AUE T 100 ps RN (] 4 %, A8 750k A U o 56 T- 30k
) AT RE, R T RATI ) PET. 67 Bt SN Z . IE 725 75 iy S0 05 A5 D N 40,
TXE R SR STPM P RERE HY T S R RO Bk AR . I, WAy SiPM Pk A HERE & M IR R B B
AR SiPM IS B S8 J5 il o FEARGEI) SiPM SRR, (55 43l 22 IR AL RS B00E e, 21 R Mg 75 398 Ty R ep
i) P f SN AK () ) R, AT BR 2B T STPM R PERE VS . BEAE P SRS T 20 kg, SiPM AT 7E bRk
CMOS &5 i ifilidh, ARaGaE ol LOK B B R AR B AE SiPM 2R F P, IX i SiPM AT i) — W EE K 58t
{EFRATREAE S SiPM P SZBLE RSB IS 8] . AE . AL Efs EHIREL, HERE SiPMak )k GERPRIZMHE T4
ATREME R . A SCLER SIPM R ET S TAER BRI RE S50, AT 640 SiPM (R PR, B
SIPM AT (R Bk 1) B, A4 247 LR B Ak SiPM 2EH,  J5 J5 % B0 SiPM ISR BEH R b AT MBS MR 3
FEEE): EOGERGIE, B AT e S

DOI:10. 15953/ j. ctta. 2024. 015 fESAS: TP391.41; R817.4  SCEAFFIRAG: A

s HLERI 25 2 55 6 HRIN R R AL OB A, TR N TR B TR A E R G &
AT o BAECASE S SERE K6 A5 19 (photomultiplier tube, PMT) HIFH &3 T2
Pk RE, I LUK HR 2 59 e R I AT B )32 I e F R 4 o AR PMT 748 TAE LR /iy S5
ANGHERSE FLAE DL S I i B AR S o B A 99 0GR 2% 5 TR AL . R A J Il R i, DA TR 5
a3 AR B T CAEM TR0, PMT (I 26 ) AR 15 AN 2 200

AR, BET 2P SR T 200 IS s AR I 8 ——FEE A5 35 4% (silicon photomultiplier,
SiPM) IR JEA 2 v . SIPM AR5 s (10° 2 10°) . I #EE i T 100ps)y TAEHRAL (/)
T 100V) . M S CRT30%) WA ABUREDL N, T IER T RBZ S (positron
emission tomography, PET) B4 B ik it G sl FE e a% o SiPM Py i pef (i) i el 1k 48 43 B T e W G
W5 AT BRI ], A THES) s FEBOG I A . IS TIAR DG G T B BRI S, AR T
KATII] (time of flight, TOF)PET. JouyitHiit SN UMTZFHE. (Er 7RIS HN N R

MR SIPM g H# e, B P ARBit TN R 51 SiPM . £ g N g R, kb b i TR 2
0.88ns, RMIELHFILEF] 35%@420nm™ . [FAM AR T4k (ONSEMD) [ C FR A1) SiPM L A Bt HH
X, BOEFIKTEACSE 1. 5ns, HMAELF] 35%0420 nm™ . 1# 38 2> 7 () AFBR £ 41 SiPM i i ek 18 1L
BRI B R S RT3 RIS R 7, B IA $ 43% @420 nm'™”

ST R STPM PEBE O REWE AL 2 A ) B F 25K, RS SIPM 1)k e Id g s A 1k 31
WIBRR PR, oy 50 AT AL B D I A sIon) O F e e 1) s ME B oK . LA TOF-PET S fol, My SiPM
ISR 3 B i AE 100 ps 247, 10 TOF-PET F5 B R LI R 0 R ] 10 ps, IXFEmE ] LA 3k

i HE: 2023-12-04,
BEEWH: HEARRAIEGFOIRR VR0 H 4 (23508 2507 il s 2s (62250002)) .


https://doi.org/10.15953/j.ctta.2024.015
https://doi.org/10.15953/j.ctta.2024.015
https://doi.org/10.15953/j.ctta.2024.015

422 CT Hit H5NAWIR (hs0) 33 &

TR G A, %M TOF {5 Bk & PET BRI 2R SIPM R 506 1 I 1) 43 kA
F 10ps B4, TELTE] AW T, 271 SiPM S TPEAESH. SR, 47T SiPM BRI 12
T TG AN ) A AN, MR TR RS, DR S A AR 2 IR
RO S A B FETIN TN WE S, AL 1T STPM A2 Tk g LA 2 T — MRS

ULAEde, HETARME CMOS T2 SiPM BT R k™ ™, IR ROWRA v LU (K 7 2 4
BREEINAE STPM B IC I, AR — a8 fF A SEBL I I () L RERE . CLEAS RISl SiPM PERE
B T 53— S AT @A . i BEAR BT STPM AT LU Hf ol 15 T e A E I A5 5 Ak
B, AR T S IR I R A R L UG M PRI S AT () B A AR R, 3 STPM SO BLIE R B

eyt itk Ees.
FERX 195N, ASCLL SiPM KA R LA BIR S s, Sl STPMK AR S 2, S #r A4 4t

BAU SiPM KR BRYE, BRI RCY SiPM BT FERERE, VRN 4 200 LA Ky SiPM AR B, IRt
B B RAAS LT M, e 807 STPM K SCHEBOR AT T R AR A

1 SiPM XR[ASESHRIIK

1940 4£, 3¢ [ DURSEE 516 Ohl ™ W42 1) 6 JUS A RERR J5 7= AR BRI S, JFAERERR LRI T
ARG, EARRENCY BT B AN R R BT PB4y, PN A ML IR B . 1950 A A A
McKay" "4 Hi J& T 1 3 PN 45 1055 i o 28 LB, b e LR U B AR 1 R AR AL 17— AN 4 I 5 7 1)
1960 45 1970 4[], JE[H RCA 24w ff) McIntyre "™ F1 1 7o R SLH0 5 (¥ Hai t2"" TFQIMERIBFH] T 45 1 4>
AL A (avalanche photo diode, APD), RAEWFFT T TAELEL MR A AN GG AT APD 1)
T MRS, T AR RS H R R I APD SUFRBG 75 ) B (single photon avalanche diode,
SPAD),  [AI SAy It [ A5 400 24 LA SO TR RE g, AR I B2 B T ) IZ A A . {HU SPAD JFAT
M Z AT ISy, o it 5 0 ik i o iR 0 7 Hic A er I Ze v N, HL el TR 3 i
K1 J7 3K, SPAD [f) “BEIX I )7 e K, SPAD 14 ¥ 81 44 ik hy Mgt e 33X 416 ] 8 () — AN 5 BEAFF 5 7 )
Ghioni &5™/%f SPAD [V K U HEAT T RRERFSE, $HH T E8him K, i st ol % 5k /b> SPAD
DD IR o R, R IREE R R T & )R- SR 45#) (netal resistor semiconductor,
MRS), X5 KBl 3 A 7y R PR A 5 e 2, AT AT 2 4 SPAD [R5 L 4556 “BEIX I i) ™7
b5 % 2 711 Golovin™ Ml Sadygov %™ ¥ Je I XA HIAR, H540TA> SPADs 41%64E JL= KV )5 41
H, SIPM AR T (B D o

Antireflection coat
Metal

Resistor Si,0,
p'Si e
pSi

Semitransparent contact
Top contact

¥ Avalanche
zone

nSi—4—— Depleted sonk Resistive layer
— Avalanche region “needle’pn-junctton
Bulk n—silicon Drift region
Metal p—Si
HWyias (AT)
(a) MRS Sty = (b) T MRS Z5 1) SiPM R B IE] 2

Bl 1 SiPM g4t i m 1]
Fig.1 Schematic SiPM structure diagrams
PbJG, SiPMARMEF IS EEEMERE DI TR A Z KWF %R, T 20 4E Y, SIPMAESRINZL
MRS, AL, AT B BT Ninkovie 25" 4R H— Rl B I BRI S5 4,
AT AR RE R X A SR A S T LA K LR, B PN N 45 b 5O 8 ARG DORE AR 21 R Ak B
BT, XA B PR D, KR B RR i TR T, R AU T R E ATRE LA R T B P



4 WISCHEAE: 4305 PET KBRS 1HRE D' r A0 23T Uik e 423

I IR o b B S K 22 B B SE I S F R T — ol SR T A 22 4 v B by 35 3 9 2K fL L £ 37 465
SiPM, 5 DAL T8RRI 10 2 S RE 4 v AL B STPM AR B, IXFhT 4544 SiPM AT = % & (1) APD
T, JUTIEER 1 R, RINSCR RN 2h 2 Y A5 DA ™" o Sun 25 ] B ARV K R LA S SiPM
R TT R 2 S R, 7 H BELZ A e N B DA RIS L REL AR A Th A, AT 0 3 i P B B b
BV R R BHBEAE, XFREE AR T4 A SIPM AR A 1, SEIL R SRt FHRM . H A Hamamatsu
HEH A SiPM = 5 R A #EIR AL (through—silicon vias, TSV) #A, ZEfyw '%eE, HIE )L AIRR
M 20% $ETHEE 80%, WEIRTF TG THRICER™ . Acerbi 25l T i KA & - I Ik 4
2 (FBK) $&H! I 25 FE ARG Mo £ 19 4% RGB-HD SiPM; X Ah SiPM vAfl LU AN GE 2 R FE iR, BA IR 4
R, Ad ) LATHL SR rl ik 3 60% LA F, HD SiPM @it 4f% SPAD Al BEAE R~Fusk/, M FEAR T )5 ik
PHRDGA R PR, G IRINSE s, HEA SIS & . bR R R T
B T AR CMOS T 211 SiPM (& 2), -tk G S £ da b il 2 5 s ) T ZAH R K HE, 55T hrife
CMOS T2 SiPM 15 %7 Kb FH e B v BE S 2%, WA M S — AR SiPM A& i 7 1) ™ o

Quenching

. Top
resistor

metal

High field Photon Common
region Anodes cathode }

[ Bl 1ighfield region|§
| iy

- Rt s
Dep{leted | High-field region] |

n |

- Depleted p —epi—layer &

n Vg s ! 1
/Non depleted ".llsomtlom Non depleted |

resistor resistor region
\ p“—substrate =<
(a) SiMP1 &h#h t26] (b) RGB-HD &#) L0
Poly Poly
NWELL ; NWELL ! NWELL
LVPWELL LVPWELL
N-epi
ept Structure IV (d)

(c) FRifE CMOS £y (1)
Kl 2 B2 SiPM &5k R A R s R

Fig.2 Schematic diagrams of the new SiPM structure cross—sections

2 SiPM T{EREBSERM

S1PM ) AT T HH AR A a5 A X 1 5 i O P AR HR IE A K PR B R, B B T AN R
TR TC IR BRI, M e R RS X S50, FFL A — AN s A — AN o, wUB R T SIiPM,
K 3 piR™s

i AR AR INAE STPM_E IR R A i oK T 3 U 10 TR S . 7ERE Epia N, F b=
B 1 PN 5 RE 2 &7 A AL BRI L, 0t T S 4 ot i LR E A B s T, A
HHEFENA BRI EH T @ s, & A —a e A ek IR R A ak e s gy, Jf
7 A IR L= N

LERE AR, TR S AT W s ORI P B, 5 A R — BT Ut & — R R %,
FLARFZ0IR 25 1055 1 ' o AR A T T AN R, U A RERUZ IR ROz BB T M o 2 vl
JELAR, ANBEFR4EHES A 0 o BT A 0 A R B I, 55 A e B A 1k, 5 At i A 1) 4
B o T IR IS B3I K L BELEAT 20 T 25 9 A 484 3o 7 2 1) P O e K R L



424 CTHIH5NHMR (h3E0 33 %

LB L AU, O o B B LB B2 R, T ORI 0

SREIEIRGS, ISP LT LRI, SR AR SIPM ROR ., SER K 2R, PR

WIS U BRI 2, PN SR U UL FIA .

RREE KT, 00 ol — B e 52 e

RS, MERBACT AT JFEATLL LR, ﬁ
FI A SPM 115 H 2 R A IR T L T o

TR 5 IR A B S, I e B

Readout
electronics

IR I DRI D LI A o
PRIREAT NS0 T 085 H KB 125 £ LB 3 sPAD
SELE SPM SNBSS B R UM b

Bt VRSO Bt B K e AR 13 B B, il

W2 HAT SiPM AR AL STPM I J5tIA . et %2 R,
M SN ERS O Vil RS/ SUR LRI Y SEASUIE 27/ :
B, AR RE T RETE i T e,

AL T2 A R s 7 STPM AR AR B R . B
e 3 SiPMREE™
it Fig.3 SiPM Schematic™

bl
NIXA éi NIX
““ "\ Y
) . R\ RX ;
PIX I ] PIX i ]
Cad AX HH BT fiUR 51 AR i 38 RORE (b B HLT R R B3t 3 ) 2 1 35 38 2802

B4 s s = K
Fig.4 Avalanche process diagram

SR, MM ERE SIPM H RN T E AR Y T — N R, U BB sl a1
FWARE, MM THFER 17 F“0”, JLARF BTN, T i 2R R DL
THU 2 /b 0] DUl ik 1 B0 R s A IR TR DL R A i A5 S i e B 1 T SR . 3
FixX— AR, BRI T I H BL I R8RS SIPM A3 T ) 12 RV AIF S, XA
P EHF I STPM B ACH A SiPM AR I & 7 1™

3 F SiPM XHEFRAR
3.1 #F SiPM % B F SEFAs Ik

IRl STPM JABL, Ky STPM A b AB A ph AR e AU =5 i Ol L AR B SR Bl S U
SiPM ANFI (2, 7 S1PM O AE Rl o0 AR I T AT A SO B MMy A B %, AR IXHE i 3
BOCIIARF B, (HEEAE STPM HAT AR A my B, [ A R oo R S a7 B I TR) S5 48
FARR, BTN i 255 FE PRI R AR R s D RE 3T o

FES P ANE i, oyt STPM AR T By RAE . ACBMBE OGS S MTIN s, ELROR T £k
LINER i AR R ARG 7 BAT RO ACAR R, B e 72 H RN PR AR . F RTHRGE 87 SiPM



4 WISCHEAE: 4305 PET KBRS 1HRE D' r A0 23T Uik e 425

FHEEASEL S1PM ELAT SR AR Mg e N S e RO TR A, B0 S1PML T DAZE BCIE 3 S b o it s

Hi Frach 2 BR8N SiPM &% 1 1 TOF-PET e, A 5 Frs. ilidHs SPAD
TWORTTREAIE R B fih R 4%, TR I ) B i i ds (time—to—digital converter, TDC) 3R [H]
F R, R O O i — R 2 T B U AR IR R AR T AN, %l NXP R A
FITEE 1) CMOS T2 il #% . Frach 48 H ARl 4846 Jo kg ORIV T 01 L 28—k i 307 SiPM,
W KRR AN ECE e #gs (digital photon counter, DPC), HAIEAFR 3G INE] T 70% LA
T AN L TR T TOR-PET rf AR Ak, B STl B TR0 PET RN HEP o U146
BERARH " AT STPMAF R RS O0E S — AN TRV, % )T A R AN [+ 1 At
REME L, MOXANE X EYE, X028 5 Rl STPM AR AL, 2 —F e $ 7/ SiPM. DPC J&Ih W
FHFIRR PET/MR 45, UEWT 7407 SiPM ] DUMI 42 5 Mo T2 0 e B R R 46

SiPM Vbias

Readout ASIC
Digital
- Discriminator —{ TDC —’ Time

DJ: Shaper 1 ) — ADC '—'-’Energy

Ca) ALl SIPM K i th FRL iR 28 1]

Vbias Vbias
Digital SiPM
Cell Cell
electronics t electronics
Digital
j_ Recharge j_ .
Irigger - T0c P Tine
> network

Phot
- oton _’ Energy

counter

(b) Hry SiPM KA el e 22 by 1
5 SiPM £541K
Fig.5 SiPM structure diagram

LR 5 — Fh B SiPM ) SEFL T VA S T CMOS G AL IR B8 IR &, 76 Ik o 70 P 4 B 4
CMOS 755 &b B HL ik L INF [R) R - 5 46 2% (TDC), RSz K7 3K, 41 2011 4 Veerappan 2542 Hi 1)
o7 SiPM J2 tH 160 x 128 HF RGeS B, BN ICA AR T —A> 10bit (1) TDC. Rk
SEILEY SPAD/TDC B4 rpr, ] SEBLIIE 78 K AXUAN AN B 209, PRICA K TDC (54 185 i b i
SRR, Hl TR e o, S B S R T 4 pse SRV X B TC MR S AR B
PRGN AR A, A RAT IR = BB, AR AT AR D 25 R R R 3 A
MIFEAE A A% B= 2 % an PET A1 SPECT HHis t ISRkt AN S 33 [ g 30847 5 1V 38R 58 37 A A
7 (R 8E ST DU T I RR R h (P ZE 0

HRTECT STPM HARSEIRHIRE I R LAL, A /DEJLF AR 7807 SIPM =5, 240307 SiPM
AR08 SCIRIE (AR B, B0 AE T Z S b s AR (R v 470k o 2T o B 22 1 B0 A fL i
R WA, — b B AR 25 B2 2 B A TDC (R0 it BB A 48k, R 36 ORI 1 5
- SiPME L, G R TE ] 350~750 nm, HIHFRP IR R 77. 7%, WEEHERMIALER 35%, dmih AL
N 120KCps, M2 #E%R 48 ps™ o 55— RIAB G/ TDC BEF % T SiPM, 1 Mandai 2 fff



426 CT EHENAHFR (H330) 33 %

i 2 IE A SiPM, SIS 70 57% , WEEERICR 17. 1%, ITRI2HER 120 ps. £EIXFhAEH
ST AR T A R A RGN K TDC e K S8 e I TR)PE R, (EL7E 2D T 2Z0R IR F 2 BRI R,
41 NoTet 45 AF i i 5 2 gk 24 T 740 2K Pl I 1O B0
SiPM N [H) 73 5 IA 2 T 17 5ps, {HAAIGEH

15t Tier-optical deteetors (SPAD)

AN, 2D T2 FRMEARTFAR 5%. B
EEYIB S TRER R, By SIPMIR I _ o Flectronics

B IRy R A ORI N PR, T -

10417 LTS A B EE ZER I BRI R, AR AT RE =

HOBUITAT PEREROAR T STPM, 7 e v I 7 95 % 1 R

SRR A o AR AR R F AN T

G b BRI T 20 SIPM IR 7, AT B T Bl 6 = 4ibbgy SiPM B i

MR, R AR SR B SiPM ) Hl G 55 = 4 Fig.6 Schematic 3D package digital

SiPM cross—section diagram.

SRS Tl R, R B LR 4 B AE AR
HITN)E, B KRR T AR 7, AT STPM Ik BRI STPM 7K (BRI %2, 5] it RE A
BT AR BT 0 L I AN 52 BT H R TR

€ 6 &R T Berube &5 BT S HESE AT . B LR EET A R ICHY TSV ¥ SPAD [ 41,
92 RS VKIS, 53 RS T AL D R

3.2 XFBBFTF IR

Ay i AR R ot e OB 7 SPM AL KRS I Bt 131 4icé DPC, B A 4 B n i 7 oo™
DPC (G 1 1 A~ SPAD FNAM KA HLER A 1, TSR T HEZI AR 32 < 25 [ FEFIR i 1 SRR, 4
TR F R R Tl R 25 K e~ DPC IR 2%, — > DPC 1 4 MR 33 H: 31 il & M 4% F1 TDC 41
B SRR AR T 77. 7%

Photon conter/adder

JTAG out LVDS colock & sync
‘_' Sub- Sub- == e
1 | E pixel 1_ pixel
2l vain || E
S|l control|[ S =
a - 3| sub- Sub-
Pixel 1 2 2 &|| pixel pixel Trigger
a j‘l Photon conter/adder Main logic
- - countroller :
A k2 JTAG Pixel
~ o controller countrollers
Pixel 2 K] K Pixel 3
gl ome ||
H g Sub—pixel
T T , ——
10 [ JTAG in Data out LVCMOS colock & sync
(a) DPC FZELREAS L) L4 7 5 (5 (b) &M AL E T RERLER 7 &

7 ORI TS

Fig.7 Philips digital photon counter architecture diagram™

DPC ) T /F F 31 n1&l 8 firs'™ . DPC sRAE AR L 1, JF HAKEE RIS, 75 1 AR I
fiah 5 1R BT AT TS R T R LA AN AR B A . REAMEEAII AT B ST i 8, 1
MEREW AN THBEME, MR 1A TREEDAE 1R TS 761, el 1A EH
‘R, BN EEREAMER LR R RIZELE, o LUEREA R KR AT E

H i DPC St A 4 FiASR A fi 5 7 S B, SRl A BEL 2 48 “OR” M4k, W1 4 DR R T
i 1T AN DG 5 A RETT R R AR Y, foe e A A BB 4 “AND” 3E3%, Bl 4 A>3 A 24800

]



4 WISCHEAE: 4305 PET KBRS 1HRE D' r A0 23T Uik e 427

FOETARIARE . B ANMEETER LR LRSS, DPC & TR R I, JF HL
PR T ASA R I TRIER i A 2 I o AR P R SRR IR TR Pt 1A BE v PR ik A B (R R SR AiE By
Bo, ik iy sy SR A s Qs B PSR AR R0, A8 3 20 A AN R A 30k D, i ek 5
FEIX LG B X [ ) L3R

Trigger
i No
Ready L» Integration - Readout e Recharge
Yes
Timines: 5ns~80 ns 0~20 ps 680 ns 10 ns~40 ns
6s: [FIfr & (configurable) (fixed) (configurable)

M8 CRIBHT L T S R R

Fig.8 Philips Digital Photon Counter read logic diagram™”

0 UF DR 35  fir R RER 1 AN B TOHE R X A AN AR LT, R TRE BRSO
0 2] 6 [f] 74> AND/OR [T 5 Hi%E, VA& 1AMEE BB 4T ZE 2R 17> AND/OR [T3%4%,
YE TRAES A o S0 UERY B D) RE L TR R s vh B AF, I TE S ANl A2 I, DPC AT A k%
Pt A7, LAk > FE X N [

R T IRUES RIS, DPC FRURIEE AN P e OB IR PR AE B B, LLREEFT AT e 1o T 3
HREIE, ERAFFCRAEN B, R IT Rl k — K, Rtk DPC ANSZ )5 Bk (R 52 m . 76 RAERY
B 5, DPC HENIE 52 I TR] R B B, B8 AN B H 5 MR T PR A, e 288 1B 4t Ak ke IR B o o
AN A ik i B D B V) 28K o

F T ik R AN UE SRR A I TR R TR AT O EOE, IR I P A A L AT A
SRR, AT O i R A I Rl 2 ) 1 88 ) DPC A P B B9 $ % X . Tabacchini 26
TERT — oy Briiiy, K ful R FHIGAIE M2 F0F 5 45 58 e AF bl R IO e R R SRl ke, 1t
TUA] DL ERH TR 75 A3 DPC3200-22-44 77 i b 3RA5 K S I 404

3.3 ZITHHREHF SiPM

FERA A T0 N B PR 2% A AL B HL B — 5 T 2l R R R IR U R B g — 5Tl el e oo A 4k
RZ, S EBOSE A, ARTE BR T R BN R, AR RO A S PET SR 4R
YT Rl A 2 R RO, 2 R R A R B R A A i PET SER =R 2
B (85 A AR, S ATV 1 Ak B P B R S AT DR R, K STPMAR SR U B/ I i)
X, A A NEROL TR B, SR ASDE RIS 2SO STPM H R o
ST B G, BN 0 10> SPAD MIRC A AL B L e Ay fic, Ak P EL SRS il o e HH A5 5 5%
B ER KA 5, K B A B TC (R A 5 DA i B v 805 5, Tl 2 IR T ik, B
VHECE R, A T I g E BRI, SR B I TR, AR TS b/ I TR SR R
Ja S TN R RSG50 A5 RO SN G R I 22 7 1

Z B 8y SIPM AR SR B AP 9 (b) o, Sl CBE SRS I N R Ik b s 12 (1 9 Cad)d
BB RS 5 o B9 DR T N, B BT, AR IRATAT LA 5 1
e B R H A ik A AR R e A Bt A2 REREAR SN, AR5 BT R I ) SR PR 016 5 38 I ) 1 571
X R TR TR BT AT A, A TR A B A PR AT TDC X SR REAT R, A%
s 2 LN TR AL, RESCELIN BRI AF K SE N By e, vHECRIE ] IMCps, AR
FUR L8y SiPM oAy B R R T T



428 CTHIH5NHMR (h3E0 33 %

LR, U TS b MR R RIS R KRR A T, It
LR PHRTIE 2 NG ST U o G SR . P e 1 b <9 o T AN L =S B e o1 T R P 3 T
2l "R ERE R FI 2 N NTTB A EE AL RIS & r RSt WE 1 S

—— Scintillation pulse
500 ~-~~ Threshold voltage 500
e MVT sample
400 4 - - -——ms——oo—— oo 400 1 o e
=
I T o, RS —— 300 f  co g
14 =&
| =
200 4 —--@--—— - 2004 VT tTTrTTTTmTTmmTmTTT
100 4 -—--$-------— g 100 1 Scintillation pulse
==== Threshold count
0 - e— [k L 0 - MVT sample
0 100 200 300 400 500 600 700 800 0 100 200 300 400 500 600 700 800
I 8] /ns I8 /ns
(a) ZHRBERFEER R (b) ZUHBUBME RN 72 2

B9 ZEIHRAE %
Fig.9 Principle diagram of multi—threshold sampling method

4 BESRZE

20 20 ZAERIRJE, SIPMAJPEIRAIGY . W& T2, P iigaE 07 i 2B o0 i, C Ry
PET 15 # HP e A U G U e 380 n4s, LA TOF-PET A AR A 6 iR U A6t S1PM 1 2 g
SRR T TR, AT T B 2 SIPM PERE RS R, 45 AT S1PM 2 SR RE
SR — PR AT T35, AT 3 M ECTAL STPM AL SR B D BT/ TDC B A T ik, Xl
b S RPNt et 1] TN =t e N VA R =P SR 2P o ST 5 s U E AT E 2 SR P RS LY AR IDEZRYI B
TN AR AR @ e BTk, RM B AT I VSR 1E 32 21— TDC f
AR B B AN F R IT AR I ALK, PRI AR BUR BV, AR BB B, AP—
DCHAF RIS NS @ 2ok B ATk, XM BT T VR RESE L R R v U A, EEXT
SRR AR B A e R K

HARK T SIPM AT VR B ik, (R 3T AR 22 1) I ORI B AT A5 A ok, ARFE H A ORI 7EDRAR
BT OERAR S 2 T SO B STPM AT B AE AR RO RO AR AT S H < (R 1 D0 B S B STPM K K74k
AION Z T EBE R STPM R e ER LU R .

(L RN STPM 5 B A I I BN L], PR R e AT A B, IR AR RERR PR

(2) AL NHRE Tis il 61 B A2 W] P JIRE 8, 5635 2 B AU A AL A B 18, K
JE& DN AR Pk b SRR S R 2 IR i o

SR

(1] F4HE, ZF@l. SRERSH s O RBE RN R T B ok [J]. Bk 540, 2018, 25(12): 11-15. DOI:10.
3969/ j. issn. 1671-637X. 2018. 12. 003.
MIAO W, LI H S. Calculation method of photoelectric imaging detection performance in strong radiation
background[J]. Electronics Optics & Control, 2018, 25(12): 11-15. DOI:10.3969/j. issn. 1671-637X. 2018.
12.003. (in Chinese).

(2] MIMER, Zfa, SRR SEHAAEE R BRI HEES XD SRR m (], MR, 2022, 71(21):
163—175.
XIANG Y Y, LI S, MA Y. Effect of pile—up of electron flow pulse from photomultiplier tube on ranging
by photon counting[J]. Acta Physica Sinica, 2022, 71(21): 163—175. (in Chinese).


https://doi.org/10.3969/j.issn.1671-637X.2018.12.003
https://doi.org/10.3969/j.issn.1671-637X.2018.12.003
https://doi.org/10.3969/j.issn.1671-637X.2018.12.003
https://doi.org/10.3969/j.issn.1671-637X.2018.12.003
https://doi.org/10.3969/j.issn.1671-637X.2018.12.003
https://doi.org/10.3969/j.issn.1671-637X.2018.12.003
https://doi.org/10.3969/j.issn.1671-637X.2018.12.003
https://doi.org/10.3969/j.issn.1671-637X.2018.12.003
https://doi.org/10.3969/j.issn.1671-637X.2018.12.003
https://doi.org/10.3969/j.issn.1671-637X.2018.12.003

4 WISCHEAE: 4305 PET KBRS 1HRE D' r A0 23T Uik e 429

(3] k™, kM, SKESE. SRR B R38R BN 5 21 1 (8 465 20 b 7 BUE R G AT PERE T (], R,
2021, 44(3): 46-53.

ZHANG Y, ZHANG J, ZHANG G G. Feasibility study of portable fast neutron imaging system using silicon
photomultiplier and plastic scintillator array[J]. Nuclear Techniques, 2021, 44(3): 46-53.
(in Chinese).

(4] BRE, MW, XUnA, 5. T 5580 SR E DR I MR SR8 Fo ik g (1], R EDRY:, 2022,
15(5) : 912-928.

CHENG X, ZHOU C, LIU K W, et al. Review of ultraviolet photodetectors based on micro/nano—structured
wide bandgap semiconductor oxide[J]. Chinese Journal of Optics, 2022, 15(5): 912-928. (in Chinese).

(6] Wik, MUFH, A, 2. HTF SiPM ORI TCMPC )i [A] 43 B hr & BRI & B oR B 2 [J]. el 225 6 4 b,
2018, 38(5): 1444-1450.

MIAO Q L, DAI L, LI B C, et al. Time-resolved raman scattering measurement based on SiPM and TCMPC
method[J]. Spectroscopy and Spectral Analysis, 2018, 38(5): 1444—1450. (in Chinese).

(6] Rt i, =¥, 5. SiPMBOLHEMG MR MERE T [J]. SER TR, 2021, 48(10): 29-38.
CHENG J G, NI X X, YUAN B, et al. Analysis of detection probability perf ormance of SiPM LiDAR under
sunlight[J]. Opto—Electronic Engineering, 2021, 48(10): 29-38. (in Chinese).

(7] XM, 248, ERE, % —MOATEBEZEREOCEERGLWAELT]. 4405 2K %48, 2019,
38(4) : 535-541. DOI:10.11972/j. issn. 1001-9014. 2019. 04. 021.

LIU H B, LI M, WANG F X, et al. A high accuracy multi-beam lidar system and its verification on
several photons[J]. Journal of Infrared and Millimeter Waves, 2019, 38(4): 535-541. DOI:10.11972/].
issn. 1001-9014. 2019. 04. 021. (in Chinese).

[8] TN3000 #41 SiPM %M [EB/OL]. [2023-11-12]. https://www. joinbon. com/Uploads/file/20191126/201911261
71114 23598. pdf.

[9] C-series SiPM Sensors[EB/OL]. [2023-11-02]. https://www. onsemi. com/pdf/datasheet/microc—series—d. pdf.

[10] AFBR-S4N33C013 NUV-HD single silicon photo multiplier[EB/OL]. [2023-11-02]. https://docs. broadcom. com/
doc/AFBR-S4N33C013-DS.

[11] LECOQ P, MOREL C, PRIOR J O, et al. Roadmap toward the 10ps time—of-flight PET challengel]J]. Physics
in Medicine & Biology, 2020, 65(21): 21RMO1.

[12] LECOQ P. Pushing the limits in time—of-flight PET imaging[J]. IEEE Transactions on Radiation and
Plasma Medical Sciences, 2017, 1(6): 473-485. DOI:10. 1109/TRPMS. 2017. 2756674.

[13] ASCENZO N D’, ANTONECCHIA E, BRENSING A, et al. A novel high photon detection efficiency silicon
photomultiplier with shallow junction in 0.35um CMOS[J]. IEEE Electron Device Letters, 2019, 40(9):
1471-1474. DOI:10. 1109/LED. 2019. 2929499.

[14] LIANG X, D’ASCENZO N, BROCKHERDE W, et al. Silicon photomultipliers with area Up to 9mm’ in a 0.35 pm
CMOS process[J]. IEEE Journal of the Electron Devices Society, 2019, 7: 239-251. DOI:10.1109/JEDS.
2019. 2893802.

[15] D’ ASCENZO N, SAVELIEV V, XIE Q. China silicon photomultiplier technology[C]//2016 IEEE Photonics
Conference (IPC). Waikoloa, HI, USA: IEEE, 2016.

[16] OHL R S. Light-sensitive electric device: United States, 2402662[P]. 1951-06-12.

[17] McKAY K G. Avalanche breakdown in silicon[J]. Physical Review, 1954, 94(4): 877-884. DOI:10.1103/
PhysRev. 94. 877.

[18] MCINTYRE R J. Theory of microplasma instability in silicon[J]. Journal of Applied Physics, 1961,
32(6) : 983-995. DOI:10.1063/1. 1736199.

[19] HAITZ R H. Model for the electrical behavior of a microplasmal[J]. Journal of Applied Physics, 1964,
35(5): 1370-1376. DOI:10.1063/1.1713636.

[20] RENKER D. Geiger-mode avalanche photodiodes, history, properties and problems[J]. Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 2006, 567 (1): 48-56.

[21] VASILE S, WILSON R J, SHERA S, et al. High gain avalanche photodiode arrays for DIRC applications[J].
TEEE Transactions on Nuclear Science, 1999, 46(4): 848—852. DOI:10.1109/23. 790690.

[22] GHIONI M, COVA S, ZAPPA F, et al. Compact active quenching circuit for fast photon counting with
avalanche photodiodes[J]. Review of Scientific Instruments, 1996, 67(10): 3440-3448. DOI:10.1063/1.
1147156.

[23] ANTICH P P, TSYGANOV E N, MALAKHOV N A, et al. Avalanche photo diode with local negative feedback
sensitive to UV, blue and green light[J]. Nuclear Instruments and Methods in Physics Research Section


https://doi.org/10.11972/j.issn.1001-9014.2019.04.021
https://doi.org/10.11972/j.issn.1001-9014.2019.04.021
https://doi.org/10.11972/j.issn.1001-9014.2019.04.021
https://doi.org/10.11972/j.issn.1001-9014.2019.04.021
https://doi.org/10.11972/j.issn.1001-9014.2019.04.021
https://doi.org/10.11972/j.issn.1001-9014.2019.04.021
https://doi.org/10.11972/j.issn.1001-9014.2019.04.021
https://doi.org/10.11972/j.issn.1001-9014.2019.04.021
https://doi.org/10.11972/j.issn.1001-9014.2019.04.021
https://www.joinbon.com/Uploads/file/20191126/20191126171114_23598.pdf
https://www.joinbon.com/Uploads/file/20191126/20191126171114_23598.pdf
https://www.onsemi.com/pdf/datasheet/microc-series-d.pdf
https://www.onsemi.com/pdf/datasheet/microc-series-d.pdf
https://www.onsemi.com/pdf/datasheet/microc-series-d.pdf
https://www.onsemi.com/pdf/datasheet/microc-series-d.pdf
https://www.onsemi.com/pdf/datasheet/microc-series-d.pdf
https://docs.broadcom.com/doc/AFBR-S4N33C013-DS
https://docs.broadcom.com/doc/AFBR-S4N33C013-DS
https://docs.broadcom.com/doc/AFBR-S4N33C013-DS
https://docs.broadcom.com/doc/AFBR-S4N33C013-DS
https://docs.broadcom.com/doc/AFBR-S4N33C013-DS
https://docs.broadcom.com/doc/AFBR-S4N33C013-DS
https://doi.org/10.1109/TRPMS.2017.2756674
https://doi.org/10.1109/TRPMS.2017.2756674
https://doi.org/10.1109/TRPMS.2017.2756674
https://doi.org/10.1109/LED.2019.2929499
https://doi.org/10.1109/LED.2019.2929499
https://doi.org/10.1109/JEDS.2019.2893802
https://doi.org/10.1109/JEDS.2019.2893802
https://doi.org/10.1109/JEDS.2019.2893802
https://doi.org/10.1103/PhysRev.94.877
https://doi.org/10.1103/PhysRev.94.877
https://doi.org/10.1103/PhysRev.94.877
https://doi.org/10.1063/1.1736199
https://doi.org/10.1063/1.1736199
https://doi.org/10.1063/1.1713636
https://doi.org/10.1063/1.1713636
https://doi.org/10.1109/23.790690
https://doi.org/10.1109/23.790690
https://doi.org/10.1063/1.1147156
https://doi.org/10.1063/1.1147156
https://doi.org/10.1063/1.1147156

430

CTHIH5NHMR (h3E0 33 &

[24]
[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

A: Accelerators, Spectrometers, Detectors and Associated Equipment, 1997, 389(3): 491-498.

GOLOVIN V. Avalanche photodetector: Russia, 2142175[P]

SAVELIEV V, GOLOVIN V. Silicon avalanche photodiodes on the base of metal-resistor—semiconductor
(MRS) structures[J]. Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 2000, 442(1-3): 223-229

NINKOVIC J, ANDRICEK L, LIEMANN G, et al. SiMPl-novel high QE photosensor[J]. Nuclear Instruments
and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 2009, 610(1): 142-144

WA, TkET, B, % —METSSMRELARIG A (SiPW) RER AT FC)/ /SR A EDE R EIR AR
AR ICHE. 20100 23-26.

SUN F, DUAN N, LO G Q. Novel silicon photomultiplier with vertical bulk-Si quenching resistors[J].
IEEE Electron Device Letters, 2013, 34(5): 653—655. DOI:10. 1109/LED. 2013. 2250900

RENSCHLER M, PAINTER W, BISCONTI F, et al. Characterization of hamamatsu 64—channel TSV SiPMs[]].
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, 2018, 888: 257-267.

ACERBI F, PATERNOSTER G, GOLA A, et al. High-density silicon photomultipliers: Performance and
linearity evaluation for high efficiency and dynamic-range applications[J]. IEEE Journal of Quantum
Electronics, 2018, 54(2): 1-7.

D>ASCENZO N, XIE Q. Possible layout solutions for the improvement of the dark rate of geiger mode
avalanche structures in the globalfoundries bedlite 0.18pum CMOS technology[J]. Journal of
Instrumentation, 2018, 13(4): T04007-T04007. DOI:10. 1088/1748-0221/13/04/T04007

GUNDACKER S, HEERING A. The silicon photomultiplier: Fundamentals and applications of a modern solid-
state photon detector[J]. Physics in Medicine & Biology, 2020, 65(17): 17TRO1. DOI:10. 1088/1361-6560/
ab7b2d.

SAVELIEV V. Silicon photomultiplier-new Era of photon detection[M]//YOUNG K. Advances in Optical and
Photonic Devices. InTech, 2010. DOI:10.5772/7150

SEITZ P, THEUWISSEN A J. Single—photon imaging: 160[M]. Berlin, Heidelberg: Springer Berlin
Heidelberg, 2011. DOI:10.1007/978-3-642-18443-1.

ACERBI F, GUNDACKER S. Understanding and simulating SiPMs[J]. Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 2019

926: 16-35. DOI:10.1016/j. nima. 2018. 11. 118

RENKER D, LORENZ E. Advances in solid state photon detectors[J]. Journal of Instrumentation, 2009,
4(4) : P04004—P04004. DOI:10. 1088/1748-0221/4/04/P04004.

CALO P P, CICIRIELLO F, PETRIGNANI S, et al. SiPM readout electronics[J]. Nuclear Instruments and
Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated
Equipment, 2019, 926: 57-68.

PARK H, YI M, LEE J S. Silicon photomultiplier signal readout and multiplexing techniques for
positron emission tomography: A review[]J]. Biomedical Engineering Letters, 2022, 12(3): 263-283.
DOI:10. 1007/s13534-022-00234~y

NAKAMURA K Z, BAN S, ICHIKAWA A K, et al. Front-end electronics for the SiPM-readout gaseous TPC for
neutrinoless double-beta decay search[J]. IEEE Transactions on Nuclear Science, 2020, 67(7):
1772-1776. DOT:10. 1109/TNS. 2020. 2988716

BISOGNI M G, DEL GUERRA A, BELCARI N. Medical applications of silicon photomultipliers[J]. Nuclear
Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors and
Associated Equipment, 2019, 926: 118-128.

SCHAART D R, CHARBON E, FRACH T, et al. Advances in digital SiPMs and their application in biomedical
imaging[J]. Nuclear Instruments and Methods in Physics Research Section A: Accelerators,
Spectrometers, Detectors and Associated Equipment, 2016, 809: 31-52.

FRACH T, PRESCHER G, DEGENHARDT C, et al. The digital silicon photomultiplier—principle of operation
and intrinsic detector performance[C]//2009 IEEE Nuclear Science Symposium Conference Record
(NSS/MIC). Orlando, 2009: 1959-1965.

FRACH T, PRESCHER G, DEGENHARDT C, The digital silicon photomultiplier-system architecture and
performance evaluation[C]//IEEE Nuclear Science Symposuim & Medical Imaging Conference. Knoxville,
USA, 2010: 1722-1727. DOI: 10. 1109/NSSMIC. 2010. 5874069.

DEGENHARDT C, ZWAANS B, FRACH T, et al. Arrays of digital silicon photomultipliers—intrinsic


https://doi.org/10.1109/LED.2013.2250900
https://doi.org/10.1109/LED.2013.2250900
https://doi.org/10.1088/1748-0221/13/04/T04007
https://doi.org/10.1088/1748-0221/13/04/T04007
https://doi.org/10.1088/1748-0221/13/04/T04007
https://doi.org/10.1088/1748-0221/13/04/T04007
https://doi.org/10.1088/1748-0221/13/04/T04007
https://doi.org/10.1088/1361-6560/ab7b2d
https://doi.org/10.1088/1361-6560/ab7b2d
https://doi.org/10.1088/1361-6560/ab7b2d
https://doi.org/10.1088/1361-6560/ab7b2d
https://doi.org/10.1088/1361-6560/ab7b2d
https://doi.org/10.5772/7150
https://doi.org/10.1007/978-3-642-18443-7
https://doi.org/10.1007/978-3-642-18443-7
https://doi.org/10.1007/978-3-642-18443-7
https://doi.org/10.1007/978-3-642-18443-7
https://doi.org/10.1007/978-3-642-18443-7
https://doi.org/10.1007/978-3-642-18443-7
https://doi.org/10.1007/978-3-642-18443-7
https://doi.org/10.1007/978-3-642-18443-7
https://doi.org/10.1007/978-3-642-18443-7
https://doi.org/10.1016/j.nima.2018.11.118
https://doi.org/10.1088/1748-0221/4/04/P04004
https://doi.org/10.1088/1748-0221/4/04/P04004
https://doi.org/10.1088/1748-0221/4/04/P04004
https://doi.org/10.1088/1748-0221/4/04/P04004
https://doi.org/10.1007/s13534-022-00234-y
https://doi.org/10.1007/s13534-022-00234-y
https://doi.org/10.1007/s13534-022-00234-y
https://doi.org/10.1007/s13534-022-00234-y
https://doi.org/10.1007/s13534-022-00234-y
https://doi.org/10.1007/s13534-022-00234-y
https://doi.org/10.1007/s13534-022-00234-y
https://doi.org/10.1007/s13534-022-00234-y
https://doi.org/10.1109/TNS.2020.2988716
https://doi.org/10.1109/TNS.2020.2988716

4

WISCHEAE: 4305 PET KBRS 1HRE D' r A0 23T Uik e 431

[45]

[46]

[47]

(48]

[49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[(57]

(58]

performance and application to scintillator readout[C]//IEEE Nuclear Science Symposuim & Medical
Imaging Conference. Knoxville, 2010: 1954-1956. DOI:10. 1109/NSSMIC. 2010. 5874115.

BRUNNER S E, SCHAART D R. BGO as a hybrid scintillator/cherenkov radiator for cost—effective time—of-—
flight PET[J]. Physics in Medicine and Biology, 2017, 62(11): 4421-4439. DOI:10.1088/1361-6560/
aabad9.

FRACH T. Optimization of the digital silicon photomultiplier for cherenkov light detection[J].
Journal of Instrumentation, 2012, 7(1): C01112—C01112. DOI:10.1088/1748-0221/7/01/C01112.

WEISSLER B, GEBHARDT P, DUEPPENBECKER P M, et al. A digital preclinical PET/MRI insert and initial
results[J]. IEEE Transactions on Medical Imaging, 2015, 34(11): 2258-2270. DOI:10.1109/TMI. 2015.
2427993.

SCHUG D, WEHNER J, DUEPPENBECKER P M, et al. PET performance and MRI compatibility evaluation of a
digital, ToF—Capable PET/MRI insert equipped with clinical scintillators[J]. Physics in Medicine and
Biology, 2015, 60(18): 7045—7067. DOI:10.1088/0031-9155/60/18/7045.

VEERAPPAN C, RICHARDSON J, WALKER R, et al. A 160 x 128 single—photon image sensor with on—pixel 55ps
10b time-to-digital converter[C]//2011 IEEE International Solid-State Circuits Conference. San
Francisco, CA, USA: IEEE, 2011: 312-314.

MEIJLINK J R, VEERAPPAN C, SEIFERT S, et al. First measurement of scintillation photon arrival
statistics using a high—granularity solid-state photosensor enabling time-stamping of up to 20, 480
single photons[C]//2011 IEEE Nuclear Science Symposium Conference Record. Valencia, Spain: IEEE,
2011: 2254-2257. DOT:10. 1109/NSSMIC. 2011. 6152491.

NOLET F, DUBOIS F, ROY N, et al. Digital SiPM channel integrated in CMOS 65nm with 17.5ps FWHM
single photon timing resolution[J]. Nuclear Instruments and Methods in Physics Research Section A:
Accelerators, Spectrometers, Detectors and Associated Equipment, 2018, 912: 29-32. DOI:10.1016/j. nima.
2017. 10. 022.

NOLET F, LEMAIRE W, DUBOIS F, et al. A 256 pixelated SPAD readout ASIC with in—pixel TDC and embedded
digital signal processing for uniformity and skew correction[J]. Nuclear Instruments and Methods in
Physics Research Section A: Accelerators, Spectrometers, Detectors and Associated Equipment, 2020,
949: 162891.

BERUBE B L, RHEAUME V P, PARENT S, et al. Implementation study of single photon avalanche diodes
(SPAD) in 0.8pm HV CMOS technology[J]. IEEE Transactions on Nuclear Science, 2015, 62(3): 710-718.
DOT:10. 1109/TNS. 2015. 2424852.

TABACCHINI V, WESTERWOUDT V, BORGHI G, et al. Probabilities of triggering and validation in a digital
silicon photomultiplier[J]. Journal of Instrumentation, 2014, 9(6): P06016—P06016. DOI:10.1088/1748-
0221/9/06/P06016.

BRUNNER S E, GRUBER L, HIRTL A, et al. A comprehensive characterization of the time resolution of the
Philips Digital Photon Counter[J]. Journal of Instrumentation, 2016, 11(11): P11004-P11004. DOI:10.
1088/1748-0221/11/11/P11004.

MANDAI S, VENIALGO E, CHARBON E. Timing optimization utilizing order statistics and multichannel
digital silicon photomultipliers[J]. Optics Letters, 2014, 39(3): 552. DOI:10. 1364/0L. 39. 000552.

XIE Q KAO C M, HSIAU Z, et al. A new approach for pulse processing in positron emission
tomography[J]. IEEE Transactions on Nuclear Science, 2005, 52(4): 988-995. DOI:10.1109/TNS. 2005.
852966.

KIM H, KAO C M, XIE Q, et al. A multi-threshold sampling method for TOF-PET signal processing[J].
Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, Detectors
and Associated Equipment, 2009, 602(2): 618-621.


https://doi.org/10.1109/NSSMIC.2010.5874115
https://doi.org/10.1088/1361-6560/aa6a49
https://doi.org/10.1088/1361-6560/aa6a49
https://doi.org/10.1088/1361-6560/aa6a49
https://doi.org/10.1088/1361-6560/aa6a49
https://doi.org/10.1088/1361-6560/aa6a49
https://doi.org/10.1088/1748-0221/7/01/C01112
https://doi.org/10.1088/1748-0221/7/01/C01112
https://doi.org/10.1088/1748-0221/7/01/C01112
https://doi.org/10.1088/1748-0221/7/01/C01112
https://doi.org/10.1109/TMI.2015.2427993
https://doi.org/10.1109/TMI.2015.2427993
https://doi.org/10.1109/TMI.2015.2427993
https://doi.org/10.1088/0031-9155/60/18/7045
https://doi.org/10.1088/0031-9155/60/18/7045
https://doi.org/10.1088/0031-9155/60/18/7045
https://doi.org/10.1088/0031-9155/60/18/7045
https://doi.org/10.1088/0031-9155/60/18/7045
https://doi.org/10.1109/NSSMIC.2011.6152491
https://doi.org/10.1016/j.nima.2017.10.022
https://doi.org/10.1016/j.nima.2017.10.022
https://doi.org/10.1109/TNS.2015.2424852
https://doi.org/10.1109/TNS.2015.2424852
https://doi.org/10.1088/1748-0221/9/06/P06016
https://doi.org/10.1088/1748-0221/9/06/P06016
https://doi.org/10.1088/1748-0221/9/06/P06016
https://doi.org/10.1088/1748-0221/9/06/P06016
https://doi.org/10.1088/1748-0221/11/11/P11004
https://doi.org/10.1088/1748-0221/11/11/P11004
https://doi.org/10.1088/1748-0221/11/11/P11004
https://doi.org/10.1088/1748-0221/11/11/P11004
https://doi.org/10.1088/1748-0221/11/11/P11004
https://doi.org/10.1364/OL.39.000552
https://doi.org/10.1364/OL.39.000552
https://doi.org/10.1109/TNS.2005.852966
https://doi.org/10.1109/TNS.2005.852966
https://doi.org/10.1109/TNS.2005.852966

432 CT Hit H5NAWIR (hs0) 33 &

Advance in Silicon Photomultiplier for All-Digital
Positron Emission Tomography

HU Wentao', LAO Hui’, QIU Ao', XIE Qingguo"*™

1. Department of Biomedical Engineering, Huazhong University of Science and Technology,
Wuhan 430074, China

2. Department of Electronic Engineering and Information Science, University of Science and
Technology of China, Hefei 230026, China

3. Wuhan National Laboratory for Optoelectronics, Wuhan 430074, China

Abstract: In recent years, silicon photomultipliers (SiPMs) have emerged as preferred photoelectric conversion devices in
positron emission tomography (PET) due to their outstanding performance. SiPMs possess single-photon resolution capability
and time resolution below 100 ps, enabling precise photon arrival time measurements. These advances paved the way for
emerging applications such as time-of-flight PET (TOF-PET), photon counting CT, and positron emission lifetime imaging,
presenting new challenges to SiPM performance, the advancing of which to their physical limits has become a key focus area
in next-generation SiPM research. In traditional SiPM architectures, signal processing and analog-to-digital conversion
introduce noise and degrade time performance, thereby limiting the full SiPM potential. With the recent and rapid development
of semiconductor manufacturing processes, SiPMs could be manufactured on standard CMOS process nodes, which marks a
significant breakthrough in the SiPM field, allowing for the integration of digital logic within SiPM devices. This advancement
opens the possibility of achieving more precise time, energy, and position information within a single SiPM, thereby providing
potential possibilities to push SiPMs to their performance limits. In this study, we reviewed the development history, working
principles, and performance parameters of SiPMs. We analyzed the limitations of traditional SiPMs, outlined key aspects of
digital SiPM research, and introduced various current digital SiPM architectures. Finally, we summarized and anticipated key
technologies in digital SiPMs.

Keywords: silicon photomultiplier; low-light detection; All-Digital; photon counting; multi-count threshold
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