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1. INEHHIPETRR (& FRIIRIEHASIC (2007-2010)

o SEEEFREIERE S ZENSID FREFRIRILEE (RREBEHEZRITE)
e MicroPET: ZT[E)T#HEZE>1mm® ; FKME>15%; B8] 53 ## 2L > /N F1ns;
Mol |e BN : LYSO(Co) ARG MA-HMCPSE FIR I 28 Hiish e
7 v LYSO(Ce) GfA> 1.5 mmX1.5 mmX25 mn > 32X 24
v MCPIRMBS: 32X32 1&Z%=4%! (Hamamatsu Photonics)
= o PR FE: 6144 BFIRIE, [ERTSeakEeEREMBTENE
v ZiBEmiEEASIC

L= ‘\‘ \ 3 /
F B . s T Y \ N
" . \ SR

TEmmE = ol
% iy = - % T T TT -
sl ; v ]
Eadrty i \/f.‘%v'*NWW~#-""~/.WE
t \ / q

- WA |
LYSO:Ce e

~ 25000 _ PP Four modules 511 keV gamma >
photons/MeV Gain =10°~10 readout at both ends ~100 pC charges
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1. INGHAIPET B & BB ETim I HHASIC (2007-2010)

> ERAR: 6ARELIAUR+TDCIE B

> EHAR: NFIELD AT RER T —

> BEEREE: RURBIRHEMTFMHEES Elemmewee | JufoerfToe T
(Monostable) [ — ..

BHENE : ££5]85+5& R TDC T I ————
AIACE INEE: JTAG + Bias DAC | | S
BRI EE . 4FAAS I C+FPGA (256#%/PCB)

Y YV V

i

AN
/
:

: i q—"

§ ?\ & i ASIC1 ::%4\\ APC =
2 B NOTEPAL N

i< 3= 3 [E=D, t
i . ey FPGA Transcel ver |
& |5 [ / | us | Sadd
| i e S A28 bl VIRTEXS.FX30T |4 Su.i?ﬁ; |
) 665 broches
g [i=>k Amq—{" ADC ‘f-’ 360 i/0 max —5
8 R o\ P 1
1[—“[1 > t SDRAM 256 MB
5 3
[N qj/ ADC
E[:En 1% \l—b
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1. INEHYIPET R & P Bl imiE HASIC (2007-2010)

L
SR
TH
gt
% 42
B

> jCBj]:u/E. (1 OODC) eﬂqﬁﬂﬁﬁj(
2815 S+ FRERARSY

> BEEMIE: TIA+CR-RC+HEUTE
%8s (Monostable)

> Hq‘ﬁﬂﬁ!“% EE./}IL I%%+flash
TDC

ef
—[‘
= [
300k N
aper

— HH
o
o
=4
g
ind >
?
5
) o
&
2
<

4
5
g
]
=
3
®

o current
fomparator
MPs

Ibias

Tvdda
jS b Jszzb jsszb J;
l ,,,,, _/ i# R C
Su ypg| 52 Mjii Sar MPSE

Preamplifier

Ns’jﬂ—ﬁ;\h
L

Variable gain stage Ito V converter Integrator

(R BT 152 L B )

Slew rate

Current comparison § (%ﬁ’”"‘éﬁlj%t) enhancement

(IEEE Tbiocas, 2011)
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1. INEHYIPET R & P Bl imiE HASIC (2007-2010)

L
SR
TH
gt
% 42
B

> KIeE/ LAt EN £ >
Flash TDC

> FEEEHE (10us) : 9fiit#i=8

> fHEEHR (625ps) : IEIRSFEIF
> 32 I

|
clock DLL l_.‘ Coungo—u counter

¥ 32 bits I 9 bits ¥ 9 bits

hit| |Registers

Registers

u Registers
Its Its

Voltage Control Delay Line (VCDL)

clock {>_I_>_I_|>
Lref o L e
clkout vdd vdd
.| Phase DUpl @lcp —{ Charge
Detector Qwn,
X o, |
D
U = own ) L
> Initialisati e
nitialisal |on&/ Icp gc ,,,,,,
select
Charge Loop
Pump filter

FEIR $HiAEEL)

wz Jp 9

o T

B[ w1 [unx ma

I
I
Rx M3 ] —e—
I

Bias Circuit

Delay Cell

(RERTER TT)

(NIM A, 2011)
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ST

!
:III
‘E
=
ik
Fe
>
%2
Q
¢t
3
== |

B : 28 EX R
MR Nl 2y e Detector Module LYSO(Ce)+ MCP PMT
Channdt SN E Dynamic range few fC to 104 pC
ﬁ'll_l_l#ﬁ : ' Gain_ _ 13.1 mV/pC
o ‘ peaklpg tlme(CR—RC) 280 ns
1EE |':|:'| R FT iR Non-linearity <3%
;E,l;):ll_ Crosstall_< <0.2%
— RMS Noise 300 pv
}I)_IJJ ﬁt Power consumption 16.8 mW/channel
b+ Jitter 42 ps (rms)
=H : 3 TDC DNL (LSB) + 0.17
R INL (LSB) +0.31
bADS LVDS Rz PMTHRMIZE INENHIPET
T -50
AFEﬁ'l'IH/Eiﬁ/ Time Walk DNL of TDC INL of TDC

(NIM A, 2011)
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2. ETEIR HiEIAFE S 22 18 B IR [ TDC (2009-2010)

Bt

5
db

I=58

TOF PET: @i/E&EE

500ps I #EER (A

FEFEAEC >

CFD/Discriminator+TDC

CERN HPTDC - 50ps

TDCS = FTum[E 4 R EE Ak
How?

onventional

o]

12



@ Fhz4HK%

NORTHWESTERN POLYTECHNWICAL UNIVERSITY

. HiiRiERASICEEHATIHE

2. ETEIR HiEIAFE S 22 18 B IR [ TDC (2009-2010)

> AR IRIATDC (10usSERE) ] (s - [omre2 o
> RAGERSFRIAESS>ENMRTEIERR = sl [ e
> ZiBELEH > SRR X R &R AL ) (e S e

>

——

Wit XEE: [REENE RS \l | Ui mmem|

Bias DAC
JTAG |

‘ Cycle N oy Cycle N+1 N
fi# nnnn
Clk_ref
T -l' CLKm
A Reset @ |
/ (start) o Reseth N | T - : Resett |
7‘5. Hit —| ﬂ Conversion | Vo S "
Zoom  (stop) i T, —
o Bh " i
= R Ra0R0E® | S 0000 © S
T
Cl 1 r )
! . = Array of DLLs .
Q[o] i [ 2 MUX2
an  — I L
Q2 i I X140 x10
— — .
QB3] _ 1En3-:- b
Q4] ——',—-I , N Conversion Hit<0: ._‘> Readout Circuits for Channel #0
Q[IZ"-Z] Hit<1> ._F Readout Circuits for Channel #1
QR — I ‘ T T 7 Data Output
Acquisition data 0 000111...100...00 0 00011...100...00 ) Hit<N> F Readout Circuits for Channel #N
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.
k=3

—*—Delay error of DLL35<0>

o
=1

Delay Error (ps)
=)
I

-20r
Clk_out w0
0 5 10 15 20 25 30 35
(@
k_raf w0 ‘ I ‘
E o
Clgref g ool /\/‘-/\/\//\/\/\/‘\/V\/ 1
B ]
élzo— g
T D_‘E S ‘ . ‘ ‘ ‘ ‘
A 0 ] 10 15 20 25 30 35
(b)
TDC P
E o
\}'L A .g 20
13T Bangbang phase detector 5 oof ]
& oot
a

Yy ]
o 4 = v
0 5 10 15 20 25 30 35
vata

N (©
*i: | : 50 T T T

—+—Delay error of DLL35<3>

of '— ]

Delay Error (ps)

-50

. . . . .
0 5 10 15 20 25 30 35
td

Data number

Delay Cell

Peak-Peak = +/- 20ps
Improved delay cell Improved charge pum )
P y P ge pump Resolution = 7 ps (rms)

(TNS, 2010)
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S8 M L5 R

Binsize (LSB) 71ps
Jitter 7 ps (rms)

0o
EEE

|
|

TDC

N ™
A S B "l" e 20 ps(p-p)
M = 1H | E DNL + 058 LSB

7% INL + 0.63 LSB
23 mW (static)

106 mW (dynamic)

0000000000000 0

BN
|

’ "o' i \..‘.\.S.GOI“‘.’:."‘“}..?.l...l Power diss.

i : : ] a
1 N a
¢ , i ]
=2 7 L I ‘L ; DLL_Out<34> i : H
! b T 7 ks £
: F oy H
i 4 b [:] 20 a0 &0 80 100 120 140
1 e y Fine Data Output
. y : ' g [ 1ML ot fine conversion of TDC|
DLL_Out<C> 1 . 1 =
. . - . . i e
i . ! z
2
] 5
i £ 0
i i . ] i
oo Jfiicpin? |27 “ s
[] 20 40 60 80 100 120 140
Ussnian | Fine Data Output

(TNS, 2010)
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> ZiRERIARTRIE B S P R RE iyl e gg“s._f_"i,:
i EHEES ﬁEAHECL 1ITH —7-1J¢ y %: Eean;
> I ERERFHE LS BN | |
e g PN R [P ST
7L ETFFERGMAFA, EmefEE -~ i |
B | [» A/DERREELEIAL i
a3 ‘/ i%.?t%iﬁ: 64 ) I@i _['{Q_HE‘S """" * VVVVVV
DEEE: 12{u po o | [ oo
\/ BEMRRE:  >1IM/s

Digital Signal Processing
(DSP)

“ Analog-to-Digital Interface

Singl l”t;fmnml 4pc Multi-channel ADC
E 1.E+04
o r——=—=——= 1
L, =) | |
in<1>| n I Vin<i=
I =Swt> | | VEsy
| | I g
| I £
vin=z-| & | Vin<2 ! : i N Ehanmel | %1 +E302
| . ? : ,, snez- n | Bl S
= —L'hp.‘lDC‘ ut igh-speed -L/-; 5
| i £ - : ' ApC | o ; &1.E+01
i 5 ; H &
| H i z
| I | i g
H
: | [ | ! 1.E+00{—4
< IN=g I Vfu<,-\'>| | I
| : SIW<N> | 1.E-01

0 10 20 30 40 50 60 70 80 90 100
10log(f) (dBsps)

SAR ADC PlbelmevﬁrDC
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3. BT HFIEIR BRI HY %18 % B R ADC (2010-2011)

> *Ethg-?%&?ilﬂsﬁ*EfZ;El‘]ﬁqi& f'e\ay

ADCQ-;I;- Digital-Controlled Delay Line
£O1a clk_ref |
Vern<3:0>
Ramp Generator m o[
V_rﬁsel § 4 cller | |Ckow— T T T T T T T T time
10-bit Gray
Iref | Counter DUp/ Digital Vm\d_f35°=' A
I@_ P Detector | |Down Coz:’tlr Filter Digital DLL with
625-ps delay
Vref '[ elements
P
del e
L_ elay - -
ADC Vin<0> ¥ Start
D—— :
625 DSJJTLIJ_
SIS
'LrL 'L-l— 4] 1 DLL Locked
1 Multiphase Sampling % |
N /_EE | and Encoding _ > 4‘—t\r;e
% 14
i £
o =
2y g 7
q o ADC_Out sl
i Data Readout Channel #0 — = > M
AR | 1 ! = SRR SHE R R
T
|| 3
Vin<1> D =3 Data Readout Channel #1 < Up/Down\Eounter Phase Detector Digital Filter
D—:l> — 3 > % -
2 x Y
2 L L S T 1 E
. . : g8 = T ST e e e e e IR =L
: : : & N EE G D EE S S aEe nt B B eleiE e 5 5 5 5 55 5 5 E E IR
(50 T ST RS 0 Gt e T
| 690 -
f um 1
VC'”<N'1> |_J' > = Data Readout Channel #1(N-1) H
* ,A—| \ o 4 Q
SR BRI RE]

Small “A” Large “D”
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MR LR
s it il Wilkinson ADC+
B F IR iR
DR 12 (E2AY)
BB 8
B gham R 100MHz
KR 190kS/s ~ 1. 28MS/s
) DNL +0. 5L.SB
i INL +0. 75LSB
ADC +0.

2.19 mM—————— |
3mW+0. 2mW/channe |

| Comparators
| and Readout
circuits

(x8)

26 m
JTAG
Controller

Mz ( [=IEREETBMCADCL ) L

o

Qﬂ: % 1 ‘ =e= DNL of fine conversion of ADC | |
=A
0.5
17}
= oF 1
o
F05-
Al h
15 .
. 0 5 10 15
Fine Data Cutput
15 T
I 1L ‘ == |NL of fine conversion of ADC
M i e s e S
- I o 0.5 4
1 »n
} = Ow
s it
e : Z o5f A
|
i - ]
-1.5

I
5 10 15
Fine Data Output

=)

(TNS, 2011)
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4. CZTHRMI 5K 12 AR A= BT umAS | € (2012-2014)

CdznTe Detector(FEFEEIRMIEE)
® Bias voltage - several hundred Volts (~500V)
® | eakage current 25 nA @ 100V for single device; ~100 pA @100 V for pixilated

devices.
Detector capacitance—> 5pF for single devices; ~1 pF /pixel for pixel devices.

The average signal charge 2 Q). = ge .where E=4.65 eV

W™ e
" -
£
h ® < ¢
|

K3

i E?‘l 4
=1
sa

w

SIGHNAL CHARGE g

DETECTOR AMPLIFIER
St e
L
VELOCITY OF .
CHARGE CARRIERS
1 t
®0 c RATE OF INDUCED  dag |
de CHARGE ON SENSOR -
1 | ELECTRODES
| | t
.
L
t

pixilated devicé

(TNS, 2011)
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4. CZTHRMI 5K 12 AR A= BT umAS | € (2012-2014)

> EfrE 4 Bl im i B B R IR A s it ENC® =ENC; + ENC, + ENC]

Ry B
W ENC? = 0.462t | ql + 2kT{i ¥ Riﬂ

C bias f
o ,

Y we? = ENC? =3.696 Ce tCr)” KT7

& -A Ho(s) ——D t, gml

bia
L ENC? =3.696(C;. +
CZT i o her i (Ce+Cr)’ c2 i

i !
EEE% VDD 250 : :
it T | o

200

LY — Ci
9&%@ Cr i i“H Ve [ . E:Cltot
|1 -

Input —CI o :“_ ] Output ol =8, ot

[+
[=}

ENC [el. rms]

50 -

===l Pl T o
{ {EEIJJ%% | M?g M8 50 100 1000 5000
FSS & ‘ﬁl To [ns]

(TNS, 2011)
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BUIRIEEHA SICi F iR

SRR A AR T R

bt

ASIC(2012-2014)

lﬂﬂ%
Wit
XHE
AR

}—CI PZC_IN
Zj G\DA  t—>

i
[T

Output
— >

J

035 - - - 00 12 250 . w00
—— Output of inverting amplifier
0.304 Output of each ch:
Oulput of PO oircult 1200 10 Input charge is 1.2 fC 3w
5 PN . Amax = 2.86
N 300
= ! b 250
2 .
g L < am .
g o
= v ‘\ * L " W yse ®  Simulation points
’ Y | L) e . Fitted line of simulation
) | - 100 ENC, =49 & + 16 e/pF
| - : = Measured points
®  Measured points { 00 . e
= e s Fitted ine of test
- -#- - Nonlinearity us -0 ENC, = 66 & + 14 &/pF
: T T v o — -
z 3 & 7 w4 @ a0 4 % e ¢z 4 & & 1 12 w ® 18 m 2

Time (us)

Input charge {(C)

Channel (N)

Input Ioad capacitanc

e (pF)

(TNS, 2011)
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4. CZTHRMI 5K 12 AR A= BT umAS | € (2012-2014)

> EAr AR o BYp i I h B B AR S AN Bl st

module counter(clk,rst,cnt);
A
input clk,rst; D QJ D Q CNT[3:0]
output [3:0] cnt; D 0 D Q —>cik oI
Clk K N rMree QY NoJ] V| Hreset [o]
always @ (posedge clk or negedge rst) ] 5 Reset Qf
CLK p—

begin

if (Irst)

CZT | cnt <= 4'b0; RST o ‘
else
'I;,L_'_ tH cnt <=cnt +4'b1; \i
end
%Eﬁ

LD 64um
\y‘ }-l_ ‘ = wwmmwmmwmm lﬂlllllllmummllllt 28um
K : I |

AR il

JHHHI ml

40um
17um

.Il tﬂmﬁmﬂﬂ—mmuuﬁ;m n{llmfn il ‘lll

Non-RadHard
BB IR AN RE RN ELS T RadHard

(TNS, 2011)
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4. CZTHRMI 5K 12 AR A= BT umAS | € (2012-2014)

> kﬁﬁiGZTﬁn?“ﬂUﬁﬁ TPy aLth' %E% |
-------------------------: " -------- RF 12000 MZQTEQ;;%\J
: > <
: Ce it ! Output au00
s = :
EIIOOnF czT E i .
 “rmsiEm | e
CZT
1;'2.':|:'| Ff —aanaa e ‘:\ “ | s TEgetatR
EEE% . S A”W IJ Detector Module CZTE{K ( 3mm x 7mmx 3mm )
:HIJ“Q T R T s CZTEEMK ( 5mm x 5mmx 2mm )
/)\ 1 ‘ |
o i i Process CMOS 0.35um 3.3V MS
£A L i
; I Die size 2.0 mm x 2.0 mm
- I |
' ; ‘ Power Supply (V) +1.65V
| |
i L Input range(e-) 2k~60k
| -' : ‘}J | ENC (rms) 57.5 e-+9.7e-/pF
S (after 200krad(Si) TID)
S Radiation Hardness TID: 200k rad (Si)
( J?EE$$H-SENSROC2 ) Application CZT/Si-PIN Detector

(NIM A, 2013)
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RIS AR FE L BTIRAS | C (2012-2014)

CZT
F %
iz
R

> CZT{RFHRMI BT B4 5 L B B

TEST_MODE

g

Swith

PDH

CR-RC (5K AN
IN CSA J’ Shaper Filter)®

Mono-
stable

Y

>

HV 240V, Chip #6, Channel 65
Pixel detector, Imm*1mm*3mm
Am-241, FWHM 4.3% @ 59.5 keV

4.3%@59.5 k\e

LCC
Vet J]‘ Mono-
stable

l ll li"llﬂllllll

(J?IE#J—#SENSRO%) (I%ﬁiJ#SENSRoc:m)

| )
Energy Out 500 ]
8 ]
Trigger Out '
¥
Detector
Process(um)
Channel No.

Input range(e-)
ENC (rms)
Consistency

Applications

T T T T T T
50 100 150 200 250 300 350
Channel

PERERERR

8x8fFFHICZT &4 ( Pixel size :

Imm x Immx 3mm )
CMOS 0.35um 3.3V MS
64

2k~247k

66 e-+14e-/pF (tested)
<3%

X-ray and y-ray imaging

(NIM A, 2014)
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JIEILADC (2016)

s I
—/—{Vem-based Binary H _/H_ Vem-based Binary —
| weighted P » Weighted

S Capacitor DAC —’H— Capacitor DAC

A —

<1:6>
n
|

SAR1 Cor EH_;JE#Q
IGbit

ADC — —
| Digital Correction Circuit |

EE,E% { 12bit
i
Z;% TS

(1) RFE—FRBIMDAC, FERUKMEZHY
IhEER D AR GMDACH1 /2.
(2) st =S, KA—84%
Z%REG, IREBESIAE.

(Jint, 2016)

( JFRIEREFSENSADC3 )

M ZER
Technology CMOS 0.18 uym
Resolution 12 bit
Sampling Rate 10MS/s
Supply Voltage Analog 1.8 V/Digital 1.8 V
ENOB 10.8bits
DNL +1.06/ -0.57LSB
INL +1.38/-1.54 LSB
Power 10 mW
FoM 0.56 pJ/conv

25
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» lonization radiation in hospital
and laboratories

» military personal searching for
nuclear materials

» Occupational exposure in

/N
1#% . g‘:ﬁ'eaf power plants Si-PINERIUES QNI
LS er nuclear leakage
0% | |7 etection...
tl:ll EE. Power Voltage 3.3V
E%iﬁ!'] Channel No. 2-channel or 4-channel
iiﬁéé.: Detector Capacitance 20 pF
% Input Charge Range 0.2fC ~15fC
Shaping Time <1 s
Gain > 60 mW/fC
ENC <100 e @0 pF
Counting Rate 1 MCPS
Power Dissi. 1 mW/channel

(TNS, 2018)
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6. MAFIEE Z#tH i HBTimIEHASIC (2017-now)
D—| Dummy Channe #1 lTeLougt
csnoutt ] | Readout Channel #1 | .
I ’i' ’T‘SK outl () AMP_out1[() sH_out1 E
i D— "B] csa L pzc Hcrrc o 2
(R 5
i aSiay Zadnt®
7'6:;):]'_773'%*@ \:;,Ie DAC_IN<6:0> B e e Fg'
N o - g
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