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INTRODUCTION ! 2"”993

« Time resolution <50ps required by many experiments/applications keeping low power, large

dynamic range .... ]
CMS !

Compact Muon

« PET/ Time of Flight measurements (SiPM)
— Dynamic range : 1 pe (100fC) up to 3000 pe (300 pC)
— Time resolution <100ps

« CMS High Granularity CALorimeter: (Si pin diodes)
* Dynamic range EM showers: few fC up to ~10 pC (2500-5000 mips)
» Calorimetry => Precision /linearity < 1%
« Fast timing ability (50ps) for > 10 mips desirable
* Peaking time 15-20 ns (minimize noise, minimise Out of Time pileup)

* Power on detector <~10 mW/channel all included  (except power loss in cables/converters and
power dissipated by sensors after irradiation).

« ATLAS High Granularity Timing Detector (LGAD or Si Pin diodes)
« Time performance < 50 ps : To reject Time Pile up events => better particle identification
« Dynamic range: up to few Mips or 200Mips (depending on Preshower)

ATLAS

EXPERIMENT
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https://indico.cern.ch/event/485239/overview

Time walk and Time jitter

Time walk: the voltage value Vo isreached Jitter: the noise is summed to the

at different time for signal of different signal, causing amplitude variations
amplitudes N

t J N tr
o, = =
t
discriminator signal for A dV S
discriminator signal for B dt N
4
Time walk effect Jitter effect

Due to the physics of signal formation Mostly due to electronic noise

2 2 2
1:rise j + |:tr|sev :| 4+ TDCbin +(Landau Shape)*
RMS

S/N S V12
A TDC
Time Walk



https://indico.cern.ch/event/485239/overview

HF CONFIGURATIONS: CE and TZ
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Vin @1 GHz

1 GHz, Cd=few tenths of pF, width of the input
signal <1ns

« (Cd>10 pF, Zs@1GHz dominated by Cd

* Rise time: tr= td when td<<CdRs and tr=CdRs
when td>>CdRs

Tin

i

width=td

Vin Vout

Ca=+ Rs

— 7

Vin if ta << CaRs

max= ()/Ca Charge sensitive

Vin(t) if td >> CdRs

CaRs

max= Rs.1 Current sensitive
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Detector signal: Si Pin diode me

« Simulation of a Si Pin diode detector: w =200um

 tris very short but the drift time is quite « long »: td= 3 ns

Idet (A)

1.2x10° —
1.0 —

0.8 —

0.6 —

04—

0.2 —

0.0 =

| detector
Silicon Pin diode w=200um

| holes
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Detector signal: Si PM me

« Simulation of a SIPM detector (10pe-)

— 3600x22.5fF (80 pF), Gain=1M, Rquench=125K, Cquench=5fF,

CL=10pF
« tris very short (10 ps), td very short (100ps),
« Cd=80pF, Rin=50Q) => td<< RInCd =>Preamp rise time
must be minimized (Fast preamp in Petiroc: tr_amplifier
10-90% =300ps)

| SIPM

Idet (mA)

04— td=100 ps
-1
-2 —
3 —
-4 -
"5 tr === SiPM current (10 pe-) simulation
-6 — 3600x22.5fF, Rquench=125K, Gain=1M
-7 —
-8 —
-9 —
-10 =
11 4

| | I | | | | I | | [ | | I | | I | | | |
0O 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200
Time (ps)
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N

CE and TZ : Vout (= S) at High Frequency and Cd>10pF g.* = N

Z| w»l

Cd>10 pF, Zs@1GHz dominated by Cd dt
e CE using an OTA with gain G, e TZ using an OTA with gain G,,
o Vour=-GnZp//Z)Viy e lour= Vour/ Z.+ Vour-Vin )/ Z¢
o In=Vin/Zs- Vour-Vin)/ Zg
o Ioyr=-G,Viy
With Z, neglected and Z,=C, and Z.=R With Z, neglected and Z;= Cyand Z=R¢
1 e In= VZ_isn' lour
Vin=Zsly :m I 1
e V= In ___ Gm I
G+ om) rred ™
G,, ZF m
* Vour= -GnZpViy= T TjwCq Iin * Vour= (1-G,ZpVyy
1
——R
— Gm F Iy Qi
_ Q * Vour = "7 Iin ® —GmRy: = =GR
* Vour= _GmRFC_I: 1+]mﬁ joCq Ca
1
o ZLy=1Zs =>(y o Zy=—2 =>1/G,in//withC,
1+]wm
R 1
* Zoyw=Zp=Rp * Lour = 1+GanRF~G_m
L
ZF L
Vin > Vin

I- ZS +G1n Vom ;Gm I Vout
in s -TE ZL Iin Z& ; [l] ZL
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CE and TZ: frequency and time response (t,)

me

gmRf

gmlo Cp

Vout(s) — _gm(Rf //Cp)vin (S) t
Vout(a)) — _g Rf = _ ngf
V. (@ " joC R, +1
|n( ) ja)Cp Rf+ - 1 J p'tf
Jor,
+
J aw, L _ 035
::’:T- Rf P 27ZRf Cp tr_amp"
l Vout
4: Parasitic capa
Vin Cp
YV

J _ N t, dV V tr

— max
dt \/trz_ampli +t§
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td

1/RfCp gm/Cp
Vout (t)

if td >> tr ampli
=> Rise time=td
=> dV/dt= Vmax/ta

Vimax= =Zm RpVin

Yout(t)

if td << tr ampli

=> Rise time=tr ampli
== dV/dt= Vmax/tr
Vmax= -ngpVin

Y



NOISE TZ and CE (N)

O, = =
+ ! dv S
Vout (a)) _ B ngf
$ RE V(@) jeR,C, +1 dt N
e = 4KTRs ou 4KT
5.7 (w) SV tBlpolar(a)) (ng )2(4kTRbb + 2 j"‘ 4kTRf
kT(Rbe 2gm) § I

=2ql» %

- 1.,
g

« Similar noise for CE and TZ

« Parallel noise (2ql, or 2ql;) negligible at HF
* rms noise v, depends on the VBW

* Noise is independent of Cd

« But the signal is not independent of Cd

 S/N depends of Cd and BW
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st (@) =(g,R, )2[4kTRGG +

AKTT
I

v =[5 (@R () 32
(GR)  do

2
v =|S, (o
" j o )(1+a)2Rf2c:p2) 2

N t me

j+4kTRf +kTD

o V gm\/tr ampli

N =v, =R, ./2kTg, BW
Q
Vour = —8m Ry CI:
S L W9,
N = CNBW

C

a
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Choice of preamp tr: Jitter, Time Walk, td compromise me

J N . N . 1:|r2_a+tozl
“TavT T s TS
N N

Optimum value: t, =t UtJ ~ o,

200.0 _ _
g s Detector thickness: 100 micron
g 150.0 , Collection Time = 1250 ps .
g .l -lllll-....
§1ooo . A ndB
(&)
~ 50.0 @Nicolo Cartiglia, INFN Torino
S
=

O-O I I I 1
0.0 1000.0 2000.0 3000.0 4000.0

Shaping Time [ps]
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CE in TSMC 130 nm: jitter vs tr (BW) and td mega

« With | source trans (O for 2 pF or 1.8mA for ZOpF)

* Follower (connected to a discriminator)
« Normalization to 1 fC, square pulse.

td=10ps
Qin=lin.td= 100pA.10ps=1fC

vV, = &:]l.\"fa‘
c, G

\:|(l—tl|;t(l T
td=1ns and tr_ampli=td

CL=100fF
Qin= 1pA.1ns=1fC

POWER: 0.5mW/ mm?2

Cd=2pF (1d=220 pA) Cd=20pF (Id=2.1 mA)

out =6.9 mV
out_fol=6.1 mV
tr_fol=284 ps
BWa=1.2 GHz
rms=0.485 mV
S/N=12.6
0j=284ps/12.6=23 ps

out=6.4 mV
out_fol=5.9 mV
tr_fol=1.1ns
BWa=410 MHz
rms=0.39 mV
S/N=15
0j=1.1ns/15=73 ps
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_ N _ tr . \/trz_ampli +t§
vosTS
dt N N

out=3.37 mV
out_fol=3.1 mV
tr_fol=290 ps
BWa=1.2 GHz
rms=1.2 mV
S/N=2.6
0j=290ps/2.6=110 ps

out=3.2 mV
out_fol=3.05 mV

tr fol=1.1 ns
BWa=440 MHz
rms=0.8mV
S/N=3.8
0j=1.1ns/3.8=288 ps
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lin pulse td=1ns 1uA : WFMs with 2 and 20pF ! !mega

Transient Responss hion Apr 25 15:03:16 2016
Mame Wim
B Cd=20pF Win= 1102000 100,03
Bl Cd=2pF Yin= 1020k ]
n.o .
-100.0
_ QI_-\-' _ Ity o E
in - 22000
Ii]‘l l Ca" Ccf s 7
Cd ]
| | (T 300.0 1
width=td _!_ —_— E 1 r r r
= = 400.0 3 MI11: 1.02146%ns 465.4953uV
g ] Vin Cd=2pF
I Cd=20pF cul # 7 E .
I =25t out s 3 /‘f
. /
5 .- - Vout Cd=2pF
] |
20pF — 2pF: , B
Signal=Qin/Cd x 10 = :
.. 3 3
/10 => gm divided by V10 = ]
=> S/N x V10 2 S
1 =
i aV V m\/tr ampli 0 é
N~ C \/ C, 4 E
L L L L L L I L L L . L L IS L L N DL DL L
0.0 2.5 5.0 7.5 10.0 12.5 15.0

tume (ms)
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Our experience in fast timing measurement: PETIROC

me

weeroc

DAC

Channel 31
*  Time of Flight read-out chip (SiGe 0.35um) Channel 0
with embedded TAC (25 ps bin) and 10-bit ||| - _ 2 o e
ADC for Q a.nd T d|g|t|zat|0n % et | o Time measurement AD_CI’/M; TG
-v preamplifier EO Data_out
/HF hold [m]
AAA .F ~ 1
° Front'end + sct i _/ b—— Charge<i>
— Common Emitter, DC coupled to detector on Charge measurement — [acTram
—  Fast discriminator input Shorgest>
L

Variable shaping time shaper for charge
measurement. Dynamic range: 160 fC up to

&—D Multiplexed_charge

out_discri_charge
Vth_charge

Temp

10-bit

lthitime

400 pC Bandgap sensor DAC T)or32 D——c OR32_charge
-bi 532 trigger outputs
ADC ramp 8-bit de;\;:;(of:r hold  |hold b_
g T 0R32 D—D OR32_time
Common to the 32 channels :

32 channels (negative input)
32 trigger outputs

SiPm
— NOR32_chaage 32
- NOR32 time negative
voltage
—  Charge measurement over 10 bits <75ps

Time measurement over 10 bits
One multiplexed charge output

Common trigger threshold adjustment and
6bit-dac/channel for individual adjustment

32 8bhit-input dac for SiPM HV adjustment

Power consumption 6 mW/ch
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160 fC up to 400pC

TQFP 208 (28x28x1.4 mm), die : 4.7mmx4.3mm
6 mW/channel

32

32 trigger outputs

NORS32_chrage

NOR32 time

Charge measurement over 10 bits

Time measurement over 10 bits

One multiplexed charge output

One multiplexed trigger output

Common trigger threshold adjustment and 6bit-dac/channel for
individual adjustment

Shaping time of the charge shaper

32 8bit-input dac for SiPM HV adjustment

14



PETIROC2A: BW of PA+DISCRI MEASUREMENT

meqga

RF amp.
| out RF
| out_discri
Vth_discri

Picosecond Pulser 1 .
Rs_generator=50 100 nF Lwire Lbond
Vin=-3.2mV % 68 200%
Vin: Step Voltage L 100 ["FT To CRRC shaper
input DAC=1T"te 21"

V()

* Injection of a step
= out_RF = EO(1-e-t/1)
= BW = 0.1/ Aty g0, 500

113
35

— Simul of PA alone : BW= 6 GHz
— Indirect measurement at discri output
— Threshold set at 10 and 50% of the pa output

« Measurement:
BW of PA+discri> 1GHz
=> tr (amplifier) < 300ps

Journées VLSI -

[ hiza 3 8551 8is 1186720
113
T CIT 7RO g get 35
30
25
215
s
10
5
10
.5 .
0.0 25 50 75 100

31 Mai 2016
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PETIROC2A: PA+DISCRI Rise Time measurement meqga

out_pa (mV)

50

t 109%-90% = 300 ps

weeroc

45

PETIROC2A -
Measurement of the PA Rise Time

40

35

Step 2mV (Picosecond) injected in ch20 o

30

25

0 10 20 30 40 5 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250 260 270 280 290 300 310 320 330 340
Discri time (ps)
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PETIROC2A: TIME WALK mega

out_trigb (V)

Time walk < 350ps

\\'

weeroc

100 TR N N Y
0.90 i My A
080

0.70 s

— 1mV
— 2mV
— 4 mV
— 8mV

0.50 —

i : i i i i é i i i i i ] 4 : ‘ s 1 1 i
I [ [ [ I [ | I I [ [ [ I I | I | [ I I | |

50 51 52 53 54 65 56 57 58 59 60 61 62 63 64 65 66 6.7 68 69 70 71 72 73 74 75

Time (ns)
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PETIROC2A: JITTER MEASUREMENT mega

jitter in ps

Jitter vs threshold & injection, Jitter improves with signal

Clock couplings: through substrate, better results expected with W
technologies that offer triple well trans (TSMC 130nm)

jitter<40 ps for injected charge >1pe (= 1mV at the input)

weeroc

220 — lpe ~1ImV

180 — 100 fC .
160 100 pF

PETIROCZ2A: jitter in ps Vth=0.5 pe
—e— with 160MHz and 40 MHz clocks
—&— without clocks (160MHz and 40MHz)

ImV

+
40 —| -&
20 —
— @

-—eo— o

[ | I | [ [ | I | [ [ | [ [ [ [ | [ |
1.0 1.5 20 25 30 35 40 45 50 55 60 65 70 75 80 85 9.0 9.5 10.0

pe-
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PETIROC2A: TAC MEASUREMENT mega

e 160 MHz clock seen on the TDC (residuals). W
« rms of the histogram of the residuals: 2.6 ADC Unit
= Time resolution: 2.6x27ps (step)= 70 ps rms

weeroc

g e
3 __ /"‘\\ e \\ A \\‘ l TTETRA
2 3 / / \/ N
3 -4
o] -~ -
& 1000
Curve Fit Results
| | lun. 14 dec. 2015 15:40:25
900 \ 1 f - |Fit Type: least squares fit
\ Function: line
] Model: — fit_Average_TDC_UDAC
800 \ Y data: — root:Average_TDC_UDAC
N X data: root:Delay_ns

o 700 G | Coefficient values £ one standard deviation| -
'a) 3 a =1245.7 £ 0.652
< N b =-27.676 £ 0.0262
a 600 ] 3 : \ T T T T T
0] \\ 3
£ N
= 500 \

400 — j i N T M \

300

200 +——

10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Input signal delayed (ns)
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CONCLUSIONS mega

2 2 2
- Time resolution: Gtzz(trij N |:trisevth:| _'_(TDCbinj
S/N S s J12

— jitter deeply dependent on the detector and time duration
* Cd: must be as small as possible to have a large input signal: Vin=Qin/Cd

= Try to optimize thickness and area of the sensor taking into account the radiation hardness
and the minimization of the drift time (the larger the drift time, the larger the jitter)

* Preamp bandwidth should match signal duration
* Preamp transconductance gm determines noise, scaling as sqrt(ld)

— +TW correction to be done: Time Over Threshold (TOT), Constant Fraction Discri

(CFD)
« Time measurement: TAC or DLL & -

— TDC bin

— Petiroc2: TAC time resolution <100ps Petiroc2 and SiPM matrix

— Petiroc2 can be used either in full digital mode using the internal ADC and TDC or in
analogue mode using the 32 trigger outputs and the multiplexed charge output. The
analogue mode enables the use of external TDC

e Submission of blocks in TSMC130nm in May 2016: preamps, discris,
TOT for CMS and ATLAS
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BACKUP
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https://indico.cern.ch/event/485239/overview

Cumrent [uA]

LGAD SIGNAL

Initial electron, holes

Tota\fignal

i--.._________-

m
II|IIII|IIII|IIIIIIIII|IIII|IIII|

Electrons

T

Gain Holes

Gain Electrons

UFSD Simulation
50 um thick
MIP Signal
Gain=10

=
=
48]
L=
n

I J\;

Time [ns]

Gain electron:
absorbed immediately
Gain holes:

long driff home

Electrons multiply and produce
additional electrons and holes.

« Gain electrons have almost no effect
« Gain holes dominate the signal

= No holes mulfiplications
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CE in TSMC 130 nm: jitter vs tr (BW) and td ! !mega

« Simulations for Cd=2pF and 20pF

GJ _O-_N_t_r_ trz_ampli +t§
WS s
d N

N

 Normalization made with LGAD pulse shape and 1 MIP = 6fC

«  20pF — 2pF: Signal=Qin/Cd x 10 and 1/10 => Vgm divided by Y10 => S/N x V10

POWER: 0.5mW/ mm?2

\J g m\/tr_amvli

Cd=2pF (1d=220 pA) Cd=20pF (Id=2.1 mA)

tr=500ps tf=700ps
Qin=6fC
Lin :&

V;J? (—1
500p 00p d
Ca
10pA '|'

tr_ampli=td
CL=100fF
Qin=6fC

out_fol =36.6 mV
tr_fol=700 ps
BWa=1.1 GHz
rms=0.485 mV
S/N=75
0j=700ps/75=10 ps

out_fol=35.7 mV
tr=1.1 ns
BWa=410 MHz
rms=0.39 mV
S/N=92
0j=1.1ns/92=12 ps
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out_fol=19 mV
tr_fol=708ps
BWa=1.2 GHz
rms=1.18 mV
S/N=16
0j=708ps/16=44 ps

out_fol=18.7 mV
tr_fol=1.05 ns
BWa=440 MHz
rms=0.8 mV
S/IN=23.4
0j=1.05ns/23.4=45 ps
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lin LGAD: WFMs with 2 and 20pF

Transient Responss

Mame=
Il In with LCADGR 2pF i
in Gd=20pF i
Iin
_ On
C
500y d
10pA

I culowith LGADE G 2pF s
cul with LGAD Cd=20pF ]

20pF — 2pF:
Signal=Qin/Cd x 10
/20 => ~gm divided by V10

=
£

[’
=

Mé&: 2.63525ns -278.891uV
Vin Cd=2pF

ME: 2,12993ns -2, 68309mV

at.0
00 Vout Cd=2pF
25.0
20.0
15.0
10.0

&0

0.0

5.0

0.0 25.0 50.0 5.0 100

titrne (ns)
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