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«-{m Question?

4 channels
5 GSPS

1 GHz BW
8 bit (6-7)
15k€

4 channels
5 GSPS

1 GHz BW
11.5 bits
900€

USB Power
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«-{m Can it be done with FADCs?

e 8bits-3GS/s-19W — 24 Gbits/s
e 10bits-3GS/s—3.6 W — 30 Gbits/s
e 12 bits - 3.6 GS/s — 3.9 W — 43.2 Gbits/s
e 14 bits - 0.4 GS/s — 2.5 W — 5.6 Gbits/s

;

ADC12D1x00

12
H-O—» DI(11:0)

-1;0_‘
—+ 24x1.8 Gbits/s

—O-» ORQ
—O—» pCLKQ

12
H-O-» DQd(11:0)

12

e Requires high-end FPGA
e Complex board design
e FPGA power

PX1500-4:
2 Channel

3 GS/s
8 bits

ADC12D1X00RB:

1 Channel
1.8 GS/s
12 bits

Stefan Ritt 12th Pisa Meeting, Elba, May 23rd, 2012



PAUL SCHERRER INSTITUT

a-{mw Overview

e Design Principles and Limitations revve———————
of Switched Capacitor Arrays . Iﬁlﬁlﬁlﬁl%
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e Overview of Chips and Applications
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«-Iw Switched Capacitor Array (Analog Memory)

0.2-2ns 10-100 mW
——  Inverter “Domino” ring chain \4\

IN
IR I
Waveform
B B B B B B B B ~ stored
Out
| - FADC
Clock O— Shift Register 33 MHz

“Time stretcher” GHz — MHz
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a1 Time Stretch Ratio (TSR)

e
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Sampling Window - TSR

(e.g. 100 ns - 60 = 6 us)
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1] How to measure best timing?

Number of photoelectrons

J.-F. Genat et al., arXiv:0810.5590 (2008)

Simulation of MCP with realistic noise and different discriminators Beam measurement at SLAC & Fermilab
25 T T T T T Sm
l
20+ ] e
-------- Single Threshold !
_ | =====- Multiple Thresholds ‘ /
z A Constant fraction e -
= 15+ y Pulse sampling .
= h
5 N, ] _
E ',l \l\ 140 [ — ljs:riul-fixpeclpd rescbaticn (m ngnn_m- 120 ps)
E \ '\. = 120 a  Lasertest - Onec 9327 Amp/CFD
s TN Sampling: 40 GSls | fw e e
] M O r . wil , Cha-sq. el
E N Analog bandwidth: 1.5 GHz ¥ A e Gt T AR M i
- g 80 & Fermilab beam test - Ortec 9327 Amp/CFD, HPK amp.
- m  Laser test - TARGET chip with HPK amp, chi-sq. algorithm
5| ) %' 60 o Laseriest TARGET chip with HPK amp, CFD algorithen
e% 40 A =Q=
® 20 e
0 - - v T - - - T .
% 2’,._., 4',:, e'n 3',3 160 120 0 10 20 30 40 SO 60 70 80 9 100

Number of photoelectrons Npe

D. Breton et al., NIM A629, 123 (2011)
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voltage noise Au

timing uncertainty At

U
At ot
) rise time ¢, ] 1
" 3o
V- V- VR - f/Au 1
u -’ U\/% U NIy U \/7 U \/3fs'f3d3
number of samples on slope Simplified estimation! |
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«-{m HoOW is timing resolution affected?

Ay 1 Assumes zero
Al = . aperture jitter
U 31, frus 1
U Au I J3ab At
today: 100 mV 1 mvV 2 GSPS 300 MHz ~10 ps
optimized SNR: 1V 1 mV 2 GSPS 300 MHz 1 ps
next generation: 1V 1 mV 10 GSPS 3 GHz 0.1 ps

|

includes detector noise
in the frequency region of the rise time AN\NNN
and aperture jitter
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== Limits on analog bandwidth

e External sources e Internal sources
e Detector e Bond wire —, s e
e Cable e Input bus — fon = 1 _
e Connectors o Write switch~ Y 2aRC
e PCB e Storage cap —

e Preamplifier

PCB
Chip
Det. j——[j:%@m -
I L
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a-{w Bandwidth STURM2 (32 sampling cells)

Bump-bonding (optimized) input coupling
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Frequency (Hz)
G. Varner, Dec. 2009
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«-[{m Timing Nonlinearity

e Bin-to-bin variation: DeDe e DaleDeSe Dol e e e e
“differential timing nonlinearity” At | At | At | At | At

« Difference along the whole chip: ”
JEEER
1

“integral timing nonlinearity”
 Nonlinearity comes from size (doping) |

of inverters and is stable over time L 1L 1L 1 1

— can be calibrated G
o Residual random jitter:

3-4 ps RMS exceeds best TDC

' Channel 5
J‘ChanneIG ——

600 Channel 5 :
500 Channel 6 - 11_
400 f

300
200 —
100

N WReE 00 O N
¥ = T 1

Systematic Jitter [ps]
RMS Random Jitter [ps]

-100 E--otl
-200

0 I | | | | |
100 200 300 400 500 600 700 800 9001000 100 200 300 400 500 600 700 800 900 1000
sample cell. no. sample cell. no.
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SRS Part 2

e Overview of Chips and Applications

7
4 LIV T BEANANNNNY
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«-{m Design Options

e CMOS process (typically 0.35 ... 0.13 um) — sampling speed
 Number of channels, sampling depth, differential input

e PLL for frequency stabilization

e Input buffer or passive input

e Analog output or (Wilkinson) ADC

e Internal trigger

e Exact design of sampling cell

£ o o
\

it

HT. S S =
W T| T| T
.

' ADC O

it
Hf
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_[J__:]. Switched Capacitor Arrays for Particle Physics

E. Delagnes
D. Breton
CEA Saclay

NECTARO

e 0.35 um AMS

e 0.25 um TSMC
e Many chips for different projects * -Cr'zl'i TPC, Antares, Hess2,

(Belle, Anita, IceCube ...)

www.phys.hawaii.edu/~idlab/ matacq.free.fr

DRS1 DRS2 DRS3 DRS4 ¢ 0.25 um UMC

CCLLTTTLT TR

TOF-PET

=
=
a
=
=
—
-
]
-
=
-
=

2002 2004 2007

2008

H. Frisch et al., Univ. Chicago

e Universal chip for many applications |
e MEG experiment, MAGIC, Veritas,

PSEC1 - PSEC4

e 0.13 um IBM .w

e Large Area Picosecond
Photo-Detectors Project
(LAPPD)

psec.uchicago.edu

SR
R. Dinapoli
PSI, Switzerland

drs.web.psi.ch
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a - Some specialities

e LAB Chip Family (G. Varner)
- Deep buffer (BLAB Chip: 64k)
- Double buffer readout (LAB4)
- Wilkinson ADC

e NECTARO Chip (E. Delagnes)
- Matrix layout (short inverter chain)
- Input buffer (300-400 MHz)
- Large storage cell (>12 bit SNR)
« 20 MHz pipeline ADC on chip

e PSEC4 Chip (E. Oberla, H. Grabas)

- 15 GSPS p——
- 1.6 GHz BW
@ 256 cells

«  Wilkinson ADC

Digital Card

-6 per SuMo Central Card
-PSEC-4 control, -System control/clock distribution
trigger handling, local -Feature extraction & event pairing
data reduction & -CPU/GPU interface
calibration (gigabit Ethemet & USB 2.0)

|16 um

@™
Cell contents

Wilkinson-ADC: Q

<—>

measure time

SCA Sequencer &
pointer manager

LVDS
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«-{w» MEG On-line waveform display

X ARGUS - MEGAnalyzer Talxl

Eile View W, ,: . ”
. ﬁ virtual oscilloscope
|| | o| Sl I P

BEE‘:WM.{._H”.W_; " On tab analysis
elinef :+4:15% mv-—
St 0.678 3

——— F_,n_.- ~W=b_._»—-___p-’1 }
Run : 9109 = r r"‘fw;f . /
Event : 725 & = /~ a NOA4A0
- [ >4
Event step 1= n : . l‘-‘ D10
Update period 3000 = - “ ‘ . I H\ ITS .
Date{(UTC): 2007-Dec-13 — |J ] P A
Time : 14:56:44 - ]
Event Type : 14 - ]
LED =30~ o
— — - template |
[Dermosieo r - PMT : 215 .
(%EC 40F .ﬁ{. ~ . = 1
Caxecap - T~ \ Raw data ]
S::L?:n - i Mov-Ave 25pnts
g E Cavetormbdonitor -50 = L1 L1 I L1 L1 Femplate Fit T 1.5
(CPMT2DHist -600 -500 -400 -300 -200 -100
(CIPMT1 DHist L [nsec]
— A L [T
(O HitMap SE \ 2E of A 1
((MichelCheck E \ 3 osE [
(Cwaveform Monitor :§ I\ E | 3
(22 Chamber Monitor E | =
(C 0nline Check E = =
([ Charge on Channel A.; ll ; | |O|U|D|T|BI- l 2153’
(L PrePatRechonitor aE . 3 Qm I Fit | Filter I Spectra
[ PostPatRechonitor o s - oF —— Charge ITime |
: : 2 N fl E
8E 3 Q[pC] 55.2619
E 1 3
+%e+ | 1 OE | 3 NPhe 461.845
kS = 6F || 3
-13 s | 3 NPho 2886.53
At 10 Ievel E § Integral rangefns][ o 2 o 2ff
g E
2E
iE
%4

[ SBectrm MAG |
5

3000 Channels [ S it L
Digitized with T Y

DRS4 chips at
1.6 GSPS Drawback: 400 TB data/year
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-{w Pulse shape discrimination

o
T
|
L

-__14 e e T

‘Normal Gamma event

PMT Sum 30%
"Raw data
Mov-Ave Opnts

£§%
IIIIIII]II IIIIIIIIIIIIII IIITIIIIIY

—
%
m
=

B
g l“lll“ Ll lllllllll“l lll“lllll

z o~ ‘ -
o0} =
(x '”':"' ! Alphaevent =
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-600 -100 -200
[nsec]

bl T — ¥ T Fo— = T

P} - veciananias —
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e PMT Sum 30% -
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== Digital Pulse Processing (DPP)

D

|

I T ’lv Thr w ARMED  cLK—pp| COUNTER |—} TIME STAMP
_/\/_

INPUT ———p]

DECIMATOR

D=1248

Thr = TRG Threshold

b = RiseTime \/\\

TRG & TIMING

FILTER TRIGGER

COMP
- ZERO —f /
RC-(CR) Nsbl
N=12 L *
ftd Nspk

kmMm BASELINE P

oy Sl g AT ¥

PEAK | >
TRAPEZOIDAL > sus MEAN ENERGY
FILTER ftd = Flat Top Delay NspK = Peak mean

(ballistic deficit)

M = Time Constant

K = Shaping Time (PZ cancellation)

TIMING
FILTER

a = Low Pass mean

zero crossing

TRAPEZOID

Nsbl = Baseline Mean m = Flat Top

C. Tintori (CAEN)
V. Jordanov et al.,, NIM A353, 261 (1994)
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== Template Fit

np Experiment

e Determine “standard” PMT pulse by | 500 MHz sampling

averaging over many events — “Template”
« Find hit in waveform
« Shift ("TDC") and scale ("ADC")

template to hit
« Minimize 2
 Compare fit with waveform
« Repeat if above threshold e —
e Store ADC & TDC values

* At 1,000 kc/s less than 10% of events cannot be decoded.

— Desplay — ADC Fraquency & Reschtion
10200 1 | 7some -] em -]

Frame Overip & Rele

. e 14 bit ‘?‘.;‘j.l-:s;','. voghe Y 9

200k -1 10 VT ——

1| Detector Spectfication 60 MHZ :1' ;‘-;).‘ o, | 4

Hyl =] [pon -]
1 Detector Pulse
Egcoertad | R

| Désplay
i | = Valid Events
| m— Detector Data

- B EEEBEEHE S

|| — Residuals www.southerninnovation.com
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«-Im Other Applications

Gamma-ray astronomy

Antares

(Mediterranian) Antarctic Impulsive

Transient Antenna
(ANITA)

IceCube
(Antarctica)

ToF PET (Siemens)
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= Things you can buy

DRS4 chip (PSI)
32+2 channels
12 bit 5 GSPS

> 500 MHz anal
1024 sample po

110 us dead time

og BW
ints/chn.

DRS4 Evaluation Board

4 channels

12 bit 5 GSPS

750 MHz analog BW

1024 sample points/chn.
500 events/sec over USB 2.0

MATACQ chip (CEA/IN2P3)
4 channels

14 bit 2 GSPS

300 MHz analog BW

2520 sample points/chn.
650 us dead time

SAM Chip (CEA/IN2PD)
2 channels

12 bit 3.2 GSPS

300 MHz analog BW
256 sample points/chn.
On-board spectroscopy

UsS8 WAVE CATCHER
i2-@&T 3.265/5 DIGITIZER

USH ok -
USB access - E
r -
Dgraing -
v wav
RIS
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Part 3

|
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-

shift reqister
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_D
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_D
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input
o%

&

e Future Design Directions
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« - How to fix timing nonlinearity?

LAB4 Chip (G. Varner) uses “Trim
bits” to equalize inverter delays to

<10ps DR

Dual-buffer readout for decreased
dead time

Wilkinson ADCs on chip

Timebase
TABLE I oltage
PERFORMANCE SPECIFICATIONS FOR THE LAB4 ASIC. controlled .
delay lines) :::::;n
Specification = Parameter A
4096 samples/channel
1 channel/ASIC ]
<10 ps residual timebase error ::':::'"g
~ 10 bits resolution (12-bits ADC) 26X 4.2mm
256 samples convert window (~64ns)
4 GSa/s sampling dT trim DACs
<100 ps to read all samples 1\ Storage Amays
>1k Hz sustained readout (multibuffer) "

First tests will be reported on RT12 conference June 11-15, Berkeley, CA
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«-{m Next Generation SCA

HEEER TTTTTTITIITT

Short sampling depth <:> Deep sampling depth

e Low parasitic in
capacitance

' =7 7" llong waveforms
How to combine J

beSt Of bOth WOI‘|dS? nodate |ong
e Wide input bus trigger delay

e Low R, write switches e Faster sampling speed

for a given trigger
— High bandwidth latency
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«--{m Cascaded Switched Capacitor Arrays

input > shift register
e 32 fast sampling cells H

(j)%isps)mpl e | | O ST, A, AT S,
3.1 ns hold time T 8 94 94 904 9T
" o tronetor vorage e | | L)) ) T ) )
et O == G i s o o o
fas.t buff?r (300 MH2) : | EEEEE*@*&EE‘E‘E’D
danfon o |1 : ﬁ@@@i@@@ﬁ@@m
el Bl B = 1
5 ST, A, AT S A
Banl G ilalal el aL etk

fast sampling stage secondary sampling stage
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]

The dead-time problem

sampling digitization sampling digitization

[ ] Sampling Windows * TSR | [ ]

A A
lost events
| DRS Readout (1.024 GSP$) ] A
1020 A — N -
1000~
980 %»‘.&*#* ety L ¥ ket
960 - ( “V ﬁ' W
S 940F-
S 920F
8 900
< 880F-
860
840~
820
[— 1 ' L l L J— L3 I — | J 1 l L L L l— ' L L
800, 200 200 600 800 1000
/ / Time [ns] \ \
Only short segments of waveform are of interest
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RS

w FIFO-type analog sampler

| DRS Readout (1.024 GSP$

VYV VVYVYV
digitization

FIFO sampler becomes immediately

1020 ; A
1000E- 11 | 1 active after hit
QBOW v Smppictipy A —anf
960~ [’ Wr“ r" T }' ' "f* Samples are digitized asynchronously
S 940F-
S 920F- “De-randomization” of data
2 900F-
< = i
8801 Can work dead-time less up to
2?2; average rate = 1/(window size * TSR)
820F : :
E L T R B . . Example: 2 GSPS, 10 ns window size,
800 200 400 600 800 1000 TSR = 60 — 1.6 MH
Time [ns] = rate up to 1. y 4
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== Plans

d
DRS5 (PSI) FPGA | isii
« Self-trigger writing of 128 short 32-bin ! d| ol readout
segments (4096 bins total) J .

[ ]
[ Tatch ]

000 THA

analog readout

Storage of 128 events
« Accommodate long trigger latencies
» Quasi dead time-free up to a few MHz,
» Possibility to skip segments
— second level trigger

Attractive replacement for CFG+TDC

First version planned for 2013

CEA/Saclay

Dual gain channels
« Dynamic power management (Read/Write )

parts) |||||||

* Region-of-interest readout trlgger

wrlte

pointer
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o= p" —e’eer

Recurl pixel layers /—\
i

EENSENNENEENEREE - [TTITTIITTIITITIIITIT]
Scintillator tiles Scintillating ﬁbres=
% Inner pixel layers
R
——— uBeam $
— = H Target

Outer pixel layers

« Mu3e experiment planned at PSI
with a sensitivity of 10-1¢

« 2*10° u stops/sec

« Scintillating fibres & tiles
 100ps timing resolution
» 2-3 MHz hit rate

« Can only be done with DRS5!
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«-{m Conclusions

| PO

NNy, %

e SCA technology offers
tremendous opportunities

L’
- n
" AL
3
-
-
-
-
-

e Several chips and boards are
on the market for evaluation

e New series of chips on the
horizon might change front-
end electronics significantly

o

o
4
£
£
r 7
44
r
=3
£
%
24
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a-I7{m SCA Usage

Poccusn
Russia

B o V\
it

etz =
/SIKorea

\g_‘_r}_ n
A

Thalland
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«-[{m Profit from the true magician!

Roberto =
l DRS4 Designer —

3
|
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