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Context

Fast photo-detectors :

Timing resolution:

Time of flights with accuracies in the 10-100ps range, sensitive to single photo-electron.

- Photomultipliers,

- Pin diodes

- Avalanche Photo-Diodes

- Solid state photomultipliers,
- Micro-channel plate

Position resolution:

- Pixilated structure:
- Multi-anode PMTs
- Solid state devices

- Transmission lines readout
- Micro-channel Plates
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Timing-lImaging Devices

Multi-anodes PMTs Silicon-PMTs [10] Micro-Channel Plates [1]

Dynodes Quenched Geiger in Silicon Micro-Pores

Quantum Eff. 30% 30%
Collection Eff. 90% 70%
Rise-time 0.5-1ns 50-500ps
Timing resolution (1PE) 150ps 100ps 20-30ps
Pixel size 2x2mm? 50x50m? 1.5x1.5mm?
Dark counts 1-10Hz 1-10MHz/pixel 1Hz-1kHz/cm?
Dead time 5ns 100-500ns 1ps
Magnetic field no yes 15kG
Radiation hardness 1kRad=noisex10 good (a-Si, Al,O;)
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Timing Imaging Devices
Micro-Channel Plate Detectors

Photocathode \|
J. Vallerga
Photen %
Py=Py+1
%] I 8041
- SN
Window™ | m 1

Delay lines

Timing Resolution: Single Photo-Electron Time Transit Spread:

c=0c Ho *“to 2
t 1stgap pore 2 ndgap
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Large Area Pico-second Photo-Detectors

Incoming photon

Objective:

Develop 20x20cm?2 Micro-Channel Plate [ Glass Window
- ~1mm space resolution _W@Q;e
- afew ps timing resolution. i ¥

DA -

Effort distributed in 5 groups:
- Hermetic packaging
Photocathode Anode signal

eneration
- MCP 8
- Electronics
- Integration.

Teams :

3 Nat. Labs, 5 Universities, 3 companies.
Time scale:

3-5 years.

Funding:
Dept. Of Energy

Web page and docs:
http://psec.uchicago.edu
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Fast Micro-Channel Plate signals

3 i
A
E -
£ Single Photon
= i 16-averaged
2 Sampling: 18 GS/s
% i
g —— TTS= 10ps
Rise Time
1 |-~ 66ps j
——95ps 4 3.2 um pare MCP
¢ )/ B um pore MCP
_ -
0.0 I 1DE]I.CIp 2[][:.0;) I 3DE]I.Dp I 4IJE]I.[]p
Time (s)

Time response curves for two models of PMT110 wath different MCP pore diameters.

From Photek

11 mm diameter Micro-Channel Plate signal

Signal bandwidth:

Timing resolution:
Single Photoelectron Time Transit Spread: 10ps
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2” x 2” Micro-Channel Plate
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MCP Single Photo-Electron response

single Electron Spectrum (3300
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From Burle-Photonis (Paul Hink)
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Timing resolution

Single Threshold

Time spread proportional to 1/rise-time and noise

TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat

10



Constant-fraction

A I
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»
»

Sample, digitize,

Fit to the (known) waveform

Get time and amplitude
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Timing techniques
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Picosecond Digital Electronics for
Micro-Channel Plate Detectors

Store the full detector information as a digital oscilloscope:

- Detector + electronics noise >> quantization noise (LSB/vV12)
- Sampling frequency > 2 x full Analog Bandwidth (Shannon-Nyquist)

2

Fourier spectrum of a oum | NOise s smallas possible
: i 258K i
2"x 2” MCP signal 168 PE o —o 2O
8 (=
0Or dt

dx (t)

o =0 |
dt 1

Slope as steep as possible

ADC: Digitize on the fly, if the two above conditions can be fulfilled.
SCAs: If not, use Analog Memories, if input rate and ADC conversion time allows.
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Position resolution. Transmission Line Readout

DDDE T T T T T T T T T
50 PEs

0.005 -

001 F

AL 01,0809

0.015
% Ed, JF
£ -no2¢ . - Oscilloscope
fwr
£ oo SOPEs i TDS6154C
| 2k ]
Laser at 12mm Tektronix
0.03f 1
— left
003k g 1
0.04 1
0.045 ! ' . . L . . . .
o o5 1 15 2 25 3 35 4 45 §

25 um pore MCP signal at the output of a ceramic transmission line

Laser 408nm, 50€2, no amplification
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Digital Waveform Analysis

0.05 ' '

0.045
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Timing resolution with Fast Waveform Sampling

At 1GHz analog bandwidth: a.

bits 2G5/s 5GS5/s 10G5/s

8 4.2ps 3.1ps 2.8ps
4.0ps 3.1ps 2.9ps
4.5ps 3.3ps 3.2ps
4.8ps 3.5ps 3.7ps

D#ferentsal Toming Resalution (ps)

[ s TS |

4 B.5ps 6.1ps 5.9ps

Samplng rate (55/3) ADC Mumber of bas

Waveform sampled MCP data taken with a TDS6145C oscilloscope

15
TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat



@ 'HE UNIVERSITY OF vah}{SITY

% CHICAGO of HAWATL1

MANOA

Outline

* Context

* Fast timing and Waveform analysis

* Sampling Electronics

* 130nm CMOS Waveform Sampler Tests
* Next chip

* Conclusion - Perspective

TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat



Fast Waveform Sampling Electronics

* Integration for large scale detectors ~ 10%° channels.

* Control sampling rate, sampling depth, sampling window.
» Self trigger for data sparsification, or/and common stop.
* Low power.

* High reliability

* Very low cost for high quantities.

ASIC

TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat
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Fast Digital Electronics for
Micro-Channel Plate Detectors

A/D state of the art:

8-bit 1GS/s
10-bit 300 MS/s
16-bit 160 MS/s

Need at least 5 GS/s sampling rate, 10-12bit
There is no !

Fast analog storage + slower digitization, if input rate and dead-time allows.

Apply the best timing algorithm suited to the detector waveform
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Sampling
Bandwidth (3db)
Channels
Triggered mode
Resolution
Samples

Clock

Max latency
Input Buffers

Differential inputs
Input impedance

Readout clock
Locked delays
On-chip ADC

RAN simultaneous

Fower/ch
Dynamic range
Htalk

Sampling jitter
Power supplies
Process

Chip area
Temp coeff
Cost/channel

Hawaii
Blah1

100 MHz-6 GHz

Sampling Chips Survey

Varmner

Lab1-2 Lab 3 Hamac

20 MHz-3.7GHz |40 MHz

Saclay/Orsay Delagnes/

Breton

Matacy Sam

0.7-2.6 GHz 0.7-2.5 GHz 10 GH=z

PS5l

Planned DRS3

10 MHz-5 GH=z

300 MHz 900 MHz 50 MHz 200-300 MHz 300 MHz 650 MHz 450 MHz

1 8 g9 a 1 2 12621
Yes Common stop Yes Common stop
10 hit 13.3 bt 13.4 hit 11.6 hit 11.6 hit
128 rows of 512 256 256 144 2520 256 2048 1024-122388

33 MHz 40 MHz 100 MHz
560 us 2.2ms S50us
Yes Yes Yes Yes Mo Mo
Mo Mo Mo Yes Yes Yes Yes
50 Ohms 50 Ohms 50 Ohms Ext 10 MOhm/3pF 50 Ohms
500 MHz 5 WMHz 5 MHz 16 MHz 33 MHz
Ext DAC Ext DAC |Ext DAC Yes Ext PLL
12-b +500MHz TDC Mo Mo Mo
Yes Yes Mo Mo
15mW/1_BWW 36 mvy 260-500 mWW 150 mWW 2-8mW
TmyVHV 0.26m\2. 78 175 uv-2v 0.B5mV-2 WV 0.35mviM1 v
Inter-rows 0.1% 10% 0.30% < 0.5%
4 fps 25ps

thd/+2.5 thd/2 5V | -thd/2 5V 1733 2.5V
TSMC 25 TSMC 25 | TSMC 25 HRF/DMILL .8 AMS 8 AMS 35 AMS 18 UMC 25
5.25 mm2 10 mm2  |2.5mm2 19.8mm2 30mm2 25mma2
0.2%/-C 0.2%/-C Be-Af-C

500%/40 105/2k
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S_Ritt
DR54

5 GHz
950MHz
8421
Common stop
11.5 bit
1024-3192
fsamp/2048

Mo
Yes
11pF
33MHz
Int PLL
Mo
Yes

7.2mW at 2G5/s

35mvViv

Bps
2.5V
UMC 25

25ppm/-C
10-153

This proposal

10-20 GHz
=15 GHz
416
Channel trigger
g-10-hit

256
20-40 MHz

Mo

Yes

50 Ohms
500 MHz
Int PLL
Yes

Mo

W

?

1.2V
IBM .13
Immz2ich

19



Sampling ASIC Sequence of operations

-1 Write: The timing generator runs continuously, outputs clock phases 100ps spaced.

Each phase closes a write switch during one sampling window.
-2 Trigger: Opens all the write switches. Analog input history stored in the capacitors.

40 MHz Clk_ | |

100ps

J/ A/D converters

™S
Analog | F\\\ ‘\\\\\\\\\\\\\\\
inputs —_— 1 | Digital
Y II\,\ Mux > output
T l

-2 A/D conversion: after a trigger starts all A/D conversions in parallel
Data available after 2 us 2GHz counters)

-3 Read occurs after conversion (data can still be taken as in Phase 1)

TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat
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Waveform Sampler ASIC specs

Channels 4 + 1 test

Sampling rate 10-15 GS/s

Analog Bandwidth 1-2GHz

Self and External trigger

Dynamic range 800mV

Sampling window 400ps-800ps (or 8 delay cells)

DLL Timing generator Internal phase comparator and charge pump, external LP filter
DC Input impedance % 50Q internal, %2 external

Conversion clock Adjustable 500MHz 1GHz internal ring oscillator.

Maximum conversion time 8us.

Read clock 40 MHz. Readout time (4-channel) 4 x 256 x 25ns=25.6 ps

Power 40mW/channel

Power supply 1.2V

Process IBM 8RF-DM (130nm CMOS)
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Block diagram

Clock

Cho

CchlT —

Analog in
Ch3 —»

Ch4 Digital

out

Calibration

Read

23
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Timing Generator
Voltage Controlled Delay Cell

- 256 voltage controlled delay cells, 50-200ps each
- 20-80 MHz clock propagated

Voltage Controlled Delay Cell

Test structure:
Ring Oscillator: Two delay cells + inverter
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Analog Bandwidth and Sampling Window

On chip:
R. R, is the resistance of the Bl
in : :
closed write switch
71 C
Vln[ store
Vo4

Sampling window

- Analog bandwidth:
In practice, R, and C,_  are minimum, but limited by the stray capacitor of the switch, and the
leakage current of the switch in the open state.

- Sampling window
Number of switches closed at a time x sampling period

The Analog Bandwidth does not depend upon the Sampling Window width

Off chip:
Inductance of the wire bonds and pad capacitance:

Bump-bonding investigated vs wire bonding

25
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Sampler ASIC test card

V02B-BR

N T
127018 ‘ ‘ lxmgvs

o TR TLTTEZTIS HA- WS TE6-H 7 ~u_n4n_n

Va
v e LT
- W I
1 815 v
3 3V2h ‘ﬂ—dlll
‘:_ PS-10C ASIC lE‘ler
Nay, 2020
8 D00 T o
L‘OOOOOO'\‘

Ko iry el fo! O &0 oul! Bhere is 0 bry. ~Tol
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Timing Generator simulation

20

18

16

14

12

10

Sampling Rate [GS/s]

T
DL postlayout

0.5 0.6

0.7

0.8 0.9
NFET control [V]
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Timing Generator Tests

Sample rate

1.20E+010

1.00E+010 B e

11 GS/s K
8.00E+009

6.00E+009

sampling rate [S/s]

4.00E+009

2.00E+009

0.00E+000 ; ; ; ;

0.000 0.100 0.200 0.300 0.400

VCP [V]
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Sampling Rate tests

Sampled waveforms using Analog-out

0 ,.u,

o \

f"‘«
E}? ~" ‘w w

Ampiue [V]

" 60 Wiz sme wawe at 1.5 G -

-a:-n:. ac-n:. 1-5-55 n
Time 3] (Feadout at B35 KHz)

1.25 GS/s

ADC not functional (still investigated)

1D:- ZBG 3:I]|5 -lcw-D!- _rE-l:d- 6:“5 '."-:.-:I!- Ee Db

Ampliude [v]

0.9

y

[

0o

[

= "]

A
ﬂh

\ "m J'a

120 MHz sine wave al 11 GEs

"

‘1

{
po A
[ w/'

M,
"l |

L L L L
0o 000075 0,000z 000025

Sampled waveforms using the analog output at 1.25 GS/s 11 GS/s .

Noise partly due to the test set-up. Under investigations.
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Tirne [5] (Raadoul at 625 KHz)

11 GS/s

[EL L R
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Analog bandwidth simulated

Sampling switch “on” resistance

200,10

175,04
150,04 /

125.0

0o
“N.\_“_\_H‘

.

L0

70 /

S0.0

1F.0 T
up] .25 5 75 10 1.25
win

The Ron resistance is Voltage dependent. There fore the rise
time will be amplitude dependent inside the cell. Ron ~ 1000

Psec Design Review - H. Grabas 2 August 2010
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Sampling capacitor + input buffer
is ~100fF

Anticipated 3 dB bandwidth due to
the sampling network is:
1/(27 x 150Q x 100fF)= 10 GHz

Add parasitics of the open switches
Post layout simulation provides 1.6 GHz

Bonding wire + pads + test card:
L=25nH, C=3pF
1/ [27 x sqrt(25 x 3e-12)]=580 MHz

Flip-chip version card developed

30



Analog bandwidth

datal— readout é25kHz
rising edge fit, tau = 1.43E-5 sec

04

03

amplitude

02 sampling rate = 9.7 GS/s -

]
| w}n

iy T T
0 1

-2e-05  -1e-05 0 1e-05 2e-05 3e-05 4e-05 5e-05 6e-05 7e-05 8e-05
time

Sampling of an edge clock at 9.7GS/s. Analog bandwidth is 14.3 us x 625kHz/9.7GHz = 180 MHz

31
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Layout (first version)

0 N i

One sampling cell

]
3
:
i
i

One channel

IBM 4 x4 mm?

CMOS 130nm

32
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800

700

600

500

400

Vour [mV]

300

200

100

Tests: Measured Sampling cell (DC)

Sampling cell - Effect of Bias current

Vpol = 0.0V — +
Vpol = 0.2V e
Vpol =04V -3
Vpol = 0.6V - [] A
o+ ¥
A+ *
A " #* |
A
' ¥ O
k5 ]
B ol W I , ,
0.2 0.4 0.6 0.8
Vil'l [V]
Measurements

Optimum at 0.4V biasing

Sampling cell test structure - DC board test
0.8

0.7
0.6 | Herve simulation e
DC test, Vpol = 0.4

0.5 |

0.4 |

Vour V]

03 | - L

0.2

Vin V]

Simulation/Measurements
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ADC

Wilkinson:
All cells digitized in one conversion cycle

- Ramp generator

- Comparators

- Counter

- Clocked by the ring oscillator at -2 GHz

Not functional in this chip version, still under debugging
Chip tested using a buffered analog output

TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat
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Conclusion Perspective
This 130nm CMOS ASIC:

- Sample rate 11.5GS/s (15 anticipated)
- Analog bandwidth is 200 MHz (1.6GHz simulated)
Issues:

- Analog bandwidth reduced by test card environment
- ADC to be fixed

* Next chips (expected December 2010):
- ¥ Hawaii- % Chicago

Hawaii: Chicago:

DAC Delay line with DLL structure

D Flip Flop Free running DLL with low Vt transistors
Charge Sensitive Amplifier Phase detector—Charge pump

LVDS Ring Oscillator

Ring Oscillator Two test Transmission lines

Differential storage cell

- Full 6-channel chip including

Four channels including input channel discriminators
One timing channel
One test channel

TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat
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Thanks for your attention |
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Sampling Cell

wr rd Rin
v .}
—e —® [ -
J T - W
in 1 ¢ Vin T Cstorage
V\if‘ 7777
— —————
Principle VI :|:C
' in
n 7777
“Write” state 3 dB analog bandwidth is 1/(2nRinC5torage)

BUT parasitics (bonding wire + stray capacitors due to open switches) induce a much
dominant pole !

- Flip-chip test card under development

- “Sampling window” N switches closed x sampling period
Analog bandwidth does not depend upon N

- Thermal kT/C switching noise = 250uV = one 12-bit ADC count
- Digital noise presumably higher. Fixed pattern noise due to Vt spreads of buffers

TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat
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5-15 GHz Timing Generator [12]

50ps step delays
40-160 MHz Clock in

Ops ' | ' Y 3264 cells
4{ | %
N ‘ 200ps 200ps 200ps | 200ps
| > > .
250ps |

! !

To switched capacitor array

TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat
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Sampling Cell version 1 (Herve
Grabas)

vdd!

vdd! [Ip——

Input switch 2 g P i
it B Storage capacitance utput switch . ‘
& Nfet ..eeza R
S o oe®® netpa)] A
o L AN
R netss i

Vout
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o N
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-“____..-------. nn 8 8
ws® N N
- y ]
e A i N
. I N
. . N N
K net52 I N
g rent :
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ARELEF PP LLL L el gnd N
Multig) *
}9] tiplexer - B o v
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\\::\wz
VRO §§§\;§\\\:\
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N \\\§\:\

Sampling Capacitance 100 fF )
Switch resistance: 100 Q N

Analog bandwidth 1-2GHz

O T T T D
S S e L s e T i s s e s
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Tests (first version)

- First tests of packaged chips (presented here)

DC power vs biases,

Sampling cell response vs input
ADC’s comparator

Leakages (voltage droop)
Digital Readout

- Fine tests to come... (chip is just being bump-bonded to PCB)

Analog bandwidth

- Resolution, signal-to-noise

- Sampling cell response vs sampling window
- Crosstalk

- Max sampling rate

- Full ADC

- Linearities, dynamic range, readout speed

43
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First version
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Tests: Sampling cell Leakages

1 - input LOW, write switch CLOSED
2 - input HI, switch CLOSED
3 - input HI, switch OPEN

. . Sampling Cell Test Structure - Leakage
4 - input LOW, switch OPEN 4 |
Input ——
Output ————-
Write Switch - (HI open, LOW closed) --------
1.2 ' ok
1
s o8 .
§ 06 MMWHFW%HH o i '
< :
0.4
1 2 3 4
- 0.2

Time [ms]

Write switch  Read switch
TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat
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Sampling Chips

Sampling Bandwidth Dyn. range Depth PLL ADC

Trigger Techno

GS/s GHz bits bits
G. Varner (Hawaii) [9] 6 1.0 10 1024 no 12 experience .25um
S. Ritt (PSI)  [8] 6 .8 11.5 256  3.9ps no no 25um
D. Breton/E. Delagnes 2.5 5 13.4 250 20ps no no 35um

(Orsay/Saclay) [7]

ASIC Deep Sub-Micron (<.13um ) CMOS processes allow today:
Sampling: 10-20 GHz

Bandwidth: > 1.5 GHz
Dyn. Range: 10 bit

TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat
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Existing ASICs: Labrador 3 [9]
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Gary Varner
U-Hawaii

Two CH Timing I — BLAB1 e

| Mean 4702

B REMS 0.006433
600 Constant ST

[— Mean 4702 £ 0.000

— Sigma 0006341 + 0 000046
F \
400(—

. 6.4 ps RMS
300

i (4.5ps
200/ single)
100

1 11 | | 1 1 1 | | 1 11 | 1 Ll

- | | | | | | 1 | | I |
P66 467 468 469 47 471 472 4
time (ns)

250nm CMOS
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Waveform Digitizing Chip DRS4 [8]

Stefan Ritt

S NN, | . o
R T HRE Paul Scherrer Institute G ORI e LR
~ - 9 . .
2§ s Switzerland e 9 chn. each 1024 bins,
E cascadable up to 8192
7 B .
: e Sampling speed
CTIONALBLOCK DIAGRAM 02 5 GS/S
AGND AVDD DSPEED PLLOUT PLLLCK REFCLK DTAP A0 A1 A2 A3
O——0 O—0 DO = ;
o I i +_ Bandwidth 950 MHz
DENABLE O ﬁ—’ DOMINO WAVE CIRCUIT e 17.5 mW/chn @ 2.5V
4 IR ARIREN
INO :] CHANNEL O }‘ ouTo . . .
N1 . ﬁ3\\\\\\HH\HHHH\HHHHH\\HH\H\H(\:HF\‘\X\’\\‘\’\\IHIEHI\_\\:L\HH\HHHHH\HH\\HHHHHHHHHH‘ ouTL Y On_chlp PLL Stablllzatlon
N2 % %EIHH\\HH\HHHH\HHHHH\\HH\HH\(\:H'-\‘\X\’\\‘\’\\IHEHI\_\!HH\HHHHH\HH\\HHHHHHHHHH‘ ouTa .
N3 'E'.:J :llf;3““‘HmHmHH‘HHHHm‘HHHHHQL‘X‘,\L‘,‘\“!L‘!HMHHHHHmmHHHHHHMHHH\ ouTs () Readout Speed USIng
m % %ElH\\\\HH\H\\\\H\HH\\\\H\\HH\\\H\ﬁ\'-\‘\ﬁ\’\\l\’\\l\ﬁ\l\_\ﬁ\\\\\H\\\\H\\\HHHHHHHH\H\HHH our eXt. ADC: 30 ns * nsamples
INS u,:J E El CHANNEL 5 ouTSs
e bl CHANNEL 6 ours  ® SNR: 69 dB calibrated
N7 ElHH\\HH\HH\HHHHHHHHHHHHHQL\X\’\\I\'\\L!I\_H;\H\HHHHH\HHHHH\HHHHHHH\ ’e ouT
W L LEBa e Aperture jitter
meRent STOP SHIFT REGISTER [ Qoors 4 ps at 5 GS/s calibrated

>
T T T T T T T T T T I OO

RSRLOAD Y ROFS
READ SHIFT REGISTER O sROUT
SRIN > \ O RESET
SRCLK ‘ CONFIG REGISTER |

PYPD benp 250nm CMOS
TWEPP2010, Sept 21%t, Aachen, Germany, Jean-Francois Genat



The SAM (Swift Analog Memory) ASIC [7]

D. Breton/E. Delagnes

Orsay/Saclay - 2 differential channels
* 256 cells/channel

* BW > 450 MHz

SAM rck .
Readout Coniroel | ReadnutSequ?m?er and analeg w——= . Sampllng Freq 400MHz->3.2GHz
serializer ‘%mﬂd

CAM write 3 * High Readout Speed > 16 MHz
T " Sampling Cynirel + /?;ufﬁij:ﬁﬂidﬂﬂﬂs * Smart Read pointer
SAM_E Stop Synchrynisation  Few external signals
* Many modes configurable by a serial

ANALOG link.
MOx |> « Auto-configuration @ power on

2
Awalog  * AMS 0.35 um => low cost for medium

ANALOG [>_,"”‘P““ size prod
MUX

*\\ Readout

amplifiers

\ DAC for pedestals

equalization
—_— » SAM dows

|

Wrife i J, w Fead col i
T 9 %
2!;:;:::5 E_{I> 236 (=16x16)
= differential
ﬁ% memory cells

Buffers Sampling Frequency

SEere conirol
F

A

SAM din—»
SAM vok — 9| Serial Link
Mﬂm N— Power-On

NIM A, Volume 567, Issue 1, p. 2135, 2D06

6000 ASICs manufactured, tested and delivered in Q2 2007
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