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Microelectronics at BNLMicroelectronics at BNL
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Microelectronics (Instr. Div.)Microelectronics (Instr. Div.)

spectroscopy, microscopyspectroscopy, microscopyMedical
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small animal PET

• DHS, DoD ‐ directional gamma‐imagers
• NASA ‐ spectrometers for elemental mapping
• DHS, DoD ‐ directional gamma‐imagers
• NASA ‐ spectrometers for elemental mapping
• CRADAs ‐ medical, industrial applications
• publications course at SBU patents
• CRADAs ‐ medical, industrial applications
• publications course at SBU patents• •



CircuitsCircuits
• Low‐noise, low‐power charge amplifiers

• gas, liquid, solid state detectors
• capacitances from 10 fF to 10 nF

• Switched and continuous adaptive reset
Hi h d filt t bili d i• High‐order filters, stabilizers, drivers

• peak time / gain adjustment
• Single‐ and multi‐level discriminators
• Peak and time detectors derandomizers• Peak and time detectors, derandomizers
• Analog memories and multiplexers
• Counters and digital memories
• Configuration registersg g
• ESD protections
• Calibration pulse generators
• Analog‐to‐digital converters

ASIC for 3D Position Sensitive Detectors
· 128 channels      · 2 mW/channel
· 13 x 10 mm² · 300,000 transistors
· CMOS 250 nm  · 2009

• Digital‐to‐analog converters
• Precision band‐gap references
• Temperature sensors
• Readout control logic
• Low‐voltage differential signaling
• Current‐mode analog and digital interface

complexity increases by the year



Discriminator CircuitDiscriminator Circuit

year 2006
enable, MFS

year 2012

enable, rmode, reset, SHD, ToT, TtP, ADCs



Gamma spectrometer

Progress in ASICsProgress in ASICs

~ year 2001
tech. CMOS 500nm, 3.3V
~ 10k transistors, ~ 2mm²
preamplifier/filter

Gamma spectrometer

Compton imager

ATLAS upgrade

1‐2 designers

preamplifier/filter

~ 2006
250nm, 2.5V

²
3‐4 designers

~ 100k transistors, ~ 25mm²
+ discrim/peak‐det/mux

~ 2011 2011
130nm, 1.2V
~ 1M transistors, ~ 50mm²

+ time‐det/tots/mux/ART

5‐6 designers

~ 2015
< 90nm, <1V
> 10M transistors, > 100mm²

+ ADCs/DSP/SOC/EOC

7‐8 designers

+ ADCs/DSP/SOC/EOC
(DSP=Digital Signal Processing)

(SOC=System on Chip)
(EOC=Experiment on Chip)~ 1‐2 new designs /year,   ~ 3‐4 revisions /year



ASIC for ATLAS Muon Spectrometer Upgrade

New Small Wheels
• TGC (Thin Gap Chamber)

• MICROMEGAS
(MICROMEsh GAseous Structure)

• > 2M channels
Front‐end ASIC

• 10‐200 pF
• 2 pC @ < 1 fC rms
• 100 ns @ < 1ns rms



VMM1 ‐ Architecture
neighbor

or real time address (ART)

k

direct timing (ToT or TtP)

CA h

logic

peak

time
timingmux

mux amplitude

mux

CA shaper

by A Kandasamy

addr
mux address

64 channels by A. Kandasamy

logic

• dual polarity, adj. gain (0.5‐9 mV/fC), adj. peaktime (25‐200 ns), DDF shaper
• discriminator with sub‐hysteresis and neighboring (channel and chip)
• address of first event in real time at dedicated output (ART)
• direct timing outputs: time‐over‐threshold or time‐to‐peak
• peak detector, time detector
• multiplexing with sparse readout and smart token passing (channel and chip)
• threshold  & pulse generator, analog monitor, mask, temperature sensor, 600mV BGR, 600mV LVDS
• power 4.5 mW/ch, size 6 x 8.4 mm², process IBM CMOS 130nm 1.2V, test structures 



Dual‐Polarity Charge Amplifier

N1
sn

CF CF∙NIbias
sn

Qout = Qin ∙NQin

∞∞

sp
from  to virtual

‐∞

I

‐∞

sp
sn

sensor ground

rail‐to‐rail outputIbias
N1 sp

rail to rail output

ESD protection – beware of leakage



L 180

Front‐End Voltage Amplifier

Vin
L = 180 nm
W = 10 mm
M = 200MI inverting output stage 

with bootstrapping
Mc2 bias circuit

ID = 2 mA

MC1

with bootstrapping

Vout
compMC2

VC2
MS2MS2

C

MS1

MC2

VC2

C

fast response to ast espo se to
positive charge



Delayed Dissipative Feedback (DDF)
d l f db k f di i idelay feedback of dissipative 
element (i.e. resistor RS ) Q∙N

CS

CF CS

RS

CS

‐∞

CF∙N
‐∞

CS

other poles

Q∙N

Vout

V1

‐∞

Q
charge gain N

‐∞ other poles

shaperDDF shaperg g

22
max

a
QDR higher analog dynamic range

Applies also to the other stages of the shaper
see G. De Geronimo and S. Li, TNS 58, Oct. 2011
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Sub‐Hysteresis Discrimination
outputcomparator  output

input stage

Vi+ Vi
upper 

threshold

Vi+ Vi‐

hysteresis
upper 

thresholdVo+Vo‐ 3:34:2

Positive feedback
• high speed at low Vi+‐Vi‐
h t i

lower
threshold

hysteresis

• hysteresis set NMOS ratio
sets minimum detectable

Sub‐hysteresis
1 set window lower

• limit reduced to overlap 
1 ‐ set window lower
2 ‐ raise window after trigger switch NMOS ratio

hold until triggers back

• no action on input
or threshold signals



Peak Detector

timing

_

+
• peak and time
• large offsetsg
• low drive

Chold

rail‐to‐rail differential input
(from low‐voltage of deep submicron CMOS)



Multi‐Phase Peak Detector

out

_

+

• peak
• timing at peak
• analog memory+ • analog memory 
• offsets cancel
• high drive

timing

Chold
high drive



charge resolution timing resolution
Resolution Measurements
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• charge resolution ENC < 5 000 e‐ at 25 ns 200 pF

1p 10p 100p 200p 1n
100

Input capacitance [F]

0.0 0.2 0.4 0.6 0.8 1.0
100p

Output pulse amplitude [V]

• charge resolution ENC < 5,000 e at 25 ns, 200 pF
• analog dynamic range Qmax / ENC > 12,000 → DDF
• timing resolution < 1 ns ≈ 0 3‐0 8≈ 0 3‐0 8

σtσt ≈≈
ENC τPENC τP
QQ

• timing resolution < 1 ns
(at peak‐detect)

λPλP
ρPρP

≈ 0.3‐0.8≈ 0.3‐0.8
G. De Geronimo,
in “Medical Imaging” by Iniewski



Peak vs charge Linearity error

Peak Measurements
Peak vs charge Linearity error
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Noise floor

Input charge [fC] • linearity error < 1%
full 1V swing

Input charge [fC]



neighbor

Architecture of VMM2

logic
or

6b ADC

TGC out (ToT, TtP, PtT, 6bADC) x 64
TGC clock (160 MHz)
TGC out (ToT, TtP) x 16

ART (flag, parallel address)

CA shaper
6b ADC

time

peak mux

mux

analog ampl

analog time

addr.
h l (64 )

time

mux

mux analog time

parallel addr
channel (64x) 

logic mux clock

• TGC: 64 outputs, 6‐bit ADC 25ns with serialized output



Clock‐Less ADC
pulse (current signal I) dpulse (current signal I) • current mode

• clock‐less
• peak‐detect

I

i1 i2 in‐1

peak detect
• real‐time
• low power

year 2007

digital thermometer
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ADC not fast enough for ATLAS (25ns): 

0 1 2 3 4 5 6
0.0 0

Injected Charge [fC]

f g f ( )
need a current‐output peak detector



Current‐Output Peak Detector (COPD)

Chold

+ I_ Iout
timing

Rhold
l ff t• large offsets

• low driving
• low resolutionlow resolution



Multi‐Phase COPD

IIout_high‐resolution
(10‐11 bit)

+
_ Iout_low‐resol.

(6‐7 bit)

Rhold
• switch to buffer

ff lhold • offsets cancel
• for high resolution



TGC ADC and Serializer

25ns 50ns 75ns 100ns 125ns 150ns 175ns 200ns

charge event

analog pulse end of conversion

end of encoding

reset end (ready for next event)

CK

peak‐found

reset end (ready for next event)

CK

OUT
timing edge D5 ‐ D0

• conversion ends ~25ns after peak‐found, programmable
• dead time from event <100ns
• amplitude data D5‐D0 shifted at each clock edge
• 160 MHz readout



COPD, 6b‐ADC, Serialization ‐ Simulation
500 V lit d~500mV amplitude
peak time 25ns

threshold

peak found

conversion current
(from current‐output peak detector)( p p )

reset
160 MHz clock

MSB 1 0 0 0 1 1 LSB (d l d d )

5 ck from peak

• programmable conversion time (3‐bit 1 to 8 clocks from peak found)

MSB 1 0 0 0 1 1 LSB (dual edge mode)

programmable conversion time (3 bit, 1 to 8 clocks from peak found)
• programmable serialization (single or dual edge clock)
• programmable baseline subtraction (3‐bit)



neighbor

Architecture of VMM2

logic
or

6b ADC

TGC out (ToT, TtP, PtT, 6bADC) x 64
TGC clock (160 MHz)
ART (flag, serial address)
ART l k (160 MH )
ART (flag, parallel address)

CA shaper
6b ADC ART clock (160 MHz)

time

peak mux

mux

analog ampl

analog time

addr.
h l (64 )

time

mux

mux analog time

parallel addr
channel (64x) 

logic mux clock

• TGC: 64 outputs, PtT, 6‐bit ADC 25ns with serialized output
• ART (Address in Real Time): serialized flag and address



ART (Address in Real Time)

25ns 50ns 75ns 100ns 125ns 150ns 175ns 200ns

charge event

analog pulse
reset

CK

peak‐found

CK

ART
FL  D5 - D0

• flag and address serialized
• address data optionally D5‐D0 shifted at each clock edgeaddress data optionally D5 D0 shifted at each clock edge
• 160 MHz readout



neighbor

Architecture of VMM2

logic
or

6b ADC

TGC out (ToT, TtP, PtT, 6bADC) x 64
TGC clock (160 MHz)
ART (flag, serial address)
ART l k (160 MH )

CA shaper
6b ADC

flg 1‐bit
thr 1‐bit

ART clock (160 MHz)

10b ADC

8b ADC

mux

mux

analog ampl

analog timetime

peak

addr.
h l (64 )

addr 6‐bit
ampl 10‐bit
time 10‐bit
BC 12‐bt

12b BC
DATA 48‐bit
2‐bit

FIFO
8b ADC

8b L1A
mux

mux analog time

parallel addr

time

channel (64x)  BC 12‐bt

Gray‐code counters DATA sync
BC clock (40 MHz)

DATA clock (80 MHz)

logic

logic mux clock

BC clock (40 MHz)
L1A trigger

g

• TGC: 64 outputs, PtT, 6‐bit ADC 25ns with serialized output
• ART: serialized flag and address

• Serialized 2‐bit DATA output with dedicated sync, 160 MHz clock

• 10‐bit ADC 250ns for amplitude, 8‐bit ADC 125ns for timing, FIFO
• 12‐bit Gray‐code counter for BC timestamp



10‐bit ADC

CORE: 
‐ 64 macro‐cells, each with 16 cells
‐ power: ~ 600 µW (500nA/cell)

~800mV amplitude
peak time 50ns

conversion current (from current‐output peak detector)

8 macro‐cells

po e 600 µ (500 /ce )
‐ size: 80µm x 2.3mm
‐ conversion time: 250ns (2‐step 6MSB‐4LSB)

conversion current (from current‐output peak detector)

~800mV amplitude
peak time 50ns

conversion current (from current‐output peak detector)

MSBs decision node (50 of 64) 

MSBs decision node (50 of 64) 

LSBs decision node (9 of 16)

MSB LSBk f dh h ld

LSBs decision node (9 of 16)

latch

10‐bit data out 

MSB‐LSBpeak foundthreshold latch

macro‐cell

MSB‐LSBpeak foundthreshold latch

cell

10‐bit data out 



ConclusionsConclusions

VMM i ASIC f il f th ATLAS t t ll• VMM is an ASIC family for the ATLAS muon spectrometer small 
wheel upgrade

• VMM1 has been developed and tested at BNL and CERN with• VMM1 has been developed and tested at BNL and CERN, with 
results in agreement with the design ‐ some issues with charge 
amplifier rise time, ESD protection leakage, digital pick‐up

• VMM2 (in progress) will integrate a number of improvements 
(ADCs, FIFO) for simultaneous measurement and readout
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Noise measurementsNoise measurements
NMOS PMOS
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Equivalent 1/f (Kfeq) : equal value at twice the white component


