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Electronics for radiation detectors consists of low noise

MotivationMotivation

readout of signals generated in the sensor by ionizing radiation

Low density, low functionality   discrete electronics

specifically designed,
not available off-the-shelf

High density, high functionality   ASICs
Application
Specific
Integrated
CircuitsCircuits

ASICs have enabled entirely new classes of radiation detectors to be constructed



typical front-end electronics channel

State-of-the-ArtState-of-the-Art

typical front-end electronics channel

sensing 
element

filtering discrimination sparsification derandomization intensive DSPelement (shaping)
stabilization

amplitude/timing
counting

buffering
multiplexing

ADC
minor DSP

low-noise
charge amplifier

intensive DSP
(e.g. MCA)

year 2000 year 2010 by 2013year 2000
· 500 nm technology
· 16,000 transistors
· 16 channels
· analog

year 2010
· ~ 180 nm technology
· ~ 1M transistors
· ~ 100 channels
· analog and digital

(mixed-signal)

by 2013
· ≤ 130 nm technology
· >> 1M transistors
· >> 100 channels

(mixed signal)

14 mm

(2007) - 64-channel ASIC for Neutron Detectors: charge amplifier, filter, peak 
detector, 6-bit ADC, 18-bit timestamp, FIFO, MUX, 1.5 mW/ch, 110 e- rms



SubcircuitsSubcircuits
• Low-noise, low-power charge amplifiers

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

• Switched and continuous adaptive reset

• High order filters stabilizers drivers• High-order filters, stabilizers, drivers
• peak time / gain adjustment

• Single- and multi-level discriminators

• Peak and time detectors, derandomizers,

• Analog memories and multiplexers

• Counters and digital memories

• Configuration registers

• ESD protections

• Test pulse generators

• Analog-to-digital converters
(2008)

ASIC for 3D Position Sensitive Detectors
· 130 channels
· 2.5 mW/channel
· 13 x 9 mm²

• Digital-to-analog converters

• Precision band-gap references

• Temperature sensors
· 320,000 transistors• Readout control logic

• Low-voltage differential signaling

• Current-mode analog and digital interface



ASIC Design FlowASIC Design Flow
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revision cycles

From concept to ready-for-production:
1 - 2 rev. cycles, 2 - 3 years (depending on complexity)

Progressive increase in functionality and complexity require more resources,
more expertise, and/or longer development time

y , y ( p g p y)



Major foundries accept designs from different customers (MPW)

ASIC Fabrication : PrototypingASIC Fabrication : Prototyping

j p g ( )

20 mm reticle

M lti P j t W f

YOUR ASIC is here
(20 mm², ~ 60,000 transistors)  

MPW DEDICATEDMulti-Project Wafer
MPW

MPW DEDICATED
cost [$] 10k to 100k 100k to 700k
samples tens thousands

200 di t
ideal for prototyping

and low volume200 mm diameter and low volume



Major foundries accept the purchase of a dedicated run

ASIC Fabrication : ProductionASIC Fabrication : Production

4-10 chips in a ~20x20 mm2 reticle
~ 55 reticles per 8” wafer

cost [$]cost [$]
mask 100k to 700k

each wafer 1k to 10k
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Number of dies

mask

Packaging ~ $ 1.75 / die
14 x 20 QFP package
(cavity 11x13 mm²)



Main Stream TechnologiesMain Stream Technologies

2010 MPW f b i ti h d l
nm

40
Technology node TSMC

Year

20092010 MPW fabrication schedule
• from MOSIS Service (mosis.org)

Typical applications

40
45 
65
90
130

0.9V

1V

1.2V2000

2002
2006
2008
2009

• CMOS ≥130nm: <GHz analog, mixed-signal
• CMOS <130nm: >GHz analog, digital
• SiGe (HBT): >>GHz analog
• SOI: >>GHz analog, high-density digital

180 HV

1.8V
1999

All of these are main stream
• available at MPW services

d f t t i

g, g y g
• HV: >>high-voltage (>30V)

250

350

2.5V

3.3V
1995

1998

• used for prototyping

Technologies with highest schedule
are expected to be available for 
several years

HV

nm
32
45

IBM

SOI
SOI

0.9V
2010

several years.

Technologies with smaller feature 
size require lower voltage and are 
more expensive

45
65
90
130

180
SiGe
HV

1V

1.2V

1.8V

Low voltage has impact on
- design complexity
- dynamic range (or area ...)

250
350

SiGe
SiGe 2.5V

3.3V1995



Some Examples



• 130 channels - mixed signal 
lo noise anodes and cathode amplification

3D position sensitive detectors combine small-
pixel effect with depth sensing (solid-state TPC)

ASIC for 3D Position Sensitive Detectors (H3D)ASIC for 3D Position Sensitive Detectors (H3D)

anodesanodes

• low-noise anodes and cathode amplification 
• energy (sub-100 e-) and timing (sub-ns)
• multiple timing measurement methods
• advanced sparse readout
• ~ 2.5 mW/ch., ~ 320,000 transistors

pixel effect with depth sensing (solid-state TPC)

depthdepth

cathodecathode

CZT
2 x2x1.5 cm3

11x11 pixels

HV bias board

137Cs

11x11 pixels CZT sensor

ADC board (3 x 3 array)

ASIC board

Backplane

Heat dissipation system

G. De Geronimo et al., IEEE TNS 55 (2008), collaboration with Michigan University, DHS, and DoD

Backplane

FPGA board
USB and optical links



H3D Channel ArchitectureH3D Channel Architecture

-A
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pz shaper

-
+

trimpTHR

peak detector pPeak outp p

BLH BGR TAC
Stop

FlagStart

test
pulse

pTAC out

+

-
trimnTHR

peak detector nPeak out

~ 5 mm x 117 µm

TAC

Stop

FlagStart

nTAC out

Optimized for 3 pF input capacitance 2 3 mWm  Optimized for 3 pF input capacitance 2 3 mW Optimized for 3 pF input capacitance, 2.3 mW
 Adaptive continuous reset (up to 50 nA)
 5th order complex shaper
 Peaktime: 0.25, 0.5, 1, 1.5, 2, 3, 6 and 12 µs
 Gain:  20 & 60 mV/fC (3 MeV & 1 MeV in CZT)

9.
3 

m  Optimized for 3 pF input capacitance, 2.3 mW
 Adaptive continuous reset (up to 50 nA)
 5th order complex shaper
 Peaktime: 0.25, 0.5, 1, 1.5, 2, 3, 6 and 12 µs
 Gain:  20 & 60 mV/fC (3 MeV & 1 MeV in CZT) Gain:  20 & 60 mV/fC (3 MeV & 1 MeV in CZT)
 Multi-phase peak- and time-detector
 Low hysteresis discriminators (5-bit trim)

12.9 mm

 Gain:  20 & 60 mV/fC (3 MeV & 1 MeV in CZT)
 Multi-phase peak- and time-detector
 Low hysteresis discriminators (5-bit trim)



Peak Detector - Classical Configuration Peak Detector - Classical Configuration 
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• detects and holds peak without external trigger
• provides accurate timing signal (peak found, z-cross on derivative)
• l ( ff t CMRR)• low accuracy (op-amp offset, CMRR)
• poor drive capability



Peak Detector - MultiphasePeak Detector - Multiphase

1 - Track (< threshold)
• Analog output is tracked at hold capacitor
• MP and MN are both enabled_

+ MP

in

CH MN
peak-found

2 - Peak-detect (> threshold)
• Pulse is tracked and peak is held
• Only MP is enabled

_
+ MP

in

y P
• Comparator is used as peak-found

VP

CH MNout

3 - Read (at peak-found)
• Amplifier re-configured as buffer
• High drive capability

A lifi ff t i l d

_
+ MP

• Amplifier offsets is canceled
• Enables rail-to-rail operation
• Accurate timing
• Some pile-up rejectionVP

CH MN



Peak Detector - MultiphasePeak Detector - Multiphase
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• Collaboration with NASA and NSLS at XRS for elemental mapping

ASIC for High-Resolution X-ray SpectroscopyASIC for High-Resolution X-ray Spectroscopy

• 16 channels - mixed signal
• very low noise amplification

Collaboration with NASA and NSLS at XRS for elemental mapping
• Based on Silicon Drift Pixels

very low noise amplification
• 11 electrons resolution
• 1.2 mW/channel
• peak detection, sparse readout
• pile-up rejection temperature sensorpile up rejection, temperature sensor
• 30,000 transistors

65
 m

m

10M
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3.2 keVArk
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A l

G. De Geronimo et al., IEEE TNS 55 (2008), collaboration with NASA

2.12 mm

Microelectronics - 15/27  
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~11 e- resolution on 20 mm² SD pixels



Peak Detector vs Commercial MCAPeak Detector vs Commercial MCA
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Pile-up Rejector (PUR)Pile-up Rejector (PUR)
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pile-up

tpd2
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reset
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reset
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TAC
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Vth

90 x 100 µm2, < 1 µW at 200 kcps

channel 1700 x 200 µm2



High-Rate Spectral Measurement with PURHigh-Rate Spectral Measurement with PUR
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Compare timing at threshold crossing with timing at peak

Peak Detector - Timing FunctionPeak Detector - Timing Function

p g g g p
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Time walk almost

threshold@dt
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Time walk strongly

output slope 
normalized to 
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Time-walk almost 
independent of amplitude

(equivalent to zero crossing 
on differential)

Time-walk strongly 
dependent on amplitude



Peak Detector - Timing FunctionPeak Detector - Timing Function

Compare timing at threshold crossing with timing at peak
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Filter Shape a aƒ(1) a  ( )=a ( )/a (1)  /   

Shaper Coefficients for Amplitude and Timing ResolutionShaper Coefficients for Amplitude and Timing Resolution

Filter Shape aw aƒ(1) ap ƒ(ƒ)=aƒ(ƒ)/aƒ(1) w /p -p p p
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H3D MeasurementsH3D Measurements
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ASIC for High-rate Photon Counting ApplicationsASIC for High-rate Photon Counting Applications
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 Counters+readout disabled
         test pulse FWHM 2.15keV
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241Am
Peaking time 320 ns
All 64 channels active
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DACSDACS
DACSDACS

60 MHz, 16bit
output bus
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Counters+readout enabled
         test pulse FWHM 2.3keV
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• 64 channels - mixed signal
• fast shaper (40ns, 9th order)

0 10 20 30 40 50 60 70 80
0

Energy [keV]

p ( , )
• five energy windows per channel
• 16-bit counter & memory per window
• mega-counts s-1 per channel
• 600,000 transistors
• used in industrial and medical applications• used in industrial and medical applications

6.6 x 6.6 mm²

G. De Geronimo et al., IEEE TNS 54 (2007), collaboration with eV Microelectronics

~ 10µ x 10µ



LAr TPC OperationLAr TPC Operation
70 tons Liquid Argon Time Projection Chamber (LAr TPC), 800 feet underground in South Dakota
at  the Deep Underground Science & Engineering Lab (DUSEL)p g g g ( )
for Long Baseline Neutrino Experiments (LBNE)

70m

• ~ 600,000 anode wires
• up to 200 pF
• collecting (X)

• ~ 600,000 anode wires
• up to 200 pF
• collecting (X)

14 m

• collecting (X)
• non-collecting (U,V)

• charge amplification
• range 300 fC
• ENC < 1,000 e-

• sample/buffer events

• collecting (X)
• non-collecting (U,V)

• charge amplification
• range 300 fC
• ENC < 1,000 e-

• sample/buffer eventssample/buffer events
• ADC 12-bit, 2 MS/s
• 3,000 deep buffer

• digital multiplexing
• 1000:1 multistage
• collab with FNAL

sample/buffer events
• ADC 12-bit, 2 MS/s
• 3,000 deep buffer

• digital multiplexing
• 1000:1 multistage
• collab with FNAL

time15 m

collab. with FNAL
• power constraint

• 10 mW / channel
• operation in LAr

• 90K, > 15-20 years

collab. with FNAL
• power constraint

• 10 mW / channel
• operation in LAr

• 90K, > 15-20 years



Mixed-Signal Front-end ASICMixed-Signal Front-end ASIC

common register BGR, common bias, temp. sensor control logicpulse generator

Block Diagram

channel register
gain &
mode bypasspeaking time & 

mode
mode

mode & 
couplingtest

, , p gg

CK
CS
DI

DO

dual stage charge amplifier filt ac/dc

mode

wire
ADC compression mux

digital 
interfacebuffer

Layout
chg amp filter ac reg ADC cmp • 16 channels - mixed signal

dual-stage charge amplifier filter ac/dc

16 channels
12-bit, 2 MS/s

p mux
(LV or CM)

AO

bu e

m

chg amp               filter                     ac    reg ADC      cmp buffer
g

• charge amplifier (adj. gain)
• high-order filter (adj. time constant)
• ac/dc, adjustable baseline
• test capacitor, channel mask
• ADC (12 bit 2 MS/s)

~ 
5 

m
m

m
ux

• ADC (12-bit, 2 MS/s)
• compression, discrimination
• multiplexing and digital buffering
• LV or CM digital interface
• pulse generator, analog monitor

~ 7 mm

pulser BGR, bias, temp. sens. reg control logic

• temperature sensor
• LAr environment (> 20 years at 90K)
• estimated size ~ 6 x 8 mm²
• estimated power ~ 10 mW/ch.



Analog ASIC - OverviewAnalog ASIC - Overview

common register

channel register

BGR, common bias, temp. sensor
digital 

interface

Block Diagram

g
gain &
mode bypasspeaking time & 

mode
mode

mode & 
couplingtest

5.7 m
m

dual-stage charge amplifier filter ac/dc

16 channels

wire
analog
outputs

• 16 channels
• charge amplifier high order filter

• rail-to-rail signal analog signal processing
b d f d bi i

6.0 mm

• charge amplifier, high-order filter
• adjustable gain: 4.7, 7.8, 14, 25 mV/fC

(charge 55, 100, 180, 300 fC)
• adjustable filter time constant

(peaking time 0.5, 1, 2, 3 µs)

• band-gap referenced biasing
• temperature sensor (~ 3mV/°C)
• 136 registers with digital interface
• 5.5 mW/channel (input MOSFET 3.9 mW)
• single MOSFET test structures

• selectable collection/non-collection mode
(baseline 200, 800 mV)

• selectable dc/ac coupling (100µs) 

g
• ~ 15,000 MOSFETs
• designed for room and cryogenic operation
• technology CMOS 0.18 µm, 1.8 V, 6M, MIM, SBRES
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Noise Model: WhiteNoise Model: White
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Noise Model: Low-FrequencyNoise Model: Low-Frequency
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Analog ASIC - Signal MeasurementsAnalog ASIC - Signal Measurements
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Analog ASIC - Front-end Detail and Calibration SchemeAnalog ASIC - Front-end Detail and Calibration Scheme
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Analog ASIC - Noise MeasurementsAnalog ASIC - Noise Measurements
Layout Detail1800

 

1200

1400

1600

s.
)

T=300K
 T=77K

CDET=220pF

Input MOSFETInput Line
800

1000

1200
target at 90K

measured

 

ec
tro

ns
 r.

m
.s

Input MOSFET
L = 270 nm
W = 10 mm

(50µm x 200)
gm,77K ≈ 90 mS (11 Ω)

45 S (22 Ω)

Input Line
L ≈ 1 mm

W = 3.5 µm
(M3 + M4)
R77K ≈ 3 Ω

R 12 Ω

400

600
measured

simulated whole front-end

E
N

C
 (e

le

gm,300K ≈ 45 mS (22 Ω)R300K ≈ 12 Ω

800

900

T=77K
CIN=220pF0 1 2 3

0

200 simulated input MOSFET

Peaking Time (µs)

Measurements include:
• input line parasitic resistance

• ~ 150 e- at 77 K (~ 590 e- at 300K )
600

700

N
C

 (e
le

ct
ro

ns
 r.

m
.s

.)

Dielectric:
 MICA
 NP0

Peaking Time (µs)

( )
• addressed in next revision

• CIN dielectric noise (not present in wire)
• ~ 60 e- at 77 K 












MICAfore60
NPOfore200

tgkTC2dENC IN

0 1 2 3
500

600E
N

Peaking Time (µs)



Prospects for Germanium SensorsProspects for Germanium Sensors
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• Compared with cold JFET:
• warm MOSFET offers similar resolution at shorter peaktime
• cold MOFET offers higher resolution at lower power and shorter peaktime• cold MOFET offers higher resolution at lower power and shorter peaktime

• higher functionality increases signal integrity
• multiplexing reduces cryostat feed-throughs
• shorter peak-time allows higher rate and reduces microphonics

A t l l ti b t 10 20% hi h ( t ib ti f th t t )• Actual energy resolution about 10-20% higher (contribution from the next stages)
• Power in input MOSFET includes input branch
• Power dissipated by the next stages must be included (from few tens of µW to few mW depending 
on the required linear dynamic range)
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Conclusions and Future WorkConclusions and Future Work

• ASIC design process is defined and predictable

• ASICs offer

• high resolution and high functionality at low powerhigh resolution and high functionality at low power

• high yield, high reliability, long lifetime

• Mixed‐signal circuits are compatible with low‐noise front‐ends

• ASICs are “happier” in cryogenic environment, offering a 
valuable solution for a number of detectors/applications

AcknowledgmentAcknowledgment

BNL
V ljk R d k G h S ith B YVeljko Radeka, Graham Smith, Bo Yu

Alessio D’Andragora, Jack Fried, Shaorui Li, Neena Nambiar, Emerson Vernon
University of Michigan
Zhong He, Feng Zhangg , g g

Berkeley
Steve Boggs, Lucian Mihailescu, Kai Vetter 


