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DETECTOR SIGNAL PROCESSINGDETECTOR SIGNAL PROCESSING 
Veljko Radeka - radeka@bnl.gov

1.Signal Formation and Ramo's Theorem

2. Noise Generation Mechanisms

•Generation of noise spectra
•Random telegraph Noise (RTS) and 1/f noise•Random telegraph Noise (RTS) and 1/f noise

3.Equivalent Noise Charge (ENC) Calculation

•ENC calculation in time and frequency domains
•Simple ENC calculation for series and parallel noise
•ENC Calculation for 1/f noise
•1/f noise parameters and noise corner frequency for 1/f vs. white noise

4.Signal Processing, i.e., "filtering" or "pulse shaping“4.Signal Processing, i.e., filtering  or pulse shaping

•Weighting function of the whole detector readout system
•Correlated and uncorrelated sampling
•Optimum weighting functions
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5. Charge Amplifier Configuration

Transfer of charge from detector to amplifier

6. Timing Measurements 

Anti-walk techniques

7. Total Fluctuations on a Capacitance and 
Charge Measurement Sensitivity

“kTC noise” and correlated sampling

8. Noise from Dielectrics

9. References on Signal Processing for Radiation Detectors

Appendix
A.1   Noise calculation: Time domain and Frequency domain
A.2    Parallel Noise in devices with Avalanche Gain
A.3    Noise Figure and Noise Temperature 
A.4    Noise in Resistors at Different Temperatures and “Electronic Cooling” by Feedback
A.5 Zero-crossing statistics of noise
A.6 Autocorrelation function as a diagnostic tool 
A.7 Pileup effects vs shaping
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1. Signal Formation1. Signal Formation
and 

R ’ ThRamo’s Theorem
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Weighting 
field

Induced Current and Charge

S. Ramo, Proc. IRE, 27(1939) 584
(and W. Shockley)
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The Simplest Case: Induced Currents in Continuous Planar 
Electrodes for Localized and Extended Ionization in 

Semiconductor, Gas and Liquid Detectors

Carrier drift velocity

Carrier transit time 5



6

Weighting Potential and Pulse Height Distribution for Strips vs Pixels

X-ray 
illumination
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2. Noise mechanisms
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A Model for Generation of Noise Spectra
( ) ( )h t H jω⇔F

Random sequence 
of impulses

( ) ( )h t H jω⇔
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τ ωτ
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White noise with 
1st order band limit 
(relaxation process)

( ) 1U t jω⇔

( p )

1/f 2  noise

(random alk)

12

(random walk)

1/f     noise
1212( ) 1( )U t t jω⇔

White noise × transforming filter=
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Low frequency Noise:  Trapping 
Noise – from RTS (RandomNoise from   RTS (Random 
Telegraph Noise to 1/f Noise

•Single trap → Lorentzian spectrumSingle trap → Lorentzian spectrum
•Distribution of traps → 1/f spectrum
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3. Equivalent noise charge 
(ENC) calculation
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Noise Sources and Spectral Densities in Charge Amplifiers
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Equivalent Noise Charge (ENC) – Integrals and 
Coefficients  A1, A2, A3
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ENC Calculation in Time domain: Weighting Function Role

I3I3

I3
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Simple ENC Calculation for Series White Noise

1 1 2mA I t= =

[ ]1 2
s in n mdENC dC e t=

Noise slope:Noise slope:
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Simple ENC Calculation for Parallel White Noise
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Calculation of ENC for 1/f Noise 
From slides  12, 13:
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It can be shown that:

( )1 2
2 1 30.75A A A≈

An approximation for practical purposes 
(ENCf  to 10%):
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Weighting Function Noise Coefficients

Weighting function
Series 
white

A1

Parallel 
white

A3

Series 1/f
A2(calc)

Series 1/f
A2(approx)

≈ 0.75(A1A3)1/2

triangle  2 2/3 0.88 .87

semi-gaussian
4th  order 2.04 0.90 1.04 1.01

CR RC 1 85 1 85 1 18 1 39CR-RC              1.85 1.85 1.18 1.39

trapezoidal 2 1 67 1 38 1 37∆=1 2 1.67 1.38 1.37
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ENC vs shaping (peaking time):
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1/f  Noise parameters: corner frequency, “technology constant” Kf       
and “measurement constant” Af
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Low‐frequency noise in CMOS: slope and dependence on L
(Adapted from: G. De Geronimo and P. O’Connor, Ref. 39)
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What do different transistors have in common?
-- Fluctuations associated with the gain g

mechanism
Intrinsic (white) noise, although from a different mechanism  for each  device 
type can be expressed by the transconductance in terms of the equivalenttype, can be expressed by the transconductance in terms of the equivalent  
noise resistance,

neqR g
γ=

mg
:valuesγ −

BJT 1/2

W

JFET 2/3

CMOS (strong inv..) 2/3

CMOS (weak inv ) 1/2CMOS (weak inv.) 1/2

CMOS <~180nm >2/3

2 4n
m

e kT
g
γ

=Noise (voltage) spectral density:
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Additional (white) noise  sources in MOSFETs: and Equivalent Series Noise 
Resistance for Charge Detection
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Gate 
resistance Substrate 
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Induced into gate 
(shielded by the 
inversion layer!?)«1
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4. Signal processing, i.e.,          
“filtering” or “pulse shaping” 
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Weighting Function
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Composite Weighting Function for Correlated Double Sampling
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Transfer Functions in Time and Frequency Domains 
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Optimum Filter for Amplitude Measurement
(d lt f ti i l t)(delta function signal current)

triangle

(c) trapezoid

cusp

c= noise corner time constant
Trapezoid w(t) for reduced 
ballistic deficit with finite 
width signal current

τ
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Trapezoidal Weighting Functions 
by 

Digital (Uncorrelated) Signal ProcessingDigital (Uncorrelated) Signal Processing
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5 Charge amplifier5. Charge amplifier 
configuration and charge 
transfer from detector to 

amplifieramplifier
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Basic Feedback Preamplifier Configuration

Preamp input eq. circuit

1
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Charge Transfer from Detector to Amplifier

Transfer by conduction:y

C1 C2
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+ The lowest noise for an 
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Optimization of speed, gain and power in CMOS

From: B. Murmann et al.
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Eq. Noise Charge (ENC) due to gate tunneling current 
(parallel noise)
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6 Timing measurements6. Timing measurements
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Time Measurements Time Measurements 
We want to measure the arrival time of the signal pulseg p

as time information we 
choose the 0-crossing 
time of the output signal

•for simplicity we fix the 0 crossing time in t=0noisy output signal

time walk

2σ

•for simplicity we fix the 0-crossing time in t=0

•From the ratio of amplitude and time fluctuations: 

noisy output signal
so, non-noisy 
output signal

2
2

0

0

A
t

t

ds
dt

σσ

=

=
⎛ ⎞
⎜ ⎟
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σA
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r.m.s.

time 
r.m.s
. 0

A

t
t
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dt

σ
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=

=
⎛ ⎞
⎜ ⎟
⎝ ⎠
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time resolution improves as the slope at the 0-crossing increases

Adapted from: C. Guazzoni 36



Constant Fraction Timing of Variable Shape Signals

Detector Current

Delayed 
preamp out

TTo 
ZCD

Thi th d id ti lk•This method provides anti-walk
timing (constant fraction) on 
early part of the signal (short tD)

•Amplitude of the constant 
f ti h t b b th

Constant 
fraction signal (From: Ortec)

fraction has to be above the 
noise.
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Constant Fraction by RC “Quasi Delay”

Signal after RC
Timing after 
signal peak

Difference Zero crossing →Difference 
signal

38

Zero crossing  
timing signal is after
the signal peak



7. Fluctuations on a capacitance 
and charge measurementand charge measurement 

sensitivity - kTC noise
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Thermal Noise, Total Fluctuation without band-limiting: kTC noise

According to equipartion 
theorem                          for 
each degree of freedom → 

( )1 2 Bk T

( ) ( ) ( )2 2k

40
independent of R

( ) ( ) ( )2 21 2 1 2 1 2B q vk T C Cσ σ= =



Charge and Voltage Total Fluctuations on Capacitance

Capacitance: Charge 
fluctuation:

Voltage 
fluctuation:

[ ]C F ( )1 2 [ ]ekTC q rms e ( )1 2 [ ]kT C V

1a 0.4 64m
10a 1.26 20m

[ ]C F ( )

Dynamic range:

500 500mV ≈100a 4 6.4m
1f 1.26x10 2.0m
10f 4.0x10 0.64m

500 5005
mV

σ ≈

100f 1.26x102 0.20m
1p 4.0x102 64µ
10p 1.26x103 20µ

ENC (if no filtering):
≈126 rms ep µ

100p 4x103 6.4µ
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Transient Build-up of Noise:  kTC noise vs time

4.5%
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Pixel Reset, or Charge Transfer and kTC Noise vs Time

Reset /Transfer Transistor  ON
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Correlated Double Sampling (CDS) and kTC
Noise “new” kTC building up

“old” kTC 
(from reset)

Signal ( ) [ ]12 121 exp( 2 OFFkTC t CR∝ − −

Reset switch 
opens: Sample 2

Sample 1 of “old” 
kTC decaying with 

r r
6 11/ 10 10OFF ONR r −∼

opens: 
Sample 1

y g
time constant CdROFF

" "low ONr r=

C

C ~ 20 fF      

rON~ 103 ohms         rONC ~ 20 ps   

Example:

Active Pixel
" "high OFFR R=

C ON ON p

ROFF~ 1013 ohms      ROFF C = 0.2 s

Active Pixel 
(or CCD)
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8. Noise from Dielectrics
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9 Literature9. Literature
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A. 1
Noise Calculation: 
Time Domain andTime Domain and 

Frequency Domain
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A.2 Parallel Noise due to Dark Current in Devices with 
Avalanche Gain
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A3.  Noise Figure vs Noise Voltage, Noise Current and 
Noise Temperature
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A4. Noise in Resistors at Different Temperatures and “Electronic 
Cooling” by Feedback
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A5. Zero-Crossing Statistics of Noise

Discriminator 
threshold

( )
( )

W
K

ω
τ

=
=

spectral density

autocorrelation functionRate of positive zero crossings:
1
2

21
" 2

0

( )
1 (0) 1

W d
Kn

ω ω ω
∞⎡ ⎤
⎢ ⎥⎡ ⎤ ⎢ ⎥= =⎢ ⎥
∫

[ ]1 2(0)Kσ = = rms noise
p g

Rate of positive level crossings:

0

2 (0) 2
( )

zcn
K

W d
π π

ω ω
+ ∞

⎢ ⎥= − =⎢ ⎥ ⎢ ⎥⎣ ⎦
⎢ ⎥
⎣ ⎦
∫ 2

( ) exp 2 (0)
d

d zc
vn v n K+ +

⎡ ⎤= ⋅ −⎢ ⎥⎣ ⎦

Example: 2nd order high frequency cutoff (2 RC integrations)

Solution: Threshold crossing rate: 

1 2
1 2

1
2 ( )zcn
π τ τ+ =

F 150

/ ( ) /d d zcv n v nσ + +⇒
2                   1.4x10-1

3 1.1x10-2

J.S. Bendat, Principles and 
Applications of Random Noise 
Theory J Wiley&SonsFor: 1 2 1

150
50

;3
;

zc MHz
n

n k
s s

Hz
μτ τ

+

= =
=

4 3.3x10-4

5                      4x10-6

Theory,  J. Wiley&Sons, 
1958,p. 125
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A.6 Autocorrelation Function as a Diagnostic Tool
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An Example of Noise Autocorrelation Measurement by 
Digital Oscilloscope

58



A.7 Pileup Effect on Centroid Position Resolution for 
Unipolar and Bipolar Shaping (Weighting Function)p p p g ( g g )

Detector: 1 5 m long MWPC withDetector: 1.5 m long MWPC with 
interpolating cathode strip readout; 
Peaking time ~ 250 ns
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Outline

• Operation and characteristics of MOS and Bipolar transistors

• Sub-micron CMOS and BiCMOS technologies

• Feature size scaling

• Radiation effects and reliability

• Mixed-signal circuits
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Outline

• Operation and characteristics of MOS and Bipolar 
transistors

MOS transistor equations and characteristics
MOS transistor small-signal equivalent circuit
Bipolar transistor equations and characteristics
Bipolar transistor small-signal equivalent circuit

• Sub-micron CMOS and BiCMOS technologies
• Feature size scaling
• Radiation effects and reliability
• Mixed-signal circuits
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The MOSFET

The basic idea behind Field Effect 
Transistors (FETs) was first patented by

J. Lilienfeld in 1930 for the MESFET (MEtal
Semiconductor FET) and in 1933 for the 
MOSFET (Metal Oxide Semiconductor 

FET). But we had to wait until 1960 to have 
a technology capable to make a working 

device.

The first working 
MOSFET was made 
in 1960 at the Bell 
Laboratories by
D. Kahng and
M. M. Atalla.
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The (N)-MOS transistor

Y. Tsividis, Operation and Modeling of The MOS Transistor, 2nd edition, McGraw-Hill, 1999.

x

y

z

GATE

SOURCE

DRAIN

SUBSTRATE

What is a MOS transistor?

Analog circuits: amplifier (V to I)

Digital circuits: switch
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Linear and Saturation regions

n+ n+

S
G

D

n+ n+

S
G

D

LINEAR REGION (Low VDS):
Electrons are attracted to the SiO2 – Si
interface. A conductive channel is 
created between source and drain. We 
have a Voltage Controlled Resistor 
(VCR).

SATURATION REGION (High VDS):
When the drain voltage is high enough 
the electrons near the drain are 
insufficiently attracted by the gate, and 
the channel is pinched off. We have a 
Voltage Controlled Current Source 
(VCCS).
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Drain current vs Drain voltage
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Saturation region (VCCS)

Linear region (VCR)

Output conductance

@ three 
different VGS

This is a real device measurement !

Locus of IDS_SAT vs VDS_SAT
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Drain current vs Gate voltage

This is also a measurement, same device.
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The SLOPE of this 
plot is called 

Transconductance, 
and is a very 

important 
parameter for 

analog design (is 
the “gain” of the
V-to-I amplifier).

THRESHOLD VOLTAGE
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Log(IDS) vs VGS

Exactly same measurement as before, but semi log scale
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Equations: strong inversion

2
TGSDS )VV(

n2
I −

β
=  

DSTGS
GS

DS
m I

n
2)VV(

nV
Ig β

=−
β

=
∂
∂

=
 
 

SATURATION REGION:

SAT_DS
TGS

DS V
n

VVV =
−

>

Transconductance:

L
WCox μ=βx.1

g
ggn

m

mbm ≈
+

=
ox

SiO
ox t

C 2
ε

=
BS

DS
mb V

Ig
 
 

∂
∂

=

DS
DS

TGSDS V)
2

nVVV(I −−β=  
LINEAR REGION:

SAT_DS
TGS

DS V
n

VVV =
−

<

DS
GS

DS
m V

V 
I g β=

∂
∂

=Transconductance:
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Equations: weak inversion

)e1(e
L
WII t

DS

t

GS
n
V

n
V

0DDS
φ

−
φ −=

t

DS

GS

DS
m n

I
V
Ig

φ
=

∂
∂

=

K300mV25
q

kT
t   @  ≈=φ

tDS n4V φ>

Almost like a bipolar transistor (see later)!

t

GS
n
V

0DDS e
L
WII φ=

If then the drain current does not depend on 
VDS any longer (saturation)
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Output conductance

ΔV
ΔI

VDSVD VD’

IDS
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ID’

L-L
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Δ
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n+ n+
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D
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L

0.0E+00
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A
 ]

Dashed lines:
ideal behavior

The non-zero output 
conductance is related to a 

phenomenon called
channel length modulation
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Output conductance / resistance

)V1(I)V1()VV( 
n2

I DSSAT_DSDS
2

TGSDS λ+⋅=λ+−
β

=

SAT_DS
DS

DS
dsout I

V
Igg ⋅λ=

∂
∂

==

Drain-to-source current in saturation

Output conductance Output resistance

Remember: λ is 
proportional to 1/L

SAT_DS

E

SAT_DSds
0 I

LV
I

1
g
1r ⋅

=
⋅λ

==

)N,V(fL
LL

L
V
1

DopingDS
DS

    where =Δ
Δ−

Δ
⋅=λ
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Equations: addendum

Sm

m'
m Rg1

gg
+

=

( )SiSisbT VV φ−φ+⋅γ=ΔBulk effect

)VV(
nL2

1
C
g

2
1f TGS2

gs

m
max −

μ
π

=
π

= in s.i.Maximum 
frequency

Source parasitic 
resistance

Vertical electric 
field effect )VV(1 TGS

0

−θ+
μ

=μ
 

K. R. Laker and W. M. C. Sansen, Design of Analog Integrated Circuits and Systems, McGraw-Hill, 1994, Chapter 1.

ox

aSi

C
Nq2 ε

=γ
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Equations: velocity saturation

L
v

2
1

C
g

2
1f sat

gs

m
.S.Vmax_ π

=
π

=

s
cm 10v     with)V(VvWCI 7

satTGSsatoxDS_V.S. =−=

satox.S.V_m vWCg =

For low values of the longitudinal electric field, the velocity of the 
carriers increases proportionally to the electric field (and the

proportionality constant is the mobility). For high values of the 
longitudinal electric field (3 V/μm for electrons and 10 V/μm for holes) 

the velocity of the carriers saturates.



16NSS-MIC Short Course, October ‘06Giovanni Anelli, CERN

gm / ID vs log(ID / W)
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DSm I
n

2g β
=

DSD

m

I
1

n
2

I
g β

=

Velocity Saturation (V.S.)

satoxm vWCg =
DS

satox
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m

I
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I
g

=

Moderate Inversion (M.I.): No Simple Equations
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g m
 / 

I D
Log(gm / ID)  vs log(ID / W) 

Slope = - 0.5
Strong inversion

Slope = - 1
Velocity saturation
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The poor PMOS transistor
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Small-signal equivalent circuit

gsmvg 0r

G

S

D

gsmds vgi ⋅=

)V1()VV( 
n2

I DS
2

TGSDS λ+−
β

= This equation fixes the bias point

This equation defines the small signal behavior

Valid only in 
saturation and at 

very low 
frequencies

No bulk effect
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A very simple amplifier

VGS

VDS

VDD

RD

D

DSDD
DS R

VVi −
=

For a small signal:

vds = -vgs*gm*RD

K. R. Laker and W. M. C. Sansen, Design of Analog Integrated Circuits and Systems, McGraw-Hill, 1994.
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A better equivalent circuit

gsmvg bsmbvg 0r

sbC

gsC

dbCgbC

gdC

G

S

D

B And we should also add the 
series resistances…
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The First Transistor

First Point Contact Transistor

Bardeen and Brattain, 1947
Bell Laboratories
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The Bipolar Junction Transistor (BJT)

Emitter Base Collector

N P N

C

E

B

In normal operation condition (also called 
active region) the Emitter – Base diode is 

forward biased and the Base – Collector diode 
is reverse biased. Electrons are injected from 
the Emitter into the Base. They diffuse then 

towards the Collector, where they are collected.

At the same time holes are injected from the 
base into the emitter, but in a much smaller 

number since the base is normally much less 
doped than the emitter.

A fraction of the electrons injected into the 
base will not reach the collector because it will 
recombine with holes in the base. To make this 
a negligible effect the electrons lifetime must be 

long so that their diffusion length is much 
larger than the base width.
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Currents in a bipolar transistor

InE

IpE

Irg

InC

InE - InC

InCO

IpCO

Electron flux Hole flux

IB

IE IC

InE: electron current injected into the base
InC: electron current collected by the collector
Irg: emitter space-charge-layer recombination current
InCO and IpCO: collector reverse saturation currents (InCO + IpCO = ICO)

-IE=IpE+InE+Irg

IB=IpE+Irg+(InE -InC)-ICO

IC=InC+ICO

IE+IB+IC=0

E. S. Yang, Microelectronic Devices, McGraw-Hill, 1988.
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Currents in a bipolar transistor

IB

IE

IC
VCE

VBE

Common base current gain T
rgpEnE

nC

E

COC

III
I

I-
I-I

β⋅γ=
++

==α

Emitter injection efficiency
rgpEnE

nE

III
I

++
=γ

Base transport factor
nE

nC
T I

I
=β

γ, βT and therefore α are normally very close to 1 (but not 1)

CEOBFE
CO

BC IIh
1-
II

1-
I +⋅=

α
+⋅

α
α

= hFE is the common emitter current 
gain (sometimes also called β).

If α is 0.99 hFE is 99!
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Current vs voltage equations

t

BEV

BaB

2
i

nEBnE e
WN

nDqAI φ=

t

BEV

EdE

2
i

pEBpE e
WN

nDqAI φ= EdEn

BaBp

WND
WND

1

1

+
=γ

2
n

2
B

T 2L
W1-=β nnn DL τ=

t

BEV

rg eI φ∝ 2 t

BE
n
V

B eI φ∝

t

BEV

n

poBEB
nCnEnB e

2
nWqA

III φ

τ
=−=

AEB: E-B junction area
D: diffusion constant (=μφt)
ni: intrinsic carrier conc.
N: dopant concentration
W: E or B width
φt: thermal voltage

npo: equilibrium electron density in the base (=ni
2/NaB)

τn: electron lifetime in the base
Ln: diffusion length
n: number between 1 and 2
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Bipolar transistor characteristics

E. S. Yang, Microelectronic Devices, McGraw-Hill, 1988.

VCE [ V ]

I C
[ m

A
]

VBE [ V ]

I [
 A

 ]

IB
IC

t

BE
n
V

e φ

t

BEV

e φ

hFE
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A “few” important equations

t

C

BE

C
m

I
V
Ig

φ
=

∂
∂

=

m

FE

g
hr =π

2
B

n
T W

2D
=ω

Transconductance

Collector current t

BEV

SnEC eIII φ=≈
BaB

2
i

nEBS WN
nDqAI =

K 300 @ 40 1
I
g

tC

m =
φ

=

Input resistance

C

E
0 I

Vr =Output resistance

Max frequency

jC

BaBBC
E C

WNqAV =

T

m

n

2
B

m
BE

B
D

g
2D
Wg

V
QC

ω
==

∂
∂

=Diffusion capacitance
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Small-signal equivalent circuit

K. R. Laker and W. M. C. Sansen, Design of Analog Integrated Circuits and Systems, McGraw-Hill, 1994.

bemvg
jEC

)μ(C CjC
Br

DC πr 0r CSC

E

B C

SUB
πC

bev

The hybrid-π model

rB is the base resistance, which is layout dependent
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Comparison MOS - Bipolar

MOS Transistor Bipolar Transistor
IIN 0 IC / hFE

RIN ∞ rπ + rB

VDSsat / VCEactive (VGS-VT) / n few φt

w.i. - 1 / nφt

s.i. - 2 / (VGS-VT) = 
v.s. - WCOXvsat / IDS = 1 / (VGS-VT)

Design variables W / L, VGS-VT φt

I range ~ 2 decades > 5 decades
Max fT @ low I gm / Cgs gm / CD

Max fT @ high I vsat / Leff vsat / WB

Thermal Noise 4kT (0.7/gm + RG) 4kT (0.5/gm + rB)
1/f noise Higher for MOS than for bipolar transistors

1 / φtgm / I )DS/(nI2β
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Outline

• Operation and characteristics of MOS and Bipolar 
transistors

• Sub-micron CMOS and BiCMOS technologies
CMOS technology
Integrated Bipolar Transistors
Technology price comparison

• Feature size scaling
• Radiation effects and reliability
• Mixed-signal circuits
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Complementary MOS technology

n+ n+p+ p+ p+ n+

n-well

S
G

D S
G

Dsub well

p-substrate

NMOS PMOS

Polysilicon
Oxide
Electrons
Holes

NMOS 
layout

n+ source
G

n+ drain

Gate 
length

Gate width



33NSS-MIC Short Course, October ‘06Giovanni Anelli, CERN

Why is CMOS logic so attractive?

THE INVERTER

GND (Logic 0)

VDD (Logic 1)

VOUTVIN

GND (Logic 0)

VDD (Logic 1)

VOUTVIN

Truth table
IN OUT

0
1

1
0
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Dynamic current in an inverter

Simulation of a chain of two inverters in a 0.25 μm CMOS technology
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Integrated Bipolar Transistors

C
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Integrated Bipolar Transistors
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A modern npn BJT

Y. Taur and T.H. Ning, Fundamentals of Modern VLSI Devices, Cambridge University Press, 1998.

Deep-trench-isolated, double-polysilicon, self-aligned bipolar technology
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Main innovations in modern BJTs

• Deep trench isolations: reduce significantly the device 
horizontal dimensions. p-type diffusions were normally used 
in the past, but they are as wide as they are deep

• Polysilicon emitter: compared to a diffused emitter, it gives 
smaller emitter junction depth and has a lower thermal cycle

• Self-aligned polysilicon base contact: reduces dimensions and 
allows thin-base transistors to be made more easily

• SiGe graded-base-bandgap transistors (also referred to as 
Heterojunction Bipolar Transistors – HBTs): Germanium is 
incorporated into the base region of a standard Si bipolar 
transistor. This is normally done with the ultrahigh-vacuum 
chemical vapor deposition epitaxial growth technique. The 
many advantages are discussed in the next slides
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SiGe bipolar transistors
The bandgap of Germanium (0.66 eV) is smaller than that of Silicon

(1.22 eV). Incorporating Ge into the base region of a Si bipolar transistor 
modifies the bandgap in the base region. Ge concentration is normally 
higher closer to the collector, so that an electric field is created in the 
base which helps the electrons drifting from Emitter to Collector. This 
has an important impact on the collector current and does not change 

the base current.

EC

EV

EC

EV

Emitter
Base

Collector
n+ Si

n Si

p Si or 
SiGe

Without Ge
With Ge

A 100 meV change of 
the bandgap across a 
base width of 100 nm 
gives a 10 kV/cm field
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SiGe bipolar transistors

The effects of base-bandgap grading obtained by the 
inclusion of Ge in the base are all beneficial:

• The collector current increases while the base current 
does not change the current gain increases (x4)

• The Early voltage increases (x12)

• The base transit time decreases (x2.5), and therefore 
the speed increases

(The factors in parenthesis refer to a total base bandgap narrowing of 100 meV)
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Why is CMOS so widespread?

• The IC market is driven by digital circuits (memories, 
microprocessors, …)

• Bipolar logic and NMOS - only logic had a too high 
power consumption per gate

• Progress in the manufacturing technology made CMOS 
technologies a reality

• Modern CMOS technologies offer excellent 
performance (especially for digital): high speed, low 
power consumption, VLSI, relatively low cost, high 
yield

CMOS technologies occupies the 
biggest portion of the IC market

BiCMOS technologies offer, in addition, high performance 
npn bipolar transistors, but are more expensive
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How much does all this cost?

Vendor Technology Number of 
Metal Levels

Price for
10 mm2 [k$]

Price for
25 mm2 [k$]

Price for
50 mm2 [k$]

MOSIS

IBM 0.13 μm CMOS MixMode 8 57.5 135.1 250.1

IBM 0.13 μm SiGe BiCMOS 7 165 412.5 825

IBM 0.18 μm CMOS MixMode 6 36 70 126.8

IBM 0.18 μm SiGe BiCMOS 7 56 89 144

IBM 0.25 μm CMOS 5 21 47.2 77.2

EUROPRACTICE

UMC 0.13 μm CMOS 8 55.4 110.8

UMC 0.18 μm CMOS 6 30.4 60.8

UMC 0.25 μm CMOS 5 16.2 32.4

IHP 0.25 μm SiGe BiCMOS 4 30 - 91 75 – 227.5 150 - 455

Min price 
given for
25 mm2
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SOI CMOS from IBM
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Metallization examples (IBM)
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Outline

• Operation and characteristics of MOS and Bipolar 
transistors

• Sub-micron CMOS and BiCMOS technologies
• Feature size scaling

A bit of history
A look into the future
CMOS scaling: how does it work?
Scaling of Bipolar Transistors
Scaling impact on CMOS analog circuits

• Radiation effects and reliability
• Mixed-signal circuits
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The first IC

First integrated circuit

Jack S. Kilby, 1958
Texas Instruments
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Moore’s law

1965: Number of Integrated Circuit components will double every year
G. E. Moore, “Cramming More Components onto Integrated Circuits”, Electronics, vol. 38, no. 8, 1965. 

1975: Number of Integrated Circuit components will double every 18 months
G. E. Moore, “Progress in Digital Integrated Electronics”, Technical Digest of the IEEE IEDM 1975. 

The definition of “Moore’s Law” has come to refer to almost anything related to the semiconductor industry that 
when plotted on semi-log paper approximates a straight line. I don’t want to do anything to restrict this 
definition. - G. E. Moore, 8/7/1996
P. K. Bondyopadhyay, “Moore’s Law Governs the Silicon Revolution”, Proc. of the IEEE, vol. 86, no. 1, Jan. 1998, pp. 78-81. 

1996:

http://www.intel.com/

An example:
Intel’s Microprocessors
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The  Intel  Microprocessors

http://www.intel.com/

4004
11 / 1971

2300
10 μm

108 KHz

8008
04 / 1972

3500
10 μm

200 KHz

8080
04 / 1974

4500
6 μm

2 MHz

8088
06 / 1979

29000
3 μm

8 MHz

80286
02 / 1982
134000
1.5 μm
12 MHz

Intel386TM

10 / 1985
275000
1 μm

16 MHz

Intel486TM DX
04 / 1989

1.2 M
1 μm

25 MHz

Pentium®
03 / 1993

3.1 M
0.8 μm
66 MHz

Pentium® Pro
11 / 1995

5.5 M
0.6 μm

150 MHz

Pentium® II
05 / 1997

7.5 M
0.35 μm
233 MHz

Pentium® III
02 / 1999

9.5 M
0.25 μm
500 MHz

Pentium® 4
11 / 2000

42 M
0.18 μm
1.5 GHz
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The Roadmap History

• The National Technology Roadmap for Semiconductors (NTRS):

Sponsored by the Semiconductor Industry Association (SIA)

Edited in 1992, 1994 and 1997

• The International Technology Roadmap for Semiconductors (ITRS):

Sponsored by:
• Semiconductor Industry Association
• European Semiconductor Industry Association
• Korea Semiconductor Industry Association
• Japan Electronics and Information Technology Industries Association
• Taiwan Semiconductor Industry Association

Edited in 1998 (Update), 1999, 2000 (Update), 2001, 2002 (Update), 2003,
2004 (Update), 2005

These documents always contained a 15-year outlook of the 
semiconductor industry major trends
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Future perspectives

Data taken from the International Technology Roadmap for Semiconductors (2004 Update)
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Why CMOS scaling?

Pstatic = Ileakage · VDD

Pdynamic = CL ·VDD · f2

PDP = CL · VDD
2

Power-delay product

Example: CMOS inverter

GND

VDD

GND

CL

VOUTVIN

CL VDDtox

Scaling improves density, speed and power 
consumption of CMOS digital circuits



52NSS-MIC Short Course, October ‘06Giovanni Anelli, CERN

Constant field scaling

B. Davari et al., “CMOS Scaling for High Performance and Low Power - The Next Ten Years”, Proc. of the IEEE, vol. 87, no. 4, Apr. 1999, pp. 659-667.

V
qN
2x bi

A

Si
d +φ

ε
=

The aim of scaling is to reduce the device dimensions (to improve the 
circuit performance) without introducing effects which could disturb 

the good operation of the device.

α > 1



53NSS-MIC Short Course, October ‘06Giovanni Anelli, CERN

Constant field scaling

Quantity Scaling 
Factor

Quantity Scaling 
factor

Device dimensions (L, W, tox, xD) 1/α Capacitances 1/α

Area 1/α2 Capacitances per unit area α

Devices per unit of chip area (density) α2 Charges 1/α2

Doping concentration (NA) α Charges per unit area 1

Bias voltages and VT 1/α Electric field intensity 1

Bias currents 1/α Body effect coefficient (γ) 1/√α

Power dissipation for a given circuit 1/α2 Transistor transit time (τ) 1/α

Power dissipation per unit of chip area 1 Transistor power-delay product 1/α3

Summary of the scaling factors for several quantities

α > 1
ox

SiO
ox t

C 2
ε

=
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Constant field scaling problem

Subthreshold slope and width of the moderate inversion 
region do not scale. This can have a devastating impact on 

the static power consumption of a digital circuit.

VGS

log ID

0 V
pA

nA

VT
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Generalized scaling

Y. Taur et al., “CMOS Scaling into the Nanometer Regime”, Proc. of the IEEE, vol. 85, no. 4, Apr. 1997, pp. 486-504.
Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices, Cambridge University Press, 1998, p. 186.

• The dimensions in the device scale as in 
the constant field scaling

• Vdd scales to have reasonable electric 
fields in the device, but slower than tox, to 
have an useful voltage swing for the 
signals

• The doping levels are adjusted to have 
the correct depletion region widths

• To limit the subthreshold currents, VT
scales more slowly than Vdd



56NSS-MIC Short Course, October ‘06Giovanni Anelli, CERN

Scaling of interconnections
An accurate scaling of the interconnections is needed as well, so that we can 

profit at the circuit level of the improvements made at the device level. 
Interconnections are becoming more and more important in modern 

technologies because the delay they introduce is becoming comparable with 
the switching time of the digital circuits.

Y. Taur et al., “CMOS Scaling into the Nanometer Regime”, Proceedings of the IEEE, vol. 85, no. 4, Apr. 1997, pp. 486-504.
T. N. Theis, "The future of interconnection technology", IBM Journal of Research and Development, vol. 44, no. 3, May 2000, pp. 379-390.

Wires 
with 

square 
section
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“Reverse” scaling

G. A. Sai-Halasz, "Performance trends in high-end processors", Proceedings of the IEEE, vol. 83, no. 1, January 1995, pp. 20-36.

The scaling method is different from the one applied to devices

tm

Wtox

L

If W, L, tm and tox are decreased by α

• Current density increases by α

• R increases by α, C decreases by α

• RC (delay) does not scale!!!

In practice, wires dimensions are 
reduced only for local 

interconnections (but not tm). At 
the chip scale, tm and tox are 
increased (reverse scaling).SUBSTRATE
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Bipolar transistors scaling

Scaling has been much less emphasized for bipolar than 
for MOS transistors, but reducing the lateral and vertical 

dimensions of a BJT has a beneficial impact on its 
performance.

Reducing the lateral dimensions increases the density 
and reduces the parasitic resistances and capacitances 

( speed increases).

Reducing the vertical dimensions (in particular the base 
width / depth WB) increases the collector current density, 

the current gain and the speed.

Scaling must be performed adjusting doping levels and 
bias voltages accordingly (breakdown voltages!).
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Scaling impact on CMOS analog ICs

tox scales             for the same device dimensions

• Threshold voltage matching improves

• 1/f noise decreases

• Transconductance increases (same current)

• White noise decreases 

W L
tConst σ ox

ΔVth

⋅
=

DSoxm I
L
WC

n
2g μ=

α=
f
1

 WLC
K

Δf
v

2
ox

a
2

f/1_in
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Scaling impact on CMOS analog ICs

• New noise mechanisms

• Modeling difficulties

• Lack of devices for analog design

• Reduced signal swing (new architectures needed)

• Substrate noise in mixed-signal circuits

• Velocity saturation. Critical field:  3 V/μm for electrons,   
10 V/μm for holes

satox.sat.vel_m vWCg =
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From weak inversion to velocity saturation

μ
= sat

.s.v_to_.i.s
vnL2V

L
WCoxμ=β

t.i.s_to_.i.w n2V φ=

DS.i.s_m I
n

2g β
=

t

DS
.i.w_m n

Ig
φ

=

satox.s.v_m vWCg =

2
TGS.i.s_DS )VV(

n2
I −

β
=

t

GS
n
V

0D.i.w_DS e
L
WII φ=

)VV(vWCI TGSsatox.s.v_DS −=

IDS

VGS

w.i.
s.i.

v.s.

Weak inversion (w.i.)

Strong inversion (s.i.)

Velocity saturation (v.s.)

gm

VGS

w.i.
s.i.

v.s.

Vs.i._to_v.s. decreases 
with scaling!!!
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Scaling impact on power, speed, SNR

Assuming constant field scaling and strong inversion:

W L β IDS PWR Cox*W*L Q Δt = Q/I SNRw

1/α 1/α α 1/α 1/α2 1/α 1/α2 1/α

1/α
α

α

1/α

1 1/α

1 1/α α2 1 1/α 1 1/α 1/α1/2 1/α1/2

1/α 1 1 1/α2 1/α3 1 1/α α1/2 1/α3/2

1 1 α 1/α 1/α2 α 1 1 1/α

α 1/α α3 α 1 α 1 1/α 1

2
white_nv

m

2
white_n g

1kTn4v γ=
2

white_n

DD
w

v

VSNR =DDDS VIPWR ⋅=

To maintain the same SNR we do not gain in Power !!!
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Outline

• Operation and characteristics of MOS and Bipolar 
transistors

• Sub-micron CMOS and BiCMOS technologies
• Feature size scaling
• Radiation effects and reliability

Introduction
Total Ionizing Dose (TID) effects
Displacement Damage
Single Event Effects (SEE)
Solutions to the problems induced by radiation in CMOS 
technologies
Reliability issues

• Mixed-signal circuits
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Interaction radiation-matter

The two most important phenomena to be considered 
are ionization and nuclear displacement.

Neutrons give origin mainly to nuclear displacement.

Photons give ionization.

Charged hadrons and heavy ions give both at the same 
time.

For ionization we talk about Total Ionizing Dose (TID), 
for nuclear displacement about Fluence
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Interaction radiation - ICs

Cumulative 
Effects

TID

Displacement

MOS

Bipolars

Bipolars

Optoelectronics

Single Event 
Effects (SEE)

Non Catastrophic 
(SEU)
Catastrophic 
(SEGR, SEL)

MOS

MOS
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Threshold voltage shift

Threshold voltage shift

Mobility degradation

Swing degradation

Other degradations:
• Transconductance
• Noise
• Matching

Ionizing particles through a MOST

Problems due to ionization in the thin gate oxide

F. B. McLean and T. R. Oldham, Harry Diamond Laboratories Technical Report, No. HDL-TR-2129, September 1987.
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Transistor level leakage (NMOS)

Bird’s 
beak

Field 
oxide

Parasitic 
MOS

Trapped 
positive 
charge

Parasitic 
channel

Thin gate oxide

Problem due to ionization in the thick field (lateral) oxide

R. Gaillard, J.-L. Leray, O. Musseau et al., “Techniques de durcissement des composant, circuits, et systemes electroniques”, Notes of the 
Short Course of the 3rd European Conference on Radiation and its Effects on Components and Systems, Arcachon (France), Sept. 1995.
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BIRD’S 
BEAKS

GATE

Transistor level leakage (NMOS)

“CENTRAL”
(MAIN) MOS 

TRANSISTOR

log ID log ID

VGS VGS
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1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
1.E-06
1.E-05
1.E-04
1.E-03
1.E-02

-1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5
VG [V]

I D
 [A

]

Prerad

After 1 Mrad

Transistor level leakage: example

NMOS - 0.7 μm technology - tox = 17 nm

Threshold 
voltage shiftμA!
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Field oxide leakage

INTERCONNECTION

N+ WELL CONTACT N+ SOURCE
FIELD OXIDE

N-WELL

P-SUBSTRATE

+     +     +     +     +     +     +     +     +     +     +   + ++ +
+

VDD SSV

Radiation 
induced leakage 

between VDD
and VSS

Again problem due to ionization in the thick field (also 
called lateral or isolation) oxide
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Substrate, sidewall and surface inversion (in oxide-isolated processes)

R.L. Pease et al., IEEE Trans. Nucl. Science. Vol.32, N.6, 1985
E.W. Enlow et al., IEEE Trans. Nucl. Science. Vol.36, N.6, 1989

TID damage in bipolar devices
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Gain degradation:
Increase of the surface component of the base current

R. N. Nowlin et al., IEEE Trans. Nucl. Science. Vol. 39, N. 6, 1992

TID damage in bipolar devices
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Factors affecting TID response of bipolar transistors

• Transistor polarity
• Oxide thickness over base-emitter region
• Oxide trap efficiency
• Vertical and fringing electric field
• Base and Emitter surface concentration
• Emitter perimeter-to-area ratio
• Transistor geometry (ratio of lateral to vertical current flow)
• Injection level
• Dose rate
• Temperature

TID damage in bipolar devices
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Displacement damage

Displacement increases the recombination of minority 
carriers in the silicon bulk.

MOS transistors are not sensitive to displacement damage, 
since they are majority carrier devices and the transistor 

action takes place close to the SiO2-Si interface (not in the 
silicon bulk).

Bipolar transistors, on the other hand, are sensitive to 
displacement damage, since they are minority carrier devices 
and the transistor action takes place in the silicon bulk. The 

increased recombination in the base increases the base 
current and reduces the gain.

Scaling of bipolar transistors helps reducing the sensitivity 
to displacement damage, since it reduces the transistor 

active volume.
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Single Event Latch-up (SEL)

Latch-up can be initiated by ionizing particles (SEL).

If the supply is not cut quickly enough, it can be destructive!

VDD

VSS

R1
R2

R3
R4

R5 R6
n well

p substrate

VDD
contact

n  +p  + p  +n  +

VDD
source

VSS
source

VSS
contact

R1 R2
R4

R3

R5
R6

Electrical latch-up in CMOS processes might be initiated by electrical 
transients on input / output lines, elevated T or improper sequencing 
of power supply biases. These modes are normally addressed by the 

manufacturer.
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Single Event Upset (SEU)

GND

VDD

GND

VDDStatic RAM cell

1 0

10

1         0

Highly 
energetic 
particle

Never destructive, always (very) annoying.

Fighting SEU in a chip is a matter of risk management!
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MOS transistor gate oxide (thickness tox)

TID damage and CMOS scaling

N. S. Saks et al., IEEE TNS, vol. 31, no. 6, Dec. 1984, and vol. 33, no. 6, Dec. 1986.
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Subthreshold slope
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TID damage and CMOS scaling
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ΔVT and CMOS scaling
Measurements done in our group @ CERN: it is really true!!!
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SEL and scaling

• Retrograde wells
• Thinner epitaxial layers
• Trench isolation
• VDD reduced

Modern CMOS technologies have:

All these issues help in preventing SEL,
but they might not be always effective

VDD

VSS

R1
R2

R3
R4

R5 R6

R1 and R6 
reduced

A. H. Johnston, IEEE Transactions on Nuclear Science, vol. 43, no. 2, Apr. 1996, pp. 505-521.
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• VDD reduced

• Node C reduced

BUT

• Charge collected
reduced

The SEU problem (may) worsen with scaling

SEU and scaling

P.E. Dodd et al., IEEE Transactions on Nuclear Science, vol. 43, no. 6, Dec. 1996, pp. 2797-2804. 
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SEGR and scaling

Maximum 
electric field for 
a quarter micron 
technology

decreasing tox

SEGR: Single Event Gate Rupture
It is caused by a highly ionizing particle going through the 

gate of a MOS. It is a destructive effect (gate rupture).

F.W. Sexton et al., IEEE Transactions on Nuclear Science, vol. 44, 
no. 6, December 1997, pp. 2345-2352.
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SEGR in ULSI CMOS

SEGR is not a problem even in the most 
advanced CMOS processes.

F.W. Massengill et al., IEEE Transactions on Nuclear Science, vol. 48, no. 6, December 2001, pp. 1904-1912.
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Summary of problems in CMOS

• TID in thin oxide Mainly VT shift Smaller in deep sub-μ
CMOS processes.

• TID in Field Oxide Leakage (in NMOS transistors and 
between transistors) Might be better in more advanced 
technologies, but still a very big issue to be solved.

• SEU Is it a Problem? This has to be evaluated and, in case 
it is, solved. Might become worse in deep sub-μ CMOS.

• SEL Does not seem to be a problem, but care should be 
taken anyway.

• SEGR Not a problem in deep sub-μ CMOS.
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SD

G

S D

G

Enclosed Layout Transistor (ELT)

ELTs solve the leakage problem in the NMOS transistors 
At the circuit level, guard rings are necessary

LEAKAGE 
PATH
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Guard rings

N+ WELL CONTACT N+ SOURCE

OXIDE

N WELL

P SUBSTRATE

P+ GUARD

VSS

+
+     +     ++ + + +

+     +     ++ + +

The heavily doped p+ guard ring
“interrupts” possible conductive
paths (inverted p substrate), 
preventing inter-device 
leakage currents

VSSVDD

OXIDE
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Effectiveness of ELTs

NMOS - 0.7 μm technology - tox = 17 nm

1.E-13
1.E-12
1.E-11
1.E-10
1.E-09
1.E-08
1.E-07
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1.E-02

-1 -0.5 0 0.5 1 1.5 2 2.5 3 3.5
VG [V]

I D
 [A

]

Prerad
After 1 Mrad
After 1 Mrad (ELT)
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ELT & deep submicron

1.E-13
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Prerad and
after 13 Mrad

NMOS - 0.25 μm technology - tox = 5 nm 

No leakage
No VT shift
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metal polysilicon

n+ diffusion p+ diffusion

p+ guard ring n+ guard ring

IN
O

U
T

VSS VDD

A radiation-hard inverter
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ΔVth ∝ tox
n + ELT’s and

guard rings =
TID 

Radiation
Tolerance

Deep sub-μm means also:

speed
low power
VLSI
low cost
high yield

Total Ionizing Dose tolerance
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SEGR

The systematic use of guard rings is 
ALSO an effective tool against SELSEL

Never observed in our circuits

SEU
The higher gate capacitance of ELTs
decreases the sensitivity, but other 
techniques might be necessary (at 
the circuit level)!

Single Event Effects
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Reliability

Reliability: probability that a circuit will perform a required 
function under stated conditions for a stated period of time.

Reliability has become very important due to the aggressive 
scaling of device dimensions (without a corresponding scaling of

the voltages).
This implied:

• Higher electric fields

• Higher current densities

• Higher power dissipation

• Higher chip temperature

• Higher technology complexity (e.g. number of metal levels)

http://www.imec.be/mtc/
G. Groeseneken et al., “Reliability, Yield and Failure Analysis”, IMEC Microelectronics Training Center Course, Leuven, Belgium, 24-26/11/03
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Failure mechanisms at the chip level

• Devices:
Oxide breakdown due to high electric field in the oxide
Hot Carriers create interface traps and charge trapping @ the 
drain
Electro Static Discharge (ESD) discharge of static charge 
coming from human body
Latch-up

• Interconnects:
Electromigration (wires and contacts) mass transport of metal 
ions by momentum exchange with conduction electrons

• Packages:
Thermomechanical fatigue
Die cracking
Bond aging



95NSS-MIC Short Course, October ‘06Giovanni Anelli, CERN

Outline

• Operation and characteristics of MOS and Bipolar 
transistors

• Sub-micron CMOS and BiCMOS technologies
• Feature size scaling
• Radiation effects and reliability
• Mixed-signal circuits

Analog design in digital CMOS processes
Digital noise in mixed-signal circuits
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Analog design in digital processes

• E. A. Vittoz, "The Design of High-Performance Analog Circuits on Digital CMOS Chips", IEEE JSSC, vol. 20, no. 3, June 1985, pp. 657-665.
• W. Sansen, "Challenges in Analog IC Design in Submicron CMOS Technologies", Proceedings of the 1996 IEEE-CAS Region 8 Workshop on Analog 
and Mixed IC Design, Pavia, Italy, 13-14 September 1996, pp. 72-78.
• C. Azaredo Leme and J. E. Franca, "Analog-Digital Design in Submicrometric Digital CMOS Technologies", Proceedings of the 1997 IEEE 
International Symposium on Circuits and Systems, Hong Kong, 9-12 June 1997, vol. 1, pp. 453-456. 

The integrated circuit market is driven by digital circuits, such as 
memories and microprocessors.  This led to an increasing interest in 

integrating analog circuits together with digital functions in processes 
optimized for digital circuits, making what it is called a System on a Chip 

(SoC). This approach has several advantages and disadvantages.

ADVANTAGES:

• Lower wafer cost

• Higher yield

• Higher speed

• Lower power consumption (not always)

• Complex digital functions on chip (DSP)

DISADVANTAGES:

• Low power supplies

• Lack of “analog” components

• Inadequate modeling
Output conductance
Different inversion regions

• “Digital” noise
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Analog components availability

Analog design needs high-quality passive components. These are 
not always present in processes optimized for digital design, or at 

least not in the first stages of the process development. These 
analog “options” are:

• High-resistivity polysilicon for resistors

• Diffusion resistors

• Trimming options

• Linear and dense capacitors

Metal to metal (at least one special metal layer required)

Metal to poly

Poly to poly
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Integrated capacitors

• A. T. Behr et al., "Harmonic Distortion Caused by Capacitors Implemented with MOSFET Gates", IEEE JSSC, vol. 27, no. 10, Oct. 1992, pp. 1470-1475.
• D. B. Slater, Jr. and J. J. Paulos, "Low-Voltage Coefficient Capacitors for VLSI Processes", IEEE JSSC, vol. 24, no. 1, February 1989, pp. 165-173.
• J. L. McCreary, "Matching Properties, and Voltage and Temperature Dependence of MOS Capacitors", IEEE JSSC, vol. 16, no. 6, Dec. 1981, pp. 608.
• S. Pavan, Y. Tsividis and K. Nagaraj, "Modeling of accumulation MOS capacitors for analog design in digital VLSI processes", Proceedings of the 
1999 IEEE International Symposium on Circuits and Systems, Orlando, Florida, USA, 30 May – 2 June 1999, vol. 6, pp. 202-205.

• High-linearity capacitors can be obtained with metal-to-metal 
structures. This requires adding a special metal layer to the technology, 
in order to reduce the dielectric thickness between the metal plates. The 
density reached is generally around a few fF/μm2.

• Dense capacitors can be obtained exploiting the high capacitance 
density of the thin gate oxide. This allows having dense and precise 
capacitors, good matching but very poor linearity. This solution can be 
adopted in any process.

• A third possible solution is suggested by the availability of many 
interconnection layers. Exploiting the parasitic capacitance between 
metal wires in a clever way, one can obtain linear capacitors with good 
matching and linearity and densities up to 1.5 fF/μm2. These capacitors 
can be integrated in any process!!
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Multi-metal-layer capacitors

• Hirad Samavati et al., “Fractal Capacitors”, IEEE Journal of Solid-State Circuits, vol. 33, no. 12, December 1998, pp. 2035-2041.

This solution is a possibility, but it does not 
exploit the fact that in deep submicron 
processes the highest parasitic capacitance 
can be obtained “horizontally” rather than 
vertically, i.e. tox > s

t
s

tox
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Multi-metal-layer capacitors

• Hirad Samavati et al., “Fractal Capacitors”, IEEE Journal of Solid-State Circuits, vol. 33, no. 12, December 1998, pp. 2035-2041.
• R. Aparicio and A. Hajimiri, “Capacity Limits and Matching Properties of Integrated Capacitors”, IEEE JSSC, vol. 37, no. 3, March 2002, pp. 384-393.
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NMOS
Inversion Region

MOS capacitors

p+n+ n+

p-substrate

GND
V

n+p+ p+

n-well

p-substrate

VDD

V

PMOS
Inversion Region
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MOS structure
Accumulation Region

NMOS in an N well
Accumulation Region

MOS capacitors

p+n+ n+

n-well

p-substrate

GND
V V

p+ p+

p-substrate
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C-V characteristics
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The NMOS in an N 
well capacitor is in 
accumulation for

V > 0 V.

The NMOS 
capacitor is in 

inversion for V > 0.
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Digital noise in mixed-signal ICs

• A. Samavedam et al., "A Scalable Substrate Noise Coupling Model for Design of Mixed-Signal IC's", IEEE JSSC, vol. 35, no. 6, June 2000, pp. 895-904. 
• N. K. Verghese and D. J. Allstot, “Computer-Aided Design Considerations for Mixed-Signal Coupling in RF Integrated Circuits", IEEE JSSC, vol. 33, 
no. 3, March 1998, pp. 314-323.
• M. Ingels and M. S. J. Steyaert, "Design Strategies and Decoupling Techniques for Reducing the Effects of Electrical Interference in Mixed-Mode 
IC's", IEEE Journal of Solid-State Circuits, vol. 32, no. 7, July 1997, pp. 1136-1141.

Integrating analog blocks on the same chip with digital circuits can 
have some serious implications on the overall performance of the
circuit, due to the influence of the “noisy” digital part on the “sensitive”
analog part of the chip.

The switching noise originated from the digital circuits can be coupled 
in the analog part through:

• The power and ground lines

• The parasitic capacitances between interconnection lines

• The common substrate

The substrate noise problem is the most difficult to solve.
GND

VDD

VOUTVIN

GND

VDD

VOUTVIN
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Noise reduction techniques
• Quiet the Talker. Examples (if at all possible !!!):

Avoid switching large transient supply current
Reduce chip I/O driver generated noise
Maximize number of chip power pads and use on-chip decoupling

• Isolate the Listener. Examples:
Use on-chip shielding
Separate chip power connections for noisy and sensitive circuits
Other techniques depend on the type of substrate. See next slide

• Close the Listener’s ears. Examples:
Design for high CMRR and PSRR
Use minimum required bandwidth
Use differential circuit architectures
Pay a lot of attention to the layout

•N. K. Verghese, T. J. Schmerbeck and D. J. Allstot, “Simulations Techniques and Solutions for Mixed-Signal Coupling in Integrated Circuits”, 
Kluwer Academic Publishers, Boston, 1994.
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Different types of substrates

There are mainly two types of wafers:

1. Lightly doped wafers: “high” resistivity, in the order of 
10 Ω-cm.

2. Heavily doped wafers: usually made up by a “low”
resitivity bulk (~ 10 mΩ/cm) with a “high” resistivity
epitaxial layer on top.

TSMC, UMC, IBM and STM (below 180 nm) offer type 1

R. Gharpurey and R. G. Meyer, "Modeling and Analysis of Substrate Coupling in Integrated Circuits", IEEE JSSC, vol. 31, no. 3, 1996, pp. 344-353.
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Substrate noise: how to reduce it

To minimize the impact of disturbances coming from the substrate on 
the sensitive analog blocks, we have mainly three ways:
• Separate the “noisy” blocks from the “quiet” blocks. This is effective especially in 
uniform lightly doped substrates. For heavily doped substrates, it is useless to use a 
separation greater that about 4 times the epitaxial layer thickness.

• In n-well processes, p+ guard rings can be used around the different blocks. 
Unfortunately, this is again effective mainly for lightly doped substrates. Guard rings 
(both analog and digital) should be biased with separate pins.

• The most effective way to reduce substrate noise is to ground the substrate itself in the 
most “solid” possible way (no inductance between the substrate and ground). This can be 
done using many ground pins to reduce the inductance, or, even better, having a good 
contact on the back of the chip (metallization) and gluing the chip with a conductive glue 
on a solid ground plane.

• Separate the ground contact from the substrate contact in the digital logic cells, to avoid 
to inject the digital switching current directly into the substrate.

D. K. Su, M. J. Loinaz, S. Masui and B. A. Wooley, "Experimental Results and Modeling Techniques for Substrate Noise in Mixed-Signal 
Integrated Circuits", IEEE Journal of Solid-State Circuits, vol. 28, no. 4, April 1993, pp. 420-429. 
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• Electronic Design Automation Tools and Foundry Access
• Analog CMOS Circuit Design
• Packaging, Interconnect and Systems Issues
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Electronic Design Automation (EDA)

• Commercial: Cadence, Mentor, Synopsys, Tanner
• Public domain: http://www-cad.eecs.berkeley.edu/software.html is a 

good starting point. See also 
http://opencircuitdesign.com/magic/ for Magic, a VLSI Layout Editor.

http://www-cad.eecs.berkeley.edu/software.html�
http://www-cad.eecs.berkeley.edu/software.html�
http://www.cadence.com/index.aspx?lid=home�
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Essential tools for circuit-level  design

• Transistor-level circuit simulator
– Matrix solution of network equations of your circuit
– PSPICE, HSPICE, SPECTRE are the standards
– inputs: circuit topology, device models, source driving functions
– Outputs: 
– DC bias point, source sweep, temperature sweep
– Frequency sweep using linearized model of active devices
– Noise analysis in freq. domain
– Time sweep
– Monte-Carlo facility, samples from user-defined parameter distributions

• Transistor models
– Strike a balance between

• Accurate in all transistor operating regions
• Physics-based

– Surface-potential based
– Inversion charge based

• Computational efficiency
• Simple parameter extraction methodology

– Recent interest in CMOS for high-frequency RF applications and imagers has led to 
improved analog models

– BSIM, EKV, MOS9 for advanced CMOS
– Usually supplied by foundry
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H. Camenzind, Designing Analog Chips

SPICE input & outputs

Schematic entry with backannotated 
node voltages and currents

Transient analysis result: voltages vs. time

Noise analysis: equivalent input noise 
density vs. frequency

Monte Carlo analysis: node voltage vs. 
temperature, 50 runs from parameter 
distribution
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EDA tools for physical design

• Chip layout (full custom, no pre-designed blocks)
– Polygon-level mask editor with built-in process knowledge

• Design rule checker
– Checks mask geometry, flags violations of foundry design rules

• Connectivity verification
– Layout-to-schematic network comparison

• Parasitic extraction
– Find capacitance, resistance associated with interconnect lines on 

chip
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****** top level cell is ./preampflat.ext

C1 IN 2 5.00932e-13

Cxxnull 2  vss  1.323e-13

M1  BGND  IN  1  GND!  nch M=48  W=87.6U L=1.2U GEO=3

M2  1  VB1  Vdd  Vdd  pch M=2  W=42.0U L=3.0U GEO=3

M3  3  VB1  Vdd  Vdd  pch  W=30.0U L=3.0U GEO=3

M4  VSS  2  3  Vdd  pch  W=12.0U L=1.8U GEO=3

M5  2  BGND  1  Vdd  pch M=6  W=83.4U L=1.2U GEO=3

M6  2  VB2  VSS  GND!  nch  W=199.8U L=40.2U GEO=3

M7  VSS  VB2  OUT  GND!  nch M=3  W=199.8U L=40.2U GEO=3

M8  OUT  3  Vdd  GND!  nch M=24  W=87.6U L=1.2U GEO=3

R1 IN 3 57166.5

C3  9_2072_18#  OUT  1.0F

C4  9_226_18#  BGND  1.0F

C5  1  VSS  2.3F

C6  BGND  IN  8.6F

C7  Vdd  3  3.0F

C8  9_720_18#  BGND  1.0F

C9  1  IN  5.3F

C10  BGND  Vdd  1.8F

C11  OUT  3  4.2F

C12  Vdd  VSS  1.1F

C13  OUT  VB2  3.8F

C14  VSS  VB2  6.2F

C15  9_1806_18#  OUT  1.0F

C16  OUT  VSS  2.6F

C17  BGND  VSS  4.3F

C18  Vdd  VB1  1.1F

C19  1  GND 404.4F 

C20  2  GND 79.6F 

C21  3  GND 98.5F 

C22  9_2072_18#  GND 1.0F 

C23  VSS  GND 439.1F 

C24  Vdd  GND 447.6F 

C25  BGND  GND 449.7F 

C26  9_226_18#  GND 1.0F 

C27  9_720_18#  GND 1.0F 

C28  OUT  GND 275.9F 

C29  IN  GND 149.9F 

C30  9_1806_18#  GND 1.0F 

C31  VB1  GND 23.2F 

C32  VB2  GND 96.3F 

.END

Layout with MAGIC
500µm

6 mm
Analog and digital layout, 1.2µm CMOS

Circuit netlist extracted from layout w/ 
parasitic capacitances

Mixed-signal circuit, 6x105 transistors, 0.25µm CMOS
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Graphical Design Rule Check

www.tanner.com
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Multiproject services for low-cost prototyping

• Organize regularly-scheduled multiproject runs (MPW)
• Collect and merge designs and provide production-compatible masks to foundry

– share costs among users
• mask-area weighted

• Access to latest production processes from major foundries
– CMOS, BiCMOS, SiGe, CIS, (GaAs, InP, MEMS)

• User support: 
– design kit
– models
– parametric process data

• process control monitor and reference design probed after each MPW run
• statistical process database
• quality/yield monitor

– access to wafer thinning, dicing, wirebonding, and packaging services
– low-volume production
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Multiproject services

• Multi-foundry:
– MOSIS www.mosis.org
– Europractice www.imec.be/europractice
– Canadian Microelectronics www.cmc.ca

• Foundry-based:
– TSMC www.tsmc.com
– XFAB www.xfab.com
– Austria Microsystems www.austriamicrosystems.com
– TowerJazz Semicond. www.jazzsemi.com

http://www.imec.be/europractice�
http://www.xfab.com/�
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MPW examples

Process chip size lot size cost

mm2 no. parts $K

1.5µm CMOS 5 5 1.1

0.5µm CMOS 5 40 6.5

0.35µm CMOS 15 40 20.7

0.25µm CMOS mixed 25 40 47.3

0.18µm CMOS 50 40 126.8

0.35µm SiGe BiCMOS 50 40 90.0

wafer

reticle (0.18µm CMOS)

Cost comparison

www.mosis.org
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Engineering run costs

Typical engineering 
run = 20 wafers

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.5um 0.35um 0.25um 0.18um 0.13um

Technology

Cost/run ($M)
Cost/mm^2 ($)
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Technology introduction roadmap
MOSIS and Semiconductor Industry Association

www.mosis.org
public.itrs.net
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Preamp

Shaper

BLS

Output Stage

Sampler

Discriminator

ADC

TDC

Signal Chain Block Diagram
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Preamp

Shaper

BLS

Output Stage

Sampler

Discriminator

ADC

TDC

Charge Sensitive Preamplifier
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Low noise charge amplification

• Charge sensitive configuration (active integrator)

f

s

f

s
s

Vin

C
Q

C
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V
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==

∞→

∫ )(

 ,for 

AV>>1

Gain insensitive to Cdet and AV
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MOS charge amplifier design

• Key parameters:
– Cdet , Idet , Qmax (detector)
– Rate, Pdiss (system)
– fT , KF , Iin (technology)

• Key design decisions
– NMOS/PMOS

– Lg

– Cgs/Cdet

– Reset system
– Weighting function
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Charge amplifier noise sources

detector

series white noise

parallel noiseparallel noise

series 1/f noise

Shaping time dependence



Dimensioning the input MOSFET for minimum noise

IDen

Cgs
Cdet

M1 (W,L)

Choose minimum L for best gm/Cgs ratio

Increasing M1 width makes en smaller while Cgs gets 
larger

⇒ optimum width for M1 must exist

1/f noise:

Cgs,opt = Cdet

White -- two cases :

I. Fixed Vgs (fixed current density, fixed fT)

gm ∝ Cgs

Cgs,opt = Cdet

II. Fixed ID (practical case)

gm ∝ Cgs
1/2 [strong inversion]

Cgs,opt = Cdet/3

( ) 









+

⋅
⋅+=

gs

F

mm
gs C

K
tg

kTCCENC γ42
det

2

white 1/f

P. O’Connor, G. De Geronimo, “Prospects for charge sensitive amplifiers in scaled CMOS”,
NIM A480 (2002), 713 - 725 19
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• Cdet = 3 pF
• tp = 0.5 µs
• Pdiss = 1 mW
• Ileak = 100 pA
• Technology: 0.35 µm 

NMOS

• Optimum width for series 
noise is a compromise 
between white and 1/f 
components

Min.

Composite noise

ENCTOT        
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Optimizing the input MOSFET using advanced models

Series noise “capacitive match” problem:

m
swn g

kTne γ42
, =

222
fsw ENCENCENC +=

22
,

12 )(
2 indswn

p
sw CCeaENC +=

τ

2
2

2 )( ind
ox

F
f CC

WLC
KaENC += π

How to handle moderate 
inversion?

γ and gm depend on region of 
operation:

nkTqID /

Dox I
L

WCµ2

γ gm

weak 1/2

strong 2/3

G.De Geronimo, P.O'Connor , V. Radeka and B. Yu, “Front-end electronics for imaging detectors”, Nuclear Instrum. Methods A471 (2001) 192-199
P. O'Connor and G.De Geronimo, “Prospects for charge sensitive amplifiers in scaled CMOS”, Nuclear Instrum. Methods A484 (2002) 713-725 
L. Fabris, P. Manfredi, “Optimization of front-end design in imaging and spectrometry applications with room temperature semiconductor detectors”, 
IEEE Trans Nucl. Sci., 49 (4) ,1978 –1985, Aug. 2002
M. Manghisoni, L. Ratti, V. Re, and V. Speziali, “Submicron CMOS Technologies for Low-Noise Analog Front-End Circuits”, IEEE Trans. Nucl. Sci.
49,1783-1790, Aug. 2002
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Simplified EKV model for hand calculations
• substrate-referenced compact MOS model
• small, physics-based parameter set
• continuous modeling of weak to strong inversion
• simple set of equations valid for saturation:
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short-channel effects not modeled

C. Enz, F. Krummenacher, E. Vittoz, “An Analytical MOS Transistor model valid in all regions of operation and
dedicated to low-voltage and low-current applications”, Analog Integrated Circuits and Signal Processing 8, 83-114 (June 1995)
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500 µA

50 µA

5 µA

NMOS (upper) PMOS (lower)

CG, F

gm, A/V

gm vs. CG vs. scaling

Strong inversion:
gm ~ √CG
gm,n ~ 3gm,p

Weak inversion:
gm ~ const.
gm,n = gm,p



24

5 µA

50 µA

500 µA

NMOS (upper) PMOS (lower)

CG/Cd

ENCsw, rms e-

White series noise vs. CG/Cd vs. scaling
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White series ENC, CG,opt/CDET vs. CDET

For fixed power budget,

CDET, weak inversion
ENC ∝

CDET
3/4, strong 

inversion

Power allowed to scale with CDET:

ENC ∝ CDET
1/2

De Geronimo et al. , NIM A 471 (2001) 192 - 199

NMOS PMOS
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Optimized noise vs. power

ln 0.4
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(MOSFET optimized at each power level and shaping time)
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0.25µm CMOS optimized noise/power
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G. De Geronimo, P. O’Connor, to be published in IEEE Trans. Nuc. Sci.

Enhanced noise model incorporates:
•Gate capacitance bias dependence
• Gate-source and gate-drain overlap capacitance
• Length-dependent 1/f noise coefficient
• 1/fα behavior of low-frequency noise
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Choice of PMOS vs. NMOS
– PMOS lower 1/f noise
– NMOS white series noise 

advantage over PMOS diminishes 
each generation

– PMOS can be operated at reverse 
VBS to reduce bulk resistance 
noise

– PMOS lower tunneling current at 
ultra-thin tox

– Single-supply operation of PMOS-
input preamp awkward:

gmn/gmp vs IC

pn µµ /

Inversion Coefficient

+V?

-V

+V

??
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Minimum series noise

• Input MOSFET fully optimized:

• Key ingredients for low series ENC:
– low Cdet
– long tm
– short τel

– low KF

det,/1

det,

CKENC

t
kTCENC

Foptf

m

el
optsw

≈

≈
τ

mgs

el

gC /    
gate under the        

 ime transit telectron 

=

=τ
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Gate resistance noise

• Polysilicon gate is resistive:
– ρpoly 25 Ω/sq.

– ρsilicided poly 4 Ω/sq.

L
WR polyg ⋅= ρ

eqng RkTe ⋅= 42

Layout Req
driven one end

Req
driven both ends

Single finger Rg/3 Rg/12

Interdigitated
n fingers

Rg/3n2 Rg/12n2

S S SD D

G

G

W/n

n gate fingers
n = 4

FET with interdigitated layout

resistance of non-interdigitated gate:

series noise due to gate resistance:
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Bulk resistance noise
• Resistive substrate couples to the channel via the back 

transconductance gmb.
• Substrate resistance is distributed.

G

SD

B

GND

  W/n

Rsub

d

2
2

2 44 mb
mb

db g
W
dkT

n
g

n
W
dnkTi ββ =

























⋅









⋅⋅=

β = geometrical 
factor

leads to noise in the channel:

• Minimize by reverse biasing the source-substrate junction.

IN

GND

+VDD

-VSS

M1

M2nwell
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Layout techniques to reduce gate and bulk 
resistance noise

Waffle iron layout

Drain connection

Source connection

Substrate contacts, guard ring, 
multiple gate fingers contacted 
both ends
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Preamp reset – requirements

• all charge preamplifiers need DC 
feedback element to discharge 
the input node and stabilize the 
bias point

• usually, a resistor in the MΩ – GΩ
range is used

• monolithic processes don’t have 
high value resistors

• we need a circuit that behaves 
like a high resistor and is also 

– insensitive to process, 
temperature, and supply 
variation

– low capacitance
– lowest possible noise
– linear

Cdet

CF

?

Isig Ileak
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Preamplifier reset – monolithic techniques (1)

Physical resistor
- always accompanied by parasitic capacitance
- de-stabilizes circuit and increases noise
- noise higher than 4kT/R by factor ~ RC/tm

Pulsed reset by MOS switch
- sampled noise √kTCF
- Qinj noise from switch control voltage
- leakage current integrates on output node dVout/dt = IL/CF
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Preamplifier reset – monolithic techniques (2)
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Preamplifier reset – monolithic techniques (3)
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• Classical
– RF · CF = RC ·CC
– Zero created by RC,CC cancels 

pole formed by RF, CF

• IC Version
– CC = N · CF
– (W/L)MC = N · (W/L)MF

– Zero created by MC, CC cancels 
pole formed by MF, CF

– Rely on good matching 
characteristics of CMOS FETs 
and capacitors

IN

CCCF

A1 A2

RF RC

VG

IN

CC

MC

CF

MF

A1 A2

G. Gramegna, P. O’Connor, P. Rehak, S. Hart, “CMOS preamplifier 
for low-capacitance detectors”, NIM-A 390, May 1997, 241 – 250.

Nonlinear pole-zero compensation
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Preamp reset with nonlinear PZ compensation – experimental results
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Compensated reset system

• Advantages:
– near theoretical noise contribution
– accepts detector leakage current over wide range

• allows DC coupling of detector to preamp

– compensate the parasitic preamp feedback pole with a precisely matched 
zero

• allows crude single-element feedback

– insensitive to variations in supply voltage, temperature, and process
– internal bias circuit needs no external adjustments

• same circuit works for any detector, gain, tp

– easy to implement programmable gain
• Drawbacks:

– only works in one polarity
– DC leakage amplified by same factor as signal

• requires BLR in 2nd stage

– large area consumption
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Secondary noise sources in the preamp

– iB1
2 and iB2

2 are effectively in parallel with the
input transistor

– Their contribution to input (white) thermal
series noise is (gmB1,2/gm1)2.

– We minimize their gm w.r.t. that of M1

– gmB1,2 = √2µCoxWID/L

– use low W/L (i.e. long-gate) devices with
large or degenerate with source resistor.

– Keep W/L as small as possible (thus Vgs-VT
large) while keeping VDS > Vgs-VT.

– Various ways to optimize.

IN
M1

GND

MB2

MB2

MCAS

iB1
2

iB2
2



41

Preamp

Shaper

BLS

Output Stage

Sampler

Discriminator

ADC

TDC

Shaper and baseline stabilizer



42

Shaper Characteristics

hu(t) tp

FW1%

t

• Limits the bandwidth for noise
• Gives controlled pulse shape appropriate for 

rate
• Control baseline fluctuations
• Set slope at threshold crossing for timing
• Bring charge-to-voltage gain to its final value
• By its saturation characteristics, sets upper 

limit on Qin

Integrated shaping amplifiers

hb(t)

t

tp

FW1%

tzc

∫
∫
∞

∞−

∞

∞−

′ dtth

dtth
2

2

)(

)(
first and second moments

( ) 
where ( )

TC

TC th

h t
h t V

′

=

slope at threshold 
crossing

• Feedback circuits give the most stable and 
precise shaping 

– At the expense of power dissipation
– Poor tolerance of passives limits accuracy of 

the poles and zeros
• High-order shapers give the lowest noise for a 

given pulse width



Pulse shaper – matched filter with compromises

• calculation of matched filter
– incomplete knowledge of noise spectrum
– incomplete knowledge of input waveform

• exact transfer function difficult to realize in practice
• optimum filter requires a long time to respond

– pileup ⇔ limited rate capability

• “ballistic deficit”
– input charge is not a δ-function
– width of impulse response must be >> duration of input charge waveform

constraints:
•noise corner
•rate-1

•charge collection
•preamp decay

43
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Pulse shaping filters with real poles
Simplest filter: CR-RC

CR-RCn, unipolar semiGaussian

CR2-RCn, bipolar semiGaussian

• asymmetric response

• Identical real poles
• Symmetry improves with order n:

• Area-balanced
• Derivative of CR-RCn

increasing n
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Properties of real-pole semiGaussian shapers
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Shaper Pole Positions 
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MHz 

Gaussian CR2RC6 

Ohkawa synthesis method (Ohkawa, NIM 138 (1976) 85-92, "Direct
Syntheses of the Gaussian Filter for Nuclear Pulse Amplifiers")

For given filter order, gives closest approx. to a true Gaussian

More symmetrical than CR-RCn filter of same order for same
peaking time

Noise weighting functions:

I1,complex/I1,CR-RC = 1.18 series

I2,complex/I2,CR-RC = 0.81 parallel

Complex pole approximation to Gaussian pulse
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Shaper optimization
• For a given rate-handling 
capability, high-order shapers 
have lower noise.
• Adding an extra shaper stage 
can reduce noise more than 
putting the equivalent amount of 
power into the preamp.
• For a given shaper order, 
complex pole constellation using 
second- or third-order active filter 
topologies minimizes noise.

Sallen-Key Lowpass

R1 R2

C1

C2

K

Multiple Feedback Lowpass

R3

R1 R2

C1

C2
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Time
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5th-order complex (0.62)
Shaper type rel. noise
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Second-stage noise
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Baseline stabilization

 

Shaper

Low Pass

PreampIN OUT

REF

 

10-2 10-1 100 101 102 103 104 105 106 107103

104

105

106

107

108

109

1010

Simulated Gain

with feedback

without feedback
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Baseline can move due to:
1. DC coupling to detector with 

variable leakage
2. Temperature and power supply 

drift
3. Rate fluctuations in a system 

with AC coupling

(1) and (2) can be prevented by low 
frequency feedback circuit:

Result:

But this introduces unintended AC coupling:

Compensate with nonlinear element or gating of the feedback circuit
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Area balance after AC coupling

• Unipolar pulse:
• baseline displaced below 0
• instantaneous rate fluctuations cause baseline to wander

• Bipolar pulse:
• each pulse is area balanced, no detrimental effect of AC coupling
• penalty is higher noise, longer occupancy per pulse
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Preamp

Shaper

BLS

Output Stage

Sampler

Discriminator

ADC

TDC

Output stage



52

Output driver

• class A: high standing current
• can’t swing rail-to-rail

VDD

Iload >> IQ

IQ

class AB common source

+

Vload ~ VDD

• class AB stage can source or sink 
currents >> quiescent current
• common-source stage can drive rail-to-rail

VDD

Iload < IQ

IQ

source follower

Vload < VDD

Hogervorst ref.
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Preamp

Shaper

BLS

Output Stage

Sampler

Discriminator

ADC

TDC

Analog sampling
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Candidate sampling/memory cells in CMOS

• timing of hold signal: needs CFD for walk-
free operation

• switch charge injection

• poor drive capability: needs output amp

Peak Detector (PD)

+
-

in

CH

out

reset

peak
held

+VDD

• self-triggered

• timing output

• feedback loop

•deadtime until readout 
reset

• poor drive capability

• accuracy impaired by 
opamp offsets,  CMRR, 
slew rate

in

HOLD

CH

out

HOLD

Sample/hold using switched
capacitor

• small
• low-power
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Switched-capacitor track-and-hold
CMOS switch:

– low Ioff
– high Gon, 0 < Vsig < VDD

MOS/MIM capacitor:
– well-matched
– low leakage
– linear

Design tradeoffs:
– speed – droop rate
– speed – charge injection
– speed – clock feedthrough
– low voltage limits

Vin

TRACK/
HOLD

CH
CMOS
switch
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CMOS Peak Detector

M. W. Kruiskamp, D. M. W. Leenaerts, IEEE Trans. Nuclear Sci., 41(1) 
295 (1994 )

in

hold

A

in

hold

B

Diode replaced by current mirror acting as 
rectifying and loop-stabilizing element.

Reduced charge injection from sharp 
transient at node A(B).

∆VA = VP; ∆VB = Vth << VP

Accuracy, speed, and dynamic range 
limited.

in

hold
Classical peak detector

Improved CMOS version
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Write phase
• behaves like classical 
configuration

+
-in

Ch

out

voff

Read phase
• op-amp re-used as buffer

• offset and CMMR errors 
canceled

• enables rail-to-rail
sensing

• good drive capability

• self-switching (peak 
found)

+
-in

Ch

out

voff

The two-phase peak detector concept
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P. O’Connor, G. De Geronimo, A. Kandasamy,, IEEE Trans. Nucl. Sci. 50(4), 892 (2003)
G. De Geronimo, P. O’Connor, A. Kandasamy, Nucl. Instr. Meth. A484, 533 (2002)



58

Ch1

Ch2

Ch3

ChN

T/H

READ
PNTR

Track/hold array + N-to-1 multiplexer

Vout

• tradeoff of multiplexing 
ratio, deadtime

• good channel-channel 
matching

• requires external signal 
to control track/hold
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Switched-capacitor array waveform recorder

Vin Vout

RW

PNTR
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Deadtimeless SCA with simultaneous R/W

Vin Vout

WP RP

WRBUS
RDBUS
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Preamp
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Output Stage
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Discriminator
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TDC

Discriminator
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Discriminator properties and applications

• Used for 
– hit detection (YES/NO)
– trigger
– amplitude windowing
– amplitude spectra (by threshold 

sweep)
– time interval marker

• Characteristics 
– propagation delay

• vs. overdrive
• vs. risetime (of input wfm)
• vs. load capacitance

– hysteresis
– recovery from saturation

sweep Vth

V i
n

Noise hit rate in threshold detection:
System bandwidth B, rms noise σ

2

20.6 exp
2

th
noise

Vf B
σ
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Vout = 1 if V(in+)>V(in-)
0 otherwise
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CMOS discriminator topologies (1)

C. Posch, E. Hazen, J. Oliver, ATLAS internal note 22/05/01

• Main differential pair M1-M2 
plus dual current mirrors 
provide gain ~ 500
• Cross-coupled pair M1a, M2a 
provide positive feedback.
• Hysteresis level adjustable by 
I2/I1 ratio.
• Balanced, fully differential 
circuit less prone to feedback 
oscillation.
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CMOS discriminator topologies (2)

• Cross-coupled pair M1a, 
M2a provide positive 
feedback

• Hysteresis level adjustable 
by M1/M1a width ratio
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Cascade topology

ref

autozero

A1 A2 A3 An

IN OUT

gain stage

gain AV = gmn/gmp
bandwidth f0 = gmp/2πCout

Overall gain 

Overall BW

n
VA

1/
0 2 1nf −

• Cascade gain increases faster than bandwidth 
decreases as add more stages.
• Nonlinearities limit n to ~ 5 - 6 in practice.

M.L. Simpson et al., IEEE J. Solid-State Circuits 32(2), 1997 (198)
N. Paschalidis et al., IEEE Trans. Nuc. Sci. 49(3), 2002 (1156)
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Peak detector as timing comparator

+

-in

C
h

out

hold

in

hold

out

Ch may be precharged to threshold Vout is free of time-walk



67

Clocked comparator

M1 M2

M3

φ=0: 
M3 holds latches in balanced condition

φ=1:
M3 OFF, M1/M2 unbalance latches, positive 
feedback gives rapid response

• This topology frequently used in ADCs.

φ1

φ1

φ2
Vin

Comparator offset cancellation by autozeroing
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Non-delay-line constant fraction discriminators

B.T. Turko, R.C. Smith, IEEE Trans. Nuc. Sci. 39(5), 1992 (1311)
C.H. Nowlin, Rev. Sci. Instr. 63(4), 1992 (2322)
D.M. Binkley, IEEE Trans. Nuc. Sci. 41(4), 1994 (1169)

Traditional CFD

R

C

i(t)

Vshaper(t)

VC(t)

VC(t)

Vshaper(t) i(t)=0 when dVC(t)/dt=0, i.e. at 
peak of lowpass waveform
independent of amplitude of 
Vshaper(t)

delay line not available in CMOS filter (lowpass or highpass)Non-delay-line CFD

Simple monolithic implementation Higher-order filter improves slope at zero-cross and 
leading-edge sensitivity

V
co

m
p/V

in
,p

k

t/tin
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Analog-to-digital converter (ADC)
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ADC architectures

W. Kester, Analog Dialogue 39(2), 2005 (11)

FLASH

Tradeoffs:
• speed
• power
• resolution



71

Flash converter

• N-bit converter requires 2N-1 comparators and 

resistors

• Converts in one clock cycle (no latency)

• Comparator offset must be < VFS/(2N)

• Vin must be able to drive large dynamic load of 

comparator array

• Resistor string may be tapped for piecewise-linear 

transfer function

5 bit output
9 bit dynamic range

K. Barish et al., Nuclear Science Symposium Conference Digest 
IEEE, Nov. 2001, 604
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Successive Approximation (SAR) converter
• Performs binary search using N-bit accurate DAC
• Charge-redistribution DAC gives 10 bit accuracy without 
calibration for typical 0.1% capacitor matching
• With digital autocalibration accuracy improves to 18-bit
• N-bit conversion requires N comparisons
• Sample-and-hold required at input so value to be converted 
does not change during the conversion time

Binary search

In SAR converter, CDAC also combines functions of 
sample/hold and subtractor
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Single-slope (Wilkinson) integrator

COUNTER

RAMP
GENERATOR

LATCH

CLOCK
START

VIN

• Converts voltage into time interval

• N-bit conversion requires 2N-1 clock 

cycles (worst case) 

• Dual-edge clocked, Gray code 

counter improves speed performance

• Compact, low power

• Easily extended to multichannel 

systems
• counter, ramp generator common to all 
channels
• Sample/hold, comparator, and output 
register per channel

STOP

Iset

C

Vref

START

STOP

dV/dt = Iset/C

Ramp Generator
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Dual-slope integrator

• Compare Vin to reference voltage by 

measuring time needed to 

charge/discharge C1

• 2N clock cycles per conversion, worst 

case

• Result independent of R1,C1,

comparator offset

• Largely supplanted by oversampling 

Σ−∆ converters in most commercial 

markets
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Pipeline converter
• Cascade of N stages, each stage consists of a 
sample/hold, low resolution ADC and DAC, summing 
amplifier with gain-of-2
• Each stage converts one bit and passes the 
residue on to the next stage
• N samples being simultaneously processed
• High throughput, moderate complexity, low power
• Only first stage needs full accuracy
• Sub-converter nonidealities can be removed by 
digital error correction
• Latency of N clocks between sample and valid data
• Minimum clock rate because of droop of internal 
S/H’s
• Cannot be operated in burst mode
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Time-to-digital converter (TDC)
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Time-to-amplitude converter (TAC)

STOP START

I

C

RST

VOUT
ADC

STOP

START

VOUT

LATCH

COUNTER

RST

C

STOP START

I1

I2

STOPCLOCK

STOP

VOUT
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Delay-locked loop interpolator

Variable delay element Phase detector

• Clock (START) signal propagated down a tapped,  
N-element delay chain
• Hit (STOP) freezes state of delay line
• Delay per stage stabilized to Tck/N by phase-
locking output to input, using voltage control of 
delay elements 
• Resolution Tck/N; dynamic range Tck

• Extend dynamic range by coarse counter
• Mismatch of delay elements  nonlinearity
• Long delay lines more nonlinear
• Easily extended to multichannel systems:

• DLL common to all channels
• Latch, encoder per channel

K. Barish et al., Nuclear Science Symposium Conference Digest 
IEEE, Nov. 2001, 604
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Pulse-shrinking TDC

STOPSTART

Q
D CK1

Q
D CK1

Q
D CK1

Q
D CK1

…

ENCODER

VCNTL

Cyclic version

• Chain of pulse-shrinking elements
• Change of pulse width ∆t per cell (stabilized)
• After n cells the pulse width shrinks to zero
• Cyclic version recirculates pulse through 
same shrinking element; count number of 
cycles until pulse vanishes
• Resolution LSB can be << tpd of the 
technology
• Conversion time > time interval to be 
measured
• Both schemes can be combined with coarse 
counters to extend dynamic range

E. Raisanen-Ruotsalainen, IEEE J. Solid State Circuits 30(9), 984 (1995)
S. Tisa et al., Proc. ISCAS 2003, p.465
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Vernier techniques

t1 > t2

P. Dudek, IEEE Trans. Solid-State Circuits 35(2), 240 (2000)

• START and STOP signals propagate down 
separate delay lines
• START chain has longer element delay than 
STOP
• Measure the stage where STOP catches up 
to START
• Stabilize by controlling difference t1-t2 so 
that N(t1-t2) = Tck

• Resolution LSB can be << tpd of the 
technology

Vernier DLL

Two-ring oscillator
• START and STOP signals are used to enable 
triggerable oscillators having a small frequency 
difference
• START triggers the slower of the two 
oscillators, STOP triggers the faster one
• Resolution LSB is equal to the difference in 
period between the two oscillators T1-T2
• Counters record the number of periods of 
each oscillator between START and lock 
detection
• ∆T = (n1 – n2)T2 + n1(T1-T2)



81



82

Not in signal path, but important

• Power conditioning and distribution
• Bias circuits
• Electrostatic discharge protection
• Digital configuration switches
• Analog monitor
• DACs

– set comparator thresholds
– trim channel-channel variations

• Calibration pulser



Packaging, Interconnect, and Systems 
Issues

Paul O’Connor, Brookhaven National Laboratory

IEEE Nuclear Sciences Symposium/Medical Imaging Conference

October 30, 2010
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Cost of interconnect
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Pixel density
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Interconnect issues in monolithic front ends

• Detector – Front End
– Lowest possible capacitance for low noise
– Maintain small form factor
– Ease of assembly

• Front end – Data Acquisition
– Analog processing to reduce the required level of digitization

• sampling
• peak detection
• multiplexing

– Efficient use of expensive “analog” interconnect
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Detector – FE interconnect choices
• board-to-backplane

– easy to test, repair
– large boards possible
– connector pins are failure points
– coarse pitch and high capacitance (> 1pF)

• standard SMT package soldered to board 
(QFP or BGA)

– easy to test, difficult to repair
– capacitance down to 0.2 pF for small 

packages
– board area limited by reflow oven capacity

• wirebonded chip-on-board
– difficult to test, assemble, and repair
– board area limited by wirebonder
– fragile
– low capacitance (0.1 pF)

• bump-bonded flip-chip
– can match pixels with pitch from ~30 – 1000 

µm
– difficult to test, assemble, and repair
– circuitry has to fit in same area as pixel

• monolithic detector/electronics
– interconnect is created as part of the detector 

fabrication process
– ultra-low capacitance (few fF)
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Power density

• On-detector power density 
is limited by cooling 
capability.

• Electronics for high-density 
detector must be extremely 
low power.

Limit of 
natural 

convection 
with 10° C 
temp. rise

Forced liquid cooling required
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Packaging density
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BGA 1.27mm

FBGA 1.0mm

UBGA 0.8mm

COB

Hybrid 50 um

Hybrid 25um

Hybrid 10um

Hybrid 150um

 

 

 

hybrid technology

surface mount

chip-on-board
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Front end – DAQ interconnect
• High bandwidth analog interconnect is 
expensive and bulky.
• Due to the low occupancy, this 
interconnect bandwidth is mostly 
wasted.
• Digitizing every channel is inefficient in 
a low-occupancy system.
• Existing approaches to sampling and 
multiplexing are inefficient:

• track/hold needs trigger, incurs 
deadtime during readout
• analog memory (SCA) deadtimeless but 
needs trigger, multiple samples, no 
sparsification, complex controller

DAQ

ADC

ADC

DAQ
DIG.
PROC.

DAQ

ADCT/H or
AM

ANLG.
MUX

full wfm. record

sparsified
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Preamp

Shaper

BLS

Output Stage

Sampler

Discriminator

ADC

TDC

Putting it all together
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Power Efficient Architecture

• Highest power functions:
– charge preamplifier
– analog line driver
– ADC

• Staying within a power budget and achieving 
maximum performance involves careful tradeoff.
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Figure of merit for charge amplifiers and ADCs

• Expresses the power cost of achieving SNR and speed 
• Can be applied to front ends in any technology
• Corresponds to figure of merit for analog-digital 

converters:

max /
d p

CSA
Q

P
FOM

Q
τ
σ

⋅
=

2
d

ADC ENOB
s

PFOM
f

=
⋅
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• Use FOMCSA ~ 1pJ, calculate most quantities of 
interest.

• Given Pmax, rate r, what is achievable SNR?

– e.g. P=1mW, r=100kHz, SNR ~ 103

• What power needed to get timing accuracy σt?

– e.g. σt=2ns, P ~ 50µW

Rule-of-thumb estimates

10CSA

PSNR
FOM r

=
⋅

t

CSApV
t

FOMP
SNRdtdV σ
τσσ =≈    ;~

/
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Figure of merit for charge amplifiers (FOMCSA) 
vs. detector capacitance
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Figure of merit for ADCs (FOMADC) vs. dynamic 
range

Dynamic Range
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Architecture choices

• Digital waveform recording of every channel requires ADC to 
have:
– same SNR as charge amplifier 
– sampling frequency 2X – 20X higher than analog bandwidth

• Guarantees PADC >> PCSA

• Better architecture: capture and buffer the analog information 
on the FEE ASIC, then steer samples to the ADC

• Switched capacitors or peak detectors can serve as the sampling 
cells

• Use analog buffers (memory) with simultaneous READ/WRITE 
to avoid deadtime
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Example: TPC Digitization Power
• Npads 8000
• Ntimeslices 500
• Nvoxels 4x106

• tdrift 7µs
• ftrig 2kHz
• Occupancy 2%

• Digitization Energy (12 bit resolution):
– 10-12J/bit * 212 * Nvoxels = 16 mJ

• Power (FADC):
– 16mJ / 7µs = 2000W (250 mW/chan)

• Power (buffer and readout at 2 kHz trigger rate):
– 16mJ / 500µs = 30W (    4 mW/chan)

• Compare with 0.75mW/chan for amplifier + 0.6mW/chan for PD + 
TAC.
• With sparsified readout of only occupied channels 
buffered in PD: PADC ~ 0.6W (75 µW/chan).
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Summary
• Modern IC technologies, optimized for digital performance, are 

challenging for analog design but offer exceptional integration 
density, speed, and radiation tolerance. 

• Noise is limited by available power, detector properties, event 
rate, and the 1/f properties of the technology.

• In addition to optimizing the first transistor, choice of shaping 
function is also important in noise optimization.

• High-order shapers improve the power/noise tradeoff, and also 
improve pileup and charge collection performance.

• An empirical figure of merit for charge amplifiers, analogous to 
that for ADCs, can be used to guide design choices.

• Reducing the number of analog-to-digital conversions and 
minimizing off-chip analog signal transmission (where possible) 
improves noise by allowing power to be allocated to the front 
end.



Design Examples:

1. Time Projection Chamber (TPC) Readout:
An example of Detector Signal Processing Design
and System Fabricationand System Fabrication

2. Examples of Low Noise ASICs

Veljko Radeka BNLVeljko Radeka, BNL
NSS Short Course 2010



TPC Critical Technologies: 1. GEM vs MWPC
2. Anode pad configuration - chevron
3 Anode pad ASIC board topology

HV Cathode Plane

HV 
Connection

3. Anode pad – ASIC board topology 
and fabrication

4. ASIC D&D
5. Field cage fabrication and asembly

Double GEM 
planes

Field cage

Digital readout 
board

Interpolating anode pad plane 
with front end ASICs



TPC - Key Features and Parameters
•Designed for low rate (~kHz), low multiplicity environment: single sample 
per channel per trigger

•TPC Active Volume:•TPC Active Volume:
Inner diameter ~9 cm; Outer diameter ~35 cm; Drift Length: 50 cm

•Double GEM amplification, gas gain <1000

•Drift field ~ 600V/cm (30kV high voltage) max total drift time ~ 5-7 µs•Drift field  600V/cm (30kV high voltage) max., total drift time  5 7 µs.

•Interpolating zigzag anode pad plane, ~200 µm position resolution for stiff   
tracks;  Pad density >10 times higher than in previous large TPCs

•Readout channel count 7296•Readout channel count, 7296

•Customized ASICs, 32 channels per chip, 40mW per chip, 10+6 W total

•Electronic noise <250e, 500ns peaking time, single peak time and 
amplitude measurement timing resolution ~ 5-15 nsamplitude measurement, timing resolution  5 15 ns

•8 sets of ADCs digitize the sparsified and serialized data streams, worst 
case event processing time <0.5ms



Tracking

Front-End Electronics Specifications

window

Tracking
• Rate: 2kHz
• Multiplicity: 3 tracks max
• Charge of triggered pad

upper GEM

lower GEM

• Charge of neighbor pads (centroid)
• Timing of triggered pad

Front-End Requirements
• ENC < 250e- rms (S/N>100 at 4fC min)
• Timing Res. < 20ns rms (drift ~ 7µs)

anode planeσ < 200µmσ < 200µm

g ( µ )
• Readout Time < 500µs (all channels)
• Power < 1.5mW (<10W total)
• Preamplifier - shaper

P l lit d ( k d t t) l
Q0

Q

threshold

• Pulse amplitude (peak detect) + analog memory
• Pulse timing (TAC) + analog memory
• Neighbor channel/chip logic
• Gain equalization +/- 30%, 3-bit

-1 0 1

Q1

Q-1

X axis title

• Channel calibration capacitance
• Channel masking
• Analog monitor and analog buffer



ASIC Readout Channel - Block Diagram

neighbors

continuous reset

mux1
PD

peak 
detector

threshold

flag

detecto

timing 
detector

mux2
TDramp

baseline 
stabilizer

2nd order
shaper

INPUT n-MOSFET
• optimized for operating region
• ENC < 250 rms electrons

PEAK DETECTOR
• two-phase configuration

detector TDramp

SHAPER
• amplifier with passive feedback
• dual stage multiple feedback• ENC < 250 rms electrons

• NIM A480, p.713

CONTINUOUS RESET
• feedback MOSFET

two phase configuration
• offset error cancellation
• high absolute accuracy < 0.2%
• US patent 6,512,399
• NIM A484, p.544

• dual stage multiple feedback
• 2nd order, 600ns peaking time
• adjustable channel gain (3-bit)

BASELINE STABILIZER (BLH)

• self adaptive
• low noise
• fully compensated
• US patents 5,793,254 & pend.
• NIM A421 p 322

TIMING DETECTOR
• time-to-amplitude converter 
• internal or external ramp
• two-phase configuration

ti i l ti 20

• band-gap referenced
• low-frequency feedback
• slew-rate limited follower
• high dc stability < 1mV
• low channel dispersion < 4mVNIM A421, p.322

• TNS 47, p.1458
• timing resolution < 20ns rms

≈ 350 µW ≈ 900 µW

low channel dispersion < 4mV
• TNS 47, p.818



TPC  ASIC Layout • TSMC 0.25µm
• 32 channels3 c a e s
• 3.1 x 3.6 mm² (~0.35  

mm2/channel)
• 47k MOSFETs

channel

• 1.2 mW/channel
15
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Layout of the Anode Pad Plane –
Topology of the Readout Board

Pad size: ~2mmx5mm, 22 rows
Total # of Channels: ~ 7296



Anode Pad Plane – Asic Board: A major topology and 
fabrication challenge (solved)

0.010” 

0.004”

“Blind   
Vias”!



Board fabrication – Inner details

•11 Total Layers

14459 Blind Vias•14459 Blind Vias

•7552 Blind Vias with
controlled depth drillingp g

Anode pad









2.  Examples of Low Noise ASICs2.  Examples of Low Noise ASICs



3He detector for small angle neutron scattering experiments

ASIC for Spallation Neutron Source ExperimentsASIC for Spallation Neutron Source Experiments

• Low-noise front-end with unity gas-gain
• Single-pad induction (small-pixel effect)
• 3He pressure for max 3-pad charge sharing
• Full size: 196 x 196 pixel array (108 n/s)

• 64 channels - mixed signal
• low-noise charge amp.
• peak detector 6 bit ADC

• Pixel 25 mm², 5 pF, rate 5 kHz / pixel

• peak detector, 6-bit ADC
• 18-bit timestamp
• 110 e- resol., 1.5 mW/ch.
• sparse readout and FIFO
• 300 000 transistors

neutrons

14 mm

• 300,000 transistors

250

300
T = 300K

Peaking Time 500ns]

150

200

4µs

2µs
1µs

Peaking Time 500ns
EN

C
 [r

m
s 

el
ec

tro
ns

]

6.6 x 8.5 mm²

0 1 2 3 4 5 6 7 8 9 10 11
50

100

Dashed Lines: Theoretical Fitting

External Input Capacitance [pF]

G. De Geronimo et al., IEEE TNS 54 (2007), collaboration with ORNL
Microelectronics - 14/27 



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

y p
• 11 electrons resolution
• Pixel  <1pF
• 1.2 mW/channel
• peak detection, sparse readoutp , p
• 30,000 transistors

1M

10M

ratio
~5000

Mnkα

5.9 keV
153 eV (11 5 e-)

55Fe, T = -44 C
Peaktim e = 1 µs
Rate = 1 kcps

10k

100k

5000

Mnkβ

6.5 keV
164 eV

153 eV (11.5 e )

Tikα
4.5 keV
167 eV

Arkβ

3.2 keVArkα

2.9 keV
121 eV

C
ou

nt
s

Rate  1 kcps
Ch. 14

2 x 4.6 mm²
100

1k
Siesc,kβ

4.7 keV
Siesc,kα

4.1 keV
142 eV

Cakα

3.7 keV

121 eV

Alkα
1.5 keV

G. De Geronimo et al., IEEE TNS 55 (2008), collaboration with NASA
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10

Energy [keV]

Microelectronics - 15/27 



registers, DACs, temperature sensorpulse gen.

ASIC for high resolution X-Ray spectrometers → < 10 rms eASIC for high resolution X-Ray spectrometers → < 10 rms e

logic
ENA
CLK

biastest gain threshold

trm

mask, monitor,
peaking time

dual-stage charge amplifier

SA

BL

PD

ADR

PDO

FLG

ADR

16 channels MON

15

20

Si l t d

T  = - 44 C , G ain 5 V /fC
M easured

ch14, sensor connected and biased
ch14 no sensor

mux
MON

10

15 Sim ulated
no-sensor

ch14, no sensor

d 
E
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C

 [e
- ]

CMOS 0.25 µm
2.2 mm x 4.6 mm
1 2 W/ h l

5
charge am plifier

M
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1.2 mW/channel
NASA, NSLS

0.1 1 10
0

leakage current ~1pA

Peaking T im e [µs]
16



Layers of 2 mm thick Si, 1x1 m²
D bl id d th l t i

ASIC for Silicon Compton TelescopeASIC for Silicon Compton Telescope

Double sided orthogonal strips
Total strip length 30 cm (≈ 30pF)

1400
T = 300k, Negative charge amplification

800

1000

1200 Gain
14 mV/fC
28 mV/fC
56 mV/fC

2 s

1 µs

tro
ns

 rm
s)

Peaking time
      0.5 µs

400

600

4 µs

2 µs

 

EN
C

 (e
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ct

0 20 40 60 80 100
0

200

External input capacitance (pF)

• 32 channels - mixed-signal
• positive or negative low-noise charge amplification
• peak detection, sparse readout, multiplexing
• 65,000 transistors65,000 transistors
• also used with CZT sensors for astronomy applications 4.9 x 4.9 mm²

G. De Geronimo et al., IEEE TNS 55 (2008), collaboration with U.S. Naval Research Laboratory (DoD)Microelectronics - 17



Concluding RemarksConcluding Remarks

Detector concept Readout ConceptDetector concept           Readout Concept

El t d D i C itElectrode Design            Capacitance
Interconnections             Noise
Front end design             Power



Design Examples:Design Examples:

1. Multichannel pulse measurement with analog 
data concentration and derandomization

2. Readout ASIC for miniaturized PET tomograph

1



1. Multichannel pulse measurement with analog 
data concentration

S3

data concentration
Signals from 32 
detector elements
(random arrival times)

CH1

ADC

S1 S2 S4 S5
( )

ENERGY

CH2

CH3 DAQ
S1

S2
S3

S4
S5

CH32

A1 A2 A3 A4 A5

... ...
S1 S3

ADCTIME

A1 A2 A3 A4 A5 ...ADDR

Front-end 
preamp shaper

Data-concentrating 
analog FIFO (“PDD”)

Digital data 
acquisition 

2

preamp-shaper analog FIFO (“PDD”) acquisition 
system



PDD ASIC Block Diagram

SWITCH
32:8

AMPL.
MUX

PD/
TACs TIME

INPUTS

ADDR.

FULL, EMPTY
LOGIC

INPUTS
READ
REQ.VTH

,

• Self triggered and self sparsifying• Self-triggered and self-sparsifying
• Simultaneous amplitude, time, and address measurement for 32 

input channels
• Set of 8 peak detectors act as derandomizing analog memory
• Rate capability improvement over present architectures• Rate capability improvement over present architectures
• High absolute accuracy (0.2%) and linearity (0.05%), timing 

accuracy (5 ns)
• Accepts pulses down to 30 ns peaking time, 1.6 MHz rate per 

channel

3

• Low power (3 mW per channel)
P. O’Connor, G. De Geronimo, A. Kandasamy,  Amplitude and time measurement ASIC 
with analog derandomization: first results, IEEE Trans. Nucl. Sci. 50(4), pp. 892-897 
(Aug. 2003). 



Switch matrix – initial state

MUX

empty

processing

empty, WP

PD
0

PD
1

PD
2

PD
3

processing

peak stored

peak stored, RP

PULSE IN0
COMP0

PULSE IN1
COMP1

open

closed

PULSE IN2
COMP2

PULSE IN

4

PULSE IN3
COMP3



1. pulse arrives on Ch. 3

MUX

PD
0

PD
0

PD
1

PD
2

PD
3

PULSE IN0
COMP0

PULSE IN1
COMP1

PULSE IN2
COMP2

PULSE IN
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PULSE IN3
COMP3



2. pulse peaks on Ch. 3

MUX

PD
0

PD
1

PD
2

PD
3

PULSE IN0
COMP0

PULSE IN1
COMP1

PULSE IN2
COMP2

PULSE IN
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PULSE IN3
COMP3



3. pulse arrives on Ch. 0

MUX

PD
0

PD
1

PD
2

PD
3

PULSE IN0
COMP0

PULSE IN1
COMP1

PULSE IN2
COMP2

PULSE IN
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PULSE IN3
COMP3



4. pulse arrives on Ch. 2

MUX

PD
0

PD
1

PD
2

PD
3

PULSE IN0
COMP0

PULSE IN1
COMP1

PULSE IN2
COMP2

PULSE IN
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PULSE IN3
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5. pulse peaks on Ch. 0

MUX

PD
0
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1
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2

PD
3

PULSE IN0
COMP0

PULSE IN1
COMP1

PULSE IN2
COMP2
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6. PD0 read out in response to external read 
requestq

MUX

PD
0

PD
1

PD
2

PD
3

PULSE IN0
COMP0

PULSE IN1
COMP1

PULSE IN2
COMP2

PULSE IN

10

PULSE IN3
COMP3



7. another pulse arrives on Ch0

MUX

PD
0

PD
1

PD
2

PD
3

PULSE IN0
COMP0

PULSE IN1
COMP1

PULSE IN2
COMP2

PULSE IN
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PULSE IN3
COMP3



Quad-mode Time-to-Amplitude Converter

START
TAC

DISCR

MODE 1MODE 2

PDPD

TACTAC

START

STOP
IN

PEAK FOUND

PDPDIN

READ REQ.

IN

DISCR

Vth
1. risetime
2. peak-RR
3. TOT
4 lead RR

PEAK FOUND

DISCR

TAC
READ REQ.

4. lead-RR

12
TAC



PDD layout
Cross-point switch
and arbitration logic

PD/TAC array

MUX

Comparators

MUX

Serial Programmable Interface

size : 3.6 x 3.2 mm²
technology: 0 35µm CMOS

13

technology: 0.35µm CMOS 
DP4M 

Bias



Reconstruction of peak height and time

2

ASIC Inputs1 PULSE
RREQ ASIC Inputs

0 -15

RREQ

4
0 20 40 60 80 100

2 PDOUT
TDOUT

ASIC Outputs

14
0

0 20 40 60 80 100
-2



Reconstruction of peak height and time

22

Reconstructed 
points

1

points

Actual 
waveforrm

0
0 20 40 60 80 100

15



High rate capability
Fast pulses, high rate

Black – pulse input
Blue – Read Request
Green – PD output

• 32 CZT sensors, 7x3x7mm3

•241Am source, overall rate ~ 8MHz

• Input pulses:
• 30 ns peaking time
• 1.6 MHz rate

• Readout rate 500 kHz

• Shaper peaking time 600ns 
• Rate of read request varied from 8 MHz 
to 64 MHz
• No peak shift or FWHM degradation 

16

Readout rate 500 kHz
seen
• Settling time of output mux ~ 10ns



Biparametric spectra

FWHM = 3.44% i.e. 2.0keV

e
R

is
et

im
e

• Detector: eV Products CZT 
Pixellated Linear Array of 32 
elements 16x3x3 mm3 biased at 

Energy
900V

• Source: 2 x 8mCi 241Am

• FE: tp = 400ns, gain=200mV/fC

17

• Event Rate: 4.5MCounts/s 
overall, 210kCounts/s on the 
single pixel 



Time-Over-Threshold Measurement for pile-
up rejectionup rejection 

Experiment Setup
• Array of 1mm x 1mm silicon diodes, built on a fully-
depleted 400um high-resistivity wafer and cooled at ~ -54 ˚C

• 8keV X-ray monochromatic collimated 10umx10um beam 
from NSLS focused on the center of one pixel

• FE with 2us peaking time

18Before The Correction After The Correction



Time-Over-Threshold Measurement for pile-up 
rejection 

10
0 Pulse Height Spectrum

Pulse Height Spectra Comparison 
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After the correction

10
-2

ze
d 

C
ou

nt
s

10
-3

N
or

m
al

i

0 6 0 8 1 1 2 1 4 1 6 1 8 2 2 2

10
-4

19

0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2
PD Amplitude [V]



2. RatCAP – Rat Conscious Animal PET

2 x 2 x 5 mm 
LSO 

scintillator
A septa-less, full-ring tomograph with a diameter of 4 cm 
and an axial extent of 2 cm, suspended by a tether, which 
will allow nearly free movement of the awake animal.

• The tomograph ring must be light enough to be 
supported by the rat and allow reasonable freedom 
of movement

• The tomograph ring must be light enough to be 
supported by the rat and allow reasonable freedom 
of movement

y
Supports BNL program in addiction research.

• Light weight detectors (~ 150 g total weight)
• Light weight electronics with low power dissipation
•  New custom ASIC 
• High data rates and large singles background

S ll fi ld f i d l ll ff

• Light weight detectors (~ 150 g total weight)
• Light weight electronics with low power dissipation
•  New custom ASIC 
• High data rates and large singles background

S ll fi ld f i d l ll ff

2 cm

• Small field of view and large parallax effects
• Limited sampling due to space and weight 

requirements
• Must be rugged enough withstand activity of the rat

• Small field of view and large parallax effects
• Limited sampling due to space and weight 

requirements
• Must be rugged enough withstand activity of the rat

20

4 x 8 APD 
array



readout ASICLSO 0.6

linearity• 0.18 m CMOS
• 1.5 mW/channel

32 h l ASIC

Electronics for a mobile, miniature animal PET tomograph
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l (
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Slope = 15.2 mV/fC
ENC = 902 29 e’s 
rms

• 32 channel ASIC
• Preamplifier + shaper + timing discriminator
• address encoding
• serialized output

0
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5000
timing resolution

C
ou

nt
s

2000

3000

4000
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ASIC preamplifier with CFD vs. BaF2/PMTMockup of the portable ring on the head of a rat LSO scintillator APD array



RatCAP ASIC address serializer

• 384 channels on ring make it impossible to bring all signals off detector.
• Analog pulse height information is not saved, lower level discriminator only.
• Discriminator pulse is encoded to give 5 bit address

CLOCK
Tclk

CLOCK
Tclk

• Discriminator pulse is encoded to give 5 bit  address 
• Leading edge of encoded serial pulse train gives time information

CFD

TIMING
EDGE

CFD

TIMING
EDGE

fclock ~ 100 MHz
cal

shaper

A0 A1 A2 A3 A4

EDGE

CHAN
ADDRESS A0 A1 A2 A3 A4

EDGE

CHAN
ADDRESS serializer

A0 A1 A2 A3 A4
EDGE +
ADDRESS

Tserial

A0 A1 A2 A3 A4
EDGE +
ADDRESS

Tserial

22
J.-F. Pratte et al.,  Front End Electronics for the RatCAP mobile animal PET scanner, 
IEEE Trans. Nucl. Sci. 51(4), pp. 1318-1323 (Aug. 2004). 



ASIC Performance - Timing 
Resolutioneso ut o

3.54 ns FWHM Electronic Timing Resolution

Preamp/Shaper + ZCD
Electronic Timing Resolution
at 511 keV equivalent energy

Coupled to LSO/APD with 511 keV ’s 
timed against a BaF2 scintillator w/PMT

Same with CFD

6.7 ns FWHM
(2.4 ns rms)

LSO+APD vs 
BaF2+PMT

un
ts 3000

4000

5000

FWHM = 2.47 ns
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ou
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Spatial Resolution

• 68Ge point source
– ~1 mm dia.
– r = 0-16 mm

• 2D FBP
– sinogram arc correction by 

linear resampling
– ramp filter

Spatial Resolution vs. Radius

• 3D Monte Carlo MLEM
– 50 iterations

p

3

4

5

FBP no arc
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be optimized
– point source size NOT 
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First Phantom Data

• Rat striatum phantom
3 4:1 ratio

7 mm
– 3.4:1 ratio
– RatCAP

• MLEM
• 25 iterations

R4

• post-smoothing with 2 
mm FWHM Gaussian

15 mm

Spatial Resolution vs. Radiusp
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First conscious rat brain image
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Thanks!
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