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I Introduction to Readout Electronics

* Modern experiments — e ™
using particle colliders =
require simultaneous
detection of hundreds of

particle tracks with o

micrometer spatial and O\ e
nano-to-picosecond
timing resolution. fumdembes A it

Layout of the ATLAS detector (taken from: [1])
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I Introduction to Readout Electronics

48 Years of Microprocessor Trend Data

* Readout ASICs for radiation - T
detection were developed using  ¢| - ........................ it treusancs
high-level of integration dueto "~ """"" : | E’;?"jﬂ:ﬁﬁ‘:‘j)

the miniaturization of electronics 1 | :
according to Moore’s Law: ) E— R plLe o e (B Pore

Frequency (MHz)
|

Number of
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“.. The number of transistors in an
Integrated circuit doubles about

9 1970 1980 1990 2000 2010 2020
every two years... Voar

Onginal viata, up fo the year 2010 colketed and plothed by M. Homowitz, F. Labonte, O, Shacham, K. Olukiotun, L. Hammond, and C. Batten
Mew plot and data collected for 2010-2012 by K. Rupp
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Taken from: www.semianalysis.com/p/a-century-of-moores-law.
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Introduction to Readout Electronics

charged | particle
-—/— pixel ——mMm8 ——

aluminium

passivation

/ electronics chip

substrate

/

Individual pixel cross-section and readout electronics

connected through a bump-bond.
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SEREGE backside metal

sensor pixel implant \

R/O pixel

readout chip

Representation of a hybrid pixel detector matrix ASIC
(taken from: [2])
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I Introduction to Readout Electronics

lonizing Radiation Impact on Readout Electronic Circuits:

el N

[ Surface Damage; ] [ Charge Deposition ; ]

} }

( . . . )
e Alters transistor characteristics

"« Single Event Effects (SEE). N
THslve e, BEDSEN USEEE]). * Bitvalue flipping — Information corruption
* High leakage currents. (Single Event Upsets - SEU).
* High risk of activating parasitic transistor * High risk of triggering parasitic thyristor
L structures. ) L structures (Single Event Latchup - SEL).
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I Introduction to Readout Electronics

Single Event Effects (SEE)
v
. ) ((wee )

Permanent Damage CMAQOS parasitic structures are Temporary Disruption
triggered (Reset is required) ‘
v v v
~ ™) 4 ™)
Single Event Single Event Single E.vent
Upset (SEU) . Function
Transient (SET)
Short circuit Permanent damage it value f1 L 1 A Interrupt (SEFI) A
: it value flip
8 J U y Signal Interruption induced
L by ionized particle )
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I Introduction to Readout Electronics

# ) — :
Radiation-Hardened Transistor Structures
Surface Damage f
ptdoping«—{4 " T P-type A Draint
P-active q—q_T - o . i Well or =
(- . h : : Substigy Source1l
Alters Transistor DC e = Jl
isti i <> i
L Characteristics ) | T ] ! o
- > e, | O On |
[ ) -V ' Y ' - .ISourcez
High Leakage Currents - - |, | Gatezi 8
—active « * 2
\- J n+ doping L= == ==
| |
SN ) . ~ + doping 18 :
High Risk of Activating el B B
ey . 3 P-active «—4¢ | J|
Parasitic Transistor || | = ==
Structures I-gate NMOS structure Enclosed Layout Transistor (ELT)
kk )) (taken from: [3]) structure (taken from: [4])
\
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I Introduction to Readout Electronics

@ )

Charge Deposition ¢

No Redundancy

Triple Modular Redundancy (TMR)

Logic gate %ﬁ

/ Logic gate 1&
I,fGléf ' o]

/O g ® Logic gate z I/0
Single Event Effects (SEE) LOE*CHM@?’%
\ J
NMOS | \ _é»‘ PMOS
Single Event Upsets (SEU) - m /&
Information Corruption Latchup triggering  _vss ; TVvou ; vee.
. by ionizing S
e ~N radiation in a _
Single Event Latchup (SEL) - / typical CMOS
. . . . ere structure
High risk of triggering parasitic (taken from [5])
structure in transistors
\_ Y,
\_ J
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I Planar and 3D Pixel Detectors

 An electric field is applied to MIP f T
sensor electrodes. ' -
* Charge carriers are drifting ng +
towards the electrode with the 33 @D i“quceld
most favorable potential. 5 gl : =
* A current signalisinduced at niepeE.
both electrodes which can be / _L
read out. Depleted sensor diode with ionized e/h pairs along the MIP track

(taken from: [6])
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I Planar and 3D Pixel Detectors

( >
Planar Pixel Sensor
p-stop Pros
Low detector capacitance
- Low charge losses
~
d Cons
High voltages for full depletion
- Collected charges are sensor )
L thickness dependent )
L J
\_ 7
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| Planar and 3D Pixel Detectors

2D electric field
Al readout strips (AC) ionising SiO, insulation
particle capacitive coupling
p+-stopN . 1—rp+-StoLr : \

300 100 v 200 300

full aluminum backplane or strips ]
along pitch (um)
Working principle of an n-in-p AC-coupled silicon microstrip detector (taken from: [7]) Two-dimensional electric field

configuration (taken from: [7])
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Planar and 3D Pixel Detectors

"~ 100 200
X (um)

Y (um)
Y (um)
Y (um)

250

300
100 200 100 = 200 100 200 100 200
X (pm) X (um) X (pm) X (pam)
Time evolution of the absolute charge densities of the e/h generated by an ionizing particle passing through the sensor at a 45° angle

(taken from [8]).
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I Planar and 3D Pixel Detectors

pitch 4 N\

— 3D Pixel Sensor

Pt

@ )
Pros

Collected charges are pitch-dependent
rather than sensor’s thickness dependent

~N

[ Canbe fully depleted using a lower voltage A
L when compared to planar
. J
é )

Cons

Higher detector capacitance

Higher manufacturing complexity

. J
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I Planar and 3D Pixel Detectors

15200 um
p-stop

Si0,

/

p-spray

Active

oxide Thickness

\

, €&—— Dicing lines >,

(support structure removal)

Cross-section of a 3D silicon detector pixel
(taken from: [9])
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I Planar and 3D Pixel Detectors

55 um

55 um

trench
poly

trench
poly
contact

passivation

bump
re

[T

Metal deposited after thinning

Support wafer to be thinned

Support wafer  p- Si Substrate

(T, e
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Capacitance (F)

(d)

x107"
14 —Strip 1
- —Strip 2
12~ Strip 3
L — Strip 4
10 —Strip 5
8HY
6t
4
2
0_ L L L I L L L | L L L I Il L L 1 I L L I L L L
0 5 10 15 20 25 30

Voltage (V) )

(a) Layout of a single pixel

(b) Cross-section of the 3D pixel sensor
(c) A 7x10 microstrip 3D pixel sensor

(d) Capacitance vs Voltage plot (C-V plot)
(taken from: [10])
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Planar and 3D Pixel Detectors

Bumps

Passivation
H

'y

Active
Thikness

Top-view

IOxide

Most Probable Value (MPV)

* MPVis the most probable value of
charges that the specified sensor can
generate.

* MPV mostly depends on the bias
voltage and the type of the silicon
sensor.

* e/h generation is created in a larger
proximity from the n+ columns of each

pixel.

* The generated charges were split
between each pixel.

* Asmallfraction of charges is collected by

a single pixel.

Charge Sharing
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I Analog Front-End Circuitry and Analysis

* In 3D pixel detector schemes, High detector capacitance
where timing precision is >
needed, the response time of Analog FE response time degradation
the analog front-end circuit is ‘
crucial, and it should not be

Increase of FE amplifier rise time

significantly degraded due to It
high detector capacitance.

Readout ASIC timing performance
degradation
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I Analog Front-End Circuitry and Analysis
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I Analog Front-End Circuitry and Analysis

* The Time-Walk (TW) e
. . _ Timing response of Analog FE for MPV of
specification is of high input charge (Qy )

Importance in high timing
precision particle detection

appliCatiOnS. Fast analog detectable input charge (QThr)
FE response leads to low

TW overhead thus higher TW = Time difference of MPV and Q;,, while
time precise detection. crossing a fixed charge threshold

Timing response of Analog FE for minimum
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I Analog Front-End Circuitry and Analysis

Fast

response
FE

Slow

response
FE

30/9/2024

}
!

|
<
)

e ——
P

TW, > TW,

Charge Threshold

P
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I Analog Front-End Circuitry and Analysis

.

(" ( )
O Performance Criteria Design Aspects
(7p)
< Fast Response | Tradeoff Between High-Gain and Wide
'E High Gain Capabilities Bandwidth — Limitations due to
LLI . ’ - .
L Fast Hit Discrimination Transistors’ Transition Frequencies (f;)
c
O Low Power Consumption Tradeoff Between Low Noise and Power
.I""_, Consumption — High Noise due to large
= Low Noise Performance Detector Capacitance in 3D sensors
o
© Radiation-Hardened Transistors’ Sizing Limitations — Custom
Q : . .. :
o Design Radiation-hard Devices

30/9/2024
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I Analog Front-End Circuitry and Analysis

(

Charge-Sensitive Amplifier (CSA)

\

30/9/2024

(" )
Small-Signal Equivalent Circuit

Re
W
Cr
| |
> ¢ || )
Vin Vout
» ') ¢ *
tin Cp —Cin gmq> o [] Co
o 4 J_ ®
\ y,
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I Analog Front-End Circuitry and Analysis

* Output voltage: Integrating input charge -
(generated into silicon detector) through
feedback capacitor Cg,

1 o
Uout =C—/E; j'rJ’*"":Irfz
r

* The above expression assumes that all
current, generated in the sensor, flows
only through C., without flowing though

Cp, G, orR..

30/9/2024

qdr I
CF out g CF

Cr

éim

~

Small-Signal Equivalent Circuit
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I Analog Front-End Circuitry and Analysis

4 p
0 1 Small-Signal Equivalent Circuit
[Uﬂut = L/ defz q_F — VGH." = F]
Cr Jo Cp sCp Re
Wy
Cr
. Tr.we magnitude o.f the outputyoltage IS V. <T| V..
directly proportional to the input charge g, ? t '
(generated into the sensor) and inversely in T=Co = Chn &nd()> To|] Coom
proportional to the feedback capacitance
CF. L g L _;_
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I Analog Front-End Circuitry and Analysis

* Amore precise expression of the CSA’s
transfer function by including both
feedback resistor R and detector
capacitance Cg into the calculations:

Vﬂuf(l + A) + S(CD + Cfn)VGuf

l. =1—1/,=
in F D AXZF A
Vour (5Zp(Cp +C;) + A+ 1)
Bl AXZy

* The input charge is integrated on both
Cp and Cgcapacitors.

4 a
Small-Signal Equivalent Circuit
Re
W
Ce T 4F
Vln 1IF Vout
*— L 4
{'o
Lin Cp —Ciy gm@ o] Cot-
® 2 _L

. J
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I Analog Front-End Circuitry and Analysis

* The feedback complex impedance of the
CSA with continuous reset:

* Substituting the complex feedback
impedance, the transfer function H(s) of
the CSA with continuous reset can be
expressed:

[ 1

Small-Signal Equivalent Circuit

Re

(|:|F J

1iFW

éim )

V, AXR
[H(S)z IGL‘T _ F

in SRy (1+A)Cr+Cp+Cp) +A+1
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I Analog Front-End Circuitry and Analysis

* Still, the output capacitance C, and output - N
impedance r, were not included in the Small-Signal Equivalent Circuit
calculations of the CSA. R,

* Exploiting the admittance matrix from "é"‘;
nodal analysis: —

Vin Vout

(s(cD+c,.,,+cF) +1/Rp —sCr —1/Ry ) .(um) 1 ! !

gn—SCg —1/Rp S(Cr+C,)+1/Rp+1/r, Uout éim Co C. g Q r C ——
fm \ o
-(5) L
. _ y,
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I Analog Front-End Circuitry and Analysis

. . . . 4 ~N\
* Assuming next stage circuitry is a Small-Signal Equivalent Circuit

high-impedance input node (unity- R, High | ;

. : igh Impedance
gain buffer)., the OL.Jtput resistance g\’: node (buffer)
of the CSA is practically equal tor,. 9 \

Vin

* A high-gain implementation implies éim Cp ==Cin gm@ ro[b C,0
that: . .

gulo > 1 =
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I Analog Front-End Circuitry and Analysis

* Considering g .r, >> 1 and applying the Cramer’s rule, the CSA transfer
function with continuous reset can be approximated as:

é )

C
RF(I—Sé)

cﬂ+c;.,,+cﬂ) + 2R (C;(Cmc“m+£‘DJ+(CD+E}-”)CG ) |
Em F Em

_H(S) — UUH.’ —
in l+5RFCF+5(

CSA’srise time

Transimpedance « DC Gain=R.(s~>0) Two-pole
Transfer Function * Lowpass Char (s > ) System _

CSA’s fall time
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I Analog Front-End Circuitry and Analysis

* The full CSA’s transfer function with continuous reset is a two-pole system:

—(Cp +Ci +C, + 8, RpCp) »
S —
pl.z 2RF(CF(CD + C;.n -+ CG) + (CD + C‘;n)cg)

(1 . \/1 4g Rp(Cp(Cp +C;, +C,)+ (Cp + cfn)cg))

(Cp+C,,+C,+g,RpCr)*

* To simplify the pole expressions, Taylor expansion of the square root can be
applied, neglecting higher-order terms:

[S —~ CD+CEH+CG+ngFCF J [ gm (CD+CIH+Cﬂ+ngFCF)J
pl sz ~ =

- RF(CF(CD + Cjn + Cg) + (CD + Cfn)ca) (CD <+ C:‘n + Cﬂ <+ ngFCF)2

30/9/2024 Hochschulpartnerschaften mit Griechenland 2023-2025
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I Analog Front-End Circuitry and Analysis

* An assumption that R.C.>> (C, + C_)/g., can be made in cases when the
feedback time constant is chosen much higher than the CSA’s peaking time
(rise time).

* Further simplification of the pole expressions can be made, leading to a
good approximation of the rise and fall times of the two-pole CSA topology:

CSA's fall time

o~ 8mCF _ 1 e L1
Pl C.(Cp+C, +C)+(Cp+C,)C, T, 2T ReCy 14
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I Analog Front-End Circuitry and Analysis

* To calculate the output voltage signal of the CSA with continuous reset, an
inverse Laplace transform should be performed while assuming a Dirac-like
input current signal with an integrated charge of Q.

* Hence, CSA’s transfer function can be expressed into the time domain as
follows:

—R , T _ _
H(s) = f SV, = - (QS ) L (1-c"77 )™
(1 +5Tr}(1+5’1'f) Cp) 17— 1,

30/9/2024 Hochschulpartnerschaften mit Griechenland 2023-2025
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I Analog Front-End Circuitry and Analysis

* For fast time-response CSA topologies, the rise time is much lower than the fall
time and thus, the assumption of Tz >> Ttz can be made.

* The Charge-to-Voltage Conversion Gain A, can be defined as:

Ag

"0y Cr
* The point at which the output voltage has reached its maximum value, hence
Aq has also reached its maximum value, can be derived by solving:

0Ap /0t =0
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I Analog Front-End Circuitry and Analysis

* The time at which the output voltage reaches its maximum value can be
calculated as follows:

30/9/2024

4 1 g )
e (l —6_5)
Vaur
AQ— - —
L Os Cr )
0A
o
—=0=
ot

Substituting solution

Hochschulpartnerschaften mit Griechenland 2023-2025

_I(r,-+rf) ¢
04, e \7TS (Tf+rr — T, -E:Tr)
= — = — _
ot CF Ty - Tp
Ty + T,
[ e )]
TJ"
4 _i\
o (L) T Rise/Fall time
A, = — d -
0 ratio dependent
L CF (Tf + Tr) )
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I Analog Front-End Circuitry and Analysis

CSA’s Output Voltage

e

e
Tf (l—e TT)QS 4

( )
Crp | Qs | 7f | Tr
Min 10fF | 0.1fC | 0.1ns | 10ps
_Tr ) Max | 100fF | 1fC | 10ns | 10ns
- TF+Tr Tf _ Y,
f T

30/9/2024
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I Analog Front-End Circuitry and Analysis

Feedback Capacitance Sweep C¢ (Qg, Tz = Max & T = Min)

C-=20fF " C-=100fF
\

L L L L 1 L L L L Il L L L L Il L L L L Il L I L L Il L L 1 L L L L L 1 L L L L L L L L L L L L L L L L 1 L L L 1 L L L L L I I L I Il I L I I 1 I I I I 1 L f n n T n T T
0 50x107° 10x1078 15x1078 20x107° 25%1078 30x10°8 0 50x107 1.0x1078 15x1078 20x107° 25x 1078 30x10°8 0 50107 10x107® 15x107 201078 25¢1078 30x1078
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I Analog Front-End Circuitry and Analysis

Input Charge Sweep Qg (T = Max & C, 1z = Min)

Q;=0.1fC | Q;=0.5fC
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I Analog Front-End Circuitry and Analysis

Fall Time Sweep 1 (Qg = Max & C, 1z = Min)

t-=1ns t-=0.1ns
(

L L I I Il L L L L 1 I L L L Il I I L L Il L L I L Il L L L I Il L 1 L L I L 1 L 1 L I
0 50x107° 1.0x10°° 15x10°8 20x1078 25x10° 30x10°7 0 50x107 10x10°® 15x1078 2.0x1078 25x107 30x10°8 0 50x107 1.0x1078 15%107® 20x1078 25x10°° 30x107
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I Analog Front-End Circuitry and Analysis

Rise Time Sweep 1y (Qg , T = Max & C. = Min)

T,=100ps t.=1ns
R= P R~
008 008+
0.06 006+
004 00"
0.02 002
P S H S S B T T T S S R PR S T S S S S S S
0 5041078 1.0x10° 15x10° 20x10°8 2541078 30x10° 0 5.0¢107 1.0x10°8 152108 20x10°8 25108 3061078 0 5.0w1070 1.0x10°8 15108 204107 251078 3.0x 1078
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I Analog Front-End Circuitry and Analysis

Flicker Noise

15t Gain Stage High Contribution -
Dominant at low frequencies

Thermal Noise

15t Gain Stage High Contribution -
Dominant at high frequencies

30/9/2024

Sensor’s Diode Noise -
White noise spectrum
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I Analog Front-End Circuitry and Analysis

* In readout applications, Equivalent Noise Charge (ENC), expressed in
electrons (e), is used to quantify the channel’s noise:

f )
_ 2
ENC — Output Noise (RMS) B (Vgue)
~ Induced Output Signal of 1 e~  Gain(V/e™)
\ y

* The overall noise contribution is derived from the superposition of the
detector’s diode shot noise and the thermal and flicker noise contributions
of the analog front-end amplification (CSA).

30/9/2024 Hochschulpartnerschaften mit Griechenland 2023-2025



I Analog Front-End Circuitry and Analysis

Thermal Noise , —— White Noise

* Thermal velocity fluctuations of "
charge carriers into a conductor
with resistance R, due to their
thermal kinetic energy at a
temperature T.

-150 -

-160

-170 -

Noise Power Spectral Density (dB)

-180 -
5 I .
= _— = 90 R | L L ELL | ' LR | LR | L |
d<! }[herm R4def 100k M 10M 100M 1G 10G
Frequency (Hz)

White noise source power spectral density (taken from: [12])
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I Analog Front-End Circuitry and Analysis

Flicker Noise 20 — Flicker Noise

 Capture/release processes with
different time constants such as
charge carrier trapping near the
gate-silicon interface of the
transistor.

-140

-160

Noise Power Spectral Density (dB)

-180

Lar

ﬂ: T T rorTTTT rorTTTTTTT
fﬂ' 100 1k 10k 100k 1M 10M
Frequency (Hz)

.2
d(i }f]icker =K

Flicker (1/f) noise power spectral density (taken from: [12])
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I Analog Front-End Circuitry and Analysis

10-1°

 Statistical fluctuations occurring _ v
when charges are emitted ey
independently over a potential 56
barrier (electron/hole generation ;}10'22

and recombination).
10-23

0.000 0.002 0.004 0.006 0.008 0.010 \
time (s)

10-24_ 4 a0 a0 sassul L1 s v aunl 1 L1 s el 1 L1 11l

d“z}shm — 2Efﬂdf o 10 10° 10° 10 105

frequency (Hz)

(a) Random Telegraph Signal (RTS) noise power spectral density
(b) Relative drain current fluctuations of a small-area MOSFET
(taken from: [13])
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Analog Front-End Circuitry and Analysis

Having the MOSFET as reference, the equivalent input series noise, assuming
that the transistor is operating into the saturation region, is as follows:

4 5 | A
d{v;,)  8kT Jdx 11
df 38, | CZWL S

G | _ J

* k=Boltzmann constant

* T=Temperature Thermal Flicker

* g, =Transistor’s transconductance [ Noise ] [ Noise ]
 C,, = Gate capacitance/unitarea

» WL =Transistor’s channel width and length
* K.=Flicker noise constant (process dependent)
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I Analog Front-End Circuitry and Analysis

* To gain insights about the overall ENC of the system, for simplicity reasons,
only the input transistor noise contribution was considered (most dominant
noise source).

* The output noise of the CSA, induced from sensor diode (shot noise), can be
calculated assuming an integration of the noise current through the
feedback capacitance:

2
d(“ﬂ-gﬂ ):;hm E’f{)

dw Tw> Ci

30/9/2024 Hochschulpartnerschaften mit Griechenland 2023-2025
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I Analog Front-End Circuitry and Analysis

* By applying the feedback theory, the

feedback ratio of the loop is equal to: CSA’s Small-Signal Equivalent
Circuit without continuous reset

p=Cp/(Cr+Cp+Cy)

* Consideringthat C, >>C. + C,  the
feedback ratio can be expressed as:

p ~ Cp/Cp
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I Analog Front-End Circuitry and Analysis

* The noise transfer function of the CSA without a continuous reset can be
calculated as follows:

Wesadmp 1 1 _Ch 1

Wrdims P &urs  Cr 8uls

n

2 2.2, 2 2 2
_ﬁ gmr,;;(U(:SA)rh,ff = (”CSA>rh,ff _ (Uf;]-}rh,ff =

* The CSA’s output noise due to the input transistor can be calculated by

substituting the following:
<U?n>.rh,f! = (f?”}f'g

2 2
<U(?Sﬂ>m-ﬂ _ Ch 1 , C%} L
B Ve =2 " _(2y? =
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\.

30/9/2024

p : N\ Y ( 2 ¢:2
d(v;,)  8kT L 1| | Kesadshar el . “b Ui
T =3, + Ky T W ? = 5 <UCSA>’h~f/ ™ o o9
Em o0x dw erECF C[: m
J \ — 7/ \ (, ~ )
(1) (2) (3)
2 )
dvegs) el _(L)E_I_ Ky _(ﬂ)z_F AkT .(ﬁ)z
dm T2 CF mch W L CF 3Hgm CF
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I Analog Front-End Circuitry and Analysis

* The ENC calculation can be derived by integrating the CSA’s noise spectral
density over its available bandwidth, dictated by its peaking time performance
(rise time —1R):

4 )
K,-C; 4kT-Cj
ENC’*~ely- 1, + —
Cﬂx WL 33;}1 " Ty
Shot Flicker Thermal
Noise Noise Noise
. J

30/9/2024
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I Analog Front-End Circuitry and Analysis

K_.-CE 4kT-C§

33;1! * Ty

N

Charge amplification is proportional to feedback capacitance C .

ENC includes the charge gain component factor.

ENC still depends, to some extent, on C. (1z — Cr dependency).
Low rise time moves CSA’s low-pass pole (s, ;) to higher frequencies.

Both ENC and timing response of CSA depend on detector capacitance C.

Mitigation of high C through input transistor’s transconductance g,

(scales up with power consumption).




I Analog Front-End Circuitry and Analysis

Technology node — 180 nm 130 nm SiGe BiCMOS 65 nm 22 nm FD-SOI
CSA metric | CMOS* HBT" CMOS* CMOS? CMOS?
Peaking Time g, ~5mS g, ~ 101 mS g, 9.5 mS g, ~ 13.3 mS g, ~21.5 mS
T, = ‘Cﬂfi“” C,° ~ 194 fF C,° ~4.1 fF C,° ~12.1 fF C,° ~49 fF C,° ~48 fF
+% 7, >203.9 ps 7. >9.94 ps 7, > 106.5 ps . > 7555 ps 1, > 46.73 ps
Charge Gain ) 7, =1ns r,=1ns 7, =1ns T, =1ns 7, =1ns
gt T
_ rf( o ] 05572 _0.9447 _0.6933 07568 08232
AQ - CF(T;’+Tr) |AQ| - Cr |AQ| - Cr |AQ| - Cr |AQ| - Cr IAQ' B Cr
Equivalent Noise Charge Shot | 95.5% Shot | 49.7% Shot | 65.6% Shot | 78.7%
ENC? =el, - Reference
¢ 0 Z’,J" Thermal 1 9.8% Thermal 1 4.6% Thermal 1 9.3% Thermal 1 9.4%
)
3gm-1;
Figure of Merit* , .
f 1.419 x 10° 4271 x 107" 1.956 x 10° 3.678 x 10! 1.267 x 10

{fF; ipsi
B _ P

FUMl — in Fmin

5
2a | Agl-Cr

[}

g, extracted @ V,, =V, =V, for W, =10 ym, L,, =L, .
g, extracted @ V,, =V,, =V, for Emitter Area=0.07x0.9 pm?.

C,, calculated using S-parameter analysis as C,, = 2l (%I m(Y”)).

The lower the better.

30/9/2024

CSA performance overview versus Technology Scaling
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I Analog Front-End Circuitry and Analysis

* To evaluate the real CSA performance across
all selected process nodes, four topologies

were designed.

* |[n all topologies, the detector capacitance and {

CMOS Node

Folded-Cascode CSA

Inverter-based CSA

the feedback components were set constant :

* For a fair comparison, a power dissipation limit
was set for all topologies, keeping the overall
current of each topology tobe <1.5 mA @ V.

30/9/2024

“>

.

BiCMOS Node

Common-Source CSA

Inverter-based CSA
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I Analog Front-End Circuitry and Analysis

| CMOS Inverter-based CSA |

VRST

( )
Folded-Cascode CSA
VDD VDD
VRST
| - 1
IB1
f Voo
VSS Vin
P T
O[5 [
gy { | * -0
S CF
| B
VSS VSS VSS
_J

30/9/2024

Vss  Taken From: [9] )
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I Analog Front-End Circuitry and Analysis

( ) ( \
HBT-based Common-Source CSA BiCMOS Inverter-based CSA
Voo Voo Voo
|
| | s
Vier Vist
|B1
7 Vout b Vcnnut
9 o) [ L O
|| ) ¢ 1 *
C: C:
Vin |/ Vin : |/
T b T K
C, Cop
T Ve T Ve |
L = y L = Taken From: [9])
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I Analog Front-End Circuitry and Analysis

4 )
=
=
8 CSA Voltage Gain
[®)]
18]
S (Frequency Response)
- _-10 - Cascode CSA - 130nm SiGe BiCMOS R
Inverter-based CSA - 130nm SiGe BiCMOS \\ . .
- Cascode CSA - 22nm FD-SOI NS Small-5|gnal Analy8|s
20 Inverter-based CSA - 22nm FD-SOI MU
- - Cascode CSA - 65nm CMOS .
Olnverter-based CSA - 65nm CMOS |
Cascode CSA - 180nm CMOS
—30 Inverter-based CSA - 180nm CMOS
101 102 103 10* 105 10 107 108 10° 10%° 10 i
Frequency (H2) Taken From: [9]
. J
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I Analog Front-End Circuitry and Analysis

( )
100 h-&\
------------------------------------------ N
N
\\\\
_ 80 RN
= \‘\\
— A
c W
£ \\
(@) ‘\\ A\
9 60 \“\ \ . .
- S CSA Transimpedance Gain
g ‘\“ \‘\
& RN (Frequency Response)
g AQ4 ==- Cascode CSA - 130nm SiGe BiCMOS W\ \\
© —— |Inverter-based CSA - 130nm SiGe BiCMOS ‘\\ \ ° .
= ——- Cascode CSA - 22nm FD-50 W\ Small-signal Analysis
—— Inverter-based CSA - 22nm FD-SOI \“\ \
| ——- Cascode CSA - 65nm CMOS VN Y
201 —— Olnverterbased CSA - 65nm CMOS AR RN
Cascode CSA - 180nm CMOS IR
Inverter-based CSA - 180nm CMOS VRO
v
0 71 2 3 4 N5 "6 7 8 9 '1(;\ 11
10 10 10 10 10 10 10 10 10 10 10 Taken From[g]
\ Frequency (Hz) ) )
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I Analog Front-End Circuitry and Analysis

—100

—-120"

—140

—160 1

CSA Noise Behavior

—180

(AC Noise Analysis)

Small-signal Analysis

- Cascode CSA - 130nm SiGe BiCMOS

Inverter-based CSA - 130nm SiGe BiCMOS

— —- Cascode CSA - 22nm FD-50I

—— Inverter-based CSA - 22nm FD-SOI

——- Cascode CSA - 65nm CMOS

—— Olnverter-based CSA - 65nm CMOS
Cascode CSA - 180nm CMOS
Inverter-based CSA - 180nm CMQOS

Qutput Noise (V/sgrt(Hz)) (dB)

—200

—220"

—240-

N1 N2 3 4 N5 N6 N7 8 N9 110 11
10 10 10 10 FlO 10 10 10 10 10 10 Taken From:[g]
¢ requency (Hz) J
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= = Qutput - Cascode CSA - 130nm SiGe BiCMOS
—— Qutput - Inverter-based CSA - 130nm SiGe BiCMOS
= =  Qutput - Cascode CSA - 22nm FD-S0I
Output - Inverter-based CSA - 22nm FD-SOI
== Qutput - Cascode CSA - 65nm CMOS
= Qutput - Inverter-based CSA - 65nm CMOS
Output - Cascode CSA - 180nm CMOS
Output - Inverter-based CSA - 180nm CMOS
— |nput

CSA Transient Response

Vout (mV)

(input charge Q,, = 1 fC)

Large-signal Analysis

o0 @ o5 10 15 20 25 30 35 )
\ time (s) le-8 Taken From: [9])
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(
500 )
‘l\ ® Cascode CSA
450 - Y ® Inverter-based CSA
AN
400 - N
N AN
350 - L L . T
NS ~.
— N ~.
D 300 A =< AN \‘\.
&) L~ \ ~.
Z ol @ \ ®— —e CSA ENC performance
\
\ . .
' derived from AC noise
200 - S
\
\
150 4 \\
\
\
100 A D R Ty—
----- -0
NP V' S NP .
e Taken From: [9]
. Q y,
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I Analog Front-End Circuitry and Analysis

Technology node — 180 nm 130 nm SiGe 65 nm 22 nm FD-SOI

CMOS BiCMOS CMOS CMOS
Performance metric | FC* INV® cse INV® FC* INV® FC* INV®
Peaking time — 7, (ns) 11 8.3 0.2 1.14 4 1.8 2.5 1.5
Fall time - 7, (ns) 16.9 10.8 1.8 5.2 11.6 5.5 11.5 9
Voltage gain - A, (dB) 29.7 32,5 30 33.5 29.9 31.8 31.2 31.5
Transimpedance gain - A, (dBQ) 105.7 106 92.7 103.2 105.7 105.7 105.8 105.9
Bandwidth - BW (GHz) 0.014 0.022 2.3 0.205 0.092 0.55 0.16 1.2
RMS noise = ¥V, s (MV) 0.39 1.32 2.5 1.95 0.46 1.35 0.51 1.91
Equivalent Noise Charge — ENC (e7) 82 255 481 259 97 266 102 380
Power dissipation - P, (mW) 2.34 0.324 1.29 0.035 1.44 0.24 0.96 0.141
FoM,! = 2 BV 0.0002 0.001 0.556 0.664 0.0049 0.1522 0.0204 0.4703

5) T — 3 AV
"™ ENCE )P

=2

=%

Folded-Cascode Configuration.
Inverter-based Configuration.
Common-Source Configuration.
The higher the better.

30/9/2024

Simulation Results of all implemented CSAs versus Technology Scaling

(taken from: [9])
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6 Planar and 3D Pixel Detectors
e Analog Front-End Circuitry and Analysis
a Readout Front-End ASIC Design

e Conclusion and Discussion
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I Readout Front-End ASIC Design

Readout ASIC (ROIC)

g o

C | A :

N |/ ,

[ L)y ® ’

_ ] '

snnanunnnn(il i :

' :

S| — '

=E|:|ijﬁ: “.‘ ; CSA Shaper Discriminator E

L 1 — n

L || L T I /\ Hit" Pulse @ H

___:%:_ [\ »;,.A(§ His) ot Digital Readout | }

L Voo - Cipi== Enable/Mask >— : i

L L L ' ' 1 inj Logic |;1emory !

\ . =C :

— L | L &5‘9" ’ Global Threshold @ :

Analog & Digital Chip Bottom “.‘ EQ@' | E‘fﬁ‘;ﬂt‘,‘fnﬁ g U ;
1

TITIIITIT I i

Typical front-end readout scheme often used in a detector readout ASIC.
(taken from: [11])
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I Readout Front-End ASIC Design

( )
Detector Charge-Sensitive Amplifier Descriminator Tlmggggégteg;tal

1 | 2 2l > |
] 1 REf 1 1 ]
1 1 1 1 1
1 1 /M 1 1 1
] 1 1 1 ]
1 1 Cf 1 1 1
1 1 I I 1 1 1
1 1@ I I . 1 1 1
I 1 1 1 I .
1 1 1 1 RST 1 Out (N:0)
1 1 1 ToT 1 1
: : : \ I J’ I
1 T — 1 O 0 I
I I : I L > E o 2 T
1 1 : 1 - T 1 Q ﬂ ¥

[ = ~ i
[ 1 . [ I > | 1
1 1 1 1 1

1
1 1 I 1 1 1
] 1 1 1 ]
I I : I Global I J-LI-LI-L I
1 1 . 1 Threshold 1 Local 1
' ' e ! e h ' Oscillator | '

Transimpedance Voltage
Pre-Amp. Amp . Taken From: [9]
. J
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I Readout Front-End ASIC Design

Time-to-Digital
Converter

Particle Interaction with the Sensor:
* Particle induces a short current signal.

! .
RST , Out (N:0)
]

Active Integration:
* Preamplifier with feedback loop.
* (Generates a voltage proportional to charge.

LOGIC

Pulse Shaping:

* Band-pass filter with a tuned time constant. _ M -
* Optimizes signal shape and bandwidth. X - Taken From: [9]
* Reduces noise and pile-up effects. Digital Pulse Readout:
Discrimination: * Pulse width is proportional to the collected
« Compares pre-amplifier output signal to a charge (Time-over-Threshold (ToT)),
reference voltage (threshold). converted into a digital bit-stream (TDC).
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I Readout Front-End ASIC Design

Operating Threshold and Threshold Variations:

e Detection threshold should be set as low as ,

possible, maximizing detector’s efficiency Discriminator

but not too low as to suppress hits from L\ﬂ%ﬁf

noise fluctuations. yEnable/;Mask
* Threshold of individual pixels experience Global Threshold -

random variations due to component

mismatches and possible systematic | Local TDAC

variations due to voltage drops across the
power delivery network of the array.
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I Readout Front-End ASIC Design

Operating Threshold and Threshold Variations:

r

* Threshold is tuned via a Tuning Digital-to- N

Analog Converter (TDAC) > Dispersion
inversely proportional to TDAC bits.

* FE noise sets the lower bound to threshold. | U
The charge threshold should be at least
6 times greater than the combined threshold
deviation and the FE noise.

30/9/2024

Threshold Global Threshold
dispersion - >

before tuning

o _ YTHR
THRypeq ™ 2" TDAC

Local TDAC

Discriminator

"Hit" Pulse
—|-f Tl

/ Enable/Mask
>

}

[ OrHr =6- \/O-%HR +ENC2]
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I Readout Front-End ASIC Design

Timing Response and In-Time Threshold: ~N

Response Time

A

* Timing response is a function of input
charge. Hits with high amplitude results
to a faster response than the low-
amplitude hits.

ATI
* Apart from charge collection time, the
time response also depends on the pre- >
amplifier peaking time, the shaper > > nput Charge

Qpy AQ Qi
bandwidth and the discrimination speed.™ <
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I Readout Front-End ASIC Design

Input Charge Measurement: S %
. . .. § th Q1> Q2
* The duration of discriminator’s output 3 3
IS proportional to the input charge into ° .
the chip’s pixel. This durationisalso 3¢ 1
. S ® Threshold
referred as Time-over-Threshold (ToT). £ =
%) > ' " "
* The charge measurementis a time-to- °© time
digital conversion (TDC). Measuring 3 _ 1 R
. . 5 m
the clock cycles during which 3§ ToT,;>ToT,
]
discriminator’s output is higher than 8 ¥ -
charge threshold, the ToT is obtained. PifoT,i time
ToT,
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I Readout Front-End ASIC Design

~

8-bit Time-to-Digital Converter

Transimpedance Discriminator

Amplifier (TIA) (DISC) (TDC)

EN o—¢
yn 1'45 _\-—: Q l—T Q
Q, +—e "_/ _

CLK

——
\v4
Q
\Y
Q
\%
Q
L
A%
Q
L

VSS

. J  \\ J

Top-level readout front-end ASIC schematic using the 130 nm BiCMOS process node (taken from: [9]).
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I Readout Front-End ASIC Design

Transimpedance Amplifier (TIA):

* The front-end readout consists of
two amplification stages
(TIA and voltage amplifier).

* TIAis equivalentto a CSA if
feedback parasitics are considered.

* CSA analysis can also be applied in
the TIA topology.

r

.
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I Readout Front-End ASIC Design

Feedback Parasitic Capacitance: Z,,

M1
* S-parameter analysis and monitoring
Im(Y,,) and having V as reference:

ZnR—i—XCR—I—l/SC@ v v _f_. |
ss I_’,_H k

Y11 = ]./R—I—SC
@ o o 3 l Crar
Im(Y11) = sC = 27ch Lin ®

o) |0

\_ —
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I Readout Front-End ASIC Design

e aVa N
35
324
3.25
30 320 RMS Value
2.75
31.6
2.5
E 2.25 312
£ S
: €
2 2.0 30.8
& 1.75
- 304 ( \
1.25 30.0
[ Cpur = 31.8/2=5 fF] of
29.6
0.75 k )
RARZSARRLY RALTILLELE | BERALEERE FEABRARI PAREARLRRAS RPAAULERL, RBRELERR T | RARBRRAR | REABRIURRL, BRSERRRER | FERFRAREA RBGEREEAL RAEARRLAS REEAARRATL AR LRI UL, 1
20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100
freq (GHz) freq (GHz)
k req Z J k req Z J
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I Readout Front-End ASIC Design

Transimpedance Amplifier (TIA)

Small-Signal Analysis

100.0

50.0

MZ(pole1) ~
24 MHz

Q1(pole2) ~
2.4GHz

R1§ R2§

(dB)

o.o-é [— A, (dB)

. Vnoise (V/\/E)

-50.0

Lin
@ i| ENC=566¢
V -200.0 3
SS e~
@ g = = =
10° 10" 10* 10° 10
g - J
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-1 00.0 —; \

-150,0% [VN(RMS) 9.4 mV

10°

freq (Hz)

10

T

Mz;t
~ 300 MHz

10

: Q1;,
i 1.~ 150GHz

—

1"

10° 10" 10" 10

Taken From: [9]
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I Readout Front-End ASIC Design

Transimpedance Amplifier (TIA)

L ! ! Voo
A1 ez e

Ry M, Ce
Vss Q.

"RE TC
VSS

P = =

J

30/9/2024

100.0
90.0 g

80.0

Voltage Gain
(VIV)

x 103

4.8

4.5

4.2

Gain (V/1)

3.9

Transimpedance

3.6

Voltage Clipping

Large-Signal Analysis : _
i oF

.[

=O= A, (dB)

=J= A, (dBQ)

10 20 30 40 50 60
Qs () Taken From: [9]
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Discriminator (DISC)

700.0

600.0

@,
——0

VThr

3

500.0

400.0

—| 300.0

200.0
100.0

0.0

V(mV)

-100.0

-200.0

-300.0

-400.0

i

-600.0

-700.0

J

30/9/2024

DC-Sweep Analysis

I VDIS C-in

= V' pIsc-out

[ VTHR-nom =125 m V]

DISC
Threshold

-600.0 -500.0 -400.0 -300.0 -200.0 -100.0 0.0 100.0 200.0 300.0 400.0 500.0 600.0

Vin (m)
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Discriminator (DISC)

Discriminator’s Threshold Variations

(Monte Carlo Analysis)
- - *
Vv
DD 600.0
VThr
RD _|[ _| 400.0
My| | Mg ¢— - --
3 6 200.0 V !
CC RC ' mssssm Y DISC-in l
- - - ” KQ3 L o 4 ,>E, 0.0 = Y Disc-out
>
-200.0
_|K _|K -400.0
-600.0
v M, | M Vinrmom, = 125 mV
| AL AL L T B Tt LI L LI L L L T | LI L L 1
_SS ® ® 600.0 -400.0 200.0 0.0 200.0 400.0 600.0
\_ J Vin (m)
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Discriminator (DISC)

VThr

@,
——0

3

No. of Samples

120.0
110.0

_| 100.0

90.0
M6 - 80.0
70.0
60.0
50.0
40.0
30.0

_||:

10.0
0.0

J
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Discriminator’s Threshold Variations

(Monte Carlo Analysis)

e

Jarque-Bera3.47051

Kurtosis
Mean
Number
Skewness

Std Dev

-171.706m
124.316m
500
185.136m
4.26369m

oo

llllllllll

llllllll

1200
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I Readout Front-End ASIC Design

Discriminator (DISC)

* Nominal threshold of this discriminator

topology is practically the Vg of Q.. v
DD V

e On top of nominal threshold, ENC and T _||‘_‘ u

threshold dispersion should be Ro My | [ Mg I

considered as to suppress noise hits. Ce Re

- - - __|| VQ *—o
| h 3
{VThr = VThr(nom.) + 6 X \/I/nzoise(RMS) + G%hr ~ 190 mVJ
[Qm - ~39 ke_] Ves Mal Ms
min - P P )

30/9/2024 Hochschulpartnerschaften mit Griechenland 2023-2025 82



I Readout Front-End ASIC Design

Vine=Vrhrnom) + 6 X \/ V?toise(TmS) T a%‘hr =190 mV
VThr(nom.) =125 mV

V (mV)

V (mV)

200.0 L 4o amddan
Ll ldad ) . Ind bl i, 3= 0 kA o U 1 gagan

120.0 ) PR N — {1 ‘ ] 175.0
g s

£ 1500
80.0 m VpscoiN =

Vv 125.0 3 i o e i e
= VpiSC-OUT
40.0 wen Vpiscant Vinoise 100.0
s \/ +V
pisc-ouT * VNOISE ToT
(nom) V g
-> - = Vpjsc-IN
" V5 sc0UT
400.0
400.0 m Viiscont Vivoise
ToT hom) S == Vpsc-outt Vnoise

0.0 < E o0
>

-400.0 n -400.0

| PR L0 P L LB T B R R LT I S B YR LI, SN PR LT L L L AP R L L P ML I TR T L O LR T P S TR IR PR LB B LR I B LR EY P S B |
0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100 0.0 10.0 20.0 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100
time (ns) time (ns)
(a) (b)

Simulations results of the discriminator’s output hit-pulse signal (a) before and (b) after noise suppression (taken from: [9]).
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I Readout Front-End ASIC Design

 TDC clock is selected by simulating Time-to-Digital Converter (TDC)
(as standalone) the TFF based on
True Single-Phase Clocked -TSPC| ©" L L L
topology. +—T Q T Q T Q T Q

- delity e QD_-\—> o;\—> o;\—> ap

* High data fidelity is preserved for o
clock frequencies < 5 GHz, CLK L N S S
resulting in a TDC with 0.2 ns time N O > O > O > Op
resolution. —l1 O{l o_/l:l o_/|:l 0HR
[0.2 ns < fpiy—puise < S1.2 ns] . )
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T Flip-Flop (TFF)

True Single-Phase Clocked TFF (TSPC-TFF)

4 N\ [
VDD
) o . ’
T .
> Qp—D° Elj_‘ — -
CLK D R(T,T 4
\ RrRsT & ) T o | ? Q
f | | ' i
CLK T Q. 71| = °Q
CLK © a RST
N 0 Qy 1
-~ Vss
¢ T 1 QN J
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200.0 | CSA Input |

- 13.0 5 =
= 199.0 -
E = QTHR =6.3 ke -g 11.0 THR MPV
E R - < »
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Simulations results in (a) the time-domain and (b) the timing-performance of the implemented front-end readout ASIC for detector
capacitance of C, =1 pF (taken from: [9]).
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Detector Capacitance (pf) ENC (e-) Discriminator’s oy, (e-) Qe (€-) Vg (MV)
0.5 294.5 271 2401.3 201.23
1 581.8 271 3850.9 186.13
1.5 868.9 271 5461.1 182.79
2 1156 271 7124.0 181.54
2.5 1443 271 8809.4 180.93
3 1729 271 10500.7 180.56
3.5 2016 271 12204.8 180.35
4 2303 271 13913.3 180.21
Detector Capacitance (pf) | Qryg in.1ime) (FC) | Time-Walk (MPV = 23 ke-) | Time-Walk (MPV = 10 ke-)
0.5 0.75 0.0674 0.0711
1 1.00 0.195 0.183
1.5 1.25 0.404 0.29
2 1.45 0.811 0.437
2.5 1.80 0.749 MPV below Q;,;r
3 2.15 0.694 MPV below Q;,r
3.5 2.45 0.805 MPV below Q;,r
4 2.75 0.922 MPV below Qq,;
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I Conclusion and Discussion

* The designed front-end readout ASIC exhibit low Time-Walk <180 ps, despite
the large detector capacitance C, =1 pF of a 3D-pixel detector scheme.

* The observed high noise is correlated to the high detector capacitance used
for the FE readout ASIC simulation.

* To achieve high timing-precision (low TW overhead), the power consumption
per pixel significantly increased, reaching a power dissipation of 1 mW/pixel.

* The estimated pixel area of the full readout ASIC design (TDC is included), was
estimated close to 40%x40 pm? via the properly sized PCELLs of the ASIC.
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Reference — FE-I3 FE-I4 TDCpix VFAT3 This
Specification | Units [17] [29] [30] [31] Work®
d 250 nm 130 nm 130 nm 130 nm 130 nm
Process node } CMOS CMOS CMOS CMOS BiCMOS
Analog supply voltage \Y% 1.6 1.4 1.5 1.2 1.2
Charge Threshold - Qy, ke™ 4 3 3.6 18.9 3.2
Most Probable Value — Qpy ke™ 8-12 19.4 15.1 NR* 10
Equivalent Noise Charge — ENC e- 200 300 180 653 566
Threshold dispersion - o, e” 49 100 NR* 155 271
Charge gain - A, mV/e” NR* 0.055 0.011 0.008 0.017
Detector Capacitance — C, pF 0.4 0.5 0.25 1 1
Time-Walk - TW ns 20 25 2 0.4 0.18
ToT resolution bits 8 4 NR? NR? 8
Power Dissipation — Pp,,, mW/pixel 0.042 0.014 0.28 1.3 1
Pixel size — Area,;,,, pm? 50 x 400 50 x 250 300 x 300 NR* 40 x 40¢

~

=¥

Not Recorded.

Estimated P, ,/channels.
Pre-layout results.
Estimated.
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