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Outline

% Processing of signals from semiconductor detectors:
general concepts (amplification, shaping) and electronic
hoise

B Discussion of fundamental design parameters of front-
end electronics for silicon trackers: signal-to-noise ratio,
speed, power dissipation, radiation hardness,...

B Architecture of mixed-signal integrated circuits for the
readout of silicon pixel detectors for tracking and
vertexing in high energy physics experiments
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From a single semiconductor sensor...

Bias

Preamp . .
% Tonization sensor converts the
- energy deposited by a particle to an
5i0 5 passivation . .
: electrical signal. In a fully-depleted
semiconductor sensor, electron-hole
pairs are swept to electrodes by an

electric field, inducing an electrical
current.

p-5i

-+— Al-contact

Position-sensitive detector:

= Particle track

Information about the coordinates
of the interaction point in a
segmented region (presence of a hit,
amplitude measurement, timing)

4

’
n - bulk P (single-sided or double-sided strip

detector, pixel sensors)
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wor.. o a full silicon tracker
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BaBar Silicon Vertex Tracker at the
Stanford Linear Accelerator Center,
1999-2008: CP violation in B meson decay
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Readout electronics

Silicon strip detectors need miniaturization of front-

end electronics

They were the driving force for the development of
integrated circuits for these applications

1

I IO

This is a mixed-signal chip, with
128-channel analog processing, A/D
conversion, data storage and serial

data transmission.

The AToM chip was fabricated in
Honeywell rad-hard 0.8 um CMOS
(300k transistors) for the readout of
the BaBar SVT (1998).
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Plxel deTec’ror's at the LHC

i Qarbon fiber'plate
! ith. insertian rails

all based on
“Hybrid Pixels”

\ Inside of left
N supply tube

Beam pipe side of right

“supply tube
‘ .

rear contact

Sensor-substrate
(n-doped, depleted)

CMOS-Elektronics

e amplification by a
dedicated R/O chip
e 1-1 cell correspondence

chip substrate

N. Wermes. INFIERI-2014. Paris



Hybrid pixel sensors

» A pixellated sensor chip is connected to a
matching readout chip by an array of solder bumEs

Sensor's

(1-10 kQcm, 250 pm ’rypucal thickness, thinner for
higher radiation hardness and less maTerlal) can be
fully depleted for fast charge collection by drift

- Typical pixel dimensions at LHC: 50 pm x 400 um (will
decrease for HL-LHC, probably to 50 um x 50 um)

- Radiation-hard to 50 Mrad at LHC (1 6rad for HL-LHC) B > -oond
* Front-end chips (Nanoscale CMOS)

- For any event (particle hit in the sensor) provide pixel
position, Timing, pulse amplitude

- Only a small number of pixels are hit in any event

- Analog pre-amplification, discrimination, time stamping,
digitization, zero suppression (sparsification)...

readout
electronics

sensor
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FE-I4 readout chip for pixel sensors
in ATLASIBL ...

Test pads

(from Marlon Barbero,
“FE-14 chip development
for upgraded ATLAS pixel
detector at LHC”, PIXEL
2010 workshop)

336 %80
pixel array

16.8 mm

CMOS 130 nm mixed-
signal chip

Digital readout of hit
pixels with analog
information (signal
amplitude) and time
stamp

Store hits locally in  periphery
region until L1T.

2mm

10 pads
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FE-I4 readout chip for pixel sensors

in ATLAS IBL
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FE-I4 readout chip for pixel sensors
in ATLAS IBL: the analog pixel cell
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FE-I4 pixel cell layout

v

250 um

A

synthezised digital region (1/4th

<«—— wn gg —»

B Config Logc

Power distribution and shield on top metals. Only vertical - no analog/digital crossing
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The challenge of the phase-II
upgrade at the High Luminosity LHC
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Installation: ~ 2022

LHC pixel upgrades

Current LHC pixel detectors have clearly demonstrated the feasibility and power of pixel
detectors for tracking in high rate environments

Phasel upgrades: Additional pixel layer, ~4 x hit rates
ATLAS: Addition of Inner B Layer (IBL) with new 130nm pixel ASIC (FEI4)
CMS: New pixel detector with modified 250nm pixel ASIC (PS146DIG)

Phase2 upgrades: ~16 x hit rates, ~4 x better resolution, 10 x trigger rates,

16 x radiation tolerance, Increased forward coverage, less material, , ,

Relies fully on significantly improved performance from next generation pixel chips.

13-14 TeV collision energy

N
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Advanced pixel detectors and readout microelectronics

Particle tracking at LHC- Phase II:

* Very high hit rates (1-2 GHz/cm?), need of an intelligent pixel-level data
processing

« Very high radiation levels (1 Grad Total Ionizing Dose, 10 neutrons/cm?)

« Small pixel cells to increase resolution and reduce occupancy (~50x50um?

or 25x100 pm?)

= Large chips: > 2cm x 2cm, 3 - 1 Billion transistors
X-ray imaging at free electron laser facilities:

= Reduction of pixel size (100x100 um? or even less), presently limited by the
need of complex electronic functions in the pixel cell

= Larger memory capacity to store more images (at XFEL, ideally, 2700
frames at 4.5 MHz every 100 ms)

= Advanced pixel-level processing (1 - 10000 photons dynamic range, 10-bit
ADC, 5 MHz operation)
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Front-end electronics and nanoscale MOSFETs: CMOS 65 nm
and the Low Power flavor

B, After the 250 nm (LHC) and the 130 nm node (LHC upgrades, XFEL,...), our
community appears to be very interested in the 65 nm CMOS generation:
several prototypes have been already fabricated and tested.

By Among the wide choice of options of this technology, the Low Power flavor is
less aggressive than other variants (thicker gate oxide, smaller gate current,
higher voltage), and is more attractive for mixed-signal chips where analog
performance is an essential feature.

By 65nm LP (Low Power) transistors (Vy, = 1.2 V) are optimized for a
reduced leakage (different level of gate oxide nitridation with respect to
other flavours, different silicon stress,... ).

By, Wireless and consumer based market rely on the use of LP transistors for
mobile devices (low standby power), whereas high speed applications such as
microprocessors have used dedicated HP (High Performance) technology.
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Industry Scaling Roadmap for CMOS
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P e Nanoscale MOSFETs

Silicon

Lewyn et al,
"Analog
circuit
design in
nanoscale
CMOS
technologies”
, Proc. IEEE,
Vol. 97, no.
10, Oct.
2009.
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Fig. 2. NMOS cross-section. In addition to stress from cap layers and Ge raised source-drain (5-D) implants, device dimensions such as distance
from source-channel boundary to nearby 5Ti (54 and SB), proximity and regularity of overlying metal patterns, and short distances to other
device patterns within the local (< 2 jm) stress field induce transverse (F, ) and lateral (Fx and E.) stress components, whidch affect threshold and
mobility. Increasing the distance to P} ties inareases local tub (bulk) resistance components RI and R2, whidh isolate the device M0OS model
substrate node from the device subcircuit symbol V,, node and degrade HF performance. Hot carrier reliability stress is dependent on the sum of
transverse and lateral fields E, and E.. These fields are increased near the drain by inaoreasing source to bulk (Vi) and drain (V) to gate (V) or
source (Vi) voltages invarious combinations. As hot carrier stress increases, damage to channel from interface trap density (N ) affects threshold
and mobility, while gate oxynitirde (ON) or high-diefectric-constant (Hi-K) insulator trap density (Nx) affects threshold and gate leakage.
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CMOS scaling: why?

B Industrial microelectronic technologies are today well beyond the 100 nm
frontier, bringing CMOS into the nanoscale world

B, Digital performances (speed, density, power dissipation) are driving the
evolution of CMOS technologies towards a continuous shrinking of
physical feature sizes.

By Analog performance remains essential for the processing of signals
delivered by semiconductor detectors.

Front-end electronics may benefit from scaling in terms of functional

density (small pitch pixels) and digital performance. Analog design is a
challenge (reduced supply voltage and dynamic range, statistical doping
effects, ... )

By, For a full integration of analog and digital circuits in the most modern
semiconductor technologies, design advances are needed to exploit the full
potential: digital signal processing may be used to overcome analog
limitations, analog circuits may be used to monitor the performance of
digital circuits and their power consumption.
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CMOS scaling: why?

A. Marchioro, INFIERT 2013 * Smaller dimensions give:
— Shorter transit time
* Faster circuit

— Lower parasitic capacitance
* Faster circuit
* Lower power (P « CV?)

— More transistors/unit area
Si0; Insulator * More functionality can be

. built into chips
W, L = gate width and length
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CMOS scaling: how

B, Shrinking of gate length leads to
an increase in speed and circuit
density. To avoid short-channel
effects, drain and source
depletion regions are made
correspondingly smaller by
increasing substrate doping
concentration and decreasing
reverse bias (reduction of the

supply voltage intel
PPy ge) (inteD 30 Years of MOSFET Scaling

By Increasing substrate doping increases
the device threshold voltage: this is

as first described in 1974

Dennard 1974 Intel 2005

overcome by decreasing the gate oxide N !
thickness. ] W
Classical scaling ended because of gate

. . . . . . . Gate Length: 1.0 um 35 nm
oxide thickness limits: in very thin oxides, .. . oo -
direct tunneling of carriers leads to a Operating Votage: s0v 12v

large gate leakage current. OFN - LNL, 23 - 27 marzo 2015 20



The New Era of Device Scaling

Elements used in Silicon Chip Fabrication

M. Bohr ﬂ
(Intel), B
"The new 2
era of &
scaling ina it
SoC world" 3 __ | g
ISsSscC J ' i3 : f.F -Iﬁ;. o b
2009. ' 4 Silicon —

Copper + Low-k Strained Silicon High-k + Metal Gate —

Modern CMOS scaling is as much about
material and structure innovation as dimensional scaling

B Mechanical stress (compressive or tensile strain) is introduced in
the silicon channel to enhance carrier mobility and drive current.

B Gate dielectric is made thicker (still increasing gate capacitance) by
using materials with higher dielectric constant than SiO.,.
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RDHB3: an ATLAS-CMS-LCD collaboration

= RD53 was organized to tackle the extreme and diverse challenges
associated with the design of pixel readout chips in nanoscale CMOS for the

innermost layers of particle trackers at future high energy physics
experiments (LHC - phase II upgrade of ATLAS and CMS, CLIC)

= Tt relies fully on significantly improved performance from next generation
pixel chips
A mixed-signal pixel readout chip for the

65 nm CMOS is the candidate phase II upgrade of LHC in 65 nm CMOS
technology to address the
r'eqUir'emen'rs Of These applications. . Pixel Columns: ~256 pixelsx 100um
It has to be fully studied and qualified || _PuciRowsics 1021 pmelsx 25um it (_'
in vi i i = - =
in view of the design of these chips. - =IE= o) |
g ||| ==
ATLAS: CERN, Bonn, CPPM, LBNL, LPNHE Paris, e {125 = ) || e
Milano, NIKHEF, New Mexico, Prague, RAL, UC Pixel cell £3 [Gonfis |||
San-l-a Cr.uz. ~25um x 100um Config |5 1.
CMS: Bari, Bergamo-Pavia, CERN, Fermilab, Bclrsion = |
Padova, Perugia, Pisa, PST, RAL, Torino. e.g. 2x2 or 4x4 1 .:gDEZZSZEP' N
CO”GbOI"GTOI"SI Nlool ~5O°/° Ch'p deSignerS | Pixel region column 5 Iz Interface
Pixel chip: ~256 x 1024 pixels of ~25um x 100um FQS: EaderColuern




RD53 chip architecture

Pixel Columns: ~256 pixelsx 100um

Pixel Rows: e.g. ~1024 pixels x 25um

Analog

->|DAC
Pixel cell
~25um x 100um

Pixel region:
e.g. 2x2 or 4x4

Pixel region column

Pixel data:
(Parallel/serial) N
- Timing (clk, , ) i
i .
= Confi Control (trig, ,) |
Digital v Config
A
| Config o <| DAC
AP Region o
proc. %ﬂ TR
i @C’ B-ID tag = g \l/
Hit Proc. \l/ = 5 Monitoring|<>
X R
[B-1D | O Config.
| interface
L _\l/ < Config R
Trigger e
match = Control
W 5§ —{Control
Col. :
Int.
e Data comp.
Readout
— Interface

Pixel chip: ~256 x 1024 pixels of ~25um x 100um

EOC: End Of Column

95% digital (as for FEI4)

Charge digitization (TOT or ADC)

~256k pixel channels per chip

Pixel regions with buffering
Data compression in End Of Column
Chip size: >20 x 20 mm?
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Analog front-end design
for detector charge measurements

Radiation detectors

A measure of the information appears in the form of an electric
charge, induced on a set of two electrodes, for which ultimately
only one parameter (capacitance) is important.

Front-end electronics

amplifying device
(charge-sensitive preamplifier)
filtering, signal shaping

optimize the measurement of a desired quantity such as
signal amplitude as a measure of the energy loss of the
particle
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Effect of electronic noise on charge measurements

Inherent to the conduction of current in an amplifying device is a
random component, depending on the principle of operation of the
device.

This random component (noise) associated with amplification gives
an uncertainty in the measurement of the charge delivered by the
detector or of other parameters such as the position of particle
incidence on the detector.

Compromises must be made in very large and complex detector
systems such as modern silicon trackers.

%@ > time average

© ﬁ
t
x(2) ©

t

x™ @
AN g, Maiingtg o
Y

ensenble average
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Basic element of modern electronics:
the MOSFET

. Lateral G
Drain isolation S D

oxide
Gate *—T l i .
N+ N+
._{ _,l STI T STI

N channel

Source P-well

P-substrate

Three-terminal device: an electrode controls the current flow
between two electrodes at the end of a conductive channel.

The transconductance g,, = dIy/dV.< is the ratio of change in the
output (drain) current and of the change in the potential of the
control (gate) electrode
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100 [ I I T TTTT I I T TTTT
i Weak inversion law
- / \ A Strong inversion law-
/U .===§==
2 /// T
A
_O 10 -
~e /| m---- NMOS 130 nm
© —— NMOS 90 nm
Typ|Ca| / _____ NMOS 65 nm
operating
point in
low-power
pixel 1
Sensor -9 | | \\\\\\-8\ | \\HH-? | \\\\\\\-6 | \\\\\\\-5 | L1
readout 10 10 10 10 10
|_L/W[A]

MOSFET essential parameters:
the transconductance g,

B Under reasonable

power dissipation
constraints, devices in
nanoscale CMOS
operate in the weak
Inversion region

B In weak inversion:

_Ip

Im = NV

(n =1.2 in 100-nm scale

“:4 CMOS)
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MOSFET essential parameters:
channel thermal noise

B Thermal noise arises from random velocity fluctuations of charge
carriers due to thermal excitation. The spectral density (noise power
per unit frequency bandwidth) is white, i.e. frequency independent. Ina
resistor, this can be modelled in terms of a fluctuating voltage across
the resistor, or of a fluctuating current through the resistor.

R _

-2
E R le _ 4KT

—R _ AkTR df R
df

By The channel of a MOSFET can be treated as a variable conductance.
Thermal noise is generated by random fluctuations of charge carriers in
the channel and can be expressed in terms of the transconductance g,
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MOSFET essential parameters:
channel thermal noise

B Thermal noise in a MOSFET can be represented by a current generator
in parallel to the device, or by a voltage generator in series with the
gate (fluctuation of the drain current can be seen as due to
fluctuations of the gate voltage).

2 . .2
e def 4KTT ._’ i, I _ g7 T

k = Boltzmann's constant, T = absolute temperature

" = coefficient (= 1) dependent on device operating region, short
channel effects...
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Statement of the problem of
front-end electronics

Measurement of a charge delivered by a capacitive
source with the best possible accuracy compatible
with noise intrinsically present in the amplifying
system, and with the constraints set by the different
applications.

(noise - power - speed)

The discussion will be based on the nuclear electronics
noise theory.

(basic equations recalled for discussion purposes)
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Acquiring the signal from the sensor:
the charge-sensitive preamplifier

The detector signal is a current pulse i(t) of short duration

The physical quantity of interest is the deposited energy, so one
has to integrate the sensor signal

) lé —c, Es +Qs = [i(Ddt

The detector capacitance Cy is dependent on geometry (e.g. strip
length or pixel size), biasing conditions (full or partial depletion),
aging (irradiation)

Use an integrating preamplifier (charge-sensitive preamplifier), so
that charge sensitivity (“gain”) is independent of sensor
parameters
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Acquiring the signal from the sensor:
the charge-sensitive preamplifier

Circuit for charge
_| restoration on the
feedback

J

II?F —e ch

I

This guarantees a return to baseline
of the preamplifier output, avoiding
saturation.

It can be achieved with a resistor R:
- or, in an integrated circuit, with a
CMOS circuit (transconductor).
f Compensation of detector leakage
current can also be performed in the
preamplifier feedback (dc coupling)
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Acquiring the signal from the sensor:
the charge-sensitive preamplifier

r
B
x

~
P
|
—
‘ :
o
®
Y
Output voltage signal
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Forward gain stage: CMOS version

The forward gain stage is an inverting amplifier which can be
based on the common source configuration

> e

Vout Yout _ g, (ips //R)
Vin

i’ ros + (Tp)?
—> ros + L (device gate length)
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Intrinsic gain g, rps

It represents the maximum gain that can be achieved with a single
transistor. It gives an indication concerning the design complexity
that is necessary to implement a high gain amplifier.

gmr DS X OZL

L is the transistor gate length, a is the CMOS process scaling
factor. If L., scales by 1/a in agreement with scaling rules, g, rps
stays constant.

Keeping the intrinsic gain constant with scaling (when you depart
from classical scaling rules in advanced technologies) is considered
as a major challenge which affects the design of analog circuits in
nanoscale CMOS

But Low Power CMOS processes do not follow aggressive scaling
trends closely...
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Intrinsic gain g, rps in LP 65 nm CMOS

The value of the intrinsic gain is maintained across different CMOS
technology nodes from 130 nm to Low Power 65 nm if inversion
conditions are the same.
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Intrinsic gain from 130 nm to LP 65 nm CMOS

Inversion coefficient | = ID A
" W
zZ
I, =1is the boundary between weak (I, << 1) and strong inversion (I, >> 1).
For I,,=1,Iy=1I,* I,*is a characteristic parameter of a CMOS process. It
has a similar value of about 0.5 yA in NMOSFETs from the general purpose

130 nm process and the LP 65 nm technology whose parameters are shown in
previous plots.

When the gate length L is reduced, the transistor stays in the same inversion
conditions (equal value of Iy) if the drain current I is correspondingly
increased (at constant W).

This means that, for the minimum gate length of the process, the same value of
the intrinsic gain (see previous slide) is achieved at the expense of an increased
I,. If this is not allowed because of power dissipation constraints, a value of L
larger than the minimum one has to be used.

This is an example of the fact that in analog circuits it is often impossible to
take full benefit from CMOS scaling in terms of a reduced silicon area.
This is true also for other analog parameters (1/f noise, threshold dispersion,...)



Forward gain stage: CMOS version

A higher forward gain can be achieved with a folded cascode
configuration. A smaller current in the cascode branch makes it
possible to achieve a high output impedance.

An output source follower can be used to reduce capacitive loading
on the high impedance node and increase the frequency bandwidth
(high gain in a large frequency span)

N Higher current to get a
larger g,, for higher

_—" gain and lower noise

Smaller current to get
» alarger rys for higher
gain

m

v

out
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CMOS feedback network

Single feedback MOSFET

Reset switch Linear resistor

Control signal Reference voltage

r I

Qs 8= DT\

'
L 1
Can be used when you can reset Ron =
the preamp at fixed times W unCox (Vas = Vr)
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CMOS feedback network —

. : : : dié AkT
A large feedback resistor is needed for low noise, since _

R

It is difficult to fabricate a large physical resistor in monolithic
form, or to effectively control the resistance of a MOSFET
biased in the linear region

A large resistor can be simulated by a CMOS circuit, such as a
transconductor, which can be considered to be equivalent to a
resistor R = I/Gm + Voo

@ > |/2lé
In ir = (9m/2)Vout = 61 VouT j
<

B A -

_|_
I Vegr M2 M1 OV
Q i(t) 1 Cp Vour ® __Yourt

-
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Compensation of detector leakage current

Irradiated, dc-coupled pixel sensors may have a considerable
leakage current, which may saturate the feedback transconductor
or, flowing in the feedback resistor, considerably affect the dc
voltage at the preamplifier output.

A CMOS circuit can be desighed to accomodate for this leakage
current. A popular solution is the following:

— 1 The feedback capacitor is
I_’ti discharged linearly by a constant
b current. The output signal lends
itself Yo an amplitude-to-time

I conversion (time-over threshold
—— measurement).
Cr
¢ Vout _
I.s{qna/ * 1 Ci_ II:_ \ Ib/CF
I/eaka_qe Vi, = - J\— N = — -
*
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Processing the signal from the sensor:
the shaper/filter

Signal shaping: the voltage step at the preamplifier output has to
be constrained to a finite duration to avoid pileup of successive
signals

Preamplifier output Shaper output

| ‘ i i i i
_ o
3 i
c g r
2 o
)] > r
() - r
o S u
g S5
= i= i
g S i
5 o
s (TS
S i
S g _}
0p) B
7 [
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Processing the signal from the sensor:
the shaper/filter

A unipolar “semigaussian” shaper can be built with 1
differentiator (high pass) and n integrators (low-pass).

. N .~ . Feedback resistor
This is a compact (n=1) implementation: implemented with a

—Y  CMOS device or circuit
Differentiating +
From the capacitance Qt —

preamplifier L I F vu(t) = Aaze t
T— 2
0 Qf ‘s For correct values of
the time constants

associated o the
feél'c(tsgwﬂe—%—wo? and
2 to the gaifl st8g¥, the
Bandwidth-limited transfer function has
gain stage two coincident poles
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In

Processing the signal from the sensor:
the shaper/filter

the front-end chips for silicon microstrip detectors, a second

order (n=2) shaper is often used with an additional integrator
before the shaper.
For an nt-order unipolar shaper (higher n: more symmetrical

pulse, higher signal rafqrs for the same peaking time):

Shaper Output Voltage

ST
Q(‘rj" - T(s)+
vy(t)=A —| e T n
U( - G\ I (L+s7) |
Time domain | Frequency domain |

ncreasing n

Gain

Time Frequency
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"Shaperless” analog channel

In future applications for imaging and vertexing detectors, very
small pixels may be needed with no room in the pixel for a shaper

Under these constraints, a viable solution consists in artificially
reducing the preamplifier bandwidth

Preamplifier response to an 800 e- pulse

0-12L T T T T T T T ‘ T T T T ‘ T T T T T T T ‘ T T T T

Preamplifier 0.1f

22T

14T

Discriminator

% 5 10 15 20 25 30
: l t [us]
I

i iF=3 nA
0.08"

— iF:5 nA ]

0.06 ‘ — iF=lO nA 7:

0.04]

0.02

Preamplifier output [V]
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Charge measuring system and the

ef

fect of noise

Filter minimizes the
measurement error with
respect to noise and the

i effect of pulse overlap
v NG _ (finite duration)
O Filter T(s)
té _T_ - _ Shaper
Qs D IN ==C;
/ 1 \ . . Vmax + Q
= \ Tonization detectors !

Charge collection is can be modeled as - —tIP— T N
very fast in capacitive signal
semiconductor sources
detectors

Noise arises fro

m two uncorrelated sources at the

input (series and parallel noise):

SeN ((D) — AW +

At
T N
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Noise sources

White series noise White parallel noise

[’  White noise in the main current
Ay = 4KT— (drain, collector) of the input

4KT
Om  device Bw =20Qlget + 20l (B) + 5~
other components in the input o
stage Shot noise in detector leakage
stray resistances in series with cur'ren‘r. o ,
the input shot noise in input device gate

(base) current

1/f series noise
thermal noise in feedback resistor

A SR R Y2 component in

the drain current Current generators at the

preamplifier input

Voltage generators at the
pr‘eamplifier' inpuT ey
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Shot noise

Shot noise is associated to device currents when
charge carriers have to cross a potential barrier (P-N
junctions in diodes and bipolar transistor)

St(w) =2qT

In irradiated silicon detectors, leakage current and
the associated shot noise may strongly increase
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1/f noise

7

: 5 i }
| | | | }
o*—0—0—0—0—0—0——0—0
source drain
substrate

Interaction between charge carriers in the MOSFET
channel and traps close to the Si-SiO, interface leads to
fluctuations in the drain current.

This can be modeled with a noise voltage generator in
series with the device gate, with a 1/f spectral density.
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Effect of electronic noise on charge

measurements

oV
E s I
I
I
I

Q Vu

Ideally indefinitely narrow Broadening of pulse amplitude distribution
distribution of detector charge at the shaper output due to electronic noise

(neglecting statistics in energy deposition
and charge creation)

Because of electronic noise, the signal amplitude at the shaper
output has a Gaussian probability density function
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Effect of electronic noise on
charge measurements

Vu

referred to the input
(dividing by the analog channel

The signal amplitude at the output
of the linear analog channel is s/N2Yu_Q__Q _ o
characterized by a Gaussian probability oy o ENC

density function

Equivalent Noise Charge = standard deviation in the
charge measurement

charge injected at the input producing at the output of
the linear processor a signal whose amplitude equals
the root mean square output noise
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Equivalent Noise Charge (ENC)

eN .
Filter T(s)
_T_ _ +O Shaper
Q- t Cp

IN ==C;
— S _ _

tp

The mean square value of the noise voltage at the shaper
output can be calculated as follows:

a=jooosu(a))df =j°OUTeN (ja,)(Z.seN (a))+‘T|N (ja))(Z.s,N (a))}df

=IOTIT<jw12-(CD+C RASIROWRRE S (19

. df =
C2 w°CE BW}
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Equivalent Noise Charge (ENC)

(Cp +C; +C,:) joo .
= T d
= Ay C|: A | (ja))| w +
. \2 . \2
LA (CD+ci2+cF)2 [ To) .5 L L |T(Ja2))| o
CF 0 0, CF 27 J0 0
A oY de = tp = peaking time of the
2 Io T(jo) do = t P |;ignal g‘r the shaper output
. \2
J'OO |T(Ja))| do = A Ay, A,, A; = filter-dependent
0 @ 2 coefficients

L)
272_ .[0 a)z da)—Agtp
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Equivalent Noise Charge (ENC)

2
Vu,N

ENC =
Charge sensitivity

ENCE =2\, CE = Ay (Cp + G +cF)2 +Af(cD+c +Cr P A, + By Astp

Cr=Cp+ G+ Cp
= total capacitance at the preamplifier input

In a well designed preamplifier, the noise is determined
by the input device.
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Equivalent Noise Charge (ENC)

2 2
ENC* - A;CFA, kB, Agtp
"
White series noise:
Neglecting noise in parasitic resistors: White parallel noise:
r B,, = ZQI
9m =1, (BJT)
r'=05 (BT | =1; (gate tunneling current
I" = 2/3 (Long channel FETS) in nanoscale CMOQOS)
I" ~ 1 (Short-channel FETS) | = 1., Detector leakage current
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Equivalent Noise Charge (ENC)

ENCZ:AWCTZ%+ A+ By Astp
P
I

Series 1/f noise (MOSFET):
1/f noise parameter;
K_: > depends on the gate oxide
A _ Py quality
f —

Oxide capacitance <«— C W Transistor geometry
per unit gate area O (gate Width and Length)

The ENC contribution from 1/f noise is independent of the
peaking time of the signal at the shaper output; it is weakly
dependent on the shape of the transfer function of the shaper.
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* In trackers for high luminosity colliders, event rate is very high,
and the peaking time has to be short (< 25 ns).

White series noise is usually dominant here, except with
irradiated sensors, where leakage current (and the associated
shot noise) may increase to a very large extent.

1000 |

%)
E
= 100 |
)
Z . : L
L ~. 1/f series noise _ -
r \\‘ -'
- white series noise . .* parallel noise
N\ .
.\\
N
. N\
. N\
10 1 \\\\\H‘ 1 \\\\\h\‘ 1 \\\\\H‘\ 1 \\\\\H‘ 1 I I I i
0.01 0.1 1 10 100 1000
t, [us]
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ENC: BJT vs MOSFET

Bipolar transistors have a larger g,,/I ratio with respect o MOSFET,
which means a lower series white noise for a same current

BiCMOS (SiGe) technologies are an appealing alternative for fast
readout systems; since they are less dense (and more expensive) than
CMOS, their use is mostly limited to strip front-end chips

10* | ‘

%\MOS

ENC [e rms]
o
8
I

100 I Lol I L I T N B N O
1 10 100 1000

t [ns]
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3000 ‘

2500

2000

=
a1
o
o

ENC [e rms]

500

Noise and detector capacitance

White and 1/f series noise terms
(dominant in CMOS) give a

contribution to ENC linearly 2 Al K¢ >
increasing with the detector ENC™ = AW tp + C WL A2 CT
capacitance (C; =Cp + Cry + Cp). OX
FSSR2 chip, ] .
N input device: NMOS, W/L = 1500/0.45 * 1500 7

=
o
o
o

&— CD =57 pF
—=—CD=43pF
—<o—CD=32pF
—— CD=20pF
—+— CD =10 pF

A 7= —A— — — 4l A—CD=0

| | | | | | | | | | | | | | | | [ | | 0 I I I I | I I I I | I I I I | I I I I | I I
60 80 100 120 140 0 10 20 30 40

Peaking time [ns] C_ [pF]

ENC [e rms]

500

NMOS, W/L = 1500/0.45
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CMOS 65 nm: noise and radiation tolerance

B, Critical aspects for analog design in nanoscale CMOS (with focus on LP
65 nm) for detector readout integrated circuits:

—

By Gate leakage current
By 1/f noise

By Thermal noise

Bk Radiation hardness

Interaction of charge carriers with
the gate oxide; tools for evaluating
the quality of the gate dielectric

Charge carriers in the device channel
(short channel effects, strained silicon)

Radiation-induced positive charge in the
gate oxide and in lateral isolation oxides
(see presentation by Lodovico Ratti)
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Thermal noise and CMOS scaling

By The origin of thermal noise can be traced to the random thermal motion of
carriers in the device channel.

By When the MOSFET is biased in saturation (Vs > Vs sat). The following equation

can be used for the power spectral density of thermal noise in all inversion
conditions:

Sy =4k, Tl —
O

I'=a,,ny

kg = Boltzmann’s constant y = channel thermal noise coefficient

_ (depends on inversion region; varies
T = absolute temperature with the inversion layer charge: =
_1 Jmb 1/2 in weak inversion, = 2/3 in
e N=1+ g strong inversion)

m

(n =1 - 1.5; proportional to the
inverse of the slope of the 15-Vsg

curve in the subthreshold region) a,, = excess noise coefficient
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Excess thermal noise coefficient

S; = 4kBTnyi y,

ayw =1 for long-channel devices. Short-channel devices can be noisier
(o >1) mainly because of two effects related to high longitudinal
electric fields (E = Vy</L) in the channel.

Reduction of charge carrier mobility: Ho

at increasing field strength the carrier velocity is
saturated at v =poE. (1o low-field mobility, E,
critical field strength)

Increase of charge carrier temperature:

b
at increasing field strength the temperature T, of Te (1 +Ej

carriers in the channel increases with respect to T
the temperature T of the device lattice
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Excess thermal noise coefficient

In saturation, the longitudinal electric field is E = (Vg5 - V1)/L.

It can be shown that short-channel phenomena affect thermal noise only
if the value of the ratio E/E_.is not negligible, which does not happen if
the device is biased in weak/moderate inversion.

(a) PMOS (D) NMOS
112_-1ll.llu|1llllll'l1l""_ l-ﬁ_l |||||-!| L .__-u--!----_
g , ] - [—e—te10 | | ]
L1} . - - L.4 Lo 1=035 ... L S —
C ' ; ; : ] . o 5 .
o i : =12 - -
L , : ' | i
2 09 Foene 3 : & - .
l " f - : e e
.
Gts - P
O e '
ﬂ.ﬁ [ L I PR R B T B T - i J
] 0.1 0.2 0.3 04 0.5
VoulV]
350 nm CMOS
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White noise in 65 nm CMOS

J Evaluated in terms of the equivalent channel thermal noise resistance:

S\ZN ny a,, excess noise coefficient
eq — a1, =+«  Yw n proportional to 15(Vss) subthreshold characteristic
4kBT gm vy channel thermal noise coeff.

600 [ T T T ] 800 LT T LI B T T T LI B T T T LI L R B B ]
i L A ]
_ L Linear fit i __ 700 [ Linear fit .
G, 500 - offset=4.75 +/- 7.71 7 ) t  offset =-7.85 +/- 8.92 .
) - slope =1.09 +/- 0.03 ] @ goo L Slope =1.04 +/-0.03 ]
< r A 1 e i 1
8 400 - - s § 1
B i ] % 500 =
[¢] i [) L i
04 L - o [ ]
g 30 ] g 40 | ]
o B o L ]
zZ 4 =2 L ]
= i ] = 300 - 7
o 200 ] o i ]
© ] © L ]
E NMOS ] R PMOS ]
0 100 L > 65 nm ] = B L > 65 nm ]
[ ] 100 - 3
0 ! ! ! ! ] 0 I N I S I

0 100 200 300 400 500 600 0 100 200 300 400 500 600 700 800

nylg,_[Q] nylg,_[Q]

a,, close to unity for NMOS and PMOS with L > 65 nm - no sizeable short channel effects
in the considered operating regions (except for 65 nm devices with a,, 1.3 )

Negligible contributions from parasitic resistances
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White noise in 65 nm CMOS

T{ID [ T T T T | T T T T T T T T T | T T T T T T T T T '| T T T T 7
L &

00 | 65 nm process
el T NMOS W=600 um
E. | II| 'I"IIDEI=I:I .E‘ II|III
@ 500 \ ol
= t @
L] fv— L= 85 nm ]
2 400 —a&— =130 nm 7
@ ™ —1— L=20{ nm ]
B apn L —— L=350 nm 3
-2 | —2— L=500 nm 1
E, X &— =700 nm 1
5 200 1
= 3
=
L [ 1

100 - 7

n M S T 'HN N NN SN N TR AN TN TR NN TN (NN T TN TN AN TN TN SR TN [N TR TR T -
0 0.1 0.2 0.3 0.4 05 0.5

Drainm Gurrent [ma]

Flg. 7. Equivalent chanmel thermal nolse resistance Re for MMOS devices
belonging to the 65nm process (Vps=006V]1
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1/f noise: gate stack fabrication process

Interaction between charge carriers in the
MOSFET channel and traps close to the Si-
SiO, interface leads to fluctuations in the

drain current. This can be modeled with a 1/f L9l g9
term in the spectral density of the noise SE‘-.-.-‘-'-@

voltage generator in series with the gate. cubstrate

The process recipe for the gate stack e, __T

(gate electrode and dielectric) may

affect the density of oxide traps and : L

their interaction with charge carriers — l

in the channel, impacting on the 1/f de; AKT T’ n K;
noise spectral density. df g.  Co WLF*

For a physical oxide thickness < 2 nm (same order of the tunnelling
distance) the traps at the interface between the gate dielectric and
the gate electrode (fully silicided poly gates) can play a major role.

1/f noise may be affected by mechanical stress in the silicon
channel (enhanced carrier mobility and drive current). 66



1/f noise from 350 nm to 65 nm NMOS

B The 1/f noise parameter K. does not show dramatic variations across
different CMOS generations and foundries in NMOS.

K BB

SZ(f) = f NMOS

CoxWLfaf

k. 1/f noise parameter X"

a; 1/f noise slope-related 0% * .
coefficient . ) : o o
(=2 0.85in NMOS, =2=1-11inPMOS) .

10°%° | | | |

L L L L ‘ L L L L ‘ L L L L L L L L L L L L L L L L L L L L
350 nm 250 nm 180 nm 130 nm 90 nm 65 nm
Technology Node
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Noise in NMOS:
CMOS generations from 250 nm to 65 nm
By 1/f noise has approximately the same magnitude (for a same WLCy)

across different CMOS generations. White noise has also very similar
properties (weak/moderate inversion).

Noise Voltage Spectrum [nV/Hz"?]

100 K 1/f noise
~®WI/L = 2000/0.45, 250 nm process  S2 (f) = f
OX
— W/L = 600/0.5, 90 nm process
A, - W/L = 600/0.35, 65 nm process - k; 1/f noise parameter
10 e o; 1/f noise slope-related
coefficient
Channel thermal noise
Ak TT = kg Boltzmann’s constant
S\Z/V = B y - T absolute temperature
gm = q,, excess noise coefficient
1 - j 1“ — G’Wny ;Oye?frilggztel thermal noise
Ll Ll Ll Ll T I
10° 10° 10° 10° 10’ 10° :,[n Wesc,lk Im = D
| on.
Frequency [Hz] nversion nVT
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65 nm LP process: 1/f noise in PMOS

B Inolder CMOS times, PMOS transistors had a considerably lower 1/f noise
with respect to NMOSFETs. This difference tends to decrease with newer
CMOS generations.

By Inthe 65 nm LP process, NMOS and PMOS have similar 1/f noise.

This could be explained by a "surface channel” behavior for both devices, and/or by
the fact that the gate dielectric nitridation decreases the barrier energy
experienced by holes across the silicon-dielectric interface. This would make it easier

for the PMOS channel to exchange charges with oxide fraps.
,_,loo: T T T T T T T T LR

100 e

=
o
T
=
o
TT

[EEN
[EEN
I

-~ 65 nm transistors W/L=600/0.35 s

65 nm transistors W/L=600/0.10 .
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Noise Voltage Spectrum [nV/Hzl’2
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Gate current

By Charge carriers have a nonzero probability
(larger for electrons with respect to holes) of
directly tunneling through a silicon dioxide
layer with a physical thickness < 2 nm (100-
nm scale CMOS).

source

gate

n+ poly
Igso Igc lIgdo

7 %

drain

A reduction of physical oxide thickness of a
few A may give several orders of magnitude
increase in the gate current.

By This current results in an increase of the static
rower consumption (manageable limit of gate
eakage current density =1 A/cm?) for digital
circuits and might degrade analog performance
(shot noise in the gate current, discharge of
storing capacitors, current load on global voltage
references,...)

B, CGate dielectric nitridation increases the
dielectric constant, allowing for films with a
larger physical thickness as compared with
SiO, (Cox = gox/Tox). This mitigates the gate
leakage current; however, its value can sizably
change in devices from different foundries.

—
[y ]

m

Gate Current Density (A/c

/ﬁ/*
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Gate leakage current in nanoscale
CMOS flavours and generations

B Interestingly, the gate leakage current is observed to decrease for the types of
stresses adopted by the industry in advanced CMOS (tensile and compressive
stress for NMOS and PMOS, respectively)

These types of stresses increase
electron and hole populations in

energy bands where they have low
tunneling probability through SiO,

(in addition to enhancing their
mobility in the channel)

We made tests on 130 nm and 90
nm GP (General Purpose) transistors

and on 65 nm LP (Low Power)

transistors (Vyy = 1.2 V). These LP

devices were optimized for a

reduced leakage (larger equivalent
oxide thickness, different level of

hitridation with respect to other

flavours, different silicon stress).

]

2

Gate Current Density [A/cm

10°

—_— —_—
o o
=] —

—
=

102
107

10"

VesF1.0V
Vps™V g =6

Foundry B
GP devices

Foundry A
LP devices

130 90 65

Technology Node [nm]
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Gate current in 130 nm and LP 65 nm

10 ¢

10° L— — — —/—1 ————————————
10°° 1 Alem’
< = N
_© 10 F :
10 3 130 nm process -
5 J —{ }— 65 nm process -
10° _
NMOS W/L = 200/0.70,V_ =0V
1014 ‘ L o CL L .

0] 0.2 0.4 0.6 0.8 1 1.2
Y
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Gate current and global design of a CMOS readout chip

Analog VDD

In a single transistor in the LP 65 T ---
hm process, the gate current has a

very small value (of the order of 100
pA/um? for the NMOS, 10 pA/pm?
for the PMOS).

However, when bias voltages for
analog front-end circuits have to be

———————9

distributed across a large chip (e.g., ‘
a 4 cm? pixel readout integrated M2x -—-

circuit), the total gate leakage )

|

current has to be taken into account ‘ 1o
in the design of reference voltage wix ] -

and current generators (typically, -

Y

-—----—9

M2

M1

DACs) and current mirrors. ° T

Analog ground
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Extracting a hit information from the
sensor signal: the discriminator

Binary readout: hit/no hit information from a discriminator

This can also be associated to an ADC system, providing an
information about the charge delivered by the detector

PREAMPLIFIER

C
| F SHAPER DISCRIMINATOR
® J |>L {>
5 —Cp =
; ¢i — Vi _//_\\\x,_ — -
L Vin

* In a multichannel readout chip, channel-to-channel threshold
variations due to device mismatch may degrade detection
efficiency and spurious hit rate
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Efficiency and noise occupancy

An excessive threshold dispersion can lead to channels with high
noise hit rate or reduced efficiency in signal detection.

Noise

gaussian
distribution \
(c = ENC) \

T ——— Most probable value
Discriminator threshold depends on:

Landau detector thickness
distribution (80 e-h pairs/pm
of detector for 300 pum
charge for  thickness)

a M.I.P.

charge collection
efficiency
(degraded in
irradiated silicon)

Count rate

Detector charge
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As for the noise, the discriminator threshold and its dispersion
(divided by the analog channel charge sensitivity) can be treated
in term of input-referred charges, Qy, and o, respectively.

For a second-order semigaussian shaper, and series white noise as
the dominant contribution to ENC, the frequency of noise hits can

be calculated as: QL
;

f = ﬁe_ZENC2
ntp

In practical conditions, the number of noise hits can be kept at
acceptably low values by satisfying this condition:

Qf;‘g > 4(E NC+Gth)

To maintain an adequate efficiency, a channel-by-channel
threshold adjustment may be necessary (threshold DAC in the
pixel cell)
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Threshold dispersion

Discriminator threshold dispersion is given by statistical
variations of the threshold voltage of MOSFETs in the
differential pairs used in the discriminator input stage:

2 A
+V (from stochastic dopant

Db o = fluctuations model)

M3 LW — M4 Large area transistors

I Vour help reduce ’rhg effect

— of threshold mismatch

—] — v,
v. TO ML, M2 To maintain an adequate efficiency, a
1 channel-by-channel threshold
) S adjustment is often necessary
1 (threshold DAC in a pixel readout cell)
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Threshold dispersion in nanoscale
. MOS . -
Small feature size and low supply voltage increase the impact of variation of
transistor properties on chip performance.

While A4, has the expected reduction with t,, scaling until about 90 nm
technologies, in more recent technology generations it has not been
decreasing. This could be due to the reduction in 1, scaling, the increase in
channel doping required to reduce short channel effects, and the
contribution of additional process steps.

10

S. Saxena:
"Variation in
transistor
performance and
leakage in
nanometer-scale
technologies”,
IEEE Trans. El.
Dev, vol. 55, no. 1,
January 2008, pp.
131-144.

f; -

Avt (mV.um)

180 130 90 65 45
Technology Node (nm)
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Digital calibration of the
discriminator threshold

Nonidealities of nanoscale CMOS j

transistors may be addressed by ! o
appropriate design techniques. This sof
includes the digital calibration of analog ’
circuits. In an analog front-end channel, -
the discriminator threshold may be finely — ©|

60 -

Counts

adjusted by a local digital-to-analog ol
converter (DAC) . e . o o1
0.290 TOBQJiSe ot d0.3EJ§)[ - 0305 0.310
I/2
ot 65 nm continuous-time analog
|
1 —'\ SN h S L front-end channel for HL-LHC
f > >: pixels
l = . __{j}j ;::]E:;vamr
.: [ iyl I

. Threshold dispersion:

2
u‘_ % Q & I, - J—LBefor'e correction 380 e rms
REF I,< AL

Lodovico After DAC correction 35 e rms

Ratti, RD53 —
Analog WG
meeting
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Specifications for threshold setting, noise, power,
speed in the ATLAS/CMS RD53 pixel analog front-end

Need of detecting charge released by MIPs in heavily damaged sensors
(4000 e-) at extreme irradiation levels without efficiency degradation

Threshold setting for higher tolerable noise occupancy: Q;y, i» = 1000 e-

ENC < 150 e rms at Cy = 100 fF (mostly determined by series noise, ENC
is proportional to Cp)

Threshold dispersion after local tuning: o, < 40 e rms

(includes contributions by discriminator threshold mismatch and
pixel-to-pixel preamplifier gain variations)

These specifications are based on the so called 4 rule (empirical):

Qi min> 4ENC + 4- 6y,. They have to be achieved by analog circuits
integrated in a small silicon area and operating at very low power:

Maximum power dissipation: 6 yW/pixel
(50 tm x 50 pm, or 25 pm x 100 tm)

Maximum Hit time resolution = 25 ns, A/D conversion time < 400 ns



Analog-to-digital conversion

Latched
— binary
output

PREAMPLIFIER Vii/ <

ToT )
Time-Over-

C
| " SHAPER COMPARATOR
‘; ‘ _D— counter Threshold

A ||||||| binary code
| l clock
A

A/ Amplitude
............... — — information
Cq —t_l_ D __ (binary code)
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Time-Over-Threshold (ToT) analog-to-digital conversion

The ADC conversion of ToT is straightforward, avoiding circuit complexity
in a chip with a very high functional density.

Compression type characteristic Pseudo-linear characteristic

s Lo Comparator Out | 3
2l
0 ! / ]
. i i 3 i : >,
B SO | Nl oo 5
! : : : : | E
— s s 1 1 | >
I ! ! ™ Shaper Out |
R S e -
15 | | - | |
1 0 1 2 3 4

ToT /t
TOT [ns]

0 10 20 30 40 50 60 70

Qin/ch _
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General schematics of a pixel analog front-
end in 65 nm CMOS

Threshold adjustment by
DAC or autozero;

Circuit for charge
restoration on the

feedback capacitor amplitude information by
Cr ToT or Flash ADC
SENSOR | SHAPER DISCRIMINATOR

Q'N%;CD‘ D—P /N —>;

v ToT clock transmitted by
L - L T the chip periphery, or
PREAMPLIFIER generated by a locally

: , V,, triggered oscillator
PA forward stage: high gain, low

noise Trend is to skip the shaping stage in
Charge restoration: handle the RD 53 HL-LHC pixel cell, mostly
sensor leakage current after because of power constraints (noise

extreme irradiation levels (max. _ filtering in the preamplifier, or
20 nA at 2x10% n/cm?) 1 correlated double sampling)



How the analog channel may look like in a HL-
LHC pixel readout

‘ l |</2 INFN-Pavia prototype
L ‘ ‘ ’ ‘rr'—G vou‘t .P

- A
I Toac ’
- - 5 bit ToT
i counter

 Single amplification stage for minimum power dissipation

 Krummenacher feedback to comply with the expected large u
increase in the detector leakage current

T

v
REF I,

« 30000 electron maximum input charge,
« High speed, low power current comparator ~450 mV preamplifier output dynamic

« Relatively slow ToT clock - 80 MHz range

* 5 bit counter - 400 ns maximum time over threshold * Selectable gain and recovery current
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Analog design in nanoscale CMOS for

advanced pixel detectors

The Analog Working Group of RD53 is studying the best design
choices for the front-end stages, that interface the silicon sensor with
the large and mostly digital readout chip

Severe constraints for noise, power, speed, silicon area, immunity to
digital interferences have to be taken into account in the classical
analog blocks (preamplifier, discriminator,...)

Scaling of transistor size o the nanometer region also stimulates analog
design ideas that depart from the usual schemes of pixel front-end
circuits, going beyond a simple translation of old schematics into a more
advanced technology. Among them:

O Switched-capacitor techniques

(avoid local tuning in the pixel cell and additional hardware)
A Fully differential architectures

(increase immunity to interferences)
[ Current-mode schemes



Readout architecture

B, Digital information of hit signals is further processed by circuitry
associated to each pixel (strip) and at the chip periphery. Position
(pixel or strip address), timing (tfime stamp) and possibly pulse
amplitude (from ADC) information must be provided.

By All architectures perform data sparsification, processing only data
from channels where the signal exceeds the discriminator threshold

B Often, a trigger system selects only a fraction of the events for
readout, reducing the data volume sent to the DAQ. In this case,
information for all hits must be buffered for some time, waiting for a
trigger signal (delay of several ps).

B, Triggerless (data push architectures) are also available. All hits are
read out immediately (as long as the rate is not too high). This allows
the tracker information to be used for Level 1 Trigger
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RD53 chip architecture

Pixel Columns: ~256 pixelsx 100um

Pixel Rows: e.g. ~1024 pixels x 25um

Analog

->|DAC
Pixel cell
~25um x 100um

Pixel region:
e.g. 2x2 or 4x4

Pixel region column

Pixel data:
(Parallel/serial) N
- Timing (clk, , ) i
i .
= Confi Control (trig, ,) |
Digital v Config
A
| Config o <| DAC
AP Region o
proc. %ﬂ TR
i @C’ B-ID tag = g \l/
Hit Proc. \l/ = 5 Monitoring|<>
X R
[B-1D | O Config.
| interface
L _\l/ < Config R
Trigger e
match = Control
W 5§ —{Control
Col. :
Int.
e Data comp.
Readout
— Interface

Pixel chip: ~256 x 1024 pixels of ~25um x 100um

EOC: End Of Column

95% digital (as for FEI4)

Charge digitization (TOT or ADC)

~256k pixel channels per chip

Pixel regions with buffering
Data compression in End Of Column
Chip size: >20 x 20 mm?
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Matrix architecture:

digital columns or digital cores?

It may be best to distribute a large amount of digital logic into the pixel
array and to store hits locally.

The desire to minimize chip periphery area is likely fo mean that chip design
will be based on a distributed architecture as in FE-I4, which implies a tight
and delicate integration with the low noise analog front-ends per pixel

Does digital array look like this? Or like this?

88



Digital cores

Just as for digital columns, digital cores can be subdivided into regions for
hit and latency memory sharing.

The core size has nothing to do with the optimum region size. The cores
size has to do with

- On-chip hit movement (bandwidth) and clock distribution
- Power consumption
- Layout constraints

How is each core connected to the bottom of chip?
Point-to-point?
What bandwidth and latency does this connection need?
need physics simulation to understand readout efficiency vs. core BW
Do cores talk directly to each other?
What is the optimum core size (in pixel rows x pixel columns)?
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Moving data at low power

An important way to help low threshold may be to keep power constant
This would imply using a DC-balanced protocol for moving data out of the cores
So the power is constant regardless of now much data there is. This results in some

parameters to optimize

Total power in core->bottom links =
power per transition * (chip output BW * K) * number of cores

Low power per transition wants low voltage differential. Lots of memory/CPU

applications use this.

8x8,
16x16,
32x32,

core

core \

core \

\

\ ~GHz

VCO inevery
core, a la Timepix?

(can run at

core

core

core

layer-radius-
dependent

K = fraction of
chip output BW
used by a single
core

frequency
to save power)

Valerio Re

'

Chip bottom
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System aspects of mixed-signal
design of large chips in 65 nm CMOS

By The local adjustment of the threshold in a pixel cell is an example of
design strategies that can be adopted to overcome limitations

associated with small area devices.

Generally speaking, the design of a complex microelectronic system
such as a 65 nm pixel readout chip has to devise solutions that allow
analog and digital circuits to work tfogether in a same substrate,
complying with low noise and low power dissipation requirements (among

others)

Valerio Re

Pixel Columns: ~256 pixels x 100um

Pixel Rows: e.g. ~1024 pixelsx 25um

Pixel data:

Pixel cell

~25um x 100um

Pixel region:

e.g. 2x2 or 4x4

Pixel region column

~[oac]
- [oag]

Config.

-e-

pimiring] <

interface

T

Control [<>|

i Data comp.
R Readout
>

(Parallel/serial)
Timing (clk, , )
: [oriar ('Jflutral (trig, ,)
Digital Config
e :
-
=1)]
ADC, -
Hit Proc. = B
v &=
.- C
D
Config
9
=N —|Contr01= <
s

Interface

Pixel chip: ~256 x 1024 pixels of ~25um x 100um

EOC: End Of Column

A 4

70 2015 91



The devil is in the details: integration of
mixed-signal functions in a multichannel chip

» Non-ideal effects may degrade the performance of
low-noise analog circuits in strip or pixel readout
integrated circuit:

Interferences from digital signals (clocks,
commands, readout lines)

Voltage drops on interconnections distributing
power supply voltages across large area chips
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Digital-to-analog interferences

» There are many ways by which interferences can propagate through the

chip substrate... [ .
transient node
Noisy digital Ground Quiet analog Ground

\_/") reverse-biased %/
hqt junction
carriers Tﬂ capacatances

body effect:
Vbs -> Vit -> Ids -> Vds

substrate

contact substrate

contact

* These effects can be mitigated by using differential, low-level digital
signals (LVDS), by isolation techniques, by layout tricks (separated
analog and digital power and signal routing) ...

F':'M"F’El,:ard RNG  porta (II ;: I&;og:g I
~ ntel), "Analog
mixed -signal

Port1

Pewell
Deep Nwell

A

High Resistivity
Substrate

Figure 6: Illustration of the three main iselation technigues; FPNP guard ring,
deep NWELL and high resitivity substrate.

circuits in
advanced
nanoscale
CMOS
technologies for
microprocessors
and SoC", 2010
ESSCIRC
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Integration of the analog readout cell in a
(mostly digital) pixel matrix

In a 50x50 pum? pixel cell, a correct layout is crucial to avoid digital
Interferences in the low-noise analog front-end

The “analog island” concept (A.Mekkaoui, LBNL)

50 ym x 50 ym pixel cell Four 50 ym x 50 um pixel cells

] [P S
B EF “El |
5 : i o =
) : 1 G e
1 |

:‘,:| l | ‘ e

Analog
section

I
I
I
L
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Clock distribution across a large 65 nm chip

Clock distribution is a crucial aspect of modern multi-GHz microprocessor
design. A single clock source is fed through hierarchies of clock buffers to

eventually drive almost the entire chip.

Increasing process and device variations in deep sub-micron semiconductor
technologies further adds to timing uncertainties known as clock skews.

The load of the entire chip is substantial, and sending a high qualit

y clock

signal to every corner of the chip can be very expensive in terms of power

dissipation.

This could be seen as a typical "mixed-signal” problem, that can be tackled
by distributing an "analog-like" signal (aka a reduced swing digital signal)

that is then regenerated close to the pixel readout cells.

H“HH |_|_| |_|_| ™~
% H“H ) H“‘HH =t |
I> .-"":,'\— .-"'"--C"I: {>O
.-f’f.--. I __,-""---
-~

Transmitter (TX) — Receiver (RX)
Epir= CVpp VSW/ﬂg

]
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Row distribution scheme of a reduced swing =

clock signal in a pixel readout matrix Reduced swing
clock transmitter

[ (requires an

asymmetric
Gol 1 Gol 61 Gol1zp st Pl | | inver"rer in the
s A A A =y =i R B receiver to |
; wregenerate nominal
Rowwi A - 4 4 - 44 B digital voltage
| levels)
| — Pixel RX | l
Rowtd! A A 4 - 44 : 1.25 —
3
; | ~ Row TX i
i Repeater‘ 75
How T i ’ * * * * * "First" Pixel § 2
i & \/—. ﬂ 1 .

Peripheral Buffer

12 mm tr 40 50 60 70
time (ns)




RD53 plans

¢ The challenge of analog design in 65 nm CMOS for pixel
readout at the HL-LHC is being tackled by our community
of microelectronic designers in a collaborative way (RD53,
the INFN project CHIPIX 65)

¢ Current goal: developing/qualifying technology, tools,
architecture and building blocks required to design next
generation pixel chips for very high rates and radiation

¢ First round of submissions in 2014, first prototypes
currently being characterized, other submissions in
Spring 2015

¢ These prototypes will allow us to evaluate the best
solutions for the architecture of the analog front-end
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Evolution of microelectronic technologies

No roadmap, room for new ideas:
monolithic sensors, 3D integration

More than Moore: Diversification

Evolutionary roadmap

130nm

90nm

65nm

45nm

32nm

More Moore: Miniaturization

nanoscale CMOS

22nm

Baseline CMOS: CPU, Memory, Logic

16 nm

v
- o OO Beyond CMOS

Information
Processing

Digital content
System-on-chip
(SoC)

Non-digital content
System-in-package

Valerio Re - VI Scuola Nazionale “Rivelatori ed Elettronica”, INFN - LNL, 23 - 27 marzo 2015 98



A further leap: 3D integration

€ The microelectronic industry has developed 3D integration of thinned and
bonded CMOS tiers with vertical interconnections through the silicon
layers as an alternative or complementary way to device scaling, with the
goal of enhancing memory capacity and microprocessor speed (by reducing
length of interconnections) and of improving the performance of image
sensors (by including pixel level high-speed signal processing).

€ The semiconductor detectors and front-end electronics communities in HEP
and photon science plan to take benefit from 3D integration for new pixel
sensor with advanced functionalities, smaller form factor, less material
and dead area, separation and optimization of sensing, analog and digital
functions,.. New concepts may also be enabled by this technology.
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3D vertical integration

A "3D" chip is generally referred to as a
chip comprised of 2 or more layers of
active semiconductor devices that have
been thinned, bonded and
inferconnected to form a "monolithic”
circuit.

Often the layers (sometimes called
tiers) are fabricated in different
processes.

Industry is moving toward Vertical
Integration to improve circuit
performance.

- Reduce R, L, C for higher speed
- Reduce chip I/O pads
- Provide increased functionality

- Reduce interconnect power and
crosstalk

This is a major direction for the
semiconductor industry.

Optical In /

Power In / Opto Electronics

/ and/or Voltage Regulation

/ Digital Layer

/ Analog Layer

Sensor Layer y

Physicist's Dream

Pixel control, CDS,
A/D conversion

Diode Diode

Analog readout | Analog readout
circuitry circuitry

Diode Diode

Pixel control

/Optical Out
/ §
50 um
Digital
|
Analog ATy |
> P
Sensor !

Analog readout | Analog readout
circuitry circuitry

Conventional MAPS 4 Pixel Layout

3D 4 Pixel Layout
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Prospects and support to 3D integration in the
pixel detector community

3D integrated circuits based on homogeneous layers (same CMOS technology)
and high density TSVs and interconnections remain a very promising approach
to advanced pixel detector readout and other applications.

The AIDA WP3 project supported the less aggressive “via
last” variant of 3D integration, where low-density TSVs are
etched in fully processed CMOS wafers. It is a mature
technology, presently available at various vendors.

This technique makes it possible to use heterogeneous
layers ( different technologies) for sensors and front-end
electronics and to fabricate four-side buttable devices with
minimal dead area.

A high-resistivity, fully depleted sensor can be combined in a low-mass assembly
with a readout chip designed in an aggressively scaled CMOS generation (usually not
available in the typical MAPS "Opto“processes), both with excellent radiation
hardness (among other properties).

Low-density peripheral TSVs can be used to reach “~ front end chip H
backside bonding pads for external connection. The IFiTrii s =
interconnection technology can be chosen according :f' e sencor

to the pixel pitch.

HV



Conclusions

Front-end electronics for silicon trackers in future experiments is an
exciting challenge for integrated circuit designers

Classical analog problems (signal amplification and shaping, noise,
threshold dispersion) will require clever solutions

B, New industrial fechnologies (hanoscale CMOS, 3D integration, ..) will be
exploited to achieve increasingly demanding specifications

3D integration is progressing in the microelectronic industry, and we
have to be ready to exploit it. Ultimately, it may allow designers to
avoid using sub-50 nm processes for analog and digital circuits in very

small pixel readout cells.

By R&D activities in these technologies have to be supported by our
community, since they enable new concepts for detector systems. The

new AIDA-2020 project will provide this support for 65nm CMOS
(with CERN support) and for 3D integration.

By Technology watch for novel devices and processes has to continue,
since the evolution of microelectronics is not going to end soon.
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65 nm CMOS at extreme radiation levels

At the HL-LHC design luminosity, for an operational lifetime of 10 years, the
innermost pixel layer will be exposed to a total ionizing dose of 1 Grad, and to an
equivalent fluence of 1-MeV neutrons of 2 x 106 n/cm?.

If unacceptable degradation, a replacement strategy must be applied for inner
pixel layers.

Nanoscale CMOS (with very thin gate oxide) has a large infrinsic degree of
tolerance to ionizing radiation: what happens at 1 Grad? Spacer dielectrics may be

radiation-sensitive

Thick Shallow Trench Isolation T R _
Oxide (~ 300 nm); radiation- Thin trL:d-'L:I- d) gate oxide for
induced charge-buildup may turn core devices, becomes

Radiation induced on lateral parasitic transistors and thicker (and rad-softer) for I/

eleCTr'iC Char‘ge iS affect electric field in the channel) O transistors
associated with thick S
lateral isolation

OXideS Doping profile

along STI

CMOS is usually not sidewall is

critical; doping

foCCTed by non n- increases with . I

ionizing radiation: CMOS scaling, e

what happens at 2 x ez /0 P-substrate

1016 n/cmz? Increasing sidewall doping makes a device less sensitive to radiation

(more difficult to form parasitic leakage paths)



Transconductance Factor Shift (%)

The analog front-end
at extreme total ionizing dose

Among other effects, PMOSFETs (especially minimum size ones) show a large
fransconductance degradation, which becomes very steep over 100 Mrad (partial
recover after annealing)

This is probably not so critical for the design of analog blocks, where minimum size
transistors can be avoided if necessary; the study of radiation effects on noise is
ohgoing

Damage mechanisms have yet to be fully understood; they appear to be less severe at
the foreseen operating temperature of the pixel detector at HL-LHC (about - 15 °C)

CPPM data with X-rays
TSMC : -15°C  Reg nmos devices : Transconductance Variation Versus Dose Level

T e T (Fermilab and Padova studying radiation

effects with other sources)
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Effect of noise on discriminator firing efficiency

Noiseless system

—
—_—
Q ch 0 3 T?
th
—
1 [
[
(e} 0.af |
IQ Effect of noise |
| . | |
[ E ooalf
! [
0.2fF I
Q Qi |
|
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_ 1 @=Q)y 1 (Q—ch } th
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Processing the signal from the sensor:
the baseline restorer

8 Since the signal at the preamplifier output is not an ideal voltage
step, but returns to baseline with a long time constant, the signal at
the shaper output has a long tail. This results in a baseline shift at
the discriminator input, with related statistical fluctuations, adding
to the threshold dispersion.

Channel 2, t =85 ns Channel 1,1 =85ns
100:— 100:’ wf’“’“*
e[| A E=T /f
2 i —#— 2% occupancy : S i ~ & 2% occupancy |
g eo- s . E eor / i
% 40 s é 40/ ]
2l E W ]
O i ]
o ] o ]
0.6 O.‘7 0.‘8 0.‘9 ZI‘. 1.‘1 1.‘2 1.‘3 1.4 0.6 0.‘7 0.‘8‘ - ‘O.‘9 ]‘. 1.‘1‘ - ‘1.‘2‘ 1.‘3 1.4
Injected charge [fC] Injected charge [fC]

Input signal discriminator scan without BLR  Input signal discriminator scan with BLR
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Shift and fluctuations of the baseline at the discriminator
input can be removed by a baseline restorer.

0

| — shaper output
-0.05 I ——BLR output 7
S I ]

3
> I tP =85ns
01 1 High gain setting 7
-0.15 + |
I | I I I I | I I I I | I I I I | I I I I | I I I I
0 0.5 1 1.5 2 2.5 3
Time (us)
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Analog channels (FSSR2 chip)

Preamplifier

Programmable Gain

Programmable
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Hybrid pixel sensors

F HAPS — Hybrid Active Pixel Sensors

= segment silicon to diode matnx with high granularity
(= true 2D, no reconstruction ambiguity)

« readout electronic with same geometry
(every cell connected to its own processing electronics)

s connection by “bump bonding”
« requires sophisticated readout architecture

Salder-Burnp: Pb-Sn ‘\/

« Hybnd pixel detectors will be used in LHC experiments:
ATLAS, ALICE, CMS and LHCb

CERN fcademic Traning Programme 200452005

Flip-chip technique
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Gate Current Density (A/cm?)

Gate leakage current shot-noise in
nanoscale CMOS
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nFET
Measurement

——— Simulation

SIG(f): 2q IG

10°
:gf 90 nm CMOS process:
0
:g_t | Current density =1 A/cm?
10 W = 1000 pm
103§ L=0.1um
104
10° = I .= 1uA

10 = S15=2qL;=0.56 pA/VHz

= 36.1 A

e Tos 1o s 20 725 30 Non negligible noise contribution
Gate Voltage (V)
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Capacitive matching

1 Tt is possible to minimize ENC by a correct choice of the

dimensions of the preamplifier input device (gate width
W and length L)

8 Conditions for optimum matching between the preamplifier
input capacitance (Cyy = CoxWL) and the detector
capacitance Cy depend on the input device operating region
(most often, weak or moderate inversion) and on which
series noise contribution is dominant (white or 1/f)

1 This optimization has to comply with constraints on the
power dissipation, which limit the drain current in the
input device (in weak inversion, A, + 1/g,, + 1/1;)
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Capacitive matching in a deep
submicron technology

1: | | B %' 1/f noise dominant
0.8 _:_ - 9]
S 06 '_: ______________ - — < |
o il At t, =10 - 100 ns
9: 0.4 __:_ - - - ] CIN_ %0.1 CD gW@S
LEoat o : minimum ENC
o b -
White noi?e“lg "0 100 100 1
dominant p

0.18 um technology
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Capacitive matching in a deep

submicron technology

Optimum ENC and input NMOS gate width in the C;
region of pixel detectors

© NMOS - 130 nm process
1000 L=0.13 um
[ = = = L=0,20 um
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o 3
= 3
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E 100 | =
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