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Focus of the lab

B Pixel front-end ASICs are located at the very
beginning of the signal processing chain in pixel
based detectors used in many fundamental and
applied research fields

E Experimental characterization of front-end
circuits in advanced microelectronic
technologies is an integral part of the
implementation of modern radiation detection
systems

B The focus of the lab will be the
characterization of front-end channels for
pixel detectors in a 65 nm CMOS technology

B The circuit under test is a prototype chip for
the CMS phase 2 upgrade designed in the
framework of the international RD53
collaboration
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Pixel Detector Requirements at HL LHC

Very challenging requirements for the innermost layers of the pixel detectors in ATLAS
and CMS @ the HL LHC

« Very high particle rate > pixel hit rates up to 3 GHz/cm?

«  Small pixels: 50x50um? > increased resolution, improved track separation

* Large chips: ~2cm x 2cm (1 billion transistors)

* Low mass, low power systems: ~10 uW per cell (including analog and digital sections)
* Low threshold: ~1000 e- - severe requirements on noise and dispersion

* Harsh radiation environment: 1 6rad(SiO,) TID; 10! eq. n/cm? fluence
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RD53 - An overview

 Collaboration among ATLAS & CMS communities aiming at the development of large scale
pixel chips for LHC phase-2 upgrades

« 65 nm CMOS is the common technology platform

« RDbB3 Goals

« Detailed understanding of
radiation effects in 65nm >
guidelines for radiation
hardness

 Design and characterization of
full size pixel array chip

« The efforts of the RD53 collaboration led to the submission (2017) of the RD53A chip
including three different front-end flavors: Synchronous, Linear and Differential

 Linear front-end has been adopted in the RD53B CMS chip (submitted in June 2021),
including a matrix of 336x432 pixels (50x50 ym? each)

« A small prototype chip including RD53A and RD53B Linear front-end has been submitted and
will be characterized during lab activities



RD53 Linear front-end
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« Single stage front-end with Krummenacher feedback to comply with the expected large
increase in the detector leakage current

* Low power asynchronous current comparator combined with a 40 MHz Time-over-
Threshold (ToT) counter for digitization of the signal

* 4 bit (RD53A) and 5 bit (RD53B) local DAC for threshold tuning



Time over threshold (ToT)

B The Time over Threshold (ToT) technique provides a direct amplitude-to-time
conversion; the signal at the preamp output is compared to a fixed voltage at the
input of a threshold discriminator; the signal at the output of the discriminator is
a digital pulse, whose duration is equal to the time during which the signal at the
preamp output exceeds the threshold; digitization is easily achieved by computing
the logic AND between the discriminator pulse and a reference clock and by
counting the number of clock pulses

Preampli output

e If the signal at the preamp output returns to the
baseline with a constant slope, then a linear
relationship exists between the peak amplitude at
the preamp output and the ToT duration (the rise
time of the preamp output signal is assumed to be

negligible)
Discriminator ToT = vpeak B vfh
haper

output dV,
dt




Analog scan
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Q-V conversion factor 2
~50 e-/mV

Digital Section
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 Local generation of the analog test pulse starting from 2 defined DC voltages CAL_HI and
CAL_MT distributed to all pixels and a 3rd level (local GND)

« Tt is possible to generate two consecutive signals of the same polarity



Amplifier schematic

B Gain stage based on a folded cascode configuration

total power dissipation
is about 3.8 uW (not
considering power in

Q{ the reference branch

of the mirror - the
}a same reference branch
can be used for all the
OUT l pixels in an array)

+
///' o | l
external <. |
components T 100 k |
W |
2 UA |

_l_ 10:1




Boosting time-walk performance

* Partial re-design of the comparator led to improvement in front-end
time-walk performance
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* Fast turn-on time of M6 and M7 (RD53B) thanks to removal of M9 and M10 (RD53A)
* Current starving M8 (RD53B )



Time-walk test results
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* Results on a sample chip at T=-20° C /Significan‘r 0\
improvement in
« Threshold ~1000 e- , 5uA per-pixel current time-walk at the
consumption, 133 ns ToT @ Q,,=6ke-, C,=50fF cost of a marginal

increase (~4%) in
static current
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Threshold tuning DACs

 Current-mode threshold tuning DACs
« RD53A - 4 bits, cascoded current mirrors
RD53B = 5 bits, regular current mirrors
« NMOS switches
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TDAC input-output characteristics
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Mormalized TDAC code Mormalized TDAC code

« TDAC dynamic range controlled by "LDAC" current (matrix periphery)
« Saturation effect taking place for RD53A at cold (for large I, yac)
« The effect is fixed in the RD53B version
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Device under test (DUT)

® 16x16 pixel matrix

« Two regions:

RD53A - RD53B Hil

Analog bias I

® Configuration block
« SPI-based

Custom LVDS TX/RX

Bandgap test
structures

Top metal layers not shown
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Pixel block diagram

tdac
| 5
pix_en1— INJ W
- +
leak_inj 7% A= /‘ j
e RS | —
CD_sel power_down out_en

« 2 detector emulating capacitors: 50 fF and 100 fF
- CD =0, 50 fF, 100 fF, 150 fF

 Leakage injection circuit (possibility fo inject “positive” or "negative” currents)
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Test setup

Agilent 3631A power supply
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DUT

E 2 mmx 2 mm chip including a 16x16 matrix

featuring the RD53A and RD53B version of the

Linear Front-end
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E Chip on a small daughter board
mounted on a test PCB,
including potentiometers for
front-end bias setting



Test board
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Main analog performance parameters

 Equivalent noise charge (ENC)
* Threshold dispersion
 Charge sensitivity

« Time-walk

 Time-over-threshold

2 ) Only the comparator digital output is available: how can we
o measure all these parameters?



Charge scans

Threshold distribution for enabled pixels

* Measures probability of discriminator to fire vs input Flectrons
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DAQ

DAQ control panel

. DAQ sys-rem based on P CMSAFE.lvproj * - Project Explorer -|0| x|
Lab VIE W File Edit View Project Operate Tools Window Help
=] A I =Rl

e Main virtual instruments

Items | Files. |

(VIs):
J, Project: CMSAFE.lvproj
« Threshold calibration =P N Iy Computer
B [J _subVls
* Char'ge scan @ [J Hardware control
. @ [J Tsensor control
* Noise occupancy j CMSAFE control

B [/ CMSAFE scans

"J _subVls

- ml CMSAFE_VthCalibration.vi
* m) CMSAFE_NoiseOccupancy.vi
- ml CMSAFE_ChargeScan.vi
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Threshold tuning

B  Ina multichannel binary readout circuit,
random and systematic variations of ’
process (doping) and geometrical (device %
dimensions, thickness of the various ! I-

involved layers) parameters may be Vi ]
responsible for introducing non ) ) =
uniformities in the parallel path followed Oél ~ f logic

by the signals

O
<
e

Bl Two channels, nominally identical to each th+AVﬂ.
other and featuring a common threshold Cr
at the inverting input of the I
discriminator, may provide different
responses to the same charge pulse at
the preamplifier input Qél

In-pixel
logic

'II—(())j
B
5
+
>
<
>
I :



Threshold tuning (VthCalibration.vi)

B cMSAFE_vthCalibration.vi Front Panel on CMSAFE.lvproj/My Computer *

File Edit Yiew Project Operate Tools Window Help
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Threshold tuning

|| @[ |
| Firmware */AA00 ;ﬂBoardD I Command error Quit I

timeout (ms) iv\lUUU

| Save data | | Load data | MlLoad ok Q/V conversion factor = ~50 e-/mV [End ‘

Settings  Results | Temperature |

Hit efficiency curve for a single pixel (ch 239)

* Threshold (CAL_HI): 533 mV

e CAL_MI set to 500 mV

» Effective threshold - (533 mV — 500 mV) x 50 e/mV = 1650 e
* Noise: 1.44mV x 50 e-/mv = 72 e-
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EXE1: threshold tuning

A\

Set detector capacitance to 50 fF and tune
the matrix to 1000 e-

What is the threshold dispersion for RD53A
and RD53B?

Why there is a significant difference
between the two values?

Hints > start tuning the matrix to higher
threshold, than decrease the threshold
down to 1000 e-
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Charge scan (ChargeScan.vi)

B CMSAFE_ChargeScan.vi
File Edit VYiew Project Operate Tools Window Help

»[2][@[n
’ Stop scan. ‘J | Save dara J | Load data IjLoad ok [End

Settings | Channel measurements | S curve histograms | TW histograms | TOT histograms | Temperature
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Time-walk and Time-Over-Threshold (ToT)
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Time-walk and ToT

File Edit Yiew Project Operate Tools Window Help
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Time-walk and ToT histograms

. CMSAFE_ChargeScan.vi

File Edit View Project Operate Tools Window Help
B @ n

Settings | Channel Scurve histograms  TW histograms | ToT

Binning 405

Type A Type B

W\m 256 |Mean | 1oon
|BE2 |sigma | |2 |sigma Tma
- ype

(CMSAFE.lvprojMy Computer| «

B CMSAFE_ChargeScan.vi
File Edit View Project Operate Tools Window Help

il

@@
Settings | Channel Scurve h ™Wh TOT histogr v
Bining 71| Input charge selector Scanindex | [
Binning %05 |

Type A Type B Type A Type B

628 iMean i606 [Mean 151 [Mean (139 ‘Mean

606 sioma | |55 lsigma | P°° 128 |sgna | [13.0 |soma | T8
Types Y Types [NNY

TOT (ns)

1 1
140 160
TOT (ns)

R+
&




Threshold and noise histograms

B cMSAFE_ChargeSca |

File Edit View Project Operate Tools Window Help
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Noise and equivalent noise charge (ENC)

. . . . channel thermal and 1/f
E  The main noise sources in the preamplifier are noise contributions in
located the preampli input
device
*in the preamplifier input device - can be /
represented through an equivalent series source * -
(e,) and includes a white thermal and a flicker |
term with power spectral density Sy, and S; c by w *
respectivel in 8
pectively T
2 N
de S | ‘
F=Swt— It 1
df "t 1 A :
- in the feedback network - can ~ Cp | ’ |
be represented through an
equivalent parallel source (i,),

mostly with a white spectrum
with power spectral density Sp
2
di h-g hoise in the -
df P feedback network




ENC and detector capacitance

150
E A quite general expression for the -
ENC is the following, accounting for 140
the different noise contribution
1 130 [ 3 |
2_ 2 2
ENC -CTA15W;+CTAZSf+A3Spt T - _
Cr=C+Ci+Ce+Ciy (% o __...
A, A,, As=shaping coefficient =z i ]
t=shaping time (has some m Ll dENC
relationship with 1,) 100 ) 4 dc
B The effect of the series noise 90 . °
source on the overall noise
performance gets more 30 | l ‘ |
pronounced as Cr (the -0 0 50 100150 200
capacitance shunting the circuit C, +C,, [fF]

input terminal) increases

B The slope of the ENC vs C;, is a figure of merit telling us how the noise
performance of the circuit degrades as the detector capacitance increases



EXEZ2: charge scan

« Set the detector capacitance to 50 fF and
tune the matrix to 1000 e-

* Measure the maximum time-walk for RD53A
and RDH3B

®
* Measure the ToT for an input charge of
6000 e-

« Set the threshold to around 2000 e- and
evaluate the ENC for €D=0, 50, 100 and
150 fF. What is the dENC/dCD slope for the
front-end channels?



https://www.google.com/url?sa=i&url=https%3A%2F%2Fwww.skuola.net%2Fscuola%2Fwork-in-progress4610x.html&psig=AOvVaw1DIH4RqLCmEiifHhcG-u-V&ust=1629280141361000&source=images&cd=vfe&ved=0CAoQjRxqFwoTCLCA2tnjt_ICFQAAAAAdAAAAABAD

Measurements in the presence of a leakage current

E The readout channel has to work correctly also in the presence of a leakage
current at the input terminal

E Inthe real application, this leakage
current comes from the detector and * *
may exceed 10 nA when the detector 1
is exposed to very high ionizing *
radiation doses - ~1 Grad for 10 year
operation is expected for the inner Cin
layers of the CMS detector at the — i=====7==—5 _|
HL-LHC

#

} =
o
[a)
P .
]
l
l
(]

circuit can be enabled, providing a DC
current I, at the preamp input

E Inthe DUT, a leakage emulator i l K i :‘

application



EXE3: detector leakage current

« Set the threshold to around 2000 e- and the
detector capacitance to 50 fF.

»?‘ * Measure the ENC.

* Enable the leakage current emulator (default
values is around 20nA/pixel). How does the
ENC vary?
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Noise hit rate

« Animportant figure of merit for a front-end chip is the noise hit rate at a given threshold.

 Ideally, we would like to have a low threshold for better efficiency. This actually translates in
larger number of hits due to noise.

« Optimum efficiency is generally constrained by the maximum rate of noise induced
transitions at the discriminator output, or maximum noise hit rate, due to the signal at the
preamplifier output randomly crossing the discriminator threshold. Such a noise hit rate limit
is strongly dependent on the readout architecture and on the target readout efficiency.
Under some very general assumptions, in a binary channel the noise hit rate f,, whose analysis
represents a specific aspect of the more general level crossing problem, can be written as

Q%
fn _ fn() . & 2ENC?Z,

where Q,q is the mean value of the threshold, and f,; is the noise hit rate at zero threshold.

L. Ratti et al. "Design of Time Invariant Analog Front-End Circuits for Deep N-Well CMOS MAPS" DOT:
10.1109/TNS.2009.2024536



Noise hit rate (NoiseOccupancy.vi)
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EXE4: noise hit rate

 Tune the matrix threshold to 1000e-.

* Measure the noise hit rate.

®
&. * Repeat the measure for smaller thresholds
(900, 800, 700, 600, 500).

* Plot the noise hit rate as a function of the
threshold.
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