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Starting point: the signal

EUSO-SPB2POEMMATerzina

0.164 ph. ns-1 pix.-1 0.22 ph. ns-1 pix.-10.057 ph. ns-1 pix.-1

Physics signals of the simulated brightness
is well separated from background

Direct single photon counting problematic

Statistical background monitoring can
however be performed

Many different architectures are possible

Simulation considering 200us (Cherenkov signal inside of
this time

Figure 8: Output signal of 200us of RGC DC coupling for BG=0.057(top
left), background (top right) and Cherenkov signal(bottom)
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Full sampling architecture-1

FE ADC DSP

Signal is sampled and digitized directly at the front-end output

Any further processing is done in the digital domain

Baseline averaging to monitor the background

Is this feasible with reasonable power?
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A look at ADCs
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A 12-bit 150-MS/s Sub-Radix-3 SAR ADC With
Switching Miller Capacitance Reduction

Kwuang-Han Chang , Member, IEEE, and Chih-Cheng Hsieh, Member, IEEE

Abstract— This paper presents a 0.9-V 1.5-mW 150-MS/s
12-bit successive-approximation-register analog-to-digital con-
verter (SAR ADC) in 40-nm CMOS, which achieves a synergistic
integration of multi-bit per cycle (M-bit/cycle) and sub-radix
techniques with the comprehensive enhancement of speed and
error tolerance. The proposed sub-radix-3 architecture uses
a merged digital-to-analog converter (DAC) with a two-input
comparator instead of the conventional separated DACs (signal
and reference DACs) with a four-input comparator to effectively
improve the matching performance and the power efficiency.
Alternative-reference-switching (ARS) DACs are developed to
reduce the total DAC effective switching capacitance by 47.4%.
Offset injection technique is implemented to calibrate the com-
parator offset without the speed and power penalty by eliminat-
ing the additional output loading of capacitor array or the extra
input pair. The SAR logic of each conversion cycle is simplified
into one single tri-latch current mode logic (CML) to directly
control the DAC switches which effectively reduces the SAR delay
by 2/3. The achieved peak signal to noise and distortion ratio
(SNDR), spurious-free dynamic range (SFDR), and Walden FoM
are 61.7 dB, 74.4 dB, and 10.3-fJ/conversion-step, respectively.

Index Terms— Analog-to-digital (A-to-D), multi-bit per cycle
(M-bit/cycle), quantization, redundancy, sub-radix, successive-
approximation-register analog-to-digital converter (SAR ADC).

I. INTRODUCTION

W ITH the increasing device speed and matching prop-
erty in the advanced CMOS technology, successive-

approximation-register analog-to-digital converter (SAR ADC)
has become a competitive architecture in high-speed
(10–100 MS/s) and medium-resolution (10–12 bit) applica-
tions [1]. However, when the speed exceeds 100 MS/s and
12-bit resolution, SAR ADC suffers from the penalties of the
serial bit-cycling conversion, less digital-to-analog converter
(DAC) settling time, and severe comparator noise requirement.
For high-speed 12-bit applications, the recently reported works
illustrate the design trend of using hybrid architectures such
as pipelined-SAR ADCs [2]–[8] and two-step ADCs [9]–[12].
Pipelined-SAR ADC improves the analog-to-digital (A-to-D)
conversion throughput and relaxes the noise requirement of
the afterward conversions with the residue amplification at the
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cost of huge power consumption on the residue amplifier. Two-
step ADC optimizes the design tradeoff (power and noise)
for the coarse and fine A-to-D conversions based on the
corresponding performance requirement. However, the addi-
tional complicated calibrations are required for the mismatch
compensation and the weight alignment between the coarse
and fine ADCs.

Among the Nyquist-rate ADCs, SAR ADC has the architec-
tural advantage of low complexity and energy efficiency. Thus,
to push the conversion rate of SAR ADC to be compatible
with pipelined-SAR and two-step ADCs becomes the primary
target in this paper. To enhance the conversion rate of SAR
ADC, there are two commonly used techniques. One is the
architecture of multi-bit per cycle (M-bit/cycle) which saves
the number of conversion cycles in a signal acquisition at the
expense of hardware complexity [13], [14]. The other one is
sub-radix or non-binary searching algorithm adopted on the
DAC which creates redundancies to release the required DAC
settling time with the tolerance of settling error and false
comparison due to offset, noise, meta-stability, and mismatch
of quantization thresholds [14], [15].

Our previous work [16] provides a hybrid A-to-D conver-
sion algorithm and design methodology for the pure SAR
architecture to overcome the speed limitation. Following the
design procedure with the hardware-like parameters at 40-nm
process node as in [16], this paper [17] proposes a SAR
ADC which integrates the speed-up techniques of M-bit/cycle
and sub-radix with a comprehensive enhancement of speed
and error tolerance. The accuracy requirement of the multi-
comparator operation is covered by the implemented speed-
optimized error-tolerant redundancy and foreground offset
calibration. Moreover, the proposed sub-radix-3 architecture
uses a merged DAC with a two-input comparator instead
of the conventional separated DACs (signal and reference
DACs) with a four-input comparator to effectively improve
the matching performance and power efficiency [13], [14]. The
alternative-reference-switching (ARS) DACs are developed to
reduce the effective switching capacitance. The reconfigurable-
noise-level (RNL) comparators [18] are adopted to improve
speed and power consumption by reconfiguring the compara-
tors in different noise levels in cooperation with the redun-
dancies of the sub-radix algorithm. The SAR logic of each
conversion cycle is simplified into one single tri-latch current
mode logic (CML) to directly control the DAC switches which
effectively reduces the SAR delay by 2/3.

This paper is organized as follows. Section II introduces
the proposed ADC architecture and operation. Section III
introduces the operations of the speed-up and power efficient
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TABLE III

COMPARISON TABLE OF THE STATE-OF-THE-ART ADCs

Fig. 11. Dynamic performances of (a) Fin = 1 MHz and (b) Fin = 70 MHz
at 150 MS/s sampling frequency.

the Nyquist input is due to the degraded signal integrity of the
un-buffered ADC input, which suffers from the high-frequency
inductive ringing effect and clock jitter.

Fig. 13 shows the measured static performances of the
implemented ADC. The differential non-linearity (DNL) and

Fig. 12. SFDR, SNR, and SNDR versus input frequency (Fin) at 150 MS/s.

integral non-linearity (INL) peaks are −0.91/+1.77 LSB and
−2.63/+2.95 LSB, respectively. Fig. 14 shows the mea-
sured DNL distribution with a standard deviation (1-sigma)
of 0.42 LSB. To clarify the root cause of the degraded
DNL performance, Fig. 15 shows the simulated statis-
tical box plots of the standard deviation of the DNL
(σ -DNL) in 1000 samples (without kT/C noise and comparator
noise) with two non-ideal effects. One is simulated with the
DAC mismatch σ ("Cunit/Cunit) = 1% only (according to [23]
and [24] in 0.5-fF Cunit). The other one is simulated with
the comparator offset only and using the calibration DAC
resolution of 0.5 LSB. It shows the median value of the
σ -DNL with the comparator offset (0.53 LSB) is more con-
sistent with the measured result (0.42 LSB).

Therefore, the degraded static performance is mainly
due to the not-fine-enough offset calibration resolution

Extremely good performance can be reached in very scaled and expensive technologies,
but..
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A look at ADCs

Design of SAR ADCs is “straightforward”

A cheap 130 nm process can do the job as well

Two 50 Ms/s can be time-interleaved

Estimated power for 2, 50 Ms/s ADC at 8 bit: 1.2÷1.5 mW/ch

Total power can be kept below 10 mW/ch, probably around 5 mW/ch
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Full sampling architecture-2

FE ADC

Signal is sampled in an analog memory

Analog samples are digitized when a trigger is provided

Internal trigger for physics signal.

External trigger for periodic background monitoring

Is this more convenient?
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An example from the past

Front-end for Silicon Drift Detectors (SDD) for ALICE at CERNIC design – system level ALICE

Prague 9-11 November 2017 Giulio Dellacasa - DAQ/FEE/Trigger workshop for COMPASS beyond 2020

■ ALICE ITS Silicon Drift Detector: development, test production and assembly of the 
readout electronics for the SDD detector

– PASCAL: 64 channels analogue frontend. Preamp. and analogue storage. 10-bit 
SAR ADC 40 Ms/s

– AMBRA: digital 4-events buffer, data compression from 10 to 8 bits

– CMOS 0.25 µm

64 channels

40 MHz sampling

32 10-bits SAR ADCs

LDOs, pulser, DACs on chip

Only 4 1 µF SMD capacitors

Power: 5 mW/ch

CMOS 0.25 µm

2080 ASICs taking data since 2008

All chips still alive
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ADCs vs analog memories

With today ADC performance, analog memory power advantage
becomes marginal

Analog memory offers more flexibility in term of maximum sampling
frequency

Event selection in the digital domain more powerful and safer
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More on back-ground

Is this sufficient?
How can we improve it?
Straightforward: increase the ADC resolution
Ok up to 10 bits (same ADC design)
For more than 10 bits: self calibration. Complex and more power hungry
With analog memory: try and re-digitize
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Can we use different readout approaches?

Simulation considering 200us (Cherenkov signal inside of
this time

Figure 8: Output signal of 200us of RGC DC coupling for BG=0.057(top
left), background (top right) and Cherenkov signal(bottom)
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A slow integrator measures the “DC” current to monitor the background

The signal is time-stamped and a parameter related to its total charge is captured: peak
detector, ToT, etc

Simpler architectures take less power

A. Rivetti (INFN-Torino) GSSI-May. 8th May 8, 2018 10 / 15



ASIC design process

Work-out an architecture and define clear specifications: joint work of
engineers and physicits

Start the design: the chip has medium level of complexity. 12 months
of two experienced post-docs for the first iteration

Another year must be considered to arrive at the final integration in
the system

Effective use of CAD tools to minimize number of iteration and
achieve full working silicon
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The Torino ASIC design group

The group is part of our electronics lab (14 permanent staff member)

ASIC, FPGA, PCB design, integration...

ASIC folks

4 design engineers + 1 test engineer
3 technicians
15 PhD students and post-doc

Activities

Design of mixed-signal front-end
ASICs
From the idea to the system
integration and follow-up
In stand-alone or in cooperation with
other partners
Both R&D and system design
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Project overview

ALICE-ITS

BESIII

CHIPIX65

COMPASS

CMS-TK

CMS-ECAL

DARKSIDE

FINFET16

FOOT

INSIDE

MOVE-IT

PANDA

RD53

SEED

SYNCFEL

TIMESPOT

UFSD

TT

ALICE ZDC

ASIDI

AUGER

CMS-DT

BELLE II

DIACELL

DIESIS

e-LIBANS

EEE

JEM-EUSO

NA62

NUMEN

TOTEM

TRIMAGE

A dedicated ASIC could be designed, but dedicate extra resources are
needed

A. Rivetti (INFN-Torino) GSSI-May. 8th May 8, 2018 13 / 15



A recent design example

slow shaper

fast shaper comparator 1

preamp

comparator 2

TDC1

TDC2/ADC

sampler

CTRL

Dual mode: ToT or charge sampling

Digital peak detector

Re-use of part of the TDC to implement
the ADC
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Other recent developments

Bump-bonding with FBK 3D sensors

� bump-bonding performed at SLAC with FBK 3D pixel sensors (2016 wafers)

� sample prototypes coupled to both 50 µm ⇥ 50 µm and 25 µm ⇥ 100 µm-1E

� chips received back from SLAC three weeks ago, preliminary tests just started in Torino

� first 50- and 25- µm 3D sensors coupled to a complete readout chip in 65 nm CMOS, never before !

pacher@to.infn.it TWEPP 2017 22 / 25

� analog

Experimental results

MATISSE: a low power front-end 
electronics for MAPS characterization

J. Olave 1,2, A. Rivetti 2, L. Pancheri 4,6, S. Panati 1,2, F. Cossio1,2, S. Mattiazzo 5, M. Da Rocha Rolo 2, N. Demaria 2,  P. Giubilato 3,5, D. Pantano 3,5

PROs
� Low material budget

� Cost

� High granularity

� No bump bonding required

CONs
� Low flexibility

� Small area for the electronics

� Sensor only partially depleted

MATISSE = Monolithic AcTIve pixel SenSor Electronics

PARAMETER VALUE
Analog Gain ~ 163 mV/fC   (2.7 mV/100 e-)

Noise ~ 40 e-

Power 
consumption

Waiting:  ~ 6 µW

Transmission:  ~ 370 µW

Sensor Cap 40 fF

Storage Caps ~ 70 fF (MIM CAPS)

Linearity range 400 mV – 950 mV

Readout speed Up to 5 MHz

Other features Internal Test Pulse

Mask mode

Baseline regulator

Shutter type Snapshot shutter

Readout  type Correlated Double Sampling

� First prototype developed in 0.11 µm CMOS VLSI technology

with a die area of 2×2 mm2

� The chip has been received from the foundry in April 2017

� It consists of 24×24 pixel matrix organized in 4 independent

sectors (6×24) and an End of Column logic (EoC)

� The analog data is sent off-chip through two independent data

buses shared between the pixels of each sector

TWEPP2017

Monolithic Sensors

Abstract

The MATISSE ASIC

The pixel unit The readout operation

� The future generation of HEP experiments must deal with unique requirements, encouraging the development of novel radiation silicon sensors technologies suitable for extreme

radiation environments. In recent years monolithic pixel sensors (MAPS) are becoming increasingly attractive thanks to their good properties. Here are proposed the first results

of a flexible front-end electronics developed into an R&D program of monolithic sensors.

The analog in-pixel electronicsMain parameters

50 µm

5
0

 µ
m

FFs

Noise
Inj

Buffers

Buffer1 Buffer2

Buffer1 Buffer2

Preamp
+

Charge Inj
+

Baseline 
Regulator

The full readout chain

DEVICE NOISE [ADC] NOISE [mV]
DAQ 0.2 0.02

DAQ + MB 0.2 0.02

DAQ + MB + MEZZ 1.6 0.11

DAQ + MB + MEZZ + ASIC 15 1

MATISSE CHIP

MEZZANINE

DAQ BOX

� Both NMOS and PMOS transistors are used

� The electronics fits an area of 30 µm × 30 µm

� Digital in-pixel logic manages:

- The baseline voltage - The test pulse injection

- The mask mode - The regeneration of digital signals 

Example of monolithic pixel

Pixel layout

The front-end 
electronics

Readout 
Sector scheme
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� MATISSE supports snapshot shutter operation

� The integration time can be as short as 100 ns

� The logic sequentially addresses the pixels of the sector 

� The four sectors are readout in parallel

� Two analog outputs are sent off-chip

� ASIC and mezzanine connected through wire bonding

� The mother board contains most part of the electronics

� The DAQ box is based on:

- custom analog board 5 CHs, 14 bit, 100 MHz

- commercial FPGA board

NOISE IN THE FULL CHAIN

� The baseline can be tuned as desired up to 300 mV

with a good linearity in the full range

� The measured noise is 15 ADC counts (1mV). It is 

measured as the fluctuation of the baseline of each 

pixel after the regulation

MOTHER BOARD

NOISE DISTRIBUTION

LASER PULSE RECONSTRUCTION

� The analog input sent to the DAQ box allows the 

reconstruction of laser pulses

� The full system has been used also with an active 

source (55Fe). The reconstructed spectrum allows to 

clearly distinguish the main peak expected at a 5.9 keV

PHOTODIODE

N+

SILICON
SUBSTRATE

POTENTIAL
WELL

IN-PIXEL
ELECTRONICS

AN
AL

O
G

DIGITAL

LINEARITYLINEARITY

Main peak expected at 

a5.9 keV (a 1636 e-)

55Fe SPECTRUM RECONSTRUCTION

BASELINE REGULATION

1 – Politecnico di Torino

2 – INFN sezione di Torino

3 – INFN sezione di Padova

Contacts: olave@to.infn.it

4 – Università di Trento

5 – Università di Padova 

6 – TIFPA

ADC 

WHIN chip
• Lettura di un sensore  a pixel di silicio
• ASIC realizzato in tecnologia CMOS 

UMC 110 nm
• 1024 pixel di dimensione 440 µm x 

440 µm
• Richiesta una risoluzione temporale 

inferiore a 100 ps, con un data rate di 
250 kHz per pixel

• Attualmente sottomesso per la 
realizzazione

CHIPIX demo chip
• Matrice di 64x64 pixel, 50 µm x 50 µm l’uno. 

Readout organizzato in macro regioni 4x4 
• Demo chip disegnato a Torino, includendo 

anche blocchi realizzati dagli altri istituti 
facenti parte della collaborazione 

• Attualmente in fase di sottomissione
• Un primo prototipo del front end analogico 

già realizzato e testato con successo negli 
anni precedenti

• Progettisti (VFE):
• H. S. Li                   (IHEP, INFN)
• C. Y. Leng (INFN, IHEP)
• J. Y. Chai                 (INFN, IHEP)

• Progettisti (DSP,  ADC,  TDC):
• A. Di Francesco       (LIP,  PETsys Electronics)
• M. Da Rocha Rolo (INFN)

• Progettisti (Back-End):
• R. Bugalho (LIP, PETsys Electronics)

• Technical Advisors:
• A. Rivetti (INFN)
• M. Da Rocha Rolo (INFN)

CGEM ASIC per BESIII

• Disegno basato su ASICs TOFPET e TOFPET2
• TOFPET usato per applicazioni Medical PET , IBM 130nm, no protezione SEU, FEE utilizzabile 

per segnali SiPM
• CGEM-ASIC sviluppato per l’esperimento BESIII, UMC 110nm, con protezione SEU, FEE 

utilizzabile per segnali GEM
• Misure di tempo e di carica con TDC e ADC
• Riprogettazione dell’integratore di TOFPET2 per una migliore linearità sulla misura di carica
• output completamente digitale
• Sottomesso maggio 2016
• test-board e DAQ firmware per test in fase di sviluppo presso INFN-To
• Caratterizzazione inizia settembre 2016

• Obiettivi
• Risoluzione spaziale < 120 µ
• Risoluzione temporale dell’ordine di 4-5ns

• Short Dead Time < 1 µs (shaping time+ conversione analogico-digitale) per 
limitare probabilità di Pile-up a pochi %

• Canali
• ~ 10 000 CanaliÆ 160 ASICs Æ 80 PCB

• 64 Canali per ASIC Æ 2 ASICs per PCB

• ASIC Requirements
• 1 – 50 fC Carica di ingresso

• Fino a 100 pF Capacità sensore

• 60 kHz Rate per canale (fattore di sicurezza 4 incluso)

• Trigger Latency 6.4 µs

UFSD
SEED RDH

BESIIICHIPIX65

WHIN
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� The HV is applied to the PDA through 
four wire bonds on one side of the 
matrix. 

� A 100kW resistor is connected 
between the HV and the PDA 

PDA BIASING 

The reverse dark current at HV = -200V is nearly 1.1uA for 1024 channels, 3.5 times 
greater than the 300nA measured before assembly. 
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