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Introduction

• Focus on ASICs for  hybrid single photon detectors 

• A look at where we are 

• A guess on possible next steps



Toward ASICs for single photon detectors
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Abstract 
A readout system of multi-anode photomultiplier tubes 
waa designed for a scintillation fiber calorimeter. A special 
shaping amplifier and an analog memory hybrid were de- 
veloped for this application aa well aa a Timing Generator 
module and a FADC module. 

1 Introduction 
A scintillation fiber calorimeter [l] with multi-anode PMT 
[2] has an excellent capability of pattern recognition of 
shower development with projected geometry. Features of 
the readout electronics of the multi-anode PMT are: 

a The multi-anode PMT(MAPMT) is divided into 8 by 
8 segments, each of which has an area of 5 mm by 5 mm. 
It is not realistic to install a coaxial cable for each anode 
signal in order to feed it into a charge integrating ADC. 
Our approach is to acquire all signals in the breeder box 
of the photomultiplier and to use a multiplexed output. 

a Signals from the photomultiplier arrive at the data 
acquisition circuits before the TRIGGER decision has been 
made; hence signals must be acquired, and later aborted 
or accepted by the TRIGGER signal. 

0 Because no timing is available, signals are processed 
in time-invariant fashion; signals from the MAPMT are 
shaped by a Semi-Gaussian filter before being fed into a 
wave form sampler. The outputs of the wave form sampler 
are multiplexed into an A-to-D converter serially. 

a A monolithic shaper amplifier waa developed to allow 
mounting of the amplifier into the limited space of the 
breeder box. Low power consumption waa also taken into 
account. 

a The wave form sampler must also have a high density 
of input channels and suficient sampling depth to store the 
signal wave form and to retain the data until the TRIG- 
GER decision is completed. 

Besides these basic components, an A-to-D converter 
module and Trigger control circuits were deaigned and fab- 
ricated; they were based on the CAMAC standard. The 
entire chain of signal processing is shown in Fig.1. The 
building blocks of the system are described in sequence 

together with an evaluation of overall properties of the 
processing chain. 

TRIGGER 1 t- RESET via 

Master Timing 
Generator 

Multi-amode 
Photomultiplier 
(64 channels) 

t 
Scintillatior; Fiber Calorimeter 

Figure 1. System Configuration and Readout Chain 
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First IC (1958)

these detectors and their use is presented in a
dedicated talk at this conference [22].

A novel type of tracking detector, the ‘‘semi-
conductor drift chamber’’, was proposed in 1984
[23]—detectors of this kind are covered in a
separate talk at this conference [24]. The two
coordinates are given by the anode number and
the drift time of deposited charges. To avoid
overlapping of signals from consecutive events,
these detectors are used in experiments at rather
low rates (the time interval between events should
be larger than the drift time).

3. Progress on readout electronics

As can be seen in Fig. 3, the detector assembly
of NA11/NA32 was rather bulky, which was
acceptable for fixed-target experiments, however,
it could not be used in collider experiments.
Therefore, it became imperative to look for other
solutions and in 1984 some new ideas on VLSI
electronics were presented [25,26]. Soon after that

Microplex and Camex chips were produced
[27,28]—it was a very essential step in further
development of silicon tracking detectors.
Successful tests of silicon strip detectors with

VLSI readouts were carried out in 1985 [29,30]
paving the way towards collider vertex detectors.
Fig. 6 shows the n-MOS readout chip, Microplex,
attached to a strip detector via ultrasonic bonding.
Soon after these first demonstrations, the next

generation of VLSI CMOS chips, SVX [31] and
MX [32], with more sophisticated logic, was
developed. These chips were designed for vertex
detectors at LEP and Tevatron.
One of the best front-end designs, with noise

figures ENC ¼ 160e" þ 12e"=pF for the integra-
tion time of a microsecond, was the ‘‘Viking’’ (VA)
chip [33], different versions of which have been
used in various applications and particle physics
experiments.
Plans for high-energy hadron colliders, SSC in

the USA and LHC in Europe, brought up new
design requirements, namely high-speed and radia-
tion hardness, which in conjunction with other

ARTICLE IN PRESS

Fig. 3. Silicon strip detector assembly used in NA11 experiment at CERN [14–16].

M. Turala / Nuclear Instruments and Methods in Physics Research A 541 (2005) 1–144

NA11 micro-vertex  (1983)

diameter of 64 cm and the total length of 190 cm
[55]. It comprises three sub-detectors: a vertexing
layer 00 at the 1.5 cm radius, five layers of SVX II
between the 2.5 and 10.6 cm radii, with a length of
90 cm, and two ICL cylinders at the 20 and 28 cm

radii, with a length of 190 cm—altogether 704
ladders with 722,432 readout channels. The read-
out chip SVX3D follows from the SVX line [31],
with substantial upgrades to its functionality as
well as radiation resistance.

ARTICLE IN PRESS

Fig. 7. The layout of the Mark II Silicon Strip Vertex Detector [33].

Fig. 6. Microplex readout chip bonded to a silicon strip detector [29].

M. Turala / Nuclear Instruments and Methods in Physics Research A 541 (2005) 1–14 7

First IC for vertex detectors (1984)

Earliest paper found on IEEExplore looking for “ASICs” + “PMT”



An early example of high density read-outEyes of the RICH: the HPDs

• Hybrid Photon-Detectors 
(HPDs) are used in the RICH

• Uses the photo-electric effectUses the photo electric effect
• Bi-alkali photocathode 

deposited on back of quartz 
windowwindow

• HPD is vacuum sealed
• Electric field focuses 

photoelectrons to silicon sensorphotoelectrons to silicon sensor
• Sensor is bump-bonded to 

readout chip
• Readout speed matched to• Readout speed matched to 

25ns clock
• 8192 pixels of size 500µm x 

62 5µm

4

62.5µm

Photos of HPDs

5

Single HPD. Ruler is 10cm long Panel of HPDs inside RICH

• The advent of SiPM attracted a lot of attention (and design resources…)



•  

Ten years of ASICs used with SiPMs
ASIC # ch CMOS node On-chip TDC 

(LSB)
On-chip ADC / 
Energy meas.

Power / ch 
(approx.)

TOFPET2 64 110 nm 30 ps QDC + ToT ~8.2 mW/ch

PETIROC 2A 32 350 nm 40 ps 10-bit ADC ~6 mW/ch

TEMPOROC 2 64 130 nm 20 ps rms Dual ADC per 
channel

~5 mW/ch

ALCOR 32–64 110 nm 25–50 ps ToT / slew-rate ~10–12 mW/
ch

FastIC+ 8 65 nm 24.4 ps ToT-based energy, 
digital modes

1.8–12.5 
mW/ch

BETA 16–64 130 nm Comparator only 
(~400 ps)

12-bit Wilkinson 
ADC (HG/LG)

~1–1.4 mW/
ch

PETA5 36 180 nm 50 ps Amplitude 
integration + ADC

30 mW/ch

PETAT 32 180 nm Yes (time-
stamping)

Amplitude 
measurement on 
chip

13 mW/ch

MIZAR 64 65 nm No (waveform 
sampling)

12-bit Wilkinson 
ADC per cell

~5 mW/ch

CASTOR 1 110 nm No Cryogenic AFE 20 mW/ch



•  

ASIC Type Channels/Pixels Sampling / Timing

Timepix4 Hybrid pixel (ToA/
ToT)

512×448 pixels 195 ps bins (~5.1 
GHz equiv.)

MIRA Pixelated MCP 
readout

32×32 = 1024 133/280 ns shaping

GRAPH Waveform sampler 16 Up to 125 MHz, 12-
bit, 2048 samples

PSEC-4 Waveform sampler 6 4–15 GSa/s

DRS4 Waveform sampler 8 (+1) 0.7–5 GSa/s

SAMPIC Waveform + TDC 16 0.8–8.5 GSa/s

Ten years of ASICs used with MCP



•  

Disclaimer: the lists in slide 5-7 are meant to be representative, but not exhaustive!  
If your ASIC is not there blame AI…

ASIC Channels Application Focus Key Features

MAROC3A 64 Multi-anode PMTs Gain equalization, fast 
discriminator, Wilkinson 
ADC

CATIROC 16 Large PMTs (Neutrino/
Cherenkov)

Self-trigger, 10-bit ADC, 
time+charge readout

PARISROC 16 PMT arrays (Neutrino) Variable gain, charge ADC, 
coarse+fine timing

HKROC ~16–32 Hyper-Kamiokande PMTs Low-noise FE, SAR ADC, 
integrated TDC

SIPHRA (IDE3380) 16 + sum PMTs/SiPMs (Space, Lab) Spectroscopy + timing, 
programmable shaping

APOCAT (IDE3381) 16 High-rate photon counting ADC + counters, rad-hard

LHAASO PMT FE ASIC 1 per PMT Cherenkov Water Detector Array Wide dynamic range, analog 
shaping

PROMiS (KM3NeT) 1 per PMT Deep-sea neutrino telescope Low-noise FE, LVDS timing 
outputs

QTC ASIC (Super-K) 1 Water Cherenkov PMTs Charge-to-time conversion

Ten years of ASICs used with PMTs



Key inputs from the tables

• Two broad family of ASICs 

• On board direct extractor of key features 

• Waveform samplers 

• Key onboard IPs: ADCs, TDCs, PLLs, Serializers 

• Moderate channel number (< 64) 

• Good timing resolution required in most cases 



Key inputs from the tables

• Technology node O(130 nm) turned out to be a “sweet spot” 

•  Fair digital gate density 

• Good analogue performance and design flexibility 

• Manageable cost



The role of ASICs in photon detection

• Rather than enabling photon-detection per se, ASICs are fundamental to 
enable practical, large photon detection systems  

• Sometimes even single channel integration can make a difference 

• High number of channels imply less power/channel, possibly limiting 
performance w.r.t. off-the-shelf components 

• Targeting the same performance of off-the shelf components can be 
misleading 



Typical questions

• When can we have a fully digital waveform sampler? (Optimal would be 12 
bits, 1-10 GS/s …) 

• Can we have better TDC resolution? 

• Why don’t we move to more aggressively scaled nodes? 

• Where can we improve our chips/systems? 



When can we have a fully digital 
waveform sampler?

• Reality check: 12 bits, 1 GS/s, 64 channels: 768 Gb/s: 0.15 W/channel only to 
send - out data … forget about!



When can we have a fully digital 
waveform sampler?

• On chip data decimation always necessary. But doing it in digital can be a very 
good idea: 

• UDSM technologies optimize digital performance and power 
consumption/function 

• 130 millions transistors/mm2 in 5 nm… 

• Software defined signal processing 

• The critical block  here is the ADC



A look at state of the art ADC
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An 8b 1.0-to-1.25 GS/s Time-Based ADC With Bipolar VTC and Sense
Amplifier Latch Interpolated Gated Ring Oscillator TDC

A. Serdar Yonar , Graduate Student Member, IEEE, Pier Andrea Francese , Senior Member, IEEE,
Matthias Brändli, Member, IEEE, Marcel Kossel , Senior Member, IEEE, Mridula Prathapan, Member, IEEE,

Thomas Morf , Senior Member, IEEE, Andrea Ruffino , Member, IEEE, Gain Kim , Member, IEEE,
and Taekwang Jang, Senior Member, IEEE

Abstract—An 8-bit digital intensive time-based ADC implemented in
5-nm CMOS is presented in this letter. It proposes a bipolar ramp-based
voltage-to-time converter (BVTC) to eliminate the reference voltage and
to allow a wide input swing of 0.75 Vpp,diff. A redundancy scheme for
the input polarity decision taken for 1-bit voltage domain folding is intro-
duced against wrong decisions which eliminates comparator calibration
in analog domain and allows a more efficient design. Sense amplifier latch
(SAL) interpolation technique is presented which reduces the power and
area consumption when phase interpolating the time-to-digital converter
(TDC) signals. The ADC reaches 1 GS/s sampling rate with 0.7-V supply
and 1.25 GS/s with 0.8-V supply and achieves 16.6 and 20.3 fJ/conv-step
Walden FoM, respectively. The total active area is 313 µm2.

Index Terms—Phase interpolation, redundancy, ring oscillator, time-
based ADC, time-to-digital converter (TDC), voltage-to-time converter.

I. INTRODUCTION

Next generation high speed links will utilize spectrally efficient
modulation formats to reach target data rates, which necessitates
ADC-DSP-based receiver architectures to run complex digital equal-
ization and signal detection algorithms. In this case, a highly
interleaved ADC is necessary to support beyond 100-GS/s sampling
rates, which puts the compactness and power efficiency of the sub-
ADC into perspective. A digital intensive sub-ADC running close
to power performance area (PPA) sweet spot of the DSP yields an
efficient operation both in terms of latency and power dissipation.
A time-based ADC is a promising candidate. This letter proposes a
single-stage, 8-bit, time-based ADC designed in 5-nm CMOS that
achieves 16.6-fJ/conv-step FoM with 313 µm2 area [1].

The proposed ADC introduces a bipolar ramp-based voltage-to-
time converter (BVTC). The most common approach to voltage-to-
time conversion is to create voltage ramps that are compared against
a threshold. This can be either done through applying the input volt-
ages to control the charge or discharge currents, hence the slope of
the ramp [2], [3] or using the sampled voltages as the starting points
of the ramps with constant slope [4], [5]. This letter adopts the latter
and presents an architecture that eliminates the reference voltage and

Manuscript received 13 April 2023; revised 9 June 2023; accepted 28 June
2023. Date of publication 7 July 2023; date of current version 1 August 2023.
This work was supported by IBM. This article was approved by Associate
Editor John Keane. (Corresponding author: A. Serdar Yonar.)
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Taekwang Jang is with the Department of Information Technology and
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Fig. 1. Top level block diagram of the proposed ADC.

Fig. 2. Voltage ramp waveforms of the proposed BVTC and conventional
pseudo-differential VTC approach.

allows a wide input swing of 0.75 Vpp,diff. A 2× interpolation tech-
nique is introduced which interpolates the phases directly at the sense
amplifier latches (SALs), eliminating the area and power overhead.
A redundancy window is proposed for polarity decisions required by
1-bit voltage domain folding that eliminates the comparator calibra-
tion need in analog domain and allows a small and power efficient
design.

II. IMPLEMENTATION

The overall ADC architecture is shown in Fig. 1. The differential
inputs with VDD/2 common mode are sampled into 25-fF sampling
capacitors and the polarity of the input signal is detected by the sign
bit comparator. The sign bit is the MSB bit used for 1-bit voltage
domain folding and configuring the BVTC. Folding doubles the res-
olution and the folding point must be found to map the raw output
to the sign-corrected scale. The BVTC creates two opposite polarity
ramps and hence a differential zero crossing. A gated ring oscillator
(GROSC) is implemented with eight delay cells and it starts oscil-
lating from a reset state at the beginning of the voltage ramps. The
differential crossing of the ramps is detected by a zero crossing detec-
tor (ZCD), which stops the GROSC. Each GROSC cycle increments
a 4-bit asynchronous integer counter [6]. The integer counter is driven
by a regenerative buffer (BUFLAT) connected to one of the GROSC
outputs (Vrop < 0 >). The difference between the two consecu-
tive counts represents four binary coded coarse bits. The GROSC
state when it is stopped represents the fine bits. The GROSC out-
puts are 2× interpolated directly by SALs to obtain eight cyclic

2573-9603 c© 2023 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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(a) (b) (c) (d) (e)

Fig. 3. Schematics of (a) BVTC, (b) ZCD, (c) sign-bit comparator, (d) GROSC, and (e) integer counter and BUFLAT.

thermometer-coded fine bits. Four binary bits are obtained from the
GROSC, another four from the integer counter and one from the sign
bit comparator. The extra ADC bit is needed to introduce additional
counts at time-to-digital converter (TDC) to accommodate the redun-
dancy window and resolve the case where the differential input is
zero.

A. Voltage-to-Time Conversion

The conventional pseudo-differential VTC approach is illustrated
in Fig. 2. Pseudo-differential VTC relies on a detection threshold
level which is depicted as Vdet,th that must be placed outside the
input sampling window. This limits the possible input voltage swing.
There must be a margin between the lowest possible sampled voltage
to the Vdet,th, which is labeled as unutilized input range. This creates
a dead time interval Tdead which does not contribute to the conver-
sion process. Furthermore, achieving an arbitrarily small Vdet,th may
necessitate a common mode voltage jump at the input. Assuming
perfect matching for the conventional architecture, the output time
Tout,pd and the dead time interval Tdead can be written as

Tout,pd = Vin,diffCs

Ivtc
, Tdead = (Vin,min − Vdet,th)Cs

Ivtc
(1)

where Ivtc is the current defining the voltage ramp slope, Cs is a single
sampling capacitor, and Vin,min is the minimum sampled voltage and
Vin,diff is the sampled differential input voltage. On the other hand,
the bidirectional architecture relies on the differential zero crossing
of the ramps. This allows full utilization of the input voltage range
and eliminates the necessity of Vdet,th. Output time Tout,bd can be
written as

Tout,bd = Vin,diffCs

2Ivtc
(2)

where the factor of 2 comes from the opposite polarity ramps.
Hence, BVTC provides a wider input range with better utiliza-

tion of the current and sampling period, further enhancing the power
efficiency. Moreover, it eliminates the necessity of Vth,det genera-
tion, reducing the sources of mismatch. It inherently realizes the XOR

function that is required to create an enable pulse for the GROSC.
However, the polarity decision for folding must be taken in time to
configure the BVTC.

The implementation of the BVTC is shown in Fig. 3(a). Two cur-
rent mirrors (M6–M9) provide the charging and discharging currents
to BVTC. These currents are either steered into the sampling capac-
itors Csp and Csn depending on the input polarity, or to the supplies.
The sourcing and sinking currents are provided separately by a global
current DAC with 6-bit resolution. When the input polarity is pos-
itive M0 and M2 are on and M1 and M3 are off, such that the
voltage on Csp is ramped down and the voltage on Csn is ramped
up. If the sign bit is zero M1 and M3 are on and M0 and M2 are
off such that the currents are steered in the opposite direction. The

(a) (b) (c)

Fig. 4. Redundancy scheme for polarity decision. (a) Correct sign bit decision
case, (b) zero differential input case, and (c) wrong sign bit decision case.

Fig. 5. SAL interpolation.

Fig. 6. Micrograph of the chip and the layout of the ADC.

outputs Vrampp and Vrampn are always positive and negative ramps,
respectively, regardless of the polarity decision. This allows ZCD
input polarity to be fixed.

Zero differential input is a problematic case for a VTC, since ZCD
does not detect any ramp crossings. To resolve this ambiguity, an
input polarity dependent differential voltage step is introduced by
a charge CDAC at the beginning of the ramps as demonstrated in
Fig. 4. This voltage step introduces an offset time Toffs which is the

Authorized licensed use limited to: Angelo Rivetti. Downloaded on December 03,2025 at 07:31:31 UTC from IEEE Xplore.  Restrictions apply. 

5-nm CMOS 
8 bit 
1.18 mW@1Gb/s 
1.9 mW@1.25 Gb/s



A 12-bit 10GS/s Time-Interleaved SAR ADC with Even/Odd Channel-Correlated 
Absolute Error-Based Over-Nyquist Timing-Skew Calibration in 5nm FinFET 

Junsang Park, Jinwoo Park, Jaemin Hong, Sunjae Park, Dongsuk Lee, Sungno Lee, Hyochul Shin, 
Kyunghoon Lee, Byeongwoo Koo, Youngjae Cho, Michael Choi, and Jongshin Shin 
Samsung Electronics, Hwaseong-City, Gyeonggi-Do, South Korea, Email: junsg.park @samsung.com 

Abstract
This paper presents an over-Nyquist 12-bit 10GS/s time-

interleaved (TI) ADC with a background timing-skew 
calibration. An absolute error-based auto-correlation 
algorithm enables calibration of time skew for both the first 
and second Nyquist inputs, while an even and odd channel-
based auto-correlation algorithm requires only three 
calibration steps. A prototype 10GS/s ADC in 5nm FinFET 
achieves a SNDR of 50.2dB and 46.2dB at input frequencies 
of 5GHz and 9GHz, respectively. The ADC consumes 
386mW resulting in a FoMWalden and FoMSchreier of 146.0fJ/c-s. 
and 151.3dB, respectively. 
Keywords: SAR ADC, time interleaving, timing skew, 
calibration and auto-correlation 

Introduction
Although time-interleaved (TI) techniques increase ADC 

conversion speed, they suffer from mismatch errors between 
interleaved channels [1-4]. The calibration of offset and gain 
mismatch is relatively straightforward, but timing-skew 
calibration presents much more challenge due to its input-
dependent detection. There are several timing-skew 
calibration techniques based on auto-correlation algorithms 
that have been researched. However, these techniques have 
limitations, such as limiting input bandwidth up to the first 
Nyquist frequency and requiring increased calibration time 
with more channels [4,5]. This paper proposes an auto-
correlation algorithm based on even and odd channel-
correlated absolute error, which enables timing-skew 
calibration for both the first and second Nyquist inputs and 
requires only three calibration steps, regardless of the number 
of channels. 

TI SAR ADC Architecture 
The 12-bit 10GS/s 16-channel TI SAR ADC and timing 

diagram are shown in Fig. 1. It consists of a 2-stage push-pull 
source follower (PPSF), four ADC slices (ADC 
SLICE0,1,2,3), a multi-phase clock generator, a digital 
calibration logic, and current-voltage (IV) references. Each 
ADC slice is composed of one PPSF, four channels of 12-bit 
625MS/s sub-SAR ADCs, and four clock re-timers with 
digital-controlled delay lines (DCDLs). Four sub-ADCs are 
placed in each ADC slice at positions k, k+4, k+8, and k+12 
(where k=1,2,3,4) to prevent signal interference, such as kick-
back noise, between the previous and current sub-ADC. The 
10GHz main clock (ࢥ_MAIN) and 625MHz multi-phase 
clocks (MP<1:16>) are delivered to each sub-ADC to 
synchronize the sampling clocks (ࢥ_(S<1:16>)) with 
 MAIN. The DCDLs adjust the sampling clocks_ࢥ
 .of the sub-ADCs with a resolution of 10fs ((<S<1:16)_ࢥ)

Absolute Error-based Timing-skew Calibration 
The proposed timing-skew calibration with power detection 

is shown in Fig. 2. The gain and offset mismatches are 

digitally calibrated in digital domain, while the timing 
mismatches are corrected by DCDLs in analog domain. In the 
prototype ADC, both the conventional signed error (es[i]) and 
the proposed difference of absolute error (ea[i]-ea[i-1]) based 
auto-correlation algorithms are implemented. The signed 
error-based approach determines the direction of correction 
(leading or lagging) according to the polarity of the signed 
error to reduce timing mismatch (Tskew). However, the input 
bandwidth is limited since the polarity of the signed error is 
opposite between the first and second Nyquist zone. On the 
other hand, the proposed absolute error-based approach 
determines the direction of correction according to the 
polarity of the difference between the current and the 
previous absolute errors regardless of the Nyquist zone. If the 
difference of absolute error (ea[i]-ea[i-1]) is less than zero, it 
indicates a decrease of Tskew, and thus the previous direction 
of correction is maintained. If it is greater than zero, the 
direction of correction should be reversed. Meanwhile, to 
maintain the calibration performance even with the non-
periodically present input signal such as the time division 
duplex (TDD), the power detection logic averages the ADC 
output over a defined window size (NUMAVG) and compares 
it to the dedicated threshold level (VTH). If the average of the 
ADC output exceeds VTH (POK='1'), the results of calibration 
are updated; conversely, if it does not exceed (POK='0'), the 
previously calibrated results are frozen with the assumption of 
the signal absence.

Even and Odd Channel Based Auto Correlation 
The proposed timing-skew calibration with even and odd 

channels based auto-correlation is shown in Fig. 3, with a 
four-channel example. The vertical solid lines indicate the 
input sampling clock edge of each channels (CH1~CH4) 
without timing mismatches, while the vertical dotted lines 
with the red dots indicate the real input sampling clock edge 
with timing mismatches, sk (k=1,2,3,4). The timing skew of 
channel1 (CH1) is skew-free (s1=0), as it is used as reference 
channel for calibrating timing mismatch of other channels. 
The proposed timing skew calibration is performed with three 
steps, which are the even-channel preliminary calibration, the 
odd-channel preliminary calibration, and the post processing 
steps. In the first step, the timing skew of the even channels 
(CH2 and CH4) is corrected based on the initial input 
sampling edges of the odd channels (CH1 and CH3), 
respectively. The input sampling edges of even channels 
(CH2 and CH4) are moved from the initial vertical dotted 
lines with red dots to the dotted lines with yellow dots, and 
the preliminary adjusted timing skew of even channels (a2 and 
a4) can be obtained. In the second step, the preliminary 
adjusted timing skew of odd channel (a3) based on the input 
sampling edges of the even channels (CH2 and CH4) in the 
first step can be also obtained with the same manner. Finally, 
in the post processing step, the initial timing mismatches, sk,ϮϬ
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can be calibrated simultaneously with the preliminary 
adjusted timing skews (a1~a3) of each channel, and therefore 
the initial vertical dotted lines of each channels with timing 
mismatches are aligned with the vertical solid lines with the 
green dots. Unlike [4], the proposed scheme only requires 
three calibration steps, regardless of the number of channels. 

Measurement Results
The prototype ADC including an on-chip calibration engine 

is fabricated in a 5nm FinFET technology with an active area 
of 0.71mm2, as shown in Fig. 4. Fig. 5 presents the measured 
dynamic performances at a sampling rate of 10GS/s, which 
are based on the signed and absolute error-based auto-
correlation timing-skew calibration with the inputs of the first 
and second Nyquist zone. As shown in Fig. 6, the SNDR and 
SFDR are measured across sampling rates from 2GS/s to 
10GS/s at a 1.6GHz input frequency with a 1.2Vpp sinusoidal 
input. At an operating speed of 10GS/s, the ADC achieves an 
effective resolution bandwidth (ERBW) of 7GHz. The power 
consumption of the prototype ADC is 386mW at a sampling 
rate of 10GS/s and the power breakdown of ADC is 
summarized in Fig. 6. Table I shows the performance 
summary and performance comparison. 
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Fig. 1 Block and timing diagrams of the proposed TI-SAR ADC. 

Fig. 2 Calibration logic using absolute error-based timing-skew 
calibration with ADC power detection.

Fig. 3 Even and odd channel correlation-based timing-skew 
calibration (4-channel example). 

 
Fig. 4 Chip micrograph. 

Fig. 5 Measured FFT spectrums at 10GS/s (32768-pt FFT, 
decimated by 321). 

Fig. 6 Measured SNDR and SFDR versus sampling and input 
frequencies, and power breakdown. 

TABLE I 
PERFORMANCE SUMMARY AND COMPARISION 

(1) FoMWalden=Power/(Fs*2ENOB), (2) FoMSchreier=SNDR+10log(Fs/(2ÂPower))
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Abstract— A temperature-stabilized 12-bit single-channel
successive approximation register (SAR)-assisted pipelined
analog-to-digital converter (ADC) running at 1 GS/s with
Nyquist signal to noise and distortion ratio (SNDR) above 60 dB
is presented. The ADC uses a three-stage (4 b-4 b-6 b) SAR-
assisted pipeline hybrid architecture to achieve an attractive
energy efficiency along with an extended sampling rate.
A high-linearity open-loop Gm-R-based residue amplifier (RA)
with both complete-settled and dynamic features improves the
residue amplification efficiency and speed, while reducing the gain
variation over a temperature drift. The inter-stage gain variation
over the temperature is compensated through complementary
temperature coefficients (TCs) from the inner devices of the RA.
Furthermore, a cascade amplification topology in the backend RA
alleviates the effect of the input parasitic capacitance to its front-
end capacitor DAC (CDAC), thus leading to a small CDAC size
to accelerate amplification and conversion. The prototype ADC
was fabricated in a 28-nm CMOS process and consumes 7.6 mW
from a 1-V power supply at 1 GS/s. The measured inter-stage
gain variation is less than 2.3% with a temperature range from
0 ◦C to 80 ◦C. The SNDR and SFDR are 60 and 74.6 dB with a
Nyquist input, respectively, achieving a Walden figure-of-merit
(FoM) of 9.3 fJ/conversion-step and a Schreier FoM of 168.2 dB.

Index Terms— Analog-to-digital converter (ADC), Gm-R
amplifier, pipelined-successive approximation register (SAR)
ADC, residue amplifier (RA), SAR-assisted pipelined ADC, SAR,
temperature compensation.

I. INTRODUCTION

H IGH-RESOLUTION analog-to-digital converters
(ADCs) running in the gigahertz range [1]–[9] have

attracted attention in both the wireless and wireline application
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spaces, enabled by continuous technology scaling. Pipelined
ADCs [1]–[4] are often considered as the first candidates;
however, conventionally, the amplifiers often become the
power bottleneck, leading to a poor energy efficiency.
This indicates a general need for high-efficiency residue
amplification techniques for pipeline architectures, including
both traditional pipelined ADCs [1]–[4] and pipelined-
successive approximation register (SAR) ADCs [7], [9].
Time-interleaved (TI) ADCs [5]–[7] are an alternative for
gigahertz high-resolution ADCs, but they face the challenges
of increased area, inter-channel cross-talk, high complexity
of calibration, and so on. Moreover, for the single-channel
ADC, improving the sampling rate not only helps reduce the
number of channels in a massive TI ADC but also contributes
to lower their overall jitter and input capacitance, imposing a
further push on the ADC performance boundary.

Conventional SAR ADCs [10]–[12] are not suitable for high
sampling rate accompanied by high resolution, due to the
speed limitation from its inherent serial conversion process.
A two-step SAR-assisted pipelined ADC [8], [9], [13]–[17]
breaks such limitation through the pipelined operation, while
simultaneously achieving a good energy efficiency. As the
sampling rate is increased, the two-step high-resolution ADC
also encounters a speed bottleneck due to the large number of
successive bit decisions required in each stage. Even though
multi-bit/cycle SAR logic [17], loop-unrolling architecture
[7], [9], and current-mode DAC [16] can improve the cycle
speed of the sub-SAR ADC, they potentially induce more
errors due to the additional mismatch sources. A three-stage
SAR-assisted pipelined SAR ADC [7] further speeds up the
conversion rate by distributing the bit decisions into more
sub stages, which shows a single-channel 12-bit ADC with
a conversion rate above 500 MS/s, while maintaining the
attractive energy efficiency of the two-step architecture as
shown in Fig. 1.

After the SAR cycle speed bottleneck has been addressed
by the three-stage architecture, the residue amplifier (RA)
constrains the overall speed, while it simultaneously has a
major influence on the noise, linearity, and power consumption
of the ADC. When compared with the closed-loop-based
RA [13], [14], the open-loop-based RA [3], [7], [19]–[23]
offers a higher amplification speed and a better power
efficiency, but is with a higher PVT sensitivity and a worse
linearity. Digital background calibration for the PVT stability
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Fig. 11. (a) Third stage. (b) Switching example with 3 b.

Fig. 12. Die photograph.

produces a positive TC [red line in Fig. 10(b)] as Vth,MC1
experiences a negative TC characteristic [29]. As illustrated
by (9), VC works as a dc offset of Vthn,MC1, and the
dimension ratio of MC1 to MC2 is used to change the slope
of Vthn,MC1 variation versus temperature change. The size of
MC2 in Fig. 10(a) is programmable with a 5-b digital control
to compensate the process corners with the measurement of
two temperature points (e.g., 0 ◦C and 80 ◦C). After that, VC
is configured to guarantee the accurate inter-stage gain [31].
In addition to the variation in the Gm-cell itself, the charge
share from the sampling switches also causes a small gain
variation through the impact on the input common mode of
the RA. Ultimately, the gain variation in the Gm-cell itself
is multiplied by the gain variation in the charge share, which

TABLE I

ADC NOISE CONTRIBUTION

enlarges the total gain variation. Thus, a larger compensation
range of VOV,M7&8 is needed to well-compensate the total
gain variation. Like the other pipelined ADCs with open-loop
RA, the accuracy effective gain detection is still necessary to
match two pipelined stages. In this design, the effective gain
is extracted based on the code histogram [32] in the digital
domain (off-chip) and the correction is realized by trimming
the bias of the RAs in the analog domain (on-chip). In practice,
some well-known methods [1], [7], [23] can be implemented
on-chip to achieve the first-order gain calibration.

C. Third-Stage Design and Overall Noise Contribution

In the third stage, CDAC3 adopts a single-end operation
as illustrated with a 3-b switching example in Fig. 11, which
reduces CDAC3 size by half. Because the third stage only
resolves 6 b and experiences a 64× gain from the input, its
thermal noise requirement is relaxed. Therefore, only a 50-
fF capacitance in CDAC3 is used, limited by the minimum
unit capacitance (0.5 fF) for matching. The noise of the
two-stage amplifier, dominated by the first stage in RA2,
is significantly relaxed by the gain from RA1 [22]. Table I
shows the simulated noise contribution of the total ADC. The
total input referred noise is 62.58 nV2, resulting in a 64.6-dB
SNR.

VI. MEASUREMENT RESULTS

The prototype ADC was fabricated in a 28-nm CMOS
process. The die photograph is shown in Fig. 12 occupying a
core area of 0.0091 mm2. The ADC powered by a 1-V supply
exhibits a 1.2 Vpp-diff full-scale range. Due to the unskilled
layout, the L-DAC suffers from some mismatch and a bit
weight calibration is adopted in the measurement. The first
4-b codes are corrected with integer bit weight one-time, and
the bit weight array is fixed to different samples. Besides
the one-time calibration to the comparator offset (histogram-
based detection in the measurement), RAs’ gain is done
in the foreground. As illustrated in Fig. 13, the measured
DNL and INL are +0.47/−0.39 LSB and +1.87/−2.21 LSB,
respectively.

Fig. 14 shows the measured output spectrum after a decima-
tion of 225-fold at a low input frequency and near the Nyquist
input frequency, respectively. For a low input frequency of
140.63 MHz, the measured SNDR and SFDR are 61.4 and
74.6 dB, respectively, and the noise performance (SNR) is
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TABLE II

ADC PERFORMANCE SUMMARY AND COMPARISON

Fig. 13. Measured DNL and INL.

Fig. 14. Measured output spectrum at 1 GS/s with 140.63-MHz input and
495.19-MHz input (16384 points and ADC output decimated by 225×).

limited by the input buffer. For the near Nyquist input fre-
quency of 495.19 MHz, the measured SNDR keeps 60 dB
and the SFDR keeps 74.6 dB. Fig. 15 shows the measured
dynamic performance at 1 GS/s versus the input frequency.
The ADC achieves above 9-b ENOB even with the input
frequency raised up to 1.2 GHz, and the estimated clock
jitter (∼200 fs) degrades the dynamic performance when the
input signal exceeds 1 GHz. Fig. 16 depicts the measured
dynamic performance at 140.63-MHz input and sweeping from
600 MS/s to 1.3 GS/s. It can be seen that the ADC keeps
around 59-dB SNDR under 1.1 GS/s.

Fig. 15. Measured SFDR/SNDR versus input frequency.

Fig. 16. Measured SFDR/SNDR versus sampling rate at low input frequency.

As shown from the analysis of the temperature compensa-
tion scheme in Section V-B, the bias voltage VC is identified
through one-time foreground calibration and a two-point tem-
perature test is used to compensate the process variation. The
measured dynamic performance versus temperature is shown
in Fig. 17. According to the simulation results and analysis of
Section V-B, the gain error of RA1 limits the overall accuracy
of the three-stage ADC, and the estimated gain error of RA1 is
in the range of +3.5% to −10% over a temperature between
0 ◦C and 80 ◦C. With compensation, the measured SNDR
and SFDR from 0 ◦C to 80 ◦C are maintained above 56.2 and
68 dB, respectively, which reflect that the gain error of RA1 is
reduced to less than ±2.3%.

The ADC consumes 7.6-mW power (excluding the input
buffer) running at 1 GS/s with a 1-V supply, resulting in a
9.28 fJ/conversion-step Walden FoM and 168.2-dB Schreier
FoM. The power breakdown is presented in Fig. 18, where
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When can we have a fully digital 
waveform sampler?

• With pure data-push architecture: not in the foreseeable future 

• With sampling rate < 1 Gs/s and resolution < 10 bits: possible already in 28 
nm. More aggressively scaled technologies will improve mainly on digital 

• For higher resolution and/or sampling speed…stay with old fashion analogue 
memories…
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Can we have better TDC performance?

Year Technology Architecture Measured 
Resolution

Notes

2025 130 nm CMOS Dual-phase 
oscillator analog 
sampling

0.79–0.9 ps RMS Scalable, low power 
(~4.1 mW/ch)

2015 65 nm CMOS Charge pump + 
SAR ADC (time-to-
charge)

0.80–0.84 ps RMS Two prototype chips 
validated

2012 0.18 μm CMOS Differential pulse-
shrinking buffer ring

580 fs LSB 9-bit range; measured 
silicon

2008 0.13 μm CMOS Flash TDC with 
multi-comparator 
front-end

0.6 ps resolution Measured maximum 
resolution

2016 45 nm FPGA Multiedge coding in 
independent lines

902 fs equivalent FPGA-based but 
experimentally 
verified

• Timing resolution defined by the interplay between the sensor and the front-end



Timing with 60 years old technology

The WaveCatcher board, measuring 149!77 mm, communi-
cates via USB 2.0 and is sufficiently low power (o2.5 W), that is can
be powered solely by the USB bus.

Waveform sampling is performed with a depth of 256 points on
2 DC-coupled analog channels. The analog bandwidth exceeds
500 MHz with over 12 bits of resolution at a sampling frequency (Fs)
that can be configured as 400, 800, 1600 and 3200 MSa/s (3.2 GSa/s).
This corresponds to a sampling window ranging from 80 ns
at 3.2 GSa/s up to 640 ns at 400 MSa/s. Each channel also contains
a pulse generator for reflectometry measurements, as well as
the capability to perform signal integration, such as direct

measurement of a PMT signal charge. In this latter operating mode,
the sustainable trigger rate can increase to a few tens of kHz.

The analog input range can be individually offset using 16-bit
DACs over the full 71.25 V dynamic range, thus optimizing the
SNR for a given signal shape.

The trigger signals can be internally generated using individual
discriminators on each channel and with thresholds set by a 16-bit
DAC. Internal random triggers, a software trigger, or an external
trigger may be used. These board triggers can also be broadcast
externally through an LVCMOS trigger output, simplifying external
trigger synchronization. In addition, trigger rate scalers are pro-
vided, permitting trigger rate monitoring independent of event
readout.

The board can also be used as a TDC for high precision time
measurement between two signals. The timing signals can be
present either on the same input channel, or on two different
channels, with the constraint that their separation must be smaller
than 16 clock periods (one clock period¼5ns at 3.2 GSa/s up to
40 ns at 400 MS/s). The measured sampling time precision is better
than 10 ps rms at 3.2 GSa/s.

While power is normally provided from USB, the board can also
be powered by a +5 V external supply through a standard 2.1 mm
jack plug. Although the default connectors are BNC, either SMA or
LEMO connectors can be alternatively installed.

Fig. 7a shows a photograph of the WaveCatcher board used in
these tests. Waveforms were acquired at a sampling rate of
312.5 ps/bin and an analog BW of 500 MHz. Fig. 7b demonstrates
the ‘‘oscilloscope-like’’ software interface developed for this wave-
form digitizer and used to setup this measurement.

In order to obtain the best timing measurements, it is necessary
to correct for integral non-linearity (INL) in the actual sample
acquisition time into the analog memory. Such corrections are
typically necessary with these types of digitizers. The effect is
illustrated in Fig. 8a, where the sampling points (blue points) that
should be equidistant are not, and therefore the real signal (black)
may be distorted into the ‘‘fake’’ one (dashed blue).

To calibrate out this INL a method using a precise sine wave
generator8 has been developed. This technique uses a well-chosen
sine wave signal (135 MHz, 500 mV rms as shown in Fig. 8b) as a
source of calibration of the segments crossing the mid scale of the
dynamic range. These segments are assumed to be straight lines.
Using sufficient statistics, the mean length of these segments
directly determines the differential nonlinearity (DNL) in time,
whereas the jitter on their length estimates the jitter on the
measurement time. Integrating the DNL and rescaling it with the

Fig. 5. (a) CFD-based electronics setup used in the Fermilab beam test (see Fig. 4a
and b). The detectors were connected to the Ortec 9327 CFDs via short 6-in. long SMA
cables. The time between start and stop signals was measured by the Ortec TAC 566
and a 14 bit Ortec ADC 114. It was found that to remove residual time walk, it was
necessary to add another ADC. (b) CFD-based setup used for the laser tests (see Fig. 1).
(c) Electronics calibration with the CFD-based electronics. The single channel
electronics resolution: selectronics¼stwo_detectors/O2 #3.42 ps. A calibration of
ADC114/TAC588 time scale was done with a special pulser. (The TAC/ADC time
scale was calibrated using a 200 MHz pulser with one start and multiple equally
spaced random stops, made by Impeccable instruments, LLC, Knoxville, TN, USA,
www.ImpeccableInstruments.com) giving 3.1 ps/count [1].

Fig. 6. MCP-PMT detector with Hamamatsu amplifiers and waveform digitizing
electronics, consisting of either the TARGET chip or the WaveCatcher board.

8 High precision 8656B HP gate sine wave generator, 0.1–999 MHz.

D. Breton et al. / Nuclear Instruments and Methods in Physics Research A 629 (2011) 123–132126



Why we don’t move to finer technologies 
(and what would we gain?)

• Costs 

• Design time 

• Design complexity 

• Clear gain on digital 

• Smaller area 

• No major gain in analogue performance 

• 28 nm is a legacy technology as well… 



Where can we improve?

• ASICs performance often are not limited by the fundamental noise floor 

• Bugs in data path/control logic 

• Cross-talk due to shared bias lines 

• Overlooked parasitic capacitance/resistance 

• IR drops 

• Wire-bond inductance 



Where can we improve?
• ASICs performance often are not limited by the fundamental noise floor 

• Better verification frameworks 

• On chip improved power management 

• Estensive Package/board level simulations 

• Better channel arrangement + use of CSP and WLCSP packaging 



Concluding remarks

• ASICs are indispensable tools to provide practical, medium-to-large scale 
photon detection systems 

• They performance is often limited by implementation pitfall that can be 
prevented with adequate simulations 

• Avoid too many prototyping cycles 

• More scaled technologies offer room for improvements, in particular in digital 
power reduction and circuit density, but do not expect miracles 

• Cryogenic electronics is adding additional complexity 


