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A High-Resolution Time-to-Digital Converter
Implemented in Field-Programmable-Gate-Arrays
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implemented in a general purpose field-pre
(FPGA) is presented. Dedicated carry ling
as delay cells to perform time interpolation
period and to realize the fine time measur
counters, working on in-phase and out-
respectively, are designed to get the stable
measurement. The fine time code and tH
value, along with the channel identifier,
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Abstract—The motivation of this paper is to im

gate array from X
ture variation compensation features, The TDC re:
perature and supply voltage dependent which, to
compensated. A self-test procedure, which covers
range of 30 °C to 60 °C is used to determine th
stants. After compensation and integral nonline
tion, the TDC presents a timing resolution of 2
ps per LSB. A total of 9 channels TDCs are implemg
FPGA.
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A 1.7 ps Equivalent Bin Size and 4.2 ps RMS FPGA
TDC Based on Multichain Measurements
Averaging Method

Q1 Shen, Shubin Liu, Binxiang (1. Qi An, Shengkai

Liao. Peng Shang, Chengzhi Peng, and Weiyue Lin

1. INTRODUCTION

IME TO DIGITAL CONVERTERs (TDCs) are required

in many areas. especially in time-of-flight measurement
for particle physics experiments [1] and positron emission to-
mography (PET) imaging [2]. The TDCs can be implemented
in application specific integrated circuits (ASICs) or in field
programmable gate arrays (FPGAs). The performance of the
ASIC-based TDC is commonly better than the FPGA-based

luse ASICs can fully be customized while the FPGA
i limited by the fixed programmable fabric provided
s. However. the FPGA-based TDC have the advan-
:configuration, low cost and short development time.
e past decades. the performance of FPGA-based TDC
improved rapidly from 200 ps bin size and 129 ps
[4] down to below 10 ps bin size and 10 ps RMS [5].
inly benefits from both the improved FPGA manufac-
rcess technology and the developed TDC architecture.
KKalisz et al. implemented a 200 ps resolution TDC
4 jpm CMOS FPGA from QuickLogic [3]. They used
delay line method to achieve time interpolation. In
*s et al. used a multiphase 192 MHz quadrature clock
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IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 46, NO. 1, FEBRUARY 1997
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J. Wu, Z. Shi, and 1. Y. Wang, Firmware-only implementation of time-to-digital converter in field programmable
gate array, in Proc.IEEE Conf. Rec. NSS., vol. 1, 2003, pp.177-181
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Jian Song, Qi An, Shubin Liu, A high resolution time-to-digital-converter implemented in field-programmable-gate-arrays,
IEEE Transactions on Nuclear Science, Vol. 53, No. 1, pp. 236241, Feb. 2006;
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Chen Kai, Liu Shubin, An Qi, A high precision time-to-digital converter based on multi-phase clock implemented within
Field-Programmable-Gate-Array, Nuclear Science and Techniques, 21 (2010) 123-128
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Proc. IEEE Nuclear Science Symp. Conf. Rec., 2008, pp. 3440-3446
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Wave Union (According to Wu Jinyuan (@Fermilab)
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Muon Detectors Electromagnetic Calorimeters

. Forward Calorimeters
Solenoid
[
8 B End Cap Toroid
--
T .

25m
\

i Inner Detector : ieldi
LT Hadronic Calorimeters Sl

. Front End %47
Total Channel: ~90million Crate .

Muon Spectrometer

e  Inner Detector
—  Pixel Detector: 80 million channels
—  Semiconductor Tracker: 6 million channels Thin Gap Chambers: 440,000 channels

- Transition Radiation Tracker: 350,000 channels Resistive Plate Cambers: 380,000 channels

* Calorimeter Monitored Drift Tubes: 354,240 tubes
- Tile Calorimeter: 10,000 channels

LA Calorimeter: 110,000 channels Cathode Strip Chambers: 70,000 channels
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CEPC......

e
Yoke/Muon
6983mm

| Heal
4143mm

L 7240mm
Yoke/Muon

’—--" 4400mm

— Coil

1 > 3380mm
—— HCal

—— ECal

1810mm
—— TPC

L azomm

L QDO LumiCal IP  Vertex

2350mm

BRI BS 4B A -

T AR BS

XSRS
BT 2 =

Total # Occupancy  Nbit | # Channels Volume Data rate
channels /channel | readout/evt Jevt @100 kHz

M(10°%) % k(10%) MBytes  GBytes/s
VTX 690 0.3 32 2070 8.3 830
Silicon
Tracker
Barrel 3238 0.01~16 32 1508 3.15 315
Endcap 1238 0.01 ~0.8 32 232 0.4 40
TPC 2 0.1-8 30 1375 5 500
Drift
Chamber 0.056 5-10 480 2 3 300
ECAL
Barrel 17/7.7 0.17 32 28.8/13.1 0.117/0.053  11.7/5.3
Endcap 7.3/3.3 0.31 32 22.4/10.2  0.090/0.041  9.0/4.1
AHCAL
Barrel 3.6 0.02 32 0.72 0.0029 0.3
Endcap 3.1 0.12 32 3.72 0.015 1.5
DHCAL
Barrel 32 0.004 2 1.28 0.00032 0.03
Endcap 32 0.01 2 32 0.0008 0.08
Dual
Readout
Calorimeter 22 0.4-1.6 64 88-352 0.704-2.8 70-280
Muon
Barrel 49 0.0002 24 0.01 < 0.0001 < 0.01
Endcap 4.6 0.0002 24 0.01 < 0.0001 < 0.01

Table 8.1: CEPC DAQ Data Rate Estimation. TPC and drift chamber are options of outer side tracker.
With the level-1 trigger operating at 100 kHz, the total raw data rate is 2 TBytes/s.
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HPTDCH K

*  Number of channels: /8
* Clock frequency: 40 MHz external
40MHz / 80MHz / 160 MHz / 320 MHz internal
* Resolution: 781 ps (261ps RMS) low resolution mode
195 ps ( 64 ps RMS) medium resolution mode
98 ps (48 ps RMS) high resolution mode
24 ps (40 ps RMS) very high resolution mode

(8 channels)

24 ps (17 ps RMS Corrected)
* Dynamic range: 102 us

*  Double pulse resolution: 5 - 10 ns depending on mode

» Hit rate:Core logic at 40 MHz, Not R-C mode -
Max. 2 MHz per channel, all 32 channels used
Max. 4 MHz per channel, 16 channels used.

« Event buffer size: 4 x 256

« Read-out buffer size: 256

» Trigger buffer size: 16

*  Power consumption: 300mW-1500 mW depending on modes.
« Hitinputs: LVDS or LVTTL

Clacl

JTAG Programming
nitori

« L1 buffer problem has been (is) a painful experience
* (too) many different users
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Liu Shubin, Feng Changqing, Yan Han, etc. Nuclear Science and Techniques, 21 (2010) 49-53
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BiEpilE (QTC)

S.B. Liu, C.Q. Feng, L.F. Kang, etc. NIM A 621 (2010) 513-518
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I
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Shubin Liu, Changqing Feng, Qi An, etc. IEEE TNS, VOL.57, NO.2(2010), 419-427
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Changqing Feng, et. al., Design of the Readout Electronics for the BGO Calorimeter of DAMPE Mission,
IEEE Trans. Nucl. Sci., December, 2015
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The MURAVES experiment: measurement feasibility
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Credit: “Looking inside volcanoes with the Imaging Atmospheric Cherenkov Telescopes,” presented at RICH 20 l 6 Slena Italy September 2016.
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