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ABSTRACT

The NUMEN (NUclear Matrix Elements for Neutrinoless double beta decay) project was recently proposed with the aim to investigate
the nuclear response to Double Charge Exchange reactions for all the isotopes explored by present and future studies of Ovpp decay. The
expected level of radiation in the NUMEN experiment imposes severe limitations on the average lifetime of the electronic devices. During
the experiments, it is expected that the electronic devices will be exposed to about 10° neutrons/cm?*/s according to FLUKA simulations. This
paper investigates the reliability of a System On Module (SOM) under neutron radiation. The tests were performed using thermal, epithermal,
and fast neutrons produced by the Instituto de Pesquisas Energéticas e Nucleares 4.5 MW Nuclear Research Reactor. The results show that the
National Instruments SOM is robust to neutron radiation for the proposed applications in the NUMEN project.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010968

I. INTRODUCTION

The study of the reliability of electronic devices exposed to ion-
izing radiation, both directly and indirectly, has intensified in recent
years mainly due to the ever-growing need to use more powerful
and resourceful electronic devices in harsh environments such as
space, particle accelerators, nuclear power plants in which radia-
tion effects are important. In these conditions, electronic circuits
receive high radiation doses and are subject to the impact of neu-
trons and/or charged particles, which may affect their correct behav-
ior."” Depending on the type and characteristics of the impinging
radiation, different effects, either irreversible or (partially or totally)
reversible, may arise. This is the case of the electronic modules used

to monitor the experiments proposed in the NUMEN (NUclear
Matrix Elements for neutrinoless double beta decay) project. The
aim of this project is to investigate the nuclear response to Dou-
ble Charge Exchange (DCE) reactions for all the isotopes explored
by present and future studies of OvBp decay.” * Several aspects of
the project require the development of innovative techniques for
both experimental setup and theoretical analysis of the collected
data.”® A DCE reaction is a process induced by a projectile on a
target in which two protons (neutrons) of the target are converted
into two neutrons (protons). The experiments are being conducted
at the magnetic spectrometer facility (MAGNEX) of the INFN-LNS
using heavy ion beams accelerated by the K800 Super Conducting
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Cyclotron. The measurements consist on identifying the nuclear
species, energy, and angle of the projectile-like fragments, which
arrive at the focal plane detectors through the trajectory reconstruc-
tion within the MAGNEX magnetic spectrometer. There will be an
upgrade of the LNS Cyclotron in the near future in order to increase
the beam current by about two orders of magnitude in view of the
very small cross sections of DCE processes. Details on the project
and the proposed nuclear reactions can be found in Refs. 4-8. One of
the main consequences of the upgrade will be the increased radiation
generated in the experimental area, to which all electronic modules
and systems will be exposed. The expected level of ionizing radiation
in the NUMEN experiment imposes severe limitations on the aver-
age lifetime of the devices selected for the front-end and read-out
electronics of the whole MAGNEX Magnetic Spectrometer facility.
The radiation to which the electronic devices will be exposed during
the experiments is generated through three main mechanisms: (i)
interaction between the high intense beam and the target, (ii) inter-
action of the beam with other components of the beam line during
its transport, (iii) beam interaction with the beam stopper, and (iv)
secondary radiation generated mostly by reactions of neutrons with
the material present in the experimental hall.’

In the present work, neutron radiation tests were carried out
with the core of a commercial System On Module (SOM), consid-
ered as a key component option for the electronics of the NUMEN
project.

Il. THE ELETRONIC SYSTEM ON MODULE

The SOM to be used in the NUMEN experiments is the Xil-
inx Zynq-7000, a 28 nm static random-access memory (SRAM)
field-programmable gate array (FPGA) read-out device developed
by National Instruments (NI). The SRAM is a type of semicon-
ductor volatile random-access memory (RAM) that exhibits data
remanence, but data are eventually lost when the memory is not
powered.

The SOM will be used intensively in the final apparatus for con-
figuration and monitoring of front-end electronics as well as data
acquisition and synchronization. This system was chosen due to its
high performance and reliability and the possibility of interfacing to
the front-end electronics through very powerful FPGAs by means
of an operating system running on a real-time processor. This solu-
tion simplifies the management of standard data interfaces, such as
high-band ethernet and serial communications, as well as allowing
intuitive and prompt reprogrammlng or complete monitoring of the
acquisition electronics.” This system encloses in a single component
the most complex part of an electronic card hosting a FPGA from the
management of high frequency clocks to the several power supplies
needed. This device simplifies the use of the system, which needs to
be plugged into an appropriate socket of a custom designed printed
circuit. Therefore, the components within the SOM are widely used
around the world."’ "* Besides that, Xilinx uses ultra-low alpha emit-
ter (ULA) packaging materials and actively monitors material sup-
pliers to ensure compliance with ULA specifications. The ULA mate-
rial is important to ensure that there will be no extra radiation effect
provoked by an alpha particle emission inside the FPGA package.’ It
is known that the SRAM of this device is sensitive to thermal neutron
irradiation, exhibiting, in a static test, a single-bit upset cross section

ARTICLE scitation.orgljournal/rsi

0f9.2(21) x 107'% cm?/bit, which represents 10-30 failures per 1 bil-
lion times of device operation per megabit."” This system has never
been used in hard radiation environment, and this study is the first
reporting of experimental data and a full-custom characterization in
a dynamic test with error corrections.

Ill. RADIATION EFFECTS

The main effects of radiation on semiconductor electronic
devices are TID (Total Ionizing Dose), SEE (Single Event Effect),
and DD (Displacement Damage).l‘Z As an instance of a harsh envi-
ronment, we can cite the areas surrounding particle accelerators,'*!’
where there may be a high flux of charged particles (protons, heavy
ions, and electrons), high energy photons (gamma and X rays),
and neutrons. The interaction of all these charged particles, neu-
trons, and photons with the atoms of the semiconductor devices
can generate a plethora of cumulative (deterministic) and stochas-
tic effects, which are transient or definitive. The intensities of these
effects are correlated with the radiation-absorbed dose and the lin-
ear energy transfer (LET) of the particle for the materials composing
the devices. In particular, incident radiation dislodges atoms from
their lattice site, the resulting defects altering the electronic proper-
ties of the crystal; this is the primary mechanism of device degra-
dation for high-energy neutron irradiation. The neutrons are non-
ionizing particles that can cause DD or Non-Ionizing Energy Loss
(NIEL) damage."” The neutron can collide with atoms creating dis-
placement damage and generating secondary charged particles with
enough energy to ionize the material. Moreover, neutrons can affect
mainly digital components by single event effects (SEEs) triggered
by secondary radiation, such as nuclear reaction products or alpha
particle from the 0B(n, a)’Li reaction.'”

IV. FLUKA SIMULATION

The FLUKA code has been used for the ambient radiation cal-
culations and allows the simulation of scattering with nuclei.'* >’ A
dedicated simulation was performed in order to evaluate the radia-
tion spectra and fluence as a function of the topology of the detec-
tors inside the MAGNEX experimental hall. Especially, the com-
position of the intense radiation field to be expected at the focal
plane of the MAGNEX spectrometer is investigated. The aim of this
study is the estimation of the expected neutron flux affecting the
MAGNEX focal plane detector electronics foreseen in the NUMEN
upgrade.

The simulation was performed using the modeled geometries
of the experimental hall and main apparatus shown in Fig. 1. Four
radiation sources were considered in the calculation of the ambient
dose:

(a) Beam-target interaction.

(b) Leakage along the transport of beam line.

(c) Beam-beam stopper interaction.

(d) Secondary radiation induced by neutron interactions with the
material inside the experimental hall, including its walls, floor,
and ceiling.

The **Ne beam interaction with a "*Ge target with '>C back-
ing was simulated and the analysis of the distribution of secondary
particles was made in order to derive the dose, energy spectra, and
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FIG. 1. FLUKA simulations of the neutron flux in MAGNEX experimental hall. The
target chamber is placed just before the MAGNEX quadrupole. The region where
the focal plane detector is located is denoted with an open black circle.

the flux of neutrons in the experimental hall. A fully stripped **Ne
beam with an energy of 60 MeV/A and a current of 85 eyA was
considered. In Fig. 1, the results of the FLUKA simulation of the neu-
tron flux in the MAGNEX experimental hall are shown. The beam
dump is inside a concrete bunker. The highest value for the neu-
tron flux inside the experimental hall is expected to be close to the
focal plane detector region, where a loss of 10 W for the beam trans-
port was considered. The estimated neutron flux close to the focal
plane detector is 1.3 x 10* thermal neutrons/cm*/s (E, < 0.1 V),
1.7 x 10* epithermal neutrons/cm?/s (0.1 eV < E, < 100 keV), and
9.0 x 10* fast neutrons/cm?/s (En > 100 keV), which totalize at
most 1.2 x 10° neutrons/cm’/s, without considering any shielding
material (e.g., polyethylene). In Fig. 2, a simulated neutron energy
spectrum at the region of the MAGNEX focal plane detector is
shown.
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FIG. 2. Neutron energy spectrum obtained via FLUKA simulations for the region
where the MAGNEX focal plane detector is located (see also Fig. 1).
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V. METHODOLOGY
A. Test strategy

In this test, a Block Random Access Memory (BRAM) of
65 k x 32 bit (the maximum size configurable in the FPGA) is written
with a fixed and known a priori pattern and read-out continuously
by the real-time processor, which reports if any change in the pattern
is found. This read-out-and-compare cycle is repeated and tagged in
time, in order to count the observed SEU (Single Event Upset) FIT
(Failures In Time).

A four-word FIFO (First-in First-out) memory buffer com-
posed of three 1023 x 64 bits and one 1023 x 8 bits is used to
perform Direct Memory Access (DMA) transfer from the FPGA to
the real-time processor. In parallel, a continuous check of the digital-
input-output (DIO) write and read is performed to investigate the
effects of the neutron radiation. In Fig. 3, the test block diagram is
shown.

The software was developed and tested at the Laboratori
Nazionali del Sud—Istituto Nazionale di Fisica Nucleare (LNS-
INFN), Catania, Italy, with the SOM in a normal environment in
order to test the software itself and to identify also problems of
intrinsic stability of the SOM in a standalone test.

B. Neutron radiation tests

During the tests performed with the SOM, the effects in Xilinx
FPGA Zynq 7000 series were investigated. The ionization gener-
ated by irradiation in this Device Under Test (DUT) causes charge
deposition that can be interpreted as a transient pulse (Single Event
Transient—SET) or a signal (Single Event Upset—SEU) in the cir-
cuit."”” Since Zynq-7000 is composed of a variety of embedded mem-
ories, such as the cache memories of the hard-core processor, SRAM
memory, block RAM memories of the programmable matrix, and
all the configuration memory bits responsible to configure the pro-
grammable matrix, the radiation effects may represent a serious
problem.”’ The SOM was monitored as a function of the radiation

FPGA

RT-Ctrl

Wirite Pattern
on BRAM

Read-out
BRAM

Compare
No Patterns

Mismatch? Send Error

FIG. 3. Block diagram of the test strategy to verify the SOM neutron radiation
tolerance.
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Board
support

FIG. 4. Experimental setup to neutron radiation tests.

exposure to different neutron fluxes due to single event upset and
multiple event upset. The neutron beam was produced by the Sao
Paulo Nuclear Research Reactor IEA-R1 of the Instituto de Pesquisa
Energéticas e Nucleares (IPEN/CNEN-SP) operating at 4.5 MW.

In the first stage, the board containing the DUT was positioned
perpendicularly to the neutron beam, ensuring homogeneity of the
radiation field in the device area. In Fig. 4, the experimental setup is
shown. The beam consisted of 6.2(2) x 10* thermal neutrons/cm?/s
flux at 41.8 meV energy.

In a second stage of the test, the device was submitted to a
beam composed of mixed thermal, epithermal, and fast neutrons.
The irradiation was performed at a neutron device formerly used for
BNCT (Boron Neutron Capture Therapy) experiments.”” The ther-
mal neutron flux was measured at one irradiation position using the
method of gold foil activation with and without a cadmium cover.
According to this method, thermal neutrons are considered as those
of energies of less than 0.5 eV, which is the cadmium cut-off energy,
and epithermal + fast neutrons, those of energies above this value.
The ratio of thermal to epithermal + fast neutrons as well as the
thermal neutron flux at other positions were calculated by inter-
polation from results of previous measurements and Monte Carlo

TABLE I. Neutron beam characteristics, number of SEU events, and SEU cross
sections during the second stage tests.

Neutron beam Number

characteristics Acquisition of SEU

(neutrons/cm?/s) time (s) events o (cm?/bit)

1 x 10° thermal mixed with 15
1576 11 .

2 x 10° epithermal + fast L5(7) x 10

5 x 10° thermal mixed with 16
1582 14 .

1 x 10° epithermal + fast 39(16) x 10

8 . .
1 x 10° thermal mixed with 626 24 8.4(30) x 10~V

2 x 107 epithermal + fast

ARTICLE scitation.orgljournal/rsi

simulations.”””’ The spectrum shape should be roughly similar
to the one of Ref. 23, which presents a peak around the ther-
mal energy, a low level epithermal continuum and a peak struc-
ture of fast neutrons in the 0.1 MeV-10 MeV range. The device
was irradiated at three positions with increasing neutron fluxes, as
described in Table 1. The first irradiation was performed in a neu-
tron flux of about 1 x 10° thermal mixed with 2 x 10° epithermal
+ fast neutrons/cm?®/s. In this condition, the SOM presents a low
number of errors. The device was then moved toward the beam
outlet, exposed to a flux of 5 x 10° thermal neutrons/cm?/s and
1 x 10° epithermal + fast neutrons/cm?/s. In this new condition,
the SOM still presents a low number of errors. The device was
then moved again toward the beam outlet, exposed to a flux of
1 x 10° thermal neutrons/cm*/s mixed with 2 x 107 epithermal
+ fast neutrons/cm?/s.

VI. RESULTS

In the first stage, with an average flux of about 6.2(2) x 10* ther-
mal neutrons/cm?/s during about 1 h, the few errors detected were
corrected by the software, and therefore, the electronics proved to be
robust to the effects of SEU in this test condition.

In the second stage, the increase in the neutron flux was accom-
plished by progressively moving the DUT toward the neutron beam
hole (BH) until it stopped functioning. In Table I, the SEUs observed
during all the tests and the corresponding neutron beam characteris-
tics are described. When the device was exposed to a neutron flux of
about 1 x 10° thermal neutrons/cm?/s mixed with 2 x 10” epither-
mal + fast neutrons/cm?/s, the SEU number increased, causing the
device to stop operating.

VIl. DISCUSSION

The results obtained in the first test stage with an average flux
of about 6.2(2) x 10* thermal neutrons/cm?/s during about 1 h,
together with the relatively small error rate at more than an order of
magnitude higher flux intensity of mixed energies of the second test
stage, indicate that the SOM will be able to operate satisfactorily with
the expected neutron fluxes predicted by the simulations. In case the
actual flux turns out to be larger than expected, a reduction of a fac-
tor of 10 or more can be obtained by introducing some shielding
around the electronics, such as paraffin moderators and cadmium
absorbers. The results in Table I, summarizing the second stage mea-
surements, present compatible order of magnitude for neutron SEU
cross section compared to another study on 0.13 ym-0.22 ym Com-
plementary Metal Oxide Semiconductor (CMOS)-based SRAMs,
with thermal and fast neutrons below 6 MeV.”" The results in this
reference show that the SEU cross sections vary considerably with
neutron energy, supply voltage, and component model in the range
of 107'° to 10™"* neutrons/cm?/bit for thermal neutrons at nominal
voltage.”

Other studies, on the sensitivity characterization of 28 nm
SRAM-based FPGA using higher energy neutrons, were performed
in recent years.'””"* Soft neutron upsets in Xilinx Virtex-4 and
Virtex-5 FPGA devices were measured at the 88-in. cyclotron of
the Lawrence Berkeley National Laboratory with neutrons mostly
in the 3 MeV-30 MeV range.'’ Fast neutrons from the Los Alamos

Rev. Sci. Instrum. 91, 083301 (2020); doi: 10.1063/5.0010968
Published under license by AIP Publishing

91, 083301-4


https://scitation.org/journal/rsi

Review of

Scientific Instruments

Neutron Science Center spallation neutron source were used for
tests of other Xilinx models such as Kintex 7,"’ Zynq-7000,12 and
with a 20-nmTaiga RISC-V soft processor."” The Xilinx Artix-7 was
studied with 14.2 MeV neutrons from the “Genérateur a Neutrons
Pulsés Intenses” neutron source at the Laboratory of Subatomic
Physics and Cosmology."* All these reported results, performed with
high energy neutrons, indicate that the 28-nm SRAM-based FPGA
are reliable to be used in harsh neutron environment, especially if
mitigation techniques are applied. The results obtained in this work
are to be considered a use case, extending the reliability of the SOM,
based on a Xilinx Zynq-7000 FPGA, closely linked to the NUMEN
experiment for what regards the irradiation conditions during the
tests, but of general interest for different electronic systems used in
other applications.

VIII. CONCLUSION

In this work, the results of neutron tolerance tests of a National
Instrument SOM composed by a Xilinx Zync-7000 FPGA are pre-
sented. This device will be used in the data acquisition system of the
NUMEN DCE experiments, where it will be exposed to high fluxes
of thermal, epithermal, and fast neutrons, which can cause damage
to its electronic components.

In order to reproduce the expected conditions to which the
SOM will be submitted during the experiments, different fluxes of
irradiating neutrons were used. The results indicate the electronic
devices are tolerant to SEUs up to a flux of about 10° neutrons/cm?/s.
Only with fluxes higher than 10’ neutrons/cm®/s did the system
present problems interrupting its functionality. Although the results
obtained in this work are directly related to the NUMEN exper-
iment, they are of general interest for different apparatus used in
varjous applications.

ACKNOWLEDGMENTS

The authors would like to thank the IPEN Nuclear Reactor
operators for smooth operation and acknowledge financial support
from the Brazilian funding agencies FAPESP (Proc. No. 2012/03383-
5 and Proc. No. 2018/17900-8), FINEP (Proc. No. 01.12.0224.00),
INCT-FNA Proc. No. 464898/2014-5, and Conselho Nacional de
Desenvolvimento Cientifico e Tecnoldgico (CNPq), Contract No.
306353/2018-0. The work has received funding from the European
Research Council (ERC) under the European Union’s Horizon 2020
research and innovation program (Grant Agreement No. 714625).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article.

REFERENCES

'A. Johnston, in Reliability and Radiation Effects in Compound Semiconductors
(World Scientific Publishing Co. Pte. Ltd., California Institute of Technology,
USA, 2010).

2], R. Schwank, M. R. Shaneyfelt, and P. E. Dodd, “Radiation hardness assurance
testing of microelectronic devices and integrated circuits: Radiation

ARTICLE scitation.orgljournal/rsi

environments, physical mechanisms and foundations for hardness assurance,”
Document 2008-6851P, Sandia National Laboratories, 2008.

3S. Duzellier, “Radiation effects on electronic devices in space,” Aerosp. Sci.
Technol. 9, 93-99 (2005).

“H. Lenske, F. Cappuzzello, M. Cavallaro, and M. Colonna, Prog. Part. Nucl. Phys.
109, 103716 (2019).

5D. Lo Presti et al., ]. Phys.: Conf. Ser. 1056, 012034 (2018).

SE. Cappuzzello et al., Nuovo Cim. C 42, 57 (2019).

7F. Cappuzzello, C. Agodi, M. Cavallaro et al., “The NUMEN project: Nuclear
matrix elements for neutrinoless double beta decay,” Eur. Phys. J. A 54, 72
(2018).

8], R. B. Oliveira et al., “First comparison of GEANT, hadrontherapy physics
model with experimental data for a NUMEN project reaction case,” Eur. Phys.
J. A 56,153 (2020).

9See https://www.ni.com/pt-br/innovations/w hite-papers/13/advantages-of-xilin
x-7-series-fpga-and-soc-devices.html for Xilinx 7 Series FPGA (last accessed July
1, 2020).

191, S. George, R. Koga, and M. A. McMahan, “Neutron soft errors in Xilinx
FPGAs at Lawrence Berkeley national laboratory,” in 2008 IEEE Radiation Effects
Data Workshop, Tucson, AZ (IEEE, 2008), pp. 118-123.

"TA. M. Keller, T. A. Whiting, K. B. Sawyer, and M. J. Wirthlin, “Dynamic SEU
sensitivity of designs on two 28-nm SRAM-based FPGA architectures,” IEEE
Trans. Nucl. Sci. 65(1), 280-287 (2018).

'2F, Benevenuti, F. Libano, V. Pouget, F. L. Kastensmidt, and P. Rech, “Compara-
tive analysis of inference errors in a neural network implemented in SRAM-based
FPGA induced by neutron irradiation and fault injection methods,” in 2018 31st
Symposium on Integrated Circuits and Systems Design (SBCCI), Bento Goncalves
(IEEE, 2018), pp. 1-6.

'3 A. E. Wilson and M. Wirthlin, “Neutron radiation testing of fault tolerant RISC-
V soft processor on Xilinx SRAM-based FPGAs,” in 2019 IEEE Space Computing
Conference (SCC), Pasadena, USA (IEEE, 2009), pp. 25-32.

141, C. Fabero et al., “Single event upsets under 14-MeV neutrons in a 28-nm
SRAM-based FPGA in static mode,” IEEE Trans. Nucl. Sci. 67(7), 1461-1469
(2020).

5V, A. P. Aguiar, N. H. Medina, N. Added, E. L. A. Macchione, S. G. Alberton,
C. L. Rodrigues, T. F. Silva, G. S. Zahn, F. A. Genezini, M. Moralles, F. Benevenuti,
and M. A. Guazzelli, “Thermal neutron induced upsets in 28 nm SRAM,” J. Phys.:
Conf. Ser. 1291, 012025 (2019).

T®M. A. G. Silveira et al., “A commercial off-the-shelf pMOS transistor as X-ray
and heavy ion detector,” J. Phys.: Conf. Ser. 630, 012012 (2015).

"7N. H. Medina, V. A. P. Aguiar, N. Added, F. R. Aguirre, E. L. A. Macchione, S. G.
Alberton, M. A. G. Silveira, J. Benfica, F. Vargas, and B. Porcher, “Experimental
setups for single event effect studies,” ]. Nucl. Phys., Mater. Sci., Radiat. Appl. 4,
13-23 (2016).

18T T. Bohlen et al., Nucl. Data Sheets 120, 211 (2014).

"9 A. Ferrari et al., CERN-2005-10 (2005), INEN/TC_05/11, SLAC-R-773.

20y, Vlachoudis, in Proceedings of International Conference on Mathematics,
Computational Methods and Reactor Physics, Saratoga Springs, NY, 2009.

211, A. Tambara, J. Tonfat, A. Santos, F. L. Kastensmidt, N. H. Medina, N. Added,
V. A.P. Aguiar, F. Aguirre, and M. A. G. Silveira, “Analyzing reliability and perfor-
mance trade-offs of HLS-based designs in SRAM-based FPGAs under soft errors,”
IEEE Trans. Nucl. Sci. 64(2), 874 (2017).

22y, A. Castro, “Optimization of the irradiation beam in the BNCT research facil-
ity at the IEA-R1 reactor,” M.S. thesis Instituto de Pesquisas Energéticas e Nucle-
ares, Sao Paulo, Brazil, 2014, available at https://teses.usp.br/teses/disponiveis/85/
85133/tde-01042015-145250/publico/2014CastroOtimizacao.pdf.

23y, Carneiro Jtnior, “Neutron field characterization in the instalation for BNCT
study in the IEA-RI1 reactior,” M.S. thesis, Instituto de Pesquisas Energéti-
cas e Nucleares, Sdo Paulo, Brazil, 2008, available at https://teses.usp.br/teses/
disponiveis/85/85133/tde-01092009-172117/publico/ValdeciCarneiroJunior.pdf.
247, M. Armani, G. Simon, and P. Poirot, “Low-energy neutron sensitivity of
recent generation SRAMs,” IEEE Trans. Nucl. Sci. 51(5), 2811-2816 (2004).

Rev. Sci. Instrum. 91, 083301 (2020); doi: 10.1063/5.0010968
Published under license by AIP Publishing

91, 083301-5


https://scitation.org/journal/rsi
https://doi.org/10.1016/j.ast.2004.08.006
https://doi.org/10.1016/j.ast.2004.08.006
https://doi.org/10.1016/j.ppnp.2019.103716
https://doi.org/10.1088/1742-6596/1056/1/012034
https://doi.org/10.1393/ncc/i2019-19057-2
https://doi.org/10.1140/epja/i2018-12509-3
https://doi.org/10.1140/epja/s10050-020-00152-6
https://doi.org/10.1140/epja/s10050-020-00152-6
https://www.ni.com/pt-br/innovations/white-papers/13/advantages-of-xilinx-7-series-fpga-and-soc-devices.html
https://www.ni.com/pt-br/innovations/white-papers/13/advantages-of-xilinx-7-series-fpga-and-soc-devices.html
https://doi.org/10.1109/tns.2017.2772288
https://doi.org/10.1109/tns.2017.2772288
https://doi.org/10.1109/SBCCI.2018.8533235
https://doi.org/10.1109/SBCCI.2018.8533235
https://doi.org/10.1109/TNS.2020.2977874
https://doi.org/10.1088/1742-6596/1291/1/012025
https://doi.org/10.1088/1742-6596/1291/1/012025
https://doi.org/10.1088/1742-6596/630/1/012012
https://doi.org/10.15415/jnp.2016.41002
https://doi.org/10.1016/j.nds.2014.07.049
https://doi.org/10.1109/tns.2017.2648978
https://teses.usp.br/teses/disponiveis/85/85133/tde-01042015-145250/publico/2014CastroOtimizacao.pdf
https://teses.usp.br/teses/disponiveis/85/85133/tde-01042015-145250/publico/2014CastroOtimizacao.pdf
https://teses.usp.br/teses/disponiveis/85/85133/tde-01092009-172117/publico/ValdeciCarneiroJunior.pdf
https://teses.usp.br/teses/disponiveis/85/85133/tde-01092009-172117/publico/ValdeciCarneiroJunior.pdf
https://doi.org/10.1109/tns.2004.835080

