FPGA-BASED NMR AND
DECONVOLUTION OF 1D NMR
SPECTRA USING DEEP LEARNING

Supervisors:
Alain Louis-Joseph & Jean-Charles Vanel

October 3, 2023

Yiming Wei

ST,

R v LABORATOIRE

2 " POLYTECHNIQUE
@i g PMC




@<, INSTITUT
g"o\: POLYTECHNIQUE
“Y@0: DE PARIS

FPGA-BASED NMR AND DECONVOLUTION OF
1D NMR SPECTRA USING DEEP LEARNING

ECOLE
POLYTECHNIQUE

CONTENTS

1 Introduction 2
2 Objectives 5
2.1 Primary Objective . . . . . . . . . 5
2.2 Secondary Objective . . . . . . . . .. 5
3 Expected Outcomes 6
3.1 Deep Learning-Based Deconvolution . . . . . . . . ... .. ... .. ... .. .. 6
3.2 Implementation of FPGA-Based NMR . . . .. ... ... ... .. ....... 6

/8



".\ NS TITUT QUE FPGA-BASED NMR AND DECONVOLUTION OF
“YAV[: DE PARIS 1D NMR SPECTRA USING DEEP LEARNING

ECOLE
POLYTECHNIQUE

1
INTRODUCTION

Nuclear Magnetic Resonance (NMR) spectroscopy is a powerful and theoretically complex
analytical tool that is widely utilized in chemistry, biochemistry, and biology for elucidating
the molecular structure of compounds and studying molecular dynamics. The technique is
pivotal in various scientific and industrial applications, such as determining the content and
purity of a sample as well as its molecular integrity. However, the implementation of NMR
spectrometry, particularly in portable and low-cost formats, has been a subject of ongoing
research and development.

One viable solution to the challenges of miniaturization and efficiency enhancement lies
in the development of Application-Specific Integrated Circuits (ASICs). ASICs, with their
specially designed chips, are tailored to maximize both miniaturization and efficiency in specific
applications, such as NMR spectrometry. For instance, Biirkle et al.[l], Dreyer et al.[2], and
Kriiger et al.[3] have designed ASICs that facilitate the creation of notably compact NMR
spectrometers without compromising performance(figure 1).
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Figure 1: Photographs of ASICs and their architectures. Reprint from [1][3][2].

While the design and manufacturing of ASIC offer a pathway towards miniaturized and
efficient NMR spectrometers, the associated costs can be prohibitively high. Consequently,
Field-Programmable Gate Arrays (FPGAs) emerge as a compelling alternative, striking a bal-
ance between performance and development costs. Pioneering work by Takeda [1][5] around
2007 underscored the viability of FPGAs in constructing a home-built NMR spectrometer. The
subsequent, rapid evolution of Integrated Circuit technology, characterized by an exponential
growth in transistor count, has precipitated a significant leap in performance capabilities. More
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recently, researchers such as Louis-Joseph A et al.[6], Webber J B W et al.[7], and Ariando et
al.[8] have demonstrated the construction of a compact NMR spectrometer utilizing a con-
temporary FPGA. Louis-Joseph A et al. provided a comprehensive overview of the ongoing
development and prevailing challenges in creating low-cost, portable Fourier Transform NMR
(FT-NMR) systems[6]. Furthermore, Ariando et al.ingeniously integrated a System-on-Chip
(SoC) that amalgamates an ARM microprocessor and an FPGA(figure 2), facilitating fully
autonomous operation without necessitating an external computer|[3].
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Figure 2: Photograph of SoC and his architecture. Reprint from Ariando et al.[3].

Moreover, advancements in artificial intelligence, particularly in machine learning, are be-
ginning to permeate various facets of NMR spectroscopy, enhancing its capabilities and ap-
plications. For instance, Manu V S et al.[9] has explored the utilization of Al-designed NMR
spectroscopy RF pulses to expedite acquisition at both high and ultra-high magnetic fields,
showcasing the potential of artificial intelligence in optimizing data acquisition processes. Sim-
ilarly, Schmid N et al.[10] has employed deep learning algorithms to resolve one-dimensional
NMR spectra, demonstrating the efficacy of deep learning in enhancing the resolution and in-
terpretability of spectral data(figure 3). Furthermore, Kuhn S et al.[11] has leveraged deep
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learning to identify substructures in two-dimensional NMR spectra of mixtures, illustrating the
potential of artificial intelligence in deciphering complex spectral data and revealing underlying
structural information.
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Figure 3: Data flow diagram for the neural network. Reprint from Schmid N et al.[10].
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2
OBJECTIVES

2.1 PRIMARY OBJECTIVE

Leveraging my prior experience with machine learning projects, the initial focus will be on
reproducing the findings from "Deconvolution of 1D NMR Spectra: A Deep Learning-Based
Approach.[10]" The first step involves requesting the training data from the authors of the
paper by Schmid N, which will be utilized to construct a neural network architecture, adhering
to the methodologies delineated within the paper. Subsequent to building the architecture,
the model will be trained and tested to validate the results against the original findings. In a
bid to foster collaborative development and knowledge sharing, the code will be open-sourced
to the GitHub community. Furthermore, alternative neural network architectures, such as
Variational Autoencoders (VAE), will be explored to ascertain if they yield enhanced results,
thereby contributing to the ongoing evolution of deep learning applications in NMR spectra
deconvolution.

2.2 SECONDARY OBJECTIVE

Trying to implement the FPGA part of the paper "Autonomous, Highly Portable NMR
Spectrometer Based on a Low-Cost System-on-Chip (SoC)[3]" on an Altera DE2 in the lab.
Since the lab does not have an FPGA with an integrated microprocessor (Altera DE1 SoC), I
thought I could build the system using the Altera DE2 in cooperation with a computer.
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3
EXPECTED OUTCOMES

3.1 DEEP LEARNING-BASED DECONVOLUTION

Python code open-sourced on github.

3.2 IMPLEMENTATION OF FPGA-BASED NMR

VHDL code used to build the system.
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