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Abstract

Nuclear magnetic resonance (NMR) is a non-invasive and non-destructive analytical technique
that provides atomic-level insights into molecular structures and dynamics through radio-frequency
(RF) excitation. However, NMR inherently suffers from low sensitivity, often requiring large
sample volumes or expensive high-field magnets to obtain measurable signals. Micro coils have
therefore attracted considerable attention, as they significantly improve mass sensitivity and en-
able the analysis of volume-limited samples. In general, mass sensitivity is inversely related to
the coil dimension. At the same time, the available sample quantity is often limited, for exam-
ple, biological tissues, either because of high preparation costs or limited availability. In such
situations, micro coils offer a high filling factor, and consequently a higher signal-to-noise ratio
(SNR). Despite these advances, there is an increasing demand for versatile detectors capable
of broadband, multinuclear operation without complex and time-consuming hardware adjust-
ments. This thesis introduces and investigates two novel approaches to broadband micro-scale
NMR detection.

The first part of the work reviews two common broadband micro NMR coil geometries, namely
the stripline and the Lenz lens coil, and proposes a combined structure termed the stripline Lenz
lens (S3L). This design integrates the main advantages of both geometries: the high local RF
field strength of the stripline and the magnetic flux concentration provided by the Lenz lens. As
a non-resonant, inductively coupled interposer, the device produces a relatively uniform RF field
and achieves an 11-fold signal enhancement when coupled to a 10 mm commercial coil. Minia-
turization, however, also introduces the challenges such as susceptibility mismatches between
different materials and increased sensitivity to dimensional deviations that can degrade the mag-
netic field. To address these issues, extensive simulation studies were performed to optimize
key NMR, performance metrics. Building on previous work on glass-based micro NMR, coils, a
complete microfabrication process was developed for a sandwiched NMR chip incorporating a
microfluidic channel. Nevertheless, this passive interposer still requires a resonant excitation coil,
and conventional substrates such as glass remain mechanically fragile and difficult to process for

complex coil structures and integrated microfluidics.

The second approach introduces a less explored technology in NMR applications, low-temperature
cofired ceramic (LTCC), to address these limitations. In this work, a planar spiral geometry,
a well-known candidate for broadband micro NMR detection, was implemented on an LTCC
substrate. A robust dual-channel micro coil was developed using a split-spiral configuration,
optimizing sensitivity for both high-y nuclei (*H) and low-y nuclei (e.g., *C) in a completely
untuned and unmatched configuration. Similar to the first design, this detector supports broad-

band operation over a frequency range of approximately 100 MHz to 500 MHz.



Abstract

In summary, this thesis presents a comprehensive framework for the design and fabrication
of cost-effective, high-performance broadband micro NMR, detectors. By moving away from
conventional resonant hardware toward passive, high-gain interposers and mechanically robust
ceramic substrates, this work simplifies the NMR experimental workflow and provides a versatile

tool for multinuclear studies.
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Zusammenfassung

Die Kernspinresonanz (Nuclear Magnetic Resonance, NMR) ist eine nichtinvasive und zersto-
rungsfreie analytische Methode, die durch Anregung mit Radiofrequenz-(RF-)Feldern Einblicke
in Molekiilstrukturen und -dynamiken auf atomarer Ebene ermoglicht. Allerdings leidet die NMR,
grundsétzlich unter einer geringen Empfindlichkeit, sodass héufig groke Probenvolumina oder
teure Hochfeldmagnete erforderlich sind, um messbare Signale zu erhalten. Mikrospulen haben
daher grofie Aufmerksamkeit erlangt, da sie die Massensensitivitat deutlich verbessern und die
Analyse von volumenbegrenzten Proben ermdglichen. Im Allgemeinen ist die Massensensitivi-
tat umgekehrt proportional zur Spulendimension. Gleichzeitig ist die verfiighare Probenmenge
héaufig begrenzt, beispielsweise bei biologischem Gewebe, entweder aufgrund hoher Praparations-
kosten oder eingeschriankter Verfiigbarkeit. In solchen Féllen bieten Mikrospulen einen hohen
Fiillfaktor und damit ein hoheres Signal-zu-Rausch-Verhéltnis (Signal-to-Noise Ratio, SNR).
Trotz dieser Fortschritte besteht ein wachsender Bedarf an vielseitigen Detektoren, die einen
breitbandigen, multinuklearen Betrieb ohne komplexe und zeitaufwéndige Hardwareanpassungen
ermdglichen. Diese Dissertation stellt zwel neuartige Ansétze zur breitbandigen mikro-skaligen
NMR-Detektion vor und untersucht diese.

Im ersten Teil der Arbeit werden zwei verbreitete Geometrien breitbandiger Mikro-NMR-
Spulen betrachtet, ndmlich die Stripline und die Lenzlinsenspule, und eine kombinierte Struktur
vorgeschlagen, die als Stripline-Lenzlinse (S3L) bezeichnet wird. Dieses Design vereint die we-
sentlichen Vorteile beider Geometrien: die hohe lokale RF-Feldstarke der Stripline und die ma-
gnetische Flusskonzentration der Lenzlinse. Als nichtresonanter, induktiv gekoppelter Interposer
erzeugt die Struktur ein relativ homogenes RF-Feld und erreicht eine elffache Signalverstarkung
bei Kopplung mit einer kommerziellen 10 mm-Spule. Die Miniaturisierung bringt jedoch auch
Herausforderungen mit sich, etwa Suszeptibilitdtsunterschiede zwischen verschiedenen Materia-
lien sowie eine erhohte Empfindlichkeit gegeniiber Mafabweichungen, die das Magnetfeld ver-
schlechtern kénnen. Zur Bewéltigung dieser Probleme wurden umfangreiche Simulationsstudien
durchgefiihrt, um zentrale NMR-Leistungsparameter zu optimieren. Aufbauend auf fritheren Ar-
beiten zu glasbasierten Mikro-NMR~Spulen wurde ein vollstdndiger Mikrostrukturierungsprozess
fiir einen sandwichartigen NMR-Chip mit integriertem Mikrofluidikkanal entwickelt. Dennoch
erfordert dieser passive Interposer weiterhin eine resonante Anregungsspule, und konventionel-
le Substrate wie Glas bleiben mechanisch fragil und schwierig zu verarbeiten, insbesondere fiir

komplexe Spulenstrukturen und integrierte Mikrofluidik.

Der zweite Ansatz fiithrt eine bislang wenig genutzte Technologie in NMR-Anwendungen ein,
Low-Temperature Cofired Ceramic (LTCC), um diese Einschrénkungen zu iiberwinden. In dieser

Arbeit wurde eine planare Spiralgeometrie, ein bekannter Kandidat fiir breitbandige Mikro-NMR-

il



Zusammenfassung

Detektion, auf einem LTCC-Substrat realisiert. Es wurde eine robuste zweikanalige Mikrospule
mit einer Split-Spiral-Konfiguration entwickelt, die die Empfindlichkeit sowohl fiir Kerne mit
hohem gyromagnetischen Verhiltnis (hohes v, z. B. L H) als auch fiir Kerne mit niedrigem v (z. B.
130 in einer vollstindig ungetunten und nicht angepassten Konfiguration optimiert. Ahnlich wie
beim ersten Design unterstiitzt dieser Detektor einen breitbandigen Betrieb im Frequenzbereich
von etwa 100 MHz bis 500 MHz.

Zusammenfassend prasentiert diese Dissertation ein umfassendes Konzept fiir das Design und
die Herstellung kosteneffizienter, leistungsfahiger breitbandiger Mikro-NMR-Detektoren. Durch
die Abkehr von konventioneller resonanter Hardware hin zu passiven Interposern mit hoher Ver-
starkung sowie mechanisch robusten keramischen Substraten vereinfacht diese Arbeit den expe-
rimentellen NMR-Arbeitsablauf und stellt eine vielseitige Plattform fiir multinukleare Untersu-

chungen bereit.
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Nomenclature

Abbreviations
Abbreviation Definition
1D One-dimensional
2D Two-dimensional
3D Three-dimensional
AC Alternating Current
ADC Analog- to-digital converter
ADS Advanced Design System
CMOS Complementary Metal-Oxide Semiconductor
DC Direct Current
FEM Finite Element Method
FID Free Induction Decay
FOV Field Of View
FOV Field of View
FWHM Full Width at Half Magnitude
LNA Low Noise Amplifier
LOD Limit Of Detection
LTCC Low Temperature Co-fired Ceramic
MACS Magic Angle Coil Spinning
MAS Magic Angle Spinning
MEMS Micro Electro-Mechanical System
MRI Magnetic Resonance Imaging
nLOD Normalised Limit Of Detection
NMR Nuclear Magnetic Resonance
PA Power Amplifier
PCB Printed Circuit Board
PMMA Polymethylmethacrylate
ppb Parts per billion
ppm Parts per million
PVD Physical Vapour Deposition
Q Quality factor
RF Radio Frequency
RX Receiver network
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Nomenclature

S3L Stripline Lenz Lens, a nonresonant electric add-on for
NMR signal detection
SNR Signal-to-Noise Ratio
X Transmitter network
VSI Vertical Scanning Interferometry
Symbols
Symbol Definition
1) Skin depth
Er Relative permittivity
ol Gyromagnetic ratio
A Wavelength
i Magnetic moment
Ly Relative permeability
V12 Full Width at Half Magnitude
wo Larmor Frequency
w Frequency
p Specific electrical resistance
o Chemical shift
Tr /2 90° pulse length
& Induced signal voltage
By Static magnetic field
By RF magnetic field
D, Delay time NMR measurement
E Energy level
1 Nuclear spin
m Magnetic quantum number
M Magnetization in a sample
Q Quality factor
Sij S-parameter between ports ¢ and j
S Spin angular momentum
T Temperature
Ty Longitudinal (spin-lattice) relaxation time
constant
Ty Spin-spin relaxation time constant
Electronics
17 Current
\%4 Voltage
Z Impedance
R Resistor or its resistance
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Nomenclature

C Capacitor or its capacitance
L Inductor or its inductance
M Mutual inductance
N, Thermal noise of the coil
w Electrical energy
Constants

Symbol Definition

€0 Vacuum permittivity

1o Vacuum permeability

h Planck constant

h Reduced Planck constant

kp Boltzmann constant
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Chapter 1

Introduction

1.1 Motivation

This research centers on the concept of micro broadband NMR detectors.

Nuclear magnetic resonance (NMR), as one of the most powerful characterization methods,
acquires detailed material information with the specific nuclei spin. The interaction with the
nucleus (or isotopes) only happens when the 'probing’ radio-frequency (RF) signal has a same
frequency as the self-resonance frequency of the nucleus of interest. With that being said, con-
ventional NMR is a narrowband detection solution. Considering the complexity of a component
within a natural sample rather than an in-lab prepared sample, a full information read-out
requires measuring different isotopes for analyzing molecular structures, studying chemical inter-
actions, and identifying unknown compounds, e.g., in a protein-ligand complex or a drop of fresh
apple juice. A typical approach to address this issue is multi-resonance probes, which leads to a
high time cost with iterative measurements and a high expense of spending ca. 10 k euro for each
additional commercial coil for NMR users. Broadband, as a general concept across different re-
search contexts, refers to the utilization of signals over a wide frequency range or across multiple
simultaneous frequencies. In general, broadband detection is well suited for extracting as much
relevant information as possible from a given subject within a limited time interval. Meanwhile,
broadband detection is specifically required for studying dynamic processes where multiple nu-
clei must be monitored near-simultaneously. Under such circumstances, scientists have applied
broadband detection to NMR, prompting the invention of various broadband NMR, detectors for
high-resolution multinuclear NMR signals. While it is often argued that non-tuned broadband
systems suffer from lower SNR compared to their tuned counterparts, this work addresses this
trade-off through advanced micro-engineering. As the first objective of this work, broadband
NMR detectors are designed in order to ease the measurement operation while offering good

sensitivity and spectral resolution.

In parallel, micro-NMR has become an important research topic, particularly in situations
where the available sample volume is limited, either due to restricted access to the material

(e.g., human tissues) or the high cost of non-reusable consumable samples. In such contexts,
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broadband detectors are indispensable to allow researchers to switch between nuclei instanta-
neously. Furthermore, this flexibility is crucial for specialized applications, such as in-situ mea-
surements, where the integration of bulky electronics is physically impossible, due to extreme
spatial constraints and the need for rapid data acquisition during transient reaction events.
Potential broadband detector solutions should therefore evaluate the currently available micro
electro-mechanical system (MEMS) technologies and select materials and fabrication methods

that primarily optimize NMR, performance while also considering cost efficiency.

With this overall objective in mind, this research contributes to evaluating existing NMR
coil geometries and developing novel broadband micro coils that address key challenges in NMR
studies, including intrinsically low sensitivity, long measurement times, and complex hardware
handling in multinuclear detection. The devices introduced in this work are expected to support
a wide range of NMR applications in multidisciplinary fields, such as the analysis of biological

samples and energy storage materials.

1.2 Thesis outline

This thesis focuses on the development of genuine broadband NMR, detectors. While the first
(current) chapter introduces the thesis, Chapter 2 presents the general concepts of NMR with

a more detailed discussion on the coil geometries and miniaturization techniques.

The following chapters, Chapter 3 and Chapter 4, present the project work on different NMR
detectors. Each chapter starts with a brief introduction a a review of the relevant fundamentals,
followed by theoretical and simulation studies as well as experimental characterization of the
devices. Chapter 3 reports on the first work of this thesis, the stripline Lenz lens, which is
a broadband add-on device compatible with common saddle coils and designed to enhance the
measurement sensitivity for samples at the sub-microliter volume scale. Chapter 4 studies a
double-port spiral detector fabricated using low-temperature cofired ceramics (LTCC), which

enables multinuclear detection in both 1D and 2D NMR experiments.

The thesis concludes with Chapter 5, which discusses the main achievements of this work

and provides an outlook on potential future developments.

1.3 Main Results

The research conducted within this PhD project are concluded in two scientific publications with

a contribution as first author or shared first authorship.

e Broadband stripline Lenz lens achieves 11 x NMR signal enhancement [J1]
Published in Scientific Reports, 2024.
Authorship: Lead author Content: This paper presents a new type of stripline detector
combined with Lenz lens design as an add-on device for standard NMR saddle coils. The
device holds micro-samples and is able to flip the RF field by 90° in the sample region.

A series of multinuclear NMR measurements shows an SNR enhancement of 11 times
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and its applicability to 2D NMR studies. Contributions: Designed, constructed, and
optimized the experimental configuration. Performed system characterization, executed
parallel NMR experiments, and conducted data analysis. Led the manuscript writing and

figure preparation.

Split spiral broadband double channel NMR detector facilitated by LTCC tech-
nology [J2]

Published in Scientific Reports, 2025.

Authorship: Lead author

Content: This paper introduces a variant of planar spiral coil, which has two detection
channels based on a split-spiral geometry. The study characterizes the typical spiral coil
and optimizes the split-spiral design using computational simulation tools. The device
was fabricated in LTCC, a promising technology for NMR hardware. Its performance was
experimentally validated at four frequencies with 1D and 2D NMR spectroscopy. Contribu-
tions: Designed, constructed, and fine-tuned the experimental configuration. Carried out
system characterization, executed parallel NMR experiments, and analyzed the resulting

data. Led the manuscript writing and figure preparation.






Chapter 2

Background Information

2.1 Overview

Nuclear magnetic resonance (NMR) has proven to be a powerful and versatile technique since
Isidor Isaac Rabi first discovered the magnetic moment of the deuteron in 1938, an achievement
for which he was awarded the Nobel Prize in 1944 [1]. In the late 1940s, Felix Bloch and Edward
M. Purcell demonstrated NMR, experiments using simple electromagnets and radio-frequency
coils [2, 3], paving the way for rapid theoretical developments and experimental applications. In
1966, Richard R. Ernst developed Fourier transform NMR, enabling the simultaneous excitation
and acquisition of signals over a broad frequency range. This led to the establishment of mult-
inuclear NMR and two-dimensional (2D) NMR spectroscopy, which are essential for analyzing
complex molecules such as proteins. By the 2000s, solid-state NMR had seen significant advances,
particularly through magic angle spinning (MAS) techniques that average out anisotropic inter-

actions.

In parallel with the theoretical development of NMR, detection hardware has evolved continu-
ously since the 1950s to improve sensitivity and spectral resolution. The development of stronger
magnet systems has enabled significantly higher magnetic field strengths, which remain a pri-
mary “brute-force” method for enhancing both sensitivity and resolution. Meanwhile, advances
in electronics have improved frequency stability, improved noise reduction, and enabled more so-
phisticated signal processing, e.g., through the use of lock-in amplifiers. Since 2000, MAS probes
have enabled high-resolution measurements of solid materials, and rotor design has become a
key focus in MAS NMR to achieve higher spinning speeds. In addition, advances in system
miniaturization have also played an important role in improving NMR performance, expanding

application areas, and reducing hardware costs.

In the following chapter, the necessary background for this research is provided, moving from
basic theory to advanced detector design. The discussion begins with the fundamental NMR
principles and the figures of merit used to evaluate performance, such as field homogeneity and
sensitivity. Then, an introduction to NMR hardware is presented, focusing on the design of

probes and coils. The chapter then moves to a detailed analysis of probe miniaturization, which
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explores how NMR systems and coils can be scaled down and optimized for both liquid and solid-
state applications. This section also introduces the micro-scale fabrication techniques required to
build such micro-probes. Finally, the chapter discusses broadband NMR, comparing traditional

multi-resonance circuits with the non-tuned approach that forms the focus of this thesis.

2.2 NMR principles

As the basic particle of the chemical elements, an atom consists of a nucleus of protons and gen-
erally neutrons, surrounded by an electromagnetically bound electron cloud. Different isotopes
present distinctive properties, e.g., charge, spin angular momentum (g) and magnetic moment

(f). The relationship between the magnetic moment (i) and spin angular momentum () of the
nuclei is expressed as:

i =75, (2.1)
in which + is the gyromagnetic ratio, an intrinsic property of the isotope, determining the strength
of the magnetic moment by a given angular momentum. In nuclear physics, v can be affected
by the nucleon spins, the orbital angular momenta and the couplings, and is thus difficult to
calculate. However, the gyromagnetic ratios have been measured with high precision for most
nuclei. For the sub-atomic particles, i.e., electron, proton, and neutron, the spin quantum
number [ is 1/2. The nuclear spin I is a fixed property of the nucleus based on the combination
of protons and neutrons. This value can be either an integer or a half-integer, representing the
total angular momentum of the nucleus in its ground state. Consequently, each nuclear spin
state has 2 x I 4+ 1 substates. The relationship between the magnitude of S and I of a certain

nucleus can be quantized as
151l = h/IT + 1), (2.2)
where A is the reduced Planck’s constant.

When no external magnetic field is applied, the spin angular momentum is randomly oriented,
and the overall magnetization of the sample is canceled out to be zero as illustrated in Fig. 2.1
(a) |4]. But when a static field By is present in the sample space, which is defined to be along the
Z-axis of the space by convention for the benefit of researchers, the spin states split into discrete
energy levels. This phenomenon is known as nuclear Zeeman effect. The energy difference

between two consecutive substates AFE and energy F are calculated as:

AE = —jiBy = vhBy,

(2.3)
E = —yhmBjy.

m is the magnetic quantum number (m = —I, —(I —1),...,(I — 1),I). This interaction of the
nuclear magnetic moment with the By field gives rise to the so-called Larmor precession of the
relatively isolated magnetic dipoles (spin vectors) around the Z-axis, as shown in Fig. 2.1 (b).
The angular precession frequency, i.e., Larmor frequency, is dependent on the static field strength

and the gyromagnetic ratio of the specific nucleus:

—

wo = 7By, while T = [i x By, (2.4)
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Figure 2.1: (a) Illustration of random distribution of spin vectors in a sample when no external
magnetic field is applied. (b) In the presence of a static magnetic field By, the spins precess
about the field direction and partially align with it. Two energy substates are formed, resulting
in a net magnetization My in the sample. (c) After a 90° flipping induced by an RF pulse, the
magnetization precesses around the By field direction (Z-axis) and returns to its equilibrium state.
(d) The change of magnetization components during the process shown in (c) characterized by

the relaxation time constants Ty and T5.

in which 7 is the torque created by the external field and x is the cross product. It should
be noted that the Larmor frequency is independent of the spatial orientation of the spins with
respect to the direction of the applied magnetic field, making it a key parameter in NMR. And
it also plays an vital role in sample excitation by RF pulses, as discussed later in this section.
Only nuclei with nonzero spin can interact with magnetic fields; for instance, 12C and 60 are
inactive nuclei for NMR measurements. The spin substates are either parallel to the BB (the
low energy state) or anti-parallel to the field (the high energy state), as shown in Fig. 2.1 (b).
The populations of these two substates are very similar, with a ratio of 1 — é—% according to the
Boltzmann distribution, where AF is about four orders of magnitude smaller than the thermal

energy kpT. Still, the precessing nuclei contribute to a net magnetization of the sample (M):

_ N?R*BoI(I+1)
3kpT ’ (2.5)
1
M. (t) = Mo(1 —e ™),

My

where kp is the Boltzmann constant, T is the temperature of the sample and N is the number of
nulcei contributing to the magnetization. My is the macroscopic magnetization of the sample at
the thermal equilibrium and M, is the changing net magnetization over time when By is applied

at t = 0. T is denoted as the longitudinal (spin-lattice) relaxation time constant.

In order to detect the weak net magnetization of the sample, it is first flipped from the
Z-direction to the transverse plane (XY-plane according to the previously defined coordinate
system). This is achieved by applying an oscillating magnetic field, denoted as Bj, in the
transverse plane with a frequency equal to the Larmor frequency of the target nuclei. When an

excitation pulse (RF pulse) By = B,Z+Byy (+B.Z) is applied, the evolution of the magnetization
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can be described by the Bloch equations [2]:

p M, -% B: —By\ (M. 0
2| My | = | -8B -% B M, |+ 0 [, (2.6)
M, vBy, VB, —7# M, o

where T and 75 are respectively the spin-lattice and spin-spin relaxation time constants. A

complete process is illustrated in Fig. 2.1 (c¢) and (d).

The tilt angle of the spins from the Z-axis depends on the irradiation energy delivered by the
RF field B;. A pulse that rotates the spins exactly to the XY-plane is defined as a 90° pulse,
as displayed in Fig. 2.1 (¢). It is an important concept in both detector design and experiment
operation, and the 90° pulse length is given by:

= e 9.
Tr/2 ’YBI’ ( 7)

which is ideally much shorter than the relaxation times. The energy absorbed by the spins starts
to dissipate once the RF pulse is removed, and the nuclei relax back to their thermal equilibrium
state while continuing to precess. The electromagnetic radiation emitted during this relaxation
process can be detected by an NMR coil based on Faraday’s law of induction. This induced signal
represents the NMR signal prior to further transmission and processing. The sample excitation
and signal detection can be performed either by a single coil or two separate coils. According to
the principle of reciprocity, the sensitivity of an NMR detector at any point in space is directly
proportional to the magnetic field By produced at that point by a unit current flowing through
the coil. In an ideal, lossless system, this implies that the excitation efficiency and the reception

sensitivity at this point are identical.

The induced signal collected by the coil can be calculated as:
Bi,- M
e~ [ AR ay, 2.8)

where B, is the RF field strength generated by a unit current in the coil and V4 is the sample
volume. The equation shows that the signal magnitude is mainly affected by the static field
strength, RF field strength and sample volume. The first two factors are key objects of sensitivity
enhancement, while the limited sample volume is often a practical constraint in NMR studies.
The sinusoidal signal is observed in the time domain as the free induction decay (FID). In
certain cases where only a limited number of frequency components are present, the FID can
be analyzed directly to determine physical properties quantitatively (time-domain NMR), for
example, the hydrogen content in aviation fuel [5]. In most cases, however, the FID data is
digitized and Fourier transformed into a the frequency domain, producing the NMR spectrum.
It provides detailed information about a complex of chemical environment, molecular structure,

and dynamics of the sample.

An NMR spectrum typically consists of multiple peaks distributed along the frequency axis.
Assuming a stable By field and a homogeneous By field by a sufficiently sensitive coil, the signal

peak of a given nucleus is influenced by several fine interactions with the surrounding molecular

8
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structure and environment. The structural information of the sample can be inversely identified

from the the acquired spectra.

Chemical shift: The molecular structure and the local electron density surrounding the
observed spin give rise to a slight distortion of the local static field, leading to a shift of the
signal frequency from the reference value. This shift is typically on the order of parts per million,
ppm. The position and the number of these shifts are among the primary observables in NMR
experiments for identifying the functional groups. The chemical shift can also be manipulated

with special pulse sequences to improve spectral resolution, particularly in low-field.

Dipole-dipole coupling: It refers to the direct interaction between two spins, i.e., magnetic
dipoles. The magnitude of this coupling effect is inversely proportional to the cube of inter-
molecular distance. In certain liquids such as water, dipolar coupling is averaged to zero due
to the rapid and random molecular motion. In contrast, in anisotropic liquids or solid-state
samples, this interaction remains non-zero and can be exploited in various applications, such
as NMR crystallography with amorphous materials. However, dipolar interactions also broaden
resonance peaks and makes the elucidation of structures in solid samples more difficult. The

magic-angle spinning (MAS) NMR technique was developed to address this issue.

J-coupling (spin-spin coupling or indirect dipole-dipole coupling): It originates from
the hyperfine interaction between nuclear spin and the surrounding electrons, e.g., the 'H —1 H
coupling in a 'H — C —! H group. It reflects the chemical bonding environment and appears as
the multiplicity of split resonance peaks in the spectrum, such as doublets or triplets. Unlike
chemical shift, J-coupling is independent of the external field strength and is therefore stated as

a frequency offset in Hz.

2.3 NMR figures of merit

When evaluating an NMR spectrometer, the performance is defined by the interplay between
sample-specific properties and the technical specifications of the hardware. While intrinsic factors
set the theoretical signal limit, such as the gyromagnetic ratio and spin density discussed in
last section, the spectral quality depends on the precision of the instrument engineering. To
evaluate and optimize the NMR devices developed, four critical figures of merit are introduced
and explained in this section: (1) By field homogeneity across the sample volume, which dictates
spectral resolution; (2) By field homogeneity, which ensures uniform tip angles through consistent
excitation; (3) excitation efficiency of the RF coil; and (4) signal-to-noise ratio (SNR) and limit

of detection (LOD) as the ultimate metrics of sensitivity.

2.3.1 B field homogeneity

Despite the magnitude of the By field strength on different systems, ranging from around 1T to
around 30T, By field distortion is a common and major concern for NMR users since the field

fluctuations affect the Larmor frequency directly [6].
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Even in high-quality superconducting magnets, there can be slight imperfections in the coil
windings or manufacturing tolerances, resulting in residual inhomogeneities. In the lab, the local
field inside the magnet may suffer from: (1) thermal-induced distortions due to the non-uniform
cooling of the magnet; (2) field shift due to persistent current decay; (3) mechanical vibrations
caused by cooling systems, pumps, or nearby machinery; (4) variations in Earth’s magnetic field
strength and gradient in the laboratory environment, e.g., adjacent ferromagnetic materials.
Local By around the sample is also affected by the susceptibility mismatch between different

materials in the sample coil.

By design, the field drifts should be compensated through proper lab maintenance, and more
importantly, through the installed shimming system. The shimming coils are arranged around
the gradient coils and the probe. Adjustable currents flow through these coils to actively control
and correct the overall magnetic field according to the superposition principle |7, 8]. By correction
is achieved through various shim coil components corresponding to spherical harmonic terms,
including 71, Z2 and Z3 along the Z-axis, as well as X, Y, XY terms in the transverse plane
(XY-plane), depending on the complexity of the system. In some instruments, passive shimming
is also employed. This method uses pieces of steel or ferromagnetic pellets with suitable magnetic
properties, which are positioned at specific locations inside the magnet bore to further improve

field homogeneity.

Furthermore, when a new probe head is designed and fabricated, susceptibility matching
between the detector and the sample container should be considered. In addition, interfaces
between different construction materials should be placed away from the detection zone in order

to reduce local magnetic field distortions.

There are several ways to characterize the homogeneity of the magnetic field at the center of
an MR spectrometer. The spectral linewidth, also referred to as spectral resolution, is one of
the most common quantification metrics. The linewidth can be calculated in several ways. One
common definition is the full width at half maximum (FWHM) of the signal peak, which is easy
to determine and allows straightforward comparison across different spectra. The peak width
can also be measured at the baseline level or at a defined noise threshold (BBM), Av, /5, which
is useful for broad peaks or poorly resolved spectra. Other approaches include estimating the
linewidth by analyzing the autocorrelation function of the spectral line, which is suitable for rapid
evaluation of broad peaks or solid-state NMR spectra, and fitting the peak to a mathematical
function (e.g., Lorentzian, Gaussian, or a hybrid Voigt profile) for unresolved peaks or detailed

line-shape analysis.

The linewidth can be broadened by unwanted field distortions, as calculated below:

1
AI/l/Q = T + AI/. (29)

7Ty
Here, Av accounts for unwanted field distortions and experimental imperfections. 75, the
spin—spin relaxation time, determines the intrinsic linewidth of a nucleus in the spectrum, and
is independent of static magnetic field imperfections [8]. In practice, however, the apparent

transverse relaxation time 75 is observed. This parameter describes the decay of the FID signal
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under real experimental conditions, incorporating both the intrinsic 75 relaxation processes and
additional dephasing caused by static magnetic field inhomogeneities. Therefore, T5 should be
considered in theoretical predictions and experimental analyses rather than 75 alone. A shorter
T5 leads to a broader linewidth. In the equation above, the linewidth difference between T

and T is represented by the term Av. The relationship between 75 and 75 can be expressed as
1
T3
in the static magnetic field.

= T% + vA By, in which ~ is the gyromagnetic ratio and A By represents the local variations

2.3.2 B field homogeneity and excitation efficiency

While the By field determines the spectral resolution, the RF field B governs the nuclear mag-
netization within the sample, as described in Eq. 2.6 and 2.8. Two primary parameters define
the performance of this field: homogeneity and excitation efficiency. The non-uniformity of the
B field can reduce the maximum overall signal amplitude detected from each unit volume of the

sample.

Assuming a uniform material distribution within the sample space, the magnetization of a
randomly selected sample voxel M at a time 7 can be expressed as:
M =M sin (woT) sin (YBiuleoiT) & + M cos (wo) sin (YBiyleonT) ¥

(2.10)
+ M cos (YBiuleonT) 2,

where the coil is excited by a rectangular excitation pulse with a power of P = reoq x I2

i and a

pulse length that is much shorter than both 77 and T3 [4]. In an ideal experiment, every nucleus
in the sample would experience the same flip angle (e.g., exactly 90° or 180°). In practice,
however, the Bj field strength varies spatially due to the specific coil geometry and the presence

of conductive or lossy samples.

Following Eq. 2.8, the signal amplitude collected in the receive mode can be calculated as

f(t) = Blu X sin (’}/Blulcoil T) X MWO X Vsample X COs (W()t) . (2.11)

The maximum signal value is achieved at 7 = 7/2xyB1,I..1 , which corresponds to the 90° pulse

width 7.9, assuming a homogeneous B; field. The uniformity of Bj is projected upon the

term By, X sin (7B leoiT) as the average effective field strength over the sample volume. Poor
homogeneity leads to incomplete excitation in different regions. Meanwhile, dephasing may
occur during complex pulse sequences, which can significantly reduce the signal intensity in
multidimensional NMR experiments [9]. As a result, the measured signal intensity no longer

accurately reflects the actual number of nuclei present in the sample.

There are several sources of non-uniformity in the B; field. First, it strongly depends on
the RF coil design and the materials used. Each coil geometry produces a characteristic field
distribution, and achieving an ideally homogeneous field is difficult. Identifying coil geometries
that provide sufficiently homogeneous field while remaining compatible with the sample geometry

is therefore an important topic, which will be discussed in Sec. 2.4.2. Metallic components in the
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NMR setup can also distort the B field through two main mechanisms: (1) eddy currents induced
in metals by RF fields, which lead to spatially and temporally varying changes in the B; field
strength, and (2) the skin effect, which alters the B field distribution around metallic electrodes
or conductors [10]. In addition, the electromagnetic properties of materials surrounding the coil
and the sample itself, such as permittivity and conductivity, can influence the field distribution.
As magnetic field strengths increase, e.g., in ultra-high field MRI, B; inhomogeneity becomes
more pronounced due to the shorter RF wavelength and unwanted dielectric resonances within
the sample [11]. Techniques such as RF shimming are therefore explored to compensate for
distortions in both the amplitude and phase of the B; field, particularly in MRI applications
[12, 13].

The nutation signal is a practical tool to evaluate the RF field inhomogeneity. It is defined as
the NMR signal (£) collected over a sweeping time duration 7. Assuming a uniform B; field in
the sample region and neglecting spin relaxation time, the signal evolves in a sinusoidal form with
respect to 7 and its amplitude depends on 7. However, B; inhomogeneity leads to an envelope
to the sinusoidal signal, which decays over time. In experimental practice, the ratio of the signal
amplitudes at pulse durations of 450° (or 810°) and 90° is calculated to quantitatively assess the

B field homogeneity, which is smaller than 1.

Excitation efficiency, often referred to as unit sensitivity, measures the coil’s ability to convert
input RF power into magnetic field strength. It is mathematically defined by the ratio By /i,
where 4 is the current flowing through the coil. Efficient coils require less amplification from
the power amplifier (PA) to reach the desired flip angle, which means a shorter pulse length.
According to the principle of reciprocity, a coil that is an efficient transmitter is also a sensi-
tive receiver. Therefore, optimizing the excitation efficiency is critical in the coil engineering.
The excitation efficiency is usually evaluated as 7/(2x7,/,) for 1 W excitation power to make a

comparison between different coil designs.

2.3.3 Signal-to-noise ratio and limit of detection

Signal-to-noise ratio (SNR) is the primary metric for evaluating the quality of an NMR spectrum
and the performance of the detection hardware. The signal formation is explained in detail in
Sec. 2.2, in which the noise is also included. While the signal magnitude £ is determined by
nuclear magnetization and coil sensitivity, the experimental SNR is ultimately limited by noise.
The noise mainly originates from the thermal noise of the coil (Johnson—-Nyquist noise) and the
sample. When working with limited sample volumes, the coil resistance becomes the primary
noise contributor, as the skin depth effect and proximity effect lead to a high resistance. As

derived from the principle of reciprocity, SNR can be characterized as follows:

SNR = VSignal _ ’6‘ _ By, x sin (7Blulc7_7r/2) X Mwg % ‘/Ysample, (212)
Vnoise V Nc vV 4]€TRC

in which £ is the outcome of Eq. 2.11, N, is the thermal noise produced by the coil, T' corresponds

to the coil temperature and R, is the coil resistance, and wy is the resonance frequency.

12



2.4 NMR hardware

Assuming a unit sample volume being excited at a fixed Larmor frequency with a constant

coil temperature, the SNR can be further simplified as:

onpo 18 _ Buxsin(Bultys) B _ B
VN VvV Re VR i xX VR

i X v/ R. is equivalent to v/F,. This proportional relationship is very useful for NMR hardware

(2.13)

engineers. This relationship highlights that high sensitivity is achieved by maximizing the B;
field produced per unit current (excitation efficiency) while minimizing the resistive losses in the
coil. A higher SNR indicates a clearer and more reliable spectrum, enabling better interpretation
of molecular structures and interactions. It is crucial in experiments involving low-concentration

or low-volume samples, where weak signals may be obscured by noise.

Another common concept similar to SNR is sensitivity, which is already mentioned in the
previous section. While SNR describes the data quality, sensitivity refers to the system’s ability
to detect weak signals from low-concentration analytes. A higher SNR generally correlates with
increased sensitivity. However, sensitivity can also be affected by factors like sample preparation
and experimental design. When SNR is calculated from experimental data, which is affected
by the factors mentioned, sensitivity and SNR provide the same information and can be used
alike. A critical variant for micro NMR hardware is mass sensitivity, which scales the SNR by
the measured sample mass. It emphasizes the ability of an NMR system to detect signals from

small amounts of sample material.

The limit of detection (LOD) or normalized LOD (nLOD) is a parameter derived to measure
the NMR sensitivity [14]. Principally, it is the inverse of the sensitivity, i.e. the minimum sample
amount or spins required to obtain a baseline SNR (SNR = 3). The nLOD enables direct and
fair comparison across different NMR, setups, as it is independent of acquisition parameters such

as bandwidth, number of data points, or signal averaging. The Mass LOD is defined as:

3"15\/z
SNR ’

nLOD,, = (2.14)

in which ng is the measured sample amount in mol, ¢ is the measurement time, and SNR is
the acquired signal-to-noise ratio. ¢ can be estimated as a multiplication of the scan number
and acquisition time per scan. For a fair comparison among different researches, SN R obtained
from an arbitrary spectrometer with a system frequency ws could be corrected with a ratio of

4
(600/ws)3, as used in this work on a 500 MHz spectrometer.

2.4 NMR hardware

The performance of an NMR experiment is fundamentally constrained by the hardware’s ability
to excite, control, and detect nuclear magnetization. A conventional NMR system is built as a
modular platform, as shown in Fig. 2.2. First of all, it consists of a high-field superconducting
magnet, such as the 11.7T vertical-bore magnet employed in this work. Commercial systems
now can reach magnetic field strengths of up to 30.55T (corresponding to 1.3 GHz for 'H).

Shimming and gradient coils remains indispensable around the bore to ensure sufficient field
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Figure 2.2: Schematic diagram of the NMR spectrometer hardware and signal flow. The host
computer controls the transmitter, which consists of a pulse programmer and a power amplifier
to generate the RF excitation pulse. The T/R switch acts as the central duplexer, routing these
pulses to the RF coil within the NMR probe, which is centered inside the static magnetic field
B0 of the magnet. During the detection phase, the T/R switch directs the weak nuclear signal
from the coil to the receiver. The receiver mainly consists of a low-noise amplifier (LNA) and an

analog-to-digital converter (ADC) for subsequent data processing on the computer.

homogeneity and to enable spatially resolved experiments. The electronic heart of the system
is the NMR, console, which houses the transmitter and receiver. The RF pulse generator and
power amplifier make up the transmitter network (TX). The pulse is amplified to a power level
of 10 W to 1000 W [15]. The receiver network (RX) has a low-noise amplifier (LNA) and analog-
to-digital converter (ADC), which prepares the FID signal for spectrum processing. The LNA is
essential because the raw NMR signal is usually very weak and requires enhancement for precise
processing. The ADC digitizes the analog FID signal so it can be Fourier transformed by the host
computer. A high-speed T /R switch directs the transmit pulse to the probe and the NMR signal
to the receiver. It also protects the sensitive receiver from the high-power transmit pulse. While
traditional high-field systems offer maximum sensitivity, benchtop NMR, systems have gained
prominence for their portability and relatively low cost with highly integrated electronics, albeit

at the trade-off of lower spectral resolution, which will be discussed in following sections.

The most critical interface in this signal chain is the NMR probe. This removable module is
inserted into the magnet bore and serves as the housing for the NMR RF coil and electronics.
While probes are broadly categorized into liquid-state and solid-state (MAS) configurations, their
underlying efficiency is governed by the same electromagnetic principles. To ensure maximum
spectral resolution and sensitivity, the coil must be precisely positioned within the homogeneous
By region of the magnet. Furthermore, the sample should be correctly positioned within the
RF magnetic field by the coil, which is vital for achieving uniform excitation of the sample and
optimal detection of the NMR signal. The tuning and matching network is placed near the coil

to minimize signal losses and ensure maximum power transfer efficiency.
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To optimize the NMR devices developed in this research, the following sections provide a
detailed engineering analysis of the three core hardware components: NMR probe, NMR coil

geometry and tuning and matching network.

2.4.1 NMR probe

NMR probes consist of several critical components, including a part of the transceiver circuit,
tuning and matching circuit, fluidic channels for cooling, a gradient sleeve, one or multiple NMR
coils and the sample container. The probe head assemblies are refined to hold samples precisely
within the magnet’s homogeneous center as well as homogeneous RF field region, ensuring con-
sistent experimental results. While the primary By shimming and gradient coils are typically
integrated into the magnet bore, the probe environment must be carefully engineered to minimize

interference with these fields.

The probe materials and shielding must be designed to mitigate eddy currents. When magnetic
field gradients are pulsed for spatial encoding or coherence selection, they can induce currents
in nearby conductive materials, leading to signal artifacts and field distortions [16]. Further-
more, the probe must be constructed from materials with matched magnetic susceptibilities to
avoid introducing local inhomogeneities into the high-resolution By sweet spot. Additionally, the
components around the coil must be non-magnetic and resistant to RF interference to ensure

uncompromised performance.

Prior to measurement, the sample is inserted into the RF coil via a customized sample holder or
NMR tube. Depending on the system, loading is achieved through a pneumatic automatic lifting
system or manual insertion. The holder ensures that the sample is precisely and reproducibly
centered relative to the RF coil. While borosilicate glass tubes are the standard for liquid-state
NMR, polymers or ceramic compounds are utilized for specialized applications, such as the rotors
in Magic Angle Spinning (MAS) probes. These tubes must be machined with high precision to

allow for easy insertion while maintaining a high fill factor, which is critical for sensitivity.

To maintain experimental stability, a temperature control system is typically integrated through-
out the probe body, regulated by an external fluidic or gas-flow unit. Precise regulation of the
thermal condition around the RF coil and sample is essential for reducing thermal noise, main-
taining the stability of biological samples, and performing variable-temperature studies. In spe-
cialized solid-state NMR, configurations, the probe also incorporates a pneumatic bearing and
drive system that enables the rotor to spin at high frequencies at the magic angle relative to the
By field direction.

In summary, the NMR probe is a sophisticated electromechanical assembly designed to main-
tain the sample in a controlled environment while enabling high-fidelity signal detection. The
structural integrity of the probe body is important to achieve high-resolution spectra without
distorting the static field. Having established the role of the probe as the primary interface
between the console and the sample, the following section evaluates the geometry of the NMR

coil, which determines the system’s sensitivity and the spatial distribution of the RF field.
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2.4.2 NMR coil geometry

The NMR coil, positioned at the isotropic center of the By field, plays a critical role in determining
the performance of the probe. A few coil geometries have been selected from the coil family and
utilized for NMR detection. This section outlines the fundamental principles of NMR coil design.
The typical NMR coil geometries are reviewed, and the practical considerations for optimizing

their figures of merit metrics are discussed.

Coils can be modeled as an inductor L in series with a small resistance R, L + R. For an ideal
inductor, the inductance is defined by its geometry and material properties, and the inductance
is given by L = ‘p—}“, where ¢) is the magnetic flux, i.e., the product of the magnetic field B,
and the enclosed area A. The energy stored in the inductor is expressed as Wy = %LI 2. The

impedance of a series resonance circuit is calculated as:

1
7 =jwL+R— ——
J

2.1
—. (215)

where C' is the total capacitance applied in the circuit. This series resonance circuit provides
a narrow frequency band centered around the resonance frequency, which corresponds to the
Larmor frequency of the detected nucleus. The quality factor (Q) is defined as the ratio of the

energy stored in the inductor and the thermal energy dissipated in the circuit per current cycle:

Wi, wL 1 /L
L _wr_ 2.1

in which Wg is the thermal dissipation on the resistor [17]. A high Q indicates high power
efficiency in the coil. According to another commonly used, nearly equivalent definition, the
quality factor is given by the ratio of the resonance frequency to the bandwidth (Aw = wp/Q).
Consequently, a higher Q also implies greater frequency selectivity. In general, a high Q factor is
desirable for maximizing the voltage step-up and filtering out-of-band noise, thereby significantly
enhancing the SNR. From the equation above, it follows that a larger inductance leads to a
higher Q. In practice, however, the inductance cannot be increased arbitrarily, since enlarging

the inductor typically also increases its resistance, which ultimately limits the achievable Q.

There is a wide variety of NMR coil geometries, which can generally be categorized into two
groups, i.e., 3D (volume) coils and 2D (planar) coils, as shown in Fig. 2.3. In the diagram, the
different coils are arranged with the same By field direction, and the effective sample region for
each coil is displayed in blue. The selection of a specific coil geometry is primarily determined
by the sample’s volume, geometry, and required orientation relative to the static magnetic field
By.

Volume coils are designed to surround the sample, providing a highly uniform RF field through-

out a three-dimensional space. Typical volume coils are:

e Solenoid coil as one of the most widely used coil geometries, consists of a wire wound in
a helical shape around a cylindrical form. It creates a uniform magnetic field inside along
the central axis of the cylinder and is able to provide a strong magnetic field and a high

SNR due to its low resistance and efficient energy storage. Solenoid coils are particularly
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Figure 2.3: Overview of common NMR coil geometries. The top row illustrates volume (3D)
coils, including the solenoid, saddle, and Helmholtz coils. The bottom row displays planar (2D)
coils, such as the spiral, stripline, and Lenz lens designs. The coils are oriented as in the working
configuration for the given By field direction. The blue shaded regions represent the active sample

volume for the respective coils.

well-suited for the cylindrical sample tubes typically used in liquid-state NMR, which
maximize the filling factor and thus have efficient coupling with the sample. The facts
that the uniform magnetic field is limited to the center space and that the coil needs to be
placed orthogonally to By field limit its versatility in application. It is a popular choice in
micro NMR and MAS applications.

e Saddle coil consists of a single wire that is shaped like two saddles facing each other. This
configuration is particularly beneficial for achieving better homogeneity in the magnetic
field over a larger area compared to traditional solenoid coils [18]. It couples less strongly
to surrounding conductive materials, like sample holders, than tightly wound solenoids, re-
ducing unwanted loading effects in certain cases. However, the geometry and construction
of saddle coils can lead to higher resistive losses compared to an optimized solenoid, po-
tentially lowering the Q factor. The open structure of a saddle coil provides easy access for
various sample sizes and types, making it suitable for different experimental setups. They
allow the sample tube to be inserted along the By direction while generating the neces-
sary transverse Bj field. The construction of saddle coils can be more complex than other
simpler coil geometries, potentially increasing manufacturing costs. On the other hand,
saddle coils can be arranged in multi-element arrays. In such setups, each element covers
a specific region, which is advantageous in parallel imaging or in experiments requiring
spatial localization.

e Helmholtz coil is made up of two parallel coaxial coils, providing a uniform magnetic field
at their geometrical center. It is a simpler alternative for volume excitation and allows for
easy sample insertion/removal and integration into customized probe head components.

The mathematical description of the magnetic field produced by a Helmholtz configura-
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tion is well known, which can simplify the design and calibration process for experiments
needing precise field control. The Helmholtz pair offers a better field uniformity over a
larger volume than single solenoid coils but a lower sensitivity than solenoid coils due to
a lower magnetic field strength at the center and a lower coupling efficiency with its less
compact structure. To achieve the desired field uniformity, Helmholtz coils are often larger
than other coil geometries, making them less practical when space is at a premium or when
working at very high frequencies. In the construction, it requires careful alignment and

calibration of the rings to ensure optimal performance.

In contrast to volume coils, planar (2D) coils are characterized by a flat structure, and are

designed to provide localized sensitivity. The Bj field strength is maximum in the region adjacent

to the conductor surface. While planar coils lack the specific axial homogeneity of 3D coils, they

offer advantages in sufficient SNR for thin-film samples and microfluidic interfaces where the

filling factor can still be maximized through extreme proximity. Typical planar coils are as

follows:

18

e Stripline coil is composed of flat conductors arranged in a parallel configuration, typi-

cally sandwiched between dielectric materials. This design is often used in high-frequency
applications due to its compact size and ease of integration into RF circuits. Stripline coils
provide good sensitivity and magnetic field homogeneity, making them particularly effec-
tive for small-volume samples, such as microfluidic or lab-on-a-chip applications [19]. The
flat geometry allows for a smaller footprint, making stripline coils ideal for miniaturized
NMR systems or portable devices. Striplines are scalable and can be adapted for different
sample sizes. Additionally, stripline coils are well suited for integration with microfluidic
systems, enabling real-time monitoring of chemical reactions or biological processes with
low sample heating. Stripline coils can operate effectively over a wider range of frequencies,
which is advantageous for applications requiring multiple nuclei detection [20]. Achieving
uniform magnetic fields on a stripline coil requires precise and complex manufacturing
techniques [21].

Spiral coil is designed in a flat spiral shape, often used in miniaturized applications
or microfluidic systems. It has a compact structure and is ideal for small samples or
microfluidic applications where space is limited. Planar spiral coils can be fabricated
using standard microfabrication techniques, enabling mass production and integration with
other microelectronic components. Spiral coils at a micro scale can perform broadband
detection, capable of detecting multiple nuclei simultaneously. However, the planar spiral
has a low magnetic field homogeneity, since it suffers from a rapid B; field drop-off as
distance from the coil increases. It typically provides a lower SNR compared to larger
solenoid or Helmholtz coils due to a smaller effective volume and additional noise, due to
interconnections between circuit elements and the coil [22]. At high frequencies, the AC
resistance of planar spiral coils can increase significantly due to skin and proximity effects,
increasing thermal noise greatly.

Lenz lens coil utilizes inductive elements arranged to enhance the magnetic field at the

sample location |23, 24]. Lenz lenses can focus the magnetic field of a larger RF coil into a
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smaller spatial region, thereby increasing the local flux density and improving SNR. Unlike
LC resonators, Lenz lenses are non-tuned and can operate over a wide frequency range,
making them suitable for broadband applications [25]. Lenz lenses can be easily tailored to
specific applications and are straightforward to fabricate using simple conductive materials
like wire or copper foil. When it is driven by an outer coil, the inserted Lenz lens does not
significantly affect the tuning condition, simplifying their integration into existing NMR
setups. However, it shows limited effectiveness for extremely large detection coils and

evitable reduces the total sensitive volume.

A minor subgroup of coil geometries is the 2.5D coil, which has some three-dimensional aspects
but is not fully 3D [26, 27, 28|. This term typically refers to planar coils with increased thickness,
stacked planar coils with interconnects, or coils with partial vertical components in some studies.
So far, there is no strict boundary between 2.5D and 2D coils. Since the coil structures are still

essentially planar, this work discusses them together.

2.4.3 Impedance tuning and matching

O /ITJI/ O Zsample
L.
Zin ZL 74
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Figure 2.4: FEquivalent circuit model of the NMR tuning and matching network. The network
comprises a basic tuning and matching network with two capacitors in order to transform the
complex impedance of the NMR coil and sample-induced spins to the characteristic impedance of

the transmission line. The resulting input impedance is calculated at the preamplifier interface.

To achieve maximum sensitivity and power efficiency, the NMR coil is integrated into a network
that performs two distinct functions: tuning and matching. The purpose of the tuning and
matching network is to tune the resonant frequency to the nucleus’ Larmor frequency, and to
match the coil impedance to the transmission line, thereby ensuring efficient signal transmission
and reception and maximizing the SNR. In its most fundamental form, tuning is achieved with
a parallel variable capacitor connected to the coil, and matching is realized with a series variable
capacitor. To quantify the performance of an NMR probe, it is necessary to model the RF
coil within a lumped-element framework. Fig. 2.4 illustrates the standard resonant matching
topology, where the coil is represented by its inductance and series resistance, coupled with the
impedance contribution from the nuclear spins Zsample [29]. The secondary matching and tuning
capacitors transform this complex load into the network impedance Zi,, which can be calculated
as [17]:
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It is noted that Zg is affected by the frequency offset from the Larmor frequency Aw. When
the coil is matched, a maximum power transfer between the connected transmission line (usually
a coaxial cable) and the NMR coil is realized. Depending on the specific requirements of the
resonance circuit on the coil, Cy and C}, shown in Fig. 2.4 can be replaced by circuit units
consisting of multiple capacitors and/or inductors. In some cases, a combination of several
components is necessary to achieve higher tuning and matching accuracy than that provided by
a single fixed-value capacitor or inductor. On the other hand, more complex tuning and matching

units, such as trap and tank circuits, can enable single-input, multi-tuned NMR detectors, which

will be discussed further in Sec. 2.6.1.

In practice, due to the loading effects of different samples and the interaction between tuning
and matching, the tuning and matching process is often iterative and time-consuming. Au-
tomated tuning and matching systems with computer control have therefore been introduced
[30, 31, 32]. In these systems, manual capacitor adjustment is replaced by motorized capacitors
or electronic tuning elements. Automatic tuning and matching is particularly useful in in-situ

NMR measurements for tracking intermediate reaction products.

When the tuning and matching circuit is connected to a preamplifier via a transmission line,
based on Eq. 2.17, the input impedance seen at the preamplifier can be expressed as:

Z1, + Zy tanh(z)

Lin = 2
m 0 Zo+ 21, tanh(fv) ’

(2.18)

where Zj is the characteristic impedance of the transmission line, which is typically 502 [33]. =
is the electrical length of the cable. According to Eq. 2.18, transmission lines can also be used to
adjust tuning and matching properties of the coil, and to provide good signal isolation between
different channels [34, 35]. The use of transmission lines in multi-resonance probes will also be

discussed in Sec. 2.6.1.

NMR sensitivity is not only determined by the coil efficiency, but also by the noise management
within the transceiver chain. When the coil is tuned and matched, spin noise and absorbed circuit
noise are affected by the tuning condition. For instance, the spin noise, due to residual magnetic
fluctuations, is actually enhanced by the tuned circuit. The circuit noise, together with the spin

noise without the preamplifier network, can be calculated as follows:
N2 = 4kT Re [Zi] (2.19)

which is a more complete expression of N, in Eq. 2.12, demonstrating the noise power spectral
density, or more precisely, the squared noise voltage spectral density with the resistance term

being considered. At the preamplifier input, the noise voltage level can be calculated as:

2

Zp : (2.20)

Vi ” = (NE(8w) + [Inf? - 22+ W) | =22
in P

in which Zp is the input impedance of the preamplifier, Iy and Vy are respectively the current

and voltage noise sources introduced by the preamplifier [29].

20



2.5 Miniaturization in NMR

By accounting for the noise sources described above, the optimal Signal-to-Noise Ratio (SNRqpt)
can be derived. When Zj, is a pure resistive value and equal to ~/1y [29, 36|, the optimal SNR

is achieved as follows:

S
VR A/AKT + 2InVN ’

¢ is the nuclear magnetization, as explained previously in Sec. 2.2. Unlike Eq. 2.13, this expression

SNRp = (2.21)

provides an alternative perspective for evaluating SNR by taking the tuning and matching circuit

and the transceiver signal path into account.

2.5 Miniaturization in NMR

Miniaturization in NMR refers to the development of compact, portable systems that retain the
analytical capabilities of conventional benchtop or large-scale NMR spectrometers. The growing
demand for miniaturized NMR lies in its potential to enable applications in on-site diagnos-
tics, environmental monitoring, and in general, micro-scale sample measurement traditionally
inaccessible to bulkier systems [37, 38]. It is also critical to achieve a resolution and sensitivity
comparable to, or even better than those of bulky NMR systems. To provide a comprehensive
overview of this field, this section reviews the architectural and methodological developments
across four key aspects: micro NMR systems, micro coil designs, optimization using simulation

tools and advanced microfabrication techniques.

2.5.1 Miniaturized NMR systems

A complete traditional NMR system explained before is bulky and costly, with a standing elec-
tronic magnet, nitrogen cooling chamber, cabinets housing signal processing and amplification,

and an arm-long delicate probe.

A benchtop NMR system primarily includes a permanent magnet, compact NMR electronics,
and a micro RF coil. The pursuit of miniaturized NMR systems began in the late 20th century,
driven by the advances in microfabrication, CMOS front-end electronics and compact magnet.
Early milestones include the development of palm-size permanent magnets in the 1990s and the
integration of micro coils in the 2000s to enhance mass sensitivity [39, 40, 41]|. For a center-field
permanent magnet, the magnet material, magnet assembly design, and the shimming strategy
determine the field quality for NMR measurement, which was reviewed by Bliimich [42]. The
NMR electronics are mainly comprised of three modules: a pulse sequencer, an RF transmit-
ter, and a low-noise receiver [43, 44]. Smaller systems consume less power and require fewer
consumables. By reducing size and cost, these systems become more widely available and can
be deployed in more settings, e.g., on-site diagnostics. Miniaturized components also facilitate
seamless integration with microfluidics and lab-on-a-chip platforms, enabling automated, high-
throughput analysis [45, 46]. While miniaturization offers transformative potential, it introduces
technical hurdles. In compact magnets, sensitivity losses due to reduced sample volumes and

magnetic field inhomogeneity remain critical challenges [47, 48]. Noises from the signal process-
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Figure 2.5: Different miniaturized NMR probes/systems. (a) Table-top micro coil NMR setup
(Reproduced from Ref. [49] with permission from Elsevier). (b) Reproduced from Ref. [50] with
permission from Elsevier. (c¢) An integrated NMR magnetometer (Reproduced from Ref. [39] with
permission from Elsevier). (d) 1-chip NMR system (Reproduced from Ref. [48] with permission
from IEEE). (e) Assembly of the compact NMR spectrometer (Reproduced from Ref. [51] with
permission from AIP Publishing). (f) Single-chip transceivers for two coils (Reproduced from
Ref. [52] with permission from AIP Publishing). (g) Automation system with a multiprobe lig-
uid handler (Reproduced from Ref. [53] with permission from American Chemical Society). (h)
Portable electronic-automated pNMR system (Reproduced from Ref. [54] with permission from
[EEE).

ing electronics also harm the detection sensitivity. Additionally, thermal management in densely

packed systems and signal-to-noise trade-offs demand innovative engineering solutions.

To address these limitations, the advances in magnet designs are of critical importance. The
control of magnet homogeneity was the main limiting factor for the miniaturization of the mag-
nets while maintaining the magnitude of the field strength. A promising direction is the design of
compact magnet assemblies with permanent magnets, which decreases the magnet size by up to
2 orders of magnitude and is energy efficient [55]. Improved new permanent magnetic materials
and magnet assembly geometries provide the chance to scale the size of the magnet down to the
limit of millimeter-sized structures. One important promising magnet design is the Halbach ar-
ray, which organizes a group of magnet elements with respective polarization directions in order
to create a homogeneous field within the ring [56]. The field strength can be around 1T to 2T.
As shown in Fig. 2.5 (a), Demas et al. presented a benchtop NMR setup with a small purchased
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2kg Halbach magnet, which provided a 2 T magnetic field [49]. Another breakthrough is smaller
superconducting magnets with novel magnet materials. A miniature high-temperature super-
conductor (HTS) magnet system was reported for a magnetic field of around 3T at a weight of
about 2kg with a rotary microcooler [57|. The cylindrical magnet body was 20 mm in diameter

and 20 mm in length.

Another good opportunity of NMR system miniaturization lies in a higher integration level of
electronics. The advances in microelectronics on customized PCB boards or CMOS chips with
NMR performance enhancement have been presented in details by several reviews |44, 45]. Most
of the modules of a modern NMR spectrometer can be realized by the integrated circuits, and
in the end assembled onto single customized chip [58]. Fig. 2.5 (b) presented an NMR front-end
electronics with transmission and reception networks by Mandal et al. [50]. The setup worked
broadband without resonant circuits in low-field NMR, as the RF frequency was switched and

calibrated quickly by the electronics and the loading effect of the sample was mitigated.

At the same time, due to a higher level of hardware integration and processing performance,
CMOS technology has delivered plenty of promising miniature NMR systems. Fig. 2.5 (¢) showed
the diagram of a partially integrated magnetometer based on continuous-wave (CW) proton NMR
by Boero et al. back in 1998 [39]. In this design, a planar coil was electrodeposited on a glass
substrate with a diameter down to 2 mm and was bonded to a CMOS board. Sun et al. further
reduced the size of 1-chip NMR system in Fig. 2.5 (d) [48]. The system weighted 0.1kg, in
which a CMOS RF transceiver was able to work with different micro coils at ca. 20 MHz. The
fabricated on-chip planar coil held 5 pLL sample despite a very low Q of 1.9 due to the direct current
(DC) resistance. Takeda et al. proposed a high-field micro NMR system at around 400 MHz
[51, 59]. The spectrometer assembly was built with a commercial FPGA chip connecting a series
of modules, as shown in Fig. 2.5 (e). Another single-board design of a miniaturized spectrometer
was at a size of 50mm by 250 mm, and was able to conduct NMR relaxometry with a fluidic
sample below 20 uL [60]. An 1mm? CMOS broadband transceiver chip is presented in Fig. 2.5
(f) by the team of Boero [52, 61]. It could work from 1 MHz to 1 GHz. The integrated coil had

an outer diameter down to 150 pm.

Compact, and robust NMR systems facilitates NMR, probe coupled with micro fluidic systems
for flow control and chemical reaction monitoring. Fig. 2.5 (g) presents a four-coil probe for
simultaneous detection of four sample flows designed by Macnaughtan et al. [53]. The micro
solenoid coils were stacked along the static field direction within one probe and each was 1.7 mm
in outer diameter. A mricromachined fluid mixer was reported as being connected to a micro
NMR probe to study the continuous protein-solvent interactions at different time points [62].
The mixer and the coil were connected by flexible fused-silica capillaries. A more compact
design is a single-chip solution, where the fluidic channel was coupled with the RF coil directly.
A miniaturized diagnostic magnetic resonance was presented, which consisted of a board with
electroplated micro coil array and microfluidic networks for sample mixing and processing [46].
Each micro spiral coil was placed above a flow patch. Planar stripline coil was also frequently

combined in coupling with the microfluidic structures [63, 64|. Lei et al. proposed a digital
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microfluidic device, which automated the sample operation, increased the efficiency of multiple
sample measurements, as shown in Fig. 2.5 (h) [54]. Automatic sample management system was
an important feature on a modern NMR system and this work showed the prospect of realizing

it on a micro NMR system [65].

NMR system miniaturization has also been boosted by the advances in hyperpolarization
techniques, machine learning-assisted data processing. The overall exploration on compact, and
even on-a-chip NMR systems shows the prominent potential for emerging applications in portable

metabolomics, battery diagnostics, and nanomaterials characterization.

2.5.2 Miniaturized coils

I
Figure 2.6: Different designs of miniaturized NMR coils for NMR applications. (a) Micro
coil and polyimide-coated, fused-silica capillary (Reproduced from Ref. [66] with permission from

e

American Association for the Advancement of Science). (b) Solenoidal micro coil by wire-bonding
(Reproduced from Ref. [67] with permission from IOP Publishing). (c¢) Quasi-solenoidal micro
coil (Reproduced from Ref. [68] with permission from IEEE). (d) Configuration with 2 samples
occupying 2 separate NMR coils (Reproduced from Ref. [69] with permission from American
Chemical Society). (e) Helmholtz coil (Reproduced from Ref. [70] with permission from Royal
Society of Chemistry). (f) Multiturn planar micro coil (Reproduced from Ref. [71] with permission
from IEEE). (g) Scroll micro coil (Reproduced from Ref. [72] with permission from MDPI). (h)
Stripline coil model (Reproduced from Ref. [73] with permission from Elsevier). (i) Tapered
stripline coil (from Ref. [7}] with permission from Elsevier).

Dating back to the 1960s, micro coils in the shape of a solenoid with a diameter of several
millimeters were successfully employed, and line spectra from a biological sample were presented
[75]. Since the 1990s, there has been a great thrust to utilize various micro coils on traditional
NMR systems, which is further a cornerstone of miniaturized NMR, systems shown in the last
section |71, 76]. Based on the detailed arguments in Sec. 2.2 and 2.3, the signal amplitude per
unit sample volume depends on the Bj field strength from the unit applied current. Thus, a
more compact coil winding is crucial for higher sensitivity. This requirement leads to an increase

in the coil resistance due to the proximity effect occurring inside the thin wires and a higher total
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length of the conductor. In parallel, the coil has a lower self-resonance frequency because of a
longer conductor length and a higher inter-turn capacitance. However, these side effects can be
mitigated by miniaturizing the coil as a whole. The combination of a micro coil and a detected
sample with decreased sample volume brings a series of benefits, including less noise introduced
by solvent impurities, lower amount of deuterated solvents required for signal separations, and a
lower loading effect from electrically conductive samples [41]. The development of miniaturized
coils capitalizes on emerging applications that demand high measurement sensitivity, high spec-
tral resolution, and easy integration of multiple NMR coils into one probe head. Several reports
elaborated on the miniaturization of NMR coils with different geometries |37, 38, 41, 77, 78§].

As mentioned before, the solenoid coil, as one of the most widely used coil geometries, was
scaled down first by winding thin wires around capillary tubes, which was a straightforward yet
robust solution for micro RF detectors |76, 79]. With this approach, Olson et al. described
a nanoliter-scale NMR detection unit using a fused silica capillary, as shown in Fig. 2.6 (a)
[66]. It enabled NMR measurement of capillary electrophoresis separations with a sensitivity
enhancement of up to 130 fold compared to the result obtained with a standard 5 mm tube on
a 300 MHz magnet. Due to less loaded sample and a higher excitation efficiency of the micro
solenoid, the data acquisition time was reduced by a factor of around 16000. It is noted that using
susceptibility-matching medium between the coil and the sample has been a common practice,
e.g., FC-43 susceptibility matching liquid (3M Corporation, St. Paul, MN).

In 2019, Tang et al. presented a functional detector unit under extreme conditions (150°C°,
900 bar) consisting of a micro solenoid coil wound around a sealed sample tube [60]. A novel
method to fabricate solenoid coils was wire-bonding. As shown in Fig. 2.6 (b), Meier et al.
utilized a 25pm thick gold wire and made a 7-turn coil with a diameter of 200 pm by wire-
bonding [67]. This method could further easily manufacture a phased array of solenoid coils.
In one project, seven micro coils were arranged hexagonally and embedded in SU-8 with better
stability [22]. Fig. 2.6 (e) showed an innovative arrangement of a multi-coil probe head [69].
Four separate micro solenoid coils were controlled by a gear system to perform sequential scans

for multidimensional NMR. and high throughput.

One significant advantage of the solenoid coil is its regular shape, producing an even magnetic
field well contained inside the coil and a high electromagnetic conversion efficiency [78|. Apart
from the standard solenoid geometry, there have also been other variations of micro solenoids.
One quasi solenoid NMR coil was reported, which connected a series of printed circular conductor
strips with through-layer vias based on LTCC techniques, providing extremely high mechanical
and chemical stability, as shown in Fig. 2.6 (c) [68]. The axial length of the 6-turn micro coil
was 1.5 mm fabricated from 12 layers. By using a bar-shaped wire, Le et al. presented deformed
micro solenoid coils with a square cross section, which were directly compatible with CMOS

electronics [28].

Miniaturization in Helmholtz coils was also explored. In one work by Popovic et al. as shown
in Fig. 2.6 (e), microfabricated Helmholtz coils presented a much narrower line width than

the solenoid coils fabricated using the same method at the cost of a slightly lower sensitivity
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[70]. The wire bonder facilitated micro Helmholtz device as well. Spengler et al. fabricated
a micro Helmholtz coil with a diameter of 1.2mm [80]. The 0.55mm spacing between two
coil loops accommodated an exchangeable sample chip, showing a sub-Hz spectral resolution in
heteronulcear NMR.

Taking advantage of various micro electro-mechanical system (MEMS) techniques, planar
coils of different geometries have been readily scaled down and present great potential in NMR
spectroscopy. As early as 1994, micro planar spiral coils were fabricated with gold using mi-
crolithography on a gallium arsenide substrate, and the coil was used on a 7T magnet for proton
NMR [71], as shown in Fig. 2.6 (f). More strictly speaking, it was a planar square coil [81, 82, 83|.
Glass wafers have been a common substrate material for micro planar spirals [39, 84]. Micro pla-
nar spirals can be designed and manufactured together with microreactors, being assembled as
microfluidic chips [19]. Usually, electrical and fluidic connections should be adjusted away from
the detection area. However, this integrative design method avoids abrupt material changes sur-
rounding the RF resonator and lowers the field distortion around the detection region. Fratila
et al. proposed a microfluidic chip design with two 32-turn micro planar spiral coils [85]. Each
micro coil had a width and spacing of 20 pm, and an inner diameter of 250 pm. In the microflu-
idic channel beneath the coil, ca. 25nL sample was measured by the coil. Recently, Christensen
et al. presented a 30-coil receiver array that enabled simultaneous detection of 30 metabolic
samples [86]. 10 PCB units were constructed, and each unit had 3 micro planar octagonal coils.
This modular design is adaptable for applications such as drug-screening and metabolic disease
modeling. A quasi volume micro spiral coil was introduced by Khelifa et al. as the scroll micro
coil, as shown in Fig. 2.6 (g) [72]. It was reported to have an easier fabrication process and better

B field homogeneity than micro solenoids.

Stripline coil is a perfect candidate for miniaturization considering its simple structural ad-
justment and corresponding electromagnetic performance change. For a given length and area, a
flat strip has less inductance than a round wire. This is important in high-frequency applications
where stray inductances in the leads connecting different parts of the circuit must be minimized
[17]. Micro striplines show low susceptibility broadening and high power handling capability.
Van Bentum et al. provided a detailed performance comparison among micro stripline, solenoid
and spiral coils, and constructed a micro stripline coil with a length of 1 mm and a cross section
of 100 x 10 um? [87]. Q factors for the coil was between 80 and 100. The typical stripline geom-
etry was further adjusted with tapered pads around the central strip to enhance the excitation
efficiency and better confine the magnetic field along the stripline [88, 89, 90]. Considering the
integration with microfluidic systems, the stripline geometry is naturally suitable for straight
fluid channels or tubes and provides a high filling factor [63, 64, 91]. One successful device was
a micro stripline chip proposed by Finch et al., as shown in Fig. 2.6 (h) [73]. The micro stripline
was connected to conductor pads symmetrically and covered by proper shielding planes for a
higher magnitude of field concentration and better homogeneity at the stripline segment. The
exchangeable microfluidic chip was sandwiched between two identical stripline boards. Micro
stripline coils were suitable for application of in-situ NMR measurements of flow systems [64],

and for monitoring real-time electrochemical reactions in batteries [92]. Tijssen et al. presented
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an alternative stripline device with a varying stripline thickness. This tapered stripline coil was
able to generate B; field gradients for spatially resolved spectroscopy based on the correlation
between the conductor width and the field strength |74], as shown in Fig. 2.6 (i).

2.5.3 Micro coils in solid-state NMR

a b

|

/ wire thorn

coil sleeve

Figure 2.7: Different micro coil designs for MAS NMR. (a) Micro solenoid MAS coil fabricated
on a substrate (Reproduced from Ref. [93] with permission from Elsevier). (b) Spherical MAS coil
(Reproduced from Ref. [94] with permission from Elsevier). (c) First magic-angle coil spinning
(MACS) insert (Reproduced from Ref. [95] with permission from Springer Nature). (d) MACS
insert with a wire-bonded solenoid (Reproduced from Ref. [96] with permission from PLOS).

While the micro-coil designs discussed in the previous section were widely used for solution
NMR spectroscopy to enhance the sensitivity, their application to solid-state NMR faces a few
distinctive technical issues. To achieve high-resolution spectra with solid samples, the implemen-
tation of Magic-Angle Spinning (MAS) is an indispensable prerequisite. Along with the trend of
rotor miniaturization, the RF coils are also down-scaled to realize high RF fields and sufficient
filling factors [97]. Transitioning from static NMR probes to MAS-compatible systems requires
the miniaturized coil to not only accommodate high-speed rotor assemblies but also to withstand
mechanical vibrations during the detection. In addition, rotors are made of high-strength ma-
terials to withstand extreme centrifugal forces. Usually, the rotors are also sample holders and
introduce permeability mismatching. Consequently, the following section focuses on the special-
ized development of micro coils for MAS NMR. There are two main categories: micro coils fixed

on the stator, and micro coils embedded in the spinning rotor.

Yamauchi et al. reported a fixed micro coil measuring approximately 1mm in length and
200 pm in diameter [93|. The coil was fixed onto a cylindrical holder with a Kel-F sleeve that
provided good mechanical stability, as shown in Fig. 2.7 (a). Considering the construction space
inside the MAS probe head, a plate capacitor made of gold-coated quartz was fabricated to tune
the coil. The design was later verified on a MAS probe in 2006 [98, 99]. A micro sample holder
fitting the coil was fabricated from Vespel and fixed on the back of a regular commercial 4 mm
rotor. The micro solenoid coil was precisely aligned to the rotation axis. The generation of
intense rf fields is critical for MAS NMR because the signals from solid samples are very broad
lines. High rf efficiency in micro coils enables an even excitation in a wide band to capture the

full structural information of the sample [100].

Chen et al. devised a spherical MAS rotor [94, 101|. Therefore, a spherical solenoid coil was

manufactured to best accommodate the unique rotor shape. According to their study, this setup
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showed better By field homogeneity along the coil axis than the case of a cylindrical sample and
a standard solenoid coil. The coil shown in Fig. 2.7 (b) has a macro size with a diameter of about
10 mm, but it shows that the coils in MAS NMR are partially determined by the rotor geometries.

With further scaling-down of the sphere, micro spherical coils will naturally be employed.

Magic Angle Coil Spinning (MACS) was proposed by Sakellariou et al., as shown in Fig. 2.7
(c) [95]. As its name indicates, the coil spins simultaneously with the rotor and transfers signals
via inductive coupling to a second static coil. In the schematic diagram, the sample-containing
cylinder (yellow) holds ca. 365 mg sample and is closely wound by a micro solenoid coil (bronze).
The assembly was then inserted into a commercial 7mm rotor (blue). Compared to the case
with only a static coil, a higher filling factor was realized and signal sensitivity was magnified.
What’s more, fewer artifacts from the housing materials were introduced, and line-broadening

was decreased.

Badilita et al. devised another MACS device by wire bonding and photolithography methods
[96, 102, 103]. As displayed in Fig. 2.7 (d), a sample tube was manufactured through SU-8
lithography on a Pyrec substrate. A 13-turn solenoid was tightly wire-bonded to the tube. The
coil had a diameter of 1 mm and a height of 650 pm. Furthermore, interdigitated capacitors were

integrated on the chip substrate through gold deposition and realized coil tuning.

Besides the micro coil study, some researchers are working towards reliable and robust micro
MAS probes as a complete solution to MAS NMR [104, 105]. The wire used to construct the coil

was made from copper and aluminum to compensate for the magnetic susceptibility mismatch.

2.5.4 Simulation tool and design optimization

Throughout the development of various micro NMR coils, simulation tools are widely used for
proper geometry design towards optimized figures of merits. Sometimes it is difficult to calculate
analytically which parameters yield the maximum SNR considering the interaction of different
dimension changes and the non-linear change of RF property changes due to the frequency-
dependent skin effect and proximity effect [19]. Meanwhile, micro coils with compact samples
usually demand a detailed evaluation of the material selections and interface changes, in order to
avoid strong By distortions and low spectral resolutions. In this section, several typical simulation

tools or software are briefly summarized.

Advanced Design System (ADS) (Keysight Technologies Inc., CA, US) is one of the Electronic
Design Automation (EDA) software, which specialize in designing, simulating, and verifying elec-
tronic systems. In the context of NMR coil design, it is usually employed for radio-frequency (RF)
circuit simulation and impedance matching optimization. It generates electronic schematics for
the equivalent model of the NMR coil. and further provides frequency-domain and time-domain
circuit simulation. It is helpful in impedance matching optimization with tuning/matching ad-
justments in real time. It also allows for the simulation of physical electromagnetic layouts.
By utilizing S-parameter analysis, the software enables precise extraction of the self resonance

frequency and quality factor with defined coil dimensions and materials.
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Finite Element Method (FEM) is a powerful numerical method to solve various problems in
the analysis of mechanical stress, heat transfer, electromagnetic potential, and etc. COMSOL
Multiphysics (COMSOL Inc., Cambridge, UK) is a popular FEM platform. With the RF mod-
ule, COMSOL Multiphysics can be used to characterize 3D electromagnetic environment of an
NMR detector. It enables full definition of materials properties and structural dimensions. The
high-frequency RF field distribution (Bj) within a defined probe space can be visualized and
quantified. In the simplest application, the software guides the optimization of single or multi-
ple geometric parameters with respect to relevant figures of merit. More advanced applications
are also accessible in COMSOL, including topology optimization [106]. MATLAB (MathWorks,
Natick, MA, USA) can be used to control the software externally and post process the simulation
results, e,g., excitation homogeneity and signal sensitivity. Additionally, coupled phenomena like
RF-induced heating and static field distribution can be studied in parallel. FEM simulations
with a high accuracy or coupled multiphysics can be demanding for computing power and simu-
lation time. Therefore, highly efficiency modeling is helpful to accelerate the process, e.g., model
order reduction [107].

Apart from the conventional optimization tools above, a Genetic Algorithm was developed by
Tritrakarn et al. for optimizing NMR RF coil geometry towards a maximum signal intensity [108].
In the simulation model, the wire elements carrying current of a planar coil were represented
by vectors, and a cylindrical sample was placed above the coil plane. The design was later
fabricated and verified by FR-4 PCB. The detected signal intensity was increased by ca. 10%
with the optimized geometry. The maximum error between simulation and experiment was
reported as below 5%. This simulation method was proven to be fast convergent, reliable and

versatile for different coils.

When more than one of these tools are used together, they form a robust design pipeline for
researchers that ensures the structural integrity and electromagnetic performance of the micro-
probes prior to the fabrication phase. For instance, Terawatsakul et al. proposed a flowchart
to evaluate the process of optimizing a micro NMR coil design with multiple tools, which was

expected to fulfill multiple qualifications [109].

2.5.5 Microfabrication techniques for micro probes

For the various micro probe and coil geometries discussed above, a critical attribution to the
miniaturization progress and the extended coil category is the advancement in high-precision
fabrication techniques. The performance of the probe head is inherently limited by the capa-
bilities of the fabrication process. Consequently, understanding the strengths and limitations of
current micro-manufacturing technologies is essential. The following section provides an overview
of the primary fabrication routes used to produce NMR, micro coils and probes, evaluating how

different techniques address the unique requirements of miniaturized NMR systems [110, 111].

Micro coil fabrication relies on accurate manipulation of the metal materials [78|. For solenoid

and Helmholtz coils, manual operation of coil winding is widely utilized [93]. Therefore, a reliable
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Hard axis

Figure 2.8: Different fabrication methods of miniaturized NMR coils and probe components.
(a) Solenoid coil fabricated by dissolvable form (Reproduced from Ref. [112] with permission from
FElsevier). (b) Micro coil by laser-lathe lithography (Reproduced from Ref. [113] with permission
from Springer Nature). (c) Solenoid micro inductor with nanolaminated core (Reproduced from
Ref. [114] with permission from IOP). (d) Micro coil with the hybrid microstructure (Reproduced
from Ref. [115] with permission from SAGE Publications). (e) and (h) Solenoid coil made from
cured liquid metal, and 3D-printed continuous-flow flow separation probe head (Reproduced from
Ref. [116] with permission from Springer Nature). (f) Electroplated spiral coil with a wire bonder
(Reproduced from Ref. [84] with permission from Springer Nature). (g) Micro spiral coil on Si
substrate (Reproduced from Ref. [117] with permission from Springer Nature).

supporter or template is important to determine axial alignment and the pitch precisely. Some
tricks were applied to wind solenoid coils easily and reproducibly. Kelz et al. devised dissolvable
3D-printed templates for highly reproducible coil winding [112]. As shown in Fig. 2.8 (a), a
copper wire was wrapped in the notch printed on an ABS pillar and the pillar was later dissolved
in acetone. It is noted that variable-pitch becomes possible with this method. As explained in
Sec. 2.5.2, wire bonding has been verified to be effective in making extremely compact solenoid
coils automatically [22, 67, 102]. This process is simple and precise with a low manufacturing
cost. The substrate of the coil is usually compatible with other MEMS processes for circuits and

micro fluidic structures.

Metal electroplating can generate ultra-thin metal layers, which can be micromachined in
various ways for micro coils. The conductor for NMR, coils should ideally be non-magnetic, and
has a high excitation efficiency. Fig. 2.8 (b) presents a 3D direct-write lithographic technique
to pattern typical volume coils on glass tubes, including solenoids and saddle coils [113]. On a
tube with a Ti/Cu seed layer, a photoresist layer was applied conformly with a certain thickness
depending on the required conductor thickness. The photoresist was then patterned by laser
while the tube was rotated by a spindle. Copper was electroplated to form the coil around the

tube with the assistance of the pattern. This method has high fabrication accuracy but low
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efficiency. It was later employed to fabricate a group of RF, gradient, and shimming coils by
Demas et al. [49]. Recently, Alaboz et al. proposed another method to fabricate 3D coils on
glass tubes, [118]. The glass tube was evenly coated with copper layer. When it was rotated,

laser cut out micro coils directly from the copper film.

3D surface micromachining typically involves photoresist-mold patterning, electroplating and
sacrificial layer removal to construct one or multiple levels of conductors off a plane [28]. Its
compatibility with batch fabrication provides a high throughput, but the coil geometry is limited
to rectangular windings. A typical example is shown in Fig. 2.8 (c¢) by Kim et al.: a solenoid
coil was segmented into vertical pillars and horizontal tracks, that were connected together [114].
Ha et al. proposed a detailed protocol for fabricating polymer/metal hybrid structures through
two-photon stereolithography (TPS) with a dual-stage scanning [115]. The final product is shown
in Fig. 2.8 (d). Polymer was micromachined on an SU-8 cylinder as an insulation layer. In the

next step, silver was plated between the spacing pattern as the coil conductor.

LTCC technique can also be seen as 3D micromachining. Individual green tapes with different
thicknesses can be patterned before the lamination and firing (around 900°C °), which simpli-
fies the design procedure and provides a great compatibility with cavity structures and most
electronic elements [68]. Its high mechanical strength and resistance to high temperature high

pressure makes LTCC technique ideal for manufacturing probe heads under extreme conditions.

Through-substrate-via (TSV) fabrication technique, as one of the advanced CMOS processes,
was first developed as a packaging solution for the integration of multiple chips vertically and was
adapted for micro spiral and solenoid coil fabrications in the mid 2000s [117]. It has developed
an extensive toolbox with hole etching, dielectric insulator deposition, conductor deposition,

substrate planarization and routing conductor patterning techniques.

Liquid metals with a low melting point were an alternative to solid coil wires [116]. 3D-printed
probe heads were embedded with empty coil channels, which were filled with liquid metals, as
shown in Fig. 2.8 (e). The liquid metal was connected to copper strips and sealed with silver to
function as an RF coil. 3D printing promises the potential for constructing various complicated
coil geometries with micrometer precision. This approach depends on the manufacturability of

3D-printing and the selection of liquid metals.

Vanduffel et al. proposed a metallic 3D-printing solution to make NMR coils, where the laser
beam selectively melted and consolidated copper powder in a bed [119]. The coil was built

layer-by-layer, and the dimensional precision was greatly affected by the powder size [120].

Micro planar NMR coils benefit greatly from 2D surface machining in MEMS field since the
early 1990s [39, 78|. It provides a wide selection of building materials and good compatibility
with integrated circuits and fluidic systems. Fig. 2.8 (f) shows a typical electroplated spiral on
a glass substrate with the help of SU-8 photolithography process [84]. Mechanical features like
cavities were cut by laser on the glass layer. Fig. 2.8 (g) shows another spiral coil device with
ultra-high resolution [117]. The planar coils can also be suspended above the substrate. With

the assistance of sacrificial layers or under-etching, Xi et al. showed the coil windings to be
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isolated from the glass substrate so that parasitic capacitance is decreased [121]. Additionally,
A series of studies focusing on micro planar coil fabrication using CMOS technology have been
reported in the last two decades [48, 69, 122, 123].

Self-assembly technique is a unique tool to fabricate coils in a 2D manner and to further
arrange them into 3D functional devices. Oppositely strained SilN, bilayers were used as the
driving force for a controlled self-rolling-up of the conducting metal strips [124]. Compared to
the 2D or 3D micromaching methods, it is advantageous for fabricating complex coil structures

without the need for excessive multilayer processing.

Apart from the micro coils, other probe components involve advanced fabrication methods as
well, especially integrated microfluidic systems and mechanical probe structures [125, 126, 127].
High-precision 3D printing at pm resolution plays an important role in making microfluidic
systems. It is cost effective and time efficient for lab use, considering the affordable prices of
filament or resin 3D printers and the related consumables. A wide variety of polymer materials
can be employed for 3D printing, which gives rise to novel applications. In the project by Boero
et al. [126], to work with the micro coil produced by the 130 nm CMOS process, the microfluidic
structures were fabricated using the two-photon polymerization 3D printing. Fig. 2.8 (h) presents
a complete probe head with a complicated continuous-flow sample processing system fabricated

by fused deposition modeling and stereolithography [116].

2.6 Multi-resonance and broadband NMR

As the scope of NMR applications continues to extend, there is an increasing demand for an
NMR probe capable of multi-nuclear detection across a wide spectral range. Transitioning from
single-nucleus probes to multi-nuclear probes offers significant advantages. In the first place,
it enhances experimental throughput by minimizing the need for frequent hardware reconfigu-
rations. It also cuts down the expense over redundant probe hardware. More importantly, it
enables 2D NMR experiments, especially heteronuclear correlations. The 2D NMR techniques
provide indispensable insights into molecular structures and reaction dynamics that are inacces-

sible through 1D measurements.

To achieve multi-nuclear capabilities, two primary hardware strategies have emerged. The
first relies on multi-resonance circuits, which employ intricate tuning and matching networks
to operate at a few discrete frequencies. In contrast, the second approach utilizes non-tuned
NMR detectors, which facilitate data acquisition across a broad frequency band. While the
former prioritizes sensitivity at specific resonances, the latter emphasizes bandwidth and opera-
tional flexibility. The following sections present the theoretical foundations and implementation

challenges of these two distinct design approaches.
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2.6.1 Multi-resonance circuit

As discussed in the preceding Sec. 2.4.3, an NMR probe conventionally employs a tuned resonance
circuit with impedance matching for optimal signal transmission and reception. Traditionally,
multi-nuclear detection in NMR probes is achieved through tuned multi-resonance circuits. The
fundamental architecture relies on the integration of frequency-selective networks, such as LC
traps. The design has progressed from standard double-resonance (normally 'H — X) configu-
rations to sophisticated triple-resonance (normally 'H — X — Y), and even broadband-tunable
designs [128].

Lumped-element circuit

A big category of multi-resonance circuit designs utilize only lumped elements, i.e., capacitors
and inductors [79, 129, 130]. Two major network topologies are applied in such circuit design,

trap circuit and tank circuit, which are simulated and reviewed in detail in a recent work [128].
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Figure 2.9: Basics of trap and tank circuits. (a) A parallel LC trap. (b) A series LC trap. (c)
and (d) tank circuits (Reproduced from Ref. [128] with permission from Elsevier).

RF traps can guide or suppress signals for different frequencies within the circuit. Based on its
frequency-dependent electrical properties, a trap circuit can act as an open circuit due to a high
impedance at one frequency but a short circuit due to a low impedance at a second frequency.
When the trap circuit design is fixed, the placement of this trap also determines how it performs
in the whole circuit, e.g., between two signal nodes or between a signal node and ground. Two

types of LC trap circuits are commonly used, parallel LC traps and series LC traps.

A parallel LC trap is illustrated in Fig. 2.9 (a). Its port impedance Z = L(RC)~! is very
high at its resonance frequency f, = 1/ (27T(LC)1/ 2), neglecting the parasitic resistance from
the inductor. When such a trap shunts a node to ground, it behaves as a band-stop filter,
strongly suppressing signals at f.. Conversely, when a parallel LC trap is inserted in series
between two ports, it functions as a band-pass filter, allowing signals near f, to pass through.
Figure 2.9 (b) shows a series LC trap, which exhibits a low purely resistive impedance at the
resonance frequency f,. Owing to this complementary behavior, a series LC resonator acts as
a band-pass filter when placed between two nodes, while it functions as a band-stop filter when
used to shunt a node to ground. In both cases, the frequency selectivity is determined by the
quality factor of the inductor. There is flexibility in topology design with various combinations
of these two circuit blocks. For a new design, a detailed analysis of frequency-selective isolation
or transmission efficiency, noise performance, and related metrics should be carried out using

circuit simulation software such as Advanced Design System.
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An RF tank is another LC network which has a self-resonance frequency and works as either a
capacitive or inductive element at other frequencies. At its resonance, it cuts off the signal path
due to a high impedance. This circuit can be used as a variable capacitor/inductor component
for tuning and/or matching. Therefore, it adds additional detection frequencies to a resonating
sample coil. Two common RF tank circuits are displayed in Fig. 2.9 (c¢) and (d). Multi-resonance
circuit designs based on tank circuits are considerably more complex than those employing trap
circuits. Since the tank circuit does not act as a short or open circuit at working frequencies,
the isolation between different channels is impossible, which further constrains the application
of tank circuits [131].
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Figure 2.10: Different multi-resonance circuit topologies. (a) Circuit diagram of a double-
resonance MACS (Reproduced from Ref. [132] with permission from Elsevier). (b) Double-
resonance circuit (Reproduced from Ref. [130] with permission from Elsevier). (c) Double-
resonance circuit (Reproduced from Ref. [133] with permission from AIP Publishing). (d)
Multiple-pole double-resonance circuit model (Reproduced from Ref. [129] with permission from
Springer Nature). (e) Single-channel double-resonance coil (Reproduced from Ref. [1534] with per-

mission from Elsevier.)

In practice, these circuit blocks are applied in various topologies for constructing multi-
resonance probes. A most straightforward approach to multinuclear detection utilizes multiple
coils, where each frequency is assigned to a single coil. Collins et al. presented such a double-
coil design taking full advantage of the MEMS process for micro coils [135]. Two coils can be
arranged in an orthogonal geometry and thus be intrinsically decoupled. Apart from the geo-
metrical design, these two micro coils were further isolated with the tuning and matching circuit.
Inukai and Takeda proposed another two-coil double resonance detector in MACS NMR [132].
The electrical model is shown in Fig. 2.10 (a). L; and Lo represent two solenoid coils wound
on a same sample tube. By solving the equation of the circuit, two resonance frequencies are
realized. While this method simplifies tuning for individual nuclei, it is severely limited by the
restricted space in the magnet bore and the challenges of coupling between coils. Additionally,
different coils have different regions of interest and it is hard to optimize the filling factor of all

coils.

Another solution is multiple resonance with a single coil. A typical configuration is multiple

output/channels being connected to the individual coil and facilitate simultaneous heteronuclear
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2.6 Multi-resonance and broadband NMR

detections as well as respective signal processing through each channel. There is also the possi-
bility of using a single output port with the tuning and matching circuit for different frequencies
at this port. An example of the former case is shown in Fig. 2.10 (b) by Harbison et al., where
L stands for the sample coil, components with subscript H are for the high-frequency channel
and subscript L for the low-frequency channel [130]. A distinctive feature of this design is the
use of the high-frequency tuning capacitor Cgr to create a virtual ground, thereby suppressing
cross-talk between two channels. Fig. 2.10 (c) displays a triple-channel probe by Kan et al.
[133], in which 'H —13 C measurement with a deuterium frequency lock was implemented. Based
on a triple-tuned solenoid coil, Collier et al. also designed a quadruple-resonance probe ('H,
B0, 2H, "N) with up to 10 capacitors composed of transmission line segments in the circuit
[34].

As for the latter case with a single channel, tank circuits are employed to match the coil
impedance at two or more frequencies simultaneously. Schnall proposed a single-channel design
with two resonance frequencies, as shown in Fig. 2.10 (d) [129]. A single carrier frequency can be
split into two detection frequencies with the tuning and matching circuit, corresponding to 'H and
13C signals in the sample. It is important to have precise calculations of the LC component values
for this circuit to perform properly, taking the sample inductance into consideration. A slightly
different approach is the topology shown in Fig. 2.10 (e), in which two resonance frequencies were
governed by sophisticated tank and trap circuits with 2 inductors and 6 capacitors in total [134].
A parallel LC tank was connected to the sample coil, which isolated the high-frequency circuit
from the low-frequency channel. The probe resonated at 510kHz and 128 kHz respectively for
'H and '¥C measurements. Considering an inherently lower sensitivity at 128 kHz than that at
510kHz, the relative design efficiency in this design was biased to the low frequency channel
in order to compensate for the sensitivity. Achieving three or more resonances within a single
coil requires more complex circuit constructs, i.e., the combination of differential mode and
common mode trap circuits [128]. Compared to the multi-channel approach, it is generally more

challenging to add extra detection frequencies in the single-channel configuration.
Transmission line network

Transmission lines, including coaxial cables, microstrip transmission lines, and microwave
waveguides, can be used to realize tuning/matching and channel isolation, serving the same
function as LC trap circuits [34, 128|. The characteristic impedance of a transmission line, Zy,
is determined by its geometry and materials. Unlike lumped components, the capacitance and
inductance are distributed along the transmission line. The capacitance of a transmission line
per unit length depends on the diameter ratio of the outer and center conductors and on the
dielectric constant of the insulating material [17]. A transmission line can be incorporated into
the circuit with a length between 0 and A\/2, allowing a wide range of reactance values to be
realized. As the transverse electromagnetic (TEM) wave propagates along the transmission line,

forward and reflected standing waves are formed and must be considered in the design.

Transmission lines may be configured as open-ended or short-ended sections, as illustrated in

Fig. 2.11 (a) and (b). The operating frequency for each configuration is selected by adjusting
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the line length. For an open-ended transmission line, the cable end is left unconnected and
thus presents an effectively infinite load impedance. A half-wavelength segment presents a very
high input impedance, whereas a quarter-wavelength segment presents a low input impedance.
Conversely, for a short-ended transmission line, the inner conductor is physically connected to
the outer shield to produce an ideal zero load impedance. In such case, a quarter-wavelength
line yields a high input impedance, whereas a half-wavelength section results in a low input
impedance. Although a transmission line can perform the same function as a lumped-element
LC trap, its implementation in an NMR, probe differs fundamentally in terms of construction
and integration. It is noted that for low-frequency resonances, the required transmission line
length might exceed the spatial constraints of the probe. In addition, power dissipation in long

transmission lines introduces additional signal loss and contributes extra noise to the probe.

Fig. 2.11 (c) shows a single-coil triple-resonance probe (*H —!3C —15 N) with transmission line
components [34]. The coaxial elements were distributed over the length of the probe to make
efficient use of the available volume. This approach could be further extended to a quadruple-
resonance probe. However, the 2-inch-diameter bore already imposes severe spatial constraints

on the implementation of all components required for a quadruple-resonance design.

a

Figure 2.11: Two different transmission line configurations. (a) open-ended transmission line.
(b) short-ended transmission line. And (c¢) Triple-tuned solenoid with transmission lines (Repro-
duced from Ref. [3/] with permission from Elsevier).

Despite the significant progress in multi-resonance designs, the increased number of passive
elements in micro-coil applications raises circuit complexity and difficulty of manual tuning. It
further degrades power efficiency due to parasitic effects and cross-talk between channels, which

leads to the exploration of alternative broadband designs with minimal number of components.

2.6.2 Non-tuned broadband coils

In contrast to the multi-resonance circuits discussed in the previous section, non-tuned coils are
directly connected to the transceiver circuit and utilize signals over a wide frequency range with-
out the need for manual re-tuning. It could circumvent the design complexity in the tuning circuit
and limited operating frequencies, resulting in a universal detection platform capable of acquiring
signals across a wide band. This provides an ideal solution for metabolomics, enabling instan-

taneous multi-nuclear screening of fragile, time-sensitive biological specimens without hardware
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reconfiguration. Additionally, non-resonant broadband approach offers an inherent robustness

against environmental shifts, e.g., unstable static field or material transitions in the sample.

In miniaturized systems, the broadband strategy with non-tuned coils becomes exceptionally
effective due to the electromagnetic properties of micro-coils discussed in Sec. 2.5.2. A micro coil
has a flat impedance change close to its DC value within a wide frequency band. Meanwhile,
micro coils usually possess very high self-resonance frequencies. In practice, the upper limit of
the detection band is suggested be lower than one quarter of the self-resonance frequency of
the micro coil [136]. In the excitation mode, the currents passing from the coaxial cable into
the micro spiral with a small resistor value remain sufficient [38]. Therefore, the RF pulse is
able to induce the oscillating magnetic field around the sample in a broad band. According to
the reciprocity theorem, once a reasonable value of Bj is produced, a low-impedance micro coil
can always drive a 50¢) load from the cable and has a good reception efficiency. Under such
circumstances, the impedance matching is intentionally compromised in favor of a much larger
operational bandwidth, which results in unoptimized yet relatively flat detection sensitivity across
a wide frequency range. For micro-scale samples where volume is at a premium, the broadband
micro-coil eliminates the need for complex trap circuits that typically degrade the filling factor

in multi-tuned designs.

Figure 2.12: Various non-tuned NMR coils (a-d) and non-tuned circuit topologies (e-g). (a)
Microfluidic non-tuned NMR chip (Reproduced from Ref. [85] with permission from Springer Na-
ture). (b) Planar spiral coil (Reproduced from Ref. [137] with permission from Springer Nature).
(¢) Solenoid-shape transmission line probe (Reproduced from Ref. [138] with permission from
FElsevier). (d) Non-tuned saddle coil based on flexible PCB (Reproduced from Ref. [139] with per-
mission from Elsevier). (e) Non-tuned circuit configuration using transmission lines and diodes
(Reproduced from Ref. [140] with permission from Elsevier). (f) Circuit for lumped-element delay
line probe (Reproduced from Ref. [141] with permission from Elsevier). (g) Block diagram of the
broadband MR system, corresponding to Fig. 2.5 (b) (Reproduced from Ref. [50] with permission

from Elsevier).

A series of studies has demonstrated the potential of non-tuned micro spiral coils. A micro
quasi-spiral coil was fabricated on a CMOS board and had a diameter of around 150 pm [52]. It
worked at up to 300 MHz and was matched with a large resistance of 20 k{2 to decrease the noise at

low frequencies. Davoodi et al. presented a micro planar spiral coil and the full microfabrication
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process based on a glass wafer [84]. To compensate for the resolution loss and spectral distortions
of the planar coil over a wide frequency range, finite element analysis was applied to optimize
the coil dimensions and reduce the magnetic susceptibility mismatches. The detector chip was
directly connected to the preamplifier via a coaxial cable without tuning and matching circuits.

It covered a frequency range from 126 MHz to 501 MHz for measuring 7 different nuclei.

Fratila et al. reported another non-tuned non-matched micro spiral coil based on glass, as
shown in Fig. 2.12 (a) [85]. The micro spiral coils were employed in 1D and 2D NMR measure-
ments from 61 MHz to 400 MHz, spanning the detection range from N to 'H. Since there was
only one coaxial cable connected to the coil, a combiner was used to connect the transmitter
and decoupler outputs to the micro coil. Another non-tuned spiral coil is displayed in the center
of Fig. 2.12 (b) as a copper disc [137]. In order to realize a triple-resonance probe with this
single-channel coil, two combiners and three filters were used in the front-end circuit to guide
the signal of each frequency. In these experiments, the micro spiral coils provided comparable
sensitivity to tuned and matched coils, showing its potential in molecular structure analysis and
metabolomic NMR.

Transmission line components can also serve as NMR coils and work without being tuned
[17, 142, 143|. The transmission line coil is constructed from one or a series of conducting strips
isolated from a grounded plane with a dielectric layer. With its distributed capacitance and
inductance, the device can be seen as a low-pass filter. Each strip section consists of either
an inductor and two capacitors (m-type low-pass filter) or two inductors and a capacitor (T-
type low-pass filter). A key parameter of the transmission line coil is the cut-off frequency
determined by the strip section, below which the coil presents a flat impedance response over a
wide band. Generally speaking, smaller L and C' mean a higher cut-off frequency and a larger

probe bandwidth, but a smaller portion of energy stored in the coil.

Fig. 2.12 (c) presents a non-tuned transmission line probe made of a solenoid coil [138]. The
solenoid was wound with copper wire and then covered with epoxy resin as the dielectric. The
outer surface of the coil was then covered with conducting material and connected to the ground.
The conducting paint was applied in a way that it matches the whole coil to 50 €2. The coil was
connected to the transmitter at one port and to a 502 resistor at the other port. This resistor
made the coil non-resonant instead of forming a quarter-wave resonator. It worked within 15 MHz
bandwidth at a center frequency of 217 MHz. Another transmission line coil was designed in a
saddle coil geometry by Murphree et al. [139]. Fig. 2.12 (d) shows the unfolded saddle coil
fabricated on a flexible PCB. The probe was tested at around 20 MHz though it could work up
to 150 MHz. It is worth noting that the RF field strength decreased as the frequency increased,
since a higher impedance mismatch led to more signal reflection. However, as a signal path
within the circuit, the power transfer efficiency of a transmission line coil is low compared to a
pre-tuned circuit. The utilization of high-speed active T /R switches and low-noise differential
amplifiers can increase the reception sensitivity in transmission line probes|[144]. Compared to
resonant detectors, the transmission line probe requires a larger input power for a sufficient pulse

length and is up to an order of magnitude less sensitive than common resonant probes.
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The transmission line coil was actually built on the concept of delay line coils. Delay line coils
were first developed and named by Lowe and Engelsberg, which principally employed discrete
lumped capacitors and inductors instead of distributed impedance. Similarly, a delay line coil
can be seen as a low-pass filter below a cut-off frequency. Kubo and Ichikawa provided a detailed
analysis model and circuit configuration of the delay line probe, the latter of which is shown in
Fig. 2.12 (e) [140]. The coil can be modeled as N cascaded T-networks, in which each section
has 1/N of the coil inductance L and a capacitance C' to the ground. The cut-off frequency is
calculated as w, = \/W The coil impedance follows Z = \/W . Scharfetter et al.
introduced a different delay line probe constructed with a sample coil and a group of lumped

inductors in series [145]. The probe operated within 50 MHz at a center frequency of 122 MHz.

Evetts proposed an unmatched delay line probe design [141]. The bare coil was fabricated on
PCB and is shown in Fig. 2.12 (f). The interdigitated electrodes form multiple distributed LC
units rather than a lumped LC network. As a result, this structure resembles a transmission line
probe more closely than a delay line probe, despite the author’s original designation. The units
determine the cut-off frequency and quality factor of the coil. It has a measurement range of
4 MHz to 400 MHz. The unmatched delay line probe generated a higher current in the coil, and
therefore a stronger RF field. The primary challenge in delay-line probe design is minimizing
parasitic effects and signal losses from the interconnection of a large number of components. In
addition, the presence of extra inductors that are not coupled to the sample leads to a reduction
in probe efficiency. In comparison to the delay line probe, transmission line probe exhibits a

better field homogeneity thanks to its compatibility with microfabrication techniques.

An emerging trend in non-tuned coil development is the digital control of the resonance fre-
quency shift and bandwidth sweeping by integrated circuits. A digitally-controlled tuned receiver
was used together with a non-tuned transmitter aimed at low-frequency NMR applications by
Hopper et al. [146]. At low frequencies, the power reflection from the cable is insignificant since
the wavelength is much larger than the sizes of the used circuit components. On the other hand,
the low-inductance non-resonant coil presents great power transfer efficiency and adequate cur-
rent for RF excitation when the transmitter is designed with a low output impedance. In the
design, RF switches replaced tuning or matching capacitors in the transmitter network. It was
also pointed out that the circuit built with a non-resonant coil (low quality factor) would be less

sensitive to environmental factors, i.e., temperature.

Mandal et al. developed an ultra-broadband system with a non-tuned solenoid coil within
0.1 MHz to 3 MHz, as shown in Fig. 2.12 (g) [50]. By integrating a low-noise amplifier directly
with the coil, they minimized the noise figure and successfully avoided the power reflections
typically associated with impedance mismatch. A specific RF waveform was synthesized and
controls the current in the micro coil to drive the spin excitation directly. The electronics also

detect the signal current induced in the coil so that the reception is calibrated automatically.

In the work mentioned above by Grisi et al. [52], the micro coil was also driven by a unique
transmitter network. The matching network used reversed biased diodes as voltage controlled

capacitors though there was power dissipation in the diodes during signal transmission. In this
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particular case, a non-resonant coil with a smaller Q was preferred since a smaller voltage signal
was required for the coil, and the power dissipation decreased in the diodes. In addition, the
transmitter and receiver were controlled and isolated with switches, which realized an isolation
of higher than 50dB. Both channels worked in a frequency range of 1 MHz to 1000 MHz. In
recent years, a TX/RX switch based on PIN-diode was also explored as the front-end for the
broadband coil by Xu et al. [147].

These active NMR detectors with customized circuits provide extended design flexibility for
high power transmission and sensitive reception systems. Owing to their wider bandwidth and
shorter dead times, such designs have the potential to significantly enhance system performance

across a broad range of NMR applications.

2.6.3 Trade-offs with broadband detectors

The high frequency selectivity of a tuned NMR probe acts as a double-edged sword. While a
high Quality factor maximizes sensitivity at a specific resonance, the resulting narrow bandwidth

(see Eq. 2.16) renders the system inherently fragile to frequency mismatches.

The intrinsic lineshape of an NMR signal is determined by the relaxation processes, typically
Lorentzian in liquids, or Gaussian in solids/inhomogeneous fields. In this work, the normalized
signal amplitude A can be expressed with the Lorentzian distribution mathematically:

Alw) = : L
e ()
When the probe with a high-Q coil (e.g., Q>100) is perfectly matched and tuned, the power

transfer is maximized. However, even a minor frequency error or drift results in a sharp increase

(2.22)

in reflected power and a concomitant degradation of the signal phase and amplitude, thereby a
drastic SNR reduction.

This inherent frequency selectivity creates a critical trade-off between sensitivity and versa-
tility. In conventional NMR, the pursuit of maximum SNR through high-Q resonant circuits
requires complex, bulky, and expensive hardware for each target nucleus. In contrast, a non-
tuned broadband approach deliberately sacrifices this resonant gain to achieve a flat frequency
response. While this results in a reduction in raw SNR at a specific frequency, it eliminates
the sensitivity to frequency errors and enables the simultaneous or rapid sequential detection
of multiple isotopes without manual intervention or hardware reconfiguration. This trade-off is
particularly advantageous for broadband detectors in micro-scale NMR and constrained envi-
ronments. By optimizing the filling factor, coil geometry and reducing parasitic effects at the
micro-scale, the practical gap in SNR can be significantly narrowed, making broadband detection

not only a viable but a superior solution for multi-nuclear analysis.

The practical superiority of non-resonant approach can be best demonstrated through sev-
eral emerging applications where the operational flexibility and the broad-spectrum acquisition
of broadband detectors overcome the fundamental physical limitations of conventional resonant

hardware. The integration of NMR spectroscopy with X-ray spectroscopy, especially synchrotron,
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represents a frontier in multidisciplinary instrumentation [148]. It can provide valuable in-
formation by capturing rapid transient processes where multiple nuclei are monitored near-
simultaneously during X-ray acquisition. In high-flux environments, the NMR, detector must
operate within a limited spatial space, which is shared with X-ray optics, electrochemical cells,
or cryostats. Under these conditions, the inclusion of bulky variable capacitors for tuning and
matching is physically prohibitive. In addition, switching detection frequencies via manual tun-
ing operation under stringent time constraints is nearly impossible. The engineering challenge
here shifts from maximizing peak SNR to optimizing the sample holder and resonator geometry
to survive the electromagnetic interference and radiation-rich high-temperature environment of
the beamline. With the growth in portable electronic device, the development of advanced elec-
trode materials becomes important. The study during battery charge-discharge cycles presents a
unique challenge that the bulk magnetic susceptibility of the electrode material changes dynam-
ically as ions intercalate. In resonant NMR systems, these changes cause significant de-tuning,
leading to signal loss or artifacts. The development of broadband detectors also paves the way

for stable, long-term operando monitoring of energy storage systems.
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Chapter 3

Broadband stripline Lenz lens

The contents of this chapter are based on the author’s contribution to the
material published in the article [J1]. Materials from: Liang, Jianyi et
al., Broadband stripline Lenz lens achieves 11x NMR signal en-

hancement, Scientific Reports, published in 2023, Springer Nature

This chapter provides a comprehensive study on the development of a broadband NMR, detec-
tor based on the stripline and Lenz lens. It covers the entire process, from the initial conception
and design, the optimization and manufacturing, to the characterization and final NMR/MRI
measurements. Several important aspects are addressed in this chapter. First, it analyzes the new
variant of broadband detectors with solid electromagnetic simulations of the combined stripline
and Lenz lens structure. Second, a complete fabrication workflow for the glass wafer-based
NMR detector fabrication in the clean room is outlined, including the challenges encountered
including etching and bonding multiple layers. Third, we show the implementation of this broad-
band detector as an add-on device for a commercial probe, and the protocol for multinuclear

measurements as well as for HSQC measurement.

3.1 Introduction

As a non-invasive and non-destructive analytic technique, NMR, reveals an exquisitely detailed
inner picture for a wide range of materials, providing insight into their structures and dynamics
with atomic level resolution. NMR also suffers from low sensitivity. In a field of 11.74 T, roughly

only 1 in about 100000 identical spins contributes to the total detected NMR signal.

As introduced in the previous chapter Background Information, miniaturized NMR detec-
tors are advantageous when the amount of sample is limited, and arise in numerous practical
situations, such as working with toxic, expensive, or otherwise limited-availability samples, or the
necessity to perform a large number of experiments and reduce the associated waste. The small-
est possible NMR detector that fully contains the sample to be analyzed, leads to the highest
achievable SNR [66].
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3 Broadband stripline Lenz lens

Yet the miniaturization of NMR detectors also poses a series of challenges [149]. Usually,
miniaturization implies a dense arrangement of constituent materials in a very limited volume,
e.g., metals for the detector itself, glass and /or polymers as substrate and sample holder, as well
as the sample itself. The materials may exhibit very different magnetic susceptibilities, which
lead to By non-uniformities degrading both spectral resolution and SNR. By uniformity in the
limited sensitive volume of a miniaturized NMR, detector requires precise RF field optimization.

Sample handling at small length scales poses its own specific challenges as well.

Among numerous variants of miniaturized detectors reported in the literature, striplines have
checked a number of boxes on the list of challenges brought by miniaturization: affordable fab-
rication that allows for batch manufacturing; their slender predominant dimension can be easily
aligned to the static field, thus not only inherently creating a B field perpendicular to the static
field, but also minimizing the By jumps and offering an intrinsically good spectral resolution.
Even early approaches have reported sensitivities better than 0.5 nmol/ vHz, B; homogeneity
(Ag10/Ago) better than 76%, and sub-Hz spectral resolution |73, 87, 88]. Stripline NMR detec-
tors have demonstrated their versatility in handling both liquid and planar thin film samples,
being employed for in-situ NMR monitoring of chemical reactions [63] or metabolomic analysis
[150, 151], continuous flow measurements with flow rates between 0.55pL/min and 15 pL/min
[64], as well as together with generic DNP enhancement in the solid state demonstrating solid-
state 'H enhancement factors of up to 500 for H,O/DyO/dg-glycerol samples doped with TEM-
POL radicals [152].

Remarkably, the beautifully simple structure of stripline detectors has proven to be amenable
to integration with a series of add-ons, offering additional capabilities: a tapered stripline struc-
ture is generating arbitrarily-defined one dimensional B; gradients enabling spatially resolved
spectroscopy even in inhomogeneous static fields [74], or acting as a simple and cheap alternative
to By pulsed filed gradients [153]. An innovative combination between a stripline (for detec-
tion) and a flattened solenoid-like coil (for transmission) was employed to demonstrate novel
differential-mode NMR measurements [154].

In this chapter, borrowing from another branch of miniaturized NMR detectors, i.e., the Lenz
lens, a stripline is developed that is wirelessly connected to the rest of the hardware. Lenz lenses
have been previously described as a method to manipulate the magnetic flux distribution by
controlling the induced currents in passive elements [155], eventually being studied, optimized
and introduced in the design of NMR, detectors [23, 25, 156, 157|. Lenz lens structures collect
and concentrate the magnetic flux in a certain volume and are intrinsically broadband [128|. By
integrating the stripline detector with the Lenz lens add-on in a novel structure called stripline
Lenz lens (S3L), the following features are demonstrated: (1) Inductive coupling to custom-
made saddle coils tuned for various Larmor frequencies. (2) Broadband operation covering the
frequency range from 13C to the proton in an 11.74 T NMR scanner (roughly between 125.76 MHz
to 500 MHz). This is demonstrated as a proof of concept, however, the S3L structure is able
to cover a much broader bandwidth. (3) Up to one order of magnitude NMR signal-to-noise

enhancement measured at 500 MHz. (4) Cancellation of the Bj-field outside of the focal region
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3.2 Experimental set-up

by the Lenz effect, leading to precise localization of the NMR excitation. (5) Manipulation of the
Bi-field orientation with a 90° phase difference. The stripline Lenz lens rotates B; by 90° with
respect to the driving RF field generated by the saddle coil. This is also useful for applications
such as battery structures with driving electrodes, or thin film samples, which then avoids the

excitation of unwanted sample regions.

3.2 Experimental set-up
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Figure 3.1: Configuration of stripline Lenz lens chip on an NMR probe-head, and its magnetic

field distribution. (a) Illustration of the coil system with a saddle coil and an S3L chip mounted
on the probe head. Exploded view of the coils, with the sample region shaded blue. (b) Bji-field
distribution on the X Z-plane via a color map and an arrow surface plot. (c¢) Bi-field distribution
on the XY -plane and a zoom-in view around the stripline. Reproduced from the author’s own

publication J1 with the permission from Springer Nature.

Fig. 3.1 (a) shows the measurement probe head, including the stripline Lenz lens (S3L) insert
and the custom-made saddle coil. The S3L structure consists of two striplines running parallel
to the main axis of the magnet Z-axis, i.e., along the direction of the static magnetic field By.
Each stripline is connected to a rectangular loop located symmetrically on either side of the main
axis. The plane of each loop is oriented perpendicular to the Bj field generated by the saddle
coil. As a result, each loop acts as a Lenz lens. It intercepts the incident RF magnetic field over
the loop-defined area, By, and converts it into an induced current flowing along the metallic
loop conductor. This current, in turn, generates a secondary RF magnetic field in the vicinity

of the metal track.

Because the stripline forms an integral part of the Lenz lens loop, the narrow sample region
confined between the two striplines experiences the superposition of the RF magnetic fields
generated by the two loops, denoted as Bj gar,, as illustrated in Fig. 3.1 (b). In addition, the
Lenz lens geometry modifies the orientation of the incident RF field, effectively rotating it by
90°, as shown in the inset of Fig. 3.1 (c¢). The stripline elements extend beyond the loop insertion
points to ensure material continuity and magnetic susceptibility uniformity along the Z-axis (see
Sec. 3.4.3).
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3 Broadband stripline Lenz lens

The saddle coil was fabricated using a flexible PCB—based manufacturing approach, which
enabled rapid design and fabrication of transmit coils optimized for different Larmor frequencies.
This versatility was essential for demonstrating the broadband capabilities of the S3L detector.
Renderings of the S3L insert and the flexible PCB saddle coil are shown in the inset of Fig. 3.1

(a). Detailed dimensions and fabrication procedures are provided in the Methods section.

The S3L insert itself is a sandwiched structure composed of two glass substrates carrying gold
metal tracks that define the striplines and Lenz lens loops. The fabrication process relied on
standard photolithography, electroplating, and etching steps. Ordyl dry-film photoresist layers
were used as a spacer between the glass substrates, simultaneously defining the sample chamber
between the stripline conductors. During operation, the NMR signal generated by the sample was
detected by the striplines and inductively coupled to the saddle coil. The combined S3L-saddle
coil system was tuned to the Larmor frequency of interest and impedance-matched to 50 §2 using

capacitors mounted on the probe head.

3.3 Equivalent circuit for stripline Lenz lens

The signal to noise ratio (SNR) of an NMR detector is a complex figure of merit that is influenced
by multiple parameters that take into account the experimental conditions (static field), the
sample itself (volume or concentration and nuclei to be detected), and the detector design. In
the pursuit of high-sensitivity NMR, maximizing the SNR, becomes the central goal, as it directly
governs the detection limits and the precision of spectral analysis. The present section provides
an evaluation of the SNR enhancement when using the saddle coil with the S3L insert compared
to the situation when only the standard saddle coil is used as a detector for the same sample
volume and geometry. This discussion is based on the electrical model of an NMR probe with
a Lenz lens stripline pair shown in Fig. 3.2 (a). Considering the fact that the total noise is due
exclusively to the ohmic resistance of the detector, the SNR enhancement ( can be written as
_ Bisst/vVR:  nBis/vVARs 1

CTBLVE | B VE VA (3.1)

in which B; g31, and B, are respectively the Bi-fields generated by the Lenz lens stripline
and the saddle coil in the sample region, R, and Rs are the terminal resistances of the saddle
coil with and without the S3L insert. The ultimate SNR enhancement is based on the RF
field enhancement n and the resistance increase . The calculation of Eq. 3.1 for this design is
presented in detail in Appendix Sec. A2. This calculation uses the circuit model of the saddle
coil which is inductively coupled with the S3L insert and shown in Fig. 3.2 (a). The saddle coil is
connected to a tuning and matching network with two capacitors and a 50 €2 coaxial cable. Upon
the insertion of the S3L, the voltage measured at the terminals of the saddle coil, v,, is modified
by the voltages induced due to the coupling between the saddle coil and each of the loops of the
S3L (« and ), as described by the equation below, written at the operating frequency w

Uy = (Rs + jwlys)is — vo — vg. (3.2)
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3.3 Equivalent circuit for stripline Lenz lens

The presented model also takes into account the symmetry of the problem, which translates

into the interchangeability between the indices o and 3, so that the induced voltages are
Vo = Vg8 = jwMqia = jwMgig, (3.3)
which determines the terminal impedance of the saddle coil

Zy = Ry + jwLy — 2jsta;£, (3.4)
S

where M, /g is the mutual inductance between the saddle coil and loop /8, and i,/ is the
current in loop o/ (Mso=Mgp and ia=ig), Rs, Ls, is are the resistance, inductance and current
values corresponding to the saddle coil. Taking into account the actual geometry of the saddle
coil, and the S3L loops (see Fig. 3.2 (b)), as well as the individual B;-field distributions (shown
in Fig. 3.1 (b) and (c)) for the calculation of mutual inductances, a numerical dependency of the
SNR enhancement is derived with respect to the distance between the the two striplines, i.e.,

between the two planes of the S3L loops.

Fig. 3.2 (c) shows both the SNR enhancement effect as a result of using the S3L insert and
the absolute SNR provided by the S3L insert at 500 MHz, the former calculated by Eq. 3.1
and the latter from the numerator in Eq. 3.1 given a unit current. The profiles of the Bp-field
generated by the striplines (two yellow blocks representing the cross sections) at respectively
h = 200, 390 wm are also displayed. The results were obtained for a sample volume of 0.4 pL,
and for the following geometrical parameters of the S3L insert, w = 200 um, [ = 2 ¢m, and

m = 4 mm, see Fig. 3.2 (b).

As expected, there is a significant and rapid increase in the SNR enhancement for small h
values, i.e., for a small distance between the striplines, due to the Bj g3, field being severely
restricted between the metal strips. However, the SNR enhancement plot in Fig. 3.2 (c¢) does
not take into account the proximity effect, which becomes important at very low h values and
is expected to limit the enhancement effect. As the distance between the striplines increases,
the enhancement effect becomes less pronounced. However, it must be noted that it remains
around one order of magnitude even for a relatively large separation of h = 0.5 mm between the
metal strips. The SNR enhancement curve does not depend on the actual amount of sample.
The absolute SNR of the S3L insert shows a logarithmic dependency on h, i.e., the SNR increase
becomes moderate for larger separations between the strips. The curves in Fig. 3.2 (c¢) must
always be considered in conjunction with the uniformity of the Bjgsy, field, and two profile
plots of the field strength at h = 200 um and 390 pum are attached as examples. The stripline
confinement effect quickly diminishes with increasing distance between the strips, with the S3L
SNR increase being only due to the increase in sample amount. This also means that the Bj field
generated by each stripline will be concentrated around the stripline, thus leading to a highly
non-uniform B; field distribution between the striplines. This optimization is discussed in more

detail in the next section.
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Figure 3.2: (a) Circuit model of the saddle coil inductively coupled to the S3L insert for SNR
enhancement; (b) Dimensional parameters of S3L geometry; (c) Calculated SNR enhancement
and absolute SNR vs. stripline spacing h based on the circuit model, and profiles of the Bi-field
distribution between two striplines (yellow blocks) respectively with h = 200, 390 pum. Reproduced

from the author’s own publication J1 with the permission from Springer Nature.

3.4 Stripline Lenz lens geometry optimization

As with any inductive NMR detector, performance is characterized by several figures of merit.
These are evaluated in this section as a function of the geometric characteristics of the S3L insert,

including the relative SNR, excitation efficiency, B; homogeneity, and By homogeneity.

The SNR has been thoroughly discussed in the previous section and the Appendix A2. The
excitation efficiency describes the power transfer from an excitation source to the coil through
the terminal, depicted as a 502 coaxial cable in Fig. 3.2 (a). By definition, the excitation
efficiency is the frequency of the nutation signal at 1 W excitation power [84|. B; homogeneity is
a critical factor for spin manipulation; poor homogeneity results in varying tip angles across
the spin ensemble, leading to deteriorated sample magnetization and reduced SNR. This is
commonly evaluated by the ratio of nutation signal intensities at pulse lengths of 450° and
90°, Ag500/Agoe [88]. Bp homogeneity directly affects the resolution of the NMR spectra and is
primarily influenced by discontinuities in the magnetic susceptibility of the constituent materials
of the NMR probe, especially in the vicinity of the sample. The spectral resolution is evaluated
here by the linewidth at 0.11% of the full signal height.

The primary optimization parameter of the S3L structure is the spacing between the two
striplines, h. As shown in the previous section, h regulates the Bj-field distribution and the
mutual coupling between coils, thereby affecting the electrical parameters and the SNR. To ensure
a fair comparison of the SNR, the sample volume is calculated as (h — 2t) x w x [ and is kept
constant throughout the optimization by assuming a maximal filling factor. The sample length [
coincides with the length of the Lenz lens for two reasons. First, any sample volume outside the
Lenz lens suffers from reduced detection sensitivity. Second, a susceptibility mismatch exists at
the junctions between the Lenz lens and the stripline (see Sec. 3.4.3). As shown in Fig. 3.1, the
stripline extends beyond both sides of the Lenz lens, and this additional length is accounted for
in our simulations by assuming it is filled with a susceptibility-matching fluid (matched to the

water sample).
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3.4 Stripline Lenz lens geometry optimization

3.4.1 Simulation strategy

To evaluate the RF field produced by the S3L chip and optimize the detector geometry, Finite El-
ement Method (FEM) simulations were performed using COMSOL Multiphysics 5.6 (COMSOL
AB, Sweden) with the RF module (Electromagnetic Waves, Frequency Domain).

For the geometry model, the reference was established with a 10 mm saddle coil without the
S3L insert, which was then compared to a configuration with the chip positioned at the coil
center. To ensure a consistent comparison, the sample channel volume was fixed at 0.6 pL with a
constant length of 1.4 cm, while the cross-sectional geometry varied as a function of the parameter
h. The coil structure utilized the COMSOL built-in property for electroplated gold, while the
surrounding domain was defined as air. The sample was modeled as liquid water with an electrical
conductivity of 0.005Sm™! and a relative permittivity of 80.2. More material properties used
for COMSOL simulations are listed in Appendix Sec. Al.

The coil system was enclosed within a spherical domain with a diameter of 6 cm. A perfect
electric conductor (PEC) condition was assigned to the boundary to facilitate the characterization
of the internal magnetic field. A free tetrahedral mesh was applied to the entire domain, with
a refined maximum element size of 250 pm specifically assigned to the coil structure and sample

region to ensure numerical convergence in the areas of high field gradient.

We swept stripline spacing h at 500 MHz for water measurement. As the excitation source,
a lumped port with 1 A terminal current was connected to the saddle coil model. The relative
tolerance of the RF simulation was 1 x 10™% . The results were processed in MATLAB R2018a
for Fig. 3.3. The code used for this processing is demonstrated in Appendix Sec. A3.

3.4.2 Computational optimization regarding the stripline spacing

The S3L structure optimization was conducted across 5 configurations generated by sweeping h
values from 190 pm to 390 pm, in steps of 50 pm. The stripline width w was adjusted accordingly
for each h value to maintain a constant sample volume of 0.4 ul., ensuring a consistent basis for
signal extraction. It is important to note that while A and w were coupled to preserve volume,
their individual influences on the NMR results were discussed independently. The simulation
results for these configurations are presented in Fig. 3.3. For comparison, nutation curves and

spectra for the same sample geometries without an S3L insert were simulated and included in

Fig. 3.3 (a) and (b).

Fig. 3.3 (a) displays for each configuration the nutation spectrum for the case when the S3L
insert is used and for the case when only a dummy insert is considered, i.e., no metal tracks
for the stripline or for the Lenz lens structures. The information from Fig. 3.3 (a) was further
processed to generate the bar charts of excitation efficiency in Fig. 3.3 (c¢) and B; homogeneity
in Fig. 3.3 (d). As expected, the excitation efficiency deteriorates with the increase in stripline
separation h because of a weaker coupling between two striplines. B; homogeneity shows a similar

trend with increasing separation h as the device approaches the situation of two independent
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wires. Normalized SNR and SNR enhancement shown in Fig. 3.3 (e) also decrease with the
spacing between the striplines. The static field (By) homogeneity is reflected by the spectral
resolution, which is crucial in building micro detectors. Fig. 3.3 (f) indicates that the optimal

field homogeneity is achieved at a spacing of approximately 300 pm.

Fig. 3.3 (b) depicts the simulated NMR spectra, where all signal peaks are normalized with
respect to the spectrum at h = 190 um. The signal peaks obtained without the S3L insert (grey
area) were adjusted to 0 ppm as a reference. Without the S3L, the spectra are greatly affected
by low sensitivity, resulting in lower peak magnitudes for the same sample amount. In order to
compare the spectral resolutions for different configurations, the linewidths at 0.11% full height
were compared, the highest resolution around 1.1 ppm being achieved for the first two separation

values h = 190, 240 pwm and being the result of the interplay between h and w.

Based on these results and as a good strategic compromise among the SNR, spectral resolution,
as well as the restrictions imposed by the fabrication (detailed in Sec. 3.5.3), a stripline spacing

of 210 um and a track width of 200 pm were selected for the final device.
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Figure 3.3: 5 different configurations for stripline Lenz lens were simulated in order to de-
termine the optimal spacing (h) between the lobes. The simulation results were processed to
calculate: (a) nutation signals for the different configurations compared to the case without an
S3L insert (grey signals); (b) NMR spectra following a 90°-pulse and collected for different con-
figurations together with the case where no S3L chip was employed (grey spectra); (c) excitation
efficiency; (d) By homogeneity; (e) relative SNR (left axis) and SNR enhancement (right axis),
and (f) By homogeneity. Reproduced from the author’s own publication J1 with the permission
from Springer Nature.
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3.5 Probe head fabrication

3.4.3 By field distribution analysis along sample channel

In this section, we present a COMSOL simulation study of the influence of material interfaces
on the By field distribution along the sample channel. The objective is to evaluate the effective

sample volume located within a homogeneous static magnetic field.

A static magnetic field of 11.7T is applied to the simulation domain, and the field strength
along the center of the sample channel is plotted in Fig. 3.4. The full channel length within the
Lenz lens is considered the active sample region, while at both ends of the channel the sample

volume is extended by a constant length of 0.01 m, designed as a susceptibility-matching plug.

Owing to the geometric symmetry about the vertical axis, only the left half of the structure
is analyzed. Four positions (labeled i—iv) corresponding to changes in the field strength are
identified. Point ¢ is located at the interface between air and the susceptibility-matching mate-
rial, where an abrupt decrease in field strength is observed. The results indicate that a 0.01 m
susceptibility-matching plug is sufficient to suppress the field inhomogeneity introduced by this
interface. Point 47 corresponds to field perturbations induced by the metal striplines covering
the channel. Points #¢¢ and v mark the locations of the Lenz lens side wings, which give rise to
a local increase in the By field. Overall, the static magnetic field within the Lenz lens region ex-
hibits high homogeneity, within a few parts per billion (ppb). The residual field inhomogeneities

observed near the edges are primarily caused by the loop wings.

An enhanced RF field generated by the S3L is present along the purple-tinted section. A
simulated nutation spectrum for this region, shown in Fig. 3.4, yields an amplitude ratio of
Ays00 /Agoe =~ 85%, indicating good RF field homogeneity. This computed value is in good

agreement with the experimentally measured result reported in the main text.

Ideally, the sample volume should not extend beyond junction point i7¢z from the center in
order to avoid field perturbations. Further studies are required to develop reliable methods for

confining the sample precisely within the homogeneous field region.

3.5 Probe head fabrication

3.5.1 Saddle coil layout and fabrication

For 1D proton measurements at 500 MHz, a Bruker 10 mm saddle coil was available at our
institute. However, for other isotopes with lower frequencies, saddle coils were fabricated in-
house. For this purpose, a customized saddle coil was designed with the same diameter and
length as the standard Bruker coil. It was fabricated by wrapping a flexible PCB sheet around
a 3D-printed tube.

Flexible PCB, also known as flexible printed circuit (FPC), uses a thin, flexible plastic sub-
strate to allow the board to bend, twist, or fold without damaging the electrical connections.
The substrate materials, such as PEEK and polyimide, are highly durable and thermally stable.

Flexible PCB can be fabricated in up to 10 layers, but it is still much thinner than conventional
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Figure 3.4: By-field strength along the centerline of the chip, intersecting the sample channel
and the S3L chip. The insert shows the theoretical proton nutation spectrum envelope, derived

from the magnetic field profile corresponding to the sample region as highlighted in purple.

rigid boards. FPC allows for ultra-compact designs with lightweight and has been applied in
integrated passive components, miniaturized coils and coil arrays, and scalable flexible electron-
ics [158, 159, 160, 161]. In the NMR field, flexible PCB exhibits great potential to develop
detection coils and coil arrays [139, 162, 163]. The primary advantages of the FPC-based coil
include higher achievable SNR and the ability to realize multi-channel coil arrays. A flexible
receiver coil can best conform to the sample geometry and avoid the SNR loss from poor coil
placement [164]. A FPC-based coil array with multiple channels can be fabricated as series with

good reproducibility and enables high-quality individual elements of the array.

In this project, compared to other investigated fabrication methods (e.g., winding copper wire
around a plastic tube), flexible PCBs facilitated a well-defined saddle configuration and ensured
higher field homogeneity. Additionally, using exposed copper pads on the flexible PCBs simplified
the soldering of tuning and matching circuit components compared to traditional copper wires,
thereby reducing the introduction of environmental noise. The three-layer flexible PCB substrate
was 217 pum thick (Multi Leiterplatten GmbH, Germany). The conductor tracks on the board
were 35 pm thick and 2 mm wide. Two conductor layers of chemical gold were utilized in the S3L

layout, separated by a 25 um polyimide insulation layer.

The planar layout of the customized flexible saddle coil is presented in Fig. 3.5 (a), where
the openings for tuning and matching capacitors (C; and C,,) are indicated. The flexible saddle
coil was wrapped around a transparent support tube, as shown in Fig. 3.5 (b). The support
tube was 3D-printed using ABS filament on an Ultimaker 2+ (Ultimaker B.V., Netherlands)
with a 0.4 mm nozzle and the dimension is displayed in Fig. A3 (see Appendix Sec. A5.2). The
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3.5 Probe head fabrication

final rolled-up saddle coil has a height of 20 mm, a diameter of 10 mm, and an aperture angle of
120° based on previous studies [165, 166]. The vertical position of the coil was aligned with the
homogeneous region of the static field. The base of the tube featured through-holes for copper
sockets, which were compatible with the pins on the NMR probe.

The self resonance frequency of the flexible PCB-based coil was measured to be around
460 MHz, which could be further tuned with non-magnetic capacitors for most nuclei, but was
not appropriate for '%F at 470 MHz. The self-resonance frequency of the flexible PCB-based coil
was measured at approximately 460 MHz. While this allowed for tuning to most nuclei using
non-magnetic capacitors, it was unsuitable for °F measurements at 470 MHz. Furthermore,
the limited availability of specific capacitor values complicated the tuning and matching adjust-
ments. Additionally, when targeting resonance frequencies below 100 MHz, the larger tolerances
of high-value capacitors increased uncertainty during the tuning process. For single-resonance
detection of 3P at 202 MHz, the inductance and quality factor of the wound coil were 154.3 nH
and 37.6, respectively, requiring tuning (C;) and matching (C),) capacitances for and C,, were
5.1pF and 7.5pF. For "Li detection at 194 MHz, the coil exhibited an inductance of 147.8 nH
and a a Q factor of 38.3, yielding C; and C,, values of 5.6 pF and 7.5 pF. For 23Na detection at
132.3 MHz, the measured inductance and quality factor were 118.5nH and 79.9, with both C;
and C), calculated at 15 pF.

Figure 3.5: (a) Low-frequency homonuclear saddle coil (< 460M Hz) fabricated on a flexible
PCB, featuring buried conductor traces and exposed solder pads for tuning and matching capaci-
tors. (b) Partially wound coil mounted on a 3D-printed support frame. (c) Smith chart of a bare
saddle coil from 300kHz to 1 GHz without a tuning and matching network, measured using an
E5071C network analyzer (Agilent Technologies, CA, USA). Reproduced from the author’s own

publication J1 with the permission from Springer Nature.

3.5.2 Tuning/Matching for a double resonance saddle coil

For the purpose of demonstrating the S3L capabilities of high frequency homonuclear and het-
eronuclear experiments, a double channel driving saddle coil was designed, where the resonances

for the nuclei 'H and '3C were achieved.

The double resonance circuit is based on the trap circuit design described by Plata et al.
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Figure 3.6: The reflection and transmission curves of S(1,1) (a), S(2,2) (b) and S(1,2) (c)
after the component parameter optimization. Port 1 and 2 are connected to the 'H and 1°C

channels respectively.

[167, 168|. This configuration is advantageous because, depending on the target nuclei, only the

double channel trap circuits require adjustment.

Two optimization goals were implemented in Advanced Design System (ADS): first, db(S(1,1))
from the 'H port was required to be lower than —20 dB at approximately 500 MHz while remain-
ing above —1dB at 125 MHz; second, db(S(2,2)) from the C port was required to be lower
than —20dB at approximately 125 MHz while remaining above —1dB at 500 MHz. L3 was de-
termined by the geometry of the wound saddle coil body, whereas the fixed-value inductors L
and Lo within the trap circuits were selected based on the operating frequencies and laboratory

availability.

The simulated reflection curves for S(1,1), S(2,2) and S(1,2) are presented in Fig. 3.6 (a),
(b) and (c), showing that reflection is reduced to —30dB in both channels. To account for
potential discrepancies in resonance conditions between simulations and experimental setups,

two adjustable non-magnetic capacitors were utilized for fine-tuning.

To circumvent the issue of a self resonance frequency lower than the proton frequency, an
alternative design was developed where the coil body was formed by copper tape strips, as
shown in Fig. 3.7 (a). The saddle coil maintained the same height and diameter as the single
resonance coil described previously, with the conductor strips supported by rounded Kapton foil,
the same substrate material used for the flexible PCB in Fig. 3.5. Because double resonance
tuning and matching require a more complex circuit, a rigid PCB was deployed at the base of
the saddle coil rather than being integrated into a flexible PCB, as presented in Fig. 3.7 (a).
The circular PCB was fabricated to fit precisely into the gradient sleeve. The assembled double
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3.5 Probe head fabrication

channel saddle coil was mounted on the probe head and fine-tuned using two variable capacitors.

The reflection curves for both channels at 'H and '3C frequencies are presented in Fig. 3.7 (b).
At their respective resonance frequencies, the proton channel achieved S(1,1) < —53dB and the
carbon channel showed S(2,2) < —38dB. The data also confirmed sufficient isolation between

the two channels at both resonance frequencies.

fun = 500.13 MHz |

Amplitude

3¢ = 125.75 MHz

10 110 120 13 140 150 160 170 180 190 200
Frequency / MHz

Figure 3.7: (a) Side and top views of the fabricated double channel saddle coil. (b) Reflection
curves (S(1,1) and S(2,2)) of both channels across the two frequency ranges of interest. Fine-
tuning of the coil inside the magnet was achieved using two adjustable capacitors. The 'H channel
exhibits a reflection of —53dB at its resonance frequency, while the °C channel shows —38 dB

at its respective resonance. The S(1,2) curve displays high isolation between the two channels.

3.5.3 Microfabrication of S3L chip based on glass wafer

Adopting the optimized geometry described in the section Stripline Lenz lens geometry opti-
mization, the S3L chip was fabricated in the cleanroom following the steps illustrated in Fig. 3.8.
Due to geometric symmetry, only half of the chip is presented. Note that the vertical dimension
in the schematic is not to scale to allow for better visualization of the layer stack. Further de-
tails regarding the cleanroom operations and associated parameters are provided in Table. A2
(see Appendix Sec. A4). The mask designs utilized in this process are shown in Fig. A2 (a)
(Appendix Sec. A5.1).

e Seed layer deposition The stripline Lenz lens chip was a sandwiched structure which
consisted of two 200pm 4" D263 Teco gold-coated glass wafers and an around 200 pm
thick Ordyl layer (a dry film photoresist) in between. The glass wafer was first cleaned
with a typical routine in the cleanroom by Acetone and Isopropanol and then exposed to
Oxygen plasma for 5min. The wafer was later coated with chromium/gold seed layers

(20 nm and 60nm) for following growth of gold structure.
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3 Broadband stripline Lenz lens

e SU-8 lithography Standard SU-8 lithography process was applied on the top side for
patterning the gold Lenz lens and stripline. The thickness of the photoresist was around
20pm. The utilized mask was shown in Fig. A2 (b).

e Electroplating & etching With the seed layer connectd to a DC source, around 20 pm
thick gold was electroplated in the SU-8 mould. After SU-8 was stripped off, the seed layer
area, which was not covered by the stripline Lenz lens, was also etched away.

e Ordyl lithography On the top of the gold structure, an Ordyl layer of around 110 pm
(90 pm + 20 pm) was directly laminated on an office laminator. The microfluidic channel
and the supporting sidewall of the chip were patterned using lithography process and
developed in Ordyl SY developer for 20min assisted by ultrasound bath. The utilized
mask is shown in Fig. A2 (c).

e Bonding & drilling the inlet and outlet Ordy lost its stickiness and got dried easily
in the air. After development and necessary cleaning of the surface, the wafer was exposed
to oxygen plasma for a very short time for a better bonding quality. Taking advantage of
the geometry symmetry, we flipped one out of the two identical wafers and covered it on
the other. The assembly was aligned under the microscope aided by the align markers and
fixed with thermal tapes, and then brought to bonding employing a compression-bonding
machine (EVG510 EV Group) under 5kN force at 95°C for 4h. The inlets and outlets
were cut with a nanosecond laser (PIRANHA ACSYS) into the top layer, with a hole
diameter of around 260 pm. The utilized mask was shown in Fig. A2 (d). The entire wafer
assembly was then diced into individual chips using the laser and one batch with two 4"

glass wafers was able to produce 12 pieces of chips.

The final S3L device is shown in a top view in Fig. 3.8 next to a fabricated dummy chip. For
the dummy chip, the steps from the seed layer to gold electrodeposition were excluded. Due to
the flexibility of Ordyl layer, the thickness difference of the whole chip introduced by the extra
gold tracks could be neglected after bonding process.

3.5.4 Characterization of microfabrication process

In this section, the characterization results of two critical stages are presented: stripline Lenz lens
electroplating and Ordyl photolithography. These steps significantly influenced the structural
and functional integrity of the final devices, making their assessment essential for reliable chip
performance. By systematically evaluating these key fabrication steps, potential issues were

identified and the fabrication flow was optimized accordingly.
Gold electroplating

In Fig. 3.9, the electroplated conductor structures were characterized via microscopy and
vertical scanning interferometry (VSI). VSI is a non-contact optical measurement technique
used to characterize surface topography with high vertical resolution, typically in the nanometer
range. Compared to other profilometry techniques, VSI is particularly suitable for measuring

relatively rough or structured surfaces, such as electroplated features or patterned photoresist
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Figure 3.8: Fabrication process of the S3L chip with both 3D model and 2D illustration, as
well as a top view of the fabricated S3L chip alongside with a dummy chip. Reproduced from the

author’s own publication J1 with the permission from Springer Nature.

layers, which are difficult to characterize with conventional optical or stylus profilometry.

Fig. 3.9 (a) to (c) show microscopy images with a scale bar of 20 pm. Fig. 3.9 (a) demonstrates
good uniformity of the electroplated surface despite slightly higher edges. Fig. 3.9 (b) shows a
bead artifact occasionally occurring at the corner of an alignment marker, which could influence
the electrical properties of the conductor. Occasionally, shadowy spots were observed on the
surface, as shown in Fig. 3.9 (c¢). These were suspected to be burned organic material, which

could be removed in the subsequent cleaning process.

Fig. 3.9 (d) and (e) show the 3D surface profiles at the junction of the stripline and Lenz
lens obtained via VSI. Two lines were defined as the X and Y profiles, providing quantitative
data for the thickness and surface roughness of the electroplated layer. Fig. 3.9 (e) reconstructs
a 3D surface profile of the junction, offering a clear view of the electroplating uniformity and
structural dimensions. The VSI measurements show that the electroplated structures have good
thickness uniformity and low surface roughness. Both the 3D surface profile and the line profiles
demonstrate a uniform electroplating quality that satisfies the requirements of the stripline Lenz

lens chips.
Ordyl dry film photolithography
Ordyl etching quality is another major concern, as it directly affects sample capacity and

bonding stability. Fig. 3.10 shows the microscopy images of the developed Ordyl structures.
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Figure 3.9: (a) Microscopy image of the electroplated elements, showing excessive plating at
the edges of the conductive features. (b) Bead defect at the edge. (c) Shadowing defect on the
metal surface. (d) and (e) VSI 2D and 3D images of the junction between the stripline and the
Lenz lens, revealing the dimensions and surface profile of the gold structure deposited on the seed

layer.

Etching performance depends primarily on the structure geometry, substrate material, exposure
dosage and development time. Etched channels with high aspect ratios typically exhibit a width
difference between the top (Fig. 3.10 (a)) and bottom (Fig. 3.10 (b)) surfaces of the resist
layer. In some cases, the developer solution cannot completely remove the unexposed resist,
resulting in a clogged channel. Meanwhile, excessive exposure may lead to unintended hardening
of structures outside the boundaries due to reflected light. Increased development time led to
the detachment of small structures, such as alignment marks, from the wafer (Fig. 3.10 (c)).
Thus, the flip-and-assembly method—using two wafer pieces each with half the total aspect
ratio—improved fabrication quality and simplified the process despite the extra effort required
in the layout. Cross-sectional characterization revealed that the sample channel in an S3L chip
was approximately 160 pm wide with vertical sidewalls. In contrast, the dummy chip exhibited
an inverted trapezoidal cross-section, with a short base of approximately 100 pm at the glass

surface and a long base of 160 pm. Consequently, the sample volume in a dummy chip was
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approximately 15% less than in an S3L chip.

.‘ \\ ‘
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Figure 3.10: Optical microscopy images of the laminated Ordyl structures after the develop-

ment process. Panels (a)—(c) focus on the top surface, the glass surface of the channel, and the

alignment marks, respectively.

Glass wafer dicing using laser

Fig. 3.11 presents the experimental setup for dicing a glass wafer with dummy chip modules
inside the chamber of a nanosecond laser, as well as optical microscopy images of the chips after
laser cutting. The laser was first guided to cut the inlet and outlet, followed by cutting the chip
outline. Upon completion, the finished chip fell onto the metal surface below. Owing to its low

mass and sufficient mechanical robustness, the chip was not damaged during this process.

Fig. 3.11 (b) shows that the periphery of the inlet hole was melted by the laser, resulting
in a diameter of approximately 260 pm. Fig. 3.11 (c) and (d) show that the laser reached the
bottom glass layer and induced cracks on the surface. Therefore, preliminary optimization of
the laser intensity and exposure duration was necessary to prevent cutting through the chip and
potential sample leakage from the backside. Fig. 3.11 (e) shows the channel interior after laser
cutting, where debris and residues were observed. The chip was rinsed multiple times prior to

experiments.
Artifacts in chip alignment

As explained in the section Apparatus and Stripline Lenz lens geometry optimization,
both the alignment between the two striplines and the alignment of the stripline with respect
to the static magnetic field are critical. In addition, the sample channel is formed by multiple
overlaid layers. Therefore, even slight misalignment can significantly affect the available sample
space. To evaluate the alignment quality, both the S3L chip and the dummy chip were cut
into two halves using the laser, and the cross-sectional surfaces were held vertically under the
microscope for inspection, as shown in Fig. 3.12 (a) and (c). In parallel, the S3L chip and the
dummy chip were tested with sample loading, as shown in Fig. 3.12 (b) and (d). The dimensions

of the different structural features are shown in detail.

Fig. 3.12 (a) shows a misalignment of approximately 50 pm between the two striplines in the
cross-section of an S3L chip. This chip was bonded from two wafers, each laminated with a
single Ordyl layer. As a result, two misaligned sample chambers with well-defined profiles were
formed. In this case, the sample capacity was not significantly affected by the alignment error.
The channel width was approximately 190 pm, slightly smaller than the stripline width, while

the channel height was around 151 pm. However, the misalignment between the two striplines
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3 Broadband stripline Lenz lens

Figure 3.11: FEzperimental setup of the glass wafer in the laser cutter chamber and optical
microscopy images of the laser-fabricated holes. (a) The wafer, consisting of 14 dummy chips,
was positioned on the platform using tape. (b) Microscopy image of a hole focusing on the top
surface. (c¢) Microscopy image focusing on the channel surface through the hole. (d) microscopy
image of the back surface of the chip. (e) Optical microscopy image of the channel after laser

cutting.

is expected to substantially distort the B field distribution and reduce the excitation efficiency.

Consequently, such a chip configuration is not ideal for subsequent NMR measurements.

In contrast to the S3L chip, the channel in the dummy chip was strongly affected by the
development process, resulting in a cross-sectional profile resembling a hexagon, as shown in
Fig. 3.12 (¢). Nevertheless, the channel width at half height was approximately 185 um, which is
close to the designed dimension. Fig. 3.12 (b) shows effective sealing of the channel, and sample
loading was not adversely affected by the misalignment. However, Fig. 3.12 (d) shows air bubbles
along the channel in the dummy chip, indicating a potential issue during loading. Ordyl is a
hydrophobic material with a water contact angle of approximately 75° [169], which increases the
likelihood of air bubbles becoming trapped within the channel. Therefore, vacuum pumping was

routinely applied to filled chips for a sufficient duration prior to sealing the inlets and outlets.

This section presents a series of characterization results for the fabricated S3L and dummy
chips, which are essential for optimizing the fabrication procedures and increasing the yield of
functional S3L chips in future work. It should be noted that the NMR results presented in the

subsequent sections were obtained using only qualified chips.
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Figure 3.12: Dimensional characterization of structural alignment in two different chips and
their sample-loading conditions. (a) Microscopy image of the cross-section of an S3L chip. (b)
Optical microscopy image of the SSL chip filled with tinted water. (c¢) Microscopy image of the
cross-section of a dummy chip. (d) Microscopy image of the dummy chip filled with pure water,
with two air bubbles highlighted.

3.5.5 Attempt of S3L chip based on rigid PCB

The S3L chip fabricated on the glass wafer using cleanroom processes proved to be highly reliable
and fully functional. As described in the previous section, the final successful fabrication route
was established through an iterative process of trial and error. Prior to adopting this method-
ology, we explored an alternative approach based on rigid PCB substrates, which offered lower
cost and faster prototyping compared to cleanroom fabrication. In this section, we report the
fabrication attempts using rigid PCBs and explain why this approach was ultimately abandoned,

providing practical insight for researchers considering similar device architectures.

The PCB-based S3L chip design and layout are shown in Fig. 3.13 (a). The core component was
single-layer S3L PCBs (green), which incorporated the conductive trace geometry and enabled
rapid and economical prototyping. Two PCB pieces were bonded using double-sided Kapton
tape, and a physical prototype is shown as an inset next to the exploded view. The assembled
S3L chip was mounted inside the saddle coil using transparent PMMA support structures. The
dimension of the PMMA supporter is shown in is displayed in Fig. A4 (see Appendix Sec. A5.2).
The central spacer layer consisted of three stacked Kapton tapes, each approximately 70pm
thick, resulting in a total sample channel height of about 210 pm. The microfluidic channel and
inlet /outlet structures in the middle layer were patterned by laser cutting, as shown in Fig. 3.13
(b) and (c). However, laser processing introduced surface glitches and residual debris along the
inner sidewalls. In addition, the soft adhesive layer of the Kapton tape rendered the structure

less mechanically stable and highly sensitive to applied pressure.
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3 Broadband stripline Lenz lens

By contrast, Ordyl-based lithography offers substantially higher dimensional accuracy and a
more rigid structural layer at the micrometre scale than laser-cut Kapton tape. These limitations
in mechanical stability, surface quality, and fabrication reproducibility, in the first place, led us

to abandon the PCB-based approach in favor of the cleanroom-fabricated S3L chips.

Ann (4 Sar
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Figure 3.13: Structural configuration and fabrication details of the rigid PCB-based S3L chip.
(a) Ezploded schematic view of the device assembly alongside a physical prototype (inset). The
chip comprises two single-layer stripline Lenz lens (green) and a central double-sided Kapton
tape. (b) and (c) Detailed view of the the laser-cut double-sided Kapton tape (orange) used to
bond two functional stripline PCBs.

Beyond the structural reliability issues associated with the Kapton tape, a major limitation
of the PCB S3L chip approach lies in the intrinsic material inhomogeneity of standard PCB
substrates. Conventional PCBs are fabricated from woven glass cloth filled with epoxy resin
[170]. In single-layer PCBs, the resin layer is relatively thin, making the buried glass weave
pattern visible and even tactile on the surface. The dielectric properties of the glass fiber and the
epoxy resin differ substantially. The glass strand forming the weave structure exhibits a relative
permittivity of approximately 6 with very low dielectric loss [171], whereas the epoxy resin
has a relative permittivity of approximately 3 and exhibits varying dielectric losses depending
on the specific laminate formulation. This dielectric inhomogeneity results in a non-uniform

electromagnetic field distribution, which can introduce artifacts in NMR spectra and MRI images.

To assess this effect experimentally, MRI measurements were performed on both a PCB S3L
chip and a PCB dummy chip. The two chips were mounted on PMMA supports and positioned
at the center of the saddle coil. For this validation experiment, minor positional offsets and
corresponding magnetic field variations between the two samples were neglected. The experi-
mental setup and resulting MRI images are shown in Fig. 3.14. The field of view (FOV) was
6 mm x 6 mm with an in-plane resolution of 0.0469 mm. Signal acquisition was performed with

an echo time of 8.7 ps and a flip angle of 15°.

Figure 3.14 (b) shows the MRI signal in the XY-plane, perpendicular to the By field direction.
The clear brightness difference between the two signal regions confirms that the PCB-based S3L
chip enhances the NMR signal as intended. Figures 3.14 (c) and (d) present signal distributions
in the XZ- and YZ-planes across the sample channel. While the PCB dummy chip produces a
weak but spatially uniform signal, the PCB S3L chip exhibits a strong signal with a pronounced
periodic pattern. The period length is approximately 0.78 mm. Such periodic modulation is

detrimental to NMR signal acquisition and image quality. For reference, the typical glass weave
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Figure 3.14: Multidimensional MRI Analysis of PCB S3L chip and dummy chip. (a) Photo of
the experimental setup. (b) MRI signals along the Z-azis (By direction). (¢) MRI signals along
the Y-azis (perpendicular to By direction), showing the cross section of the sample channel. (d)

MRI signals along the X-axis (parallel to By direction). (e) 3D reconstruction of the MRI signal.

pitch in FR4 materials is approximately 0.45mm (17.9 mil for 106 glass weave) [172], which is
comparable to the observed spatial periodicity. In contrast, residues originating from laser-cut
Kapton layers are random in nature and would not generate a regular spatial modulation. The
observed periodic signal pattern is therefore attributed to the fiberglass weave structure inherent

to the single-layer PCB substrate.

These results demonstrate that single-layer PCB substrates are unsuitable for fabricating
stripline Lenz lens components that are in direct contact with the NMR sample, due to the

dielectric inhomogeneity imposed by the fiberglass weave.

3.6 NMR measurements
3.6.1 NMR system setup

The NMR/MRI experiments were conducted on an 11.74T Avance III Bruker NMR system
(Bruker BioSpin, Rheinstetten, Germany) equipped with a Micro5 micro-imaging probe and a

gradient sleeve.

For sample loading, the capillary effect was insufficient despite the microscale dimensions of
the channel, due to the rough surfaces and edges of the laser-cut holes and the Ordyl sidewalls.
Therefore, a syringe fitted with polymer tubing at the tip was used to inject the sample solution
into the channel. The inlet and outlet were subsequently sealed with small pieces of tape. The
detector assembly, consisting of the loaded chip and the saddle coil, was then mounted onto the
probe and aligned with the aid of a PMMA support, such that the chip was oriented vertically
parallel to the static By field and horizontally perpendicular to the RF B; field. With manual
alignment, the angular deviation from the ideal perpendicular orientation was less than 11°,

primarily due to the finite thickness of the support structure.

For NMR measurement operation and spectra processing, the software TopSpin 3.5pl2 is
applied. 'H signal is routed through a narrow-band pre-amplifier (1H LNA Module 500, Bruker
BioSpin, Rheinstetten, Germany) with 1 dB noise figure while X-nuclei signals are routed through
a broadband pre-amplifier (XBB19F 2HS Module 500, Bruker BioSpin, Rheinstetten, Germany)
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with 2dB noise figure. The temperature is measured to be 30°C from the system. Main NMR

acquisition data for all isotopes are presented in Table 3.1.

MRI measurements were performed using ParaVision 6.0.1 (Bruker BioSpin). A FLASH
sequence was applied with modified parameters to obtain the MRI results shown in Fig. 3.15
(f). The repetition time was set to 1s. The field of view was 2 mm x 2 mm with an in-plane
resolution of 0.025 mm. The slice thickness was 0.2 mm, and the receiver bandwidth was 20 MHz.

Image post-processing was carried out using MATLAB.

To assess the broadband performance of the S3L insert, four nuclei were selected to cover
a Larmor frequency range from 132MHz to 500 MHz, namely 2*Na, "Li, 3P, and 'H. The
corresponding one-dimensional spectra are presented in Fig. 3.15. The characterization was
performed using the following samples: 300 mM sucrose and 30mM TSP in deionized water
for the 'H spectrum; 1M LiTFSI in EMI-TFSI for “Li; and 3M NaH,POy in deionized water
for both 2*Na and 3'P. To account for fabrication-related imperfections of the chip, such as
irregularities in the photoresist-defined channel that may reduce the available sample volume,

the effective sample volume was corrected to 0.32 L.

Furthermore, we performed a 'H-13C HSQC (Heteronuclear Single Quantum Coherence) mea-
surement to present its promising application in 2D NMR spectroscopy, which is shown as
Fig. 3.16.

The performance of the S3L insert was evaluated using two experimental configurations, as
shown in Fig. 3.1. In the first configuration, the S3L insert was positioned such that the plane of
the Lenz lens was perpendicular to the B field of the saddle coil. In the second configuration,
a dummy chip containing only the sample channel, without a stripline Lenz lens, was used as a

reference.

When operating in the S3L configuration, the following precautions were taken to maximize
coupling between the saddle coil and the Lenz lens structure. The Lenz lens was fully inserted
into the saddle coil, and its plane was precisely aligned perpendicular to the saddle coil’'s B;
field. Simultaneously, the stripline and the sample channel were aligned parallel to the static By
field.

3.6.2 1D NMR with multiple isotopes and MRI experiments

Fig. 3.15 summarizes the NMR spectra with four different isotopes, and nutation signals recorded
with 'H. For a clearer visual comparison, the spectra with the same isotope were scaled to have
the same noise level, i.e., the same baseline height. The peak corresponding to TSP was set at
0 ppm in the proton spectrum, while the peaks corresponding to 2Na, “Li, 3!'P in the respective
spectra were set to 0 ppm. The key experimental parameters are summarised in Table 3.1 for a

quantitative comparative evaluation.

As presented in Fig. 3.15 (a), a zoomed view along with a full view shows the 'H signal

enhancement with the S3L chip coupled to the saddle coil. From these two spectra obtained
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with 10 W excitation power and a receiver gain of 32, the respective SNR of the singlet water
peak at 4.8 ppm was calculated. The single scan SNR enhancement between a perpendicular S3L
chip and dummy chip, i.e., orange and blue curves, was 7030/628 = 11. With the S3L chip facing
the Bj-field, the pulse length was cut down from 27 ps to 3 ps showing a 9-fold field enhancement.
In addition, the linewidth of the peak with a perpendicular S3L chip was narrowed from 6 Hz
down to 3 Hz, which reflects an improved field homogeneity. The shim condition was calibrated
separately for each setup. The S3L add-on featured an equivalent nLOD value calculated at
600 MHz of 18 nmoly/s, which was slightly lower compared to the NMR micro-detectors, keeping
in mind however that all other detectors are active devices, whereas the S3L insert operated in
a passive mode. The S3L thus compares favorably in terms of spectral resolution (around 6 ppb

in the benchmarking proton measurement) and Bj-field homogeneity [19, 20, 21, 22, 173, 174].

"Li experiments displayed a single peak from the LiTFSI sample as displayed in Fig. 3.15 (b).
Switching from the dummy chip to the S3L chip, the SNR enhancement was around 8.4, reaching
an SNR of 402 with 512 averages, due to the lower NMR sensitivity and an nLOD of 82 nmol,/s.
At the same time, the linewidth dropped from 4.6 Hz to 2.4 Hz. From the nutation spectrum
(not displayed here), Ags00/Agge was around 81%.

23Na and 3!P spectra (Fig. 3.15 (c) and (d) respectively) were obtained with 3 M NaH,POy4
solution in DI water. The relatively high concentration of this sample was necessary due to
their even lower molar receptivities than “Li. As shown in Table 3.1, the **Na signal had an

enhancement of around 6.6 and the 3'P signal had an SNR enhancement of 6.8.

Fig. 3.15 (e) presents the nutation spectrum acquired using a water sample in order to de-
termine the 90-degree pulse length, and to assess the field homogeneity by calculating the ratio
Ays00/Agoe. This revealed a good Bi-field homogeneity of 85.8% when using the S3L insert.

MRI experiment results with two different chips are presented in Fig. 3.15 (f), in which distilled
water is used as the sample. Each image has 80 x 80 pixels with a pixel resolution of 25 pm, and
is measured from a slice thickness of 200 pm. The pixel value is scaled to a range of 0-250. The
repetition time and the excitation power are adjusted towards a best SNR respectively, 1s and
0.18 mW for the S3L chip while 1s and 20 mW for the dummy chip. It is noted that the dummy
chip result is acquired with 16 averages, which brought a 4-fold SNR enhancement. As shown
in the images, some spots appear to have weaker signals due to air bubbles formed in the water
sample after continuing experiment. A profile of the signal amplitude across the sample region is
also attached, which reflects directly the signal and noise level collected with one pixel. A sharp

boundary of the signal area is observed due to the metal strip constrains.

For SNR calculation, regions of interest (ROIs) were defined in a no-sample region to estimate
noise and in the sample region to estimate signal. The SNR was calculated as the ratio of the
mean signal intensity in the sample region to the root-mean-square (RMS) noise measured in
the noise region. To improve accuracy, four square ROIs were selected in the four corners of
the image surrounding the stripline. For a single average, the MRI SNR was approximately 11.6
for the S3L chip and 1.38 for the dummy chip, corresponding to an enhancement factor of 8.4.
This enhancement is in good agreement with the NMR results, as expected. The slightly lower
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enhancement observed in MRI compared to the proton NMR experiment is primarily attributed

to the presence of air bubbles in the fluidic channel.
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Figure 3.15: Comparative spectra for different nuclei using a dummy chip and the broadband
S8L add-on. (a) Proton 'H spectra at 500 MHz. The insert shows more detail for the region
between 3.4ppm to 4.2ppm. (b) Lithium "Li spectra at 194 MHz. (c) Sodium *’Na spectra at
132 MHz. (d) Phosphorous *1P spectra at 202 MHz. (e) A proton 1H nutation spectrum obtained
using the S3L, corresponding to the orange curve in (a). (f) MRI of DI water at the center
of the stripline with an S3L chip (left) and MRI of DI water with a dummy chip (right). A
profile of signal intensity along the red dotted line is addressed. Reproduced from the author’s

own publication J1 with the permission from Springer Nature.

3.6.3 Double channel NMR pulse sequences on the S3L

NMR is powerful tool to predict the structure of a molecule. Though most structural information
can be extracted from single channel RF experiments, yet a double channel RF experiment may
help to reveal obscured information. The two most used pulse sequences are heteronuclear,
of which one class is referred to as decoupled sequences, the other as coherence spectroscopy
experiments. Therefore, it is essential for a suitable resonator, in the present case, the S3L, to

be capable of handling heteronuclear experiments.
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Table 3.1: NMR broadband reception at frequencies of different nuclei in an 11.74T field.

Isotopes 'H 3ip "Li 23Na
Larmor 500 202 194 132
freq. (MHz)

Rel. molar recep- 1.00 0.07 0.29 0.09
tivity

Configuration S3L  dummy S3L dummy S3L dummy S3L dummy
Power (watt) 10 10 10 10 10 10 10 10
Pulse length (ps) 3 27 15 15 30 30 10 10
Number of scans 1 1 128 128 512 512 256 256
Relaxation de- 10 10 5 5 1 1 5) 5
lay (s)

Linewidth (Hz) 3.1 6.2 6.8 14.6 4.6 6.8 19.6 34
Measured SNR 7030 628 68 10 402 48 79 12

nLOD (nmoly/S) 18 204 914 6237 56 465 1038 7171

SNR enhancement 11.2 6.8 8.4 6.6

Two types of pulse sequence were applied, 'H-decoupled 3C detection, and 'H-'3C HSQC.

The graphical representation of the pulse sequences is shown in Fig. 3.16 (a) and (c).

The spectra shown in the Fig. 3.16 (b) and (d) were acquired using an S3L, where the sample
used was 1 M 13C labeled D-glucose in 90:10 D2O /H20. The pulse parameters for the experiments
are summarized in Table 3.2 and 3.3. Without the the S3L, spectra of the measurements described

could not be acquired due to low signal levels.

3.7 Conclusion

Micro-coil NMR has long been pursued as an effective route to improving sensitivity while re-
ducing the required sample volume. Although a wide range of micro-coil geometries has been
developed for specific applications, the design and fabrication of application-specific resonators
remain time-consuming and costly, particularly in laboratories where experimental requirements
evolve rapidly. Given the high cost and operational complexity of NMR, instrumentation, there
is a strong incentive to develop detector concepts that are simple to implement, compatible with
existing probe hardware, and adaptable across a broad range of nuclei and frequencies on a single

magnet.

In this chapter, a stripline Lenz lens (S3L) add-on has been introduced and systematically
characterized as a solution to these challenges. By combining a mature stripline geometry with a
Lenz lens structure, the S3L structure provides a simple yet effective means of concentrating the

RF magnetic field generated by an external excitation coil into a confined sample region, while
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Figure 3.16: (a) Pulse sequence used for the 3¢ detection with 'H. The composite pulse used
for decoupling was "Waltz-65". (b) The 3¢ spectrum obtained from the pulse sequence shown
in (a). The solution used was 1M °C-labeled D-glucose in 90:10 DsO/Hz0. (c) The pulse
sequence used for 2D 'H-13C HSQC. The spectra were recorded without any gradients. (d) 'H-
3¢ HSQC spectra plotted on a 2D scale, with y-axis representing frequency shift in 1°C, and
z-axis representing frequency shift in 'H. Reproduced from the author’s own publication J1 with

the permission from Springer Nature.

simultaneously reorienting the B field flux by 90°. Numerical simulations predict a local RF
field enhancement of up to a factor of 20, with corresponding SNR gains of up to 11, depending
primarily on the spacing between the striplines. Importantly, the dimensions of the add-on can
be readily adapted to different coil sizes to ensure efficient coupling, enabling the concept to be
transferred to a wide range of experimental setups. At very small scales, however, fabrication

tolerances, such as minimum achievable channel widths, must be carefully considered.

Experimental results presented in this chapter demonstrate good agreement with the theoreti-
cal predictions. Using an effective sample volume of approximately 0.32 pL., an SNR enhancement
of nearly one order of magnitude was achieved for 'H NMR, accompanied by a substantial re-
duction in the 90° pulse length, as confirmed by nutation measurements. For nuclei with lower
receptivity, namely “Li, 3'P, and ?*Na, SNR enhancements of approximately 7-8 were observed.
These values are partly attributed to the use of a common, non-optimized pulse length across
nuclei and to the moderate RF excitation efficiency of the single-loop saddle coil employed,
compared to commercial multi-loop designs. In addition to sensitivity gains, a consistent im-
provement in spectral resolution by up to a factor of four was observed across all investigated

nuclei, highlighting the favorable By homogeneity of the S3L configuration.

The results of this chapter highlight several broader implications. By deliberately trading sen-
sitive volume for enhanced local sensitivity, the S3L add-on enables targeted NMR measurements
on small regions of interest, such as thin films, layered materials, or cylindrical samples including

biological biopsy plugs. It has also potential as a broadband implant for in vivo experiments.
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Table 3.2: Pulse parameters for 1°C' NMR with Table 3.83: Pulse parameter for TH-1°C HSQC.
'H Decoupling.

Parameters Values
Parameters Values 'H RF power 20W
RF power 25 W 'H 90° flip angle pulse 6 1s
90° flip angle pulse 10ps length
length Number of data points 4096
Number of scans 128 in FID
Decoupling power 0.7TW 1BC RF power 25 W
Decoupling length ps 13C 90° flip angle pulse 10 pis
Recycle delay D, 1s length
§=D1-100ms? 200 ms Number of data points 512
in FID
Decoupling power 0.5W
Decoupling length 701s
Number of scans 8

J-coupling  constant 145 Hz
(J)
7= (4J)"! 1.72ms

Increment delay D, 31s

Moreover, the broadband response of the S3L, from 125.76 MHz to 500 MHz at 11.7 T, covers
most nuclei of practical relevance, making it well suited for multinuclear and frequency-flexible
experiments. The excitation coil possesses a tunable resonance frequency, which can be disturbed
by the inserted stripline chip. Depending on the adjustment range of the capacitors on the probe,
it could possibly happen that the tuning and matching condition is not perfectly reached when
the S3L add-on is loaded. In such case, the coil reflects more power and has a lower quality
factor, leading to a longer excitation pulse length for a given power and worse sensitivity. In
our design, the total terminal resistance is however far smaller than 502, so that it could be
rematched. the terminal inductance change remained within 5%, thus any detuning could be

easily compensated on the probe.

Beyond the demonstrations presented here, the ability of the Lenz lens to spatially redirect
and confine the By field opens avenues for future applications. In particular, systems that are
otherwise difficult to excite due to electrical shielding, such as battery cells with metallic current
collectors, could benefit from the flipped and localized RF field generated by the S3L. This
makes the stripline Lenz lens add-on a promising platform for non-invasive, in-situ NMR studies

of electrochemical and other technically relevant materials.

Overall, this chapter establishes the S3L add-on as a versatile, broadband, and experimentally

69



3 Broadband stripline Lenz lens

practical approach to sensitivity enhancement in micro-scale NMR, forming a key building block

for the methodologies developed in this thesis.
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Chapter 4

LTCC-based Broadband Double-Channel Spiral

Detector

The contents of this chapter are based on the author’s contribution to the mate-
rial published in the article [J2|. Material from: Liang, Jianyi et al., Split
spiral broadband double channel NMR detector facilitated by LTCC

technology, Scientific Reports, published in 2025, Springer Nature.

4.1 Introduction

To achieve the expected optimal performance, micro coils require higher fabrication accuracy and
are limited to specific building materials. Therefore, multiple microfabrication techniques have
been developed for both volume and planar coils, as reviewed in Background Information
Sec. 2.5.2.

The fabrication process often includes creating an adjacent sample chamber or channel, as
an effective RF field is generated close to the micro coil at a sub-cm scale. Glass wafers are
widely used as coil substrates with sample channels, because they are non-conductive and do
not induce eddy currents. Commercially, glass wafers are available with various thicknesses,
roughly ranging from 25 pm to 500 pm, however they are mechanically fragile, and wafer cracks
can occur at any step of the fabrication process. This makes processes such as stacking and
bonding of glass wafers, for example in order to integrate detector coils with micro-fluidics,
rather challenging. Additionally, creating structures with sufficient thickness through etching
and deposition is difficult. These disadvantages of glass-based coils were also encountered in the
work described in the previous chapter, and were mitigated through careful design optimization

and process control.

As a result, low-temperature cofired ceramic (LTCC) technology has garnered our attention.
LTCCs are sintered from laminated glass-ceramic green tapes, allowing for mechanical structur-
ing, conductor printing on each layer, and through-layer connections. The term "low tempera-

ture" refers to sintering processes below 900 °C. This technology provides a multilayer package
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4 LTCC-based Broadband Double-Channel Spiral Detector

with various embedded electrical components, such as resistors and resonators [175, 176]. No-
tably, the substrate material has a low dielectric loss (a loss tangent < 0.002 at 10 GHz for Ferro
A6, for example), making it suitable for designing sensors and microwave devices [177, 178|.
Open or closed cavities and cantilevers can be engineered with high mechanical strength, high
temperature tolerance, and a fabrication resolution down to 10 pm [176, 179]. These mechanical
structures can serve as fluidic systems and micropumps, among other applications. In terms
of NMR applications, LTCC technology was first introduced by Krivic with LTCC-based micro
spiral and solenoid coil, though its full potential has yet to be fully explored |68, 180].

An NMR coil is typically attached to an external tuning and matching circuit that has the
role of tuning the resonance frequency of the detector to the Larmor frequency of interest,
and ensures impedance matching with a cable, which is described in Sec. 2.4.3. To facilitate the
simultaneous detection of different nuclei with high efficiency, multiple-resonance micro coils with
corresponding circuits have been developed [34, 133, 181, 182, 183|. For example, a single coil
equipped with a triple resonance circuit for the simultaneous detection of 'H, 2H, and 3C was
reported [133]. It is noted that the fine-tuning and matching circuit increases the complexity
and cost of building a probe, and also adds to the workload during measurements and daily

maintenance.

Instead of using a collection of coils for specific resonance combinations, a broadband coil can
cover a wide detection range despite offering moderate sensitivity. It allows researchers to switch
observation frequencies instantaneously via software rather than manual hardware adjustments.
By prioritizing this robust, broadband versatility, the non-resonant probe enables operando ex-
periments in dynamic or multi-nuclear experiments that are previously unfeasible due to the rigid-
ity of resonant hardware. Taking correlated experiment with NMR and synchrotron-based X-ray
spectroscopy as an example [148], the requirement for multi-nuclear information during rapid
transient processes and system robustness outweigh the marginal loss in peak sensitivity. The
first attempts at broadband NMR probes involved using transmission line coils [138, 139, 140].
In the last decade, several broadband micro detectors have been developed and have proven their
functionality in high-resolution, high-field NMR [84, 137|. These studies have often employed
planar spiral geometries, which were previously less favored for resonant detectors. While planar
spirals have lower RF field homogeneity compared to solenoid and saddle coils, they offer advan-
tages in coil geometry manipulation, easy fabrication, and flexible integration with microfluidic
chips [50, 84, 85, 137, 146]. A common feature of these two spiral coils is that they are neither
tuned nor matched, but are directly connected to the coaxial cable, differing from those transmis-
sion line probes mentioned earlier. Broadband NMR detector fabricated through LTCC is a very
promising candidate under extreme environmental constraints that render conventional tuned
probes impractical, e.g., high pressure, high temperature, static field distortions or mechanical
vibrations [184, 185, 186].

In this chapter, we present an untuned, unmatched, double-port spiral coil design, fabricated
using LTCC technology. Introducing a relatively simple but effective modification of the classi-

cal spiral geometry, i.e., by splitting the spiral into two segments, we improve sensitivity in two
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specific frequency ranges for broadband detection. In the first section, we present simulations
of the electrical characteristics of the planar spiral geometry and B field optimization. This is
followed by the fabrication of a series of chip devices thinner than 700 pm with an embedded
300 pm high sample channel owing to LTCC technology. We evaluate the fabricated structures
and the electrical performance of the LTCC-based detectors. Finally, we report the capabil-
ity of multinuclear 1D NMR with four different isotopes, as well as 'H-13C 2D NMR with a

heteronuclear single-quantum correlation (HSQC) experiment in an 11.7 T magnetic field.

4.2 LTCC fabricaiton process

LTCC technology has originally emerged as a robust alternative to silicon-based microsystems,
particularly when structural sizes exceed 50 pm [176]. Unlike traditional thin-film or silicon-
based fabrication, LTCC allows for the independent processing of multiple layers before they are
laminated and sintered. It provides high mechanical load capacity and simplified packaging. The
standard fabrication process is characterized by its "layer-by-layer" approach, allowing for the

integration of complex 3D internal structures.

As shown in Fig. 4.1, the typical LTCC fabrication process involves several key steps starting
from the raw material, i.e., non-sintered green tapes. Green tapes are flexible sheets made
of ceramic powder, glass frit, and organic binders. Based on the layout of different layers,
features such as vias or mechanical structures are formed using laser cutting, punching, or cutting.
Horizontal circuit patterns, such conductive traces, electrodes, or the micro cois used in this
work are applied to the surface of each individual layer using screen printing. This method also
allows for the deposition of relatively thick conductive layers, which is beneficial for reducing
electrical resistance in sensors. After the functional patterns are printed, the individual layers are
precisely aligned and stacked. The stack is then subjected to heat and pressure, either isostatic
or uniaxial—to fuse them into a single monolithic body [187]. The laminated stack is cofired
at a temperature typically below 900°C°, which burns out organic binder and then densifies
the ceramic stack. After cofiring, additional film components can be deposited on the top and
bottom surfaces and additional. This process creates a chemically resistant, and mechanically
strong ceramic substrate. After fundamental electrical and mechanical test of the modules, the

LTCC board is cut into individual functional pieces using dicing saw or laser cutting.

Mechanical Screen .
Green tape . N— e e Stacking
processing Printing
Cutting [mm— Testing ¢ Firing e | amination

Figure 4.1: Standard LTCC fabrication process flow.
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4 LTCC-based Broadband Double-Channel Spiral Detector

4.3 Resonance behavior of spiral coils
4.3.1 FEM simulation settings

COMSOL Multiphysics 6.1 and 6.2 (COMSOL AB, Sweden) were employed with the RF module
(Electromagnetic Waves, Frequency Domain) for evaluating the resonance conditions and RF

fields of the spiral coils, and optimizing the detector geometry.

The design rules for the devices presented in this manuscript were derived from the mate-
rials and process parameters for the LTCC materials released by the manufacturing company
(VIA Electronic GmbH, Thuringia, Germany) [188]. We selected the DuPont 951 series for our
coil fabrication, since this provided relatively thin-fired LTCC layers (down to ca. 45 um), thus
allowing for more design flexibility in case of multi-level devices. The loss tangent was also rela-
tively low at 0.0063, which was around one-fifth of that for FR4, a widely used PCB substrate.
The relative permittivity of 7.85 was among the highest for LTCC materials, providing a good
quality factor. The relative permittivity change versus frequency was below 1.6% at a working
frequency up to 10 GHz, which was around 5 times less than FR4. The LTCC thermal conduc-
tivity of 4 Wm™! K~! was also one order of magnitude higher than that of FR4. The conductor
pattern in LTCC, either in Au or Ag, had a rectangular cross-section defined by stencil or screen
printing. The qualified minimum width of conductor lines and spaces was 100 pm, which was

adopted in the designs above. The inner radius of the spirals was set to be 250 pm.

The coil was connected to a lumped port with a 1 A current source. The whole structure was
located in a 19 x 15 mm? frame, simulating an NMR chip inside a cylindrical probe chamber,
as shown in Fig. 4.4 (a). The sample in the simulation was assigned as water, as it is one of the

most common solvents used in liquid NMR.

The results were processed and illustrated in MATLAB for Fig. 4.3, 4.4, 4.5 and 4.6. The

basic processing manuscript is explained in Appendix Sec. A3.

4.3.2 Split spiral design and optimization

The planar spiral coil has been one of the first micro coil geometries used as an NMR detector
[82, 84, 189, 190] due to its ease of fabrication and versatility. The impedance and the resonance
frequency of the planar spiral coil can be easily tuned by modifying the number of turns, cross-
sectional area of the metal track, loop spacing, and conductor material [84]. It has been shown
that such a detector can be successfully used as a broadband detector, albeit with a certain
trade-off [84, 85]. In a previous review [128], we have outlined that the frequency range between
v = 0.73MHz per Tesla (1°"Au) and v = 16.5MHz per Tesla (“Li) of static magnetic field
strength, covers the NMR frequencies of 94% of all active nuclei, whereas the two high-gamma
nuclei, 'H and '°F, very relevant for a wide range of applications, are relatively well separated
in frequency with v = 40.08 MHz per Tesla and v = 42.58 MHz per Tesla of static magnetic
field strength, respectively. In order to address these two frequency bands in a single broadband

detector, we present a subtle modification of the simple one port planar spiral geometry that
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4.3 Resonance behavior of spiral coils

involves an additional contact along the spiral track, thus transforming the same device into a
two-port detector. The concept is presented schematically in Fig. 4.2 for a 12-turn planar spiral
with an additional contact added after 4 turns. We will denote such a structure as a 4/12 turn
two-port detector. The goal of this modification is to use the inner (shorter) spiral to detect high

gamma nuclei, whereas the full spiral is used for the low gamma nuclei.

L

ferm
Term2
Num=2
Z=50 Ohm

Z=50 Ohm ! M

Term1
Num=1

G1: 4 turn Eee iy G2: 4/12 turn

Figure 4.2: The two spiral models built with the Advanced Design System (a) with a single port
at 4 turns, and (b) with two ports at 4 and 12 turns, respectively referred to as G1 and G2 in
this work. The spiral model is set to be 100 nm in width as well as spacing, and 10 nm in height.
The frequency was swept over 0 GHz to 2 GHz. Reproduced from the author’s own publication

J2 with the permission from Springer Nature.

4.3.3 Spiral resonator on LTCC substrate

The electrical behavior of a spiral resonator built on the LTCC substrate was investigated by
conducting a parametric simulation (COMSOL Multiphysics 6.1, Comsol Multiphysics GmbH,

Germany) by sweeping the turn number and comparing the frequency and impedance differences.

The example of simulation model illustrated in Fig. 4.3 consists of an embedded G1 spiral with
9 turns and a centered via connected to a lumped port with 1 A. A serial simulation of the single
channel G1 coil was run with a varying turn number n ranging from 3 to 14. The results are
shown in Fig. 4.3 (a) and (b). Fig. 4.3 is consolidating a straightforward and well-known result:
the behavior of the real and imaginary part of the planar spiral coil impedance as a function of
the number of turns, showing that the resonance frequency decreases with increasing the number
of turns. The position of the resonance peak exceeds the upper limit of the simulated range of
4 GHz for spirals with n = 3 — 5 turns, as shown in Fig. 4.3 (a), while the 6-turn spiral resonates
at around 2.4 GHz. The 14-turn G1 spiral has a primary resonance at around 500 MHz. As
reported by Anders and Velders [136], the reactance as the imaginary part of the impedance is
almost flat up to around a quarter of the resonance frequency. Thus, a spiral with less than 14

turns in our simulation can ideally detect signals up to 125 MHz while a spiral with less than 12
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4 LTCC-based Broadband Double-Channel Spiral Detector

turns is suitable for 500 MHz. The assumption is based on the result with a spiral alone and is
modified with a more complete chip structure design [78|.
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Figure 4.3: Computational results of the (a) real, and (b) imaginary parts of the impedance for
a single-port G1 spiral with a varying turn number from 3 to 14. Fach curve is labeled with the
turn number at the first resonance peak. It is noted that the resistances of 8 and 4-turn coils are
relatively low at this frequency range and not labeled in (a). Reproduced from the author’s own

publication J2 with the permission from Springer Nature.

4.3.4 Optimization of the detector geometry

In this section, we look into the NMR-related characterization of the spiral coils, and optimize the
coil geometry towards a high sensitivity and field homogeneity. Davoodi et al. built a framework
for engineering broadband NMR detectors where two main figures of merits, excitation efficiency
and signal-to-noise ratio (SNR), were introduced to evaluate the coil performance at different
tuning/matching conditions [84]. We utilized COMSOL Multiphysics to study explicitly the
magnetic field distribution of the spiral coils on LTCC substrates.

The effect of the LTCC substrate on the magnetic field distribution is of vital importance in
this study, which is enabled by the comprehensive building material assignment in COMSOL.
The LTCC substrate is defined with relative permittivity €. = 7.85, relative permeability & =
1, thermal conductivity x = 4 Wm™' K=, Young’s modulus £ = 120 GPa, and loss tangent
tand = 0.006, according to the fabrication specification. The spiral and tracks were set to be
solid gold.

The embedded coil was connected to conductive pads via through-layer gold vias with a
diameter of 150 pm as shown in Fig. 4.4 (a). A lumped port was added to provide a 1 A source
to the coil.

The simulated nutation spectra for n = 2 — 15 at three frequencies are presented in Fig. 4.4
(b) to (d) and further processed for a group of figures of merit in (e) to (h). Fig. 4.4 (e) shows
that a higher turn number requires a longer pulse length to realize a 90° flip angle, i.e., more
power from the probe, and the power consumption is inversely related to the frequency. The
average B field in Fig. 4.4 (f) shows that the field strength benefits from a larger turn number

at a low-frequency band, while at 500 MHz it reaches a maximum at n = 10 since the coil is
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close to resonance. The sensitivity in Fig. 4.4 (g) is evaluated as the ratio to a field strength
and the square root of the applied power, and the optimal sensitivity is reached by n = 5 at
all three frequencies. It is noted that the signal region (1000 pm in diameter) for the sensitivity
calculation remains the same for consistent comparison and thus the filling factor is almost 1
for n < 6. As the turn number increases, 150 MHz outperforms the other two frequencies, and
the sensitivity difference between 150 MHz and the other two gets larger due to a lower filling
factor. Fig. 4.4 (h) presents the By field homogeneity normalized with respect to the maximum
value for convenient comparison. The RF-homogeneity is calculated by the ratio of the nutation
signal amplitudes at 450° and 90°. By increasing the turn number, the By field homogeneity
for a fixed sample space is enhanced, and shows little difference between low and high-frequency
bands before n < 10. From the nutation, the spiral is no longer an effective RF resonator when
n > 10, but the damping becomes less, making the field homogeneity even higher. Considering
these results, we identified 5-turn with the highest sensitivity, and 10-turns as a critical length
reaching close to proton resonance, thus selecting the 5/10 G2 spiral for subsequent fabrication

and measurement.
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Figure 4.4: (a) Top view of the chip placed at the center of a tube. The conductor structure,
including the spiral, is highlighted in orange. (b)-(d) Simulated nutation spectra for n € (2,15) €
7 at three representative frequencies. The time axis is adjusted to reveal flip angle details around
4m. The following 4 figures are processed from the resulting nutation spectra. (e) 90° pulse length.
(f) Average Bj field strength. (g) Sensitivity. (h) B; field homogeneity. Reproduced from the

author’s own publication J2 with the permission from Springer Nature.
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4.3.5 Resonance behavior of the optimized split coil

With the split coil geometry established, we did a detailed simulation study of the terminal
impedance and the RF field distribution by the split 5/10 coil. The model was further enriched

with a sample channel beneath the spiral for an increased simulation accuracy.

Fig. 4.5 compares the self-resonance condition in the inner loop of the 5/10 split coil to that
in a simple 5-turn G1 coil. The current density in the coil and the B; field strength (normal to

the spiral plane) for 3 working frequencies of the G2 spiral are shown in Fig. 4.6.

The mesh distributions for two coil models were individually optimized to enhance the sim-
ulation precision and to decrease the computation time, as illustrated in Fig. 4.5. With the
complete chip stack, the self-resonance is decreased due to a higher parasitic capacitance be-
tween the substrate and the coil, as the 5-turn G1 spiral presents a self-resonance at 1000 MHz,
and the inner 5-turn spiral of the G2 coil resonates at around 900 MHz, which is around one-third
of the resonance frequency of a pure G1 spiral without adding any tracks and pads, as displayed
in Fig. 4.3. The resistances at 500 MHz are respectively 6.0 and 5.1 2, which creates a similar

matching condition with the signal cable.

With the inner port being connected to the 1 A current source and the outer port let as an open
circuit, the average current density was lower at the respective frequencies in comparison with
the full loop case of a G1 spiral, and the average B; field strength level at the sample region was
also lower, as shown in Fig. 4.6 (a) and (b). Fig. 4.6 (a) shows the increasing inductive coupling
of the outer turns of the 5/10 G2 spiral with the inner, i.e., active turns. This becomes clear in
the simulation for 500 MHz. This accounts for the lower self-resonance in Fig. 4.5 (b). When the
outer port was connected to the source, as proven in previous studies[83, 190], the current was
more focused in the central segment of the spiral and generated a more homogeneous field with
a higher field strength in the sample channel region. Comparing three frequencies, the spiral
exhibited the highest excitation efficiency at 200 MHz, which was beneficial to the application

since the full loop should serve a low-frequency range.
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Figure 4.5: (a) Meshed G1-type single 5-turn chip finite element model consisting of ca. 1031k
elements and 196k nodes. (b) Meshed G2-type split 5/10 spiral chip finite element model with
ca. 2353k elements and 460k nodes. In each case the terminal impedance at the port varied from
500 MHz to 1500 MHz. Reproduced from the author’s own publication J2 with the permission

from Springer Nature.
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Figure 4.6: Current density (color map) on each G2-type coil’s lateral cross-section and Bj
field strength (color map and contour plot) on the transverse plane with the (a) inner port, or
the (b) outer port connected to the terminal. A negative value in the field strength plot refers to

a negative By direction.
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4.4 Colil fabrication and characterization

4.4.1 Chip layout design

The layouts of spiral chips in the top view are shown in Fig. 4.7: the 5/10 G2 spiral based on
the optimization above, the 5- and 10-turn G1 spiral for comparison, two spirals of respectively
6/14-turn G2 type and 14-turn G1 type being derived from the optimal design to verify the
optimization. The layouts were plotted in LayoutEditor (Juspter GmbH, build: 20190108). The
conductor tracks in pink color were printed on the top LTCC layer while the spiral track in green
color were printed on the second layer from the top. The channel in teal color and the hole in

brown color were cut on corresponding layers before the lamination process.
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Figure 4.7: (a) - (c) lllustrations of the G1-type chips with respectively 5-turn, 10-turn, and
14-turn spirals. The colors denote different structures (see the legend). (d)-(e) Illustrations of
the G-2 type chips, split 5/10-turn and split 6/14-turn. A cross-sectional illustration of the split
6/14-turn chip is attached, consisting of four layers. For details of the layer arrangement with

dimensional data, see Fig. 4.8.

The channel dimensions of each chip variant are presented in Table 4.1 in detail. In order to
have a low field distortion induced by a material boundary close to the detection region [84],
the rectangular sample channel width was set to be half of the outer diameter in the 5- and
10-turn spiral, while the channel length was double the diameter. The split 5/10 spiral took
up the dimensions from the 10-turn spiral. The effective sample volume Vg was calculated as
a box, 2r x w x h beneath the spiral layer in respective cases. The split 6/14-turn spiral chip
was adjusted to have the same effective sample volume as the split 5/10 G2 spiral for an SNR

comparison.
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Table 4.1: Sample channel dimensions of all broadband spiral coil chips.

Device Channel width w Channel length [ Eff. sample
[mm] [mm] volume Vg [pL]
H-turn 1.20 4.80 0.70
Gl 0 tum 2.00 8.00 2.13
14-turn 1.40 11.20 2.03
‘ 2.00 8.00 0.97 (5-turn)
Split 5/10-turn
2.00 8.00 2.13 (10-turn)
G2
, 1.40 11.20 0.81 (6-turn)
Split 6/14-turn
1.40 11.20 2.03 (14-turn)

4.4.2 Chip fabrication based on LTCC technology

A top view of the five variants of LTCC chips being fabricated is shown in Fig. 4.8 (a).

Based on the conceptual stack arrangement in Fig. 4.7, the chips were designed in the 7-layer
stack structure illustrated in Fig. 4.8 (b), where two tape thicknesses are used, respectively 43 pm
and 97 pm after firing, thus the total chip thickness adds up to around 625 pm. Layer I is 194 pm
consisting of two 97 pm tapes. The fluidic channel was patterned in the layer II using three
97nm tapes. The 10 pm thick gold spiral was printed on the layer III and isolated from the
sample channel with LTCC. On the top layer (IV), another 10 pm thick conductor layer was
printed for conductive pads and tracks, and was connected to the spiral by through-layer vias.
The via had a diameter of 150 pm. Inlets and outlets to the buried channel were cut through
layer III, IV with a diameter of 1.2mm. A complete layout for one batch of various chips is
shown in Fig. A5 (see Appendix Sec. A5.3).

A cross-section image of one fabricated chip is displayed in Fig. 4.8 (¢). The overall thick-
ness was around 0.58 mm and the channel height was around 242.6 pm, which corresponds to a
thickness shrinkage rate of around 8%, lower than the 15% given in the design specification. It is
noticeable that the two chips with split spirals in Fig. 4.8 (a) are covered with silver material on
the conductor pads, which are fired AgPt paste. Throughout the soldering work of the chip with
the SMA connector, we found that the gold tracks were easily detached from the LTCC surface
and removed when in contact with the heated soldering tips and soldering paste (up to around

350°C). AgPt paste applied to the original gold proved to be an effective and robust solution.

Fig. 4.9 presents the characertization of the surface warpage on a G-2 type 6/14-turn spiral
chip. In Fig. 4.9 (a), a sampling line i was drawn in the region between conductor tracks. The
maximum height difference was around 0.99 pm, and the bump occurred close to the channel
area. Fig. 4.9 (b) presented the height measurements along ii and iii. The measured height of

the top LTCC surface, as denoted as X, was well controlled between the upper thickness limit
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b conductor track via thickness (fired)
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Figure 4.8: (a) Top view of &5 chip devices. The middle device was connected to an SMA
connector, for testing purposes. (b) Cross-sectional illustration of the designed low-temperature
co-fired ceramic layer stack. (c) Correspondingly cut plane of a ceramic chip with annotated
principal height dimensions. The dark area within the blue ceramic formed the buried microfluidic
channel. Reproduced from the author’s own publication J2 with the permission from Springer

Nature.

and the lower thickness limit, and slightly smaller than the target due to the shrinkage. The

surface warpage was measured to be < 0.3%.

4.4.3 Electrical characterization of fabricated chips

Each fabricated chip was measured with a network analyzer to determine its impedance change,
as well as the self-resonance frequency, the results being presented in Fig. 4.10. For split-spiral

chips, two ports are measured independently.

The resonance frequency measured on the 5-turn, 10-, 14-turn G1 spiral is 903 MHz, 369 MHz,
and 225 MHz, respectively. According to the untuned broadband chip concept, only a 5-turn
spiral is ideal for the detection up to 500 MHz where the other two chips work as a capacitive
component. On the split 5/10-turn spiral, the resonance frequency is 307 MHz at the outer port
whereas the inner port resonance is higher than 1 GHz. This slightly higher resonance frequency
of the inner port of the 5/10-turn G2 spiral than 5-turn G1 spiral can be caused by the double
track from the coil center as shown in Fig. 4.8 since an additional inductor in parallel reduces
the total inductance. With respect to the resistance, the inner port of the 5/10-turn chip and
the 5-turn chip displayed a close result, 2€/2.3Q at 125 MHz and 10.7Q/11 Q at 500 MHz. The
track length was not neglectable compared to the spiral total length, and the parallel track could
also account for the slightly lower resistances on the split spiral coil. On the other hand, the
outer port of the split 5/10-turn G2 spiral presented a 60 MHz lower resonance than the Gl
spiral. Although the double track generated a lower inductance as discussed above, the open
track at the 5th turn contributed a higher parasitic capacitance within the circuit, thus decreasing
the resonance frequency. The 14-turn G1 spiral and the 6/14-turn G2 spiral showed a similar

phenomenon in the resonance frequency change.
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Figure 4.9: (a) The chip thickness measurement of a G-2 type 6/14-turn spiral chip along the
yellow line i across the channel. (b) The surface warpage characterization along i and i3, across
two separate pairs of conductor tracks. UTL: upper thickness limit. LTL: lower thickness limit.
Target: thickness by design. X: measured thickness. The target value was calibrated to be 20 mm

from the platform level.

4.5 NMR setup and measurement
4.5.1 NMR characterization settings

The NMR/MRI experiments were conducted on an 11.74T Avance III Bruker NMR system
(Bruker BioSpin, Rheinstetten, Germany). The chips were fixed onto a home-built NMR, probe
skeleton with a 3D-printed half-cylinder supporter fitting the probe pins, which is shown in
Fig. A6 with component dimensions (see Appendix Sec. A5.4). The chip was held vertically
and loaded into the isocenter of the magnet, which was important to avoid local field gradients.
The coaxial cable was guided out of the magnet to the pre-amplifier (LNA Module 500, Bruker
BioSpin, Rheinstetten, Germany) through a copper tube at the center of the probe. No gradient
sleeve or matching/tuning circuit were used for NMR measurements, as reported in this paper.

The temperature was measured to be 30 °C from the system.

For NMR measurement operation and spectra processing, software TopSpin 3.5pl2 is applied.
The pulse sequences and the measurement parameters for 1D and 2D NMR are presented with

detailed explanation in Sec. NMR spectroscopy.

4.5.2 1D multi-nuclei NMR

In this section, we present the 1D NMR measurements with three single-port G1 chips and two
double-port G2 chips in a broadband configuration. 'H, '3C, ?3Na, 3'P spectra were measured

and presented in Fig. 4.11, covering a Larmor frequency range from 125MHz to 500 MHz at
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Figure 4.10: (a) Terminal resistance R and (b) inductance L of all chips. The double-port
G2 chip was measured such that each port was tested individually, while the other one was left
floating. The value of each chip variation was averaged from the raw data collected from several
available chip products. Reproduced from the author’s own publication J2 with the permission

from Springer Nature.

11.7T. Detailed measurement parameters and results are presented in Table 4.2 for three G1

chips and Table 4.3 for two G2 chips, enabling further discussion in a quantitative way.

In three G1 chips, the same solution sample was loaded with 500 mM Nas H POy, with 250 mM
TSP dissolved in 50:50 HoO:D50. The sample was injected into the channel by a syringe with a
soft polymer tube. With a low roughness on the fired LTCC surface, the inlet/outlet was sealed
with common laboratory tapes, and the sample was kept in the chips for a few days without

leakage.

The proton signals in Fig. 4.11 (a) originated from water and TSP. The water signal peak at
4.8 ppm was picked for the SNR and linewidth calculation. The signal magnitude difference was
caused by three factors: the sample volume, scan number, and the coil geometry. With the former
two contributing factors deprived from the measured SNR, the 10-turn spiral showed the highest
normalized limit of detection (nLOD) as 268 nmoly/s [191], i.e., the highest sensitivity among the
different coil geometries, and 341 nmoly/s by the 5-turn and 989 nmoly/s by the 14-turn spiral as
shown in Table 4.2. For each chip, the excitation power level and 90° pulse length documented in
the table were optimized in the nutation spectrum and the required transmitted pulse increased
with a higher turn number. Compensated by a larger power level, the pulse length (7, /) got
shorter and led to a wider frequency offset from the carrier (1/7, /2), which was advantageous
in terms of measuring all signals at various chemical shifts in a broadband spectrum [52]. The
10-turn spiral also reported the lowest linewidth as 20 Hz, i.e., the best field homogeneity among
three single-spiral G1 chips. Despite a high noise level, the 14-turn spiral had a 32 Hz linewidth
as half of that by the 5-turn spiral. The sample was exposed to the local static field distortion
at the interface between the building material and the sample. For a spiral coil with less turns

and accordingly a shorter sample channel, the susceptibility mismatches became more dominant
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and the linewidths were larger.

23Na and 3'P each occurred a single peak in Fig. 4.11 (c) and (d). The maximum sensitivity
for 23Na and 3'P was realized with a 10-turn G1 spiral and a 5-turn G1 spiral respectively. While
'H and 3!P are both spin-1 /2 nuclei and thus not affected by quadrupolar relaxation, BNa is a
quadrupolar nucleus (spin-3/2) and has very short Ty, leading to broader lines compared to ! H
and 3'P. Same as for the proton case, the 10-turn spiral provided the best By field homogeneity,
33Hz at **Na and 22 Hz at 3'P.

As clearly shown in Fig. 4.12, limited by its relatively low self-resonance frequency, the sensi-
tivity loss on a 14-turn G1 spiral increased compared to the other two spiral chips as the detection
frequency rose from 132.3 MHz to 500 MHz. With the same logic, the 5-turn G1 spiral was sup-
posed to be more sensitive than the 10-turn spiral, which contradicts the data reported above.
This is because of the fact that the 10-turn spiral reaches its resonance at around 500 MHz and
the signal gain is enhanced. However, the narrow sensitivity gap between the self-tuned 10-turn
and the broadband 5-turn spiral proves the potential of the broadband micro spiral design. Nu-
tation spectrum of proton signal with a 10-turn spiral chip is presented in Fig. 4.13. Ays00 /Agoe

was about 49%, which showed the intrinsically low field homogeneity of the planar spiral coil.

Two double-port G2 spiral chips were also tested for the 1D NMR scenario with a sample of
1M 13C-labeled D-glucose prepared in D0, i.e., 'H from the inner port and 3C from the outer
port, with the results presented in Fig. 4.11 (d) and (e).

From the 'H measurement parameter in Table 4.3, the inner port of the 5 /10 G2 spiral required
a 90° pulse of 11 ps as 10 W, which was almost twice that of the 5-turn G1 chip. This additional
power consumption was caused by the energy dissipation in the outer spiral segment induced by
coupling, which was shown in the previous simulation analysis in section Resonance behavior
of the optimized split coil. nLOD data was respectively 43 nmoly/s and 59 nmoly/s by the
split 10- and 14-turn spirals, i.e., a 6-8 times 'H sensitivity enhancement as the single 5-turn
port spiral. The split 14-turn G2 chip reported a signal linewidth of 35 Hz, which was reasonably
between the resolutions of the Gl-type 5-turn and 10-turn chips. The signal resolution with
the 10-turn G1 spiral deteriorated to be 72 Hz, which may have been due to occasional drift of
the By field and an incomplete shimming during the measurement. The high noise level in 3C
measurements was compensated by an exponential line broadening factor of 15. The linewidth
was calculated by the leftmost doublet at around 102 ppm, with the split 14-turn chip realizing
a linewidth down to 74 Hz.

Based on the characterization above, the split 10-turn G1 chip was proven to have a high
broadband sensitivity among the chips fabricated, and no notable degradation to the field homo-
geneity, while the excitation power was still within the range supplied by the electrical system.
This experimental result was in good conformity with the simulation prediction and made the

10-turn G2 chip promising for subsequent 2D NMR measurements.
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Figure 4.11: 1D NMR spectra of (a) 'H, (b) >*Na, (c) 3' P, from single-port G1 spiral chips,
and of (d) *H, and (e) 13C from double-port G2 spiral chips. Reproduced from the author’s own

publication J2 with the permission from Springer Nature.

4.5.3 2D HSQC NMR measurement

In this section, the split 10-turn and 14-turn G2 chips are implemented for 2D heteronuclear mea-

surements and Fig. 4.14 shows the 'H-13C HSQC (Heteronuclear Single-Quantum Correlation)
spectra obtained with 1 mol dm ™3 1BC labeled D-Glucose dissolved in 10:90 HyO /D2 0.

The split 10-turn G2 chip provided better sensitivity in the 2D figure than the 14-turn G2

chip comparing Fig. 4.14 (a) and (b), which is consistent with the 1D NMR results. According

to the optimization process, the split 10-turn G2 chip is an optimum design, while the 14-turn

G2 chip, as a variant from the optimum variant, was built alongside this batch as a reference.

As a result, the 14-turn G2 chip presented a lower sharpness at the closely spaced carbon signals

ranging from 2.8 ppm to 3.7 ppm along the F2 axis (C2/C4 and C3/C5 group when referring to

the glucose structure) {192, 193|. In both figures, the cross-peaks at around 96 ppm /4.8 ppm and
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Table 4.2: NMR broadband measurement at frequencies of different nuclei with single-port G1

chips.
Device 5-turn 10-turn 14-turn
Isotopes 'H ?Na’®P 'H ?»Na’P 'H 2Na?’P
Power(watt) 5 10 10 10 20 20 10 25 25
Pulse 12 18 15 25 3 20 60 65 50
length(ps)
Number of 8 1024 2048 512 128 2048 128 1024 2048
scans
Relaxation 10 01 5 10 01 5 10 01 5
delay(s)

Linewidth(Hz) 64 98 50 20 33 22 32 33 34
Measured SNR 703 145 166 13590527 244 2775 256 150
nLOD 341 169 120 268 121 214 989 238 378

(nmoly/s)

100 ppm /4.3 ppm on the F1/F2 dimension were clearly resolved, which showed a good separation
of the anomeric carbon signals between the §-D-glucose and a-glucose, as the main research
target of analyzing glucose samples. It demonstrates the capability of the double-port spiral
design to be used in molecular structure studies [194]. However, a successful readout of correlated
dense 'H peaks from closely spaced carbon peaks requires a higher spectral resolution than the

current experimental setup .

Two types of pulse sequences were used in the measurement, 'H-decoupled '*C detection, and
TH-13C HSQC as illustrated in Fig. 4.14 (c) [J1]. The pulse parameters for the experiments are
summarized in Table 4.4. The 'H (F2 dimension) and '3C (F1 dimension) sweep widths were
10 ppm and 150 ppm, respectively. In terms of the line broadening factor, we obtained 5 Hz for
F1 and 10 Hz for F2.

4.6 Conclusion

Facing the challenge of expensive and complicated hardware in NMR systems, the untuned and
unmatched planar spiral design is cost-effective and easy to use in conjunction with a flow-
arrangement. Without the typical signal processing excitation/reception on a commercial probe,
a simple single-port spiral chip, being connected to the system pre-amplifier directly, achieved a
sensitivity down to 120 nmoly/s as shown in this work. Furthermore, a double-port spiral design
was introduced featuring two favored detection ranges, which enhanced the sensitivity of the
proton measurement by a factor of 6, and was capable of 2D NMR measurements for a wider

application than a typical spiral detector.
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Table 4.3: NMR measurement of 1H and 1°C with double-port G2 chips. Also see Fig. 4.11.

Device 10-turn 14-turn
Port inner # 5  outer # 10 inner # 6  outer # 14
Isotope 'H B3C 'H BC
Power (watt) 10 30 10 25
Pulse  length 11 25 11 37
(ns)

Number of 32 128 128 128
scans

Relaxation de- 10 1 10 1

lay (s)

Linewidth (Hz) 72 80 35 74
Measured SNR 1563 21 2664 11
nLOD 43 1329 59 1790

(nmoly/s)

The main challenge of using a micro spiral coil turned out to be the low spectral resolution.
The susceptibility mismatch at the interfaces along the static magnetic field direction caused a
field distortion, which should be considered when constructing the detector geometry [63, 195].
One simple solution to avoid the mismatch is to move the sample interface away from the coil
region, which would inevitably lead to a higher dead sample volume. Another possible reason
for the susceptibility mismatch in LTCC chips is the variation of layer thickness and a distorted
planarity after firing of LTCC. Symmetric stack design and batch fabrication should be prioritized
to avoid severe surface tension difference between top and bottom surfaces. At the same time,
the By homogeneity is of prime importance for the spiral to function as a transmit/receive coil
[136]. In our case, the inner loop within a split spiral also recorded the signals from the vicinity
of the outer windings. The field uniformity can be improved with a square spiral design and
variant turn spacing adjustment |82, 83|. One promising direction is to configure the split spiral
coil as a TX/RX coil, with the outer loop as the transmitter and the inner loop as the receiver.
It could offer potential benefits in tailoring B, field distribution and optimizing sensitivity for

multi-nuclear applications.

Low temperature co-fired ceramics (also denoted as LTCC), as a low-loss substrate material,
improved the efficiency and robustness of the coil and sample handling with its high mechanical
strength and chemical resistance. It also provides high design flexibility with multi-layer con-
ductor structuring and an integrated microfluidic channel. Despite the limitation on minimal
conductor width/spacing for printed structures on the LTCC board, as well as layer thickness
limitations, an NMR coil based on the LTCC board can be integrated into a miniaturized spec-

trometer for most micro scale applications. LTCC substrates have dielectric parameters depen-
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Figure 4.13: Nutation spectrum of proton signal with a 10-turn spiral chip.

dent on the different recipes for the ceramic compounds, and more LTCC series are emerging

[178]. The substrate selection should be guided by the specific application requirements.

In this work, we developed a series of single-port and double-port spiral detectors fabricated
using the LTCC technology. The successful execution of both 1D and 2D NMR measurements
with a double-port spiral detector demonstrated the effectiveness of this detector design, which
extends the application scope of the long-existing planar spiral geometry in NMR detection. This
broadband detector design eliminates the hurdle of tedious manual retuning for instantaneous
frequency switching across multiple isotopes, and presents a highly robust system under strict
experimental constraints. With the discussion above, we envision a great potential of the LTCC-
based split spiral device in the application to multi-FID detection and in combination with a
flow set up [196, 197].
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Figure 4.14: 'H-'°C HSQC spectra from G2-type (a) 5/10 turn and (b) 6/14 turn chips,
with y-axis representing frequency shift in 1°C, and x-axis representing frequency shift in 1H.
The required NMR pulse sequences for the two RF channels are shown in (c), with T and Dy
denoting delays, the ¢;’s refer to the phase angle of each applied RF pulse, and a globally optimized
alternating phase "garp" decoupled the carbon during proton acquisition. The different pulse
parameters applied for two chip are shown in Table 4.4. Reproduced from the author’s own

publication J2 with the permission from Springer Nature.
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Table 4.4: Pulse parameters for TH-1°C HSQC. Also see Fig. 4.14.

Parameters 5/10 6/14
spi-  spi-
ral ral

'H RF power (watt) 10 10

'"H 90° pulse length 11 11

(11s)

Number of data points 4096 4096

in FID

BC RF power (watt) 25 30

13C 90° pulse length 30 28

(1s)

Number of data points 512 512

in FID

Decoupling power 0.7 0.7

(watt)

Decoupling length 20 20

(11s)

Number of scans 8 8

J-coupling constant J 145 145

(Hz)

7= (4J)"" (ms) .72 1.72

Increment delay Dy 3 3

(11s)




Chapter 5

Conclusion and outlook

5.1 Conclusion

The research presented in this thesis addresses the fundamental sensitivity and hardware com-
plexity challenges of micro NMR by introducing two significant designs of broadband micro NMR
detectors. This thesis involves three typical coil geometries, two distinct yet complementary mi-
crofabrication techniques. Taking advantages of the microfabrication techniques, both prototypes
can be batch-fabricated with reliable reproducibility, and the fabrication processes and perfor-
mance are systematically investigated. Both detector designs enable broadband operation from
100 MHz to 500 MHz, supporting 1D and 2D NMR experiments with sufficient sensitivity and
spectral resolution. There is potential to measure more samples than the 5 nuclei presented in

this thesis for different micro NMR applications.

In the third chapter, the stripline Lenz lens (S3L) demonstrates an effective method for fo-
cusing magnetic flux in micro NMR, using the combination of the Lenz lens and stripline coil
as a non-resonant, passive element. This structure was able to rotate the RF field and confine
excitation to a precise focal region. A major achievement of this work was the realization of a
nearly uniform RF field with up to an 11-fold enhancement in SNR compared to standard se-
tups. Because the S3L does not rely on its own geometry for resonance, it operates across a wide
bandwidth, successfully detecting multiple isotopes. As an add-on chip, it effectively bridges the

spatial gap between micro samples and standard resonators.

The fourth chapter reports on a robust, double-channel micro detector fabricated for the first
time using low-temperature co-fired ceramic (LTCC) technology. By adding a third electrical
contact at an intermediary position on a planar spiral, this design optimized detection sensitiv-
ity across two distinct frequency bands. This work highlighted the practical advantages of an
untuned and unmatched broadband approach, which drastically simplifies probe hardware by
removing complex tuning circuits while achieving sensitive multi-nuclear 1D and 2D NMR. The
LTCC-based chips demonstrated high mechanical strength and chemical resistance, proving to be
a durable platform for integrating microfluidics with multi-nuclear spectroscopy in cost-effective,

high-resolution NMR applications.
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The transition from a resonant paradigm to a non-resonant architecture is not merely a quan-
titative change in circuit parameters, but a fundamental shift in design philosophy. By priori-
tizing versatility over peak sensitivity, the broadband approaches in this thesis are intentionally
adopted, in order to circumvent the physical bandwidth limitations, opening new pathways for
investigating complex sample information in extreme and highly dynamic environments. While
the suppression of resonance-induced signal gain leads to an intrinsic SNR reduction, this trade-
off is strategically mitigated by optimizing the micro-scale geometry of the coils. Together,
these works demonstrate that high-performance broadband NMR detector is achievable through
coil geometry optimization at a micro-scale and proper fabrication techniques, significantly re-
ducing the maintenance and cost barriers traditionally associated with high-field micro NMR

spectroscopy.

5.2 Outlook

The research presented in this thesis establishes a foundation for a more flexible and universal
micro-NMR detector. While the current work demonstrates the feasibility of broadband, untuned

detection, several promising directions remain for transitioning these prototypes into widely
deployable NMR hardware.

With an integrated micro sample channel, the stripline Lenz lens can be explored for needle-
type samples, for example in biopsy tissue analysis. The design also provides a unique field-
flipping capability that may be valuable in specialized industrial applications. By further refining
the S3L’s capability to reorient the RF field by 90°, it may become possible to circumvent the
electrical shielding by metal electrodes in battery materials. This could enable in situ monitor-
ing of electrochemical processes that are otherwise difficult to access with conventional NMR
resonators. In addition, the non-resonant nature of the lens makes it suitable for studying thin
films and membranes, where the detector could function as a “plug-and-play” interposer without

extensive recalibration.

The successful implementation of split-spiral coils in LTCC technology also opens the door
to more sophisticated three-dimensional geometries. In addition to the planar spirals presented
here, multilayer micro-Helmholtz or solenoid coils could be fabricated and evaluated for NMR
studies. Future developments may also explore the monolithic integration of complex microflu-
idic systems directly alongside the coils. At the same time, a thorough characterization of the
magnetic susceptibility of LTCC substrates would be beneficial as more LTCC-based NMR coils
are developed. Although LTCC offers high mechanical strength and low dielectric loss, small
variations in layer thickness or planarity after firing can influence By and Bj field homogeneity.
A systematic understanding of the material properties of different LTCC compositions will there-

fore be important for further improving the spectral resolution of broadband micro detectors.

The main trade-off for untuned, non-matched detectors is a moderate reduction in sensitivity.
One approach to mitigating this limitation is the integration of advanced CMOS transceiver

circuits directly at the detector head, which can reduce noise and improve power transfer. By
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5.2 Outlook

moving the complexity from analog hardware to digital signal processing, the next generation of
detectors will likely feature MEMS-integrated broadband coils coupled with ultra-wide band low-
noise amplifiers. In addition, artificial intelligence (AI) offers significant potential for broadband
NMR applications [198]. Machine learning methods have been explored for broadband pulse de-
sign [199, 200, automated shimming [201], and spectrum or MRI reconstruction [202, 203|. Such
approaches may help compensate for challenges such as field inhomogeneity in planar geometries,
and signal crosstalk in broadband detection. By combining cost-efficient micro detectors with
Al-assisted operation, broadband micro-NMR systems could become robust and widely accessi-
ble tools for researchers across a wide range of scientific and industrial disciplines. We envision a
transition toward total-capture NMR with the entire available magnetic resonance spectrum in a
single acquisition. This will not only lower the barrier to entry for multi-nuclear studies but also

enable real-time, multi-modal characterization in the most demanding scientific environments.
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Appendix
A1l Material Properties

Table A1: Material properties used for COMSOL simulations.

Material X (ppm) €, o (S/m) Source

Gold -34 1 4.1 x 107 COMSOL Library
Copper -9.6 1 6.0 x 107 COMSOL Library
Water -9.0 80 5.5 x 107%  COMSOL Library
Ordyl (SY300) -8 3.5 1.0 x 1072 COMSOL Library
LTCC (DuPont 951)  -10 7.8 1.0 x 1072 COMSOL Library
Glass (D263) -11 4.6 1.0 x 10-® SCHOTT

Air 0 1 0 COMSOL Library
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Appendix

A2 Electrical model of the S3L resonator

In this section, we present the full derivation and calculation of the equations shown in Sec. Equiv-
alent circuit for stripline Lenz lens in Chap. 3. As shown in Fig. 3.2, we have the saddle
coil and two identical Lenz lens loops modeled as RL circuits respectively. Mutual inductance
exists between any two of the three coils. H and D are respectively the height and the diameter
of the saddle coil, conventionally 20 mm and 10 mm for a wide range of NMR magnets. To best
fit in the saddle coil with a maximum filling factor, we assume the side lengths of the Lenz
lens loop to be [ x m = 16mm x 4mm, the width of the middle stripline w to be 200 pm and
the rest segments to be 6 times wider, i.e., 1200 pm based on typical stripline design rules [88],
which increases the current density inside the central stripline by 6-fold. 20 pm is adopted for
the track thickness ¢ considering the skin depth effect at a working frequency of 500 MHz and

the fabrication constraints.

Based on previous theoretical study of Lenz lens device|25], the voltage seen at the terminal
of the "loaded" saddle coil v, i.e., when the S3L is inserted as shown in Fig. Al, is given by
the difference between the voltage of the "unloaded" saddle coil, i.e., without the S3L, and the
induced voltages due to the coupling between the saddle coil and the each of the loops of the
S3L, alternatively loop « and loop B:

Uy = (Rs + jwls)i — vy — vg, (A1)

in which Rg and L, are the resistance and inductance of the saddle coil, 7 is the current inside

the saddle coil, w is the working frequency.

By definition, the induced voltages depend on the mutual inductance between the saddle coil
and loops « and 8 (Eq. A2). Due to the symmetry reasons, electrical parameters denoted with
a and (3 have the same values, i.e., v, = vg, and also R(L), = R(L)g, Mso = Myg, Mog = Mg,

and i, = ig appearing in following equations:
Vo = V8 = jwMsqiq. (A2)

M., represents the mutual inductance between the saddle coil and either Lenz lens loop, and i,
is the current in one Lenz lens loop. Thus, the impedance seen at the terminals of the "loaded"
saddle coil is given by the ratio between the voltage at the terminals of and the current in the
loaded saddle coil in Eq. A3: [25]

Zy = z’i = Ry + jwLy — 2jstaZ,£. (A3)

S S

Here, vy, is the voltage induced in loop a by the saddle coil. This can be written as Eq. A4

taking into account also the mutual coupling between the two loops of the S3L:
Vsa = la(Ra + jwla) — vag, (A4)

where R, and L, are the resistance and inductance of one Lenz lens loop, and v,z is the voltage
induced in one loop a by the 8. The induced voltages have also been expressed according to the

definition as a function of mutual inductance in Eq. Ab:

Vsa = JwMsqis, Vap = jWMaﬁ'iaa (A5)
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A2 Electrical model of the S3L resonator

where M,z is the mutual inductance between two Lenz lens loops. With the current in loop «
being expressed as Eq. A6 according to Eq. A4, we obtain the ratio of the two currents after some
algebraic calculation as Eq. A7, which is one of the ratios used to calculate the SNR enhancement

in Fig. 2 (c).
_ Usaq T Vap _ jw(Msais + Maﬁia)
Ry + jwLg Ry + jwLg

; (A6)

2"
o jwM
is Ra +jw(LOl_Ma )

We replace these current ratios in the expression of impedance from Eq. A3, and Z, now is
described by Eq. AS:

(A7)

2w2 M2,
Ra +jw(La - Maﬁ)
The real part can be isolated as in Eq. A9:

Zy = Rs + jwLs + £ Ry + jwL,. (A8)

n 2w M2 R,
* U R2 +w?(Lo — Myg)?'

R, =R (A9)
We further express the ratio of the two resistances, where each value on the right-hand side of
the equation is being calculated individually starting from the actual dimensions of the saddle

coil and loop, respectively:

& 14 2w2M52aRa A
R, R (R2 4+ w?(Lo — Myp)?)

. (A10)

This is the second ratio that makes up the SNR enhancement. According to the reference [165],
the Bj-field at the geometric center of a saddle coil is given by Eq. A11, which is the sum total
of the magnetic fields by four arcs and four strips. In addition, it can be seen as homogeneous

considering the ultra small sample volume compared to the saddle coil space:

By s = 4(B1,arc + Bi.strip)
V3uoDisH 1 1
T un ((D2 A+ B2/4°2 T DDA+ B /4)1/2>
 V3uoiH (D?)2+ H?/4)
7D (D%/4+ H2/4)%?

in which B 4rc and Bj s are field components from one arc and one strip in the saddle coil.

(A11)

po is the magnetic permeability in air, equal to 47 x 10~ "H/m.

As shown in Fig. 1 (b), the RF field in S3L, B; g3y, is confined by two parallel stripline segments
and can be calculated according to Biot Savart Law from two current-carrying conductors. The
local field strength at distance x from one stripline surface is calculated and further integrated

between two striplines for the average field strength between two striplines:

a1, 1
LSSL ™ "o \z " h—a)’

1 h—t ,
By s3r = v /t 1,934z (A12)

_ z'a,uo In h—t
27(h — 2t) t )’
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in which ¢ is the thickness of the track. The integration range starting from ¢ is for the valid
sample region and it avoids the calculation error by applying zero in logarithmic equation. A
combination of Eq. A1l and Eq. A12 generates the ratio n = By g31,/Bi,s, which is plotted in
Fig. Al (a).

Before proceeding the numerical result of Rs/R, and i,/is, we need to calculate the unknown
parameters in the equations, i.e., Rs, Ry, Lo and Mgq, Myg. The AC resistance and inductance
of the Lenz lens loop, R, and L, can be determined by following empirical equations for the
self-resistance and inductance of a rectangular strip conductor [204].

l
2(a+t)do’

21 t
Lo =2l <1n 10540223597 )> ,
a+t l

a =

(A13)

where ¢ is the skin effect depth, ¢ is the conductivity. As the saddle coil is a standard NMR
detector, the calculation of its impedance values are not discussed here. By applying dimension
values above to the Eq. A13, Rs, R, L, are respectively 0.546 €2, 0.265 €2 and 35.5 nH at 500 MHz

for proton measurement.

The parameters still missing are the mutual inductance between one single loop and the saddle
coil Mq, and the mutual inductance between two loops M,g. The magnetic flux differential is
proportional to the field strength differential and a constant area of the receiving loop as Eq. A14
[205].

dd,, = dAB;. (A14)

The relationship between the magnetic flux received by a single Lenz lens loop and the mutual

inductance is defined as Eq. A15
d®,,  dis

A
In the equations above, ®g, is the saddle-generated magnetic flux onto the loop and A is the

(A15)

area of the secondary coil perpendicular to the magnetic flux. A =1xm =~ %DH when the Lenz

lenses take up a maximal cross section area inside the saddle coil.

By combining Eq. Al11l, A14 and A15, we obtain the expression of My, and further exact

values with the given dimensions of the saddle coil and the Lenz lens loops

A Bus V3uoH? (D?/2 4+ H?/4)
s (2rD2/4 + H?/4)3/?

~ 1.49 x 1078, (A16)

The magnetic flux from one loop onto the other is equal to the flux difference by two long-side
strips in the loop carrying opposite-direction currents, denoted as Eq. A17, while two short-
side strips are not affecting the coupling. The differential magnetic flux by an [ long conductor
from the loop can be calculated as Eq. A18b according to Biot Savart Law and is integrated in

respective distance ranges for ®; and @,

Pop = P1 — Po. (A17)
The flux terms are described by
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A2 Electrical model of the S3L resonator

_ 2
27r

ldx, (A18a)
MOial

o= [ —Het 4 A18D
! /0 2nva? + h? ( )

2m .
Hotal
by = — =2 __adz, Al8c
? /m 2mva? + h? ( )

in which 7 is the distance from the loop to the strip. In a similar way as Eq. A14 and A15, Mg

can be calculated from Eq. A18 as following:
dPap _ dia
di " de o (A19)
Mg = ’Z—O (2In(m? + h%) — In(h2) — In(4m? + h%)) .
T

Since two mutual inductances are clear now, we get back to the Eq. A7 and Eq. A10 and then,
Rs/ R, over the change of h is shown in Fig. Al (b). Now we combine two elements together
and obtain the SNR enhancement at 500 MHz, as shown in Fig. 1 (b) in the main text. The
results show that a dominant SNR enhancement comes from the RF field enhancement due to
the inserted S3L chip. However, a higher resistance at the saddle coil, which in fact degrades the
SNR slightly.
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Figure A1: Parameter change vs. vs. stripling spacing h. (a) By magnification at unit current.

(b) terminal resistance.
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A3 Matlab code for COMSOL processing

clear all;

N =

clc

w

4 1% GUI: user’s input

5 |prompt = {’Frequency (MHz):’, ’Power (W)’, ’Spectral resolution (
ppb)’, ’sample length (um)’,’sample width (um)’, ’sample height
(um) > };

6 |dlg_title = ’Input’;

7 |num_lines = 1;

8 |defaultans = {’500°, >1°, °1°, °200°, ’200°, °1000°}; % assuming a

200%x200%1000 um~3 sample space, at 500 MHz

9 |ans = inputdlg(prompt,dlg_title ,num_lines,defaultans);
10
11 |LarmorFreq=str2num(ans{1}) *1e6;

12 |P=str2num(ans{2}) ;

13 | spec_resolution=str2num(ans{3}) *le-9;
14 |d=str2num (ans{4}) *x1e-6;

15 |dl=str2num(ans{5}) *x1e-6;

16 |h=str2num(ans{6}) *x1e-6;

17 |B00=11.74;

18 | gamma=LarmorFreq/B00;

19
20 | % Nutation signal

21 |t=[0:0.5e-6:500e-6];

22 |nut_signal (:,1)=t’;

23 |NMRspectra=[-10:spec_resolution*1e6:10]’;
24
25
26 | % Sampling datapoints

27 1'% Origin of the coordinate is the center of the twin-stripline
structure

28 | stepsize=10e-6;

29 | x00=stepsize:stepsize:d/2;

30 |x0=[-£f1liplr(x00),0,x00]; 7% length

31 |yOO=stepsize:stepsize:dl1/2;

32 |y0=[-£f1liplr (y00) ,0,y00]1; % width

33 |z00=stepsize:stepsize:h/2;

34 1z0=[-f1liplr (z00) ,0,2z00]; % height

35

36 | [x,y,z]=meshgrid(x0,y0,z0);
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xyz= sqrt(x(:) . 2+y(:)."2)<d/2;

h
h
h

adjustment for a cuboid
xyz= sqrt(x(:) .7 2+y(:).~2)<d/2; applied for a cylinder sample

real sample then xyz returns with 1

sampleO=[x(:),y(:),z(:)];

h

a random point within the sample region, which is still a box

samplel=[xyz, sampleO];

sample2=sortrows (samplel ,1) ;

sample3=sample2(length(xyz)-sum(xyz)+1:1length(xyz) ,:);

sample=(sample3(:,2:4))’;

h

GUI: Read Bl simulation file and import data

[file] = uigetfile({’.mph’},’Select a simulation file for B1’);

model_Bl=mphopen(file);

for i=1

h

h

% check the model and the axes for each different projects
Bl = mphinterp(model_B1l,’abs(sqrt((emw.Bx) "2+(emw.By)~2))’,’coord
> ,sample, ’dataset’,’dset2’, ’outersolnum’,i)’;
impedance = mphglobal (model_B1l,’emw.Zport_1’, ’dataset’,’dset2’,
>outersolnum’,I);
Read the field and impedance data at the frequency of interest,
e.g. 500 MHz
B1150(:,i)=B1(:,1);
B1500(:,i)=B1(:,1);
imp150(:,i)=impedance (1) ;
imp500(:,i)=impedance (1) ;

Bl field simulations performed for 1A current applied to the

coil

B1=B1500(:,I); % data at 500 MHz

impedance=imp500 (:,1i) ;

I= sqrt(P/real(impedance));

h

Nuttion curve

theta=Bl*xt*I*xgamma;

nut_sig=Bl’#*sin (2*pi*theta) ;

nut_signal (:,i+1)=nut_sig?’;

h

Before, the first colume of nut_signal is already defined.

plot (nut_signal (:,1) ,nut_signal (:,i+1))
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Appendix

% Figures of merits

Blu(i)=mean (B1); %» Ave (B1l) per unit applied current

F=10"(1/10) ; % Amplifier noise figure defined by the
hardware in the 1lab, 1 for 500MHz and 2 for others

V_FID=max (nut_signal (:,i+1));

Impreal (i) real (impedance) ;

Impimag (i) imag (impedance) ;

etta(i)=V_FID./sqrt(F*Impreal(i)); 7, Defined sensitivity

[iii,i90m]=max (nut_signal (:,i+1));

Tm(i)=t(i90m) ; % 90degree pulse length
exc_eff (i)=pi/2./Tm(i); %» Excitation efficiency
[iiii,i810m]=max (nut_signal (8*i90m:10*i90m ,i+1)) ;

% 810degree pulse length over a wide range with different I.
% Note: this scanning range should be adjusted considering the

quality of the generated mutations

Bl_hom(i)=iiii/iii; % Bl homogeneity

%SS=max (nut_signal (:,2:3))./max(NMRspectra(:,2:3)); for spectral
sharpness

end

n(l,:) = [1:1i];

Qutput=[n’, Impreal’, Blu’, etta’, Tm’, exc_eff’, Bl_hom’, Impimag
’1;%, 88°1;

% Export data

[FileName , PathName, FilterIndex] = uiputfile(’*’, ’Save data as:’)

if “ischar(FileName)
disp(’User aborted the dialog! Data are NOT exported.’);
else
exportfilename =strcat(FileName, ’_NutSignal.txt’);
File= fullfile(PathName, exportfilename) ;

dlmwrite (File ,nut_signal,’delimiter’, ’\t’, ’precision’, 6)

exportfilename =strcat(FileName, °’_FoM.txt’);
File= fullfile(PathName, exportfilename);
dlmwrite (File ,QOutput,’delimiter’, ’\t’, ’precision’, 5) 7

figures of merit
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A3 Matlab code for COMSOL processing

disp(strcat(’Data are exported as:’, {’ ’}, FileName, °’
_NutSignal.txt and’,{’ ’}, FileName, ’_NMRSpectrum.txt. They
can be found in:’, {’ °’}, PathName));

end

%%% Following optional code for NMR spectrum simulation and

plotting

% GUI: Read BO simulation file and import data

[file] = uigetfile({’.mph’},’Select a simulation file for BO’);
model _BO=mphopen(file0) ;

BO = 1/B00*round(1/spec_resolution*abs((mphinterp(model_BO,’mfnc.Bz

>,’coord’,sample) ’)))*spec_resolution; % normalised to BOO

% NMR spectrum

tau=nut_signal (find (nut_signal (:,i+1)==max(nut_signal(:,i+1))) ,1);

weight= Bl.*sin(2*pixBl*tau*I_inuse*gamma) ; /s
amplitude of signal from each voxel at 90degree flip angel

subs=round (1/spec_resolution*(BO-min(B0))+1); Jgenerate bins for
spectrum

bins=round (1/spec_resolution*(max (B0O)-min(BO))+1) ;

histw = accumarray(subs,weight,[bins,1]); %» signal intensity
considering Bl homogeneity as a function of BO

xx=(min(BO)+[1:bins]*spec_resolution)*1e6; Y ppm

xx= xx-xx(find (histw==max (histw))); ' adjust the chimacal shift

lowerband=[-10:spec_resolution*le6:min(xx)];

upperband=[max (xx)+spec_resolution*le6:spec_resolution*le6:10+2x*
spec_resolution];

NMRspectrum=[lowerband , xx, upperband; O*xlowerband, histw’, Ox*
upperband] ’;

NMRspectra(:,i+1)=NMRspectrum(1l:round (20/(spec_resolution*le6)+1)
»2)

% Plot data
subplot (2,1,1), plot(nut_signal(:,1) ,nut_signal(:,2))
hold on

subplot (2,1,2), plot (NMRspectra(:,1),NMRspectra(:,2))

% Export data
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140 | exportfilename =strcat(FileName, ’_NMRSpectra.txt’);
141 |File= fullfile (PathName, exportfilename) ;
142 |dlmwrite (File ,NMRspectra,’delimiter’, ’\t’, ’precision’, 6)
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A4 Clean room fabrication process

This process flow is applied to the fabrication of broadband stripline Lenz lens detector in
Chapter 3.

Table A2: Clean room fabrication process flow.

Nr. Operation Description

e Rinsing in acetone — IPA — acetone — IPA — DI Water
1 Wafer surface cleaning e N3 blow-drying
e Dehydration bake at 200°C

2 Seed layer deposition e Cr (20nm) — Au (60nm)

3 Lithography
e Rinsing in acetone — IPA — acetone — IPA — DI Water
3.1 Wafer surface cleaning e N3 blow-drying
e Dehydration bake at 200°C

e Spincoating SU-8 for (20 pm)

3.2 Spincoatin,
P & e Soft bake at 95°C for 15 min
Intensity of 320mJ cm ™2
3.3 UV exposure o mensiy o mem .
e Post exposure bake at 95°C for 4 min
e 10min development in PGMEA
3.4 Photoresist development e Rinsing in IPA for 5 min
e Rinsing in DI water, N2 blow-drying
4 Electroplating of conductor
e Duration depends on the residual resist condition
4.1 O3 plasma of the surface

e Optional: dehydration bake at 30°C for 24 h

e Au thickness: 15 pm to 20 pm
4.2 Electroplating e Rinsing in IPA — DI Water — N3 blow-drying
e Dehydration bake at 30°C for 24 h

5 Resist removal e 22°C,1200W, 1h in R3T

6 Electroplating of conductor

. e Au etching
6.1 Etching of seed layers .
e Cr etching

e Rinsing in acetone — IPA — acetone — IPA — DI Water
6.2 Cleaning and plasma treatment e Ny blow-drying
e Dehydration bake at 200 °C for 5 min

e (O3 plasma
e Lamination of Ordyl layers (SY390, 90 nm)
level 2 speed at 85 °C (hot roll laminator)
7 Ordyl lamination e Soft bake: 1min, 85 °C, remove plastic film
e This operation can be repeated for a multi-layer substrate.
The plastic film on the top layer should not be removed.

e Wafer-mask alignment with mask aligner)

Exposure to UV source at around 200 mJ cm ™2
8 UV exposure

e Post exposure bake at 1 min at 85°C

e Remove last film before development

e 20min in Ordyl SY developer
9 Ordyl development e Ultrasound bath for 5 min
e Rinse in DI water — N2 blow dry

. . e Compressed bonding (Steps 8.1—
10 Bonding with glass wafer
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8.2 should happen without interruption for good bonding)
e Dehydration bake at 30°C, 24 h

e Inlet and outlet drilling
11 Final machining of holes and dicing e CO3 laser dicing

e Optional: injection of glue into the chamber

138



A5 Technical drawings

A5 Technical drawings

A5.1 Layout for S3L chips

2

B+

2]

c d
Figure A2: Mask design of glass-based stripline chip layout for clean room fabrication. The
glass wafer has a diameter of 10cm. (a) Assembly of all masks in alignment, showing the final
chip structures. The central round space is a 10-inch glass wafer. (b) Mask design of the gold
conductor together with alignment marks. The disk segment at the bottom of the wafer is the pad
connected to the source in conductor electroplating. (c) Mask design for photoresist lithography

of channel walls and alignment marks. (d) Mask design for laser-cutting of inlets and outlets.

139



Appendix

A5.2 Supporters for the saddle coil and S3L
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Figure A3: 3D-printed supporter design for the flexible PCB (mm).
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Figure A4: Supporter design for the stripline Lenz lens chip (mm).
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A5.3 Layout for broadband spirals
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Figure A5: Layout designs for LTCC fabrication of a batch of various broadband spiral chips.
(a) Complete layout with all structures. (b) Conductor track layout on the top layer. (c) Embed-
ded spiral layout on the second layer from the top. (d) Embedded fluidic channel layout on the
third layer from the top.
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A5.4 Supporter for LTCC-based chip
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Figure A6: Assembly of the chip model with SLA 3D printed supporter. The dimensional
parameters are shown in 8 views in mm.
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