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"Try a hard problem.

You may not solve it, but you will prove something else."





Abstract
Nuclear magnetic resonance (NMR) is one of the most relevant spectroscopic tools in use

today. However, NMR requires relatively expensive and complicated experimental settings

given by the combination of high homogeneous magnetic fields and a relatively complex

radio-frequency (RF) electronics. This thesis concerns the development of RF electronics

hardware, specifically introducing new complementary-metal-oxide-semiconductor (CMOS)

transceiver designs. This work stems from a collaboration between EPFL and Metrolab SA, and

aims at pushing in two directions: first, NMR-oriented CMOS transceivers will simplify the

implementation of NMR probes for both experimental and commercial applications; second,

novel CMOS ultra-compact probes will deliver experimental versatility and improved sensing

power at the nL and sub-nL scale.

We describe broadband 1 mm2 transceivers operating in the range from 1 MHz to 1 GHz. The

microchips include a RF power amplifier, a low-noise RF preamplifier, a frequency mixer, an

audio-frequency (AF) amplifier, fully integrated transmit-receive switches, IQ signal genera-

tion, and broadband quadrature detection. In this work we show multi-nuclear NMR spec-

troscopy in combination with excitation/detection probe-heads based on micro-solenoids,

therefore validating the broadband functioning. A combination of the transceivers and Metro-

lab’s technology is also shown to deliver state-of-art performance in prototypes of commercial

probes aimed for magnetometry. We shown that custom multichannel probes employing

water samples of 500 nL are capable of measurement resolutions as high as 0.06 ppb/Hz1/2 at 7

T, and that magnetic noise due to field fluctuations can be directly measured at this resolution

level and distinguished by the electronic noise. Overall, the results of this package indicate

that NMR-oriented CMOS transceivers simplify the implementation of NMR probes for both

experimental and commercial applications.

When CMOS transceivers are combined to external resonators the resulting NMR probe may

be called "compact" in the sense that the overall probe size is dominated by the excitation/de-

tection resonator itself. Besides the implementation of compact probes, in this thesis we

introduce the concept of ultra-compact NMR probes, where a single-chip transceiver is co-

integrated with a multilayer microcoil realized with the metals of the CMOS technology. We

demonstrate that with a non-resonant integrated coil of about 150 μm external diameter a
1H spin sensitivity of about 1.5·1013 spins/Hz1/2 is achieved at 7 T. This value of sensitivity

compares well with the most sensitive inductive probes previously reported at similar volume
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scales, with the resulting device showing an exceptional degree of versatility. We use, for the

first time, a ultra-compact CMOS probe for the NMR spectroscopy of intact, static, sub-nL

single ova of 0.1 and 0.5 nL, thereby reaching the relevant volume scale where life development

begins for a broad variety of organisms, humans included. Thanks to the robustness and

the versatility of the probe we could deliver a first extensive study of sub-nL single ova and

indicate that ultra-compact probes are promising candidates to enable NMR-based study and

selection of microscopic entities at biologically relevant volume scales. Overall, the results of

this study indicate that CMOS ultra-compact probes will deliver experimental versatility and

improved sensing power at the nL and sub-nL scale.

Keywords: NMR, CMOS, transceiver, broadband, microcoil, sub-nL, compact, magnetometry,

ultra-compact, single-cell.
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Riassunto
La risonanza magnetica nucleare (NMR) è tra i piu’ importanti metodi di spettroscopia at-

tualmente in uso. Tuttavia, l’NMR richiede un equipaggiamento sperimentale relativamente

costoso e complicato, che constiste di un campo magnetico forte ed omogeneo e di una

elettronica a radio-frequenze (RF) relativamente complessa. Questa tesi riguarda lo sviluppo

di elettronica RF, introducendo nello specifico nuove architetture di circuiti transmit-receive

CMOS (complementary-metal-oxide-semiconductor). Questo lavoro nasce come collabo-

razione tra l’EPFL e Metrolab SA, e il suo scopo è di spingere in due diverse direzioni: un primo

obiettivo è di proporre circuiti CMOS transmit-receive per semplificare l’implementazione

di sonde NMR per scopi sia sperimentali che commerciali; un secondo obiettivo è quello

di introdurre una nuova topologia di probe NMR, chiamata ultra-compatta, che permette

superiore versatilità e sensitività a scale di volumi dell’ordine del nL e sub-nL.

Descriviamo un transmit-receive di 1 mm2 operante a banda larga (da 1 MHz a 1 GHz). Il

microchip include un amplificatore di potenza RF, un amplificatore RF low-noise, un mixer, un

amplificatore aufio frequeza (AF), un sistema di switch interamente integrato per passare da

trasmissione a ricezione, la generazione on-chip di segnali in quadratura, una demodulazione

in quadratura a banda larga. In questo lavoro mostriamo esperimenti di spettroscopia NMR

multi-nuclei in combinazione con risonatori basati su micro-solenoidi, validando il funziona-

mento a banda larga. Mostriamo che una combinazione del transmit-receive con la tecnologia

Metrolab permette di realizzare prototipi di magnetometri commerciali con prestazioni di

avanguardia. Mostriamo che design personalizzati di sonde basate su campioni di acqua di

500 nL sono capaci di misurare un campo magnetico con una risoluzione di 0.06 ppb/Hz1/2

a 7 T, e che il rumore intrinseco del campo magnetico puo’ essere direttamente misurato e

distinto dal rumore elettronico della sonda stessa. I risultati di questa prima parte indicano

che i transmit-receive CMOS opportunamente progettati per esperimenti NMR facilitano e

semplificano l’implementazione di sonde sia per scopi sperimentali che commerciali. Quando

i transmit-receive CMOS sono combinati con risonatori esterni la sonda risultante puo’ es-

sere denominata "compatta", nel senso che la taglia della sonda è essenzialmente dominata

dalla dimensione del risonatore stesso. Oltre alla implementazione di sonde compatte, in

questa tesi introduciamo il concetto di sonda ultra-compatta, nella quale un transmit-receive

è co-integrato assieme a una micro-bobina realizzata con i diversi livelli di metallizzazione

della tecnologia CMOS. Dimostriamo che con una bobina CMOS non risonante avente un
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diamtero esterno di circa 150 μm è possibile raggiungere, in un campo magnetico di 7 T,

una sensitività sul protone (1H) di circa 1.5·1013 spins/Hz1/2. Questo valore di sensitività si

confronta molto bene con le sonde induttive piu’ sensibili fino ad oggi realizzate a scale di

volumi simili. Inoltre, il dispositivo risultante mostra un livello di versatilità che puo’ essere

considerato eccezionale. Usiamo, per la prima volta in letteratura, una sonda ultra-compatta

CMOS per fare spettroscopia NMR di singole uova intatte, statiche, aventi un volume di 0.1 e

0.5 nL, raggiungendo cosi’ la scala di volume tipica dove inizia lo sviluppo della vita per molti

organismi, inclusi gli umani. Grazie alla robustezza e alla versatilità delle sonde ultra-compatte

possiamo divulgare il primo studio NMR esteso di uova aventi volumi sub-nL, deducendo che

le sonde ultra-compatte sono candidati promettenti per abilitare studi basati su metodi NMR

e selezione di entità microscopiche a scale di volumi biologicamente rilevanti. In conclusione,

i risultati di questo studio indicano che le sonde CMOS ultra-compatte permetteranno versail-

ità sperimentali e sensitività superiori a scale di volumi attorno e al di sotto del nL.

Parole chiave: NMR, CMOS, transmit-receive, banda larga, micro-bobina, sub-nL, compatta,

magnetometria, ultra-compatta, singola cellula.
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1 Introduction

1.1 NMR basics

Most nuclei have an associated magnetic moment μ. When large collections of such nuclei

are placed in a strong magnetic field B0 the thermal equilibrium corresponds to a resulting

magnetization M 0, aligned to B0, whose value is determined by the Boltzmann statistics. Each

microscopic magnetic moment μ is proportional to the angular momentum l of the nucleus

by a factor γ: the so-called gyromagnetic ratio (which literally means ratio between the angular

and magnetic momenta). Taken a nucleus with spin I , one has l = ħI and μ = γħI . γ is a

factor which depends on the nature of the nucleus. As better explained below, this parameter

determines the RF frequency needed to interact with the nuclear species when the sample is

placed in a static magnetic field. Value of γ for a large variety of nuclei are extensively reported

in literature. In this thesis we make little exploration of nuclei other than 1H, which is the

easiest nucleus to sense, having high abundance and an high resonating frequency. In general,

this short treatment is restricted to nuclear paramagnetism, where the energy term in the

Hamiltonian can be approximated by H �±μ ·B0. The thermal magnetization of a sample

can be determined by the value of the spin and by the density Ns of spins per unit volume.

Taken the average magnetic moment μav one can define the magnetization of the sample as

M0 = Nsμav . In terms of Boltzmann statistics this translates to:

M0 = Ns

∑I
m=−I γħm ·e−(γħmB0/kB T )∑I

m=−I e−(γħmB0/kB T )
(1.1)

where the energies related to the spin states are expressed as Em =μ ·B0 = γħmB0. At room

temperature we always have a situation in which kB T � Em , which facilitates the expression

of M0. The sum resulting on top of eq. (1.1) can be reduced telescopically, while at the bottom
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Chapter 1. Introduction

the resulting term simply counts the number of states. The final result is:

M0 = Ns(γħ)2I (I +1)B0

3kB T
(1.2)

Equation (1.2) describes the physical origin of the magnetization that can be measured in

a nuclear magnetic resonance experiment. In a nutshell, during an NMR experiment the

magnetization in eq. (1.2) is manipulated via the application of RF magnetic fields. The

resulting rotational movement of M0 is then sensed and all the efforts in the experiment

are dedicated to work out information about the sample, which is encoded in the detailed

response of M0 to RF fields and the dynamics of its relaxation towards the thermal equilibrium.

A theoretical description of such dynamics was first proposed by Felix Bloch [1, 2] and resulted

in those which are now called the Bloch equations. Although it exists a more rigorous quantum

mechanical treatment, the Bloch equations can be derived with a classical physics approach.

The torque on a magnetic moment μ placed in a magnetic field is given by τ = μ×B = dl
d t ,

l being the angular momentum. For a microscopic magnetic moment one has μ = γl as

previously discussed. The same principle can be applied at the scale of a bulk sample, where

M has the role of the magnetization. Its equation of motion can thus be written as:

d M

d t
= γM ×B (1.3)

Equation (1.3) clearly considers a case where the spins that constitute the magnetization M

do not feel each other and, more relevantly, there is no term in (1.3) suggesting that when

B is constant a thermal equilibrium condition exists and is approached at long times (M0

from equation (1.2)). In order to write Bloch equations the relaxation processes of M towards

equilibrium must be considered. Before discussing relaxation we can note that in eq. (1.3)

we can already find the signature of the resonance phenomenon from which the term NMR

originates. The best way to make this observation is to translate eq. (1.3) into a reference

frame which rotates at an angular frequency ω:

d Mω

d t
= γMω× (B − ω

γ
) (1.4)

If we assume that it only exists a field B0, constant and uniform over the sample, we can see

that for ω= γB0 the magnetization Mω is constant. Thus, this is telling us that the frequency

ω0 = γB0 (called the Larmor frequency) would determine the precession motion of M in the

laboratory frame in the case where M was displaced from the direction of the field (i.e., Mx

2



1.1. NMR basics

and/or My �= 0 if we assume B0 = B0 ẑ). Even more relevantly, we can already see that in such

precession motion the information about the nuclear species is encoded in the frequency via

the term γ. Further, what makes NMR powerful is the fact that also the chemical environment

of a nucleus can affect the Larmor frequency via slight modifications of the term B0 due to the

shielding of the magnetic field, which changes from molecule to molecule. In a nutshell, the

detection of the Larmor frequencies that reside into a given sample is what allows for NMR

spectroscopy of bulk matter.

In order to perform an NMR experiment it is necessary, in the most used experimental frame

(to date), to displace the magnetization M0 ẑ into the x̂-ŷ plane and detect the dynamics of

its precession during relaxation towards thermal equilibrium. The initial displacement is

achieved by the application of radio-frequency (RF) fields B1 (much weaker than B0) which

are perpendicular to ẑ and have frequencies right at the Larmor value. From eq. (1.4) it is

possible to see that upon the action of a field B1 at the Larmor frequency the magnetization

Mω approaches the x̂-ŷ plane such that the angle θ between Mω and ẑ is θ = γB1τ, τ being

the duration of the B1 pulse. When the B1 pulse stops and the magnetization has exposed

components in x̂-ŷ there are two different mechanisms of relaxation acting to restore M0 ẑ.

Along the direction ẑ the magnetic moments of the nuclei can be significantly displaced only

by field components perpendicular to B0 and at the Larmor frequency: this is due to the fact

that B0 is strong and only resonant and perpendicular fields (as discussed) can affect Mω along

ẑ. On the other hand, in the x̂-ŷ plane the components of Mω can more easily disappear. In

simple terms, Mx and My can survive in their precession only if all the spins in the sample

have a coherent precession motion around ẑ. Decoherence is induced by either interactions

among spins or inhomogeneities of the field over the sample region (leading to inhomogeneity

of the precession frequency, and thus to dephasing in x̂-ŷ). The complete Bloch equation

includes terms accounting for these relaxation mechanisms and approximates them with an

exponential dynamics. Calling T1 the relaxation time along ẑ and T2 the x̂-ŷ one, the resulting

dynamics is described by the following equation:

d M

d t
= γM ×B − Mx x̂ +My ŷ

T2
− Mz −M0

T1
ẑ (1.5)

Figure 1.1a shows the evolution of the magnetization components after a B1 pulse at the

Larmor frequency yielding θ =π/2. As we can see, Mx and My relax exponentially with a decay

time T2 and Mz is restored with a typical time T1. As shown in Fig. 1.1b, the Larmor frequency

can be directly measured after FFT of the Mx and My dynamics. From Fig. 1.1 it is evident that

a detection scheme linearly related to Mx and My would allow for NMR spectroscopy of the

magnetized sample.
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Figure 1.1: Numerical example of Bloch equation solution. (a) Time domain numerical
solution of eq. (1.5) considering a Larmor frequency ν0 = 1 kHz, T2 = 150 ms, T1 = 800 ms.
At time t = 0 a field B1 = 1 mT is applied for a pulse length of τ = 5.9 μs so that the whole
magnetization is rotated from ẑ into the x̂-ŷ plane. (b) Fourier transform of the dynamic
evolution of Mx and My .

In this thesis we the so called inductive excitation/detection scheme. In this experimental

frame an inductor is placed in proximity of the sample and the whole setup is merged in

a static (strong) magnetic field B0. By applying RF signals across the inductor B1 fields are

generated (perpendicular to B0) in pulses aimed at achieving the maximum deviation of the

sample magnetization. When the excitation stops, the thermalisation of the magnetization is

such that a voltage is induced in the inductor via Faraday’s law. Such voltage is our observable,

linearly related to Mx and My , it encodes the magnetization dynamics and it represents an

opened window on the chemistry of the sample. Its amplitude can be computed by Faraday’s

law using the reciprocity principle and it is given by [3]:

s0 =ω0M0BuVs si n(θ) (1.6)

where Bu is the so called unitary field of the coil projected in the x̂-ŷ plane (the field produced

by a current of 1 A flowing through the coil), ω0 the Larmor frequency, Vs the sample volume,

θ the nutation angle (the maximum signal is obtained for θ = π/2), M0 is given by eq. (1.2).

If Bu is not homogeneous, the total signal can be easily computed with an integration of eq.

(1.6) over the sample region by applying the superposition principle.

Many extensive and detailed descriptions of NMR and its applications can be found in books

[4–7]. In this section we only want to briefly report the very few concepts and formulas needed

for the subsequent chapters and describe the principles of the simplest NMR technique allow-

ing for spectroscopy of bulk matter: the 1D pulsed experimental scheme and its combination

with FFT. Much more refined techniques do exist, but they do not appear in this work. In this

thesis we focus on the study and development of hardware, and in particular we show and
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1.2. CMOS electronics in NMR tools: trends

characterize broadband single-chip CMOS transceivers aimed at pulsed NMR operation. We

show how such technology may be used for both the implementation of compact probes for

applications such as NMR magnetometry, or open the way towards novel avenues such as

the NMR spectroscopy at sub-nL volume scales, to date out of reach for the existing NMR

instrumentation.

1.2 CMOS electronics in NMR tools: trends

Since their advent, CMOS technologies allowed for technology revolutions in fields such

as communication, photography, and sensing. In recent years many advances have been

proposed as well in the NMR research. Such developments rely on CMOS as enabler of

novel technology in the attempt to expand the NMR applications portfolio. The CMOS-

based innovations presented in the last two decades can be roughly separated into two sub-

categories: on one side CMOS electronics is presented as the propelling element towards

the aim of making portable NMR tools [8–20]. A second field of research pursues the aim of

realizing NMR tools with high sensitivities (in terms of absolute spin number) and apply the

power of NMR at exceedingly small volumes for applications in spectroscopy and microscopy

[21–29]. In what follows we expand on these two different approaches, describing the main

reasons that justify their developments.

CMOS for portable NMR tools

The search of portable NMR tools is justified by the need for simplification of the requirements

and constraints that currently hinder a wide applicability of NMR-based biological/chemical

assay. Small low-cost miniature NMR systems are claimed to be solutions for personalized

medicine [8] and point of care stations aimed at early disease detection in remote areas [9].

One limitation of portable NMR tools is the strength of the magnetic field. Being based on

permanent magnets, field strengths are typically below 1 T. In order to achieve the sensitivity

necessary for biochemical assay, such weak static fields force the use of sample volumes of

about 10 μL and labelling techniques. In this respect, the use of magnetic functionalized

nanoparticles binding to molecular targets was demonstrated to have excellent performance.

The sensing principle is based on the measurement of the relaxation time T2 of the water in

the biological fluid, where functionalized magnetic nanoparticles are introduced. The target

molecules act as bridges clusterizing the nanoparticles, and consequently significantly affect

the relaxation properties of water. Via relaxation measurements within this scheme portable

NMR tools have been proved to sense pM concentrations of target molecules within 5 μL

active volumes [10].

From the hardware point of view, relaxometry measurements are probably the ones that re-

quire less constraints to yield reliable results. Although the field homogeneity of portable fixed

magnets can hinder high resolution spectroscopy, T2 measurements in B0 inhomogeneous

fields can be obtained via spin-echoes [30]. The application of the modified spin-echoes
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Chapter 1. Introduction

CPMG sequence [31] provides a solution to the often inhomogeneous B1 that characterizes

the excitation/detection coil, and defines the level of refinement needed in portable NMR

tools.

Progressive developments used CMOS RF transceivers, that included pulse sequencers, to

shrink an NMR relaxometer down to the size of a palm [8, 10–17]. Besides delivering the

most compact NMR relaxometers, this research allowed for an in depth study of how CMOS

transceivers and coils should be opportunely interfaced [16]. Further and more recent de-

velopments are moving towards the co-integration of transceivers with RF generators [18],

ADCs [19], temperature-current driver loops to correct B0 fluctuations and allow for long term

averaging capabilities [9, 20].

CMOS probes for imaging and spectroscopy of mass limited samples: co-integration
of coil and electronics

The problem of performing NMR-based studies of mass limited objects down to exceedingly

small scales is a well known topic in the NMR community. The NMR signal s0 is proportional to

the sample volume Vs and to the unitary field of the detection coil Bu . Since the unitary field of

a coil is inversely proportional to the dimension of the inductor, the optimal way to approach

the NMR-based analysis of a mass limited sample (having a fixed volume) is to adapt the size

of the detection coil to the sample [32]. The development of microcoils for mass limited NMR

studies, their different topologies, the spin sensitivities achieved, and the advantages and

trade-offs of each are better described in the following section. In this section we want to

elucidate why CMOS technologies are particularly fit to deliver NMR probes oriented towards

mass limited analysis and having an exceptional degree of versatility and performance. To this

aim, we first describe the intrinsic advantages of this technology for the aim of reaching high

sensitivities in small active volumes, and later report a literature survey on the topic.

Planar microcoils are one important type of coils that is well suited to be scaled towards

microscopic dimensions (see below). In CMOS microchips, the use of planar inductors has a

relevant role for the design of integrated units such as voltage controlled oscillators (VCOs).

For this reason, integrated inductors were object of previous in-depth analysis and research

[33]. With the aim of realizing NMR mass limited probes, the co-integration of electronics and

planar microcoils has been reported in several scientific investigations. Thanks to the sub-μm

features of CMOS, the coil realization and its connection to the RF electronics are realized

with maximum grade of reproducibility and precision, allowing for eased implementations of

micro-resonators [22–28] and multilayer microcoils [21, 34, 35].

A first advantage of this approach is the close proximity between the front-end amplification

electronics and the detection coil, allowing for minimization of RF losses, parasitic capacitance

and resistance, that would otherwise affect the SNR. However, an eventual loss in SNR is not the

only problem related to cumbersome interconnections present between the NMR electronics

and the active volume. As a matter of fact, the metal lines that connect the microcoil to passive

elements and electronics constitute a parasitic circuit that is capable to sense (obviously in

a non-optimal way) a certain active volume (different from the target one residing in close

6



1.2. CMOS electronics in NMR tools: trends

proximity to the detection coil). Consequently, when packaging the NMR probe for use,

one has to pay a high degree of attention to avoid that parasitic NMR signals, coming from

the active region of the parasitic interconnection circuit, contribute in a significant way in

the data retrieved. This particular issue is more and more dramatic as the active volume of

the detection coil decreases and as the averaging time required to perform the experiment

increases: both cases approach the situation where any material around the probe head is

likely to induce problems in the experimental phase. On the other hand, when microcoils are

co-integrated on a CMOS chip together with the RF electronics, the parasitic circuit due to

interconnections practically disappears and the 1H NMR background is null even for long

averaging times (the technology itself does not contain 1H nuclei if not in eventual atomic

sporadic defects). Fig. 1.2 illustrates the concept by comparing two different realizations of

compact probes aimed at sensing sub-nL active volumes. Fig. 1.2a shows a combination

of a single-chip transceiver and a Bruker SU8-embedded copper planar microcoil, where

the small size of electronics and active volume is obscured by the interconnections. The

shaded rectangle indicates the area where the interconnections form a parasitic detection

coil. Fig. 1.2b shows a fully integrated CMOS approach, which delivers a ultra-compact device

with an improved degree of versatility. Other advantages that are intrinsically related to the

use of CMOS technologies are the possibility of both eased implementation of arrayed and

multichannel instruments and the reduction of production costs in the long term.

A first fully integrated NMR probe was presented for magnetometry purposes: the idea was

to obtain a ultra-compact device capable to perform magnetic measurements with a high

spatial resolution (� 1 mm). In this contribution the excitation was performed by an off-chip

electronics via an integrated excitation coil, inductively decoupled from the detection coil

which was connected to a receiver-only on-chip electronics [29]. In the subsequent years, the

research of receiver-only CMOS microchips assumed a more general interest [22–28, 36–40].

Receiver-only CMOS probes, where low noise amplification electronics was buried below

integrated microcoils, were extensively studied in relation to microscopy purposes [22–28] and

proposed as optimal choice for applications such as the implementation of parallel imaging

arrays aimed at obtaining high spatial resolution on a large sensitive area [26] and probes for

surgical guidance [27]. Other MRI-related applications that employ CMOS receiver-only chips

(without integrated coils) are the realization of wireless implanatable detection systems to

locally improve the SNR [40] and the eased multiplexing in phased arrays [39]. Overall, these

efforts allowed for a comprehensive understanding and refinement of the techniques used to

realize a CMOS low-noise front-end receiver for a NMR probe.

7



Chapter 1. Introduction

(a) (b)

500 μm 

150 μm 

2 mm

50 μm 

Figure 1.2: Sub-nL probes employing external VS integrated coils. (a) Photograph of a 1 nL
probe based on a Bruker SU8-embedded copper microcoil. The microcoil is realized on a glass
substrate and connected to a PCB that implements the resonant circuit connections. In this
probe, the whole electronics is contained on a single-chip CMOS transceiver. Despite the small
size of the active volume and electronics (see figure and inset), the necessary interconnections
required to match and tune the microcoil occupy a significant amount of space. The shaded
rectangle indicates the region where these interconnections form a parasitic detection coil. (b)
Photograph of a ultra-compact NMR probe where a single-chip transceiver is co-integrated on
the same chip with a multilayer non-resonant microcoil. In this case, thanks to the very close
proximity of the differential interconnections that link the coil to the amplification stage (the
metals are 4 μm wide and 1 μm distant) there is no parasitic detection. Moreover, the overall
size of the system is well comparable to the sensitive region itself.

CMOS-based probes in this thesis and their aims

My PhD project was within the KTI/CTI frame which funds close collaborations between Swiss

companies and universities. Our industrial partner in this project was Metrolab SA, a company

based in Geneva and specialized in magnetometry instrumentation. The initial aim of the

PhD project was to implement CMOS broadband electronics for use in pulsed NMR-based

teslameters that operate at frequencies covering the entire range of existing fields (1H fre-

quencies range from 1 MHz to 1 GHz). The realization of the first transceivers, as explained

above, was initially implemented to realize portable NMR relaxometers [12, 13, 18]. Based on

these few contributions, we have developed on top of the previous know-how concerning the

integration of receiver channels and delivered multiple fully functional NMR CMOS single-

chip transceiver architectures. The technical details of the design of this instrument are fully

explained in Chapters 2, 3 and 5.

In a nutshell, the single-chip transceiver can be interfaced with on-chip integrated microcoils

or external LC resonators and it is tested experimentally in a frequency range from 3 MHz

to 300 MHz. The dimension of the chip is about 1 mm2, and it consists of a radio-frequency
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1.3. Sensitivity of mass-limited NMR probes

(RF) power amplifier, a low-noise RF preamplifier, a frequency mixer, an audio-frequency (AF)

amplifier, and fully integrated transmit-receive switches. The initial interest in this technol-

ogy was to provide a functional integrated broadband electronics to Metrolab and show full

compatibility to their pulsed teslameter units. For magnetometry purposes the single-chip

transceiver is interfaced with external resonators: results of both multi-nuclear spectroscopy

and high field magnetometry using standard high resolution micro-solenoids and standard

probe heads for magnetometry are contained in Chapters 2 and 3 respectively. Coherently with

what described above, CMOS transceivers resulted effective in delivering compact, versatile,

trade-off free probes for both applications. Metrolab SA has already invested on this technol-

ogy and aims at integrating CMOS single-chip transceivers in their commercial products.

Besides the implementation of compact probes, in this thesis it is introduced the concept of

ultra-compact NMR probe, where the co-integration of a transceiver together with a multi-

layer CMOS microcoil simultaneously allows for high sensitivities in sub-nL active volumes

together with an exceptional degree of versatility and miniaturization in the resulting probe.

Fig. 1.2b shows a ultra-compact NMR probe. With an integrated coil of about 150 μm external

diameter, a 1H spin sensitivity of about 1.5 ·1013 spins/Hz1/2 is achieved at 7 T. The calibration

of the sensor is discussed in Chapter 2, while the very first consistent study of NMR spec-

troscopy of sub-nL biological entities (ova of microorganisms) is presented in Chapter 4. In

the following section we try to summarize on the spin sensitivity previously achieved with

inductive approaches dedicated to small active volumes. As a result of this analysis, it appears

convincing that CMOS ultra-compact NMR probes deliver high-sensitivity performance at the

sub-nL scale, in absolute values comparable to the most sensitive approaches experimentally

reported, but with practical and crucial advantages. In all likelyhood, CMOS ultra-compact

devices represent the best option to achieve sub-nL NMR assays as well as simultaneous

arrayed operation within a single magnet.

1.3 Sensitivity of mass-limited NMR probes

As anticipated in the previous section, the problem of performing NMR spectroscopy on

mass limited objects is well known in the NMR community. Indeed, NMR suffers from an

intrinsic low sensitivity (mainly due to the relatively low operational frequencies) that hinders

significantly the application of the technique to microscopic objects. Despite this disadvan-

tage, NMR is still considered one of the most powerful spectroscopic techniques, thanks to

both its resolving power and its bio-compatible non-invasivity. For this reason, in the past

decades, many efforts and many research groups have sought solutions to the problem of

mass-limited NMR by proposing multiple probe designs at progressively small volume scale

[21, 23, 41–45, 45–60].

In this section we want to describe the most significant approaches that have been reported

in the recent literature with the aim of implementing NMR probes dedicated to mass limited

samples. As anticipated above, by referenced comparisons we will show that CMOS ultra-

compact devices are probably the best option for the development of NMR tools at sub-nL
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Chapter 1. Introduction

volumes. First we will make considerations on the signal-to-noise ratio (SNR) and sensitivity

of a generic NMR detector. Later, we will present a short review of the approaches that have

been previously developed, and compare their performance.

SNR considerations

We can write with good approximation the time-domain NMR signal as follows:

S(t ) = (s0e
− t

T∗
2 e−iω0t +n(t )) ·e−

t
Tm (1.7)

where s0 is the signal amplitude, T ∗
2 the effective relaxation time (resulting from a combi-

nation of field inhomogeneities and dipolar interactions), Tm the decay time of the applied

exponential filter, ω0 the Larmor frequency expressed in rad/s, n(t) the noise contribution.

The aim of this discussion is to determine relations, assuming the validity of eq. (1.7), between

the SNR in time and frequency domain and the limit of detection (LOD) of a sensor.

First, we consider the noise fluctuations in both the time and frequency domains. Assuming

that the sensor is affected by white noise (a good approximation if the detection is performed

far from the 1/ f region) we can write the time domain root mean squared (RMS) as:

n̄t ≡ {
1

T

∫T

0
n2(t )d t }1/2 (1.8)

where T is the acquisition time. n̄t is expressed in Volts and it can be directly measured in the

time domain. In order to write down the frequency domain noise we consider the assumption

of having white noise at our source: this is justified by the fact that the physical noise of the

detector is due to a resistor, and that it is therefore expressed as [61]:

n̄t = nsd

�
F (1.9)

where nsd represents the noise spectral density [V/Hz1/2] and F the detection bandwidth. The

noise spectral density is, in generic terms, the physically fixed quantity in the system. For the

resistive case we would have the well known expression nsd =
√

4kB T R. Eq. (1.9) expresses

the fact that with a larger bandwidth we acquire more frequencies that equally contribute to

the time domain noise RMS. In a similar intuitive way one can write the RMS noise in the
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1.3. Sensitivity of mass-limited NMR probes

frequency domain:

n̄ f = nsd

�
T (1.10)

where T is the acquisition time. In terms of a more rigorous mathematical definition, the

RMS shown in eq. (1.10) can be defined in the frequency domain and then treated with the

Parseval’s identity:

n̄ f ≡ {
1

F

∫F

0
n2( f )d f }1/2 = {

1

F

∫T

0
n2(t )d t }1/2 =

�
T n̄t�

F
=
�

T nsd (1.11)

We note that eq. (1.11) simply corresponds to the FFT of the function n2(t) at a frequency

ν= 0. By assumption of white noise, in facts, we stated that n̄ f = n̄(ν) = n̄(ν′) ∀ν,ν′ ∈ [0,F ]. In

eq. (1.11) the quantity is easily computed thanks to the convenient choice of ν= 0. The factor

1/F , on the other hand, correctly normalizes over the number of data points and restores the

correct dimensions.

NMR signals are typically filtered by exponentially decaying functions, as implicit in eq. (1.7).

This operation equally affects the noise and in particular the RMS n̄ f :

n̄ f = {
1

F

∫T

0
n2(t )e−

2t
Tm d t }1/2 = nsd

√
Tm

2
(1−e−

2T
Tm ) (1.12)

Eq. (1.12), fully derived in Appendix A, describes the link between frequency RMS and noise

spectral density. Via eq. (1.9) the ultimate link to the time domain noise is therefore possible.

From eq. (1.7) we can proceed to the analysis of the FFT of the time domain signal:

S(ν) =
∫T

0
s0e

−t ( 1
T∗

2
+ 1

Tm
)
e−i 2πνt d t (1.13)

where ν is introduced as frequency deviation from the Larmor value. In simpler terms, S(0)

corresponds to the FFT contribution at the Larmor frequency. By solving eq. (1.13) in more
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generic notations and for the real part only we find:

S(ν) = s0

∫T

0
e−

t
τ∗ cos(ωt )d t

= s0
τ∗

1+ (ωτ∗)2 − s0{(
τ∗

1+ (ωτ∗)2 )cos(ωT )e−
T
τ∗ + [

ω(τ∗)2

1+ (ωτ∗)2 ]si n(ωT )e−
T
τ∗ }

(1.14)

where ω≡ 2πν and τ∗ ≡ T ∗
2 Tm

T ∗
2 +Tm

. The peak value of equation (1.14) is, as expected, at ν= 0:

S(ν= 0) = Smax = s0T ∗
2 Tm

T ∗
2 +Tm

[1−e
−T ( 1

T∗
2
+ 1

Tm
)
] (1.15)

By combining eqs. (1.14) and (1.12) one can finally write the SNR in the frequency domain:

SN R f =
s0T ∗

2 Tm

T ∗
2 +Tm

1−e
−T ( 1

T∗
2
+ 1

Tm
)

nsd

√
Tm
2 (1−e−

2T
Tm )

(1.16)

In accordance to Refs. [4, 62] the sensitivity of the detector is maximized for T ∗
2 = Tm . For this

reason such condition is always adopted as a criterion in NMR data processing. It is worth

to note at this point that, thanks to action of the matched filter (as it is commonly called the

exponential filter described above) the contribution of noise is exponentially dumped during

the acquisition. As a consequence, the acquisition time T affects the SNR only slightly. In order

to produce more friendly expressions we can consider the situation in which T � Tm = T ∗
2 by

computing the T →∞ limit in eqs. (1.14) and (1.12). As result we find the following expressions

for, respectively, the real part of the signal FFT S(ν) and the frequency RMS of the noise n̄ f :

S(ν) = s0
2/T ∗

2

(2/T ∗
2 )2 + (2πν)2 (1.17)

n̄ f = nsd

√
T ∗

2

2
(1.18)

In eqs. (1.17) and (1.18) Tm was replaced by T ∗
2 . It is worth to note that eq. (1.17) corresponds

to the well known Lorentzian function, in this case having a peak centred at the Larmor
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1.3. Sensitivity of mass-limited NMR probes

frequency. When looking at NMR spectra, it is often relevant to look at the spectral width.

One main parameter commonly used to evaluate this spectral feature is the full width at half

maximum (FWHM). From equation (1.17) we find that for the NMR signal the FWHM Δν is:

Δν= 1

πT ∗
2

(1.19)

Eq. (1.19) represents a measure of the frequency range over which the NMR signal power is

distributed. Obviously, the larger this frequency range and the lower the resulting SNR from a

fixed signal power. This intuitive law is confirmed by eq. (1.16), whose T →∞ limit becomes:

SN R f =
s0

nsd

√
T ∗

2

2
(1.20)

Since NMR analysis is more powerful and versatile by frequency-domain visualization, eq.

(1.20) is much more central and useful with respect to its time domain counterpart.

Sensitivity and LOD

The limit of detection (LOD) is an important parameter that expresses the effective minimum

quantity of a target compound detectable with a given NMR probe. Throughout this thesis

NMR LOD and sensitivity statements mainly concern the detection of 1H nuclei, but they

can in general be expressed for all nuclear species. Before defining LOD and sensitivity the

nuclear species should always be specified. Sometimes the literature offers statements of

sensitivity and LOD that are related to some complex molecule: this approach can be better

generalized by reporting LOD and sensitivity per unit nucleus (or spin). The relation between

the two clearly resides in the multiplicity of the target nucleus in the target molecule. In order

to simplify the treatment we will consider LODs and sensitivities as related to nuclei (or spins).

The definition of LOD is straightforward: assuming that eq. (1.20) describes the SNR obtained

in an NMR experiment where Nspi ns are sensed, the LOD expressed in terms of �spi ns can be

conveniently defined as:

LOD� =
Nspi ns

SN R f
=

�
2Nspi nsnsd

s0

√
T ∗

2

(1.21)

Eq. (1.21) is often multiplied by 3 in the literature in order to indicate the �spi ns that is visible

with an SNR of 3. However, in this treatment, we neglect this optional factor to maintain a
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more uniform notation in all equations, and thus define the LOD as the �spi ns that yields an

SNR of 1. From eq. (1.21) we note that LOD� is a dimensionless quantity, and that it relates to

a single NMR experiment where a single free-induction decay is analysed. In spectroscopy

it is also interesting to state the LOD in such a way that it includes information about the

experimental time needed to perform the detection. As discussed in Chapter 2 the most

used NMR detection frame is the pulsed scheme, where Nexp experiments are successively

performed with a repetition time TR . Clearly, by averaging the spectra obtained in each

single experience one can improve the SNR of the experiment by a factor
√

Nexp in a time

Texp = Nexp TR . As we can see, the SNR (and thus the LOD�) of an NMR experiment have a �
dependence on the experimental time. By seeking the amount of spins that are detected in

the experimental time Texp :

LOD�(Texp ) = LOD�√
Nexp

= LOD�

√
TR

Texp
(1.22)

From eq. (1.22) it is straightforward to identify the function that, independently from Texp ,

expresses the capability of detection of the sensor in terms of LOD over time:

LOD = LOD�

√
TR =

�
2Nspi nsnsd

�
TR

s0

√
T ∗

2

(1.23)

Equation (1.23) is the definition of LOD typically used in NMR spectroscopy and it has di-

mensions of �spi ns/
�

Hz. In this definition, the added dimension
�

Hz refers to the real

experimental time and its influence on the performance. From eqs. (1.23) and (1.22) the

relation relating the LOD to the effective number of spins detected after a given experimental

time is correctly deduced as LOD�(Texp ) = LOD/
√

Texp .

Despite its widespread use, the LOD is objectively not the best way to characterize an NMR

sensor itself. This is readily visible in eq. (1.23), where the LOD is shown to depend on TR

and T ∗
2 , which are both parameters that ultimately depend on the sample nature and/or on

the field distortions present in the sensitive region of the detector. Therefore the LOD can be

used as optimal parameter only to express the capability of detection of a target compound at

a given spectral resolution, but it results uncomfortable to express, independently from the

sample nature and the spectral resolution, the ability of the sensor itself to detect spins. In

order to better convince the reader that such performance parameter (that we can call "spin

sensitivity" or Nmi n) is a more comfortable and unambiguous way to describe the sensing

power of a detector, we might go back to the sensor of Fig. 1.2b and ask what is its perfor-

mance. Throughout my course we have measured with this same sensor liquid samples having

T ∗
2 � 100 ms, biological cells exhibiting T ∗

2 � 5−10 ms, solid samples having T ∗
2 in a range
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1.3. Sensitivity of mass-limited NMR probes

from 30 μs to 2 ms. Clearly, the experimental LOD changes in each situation. In order to solve

this issue it is sufficient to define Nmi n in such a way that all the dependences from sample

nature and linewidth are eliminated. Later, the relationship between Nmi n and LOD can serve

to compute the effective amount of spins detected in a given experiment. By going backwards

in the above discussion one realizes that the spin sensitivity of the detector can be best defined

by eliminating the dependence on T ∗
2 in eq. (1.20):

Nmi n = Nspi nsnsd

s0
(1.24)

where the physical dimensions are �spi ns/
�

Hz. It is worth to note, however, that the meaning

of the
�

Hz dimension in (1.24) and (1.23) are different from each other. In eq. (1.23) it is

referred to the experimental time, while in eq. (1.24) it refers to the linewidth of the NMR

signal. The relation between the spin sensitivity and the LOD is easily found to be:

LOD = Nmi n

√
2TR

T ∗
2

(1.25)

In NMR experiments at high field it is often true that repetitions times TR are in the order of

1 s. In this peculiar case one finds a straightforward relation between the LOD and the spin

sensitivity expressed in function of the linewidth Δν:

LOD � Nmi n

√
2πΔν · [s] (1.26)

Sensitivity of mass limited NMR probes

Table 1.1 shows a collection of referenced performance of mass-limited NMR probes normal-

ized at 600 MHz following the criteria as in Ref. [63]. The production of this table is partially

inspired by Ref. [63] and the values reported, hopefully minimizing the human errors, should

be taken with caution (although safely as a good approximation of reality). In order to evaluate

and compare the different approaches for the implementation of a mass-limited NMR probe

we reported as main information: (1) sample volume Vs ; (2) Linewidth (in ppb and Hz); (3)

LOD and sensitivity. The main parameter that can be used for a first classification of the probe

is, of course, the sample volume. In table 1.1 we have classified the probes by volume and

considered approaches aimed at active volumes smaller than the �μL. In what follows we try

to summarize more in depth the advantages and disadvantages of the three class of topologies

that are commonly used to make inductive NMR probes: planar, solenoidal, and stripline
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Chapter 1. Introduction

(microslot). Despite on this same topic there are already extensive reviews [32, 64], these are

not comprehensive of the most recent contributions.

Sensitivity of mass-limited NMR probes

�μL probes

Topology and Ref.
Vs

[nL]
Linewidth[

ppb
] Linewidth

[Hz]
LOD[

nmol/
�

Hz
] Nmi n[

�spi ns/
�

Hz
]

Planar-Helmotz [41] 8000 20 12 800 5.5·1016

Stripline [42] 2000 6 3.6 1.57 2·1014

Planar [43] 900 13.5 8.1 21 1.8·1015

Phased Array [44] 520 11 6.6 7500 7·1017

Planar [45] 470 300 180 40 7·1014

Planar [46] 390 15 9 230 1.8·1016

Solenoid [47] 315 4·1013

100−300 nL probes

Planar [48] 200 400 240 15 2.3·1014

Planar [49] 160 70 42 4 1.5·1014

Solenoid [50] 130 6 3.6 2 2.5·1014

Solenoid [51] 125 1700 1000 16.5 1.2·1014

Stripline [52] 125 80 48 18 6.2·1014

Solenoid (this thesis) [21] 100 6·1013

30−1 nL probes

Microslot [53] 30 1.8 1.1 1.4 3.2·1014

Planar [45] 30 300 180 3 5.3·1013

Planar CMOS [23] 15 9·1012

Solenoid [54] 15 74 44 0.1 3.6·1012

Microslot [55] 10 7.2 4.3 0.1 1.15·1013

Solenoid [56] 7 2.3 1.4 0.8 1.6·1014

Solenoid [57] 5 2 1.2 0.1 2.8·1013

sub-nL probes

Planar [58] 1 6 3.6 5 6.3·1014

Planar CMOS (this thesis) [21] 0.2 4.5·1012

Solenoid (φ= 100 μm) [59] 0.03 7·1012

Solenoid (φ= 20 μm) [59] 0.1 2·1012

Solenoid (φ= 100 μm) [60] 0.03 5·1012

Solenoid (φ= 20 μm) [60] 0.1 3·1012

Table 1.1: Performance and topology of reported mass limited NMR probes. Vs is the sample
volume, used as main parameter to classify the different probes. LOD and Nmi n are reported
accordingly to the the discussion presented above and normalized at 600 MHz.
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1.3. Sensitivity of mass-limited NMR probes

Stripline and Microslot

Since their first appearance [52] stripline probes have raised a large interest in the NMR

community. The idea behind this probe topology is to implement a high quality factor res-

onator using standard circuit microfabrication processes (PCB-like) and employ, as NMR

excitation/detection element, a strip embedded in the self-resonating circuit. In terms of

spectroscopy performance the stripline approach has some intrinsic advantage linked to its

geometry. First, the sample chamber is often made by a cavity that separates the sensing strip

from ground planes. As explained in [52, 65] such configuration allows for an homogeneous

excitation field B1. A second advantage of this geometry is the minimized amount of suscepti-

bility mismatch surfaces that cross the field direction. This leads to a sample chamber where

minimal field distortions, having relatively predictable geometries, can be shimmed to obtain

spectral resolutions in the order of 1 ppb [66, 67]. A third advantage is the high degree of

integration of stripline probes with microfluidics within the embedded multistep fabrication

process [42, 66, 67].

As shown in Table 1.1 stripline probes can perform very well on sample volumes of � 1 μL,

making them a first choice at this particular volume range: despite solenoidal probes may give

an higher spin sensitivity, stripline probes take advantage of the high spectral resolution to

boost the LOD and ultimately deliver more versatility for probe fabrication and integration

with fluidics. One drawback of this approach is, however, its scarce scalability towards smaller

probe size and sample volume: this is due to the fact that the self-resonating circuit has pretty

much a fixed dimension determined by the working frequency. At NMR frequencies, stripline

probes are typically cm-sized objects.

Microslot probes practically represent the downscaled implementation of the stripline ap-

proach. In this topology a high quality factor resonator is implemented with a combination

of metal routing (creating large inductance) and lumped capacitors, and a restricted strip

embedded in the routing is used as excitation/detection element. A hole in the excitation/de-

tection strip acts as sample chamber: this particular feature gives origin to the term microslot.

Although microslot approaches are capable of delivering high sensitivities on volumes ranging

from 10 to 30 nL, they do not give evident advantages with respect to the other approaches

at the same scale (see Table 1.1). Their major drawback is the large discrepancy between the

probe size and the active volume as well as a not too favourable sample handling geometry.

Solenoidal Probes

The solenoidal topology is often indicated, by most NMR scientists, as the most successful

in delivering the best NMR sensing capability. Indeed, the main intrinsic advantage of the

solenoidal topology is that it represents a well optimized way to produce a strong magnetic

field into a space region by using a conductive wire. Thanks to the relatively high inductance

generated in this topology, solenoids can be properly tuned and matched in LRC resonators

having relatively high quality factors. This is why it was possible to report solenoidal NMR

setups down to progressively small active volumes (reaching the 100 pL range).
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Figure 1.3: PMMA-embedded copper microsolenoids. (a) Section schematics: copper wires
are indicated in brown and PMMA is indicated in light blue. The hole within the solenoid hosts
the sample. A narrower hole connects the sample chamber to a reservoir via a microchannel.
Photographs in top and lateral view show the microsolenoid at an intermediate step of the
probe fabrication. The copper wire, manipulated with a wire bonder, has a diameter of 20 μm.
The inner diameter of the solenoid is about 170 μm. After soldering of the solenoid to a PCB,
PMMA is cast around its structure for susceptibility matching. Later, the sample chamber and
the microchannel are obtained via milling with an excimer UV laser. (b) NMR spectrum of
about 2 nL of water after 100 averaged scans at τπ/2 pulses with TR = 2 s.

Table 1.1 shows that solenoids always seem to be the best option if we look at the spin sensitiv-

ity: this is linked to the fact that, by producing higher magnetic fields in the sample region,

higher NMR signals and thus higher sensitivities follow. However, by a more careful inspec-

tion of table 1.1, one may realize that solenoids do not always outperform their alternatives

(particularly at small active volumes).

The main disadvantage of the solenoidal topology is intrinsically related to its geometry. The

sample chamber is constituted by the cavity confined by the wire loops and it must be oriented

perpendicularly to the external static field B0 in order to perform an NMR experiment (the

B1 field has to be perpendicular to B0). In this forced configuration, susceptibility mismatch

surfaces (present at the surfaces in proximity of the conductor) often make life hard to the

experimenter. Indeed, solenoidal setups generally require non-trivial susceptibility matching

strategies in order to deliver satisfactory linewidths. The most widespread strategy is to embed

to solenoid in a susceptibility matching medium (which can be a fluid or a cast polymer

as shown respectively in Chapters 2 and 3) [57, 68]. Even though susceptibility matching

strategies help in improving the performance of solenoidal setups, it is known that: (1) in
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1.3. Sensitivity of mass-limited NMR probes

order to obtain narrow linewidths the filling factor of the solenoid should be reduced to about

35% at expense of the spin sensitivity (due to the use of a larger coil diameter) [69]; (2) the

operation is more and more complicated as the sample volume (and coil size) become smaller.

As shown in table 1.1, solenoids maintaining high spin sensitivities and spectral resolutions

were successfully reported at a volume scale of 100 nL [50] and 5 nL [57]. However, already

at 5 nL sample volumes, the spin sensitivity of a high resolution probe is smaller than, e.g.,

the one obtained by planar CMOS and microslot probes. On the other hand the solenoidal

probe reported in [54], which reports the highest spin sensitivity in the 10 nL volume region, is

affected by a relatively large linewidth (on samples in their liquid state). These trends reflect

the trade-off between resolution and sensitivity characterizing solenoidal probes.

During the course of my PhD we could experimentally prove other major drawbacks of the

solenoidal approach when its aim is the analysis of sub-nL samples via NMR spectroscopy.

For this same aim a NMR probe should exhibit, besides a high spin sensitivity, high versatil-

ity in terms of sample manipulation and high control of background signals (sub-nL NMR

spectroscopy obviously requires long time averaging). Recent contributions describe the

systematic and reproducible fabrication of micro-solenoids via wire bonding [68, 70]. Inspired

by these techniques, we have implemented miniaturized hollow PMMA-embedded copper

microsolenoids whose cross section is described in fig. 1.3a. The idea was to beat the perfor-

mance of the probe shown in Fig. 1.2b, particularly for the aim of performing spectroscopy of

sub-nL ova (see Chapter 4). Fig. 1.3a also shows photographs at an intermediate step during

the fabrication of the probe. At the end of the fabrication (i.e., after wire soldering, PMMA

casting, microdrilling via UV laser and packaging) it was possible to obtain PMMA-embedded

copper microsolenoids and test their use in comparison to the CMOS planar probe. Fig. 1.3b

shows a measurement on water, where a spin sensitivity of about 2 · 1013 spins/
�

Hz was

obtained together with a linewidth of about 30 Hz (coherently with what previously shown

over sample volumes of 10 nL in very similar conditions [68]). However, this approach has

shown huge flaws for spectroscopy purposes over long averaging times. The combination of

the presence of a parasitic sensitive region (as in Fig. 1.2a), the need of a liquid environment

for the sample, the unfavourable geometry of susceptibility mismatches (exasperated at this

scale), and the necessary use of different materials (even though matched in susceptibility

[71]) yielded NMR performance unfit for scopes other than the spectroscopy of high spin

concentrations in the liquid state (at water susceptibility). First, over long times, background

signals in the order of 1/1000 of the water peak are visible and unstable (attributed to water

infiltration around the sensitive volume and/or in the materials within the parasitic active vol-

ume). Second, upon insertion of samples unmatched with water the resulting field distortions

were unshimmable due to their small scale and not reproducible. The sum of these problems

greatly reduces the utility of solenoidal setups at the sub-nL scale, especially for scopes such

as the analysis of sub-nL biological samples.

Overall, solenoidal setups may be regarded as optimal choice for volume sizes of 100−300

nL, and as valid alternative down to about the 10 nL range (with drawbacks in terms of ver-

satility). As it can be seen from table 1.1, at sub-nL scales solenoidal setups do not show a

great advantage in terms of sensitivity and their drawbacks are exasperated as described above.
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Planar Probes

The planar topology essentially consists in making the excitation/detection inductor with

metals routing on a surface. Planar coils can be obtained via standard microfabrication

processes such as electroplating on glass substrates. The conductor is generally shaped in a

spiral way and the contacts to the external circuitry typically require at least a second level of

metallization, being one extremity of the spiral in the inner side. By approaching the sample

to the surface of the inductor NMR experiments can be conducted with the static magnetic

field oriented parallel to the coil surface.

The planar topology and the resulting probe geometry have advantages and disadvantages

that are complementary to the ones belonging to striplines and solenoids. On one side

the minimum amount of mismatch surfaces perpendicular to the static field makes planar

probes suitable for high resolutions without too complicated susceptibility matching strategies

(comparably to striplines, and in advantage with respect to solenoids). On the other hand, the

spiral form given by nested loops of different diameter typically yields a B1 excitation field

which is more inhomogeneous with respect to both solenoids and striplines. Consequently,

applications where B1 homogeneity is crucial can be possible only accepting small filling

factors (at expense of sensitivity). One advantage that characterizes planar microcoils is their

scalability over a large range of scales at practically no expense in terms of versatility and

resolution performance (contrarily to the solenoidal case).

As shown in table 1.1 the performance shown by planar microcoils tend to improve together

with their miniaturization. If at � 1 μL volumes they are outperformed by the alternative

approaches, at volumes of 100−300 nL they start to represent a valid alternative. At volume

scales below the 30 nL, thanks to the extreme level of integration of CMOS technologies, planar

CMOS microcoils deliver state of art sensitivity and LOD. Finally, thanks to the multilayer

properties of CMOS, multilayer and non-resonant planar CMOS microcoils are shown (in this

thesis work) to deliver state of art sensitivity and LOD at the sub-nL scale. Due to their basically

trade-off free employment at these volumes they represent the most favourable choice in the

sub-nL volume region, where the only alternative is the solenoidal approach (competitive in

terms of sensitivity, but outperformed under all aspects in what concerns practical versatility).

A last and crucial advantage of CMOS planar coils is, as already extensively explained in the

previous section, the possibility to integrate them into ultra-compact devices. As more evident

in Chapter 4, such devices deliver an unprecedented degree of versatility at the sub-nL scale

together with state of art sensitivity. The combination of these facts is the reason why a first

extensive NMR spectroscopy study of individual static sub-nL biological sample was enabled.
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2 A broadband single-chip transceiver
for multi-nuclear NMR probes

2.1 Abstract

In this chapter we describe a broadband complementary metal-oxide semiconductor (CMOS)

single-chip transceiver suitable for pulsed nuclear magnetic resonance (NMR). The single-chip

transceiver can be interfaced with on-chip integrated microcoils or external LC resonators and

operates in the range from 1 MHz to 1 GHz. The dimension of the chip is about 1 mm2, and it

consists of a radio-frequency (RF) power amplifier, a low-noise RF preamplifier, a frequency

mixer, an audio-frequency (AF) amplifier, and fully integrated transmit-receive switches. In

order to validate its broadband use, we show experiments of multi-nuclear NMR spectroscopy.

When the probe employs an external resonant micro-solenoid having an active volume of 100

nL, the sensitivity on a sample of 7 M NaBF4 in H2O is sufficient to achieve a good SNR down

to the Na Larmor frequency.

Besides the implementation of compact probes using standard high resolution micro-solenoids,

within this chapter it is introduced the concept of ultra-compact NMR probe, where the co-

integration of a transceiver together with a multilayer CMOS microcoil simultaneously allows

for high sensitivities in sub-nL active volumes and an exceptional degree of versatility in

the resulting probe. With an integrated coil of about 150 μm external diameter, a 1H spin

sensitivity of about 1.5 ·1013 spins/Hz1/2 is achieved at 7 T. we were able to perform NMR

spectroscopy of solid and static samples in volume ranges of 100−300 pL. Measurements on

NH4PF6 (ammonium hexafluorophosphate) and cis-polyisoprene served as calibration of the

sensor.

2.2 Introduction

NMR techniques are widely employed in chemistry, physics, biology, medicine, and material

science for a large variety of studies [5, 72, 73]. Although diffused and very powerful, costs

This chapter is a minor variation of the publication "A broadband single-chip transceiver for multi-nuclear
NMR probes" [21].
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Chapter 2. A broadband single-chip transceiver for multi-nuclear NMR probes

and dimensions of the necessary instrumentation limit its use, making of it a last resort for

those cases where cheaper techniques are not available. In principle, the use of low-cost

NMR spectrometers and imagers can reach a huge number of applications: from real-time

diagnostics (e.g. on skin, biological samples or tendons) [10, 11, 74] to quality control of

various products (e.g. elastomers or olive oils) [75, 76] In the last few years, low-cost NMR

systems were proposed on the market in the attempt of fulfilling these needs [77, 78].

Given a static external magnetic field B0, the NMR frequency is ν0 = γB0 where γ is the gyro-

magnetic ratio of the target nucleus (γ� 42.6 MHz/T for protons) [79]. In order to obtain a high

signal-to-noise ratio (SNR) and access the information hidden in NMR spectra, strong and

homogeneous magnetic fields are required [3, 80]. The realization of strong and homogeneous

miniaturized magnets is the main obstacle towards low-cost portable NMR tools, possibly

solved by Halbach configurations of permanent magnets [81, 82]. NMR systems also require

relatively complex RF electronics for resonance excitation and signal detection. The design

of electronic micro-chips for NMR purposes has the aim to shrink the size of electronics

for low-cost NMR spectrometers [12, 13, 16, 18] and to combine micro-coils with integrated

receivers in order to achieve probes parallelization and high spin sensitivity [26–28, 36].

The first integrated probe was proposed for magnetometry purposes and employed integrated

pick-up coils coupled to receivers, with the excitation operated by a second inductively de-

coupled coil [29]. Receiver-only chips, with the whole electronics buried below integrated

microcoils, were proposed as optimal choice for micro-imaging [28], parallel imaging arrays

[26], and probes for surgical guidance [27]. The realization of integrated transceivers for NMR

purposes, of which there are only a few examples [12, 13, 18], also included integrated pulse

sequencers aiming at miniaturizing the size and abating the costs of the overall electronics

needed to build spectrometers.

This report describes a broadband single-chip transceiver, whose combination with multi-

frequency probes provides a simple, but effective and versatile, low-cost electronic interface

for NMR probes. We show its employment in combination with both external and inte-

grated microcoils. As specific examples, we performed multi-nuclear NMR spectroscopy on

solids and liquids. The single-chip transceiver consists of an RF power amplifier, an RF low-

noise preamplifier, a frequency mixer, an audio-frequency (AF) amplifier, and fully integrated

transmit-receive switches. One issue of integrated transceivers is to connect efficiently trans-

mission (TX) and reception (RX) electronics with the excitation-detection coil. In previous

works switches were placed in series with the transmitter, implying power losses in TX mode

[12, 18]. The topology used to realize the switches allows, as well as that in ref [13], power

transmission without power loss. More than 50 dB isolation is provided between TX and RX

and both channels operate with best performance from 1 MHz to 1 GHz.

We realized probes for samples of volumes of the order of 100 nL (using an external coil) and

250 pL (using an integrated microcoil). Recently, non-resonant microcoils were indicated as

an option to realize volume-limited (25 nL) multi-nuclear NMR probes [83]. Nevertheless, at

the same scale, it is still possible to use resonant micro-solenoids capable of high spectral

resolution and spin sensitivity [84]. Indeed, when possible, the use of LC resonators allows a

lossless intrinsic gain between the coil and the receiver, definitively advantageous in terms of
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SNR [3]. An issue in multi-frequency resonant probes is to tune the same resonator at different

frequencies. The single-chip transceiver is interfaced with a resonant coil via a matching

network where reversed biased diodes are employed as voltage controlled capacitors, allowing

for a frequency range where the ratio between the maximum and minimum frequency is up to

a factor four. The fully integrated probe, on the other hand, is designed for volumes where it is

hardly possible to realize multi-frequency LC resonators. Thus, a non-resonant microcoil is

used. As future prospective, this work can serve as base to realize low-cost NMR interfaces

and high sensitivity micro-probe arrays for micro-imaging and mass-limited spectroscopy

purposes.

Sect. 1.3 is dedicated to the description of the integrated electronics and probes design. In

Sect. 1.4 we recall the basics of pulsed NMR in relation to the experimental setup. In Sect.

1.5 we present multi-nuclear spectroscopy experimental results obtained with the realized

probes.

2.3 Electronics design

Fig. 2.1a shows photographs of the single-chip transceivers. The chips, realized with a 2P6M

CMOS 130 nm process provided by STMicroelectronics, have dimensions of about 1 mm2. Fig.

2.1b shows the block diagram of the single-chip transceiver where transmitter and receiver are

connected to the integrated or external coil at two nodes a and ā. In what follows we give an

outline of pitfalls and trade-offs in designing this instrumentation, but we defer to the final

chapter for the detailed schematics at the transistor level.

2.3.1 Transmitter

The transmitter design, inspired by previous reports, consists of two differential chains of

inverters [12]. Our integrated switches allow commutation between TX and RX in some ns

and provide more than 50 dB isolation between the two channels. No switches are used in

series with the output stage of the transmitter, which consequently operates with no power

losses. Fig. 2.1b shows the case in which the TX mode is selected. In the RX mode, the two

inverter chains are in stand-by, no current is drawn from their DC source, and the four last

transistors of the transmitter act as open switches with impedances of about 200 kΩ. We

used 2.5 V I/O transistors, which operate at the largest voltage of the technology employed.

During transmission, the inverters impose differential squared waves in a and ā, both toggling

between ground and 2.5 V. The output impedance of the transmitter is Zs = 50 Ω. The power

delivered to the probe depends on the impedance Z between nodes a and ā in TX mode, and

it is P = Vr ms/|Zs + Z | , where Vr ms = 1.8 V for sinusoids of amplitude 2.5 V. When we use

an external coil, we tune it at the working frequency and match its impedance to Rm = 320

Ω. In these conditions, the transmitted current is about 10 mA and the transmitted power is

about 10 mW. When we use the integrated coil, the transmitted current is about 20 mA and the

transmitted power is about 20 mW at 300 MHz (see description of the integrated coil below).
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Figure 2.1: Photograph and block diagram of single-chip transceiver. (a) Photograph of the
single-chip transceivers for both external (left) and integrated (right) coil. (b) Block diagram of
the single-chip transceiver.
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The transmitter current limit is 70 mA.

2.3.2 Receiver

The receiver consists of a low-noise RF amplifier (LNA), a double balanced Gilbert mixer, a

Miller AF amplifier, and a last amplification stage where the signal is converted from differ-

ential to single-ended. Integrated mixed signal circuits suffer of common mode noise due to

digital switching noise on the supply line. For this reason, the whole receiver is designed as a

fully differential system. The differential-to-single-ended conversion is done once the com-

mon mode noise is much smaller than the amplified differential one. The detailed schematics

of LNA, mixer and AF amplifier can be found in Chapter 5.

The LNA has a gain of 35 dB and it is AC coupled to the mixer in order to avoid offset problems.

Mixer and AF part have gain of 19 dB. Hence the overall gain of the receiver is 54 dB. The

receiver consumes a current of 14 mA from a 1.5 V DC source. The wideband fully differential

LNA is the first element interfaced with the coil. Its bandwidth is 1−300 MHz and its frequency-

dependent input impedance is ZLN A = 1/iωCg s , with Cg s (the gate capacitance of the input

transistors) 0.5 pF. The large size of the input transistors, whose areas measure 150 (P-MOS)

and 63 (N-MOS) μm2, is necessary to reduce the 1/ f noise component at low frequencies.

When the coil is external, a resistor Rm = 320 Ω fixes the real part of the input impedance and

protects the LNA from the energy discharge associated with TX to RX switching. When the coil

is integrated there is no resonator and no impedance matching, and Rm is increased to 20 kΩ

to improve noise performance (see below). The impedance of the two switches connected to a

and ā is about 10 Ω in RX mode and 6 kΩ in TX mode. Hence, the contribution of the switches

to the electronic noise in RX mode is negligible.

2.3.3 Deadtime

During transmission the resonating RLC network stores a certain amount of energy, whose

ratio with the energy dissipated per unit cycle defines the quality factor Q =ωL/RC , where ω is

the resonating angular frequency, L the inductance of the coil, RC its resistance [85]. Switching

from TX to RX, the stored energy dissipates and causes the saturation of the receiver for a

time which depends on both the time needed by the resonator to discharge and the time

needed by the receiver to recover from its saturation condition. The combination of these

two delays gives rise to the so called dead-time, defined as the time interval between the end

of the excitation and the beginning of useful signal acquisition. In an optimal design the

recovery of the receiver should be negligible and the dead-time should be mainly determined

by the discharge time of the resonator and the gain of the electronics. The decay time of the

discharging resonator is Td = L/R =Q/ω0. The recovery time of the receiver is of the order of

the inverse of its AF bandwidth, which in our case is about 4 MHz. The measured recovery

time of our receiver is about 1 μs. After excitation, the NMR signal decays exponentially with

the relaxation time T2. T2 Relaxation times in liquids can be as large as 10 s, while solids and

elastomers have relaxation times between tens of μs and some ms. It is thus clear that having
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a short dead-time is necessary to allow pulsed experiments on a broad variety of samples.

2.3.4 Variable frequency probes
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Figure 2.2: Multi-frequency probes schematics. (a) multi-frequency probe: the tuning and
matching capacitances are given by reverse-biased varicap diodes, and are regulated by the
control voltages Vm and Vt . Vm is negative and Vt positive, their absolute value ranging
between 0 and 25 V. D1 (matching): NXP BB181, D2 (tuning): NXP BB182. (b) Equivalent
circuit.

Fig. 2.2a shows a schematic of a multi-frequency probe, where matching and tuning capacitors

Cm and Ct are adjusted by two voltage sources Vm and Vt on reverse-biased varicap diodes

D1 and D2. The external probe is fully differential to reject the common mode noise. Fig.

2.2b shows the equivalent circuit where, essentially, a coil is interfaced with a real impedance

Rm . Varying Cm and Ct , the impedance across nodes a and ā can be transformed until it

matches Rm [85]. In this probe, Cm and Ct have a dynamic range (defined as Cmax /Cmi n) of

about 16. The main drawback in using diodes as capacitors is that, during transmission, large

signals are applied across the coil inducing for limited time forward bias of the diodes, hence

dissipating some transmitted power. This particular issue can have severe consequences on

the performance of the probe and it is more relevant when using coils with high Q factors: a

larger Q factor implies larger voltage signals across the coil and thus more undesired power

dissipation (see discussion in Section 1.5).

The choice of the matched impedance is important when a fixed and relatively small power

is available in transmission. Indeed, it is possible to show that (see below) the process of

impedance transformation includes an intrinsic voltage gain Gi nt �
�

Rm/4RC from the coil

to the nodes a and ā, indicating as optimal choice a high matched impedance to reduce the

contribution of the noise of the electronics. It is also true (see below) that the pulse length

necessary to reach the maximum signal condition is τπ/2 �π
�

RmRC /
�

2γBuVr ms indicating

a small matched impedance as preferable choice. Thus, a higher matched impedance is

convenient when receiving but inconvenient when transmitting with a fixed limited power.

In our design, the choice Rm = 320 Ω was judged to be a good compromise between pulse

lengths and noise performance.

26



2.3. Electronics design

2.3.5 External coil: intrinsic gain and pulse time

In this short paragraph we derive the expressions of the intrinsic gain Gi nt and pulse length

τπ/2 in tuned and matched pulsed NMR probes as the ones described above. Fig. 2.3a shows

equivalent circuits of probes in both TX and RX conditions. In Fig. 2.3a a voltage V across the

nodes a and ā is imposed and we are interested in the current through the coil i (TX mode).

TX(a)
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CtV

i

a

a

Z

RX(b)

Rc

L
Cm

Cm

CtRm

V

V’
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Z

Figure 2.3: Probes tuning and matching. (a) Schematics representing tuned and matched
probe in (a) TX mode and (b) RX mode.

In Fig. 2.3b the NMR signal is represented by an electromotive force induced in the coil and

we want to calculate the voltage V ′ =Gi nt V across the nodes a and ā (RX mode). The tuning

and matching capacitances, respectively Cm and Ct , are used to transform the impedance

of the coil. Being reactive elements, no noise is added by them and we can assume that

during impedance transformation the SNR is preserved. If we impose that the impedance Z

of the circuit on the right side of the nodes a and ā is equal to Rm (i.e., impedance matching

condition) we obtain:

Ct = 2ωQ

RC
−

√
4ω2Q2

R2
C

−4ω2(1+Q2)(
1

R2
C

− 1

RmRC
)

Cm = 2

ωRmQ −ω2CtQ2RC Rm −ω2Ct RC Rm

(2.1)

For simplicity, we neglected the parasitic capacitance of the LNA, whose impedance has to

be compared to Rm/2. In our system Rm/2 = 160 Ω and the impedance of the LNA parasitic

capacitance is about 1.1 k Ω at 300 MHz. Solving the circuit in Fig. 2.3a and using 2.1 we obtain

the relation between V and i :

ir ms � Vr ms�
RmRC

(2.2)
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During excitation, the effective field is B1 = Bui si n(ω0t)/2. Given that θ = γB1t the pulse

duration τπ/2 required to reach the maximum signal can be written as:

τπ/2 � π
�

RmRC�
2γBuVr ms

(2.3)

Equation 2.3 shows that choosing a large value for Rm would be unattractive, while a high Bu

helps in reducing the pulse length. Similarly, solving the circuit in Fig. 2.3b gives:

V ′ �V
√

Rm4RC (2.4)

From equation 2.4 we obtain Gi nt = V ′/V � �
Rm/4RC . As we can see, a larger Rm would

be convenient in reception since a large intrinsic gain guarantees that the noise coming

from the coil becomes dominant with respect to the noise of the front-end electronics nel ec .

This observation is evident also writing the total input noise of the system, which is ni n =√
2kB T Rm +n2

el ec .

2.3.6 Integrated coil

The integrated coil shown in Fig. 2.1a is realized using the top four metals of the integrated

circuit technology. The number of turns (22 in total), their diameter and their width is opti-

mized for cubic samples with edges of 50 μm. The Si3N4/SiO2 passivation, separating sample

and coil, is 1.1 μm thick. The 13 turns in the highest metal are in aluminium, 0.9 μm thick, 3.6

μm wide. The remaining three copper metals have three turns each, 0.35 μm thick and 6.4

μm wide. The DC inductance is 54 nH and the DC resistance is 60 Ω. Since the skin depth in

both copper and aluminium at 300 MHz is significantly larger than the metal thickness, the

resistance at 300 MHz is marginally higher than the DC value. The inhomogeneous sensitive

volume of this microcoil roughly corresponds to a deformed semi-ellipsoid having a volume

of about 250 pL. We will better study this aspect later, when the results retrieved will require a

more detailed analysis of the microcoil sensitivity. For the remaining of this chapter, we can

consider (in very good approximation) that the sensitive volume is of about 250 pL and that

the average unitary field is of about 0.2 T/A.

2.4 Experimental Setup

When placed into an external static magnetic field B0 along a direction ẑ, spins of paramagnetic

nuclei precess about the static field at the Larmor angular frequency ω0 = γB0 and their energy

minimum favors their partial alignment along ẑ, giving a macroscopic magnetization M0 =
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Ns(I +1)Iγ2ħ2B0/(3kB T ), Ns being the density of spins, I the nuclear spin, T the temperature

of the sample [72]. It is possible to exploit a resonant phenomenon by applying a field B1

oscillating at the Larmor frequency along a direction perpendicular to ẑ. In doing so, the

orientation in space of the sample magnetization M changes, rotating in space with an angular

velocity ω1 = γB1. After an excitation time τ, the angle θ between M and ẑ will be θ = γB1τ [72].

When B1 is suddenly shut down, the magnetization relaxes towards its thermal equilibrium

condition keeping its precession at frequency ω0 about ẑ. An electromotive force, which

survives as long as the spins precession remains coherent, is induced by Faraday’s law in any

inductor placed in proximity.

TR

1 2 3 n

0s

LO

TX
output

TTL pulse

(a)

(b)

DAQ

PCB

matching
networkCHIP

1.5 V 2.5 V Vm Vt

0-25 V

~e-t/T2
*

AF

RF

Figure 2.4: Experimental Setup. (a) A schematics of a pulsed NMR experiment, where n
pulsed experiments are performed with pulse length τ and repetition time TR . The signal has
an amplitude s0 and an effective relaxation time T ∗

2 . (b) Block diagram of the complete NMR
system. RF source: Anritzu MG3633A. AF amplifier: Stanford SR560. The printed circuit board
(PCB) containing the single-chip transceiver is inserted into the 54 mm room temperature
bore of a Bruker 7.05 T superconducting magnet.

A basic NMR experiment uses a single coil to excite the resonance and pick-up the free

induction decay signal (FID), whose initial amplitude is given by s0 = ω0M0VsBu si nθ [3],

where Bu is the field per unit current (unitary field) of the coil and Vs the sample volume. The

maximum signal is obtained when the magnetization of the sample is rotated by θ =π/2 and

the excitation field B1 must be as high as possible in order to reach this condition in a short

time compared to the nuclear relaxation time [72]. Having small excitation pulse lengths (a few
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Chapter 2. A broadband single-chip transceiver for multi-nuclear NMR probes

μs) also guarantees uniform excitations of broad spectra. Fig. 2.4a illustrates a simple pulsed

NMR experiment, where n excitation pulses of length τ and n acquisitions are consecutively

performed with a repetition time TR . After each pulse, a signal with initial amplitude s0 and

typical decay time T ∗
2 is acquired. For a maximal signal in each measurement, the repetition

rate TR must be significantly larger than T1, which is the time required to restore the thermal

magnetization M0. Usually called longitudinal (or spin-lattice) relaxation time, T1 depends on

both the sample and the external field. From the received signal one can extract the amplitude

s0 proportional to the number of participating spins, the Larmor frequency dependent on the

chemical structure [86], and the effective relaxation time T ∗
2 . In liquids, the effective relaxation

time is mainly due to the field inhomogeneity within the sample, which facilitates the loss

of coherence between spins and thus the decay of the signal. With more complicated pulse

sequences (e.g., the spin echo technique) [30], one can have access to the true relaxation time

T2, which reveals information concerning spin-spin interaction within the sample, ultimate

cause of spin decoherence [87].

Fig. 2.4b shows the block diagram of the setup used for our measurements. The single-chip

transceiver is wire bonded to a printed circuit board (PCB). The transceiver is inter-faced with

the external excitation-detection coil via a matching network (see Fig. 2.2), while no other

component is needed when the coil is integrated on-chip. For excitation and down-conversion

one can choose to use a single RF generator or two separate ones. The advantage of working

with two RF generators is the on-resonance transmission, allowing both the use of long pulse

lengths and a down-converted frequency far from the 1/ f noise region. When using two

separate RF sources, a pre-switch of the excitation signal is preferable to eliminate the weak

parasitic signal due to TX to RX leakage. The output signal is amplified before acquisition. The

gain and antiali-asing low-pass filter of the AF amplifier increase the effective dead-time of

the system (up to 9 μs with a gain of 103 and low-pass filter at 300 kHz). Four DC sources are

dedicated to transmitter (2.5 V), receiver (1.5 V), tuning and matching in variable frequency

probes (±25 V). A multifunction board (NI BNC-2110) is used for generation of TX/RX TTL

switching pulse and signal acquisition. All experimental parameters TR , τ, (Vm , Vt , for external

coil) are controlled by a LabVIEW program.

2.5 Results

2.5.1 Noise and Gain

The gain of the receiver, measured by looking at the amplification of a controlled input voltage

signal, is 54 dB in agreement with simulations within 2 dB in the frequency range 1−300 MHz.

The simulated input referred noise of the receiver is 1.1 nV/Hz1/2 within its bandwidth. When

an external coil is matched to 320 Ω the equivalent impedance at LNA input is 160 Ω, resulting

from the parallel between 320 Ω and Rm . In these conditions, the overall receiver input noise

is expected to be 2 nV/Hz1/2. When we consider the 60 Ω integrated coil the input noise is

given by nel ec and the coil itself. The expected input noise in this condition is 1.5 nV/Hz1/2.

Fig. 2.5 is a measurement of the input noise voltage spectral density (V SD) for both cases,
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showing good agreement with the expected values.

Figure 2.5: Measured equivalent input noise voltage spectral density (V SD). Blue: noise
with a 320 Ω resistor at receiver input. Red: noise with the integrated micro-coil at receiver
input. The local oscillator (LO) frequency is 100 MHz at 0 dBm power. The acquisition
is performed with sampling rate of 1.3 MHz and a 300 kHz antialiasing filter. The corner
frequency is slightly dependent on the local oscillator frequency, with a value of 15 kHz at 300
MHz. The noise level measured at 50 kHz is independent from the local oscillator frequency
in the range from 1 MHz to 1 GHz.

The effective noise figure can be defined as the factor by which the SNR originally given by the

coil is degraded. When an external coil is matched to the real input impedance of the receiver

the SNR is degraded by 3 dB, a factor paid to appropriately protect the LNA using 320 Ω at

the input. A further degradation of 2 dB is added by the electronic noise of the receiver. This

relatively large factor is due to the trade-off between the wide bandwidth operation (1−300

MHz) and the low input referred noise. The total effective noise figure with external coil is thus

5 dB. In the fully-integrated probe, the electronic noise is approximately equal to the thermal

noise of the microcoil thanks to the increased Rm , giving an effective noise figure of 3 dB.

2.5.2 Multinuclear NMR spectroscopy

In this section we show the application of our single-chip transceiver to multi-nuclear NMR

mass-limited spectroscopy. The multi-nuclear probe with external coil is a multi-frequency

probe as shown in Fig. 2.2a, where the coil is a 14 turns solenoid made by an enameled copper

wire (φ= 100 μm) wrapped around a fused silica capillary having an external diameter of 450

μm and internal one of 320 μm. Its inductance is L = 60 nH and its unitary field is Bu = 0.012

T/A at 300 MHz. The resonator resistance is dominated by the resistance of the diodes and

their connection to the coil, and it is estimated at about 2 Ω at 300 MHz. During the fabrication
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no glue is used to fix the wire on the capillary. The coil is inserted into a 2 mL Eppendorf tube

(BRAND® microcentrifuge tube, φ= 1 cm) later filled with D2O for susceptibility matching

[84]. In our case, the best achieved full width at half maximum of the 1H spectrum goes from

about 50 Hz to 6 Hz when the susceptibility matching fluid is added.

Figure 2.6: Measurements with the external coil probe in a field B0 = 7.05 T. Spectra are real
parts of the FFT. For all measurements we used a single coil matched and tuned at various
frequencies using varicap diodes. The coil consists of 14 turns 100 μm diameter enameled
copper wire solenoid wrapped around a fused silica capillary (from BGB) having external
diameter of 450 μm and internal diameter of 320 μm. The sample volume is 100 nL and
contains NaBF4 dissolved in H2O with a concentration of 7.5 M. The coil is inserted in a 2
mL Eppendorf tube filled with D2O for susceptibility matching. The acquisition is performed
for 800 ms with sampling rate of 500 kHz. The gain before signal acquisition is 102 and the
antialiasing filter frequency is 100 kHz. Each signal is down-converted at about 50 kHz. 7 μs of
data are rejected. (a) 1H spectrum, single measurement with τ= 12 μs. (b) 19F spectrum, single
measurement with τ= 14 μs. (c) 11B spectrum, average of 20 measurements with TR = 15 s
and τ= 32 μs. (d) 23Na spectrum, average of 500 measurements with TR = 1 s and τ= 52 μs. In
this case, an exponential matched filter with decay time 250 ms is applied.
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Figure 2.7: Measurements with the integrated coil in a field B0 = 7.05 T. (a) Time domain
signal of 1H at chip output, average of 5000 measurements with TR = 14 s and τ = 2 μs. (b)
1H spectrum. (c) Time domain signal of 19F at chip output, average of 5000 measurements
with TR = 8 s and τ= 2 μs. (d) 19F spectrum. Spectra are real parts of the FFT obtained from a
solid sample of NH4PF6 placed on the micro-coil shown in Fig. 2.1a. The sample is a grain
of about 130 pL. An exponential matched filter with decay time 100 μs is applied. (e) Time
domain signal of 1H at chip output, average of 3000 measurements with TR = 1 s and τ= 2
μs. (f) 1H spectrum. The sample is about 250 pL of solid cis-polyisoprene. An exponential
matched filter with decay time 2 ms is applied. (a-d) The acquisition time is 5 ms. (e-f) The
acquisition time is 20 ms. (a-f) The gain before signal acquisition is 103 and the antialiasing
filter frequency is 300 kHz. The acquisition is performed with sampling rate of 1 MHz. 9 μs of
data are rejected. Each signal is down-converted within 50 and 150 kHz.
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Fig. 2.6 shows the real part of the spectra taken from a sample of 7.5 M of NaBF4 dissolved in

H2O. NMR experiments on this system have been reported previously [88]. J-splitting of 19F

and 11B have 1:1:1:1 primary peaks for fluorine and 1:4:6:4:1 for boron with relative shifts of

about 5 Hz at 7 M concentration. These peaks arise from the J-coupling between 19F (I = 1/2)

and 11B (I = 3/2) spins in the BF4 molecule. Fig. 2.6a shows the 1H spectrum due to H2O.

Fig. 2.6b shows the 19F spectrum, where the four peaks due to 11B are visible, while a second

unresolved structure arises from the presence of 10B isotope (I = 3). Fig. 2.6c shows the 11B

spectrum, with the five peaks due to the possible configurations of four equivalent 19F spins.

Finally, the single peak in Fig. 2.6d arises from Na+ ions. All chemical shifts are expressed in

ppm deviation from the resonance frequency of standard reference samples, using for each

nucleus the values reported in Ref. [89]. Since these reference molecules were not present in

our sample, we assigned a chemical shift of 4.79 ppm to the 1H peak of H2O, thus computing

the resonance frequency of the 1H reference sample. This allows to determine the chemical

shifts for all nuclei with respect to their usual references as suggested in Ref. [89].

Fig. 2.7 shows measurements performed with the integrated microcoil of Fig. 2.1a. No

stabilization system acts on the magnetic field, whose typical drift during twenty hours is

below 60 nT (9 ppb) (see following chapter). In Fig. 2.7a-d the sample is a grain of ammonium

hexafluorophosphate (216593, Sigma Aldrich). Both 19F and 1H signals show a relaxation time

of about 30 μs. These measurements on a solid sample were possible thanks to the short dead-

time of our probe. Fig. 2.7e-f show measurements on a sample of cis-polyisoprene (182141,

Sigma Aldrich). Due to a relatively important chain segmental mobility, cis-polyisoprene has a
1H-NMR resonance line significantly narrower with respect most of solid samples. Fig. 2.7f

shows the real part of the FFT, to which the three groups CH, CH2 and CH3 contribute. The

main peak is given by groups CH2 and CH3, the secondary one by CH [90]. All chemical shifts

are expressed in ppm deviation from the resonance frequency of standard reference samples,

using for each nucleus the values reported in Ref [89]. Since these reference molecules were

not present in our sample, we assigned a chemical shift of 1.5 ppm to the 1H peak of CH2 and

CH3 and assumed the same field B0 for both samples.

In a pulse of length τ there are frequencies up to an offset from carrier of about 1/τ and,

in multi-nuclear experiments on unknown samples, the employed pulse lengths should be

short enough to excite resonance at all the possible chemical shifts. Thus, the ability of

transmitting power to the coil can be critical for the excitation of broad spectra. In Table 2.1 we

report the measured τπ/2. For the external coil, the measured pulse lengths are in agreement

with SPICE simulations of the transmission condition using, for varactor diodes, the models

provided by manufacturers. By comparison with simulations performed with fixed capacitors

we concluded that the use of varactor diodes increases the τπ/2 length by a factor 1.3.

In Table 2.1 we report the theoretical and experimental values of the signal amplitudes s0 and

noise V SD . Based on s0 and V SD , it is possible to express the sensitivity of the probe in terms

of nuclear spins. The spin sensitivity Nmi n , defined as Nmi n = Vs NsV SD/s0, is equal to the

number of nuclear spins which give a time-domain SNR of 1 considering a noise equivalent

bandwidth of 1 Hz. This quantity expresses unambiguously the capability of the probe to

sense nuclear spins, independently from the effective relaxation time T ∗
2 and the number
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of spectral lines. From the value Nmi n it is possible to compute the expected SNR in the

frequency domain, once the distribution of the spectral lines of the sample and the effective

relaxation time are known. We note that the sensitivity of the fully integrated probe surpasses

by an order of magnitude the one of the external coil, proving the advantage of having a larger

Bu . For the fully integrated probe, the unitary field in proximity to the center of the coil is

Bu = 250 mT/A. For the external solenoid Bu = 12 mT/A. As shown in Table 2.1, our integrated

probe achieves a 1H spin sensitivity Nmi n of about 1.5×1013 spins/Hz1/2 at 300 MHz.

Since the gain and input V SD scale by approximately the same factor up to 1 GHz, we expect

a 1H spin sensitivity of 2×1012 spins/Hz1/2 at 1 GHz.

External Coil (7.5 M NaBF4 in H2O)

ν0
[MHz]

[τπ/2]
μs

s0
[mV]

V SD[
μV/Hz1/2

] Nmi n[
Hz−1/2

]
1H 300.1

12
(9)

35
(50)

0.6
(0.5)

1014

(8×1013)

19F 282.3
14

(10)
15

(17.5)
0.6

(0.5)
1014

(8×1013)

11B 96.3
32

(29)
6

(10)
0.9

(0.7)
8×1014

(4×1014)

23Na 79.4
52

(35)
5

(8)
0.9

(0.7)
1015

(6×1014)

Integrated Coil (NH4PF6)

1H 300.1
2

(2)
0.11
(0.1)

0.32
(0.35)

1.5×1013

(1.5×1013)

19F 282.3
2

(2)
0.13

(0.14)
0.32

(0.35)
1.5×1013

(1.5×1013)

Integrated Coil (cis-polyisoprene)

1H 300.1
2

(2)
0.34

(0.36)
0.32

(0.35)
1.5×1013

(1.5×1013)

Table 2.1: Performance and characteristics of the multinuclear probes. ν0: resonance fre-
quency, τπ/2: π/2 nutation pulse length , Nmi n : spin sensitivity , s0: signal amplitude at
chip output, V SD: noise voltage spectral density at chip output. Theoretical values are in
parenthesis (equations in sections above).

2.5.3 Discussion

In this work we proposed a 1 mm2 broadband single-chip transceiver for multi-frequency

pulsed NMR probes. On a scale of sample volumes of 100 nL we used reversed biased diodes as

tuning and matching elements to realize multi-frequency LC resonators. On a scale of sample

volumes smaller than 250 pL we used a non-resonant integrated microcoil. As a result, we

obtained simple, but effective and versatile, low-cost electronic interfaces for NMR probes
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with high spin sensitivities.

The fully integrated TX/RX switch allows minimization of off-chip discrete components, while

the broadband nature of the transceiver allows its use in multi-nuclear probes as the ones

described above. We demonstrated the versatility of this approach by showing its use for

multi-nuclear NMR spectroscopy on both liquid and solid samples.

Given that the use of short pulse lengths is a key feature needed by pulsed NMR probes, we

discussed the problem of having a fixed limited power during transmission. We concluded

that experiments in mass-limited conditions can be applied at their best in both resonant and

non-resonant probes thanks to the high field per unit current produced by microcoils.

Apart from size reduction, the use of integrated CMOS transceivers for NMR pulsed probes

might have many practical advantages to manufacturers, such as to avoid the search of non-

magnetic electronic components and possibly reduce costs. As future prospective, our work

can serve as base to realize simple low-cost NMR interfaces and high sensitivity micro-probes

arrays for micro-imaging and mass limited spectroscopy purposes.
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3 CMOS-based broadband NMR probes
for high field magnetometry

3.1 Abstract

In this chapter we introduce a new complementary metal-oxide-semiconductor (CMOS)

broadband transceiver for the implementation of nuclear magnetic resonance (NMR) probes

aimed for high field magnetometry. The single-chip transceiver, interfaced with external

resonators, is capable of broadband (10-103 MHz) TX/RX operation and quadrature (IQ) de-

modulation. In this work we demonstrate its use in combination with NMR-based commercial

instruments and custom multi-channel NMR probes. The commercial application is imple-

mented in close collaboration with Metrolab SA, which is the industrial partner of the PhD

project. Besides showing a full compatibility of our transceiver with Metrolab’s instrumen-

tation at no costs in terms of performance, we show that custom probes employing water

samples of 500 nL are capable of resolutions as high as 0.06 ppb/Hz1/2 (about 0.4 nT/Hz1/2)

at 7 T, and that magnetic noise due to field fluctuations can be directly measured at this

resolution level. As a result, this study gives an indication of the fact that measurements at

high fields may be performed at maximum precision already with relatively small samples.

3.2 Introduction

Nuclear magnetic resonance (NMR) is the method of choice for high accuracy and resolution

measurements of high magnetic fields (above 0.1 T) [29, 91–97]. High field NMR magnetome-

ters are commonly used, e.g., to quantify the inhomogeneity of magnetic resonance imaging

(MRI) magnets [98], to determine the time-evolution of MRI pulsed gradients [91, 92], to

measure and control high energy physics magnets [93, 94], and to calibrate other sensors (e.g.

Hall sensors) [99]. NMR based methods can be used also for magnetometry down to the earth

magnetic field (about 0.01 mT). At low fields hyperpolarization (optical or microwave) tech-

niques [100, 101], flowing water pre-polarization [102], or non-inductive techniques [103–105]

are necessary to achieve a sufficiently large signal-to-noise ratio (SNR).

This chapter is a preliminary version of a work that we might be able to submit in the future.
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The NMR frequency of a nucleus in a magnetic field B0 is ν0 = (γ/2π)B0, where γ is the gyro-

magnetic ratio of the target nucleus ((γ/2π)= 42.577 478 92(29) MHz/T for protons) [79] and

ν0 is called Larmor frequency. In NMR magnetometers, the value of the field is obtained from

a frequency measurement. High field NMR magnetometry probes are commonly realized

with solenoidal coils wrapped around a sample of natural rubber or water (for 1H nuclei)

[106], heavy water (for 2H nuclei) or helium (for 3He nuclei) [95, 97]. The coil is interfaced

to the electronics via matching and tuning capacitors in order to implement a resonator at

the Larmor frequency and maximize the SNR. Commercial NMR magnetometers generally

consist of a main electronic unit and a set of probes capable of variable-frequency operation,

whose combined range covers frequencies up to 1 GHz, corresponding to magnetic fields of

about 23 T (i.e., the highest static magnetic field produced by commercial superconducting

magnets today) [107, 108].

In the design and fabrication of the probes, the search for non-magnetic packaged discrete

electronic components, the limited space in which these shall be placed, and their potential

influence on the field homogeneity are practical problems to which manufacturers have to

dedicate considerable attention. In this Chapter we show the use of complementary-metal-

oxide-semiconductor (CMOS) micro-chips in probes aimed at NMR magnetometry of high

fields. The electronics needed at the front end of the probe is entirely placed on a single 1

mm2 chip, drastically reducing the number of components to be placed in close proximity

to the sensitive volume of the probe. Besides allowing for a design with lower and/or more

predictable field distortions, integrated circuit solutions reduce in the long term fabrication

and design costs, especially in the implementation of multichannel probes.

The first CMOS probes for NMR magnetometry used a rubber sample placed on integrated

planar microcoils [29, 96]. This approach achieved a magnetic field resolution in the order

of 50 ppb/Hz1/2 at 7 T. Recent developments demonstrated the use of CMOS transceivers for

compact NMR probes where external resonators are combined with integrated electronics

[13, 16, 21]. Among these, we have previously shown the design of a broadband single-chip

CMOS transceiver for multi-frequency compact probes, demonstrating its use for multi-

nuclear spectroscopy [21].

In this Chapter we describe a single-chip transceiver with broadband IQ demodulation ca-

pabilities and show its use in variable frequency probes aimed for magnetometry. First, a

combination of the transceiver with a modified version of the PT2026 main electronic unit

(Metrolab Technology SA, Switzerland) is synthesized. We experimentally demonstrate state of

art measurements having effective resolutions as high as 0.5 ppb/Hz1/2 of a 7 T magnetic field.

Later, we show that the thermal noise floor of the coil is below the fluctuations of the mag-

netic field, which is the main factor limiting the measurement resolution in the experimental

conditions. We thus implement a compact 2-channel probe for high resolution simultaneous

magnetometry, enabling a direct measurement of the thermal noise limited magnetic field

resolution. The achieved performance is of 0.06 ppb/Hz1/2 for probes employing samples of

500 nL of water in a magnetic field strength of 7 T.
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3.3 Experimental Setup

3.3.1 Description of the integrated circuit
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Figure 3.1: Schematics of CMOS-based variable frequency probe. Block diagram of our
IQ transceiver and external excitation/detection resonator, where L and Rc represent the
inductance and resistance of the inductor employed. The tuning and matching capacitances
are given by reverse-biased D1 (matching) and D2 (tuning) varicap diodes, and are regulated
by the control voltages Vm and Vt . Vm is negative and Vt positive, their absolute value ranging
between 0 and 30 V. The resonator topology is the same as the one illustrated in Chapter 2.

Fig. 3.1 shows a block diagram of the probe, where the integrated electronics is interfaced with

external variable-frequency resonators. The working frequency of the resonator is adjusted by

DC voltages, regulated by a digital to analog converter (DAC) acting on reverse biased variable

capacitance diodes (BB181 (D1) and BB182 (D2), NXP Semiconductors). The use of such

variable frequency probes for multinuclear spectroscopy is described in Chapter 2. Fig. 3.2

shows a photograph of the single-chip transceiver.

The single-chip transceiver, which consumes about 40 mW, consists of an RF power amplifier,

an RF low-noise preamplifier, a (π/2) broadband phase shifter, two frequency mixers, two

audio-frequency (AF) amplifiers, and fully integrated transmit-receive switches. The working

principles of switches, transmitter, and receiver are described in Chapter 2 and Appendix B.

The (π/2) shifter is realised dividing by two the frequency of two counter-phase channels.

First, a π phase shift is generated on-chip using two inverter chains whose number of inverters

differs by a unit and a dummy inverter is used to compensate the relative delay. Then, division

by two using true single-phase clocking (TSPC) dividers is implemented [109]. This topology

of digital dividers is broadband, but the quality of the divided signal deteriorates rapidly for

frequencies below 10 MHz [110]. In our design, we tested the phase shift between the I and Q

output channels inducing a continuous signal at the receiver input, and we measured an error
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Figure 3.2: IQ single-chip transceiver. Photograph of the single-chip transceiver after wire
bonding to the host PCB. The micro-chip is first glued with a conductive paste to a metallic
ground plane and then opportunely wire-bonded. After this operation, the circuit and the
bonding wires are covered with hard epoxy.

of about 4° at 3 MHz and 0.3° at 1 GHz. The transistor level schematics is shown in Appendix B.

3.3.2 Description of the main unit

Fig. 3.3a shows a picture of the PT2026 main electronic unit, Fig. 3.3b shows its 1.6x1.2x23

cm3 probe, and Fig. 3.3c shows a block diagram of the magnetometer. A pulse generator

determines pulse width and repetition rate acting on the transmit-receive (TX/RX) switches

integrated on the IQ microchip. The RF generator is designed to switch between two different

frequencies, one used for excitation in TX mode and the other used to demodulate the NMR

signal in RX mode. Once the field is approximatively determined, the Larmor frequency ν0 is

used in TX mode avoiding off-resonance effects. This double frequency approach allows one

to use pulse lengths of the order of 50 μs and intermediate frequencies (IF) of the order of 100

kHz at no costs in terms of SNR. A 16 bits, 2 MHz analog to digital converter (ADC) translates

the NMR signal in the digital domain. A micro-processor (μP) and a digital signal processing

(DSP) unit complete the system. An automated field-search algorithm can be used to scan

over the excitation frequency in order to automatically find the value of the magnetic field.
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Figure 3.3: Magnetometry unit. (a) Picture of the PT2026 unit of Metrolab. (b) Pictures of
a prototype of commercial probes employing our CMOS transceiver. (c) Block diagram of
teslameter.
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3.3.3 Data processing

The NMR signal decays in exponential-like fashion and with relaxation times that depend on

the sample nature and on the field distortions within the sample region. Before performing

the FFT the signal is multiplied by an exponentially decaying function. In order to maximize

the SNR, the filter decay time Tm and the NMR relaxation time T ∗
2 have to be equal [62].

Once the field value is identified, the measurement is set with an IF frequency of about 80 kHz

in order to escape from the 1/ f noise (whose corner frequency is at about 20 kHz). The PT2026

typically works with one single RX input, in this case either I or Q, to perform its automated

functioning. In order to fully exploit the capabilities of our devices, the I and Q NMR signal are

acquired by an external NI PCe-6259 acquisition board (as shown in Fig. 3.3c) connected to a

PC, which we use for on-line data processing that include matched filters (custom codes are

based on National Instruments LabVIEW). The software uses the PeakFinder.vi function to

determine the position of the most pronounced peak in the FFT module (which constitutes

the direct measurement of the magnetic field).

We separately implemented a software to simulate our experiments and determine the ex-

pected performance for a given signal amplitude A, a signal relaxation time T ∗
2 , and a noise

spectral density n. In these simulations the NMR signal is replaced by exponentially decaying

sinusoids and the noise is pseudo-randomly generated. In this way it is possible to study what

is the precision expected from a measurement as limited by the thermal and electronic noise

of the probe. An analytical expression of the measurement resolution was previously derived

in agreement to the Cramer-Rao lower bound [111–113]. The same expression is derivable

from standard statistics by computing the uncertainty on the frequency parameter of a noisy

Lorentzian fit [114–116]. In line with these observations the following expression agrees with

the simulated resolutions over a large range of signal relaxation times and SNR:

Resoluti on [Hz] = nΔν3/2

s0
(3.1)

where Δν is the linewidth of the resulting Lorentzian peak, s0 the signal amplitude at time t = 0

(in Volts), n the noise floor of the FFT (in V/Hz1/2), and a single repetition of the experiment is

considered.

3.3.4 Standard Probe Heads

To evaluate the performance of the magnetometer, we tested probes at fields B0 � 7.05 T

(ν0 � 300 MHz) and B0 � 1.4 T (ν0 � 60 MHz). Standard commercial probe heads (shown in

Fig. 3.3b) consist of solenoidal coils realized with an enameled copper wire (φ= 100 μm). The

solenoid can contain natural rubber, sylgard (PDMS), or pure water. The probe used for lower

fields can measure from 1.1 T to 3.5 T (47 MHz to 150 MHz) and its coil has 8 loops with inner

diameter 3 mm. The probe used for higher fields can measure from 3.3 T to 10.6 T (140 MHz
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to 450 MHz) and its coil has 2 loops with inner diameter 3 mm. The typical relaxation times

obtained (at best shimming of the field) with these probes are of about 1-2 ms for natural

rubber and sylgard (originated mainly by dipolar interactions within these solid materials,

which are only partially averaged by motional narrowing) and 20 ms for water (originated

mainly by macroscopic field distortions in the sample region).

3.4 Results

3.4.1 Resolution in DC field measurements

Experiments with excitation pulse lengths of 35 μs and repetition times of 50 ms are acquired

and averaged in groups of 20 (we fix a total time of 1 s for a single measurement). The pulse

length is chosen such that the signal is maximized at steady state with the chosen repetition

time. With these parameters, the corresponding signal amplitude is about 1 V with a noise

floor of 8.5 μV/Hz1/2 for all the probe heads. The acquisition rate is fixed at 650 kHz. The data

are processed on-line, the magnetic field values are extracted as previously described, and a

comparison among probes is based on 300 successive measurements (5 minutes of operation).

The standard deviation of this collection of measurements corresponds to the resolution

achieved over 1 s and with a bandwidth from 3 mHz to 1 Hz. In Table 3.1 we reported the

resolution in Hz/Hz1/2, T/Hz1/2, and part per billion (ppb/Hz1/2) with respect to the field

magnitude. What shown in Table 3.1 corresponds to the state of art of this instrumentation

[98, 107].

B0 = 7 T (ν0 � 300 MHz)

Sample Material Natural rubber Sylgard Water

Tm ,T ∗
2 [ms] 1.5 2 20

STD [nT/Hz1/2]
STD [Hz/Hz1/2]

STD [ppb/Hz1/2]

4.5 (0.09)
0.2 (0.006)
0.7 (0.02)

4.5 (0.09)
0.2 (0.04)
0.7 (0.01)

2.5 (0.003)
0.1 (0.0001)
0.5 (0.0004)

B0 = 1.4 T (ν0 � 60 MHz)

Sample Material Natural rubber

Tm ,T ∗
2 [ms] 1.5

STD [nT/Hz1/2]
STD [Hz/Hz1/2]

STD [ppb/Hz1/2]

14 (0.14)
0.6 (0.006)

10 (0.1)

Table 3.1: Field measurement resolution obtained and values of the optimal matched filter
decay time. In parenthesis: values simulated at parity of relaxation time, signal amplitude,
noise spectral density, averaging.

Thanks to the larger number of turns of the solenoidal coil used at 1.4 T, the NMR signal

43



Chapter 3. CMOS-based broadband NMR probes for high field magnetometry

amplitude at 7 T and at 1.4 T are approximately the same. Since the input equivalent noise is

very similar, the magnetic resolution values (expressed in nT/Hz1/2 and in Hz/Hz1/2) are also

similar. In Table 3.1 we show a comparison between the resolution experimentally obtained

and the one expected if limited by the thermal and electronic noise of the probe (in paren-

thesis). As we can see, for all probes the achieved resolution and the expected value differ by

more than one order of magnitude.

We directly measured the frequency noise of DAQ board and RF generator. In order to de-

termine the noise due to the DAQ system we acquired a 50 mV sinusoidal signal at 50 kHz

from a HP 33120A arbitrary waveform generator and measured its frequency for repetitions

identical to the ones used to produce Table 3.1. The equivalent frequency noise of the DAQ

system was found to be better than 2 mHz/Hz1/2. In order to measure the frequency noise due

to the RF generator we have used an external second RF source to induce, with an inductor

placed in proximity of the detection coil, a signal into the probe head (placed outside of the

magnet). By adjusting the RF power in order to match the NMR signal amplitude and by using

the same repetitions and matched filters as in Table 3.1 we were able to determine whether the

frequency noise of the RF source was significantly affecting our measurements. Fig. 3.4a shows

a direct comparison among the monitoring of our 7 T magnetic field (Bruker 300) and the

monitoring of the frequency of an Anritzu MG3633A RF source. As we can see, the frequency

noise of the RF source is significantly lower than the magnetic field noise. Fig. 3.4b shows

the progressive standard deviation of the two data series. Overall, these results indicate that

the main limitations to the obtained precision shown in Table 3.1 have origin in the magnetic

field.
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Figure 3.4: 12 hours monitoring of RF and DC field. (a) Series of measurements of our 7 T
magnetic field with a water probe (red) and monitoring of the frequency noise of an Anritzu
MG3633A RF generator used as signal source (blue). Measurements are taken every second
and expressed as deviation (in ppb) from an initial value set to 0. (b) Progressive standard
deviation of (a). The black dashed line in (a) and (b) indicates the time scale used to produce
Table 3.1.
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3.4.2 Compact multichannel field monitoring probes

In order to obtain a direct measurement of the thermal noise during magnetometry operation

we implemented a compact two-channel probe aimed for simultaneous DC field monitoring.

The use of multiple probes is necessary to operate a subtraction of the common fluctuations,

thus decoupling contributions of field fluctuations and RF frequency instability (common in

the two channels) from the thermal noise (uncorrelated in the two channels).

In Table 3.1 it is shown that the water sample of a high field magnetometer may easily result

oversized, since the effective experimental resolution obtained can be limited by field fluc-

tuations. At the same time, the use of small samples is advantageous for the resulting probe

dimension, and crucial for applications such as magnetic field gradient measurements in MRI

magnets [91, 117]. Our 2-channel probe employs samples of 500 nL of water. Despite the small

sample volume, the achieved instrument resolution of 0.06 ppb/Hz1/2 (defined as the thermal

noise-floor limit) goes beyond the typical value of magnetic field fluctuations (see below).

(a) (b)

PMMA capillary copper wires

PDMS mold

single-chip transceiver capacitors

acrylic-embedded probe head

embedding acrylic

Figure 3.5: 2-channel probe for simultaneous field monitoring. (a) Schematics in section
view of the two-channels probe head at the end of the fabrication process. (b) Photograph
of the resulting probe. In between (a) and (b) the PDMS mold is removed, and the acrylic
embedded coils are fixed and soldered to the PCB. An identical circuit on the other surface of
the PCB implements the second channel. Scale bar is 1 cm.

Each channel is based on a 10 loops enameled copper wire (φ = 100 μm) microsolenoid

wrapped around a PMMA capillary (ID=550, OD=700, paradigmoptics) filled with pure water

(Sigma Aldrich). Given the small size of the sample, a susceptibility matching strategy is

necessary to achieve long signal relaxation times [57]. The fabrication process consists of
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Chapter 3. CMOS-based broadband NMR probes for high field magnetometry

four main steps: (1) A first mold aimed at structuring a second PDMS (sylgard 184) mold is

3D printed (Clear Resist, Formlabs printer), exposed to UV for 30 minutes, and hard backed

at 80 °C for two hours; (2) A sylgard mold is produced by casting and curing at 80 °C for

one day; (3) 10 loops microsolenoids are wrapped around PMMA capillaries, filled with pure

water and sealed with a tube sealing compound (Cha-seal) at extremities; (4) The capillaries

are inserted in the appositely designed sylgard slots included in the mold, and an acrylic

resin (Paladur, Heraeus Kulzer, Germany) is cast to embed the solenoids in a susceptibility

matched environment (Fig. 3.5a). After removal of the sylgard mold, the resulting probe

head is fixed and soldered to a PCB on which variable capacitors (Johanson Manufacturing,

capacitor trimmer) are used to tune and match the two resonators at the desired frequency

(Fig. 3.5b). The probe head is constituted by two specular circuits, one realised with the top

layer and the other with the bottom layer of the printed circuit board. Thanks to the excellent

matching in terms of magnetic susceptibility between copper, acrylic, and water [71], the

probe can be shimmed to obtain relatively long signal decays (about 20 ms relaxation time),

similarly to what previously reported in analogous setups at similar volume scales [68]. Given

the small distance between the centers of the two coils (1.5 mm), the two channels can be

simultaneously shimmed.

In each channel a single RF generator is used for both excitation and down-conversion. Thanks

to the small size of the coil, excitation pulses of 8 μs are sufficient to maximize the NMR signal,

thus allowing for relatively high IF frequencies (larger than the 1/ f noise corner frequency)

and negligible off-resonance effects. The two RF generators (Anritzu MG3633A and Stanford

SG384) are frequency locked, and their frequency stability (affecting simultaneously each

single channel) is measured at about 6 mHz/Hz1/2 (0.02 ppb/Hz1/2 of the 7 T field) over 5

minutes of operation.

Fig. 3.6a shows the time domain NMR signal (I and Q) of a single channel with no exponential

filters applied. As we can see, the signal amplitude of about 1 V decays with a relaxation time

of about 20 ms. The measured thermal noise floor is about 70 μV/Hz1/2, and the simulated

thermal-noise limited resolution of each single channel at 7 T is about 0.03 ppb/Hz1/2. Fig. 3.6b

shows the real and imaginary parts of the FFT, whose modulus is used to measure the magnetic

field. In Fig. 3.6c we show a series of 5 minutes of measurements (1 s per measurement) at 7

T, plotted as deviation from mean values. As we can see, the standard deviation of the field

value for a single channel (red and blue data) is of about 0.16 Hz/Hz1/2, corresponding to a

resolution of 0.5 ppb/Hz1/2 (as in Table 3.1). As indicated by simulations, the use of a 500

nL water sample is already sufficient to achieve a resolution beyond the field fluctuations.

We can directly visualize the real thermal noise limit of the probe by looking at the standard

deviation of the difference of the two measured values (Fig. 3.5c, black data), which is expected

to be about 0.04 ppb/Hz1/2. The measured value of 0.08 ppb/Hz1/2 confirms the expectations

within a factor two, and indicates a single channel thermal-noise limited resolution of 0.06

ppb/Hz1/2. The difference between the expected value and the measured one may result from

inevitable discrepancies between the assumptions in pseudo-random simulations and the

real shape of the NMR signal.
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Figure 3.6: 2-channel field monitoring. (a) Time domain I (blue) and Q (red) NMR time-
domain signals resulting using the acrylic-embedded 500 nL water probe. (b) FFT real (blue)
and imaginary (red) parts. (c) Channel 1 (blue), channel 2 (red), difference Δ among channels
(black), resulting from a 5 minutes series of magnetic field measurements (taken every 1 s) in
a Bruker 7 T cryo-magnet.
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3.4.3 Absolute accuracy

The absolute accuracy of an NMR magnetometer is ultimately limited by the uncertainty in the

gyromagnetic ratio value of the nucleus used (in our case 1H). In principle, the accuracy in the

value of frequency of the RF source is also a potential limiting factor. However, it is nowadays

possible to obtain low cost frequency references with accuracies well beyond the uncertainty of

the gyromagnetic ratio value [79]. Since in NMR magnetometry the nuclei are typically located

inside molecules in the gaseous, liquid or solid state, the absolute accuracy is also limited by

the uncertainty in the shielding parameter value of the nucleus under investigation in the

particular chemical and physical environment. More macroscopically, the absolute accuracy

is also limited by the uncertainties in the static magnetic field distortions caused by the probe

elements. Such distortions depends on the susceptibility, shape, and orientation with respect

to the magnetic field of sample itself and the nearby objects [93, 97, 118]. The gyromagnetic

ratio of the 1H nucleus (i.e., the proton) is given by (γ/2π)= 42.577 478 92(29) MHz/T, which

corresponds to a relative standard uncertainty of about 7 ppb [79]. Since bare protons are very

unpractical for NMR magnetometry, the 1H nuclei in a spherical sample of water at 25 °C are

commonly used for high accuracy NMR magnetometry. The shielding parameter for the 1H

nucleus in this sample is 25.691(11)·10−6, giving an effective gyromagnetic ratio of 42.576 385

07(53) MHz/T, which corresponds to a relative standard uncertainty of about 13 ppb [79]. The

temperature dependence of the shielding parameter is -10.36(30) ·10−9 °C−1 from 5 °C to 45 °C

[119].

However, in our probes, the main limitation to the absolute accuracy is the lack of precise

knowledge of the susceptibilities values for the materials surrounding the sample volume

and of the sample itself. The largest values for the susceptibilities of ordinary diamagnetic

and paramagnetic materials is about 10−5 [71, 120], which would determine maximum field

distortions of about 10 ppm. Consequently, a rather pessimistic estimation of the absolute

accuracy would be 10 ppm.

3.4.4 Conclusions

In this work we have seen that broadband CMOS single-chip transceivers are valid and versa-

tile tools to assist the manufacturing of NMR probes aimed for high field magnetometry. A

combination of single-chip transceivers and standard commercial probe-heads shows state

of art performance. The use of CMOS transceivers to implement NMR probes for high field

magnetometry is trade-offs free in terms of performance, and it offers technology-related

practical advantages.

One practical advantage is the reduced size of the overall electronics needed, and the con-

sequent replacement of numerous components in proximity of the probe head. Due to the

small size of the micro-chip, and to its low power consumption, the introduced field and

temperature-related distortions are reduced, and thus expected to be advantageous for even-

tual high accuracy measurements. A second advantage concerns the costs in the long term,

reduced by both materials costs and human power needed to implement each probe: a proce-
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dure considerably simplified since a single chip can be used to cover the whole high field range.

Finally, the use of single-chip transceivers is certainly expected to ease the implementation of

array of probes (we have shown an example of compact robust 2-channel probe), currently

used to map MRI magnets, and under study for the monitoring of MRI field gradients [121].
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4 NMR spectroscopy of single sub-nL
ova with ultra-compact single-chip
probes

4.1 Abstract

Nuclear magnetic resonance (NMR) spectroscopy enables non-invasive chemical studies of

intact living matter. However, the use of NMR at the volume scale typical of microorgan-

isms is hindered by sensitivity limitations, and experiments on single intact organisms have

so far been limited to entities having volumes larger than 5 nL. In this chapter we use the

ultra-compact single-chip probe presented in Chapter 2 to make a very first NMR-based spec-

troscopic experimental study of individual sub-nL ova of microorganisms: here we show NMR

spectroscopy experiments conducted on single intact ova of 0.1 and 0.5 nL (i.e. 10 to 50 times

smaller than previously achieved), thereby reaching the relevant volume scale where life devel-

opment begins for a broad variety of organisms, humans included. Performing experiments

with an inductive ultra-compact single-chip NMR probe we demonstrate that the achieved

limit of detection (about 5 pmol of 1H nuclei) is sufficient to detect endogenous compounds.

Given the high number of species developing at the sub-nL scale, we could study ova of two

different species of microorganisms. As hard facts, we show both spectral differences among

the two species and among individual samples. We argue that endogenous compounds other

than lipids are detected. We state that the sensitivity achieved in this study corresponds to

the level of metabolic variations in developing mammalian embryos, clearly opening the way

for the application of NMR spectroscopy to the non-invasive study of individual subnanoliter

zygotes and their metabolism. Overall, the findings suggest that single-chip probes like the one

presented in this thesis are promising candidates to enable NMR-based study and selection of

microscopic entities at biologically relevant volume scales.

This chapter is a minor variation of the publication "NMR spectroscopy of single sub-nL ova with ultra-compact
single-chip probes" [122].
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4.2 Introduction

Nuclear magnetic resonance (NMR) is a well established spectroscopic technique widely

employed in physics, chemistry, medicine, and biology. It allows for experiments on living

matter [123, 124], whose relevance in biology is prov-en by developments such as in vivo pro-

tein structure determination [125], metabolic profiling [126], visualization of gene expression

[127], and latent phenotype characterization [128]. Despite its advantages, NMR suffers from

a significantly lower sensitivity with respect to other methods. As a result, experiments are

often restricted to large ensembles of cells [123, 125, 126, 128].

Single cell studies are necessary to investigate heterogeneous phenomena within a cell popu-

lation [129–131]. Recently, a number of techniques were applied to intracellular metabolic

profiling at single cell scale, all having different limitations and degree of invasivity. For in-

stance, mass spectrometry and fluorescence labeling allow for high sensitivities, but require

cellular content extraction or selective labeling with fluorophores [129, 131]. Questions con-

cerning invasivity stimulated the coin of the biological equivalent of the so called observer

effect, referring to the inability to separate a measurement from its potential influence on the

observed cell [131]. In this regard, NMR is one of the most promising techniques for studies of

intracellular compounds in untouched living entities (i.e., with extremely weak physical and

chemical perturbations) [123, 129].

The application of NMR to intact individual microscopic biological entities was previously

reported down to a volume of 5 nL. The first single-cell NMR experiments were performed

on Xenopus laevis ova [132] which have volumes of about 1 μL. Later, single giant neurons of

Aplysia californica, with volumes of approximately 10 nL, were studied [133]. The particularly

large volumes of these cells allowed several pioneering studies such as the profiling of highly

concentrated metabolites and their subcellular localization [134, 135], imaging of Xenopus

laevis cleavage [136] and neurons structure [137], and study of water diffusion properties

within the cytoplasm and nucleus [132, 133, 138–140]. Recently, also spectroscopy of a single

adult C. elegans worm (about 5 nL volume) was reported [141].

In this chapter we report, for the first time, NMR-based spectroscopy of single untouched

sub-nL ova, specifically describing experiments on the tardigrade Richtersius coronifer (Rc)

and the nematode Heligmosomoides polygyrus bakeri (Hp). These ova are just two of the

many models present at the sub-nL scale (Fig. 4.1a), which include numerous species of

microorganisms, echinoderms, and mammals (humans included) [142]. Rc ova are spherical

with conical processes on the cuticular surface of the egg shell and have a typical volume of

0.5 nL (Fig. 4.1b). Hp ova are ellipsoidal and have a typical volume of about 0.1 nL (Fig. 4.1c).

NMR spectroscopy of sub-nL biological samples is both a volume and concentration limited

problem, setting severe constraints on the required spin sensitivity. Here we employ a recently

developed single-chip integrated inductive NMR probe [21] (this reference corresponds to the

content previously presented in Chapter 2) entirely realized with a commercially accessible

complementary-metal-oxide-semiconductor (CMOS) technology, where the combination of a

low noise transceiver and a multilayer microcoil allows for high spin sensitivities in sub-nL

volumes (Fig. 4.1d). In brief, the entire NMR probe occupies an area of about 1 mm2, it has
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a sensitive region of about 200 pL (on top of the microcoil) with a spin sensitivity at 7 T of

about 1.5×1013 spins/Hz1/2, and its planar geometry allows for a relatively easy access to the

sensor. In order to use the device for the spectroscopy of sub-nL ova of microorganisms, we

manually placed the sample in the sensitive region of the probe using a polystyrene cup filled

by agarose gel (see Methods). Figure 4.1e describes the assembled probe where single ova

are in contact with the microcoil surface and embedded in the gel. This setup systematically

allows for experimental times as long as one day.
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Figure 4.1: Samples and Setup. (a) Approximate volumes of ova of selected animals. (b-c)
Typical bright field images of the ova studied in this work. (d) Photographs of the integrated
microchip and microcoil (details in Ref. [21]). (e) Schematic representation of the single ovum
probe in section view.

4.3 Results

4.3.1 Linewidth in Rc ova

Figure 4.2a shows three 1H NMR spectra obtained at 7 T (300 MHz) from single Rc ova em-

bedded in H2O-based agarose gels. Due to a measured linewidth of about 70 Hz, the strong

water signal (used as internal chemical shift reference at 4.7 ppm [139]) overlaps with nearby

resonance lines. The relatively short spin-spin relaxation times typically observed in oocytes

explain only partially these broad lines [135, 139, 140] that must be caused by susceptibility

mismatches. In order to investigate the origin of the field distortions we performed measure-

ments with an alternative setup enabling the spectroscopy of these samples in pure water

and with controlled and reduced hardware-related field distortions (see next subsection).

Repeated experiments suggest that the linewidth measured in Rc ova is intrinsically related

to the sample, probably resulting from microscopic constituents of the ovum introducing

susceptibility mismatches whose typical spatial distribution impedes field shimming in the
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intracellular region. In line with this observation, previous studies limited to the vegetal cyto-

plasm of intact Xenopus laevis ova attributed similarly broad linewidths (about 0.3 ppm) to

the presence of yolk platelets, or other organelles with paramagnetic components, generating

local susceptibility mismatches [135]. However, despite the relatively low spectral resolution

that characterizes Rc ova, the achieved LOD (advantageous in the setup employing the inte-

grated single-chip probe) is sufficient for a qualitative detection of intracellular compounds

(Fig. 4.2a).
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Figure 4.2: NMR spectroscopy of single Richtersius coronifer (Rc) ova. (a) Three Rc single
ovum experiments in H2O-based gels realized by dispersing 1.5% agarose in either M9 buffer
(a) or pure H2O (b-c). (b) Eight Rc single ovum experiments in D2O-based gels realized by
dispersing 1.5% agarose in pure D2O. (c) Detailed comparison of Rc ova in D2O-based gels.
Colors refer to the same spectra as in (b).

4.3.2 Experiments on Rc ova with an alternative setup

Micro-fabricated microcoils whose copper loops are fully embedded in SU-8 photo epoxy

(Bruker Biospin) probably represent the best commercially available alternative to CMOS

microcoils. Among the products offered, we selected planar microcoils characterized by 5

copper loops and internal diameter of 50 μm. The resonating microcoil, fine-tuned with

variable capacitors (2322-1G, Johanson), is connected to a single chip transceiver identical

54



4.3. Results

to the one used in the fully integrated probe. On top of the microcoil a few microns thick

bio-compatible layer acts as protective layer and working surface. In order to analyze liquid

samples and single ova, 150 μm diameter PET capillaries having 6 μm thick walls (Vention

Medical) are placed on the top of the microcoil in the same direction as the vertical static

magnetic field. This particular configuration allows for measured linewidths as narrow as

3 Hz in pure water. Figure 4.3 shows the typical spectra of the liquid within the capillary at

a distance of about 1 mm from the ovum and at the ovum position, both after shimming

of the magnetic field. The room temperature shim system of our magnet, whose maximum

gradient corresponds to about 0.4 Hz/μm, resulted very effective when the sensitive region was

occupied by the liquid sample. On the contrary, when the ovum was aligned to the microcoil,

lineshape and linewidth of the water signal remained substantially unchanged for any setting

of the shimming system. The measured linewidth at the ovum position is about 0.3 ppm,

i.e. about a factor 30 larger than the water peak measured at 1 mm distance from the ovum

within the same capillary. This experience, repeated five times, suggests that the linewidth

measured in Rc ova results from mismatches localized within the sample, whose typical spatial

distribution impedes field shimming in the sample region fixing lineshape and linewidth

independently from the applied gradients.
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Figure 4.3: Additional experiments of single Richtersius coronifer. (a) (Rc) ova in pure H2O.
Spectrum of about 800 pl of H2O at about 1 mm from the ovum position resulting from 30
averaged scans. The acquisition time is 1.6 s, and no filters are applied on the time domain
signal. The resulting linewidth is about 0.01 ppm, i.e. about 3 Hz (see inset). (b) Spectrum
at the ovum position resulting from 18000 averaged scans. The acquisition time is 0.8 s. The
resulting linewidth is about 0.3 ppm, i.e. about 90 Hz. Details of the single ovum spectrum are
shown in the inset (the time domain data were post-processed by applying an exponential
filter with decay of 50 ms in order to improve the signal-to-noise). Both spectra in (a) and
(b) are acquired at the best shimmed magnetic field. The experiments are performed with a
repetition time of 2 s and a pulse length of 2.5 μs (maximizing the signal).
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4.3.3 Rc ova spectroscopy

In presence of susceptibility mismatches broadening the water signal it is difficult to apply

water suppression techniques without introducing significant spectral artifacts [143]. As an

alternative to the use of water suppression techniques we embedded the biological sample in

gels based on heavy water (D2O), thus eliminating the water signal by replacement of water

with D2O. In D2O-based agarose gels, HDO is formed by proton exchange with the OH groups

in the agarose molecule. HDO resonates at about 0.03 ppm relative to the H2O chemical

shift [144] and contributes to the only background signal that is visible in our experimental

conditions and time scales (Fig. 4.4). The weaker background signal in D2O gels (about 100

times smaller than in H2O gels) is reproducible, allows one to better resolve the resonance

lines close to water, and can be used as internal chemical shift reference (at 4.7 ppm as water).

We do not exclude that, in presence of the sample, the peak at 4.7 ppm results also from

leftover H2O within the ova.
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Figure 4.4: Comparison between single ova experiments in D2O-based gel and D2O-based
gel background. (a) Spectra of a single Rc ovum in D2O-based gel and of a D2O-based gel. (b)
Detailed comparison. (c) Spectra of a single Hp ovum in D2O-based gel and of a D2O-based
gel. (d) Detailed comparison.

Figure 4.2b shows NMR spectra of eight single Rc ova in D2O-based gels obtained by dispersing

agarose in pure heavy water. These spectra exhibit linewidths and chemical shifts compatible

with the ones observed in H2O-based gels. A detailed comparison among spectra of different

ova seem to indicate that the Rc ova exhibit a certain degree of spectral heterogeneity (Fig.

4.2c). In what follows we discuss the possible experimental artifacts that could lead to artificial

spectral diversities and show a reproducibility study of single ova spectra.

Rc ova are randomly selected from a population where there is no control over fertilization
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and/or development stage. Their volume is approximatively spherical, with a diameter natu-

rally varying from 100 to 130 μm. As shown in detail by the sensitivity maps described below,

the most sensitive region of our excitation/detection microcoil roughly corresponds to a de-

formed semi-ellipsoid of about 200 pl, i.e. smaller than the Rc ova volume. Consequently, the

signal amplitude does not depend linearly on the ovum volume. In order to quantitatively

estimate the dependence of the signal amplitudes on the natural variability of ova volumes,

we performed a numerical integration of the effective sensitivity shown below over spherical

volumes (representing Rc ova) having diameters of 100 and 130 μm, placed on top of the

microcoil, in which an homogeneous spin density is considered. The result of this calculation

indicate that the maximum variability of signal amplitude due to different ova volumes is

of about 25%. This value slightly increase to about 30% when the smaller sphere is laterally

displaced by 15 μm with the respect to center of the microcoil. From this estimation, we

deduce that the variability in terms of signal amplitudes shown in Fig. 4.2 (as large as 350%)

cannot be explained by the natural variability of ova volumes and/or the ovum-to-microcoil

misalignment.
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Figure 4.5: Reproducibility study of Richtersius coronifer (Rc) spectra. (a) Measurements
of two ova, ovum (d) and ovum (e) as indicated in Fig. 4.2b. Each ovum was arbitrarily
repositioned three times within the respective spent gels. Each spectrum results from 12 hours
of averaging. (b) Measurements of two ova, ovum (f) and ovum (g) as indicated in Fig. 4.2b.
Each ovum was arbitrarily repositioned twice within fresh gels. Each spectrum results from 12
hours of averaging. (c) Comparison of averaged spectra of ova (f) and (g) with spectrum of
ovum (a) as indicated in Fig. 4.2b. (d) Comparison of averaged spectra of ova (f) and (g) with
spectrum of ovum (h) as indicated in Fig. 4.2b.

Other factors that might provoke artificial heterogeneity among these NMR spectra can be: (1)

the non-homogeneous coil sensitivity combined with a non-uniform intracellular chemical

composition; (2) the random orientation of the ovum within the structural field inhomo-
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geneity of the setup; (3) the presence, upon sample placing, of invisible air bubbles at the

microchip-sample-gel interface (see Methods for assembly procedure). In order to investi-

gate these possible sources of artefacts, we performed six additional experiments on four

Rc ova, in particular on the ova which produced the spectra (d), (e), (f) and (g) shown Fig.

4.2b. Figure 4.5a shows spectra of ovum (d) and ovum (e) after three arbitrary repositioning,

realized delicately rotating the ova within the respective spent gels. Although we observe

some variations of the linewidths as well as of the signal amplitudes, the dominant spectral

features (i.e. the ones between 0 and 4 ppm) are conserved upon sample rotation and change

of local environment. Fig. 4.5b shows the result of experiments where both ovum (f) and (g)

are repositioned in a fresh gel. As we can see, the dominant spectral features were conserved

also upon transfer into fresh gels. Fig. 4.5c and 4.5d compare the averaged spectra of ova (f)

and (g) to spectra of ova (a) and (h), showing that the variability in spectra of different ova

can be larger than the variability of repeated experiments on the same ovum. Overall, Fig.

4.5 suggests that the observed diversity among spectra of Rc ova cannot be attributed only to

the manipulation and positioning of the ovum but must be caused, at least partially, by its

intrinsic properties.
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Figure 4.6: NMR spectra of single Heligmosomoides polygyrus bakeri (Hp) ova and averaged
spectra of Richtersius coronifer (Rc) and Hp. (a) Three Hp single ovum experiments in D2O-
based gels. (b) Comparison between average spectra of five Rc ova (red) and three Hp ova
(blue) in D2O-based gels.

4.3.4 Hp ova spectroscopy

Figure 4.6a shows 1H NMR spectra obtained from three different single Hp ova placed in

D2O-based gel, resulting from 36 hours of averaging and characterized by a linewidth of about

0.25 ppm. Hp ova, whose ellipsoidal shape was systematically oriented horizontally on the

gel, were always entirely contained within the most sensitive region of the probe (see Fig.

4.1c and microcoil sensitivity maps below) allowing for a full exploitation of the microcoil

high sensitivity. Contrarily to the case of Rc ova, in these measurements on Hp ova we do

not observe a clear indication of heterogeneity despite the study is performed at comparable

effective sensing capability. With a typical volume of about 0.1 nl the Hp ovum is, to date, the

smallest intact biological sample in which intracellular compounds are detected with NMR

spectroscopy. Figure 4.6b shows averaged NMR spectra obtained from experiments on Rc and
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Hp ova in D2O-based gels. These spectra indicate that, at our level of sensitivity, the averaged

intracellular chemical compositions of Rc and Hp ova are similar, with only small eventual

differences at 3.2 and 3.8 ppm between the two species.
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Figure 4.7: Maps of effective unitary field and effective sensitivity of the integrated micro-
coil. (a-b) Maps of the effective unitary field Bu = (B 2

u,z +B 2
u,y )1/2 at x = 0 cross-section (a) and

y = 0 cross-section (b). (c-d) Maps of the effective coil sensitivity in conditions of maximum
total signal (τ= 2.5 μs) at x = 0 cross-section (c) and y = 0 cross-section (d).

4.3.5 Sensitivity (with maps) of the single-chip probe

In Fig. 4.7 we computed sensitivity maps and unitary field maps of the integrated microcoil.

The static B0 field is oriented along the x̂ axis. The octagonal loops of the microcoil are approx-

imated with circular ones. The detailed description of the microcoil structure is available in

Ref. [21]. The unitary field, defined as the field produced by a current of 1 A in the coil loops, is

computed via the Biot-Savart law. The effective unitary field Bu is the component orthogonal

to the static field. The effective coil sensitivity is computed taking into account the effect of

the non-homogeneity of the nutation angle θ = γB1τ. The resulting effective sensitivity is

proportional to Bu si nθ. The pulse length that maximizes the signal (τ= 2.5 μs), is measured

experimentally and is matched by simulations that assume a current i = 9 mA through the coil

in TX mode.

Due to the planar geometry of the excitation/detection coil, our probe has an effective spin
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sensitivity which depends on the sample volume, shape, and distance from the coil surface.

Our experimental conditions are characterized by a spectral resolution of about 0.3 ppm and

a field strength of 7 T. In the case of a spherical sample of 30 μm diameter in contact with the

chip surface, the time-domain spin sensitivity of about 1.5×1013 spins/Hz1/2 corresponds

to a limit of detection (LOD) in the frequency domain of about 700 pmol of 1H nuclei per

single scan (quantity of 1H nuclei that gives a signal-to-noise ratio of three). In this example

the sensing capability of the microcoil is fully exploited as the sample is contained within the

most sensitive region of the detector (see maps above). In the case of a spherical sample of 100

μm diameter in contact with the chip surface, the spin sensitivity is reduced to about 4×1013

spins/Hz1/2, corresponding to an LOD in the frequency domain of about 1900 pmol of 1H

nuclei per single scan (the spins intended to be distributed homogeneously within the whole

sample). In terms of LOD, the performance of our single-chip probe are competitive with the

most sensitive inductive NMR devices so far reported [145–148].

4.3.6 Chemical shifts in Rc and Hp ova.

In this study the relatively small number of samples available (see Methods) poses significant

and non-trivial technical challenges to studies of ova collections aimed at the elucidation

of proton peaks assignment (see Discussion). In our experiments the peak assignment is

hindered by the combination of a small number of spins with a relatively poor spectral resolu-

tion. Nevertheless, a few qualitative observations can be done by comparison to previously

reported NMR spectra of intact C. elegans worms [149] and Xenopus laevis ova [135, 139].

Although these NMR-based studies analyze biological entities that are different from the ones

investigated in this work, they probably represent the closest term of comparison available

in literature in terms of volume size and samples nature. The NMR signals in Xenopus laevis

[135, 139] at about 0.9, 1.3, 2.1, 2.8, 5.2 ppm were attributed to highly concentrated yolk lipids

(in particular triglycerides [135, 150]). These results well explain the origin of the dominant

features in both Rc and Hp ova spectra. In Figs. 4.6a and 4.6b, a peak at about 3.2 ppm seems to

discriminate the intracellular content of Hp ova from the one of Rc ova. Prominent resonances

at about 3.2 ppm were previously assigned to a relatively restricted group of metabolites in

intact C. elegans worms, which are nematodes as Hp [149].

As shown in Fig. 4.2 a visible signal at 3.8 ppm is present in some Rc ova. A resonance at

about 4 ppm was assigned to the glycerol backbone in Xenopus laevis, typically lower and

broader with respect to the other lipid signals (to which this compound is strictly related) [135].

Hence, this resonance is hardly related to yolk lipids. The presence of a highly concentrated

endogenous compound is a more likely explanation for the signal detected at this particular

chemical shift.
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4.4 Discussion

In this study we reported on the use of a state of art sub-nL NMR probe for the analysis of single

sub-nL ova of microorganisms, indicating the limits of the technique for the non-invasive

detection of intracellular compounds within ova as small as 0.1 nl. The results shown may

be used as a starting point to extrapolate the realistic experimental possibilities offered by

NMR tools for applications such as the non-invasive selection of microscopic entities based

on the direct quantification of highly concentrated endogenous compounds. In terms of spin

sensitivity performance that future setups may offer, a straightforward improvement is the

use of a higher field. Moving from 7 T to 23.5 T (the highest field commercially available)

with the same microcoil should improve the spin sensitivity by a factor of six if the linewidth

originates entirely from magnetic susceptibility issues (see Appendix C). In these conditions it

is reasonable to achieve limits of detection on 1H nuclei in the order of 7 pmol in 10 minutes

and 0.9 pmol in 10 hours for samples having a volume below 100 pl and linewidths as large

as 0.3 ppm. Further improvements are obvious for samples exhibiting typical linewidths

narrower than the ones observed in this study.

Improved spectral resolutions may be obtained by MAS techniques [135, 141, 151]. A few

explorations on microscopic intact biological samples report linewidths of about 0.1 ppm in

Xenopus laevis eggs at 14 T [135] and C. elegans at 23.5 T [141]. Experiments on large collec-

tions of C. elegans and bovine tissues demonstrate linewidths as narrow as 0.05 ppm [141, 151].

It seems therefore reasonable to obtain significant narrowing of the line via MAS. Although

MAS probes are not yet optimized for maximum sensitivity at the sub-nL scale, its application

at larger volume scales (few tens of nL) may already provide tools supporting the study of

sub-nL ova. In wider terms, static and/or spinning probes analyzing 10 nL collections of rare or

precious sub-nL ova would allow for proton assignments (elucidating eventual heterogeneities

detected among individual samples at the single ovum level) and a better characterization of

the spin-spin relaxation properties without need of excessive sample accumulation. However,

the realization of such tools is hindered by significant technical challenges, simultaneously re-

quiring small sensitive volumes, high filling factors, high resolution, MAS, and sample loading

and manipulation capabilities.

The results shown above, obtained at a relatively weak field of 7 T, suggest that a LOD of

about 5 pmol of 1H nuclei within a sub-nL region (in this study specifically corresponding to

sensitivities ranging from 20 to 50 mM in terms of intracellular concentration) is sufficient

for the detection of the most concentrated compounds in individual ova of microorganisms

having volumes below 1 nL. Curiously, signals at chemical shifts that are not typical of yolk

lipids are visible. This indication seems, at first sight, in contradiction with the previous

NMR spectroscopic studies of intact Xenopus laevis ova [135], where yolk lipids explain all the

spectroscopic features, which are essentially identical to those of the yolk of an hen egg [152].

In order to detect metabolites in these samples it was indeed necessary the use of magic angle

spinning probes at 14 T loaded with more than one ovum [135]. However, the Xenopus laevis

ovum (the smallest previously analyzed with NMR spectroscopy) might not be the best term

of comparison, as its typical volume (about 1 μL) is larger by a factor ranging from 103 to 104
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with respect to the ova studied in this work.

A peculiar class of sub-nL ova that justifies the interest in approaches for the non-invasive

intracellular spectroscopy of individual samples is constituted by the mammalian zygotes.

Recent studies demonstrate, using techniques other than NMR, that in sheep [153] and human

[154] oocytes the uptake or production rates of metabolites such as lactate, pyruvate, and

glucose can reach 100 pmol/oocyte/h and change radically along the natural development.

It is worth noting that these results concern exchange rates measured in the extracellular

medium and, hence, do not provide a direct quantification of the intracellular content and its

time evolution. Spectrophotometry of intracellular extracts, on the other hand, has shown

that up to 30 pmol/oocyte of glutathione (GSH) are contained in oocytes of goat [155] and

pig [156, 157] and can change in reaction to environment and developmental stage [158].

Variations of a few pmol/oocyte of GSH in time scales of the order of several hours have been

reported in hamster [159] and rat [160] oocytes. In these studies, the intracellular GSH content

and its evolution is directly measured, but the ensemble measurements hide possible hetero-

geneities among single entities. These findings indicate that the sensitivity achievable with

high sensitivity miniaturized inductive NMR probes should be sufficient for a non-invasive

real-time intracellular monitoring of GSH in single mammalian zygotes. The application

of NMR spectroscopy to the analysis of spent culture media was recently proposed to aid

the selection of viable human embryos for in vitro fertilization purposes [161]. The direct

application of NMR on single embryos using miniaturized high sensitivity probes is potentially

advantageous for this aim. We suggest that systematic and extensive NMR studies on single

cultured ova may provide new data that could shed light on cryptic processes involved in

embryonic development [153–160] and provide new methodologies to estimate embryonic

health [158, 161].

The hardware used in this work is an ultra-compact integrated probe entirely realized with

commercially accessible complementary-metal-oxide-semiconductor (CMOS) technologies

that might open to the realistic possibility of implementing relatively low-cost arrayed minia-

turized probes. However, improvements for what concern samples manipulation are required,

especially for applications aiming at studying precious samples such as mammalian embryos.

Recently, many efforts were successfully dedicated to the microfabrication of devices for

manipulation and culture of individual living embryos [162, 163]. Both integrated circuits

and microfluidics are suitable for arrays implementation, and their combination has been

demonstrated in applications such as single cell magnetic manipulation [164] and flow cy-

tometry [165]. We believe that this combination can be extended to NMR applications for the

realization of arrayed high sensitivity NMR probes, enabling simultaneous studies on a large

number of single biological entities in the same magnet.
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4.5 Methods

4.5.1 Single ovum probe mounting.

Figure 4.8 shows a schematic representation of the probe mounting procedure. The ova were

first transferred, using a 100 μL pipette, from the tube into a Petri dish filled by 1.5% H2O-

based agarose gel. Often more than one ovum was found on the Petri dish, in which case

the additional samples were left isolated on the gel for eventual later use and stored at 4° C

between successive experiments. Single ova were transferred into a 1.5% agarose gel-filled

polystyrene cup using two eyelashes. No visible damage to the ova was provoked during this

procedure. The concentration of agarose was carefully chosen, based on repeated assemblies

of ova, such that the resulting gel was hard enough to allow a stable placement of the ovum but

still sufficiently soft to avoid ovum rupture during the setup assembly (typically happening for

gels with more than 3% of agarose). The gel matrix was providing a deformable soft surface

to embed and hold the ovum. When placed on the gel, the ovum was protruding from the

surface by about half of its volume, hence ensuring an initial physical contact between the

ovum and the surface of the microcoil upon placing. Later, the cylindrical polystyrene cup,

containing the gel with the ovum on its surface, was positioned on top of the microchip in

such a way that the ovum was precisely aligned over the microcoil. The local depletion of

any visible air bubble was relatively easy and reproducible. The cup was fixed to the printed

circuit board with candle wax. The gel keeps the sample in close contact with the coil for days

without physically damaging it, whereas the wax prevents gel drying. The microchip was wire

bonded to a printed circuit board, with bonding wires electrically isolated by a silicone glue.

Figure 4.1e describes the assembled probe.

H2O gel

D2O or H2O gel

Figure 4.8: Schematic representation of the probe mounting procedure.

4.5.2 Tardigrade Richtersius coronifer (Rc).

Eggs of Rc were extracted from a moss sample collected in Öland (Sweden) by washing the

substrate, previously submerged in water for 30 min, on sieves under tap water and then

individually picking up eggs with a glass pipette under a dissecting microscope. The eggs

were shipped within 24 hours in sealed tubes with water and subsequently stored at −20 °C

before use. The embryonic development of Rc ova is relatively slow, with the eggs hatching in
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more than 50 days [166]. All experiments were carried out within a week after tube opening.

The tube was stored at 4 °C between separated experiments. The NMR experiments were

performed in H2O, M9, and D2O. It is known that prolonged exposure to a high concentration

of D2O affects living organisms to different extents, from lethal to marginal [167, 168]. In order

to test the effects of D2O exposure on Rc specimens, 16 eggs and 10 animals were submerged in

D2O (at 15 °C) for 36 and 24 hours respectively and then transferred in H2O. A control group of

16 eggs was kept in H2O. The effects of the exposition to D2O on the survival of the specimens

were not negligible but definitively not systematically lethal: all the animals survived, and a

hatching of 84% in the control group and of 63% in those exposed to D2O was observed after a

time of approximately 2 months. The total amount of Rc ova available for this study was of

about 120 units.

4.5.3 Nematode Heligmosomoides polygyrus bakeri (Hp).

Eggs of Hp were collected from faeces of infected mice. Faeces were first dissolved in water

and then washed with a saturated NaCl solution. Floating eggs were collected from the top

layer of the solution and washed twice. Final centrifugation in water for 5 minutes at 2000

rpm sedimented clean eggs at the bottom of the tube. The amount of ova typically available at

each extraction varied from tens to a few hundred depending on the host organism response

to the infection. Fecundated ova of Hp develop into a fully embryonated state within 24 hours

and within two days stage 1 larvae begin to emerge [169]. In H2O-based gels Hp ova regularly

hatched after a few hours, the emerging larvae migrating far from the sensitive region of the

microcoil. In D2O-based gels the ova never hatched within two days of observation, hence

allowing for the necessary long averaging time. All experiments were carried out within two

days after sample extraction. The tube was stored at 4 °C between separated experiments.

4.5.4 NMR experimental details.

NMR experiments were performed in the 54 mm room temperature bore of a Bruker 7.05 T

(300 MHz) superconducting magnet. The electronic setup was identical to the one described

in details in Ref. [21]. All experiments employing the single-chip probe were performed

with a repetition time of 2 s, a π/2 pulse length of 2.5 μs, and an acquisition time of 400

ms. The time domain data were post-processed by applying an exponential filter with decay

of 50 ms. The alphabetic order in Fig. 4.2b corresponds to the chronologyc order of the

measurements. Chemicals. H2O (Sigma Aldrich, 270733). D2O (Acros Organics, 166301000).

Agarose (BioConcept, Standard Agarose LE-7-01P02-R). Silicone glue (Momentive, RTV118).

Polystyrene cup (Semadeni, 10 mm diameter, 5 mm height). The M9 buffer is prepared as in

Ref. [170].
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Appendix A: Derivation of equation (1.12)

In this appendix we explicitly derive equation (1.12), which expresses the noise fluctuations in

the frequency domain for a finite acquisition time. The integral to be solved is:

n̄ f = {
1

F

∫T

0
n2(t )e−

2t
Tm d t }1/2 (5.1)

We can focus on the integral I:

I = 1

F

∫T

0
n2(t )e−

2t
Tm d t (5.2)

From eq. (1.11) we know that:

T F n2
sd =

∫T

0
n2(t )d t (5.3)

Integrating (5.2) by parts and defining f ′ = n2(t ) one has f (t ) = tF n2
sd from eq. (5.3). Develop-
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ing (5.2) we obtain:
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From eq. (5.1) and (5.2) we have
�

I = n̄ f , which gives (in accordance to (1.12)):

n̄ f = nsd

√
Tm

2
(1−e−

2T
Tm ) (5.5)
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In this section we report the block diagram and the detailed transistor level schematics of the

successful designs made during my PhD thesis. Overall, the whole work can be resumed in

two different designs for what concerns the active electronics. Both the designs have been

previously presented in Chapter 2 and 3. First, we describe in details the TX/RX which has

been realized first, which does not have IQ demodulation capabilities. This transceiver was

used to implement the ultra-compact single-chip probe used for the measurements shown in

Chapter 4.

Single-channel broadband transceiver

Figure 5.1 shows a photograph of the single-chip transceiver together with its block diagram

schematics. This design is for interface with external excitation/detection probe heads as

shown in Chapter 2.

AF

DIFF to SE

LNA

2.5V

2.5V

LO

TX

a

P

N

P

N

OUT a

transmitter

receiver

(a) (b)

Figure 5.1: Single-channel transceiver, 2014. (a) Photograph of the first broadband CMOS
transceiver realized at LMIS1. This version of the transceiver is for use with external excita-
tion/detection probe heads. (b) Block diagram schematics of the active electronics. Nodes a
and ā indicate where the excitation/detection head is connected. The block diagram shows
TX mode, where squared waves of 2.5 V amplitude are sent to the probe head.

The main transistor level design challenge is to trade-off between the wide bandwidth (1-300

MHz) and the low input referred noise (about 1 nV/Hz1/2). In integrated circuits high frequency

operation (i.e. in the GHz range) is achieved by using small area transistor sizes. Small devices

have smaller parasitic capacitance and hence better speed performance allowing for operation

at high frequency. On the other hand they have larger flicker noise with corner frequency

in the MHz range limiting their functionality for low frequency operation with satisfactory

noise performance. In Fig. 5.2 it is shown the transistor level schematics of the low noise

amplifier. The bias voltages VB1, VB2, and VB3 are set by system of current mirrors, together
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with the currents flowing through the amplification stage and the common mode feedback.

VDD indicates the DC power source which corresponds to 1.5 V.

The device amplifies the small NMR signal in order to make the noise contribution of the

following down-conversion device (mainly the frequency mixer) negligible. For the external

coil case the minimum input noise is about 1.8 nV/Hz1/2, set by the 160 Ω equivalent input

impedance in matched conditions. Since the noise of a frequency mixer is in the order of

few tens of nV/Hz1/2, the 39 dB gain of the LNA is enough to not deteriorate the SNR in

the following circuitry. The chosen scheme is a current reuse differential transconductance,

loaded with a pseudo-cascode. The voltage gain, input referred noise and main frequency

pole can be expressed, in first approximation, by the following equations:

A = (g mp + g mn)RL

fpl =
1

2πRLCL

fp2 =
g d sp+
2πCi

v2
n = 4kB T ξ

g mp + g mn
+ K f n

f (W L)n
+ K f p

f (W L)p
+ 4kB T ξg mm

(g mp + g mn)2 + K f g m2
m

f (W L)m(g mp + g mn)2 + 4kB T RL

A2

(5.6)

where g mp , g mn , g d sp and g d sn are the gate-drain and drain-source transconductances

of the input devices (Mn1, Mn2, Mp1, Mp2), RL is the output resistance, ξ is a technological

constant approximately equal to 0.6, g mm is the transconductance of the current mirror

devices (Mp3, Mp4, Mp5, Mp6) ,K f n and K f p are the flicker noise constants of n and p devices,

CL and Ci are the sum of the capacitances connected to the output and input nodes including

the MOS parasitics. Equation (5.6) points out that, maximizing the input transconductance

and designing the current mirror devices in strong inversion (i.e. with small aspect ratio, small

gm), it is possible to reduce the noise due to transistors other than the input transconductor.

Furthermore, noises of cascode devices and load resistances are made negligible thanks to

parameter optimization and to the voltage gain division of the first stage. We followed as

design strategy: (1) to trade-off between noise and speed a gm/I ratio of 10 was chosen as

a starting point for the input devices; (2) the minimum input transistor area is set by the

noise performances at low frequency (flicker noise); (3) the minimum transconductance is

set by the thermal noise floor (i.e. for frequencies typically above 20 MHz). To maximize the

transconductances per unit area, the devices are designed with short lengths and large widths.

The supply current is then used to tune the transconductance in order to achieve the wanted

noise. After designing the input transconductance, the resistive load is decided in function

of the desired gain. Since the structure is fully differential, a feedback is added to ensure the

stability of the output common mode voltage. This is done by mean of transistors (Mn5, Mn6,

Mp7, Mp8) which set the output DC voltage at a level which is about 1 V.
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Common Mode FeedbackLow Noise Amplifier
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Mn3 Mn4

Mn5 Mn6

Mp1 Mp2

Mp3 Mp4Mp5 Mp6 Mp7 Mp8

VB2 VB2

VDD

VB3VB3

RLRL

VB1

VINp VINn

VOUTn VOUTp

Figure 5.2: LNA. Transistor level schematics of the low noise amplifier. Physical dimensions in
Table 5.1.

Fig. 5.3 shows the transistor level schematics of the double balance Gilbert cell. This active

mixer is chosen among others for its simplicity and for noise performances, which are better if

compared with the passive counterpart. Transistors Mn1 and Mn2 together with Rs1 and Rs2

act as transconductance, converting the voltage signal coming from the LNA into a current.

Transistors Mn3−6, driven by the local oscillator, multiply the current signal by a square wave.

The resulting signal is composed by sinusoids with frequency equal to the sum and difference

of the one driving the mixer. The sum component is filtered out by the load filter, leaving a

sinusoid oscillating at the difference in frequency between the signal and the local oscillator.

Again, the minimum size of the input devices is chosen to keep the input referred noise in a

reasonable range (10 nV) and the transistor Mn3−6 are sized to behave as hard switches when

driven by a 1.5 V peak-to-peak square wave at 1 GHz. With this assumption the voltage gain

can be written as A = 4RL
πRs

. At the output a low pass filter with frequency equal to fp = 1
2πR f CF

is

added to filter out the sum component. In figure 5.4 the audio-frequency amplifier following

the mixer is detailed. The design rules considered to size the transistors are similar to the ones

described for the LNA. A resistive feedback is added to control the voltage gain and bandwidth.
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0.5mA
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RLRL

RF

CF

RS2RS1

Mn1 Mn2

Mn3 Mn4 Mn5 Mn6

VINp VINn

LOn LOn
LOp

VOUTpVOUTn

Figure 5.3: Mixer. Transistor level schematics of the Gilbert mixer. Physical dimensions in
Table 5.1.
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Figure 5.4: AF Amplifier. Transistor level schematics of the AF amplifier. Physical dimensions
in Table 5.1.
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The transistor level schematics of the transmitter is fully described by Fig. 5.1. Essentially,

the transmitter is constituted by two chains of inverters that operate in a differential way.

In order to reduce the time delay of the differential paths one dummy inverter is inserted

along the chain which contains the lower number of inverters. The power amplification of

this design is not big. For this reason, the transmitter is preceded by an amplifying stage

constituted by a self-biased inverter topology. In this work we could obtain transmitters

operating with input power as low as -3 dBm and delivering about 10 dBm (depending on the

output impedance). For reasons of noise contamination and transmitted power the DC power

source of the transmitter is physically separated by the one of the receiver electronics and it

has a value of 2.5 V. One element of novelty of this work with respect to the previously reported

transceiver architectures is the fully integrated system of switches that allow to interface the

chip to excitation/detection probe heads via two nodes only. In Fig. 5.5 we show the detailed

schematics of such switches, which affect both the topology of the transmitter and the input

stage of the receiver. The schematic shows how the interface between transmitter and receiver

is realized for one of the two differential inverters chains. In the case shown, the total number

of inverters is even and a few straightforward adjustments have to be done to construct the

other differential pair (whose number of inverters is odd). When the control signal is s=2.5 V

(s=0) we are selecting the RX mode and the inverter chain is in stand-by (no power is drawn

from the source). In the opposite configuration the inverters are transmitting power to the

probe and the switches on the receiver side protect the LNA.

s

s s
s

s s

TX

a or a

total number of inverters is even

s

s

to LNA

transmitter
receiver

Figure 5.5: Switches. Transistor level schematics of the fully integrated transmit-receive
switches.
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Dimensions in figs. 5.4, 5.3, 5.2

LNA

Object name Width (μm) Length (μm)

Mn1,Mn2 350 0.18

Mn3,Mn4 70 0.13

Mn5,Mn6 40 0.13

Mp1,Mp2 840 0.18

Mp3,Mp4 150 0.2

Mp5 450 0.25

Mp6 290 0.25

Mp7,Mp8 45 0.25

MIXER

Mn1,Mn2 15 0.4

Mn3,Mn4,Mn5,Mn6 50 0.13

RS1,RS2 300 Ω

RL 2 kΩ

RF 100 kΩ

CF 20 pF

AF Amplifier

Mn1,Mn2 100 3

Mn3,Mn4 30 0.3

Mp1,Mp2 70 4

Mp3,Mp4 60 0.5

Mp5,Mp6 35 4

RI 1,RI 2 6 kΩ

RF 1,RF 2 18 kΩ

RL 10 kΩ

RZ 1,RZ 2 400 Ω

CC 1,CC 2 3 pF

Table 5.1: Physical dimensions of transistors used in LNA, Mixer, AF Amplifier.
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Chips bonding and use

Figure 5.6: Single-channel transceiver, 2014. Virtuoso Layout view of the designed single-
channel transceiver. This version of the chip interfaces to external excitation/detection res-
onators.

Figure 5.6 shows the Cadence Virtuoso view of the final layout of the single-channel transceiver

designed to interface with external excitation/detection probe heads. Here we want to de-

scribe the role of each pin to enable future use of this design.

Probes The two nodes indicated as probes correspond to the nodes a and ā (see figure 5.1

and chapter 2). Any PCB routing should consider that the nodes are differential.

InputTX This node is the RF input of the transmitter. The RF source needs to be AC coupled,

and the input node has to be DC biased at about 1.25 V. To do so we typically connect

this node to an inductance of about 60 nH that picks a voltage of 1.25 V. In the designed

PCBs the 1.25 V is generated dividing by two the 2.5 V power source (see below) via two

resistors. The InputTX node has a 1.2 kΩ resistance to ground. Thus, we typically use a
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resistance to 2.5 V of 1.2 kΩ and a resistance of 120 kΩ to ground in order to obtain the

needed 1.25 V. RF power should be around 3 dBm.

Vswitch This node manages the transceiver TX to RX switching. When equal to 2.5 V the

transceiver is in RX mode. When equal to ground the transceiver is in TX mode. To

interface Vswitch to an external standard TTL signal we typically use an inverter fed by

2.5 V before the pin.

VDDTR and VDDTRsw These two nodes were separated for testing, but they should be con-

nected on the PCB routing. Here we feed the switches and transmitter with a 2.5 V power

source.

VGND All pins with this name are connected to ground.

BIAS1 and BIAS2 The two nodes connect to bias points within the receiver and can be used

for testing only. They can be connected to floating pads on the PCB and can be used to

check the presence of 1 V on each. They can be left floating too if testing is not needed.

LO This node is the RF input of the local oscillator. The RF source needs to be AC coupled,

and the input node has to be DC biased at about 0.75 V. To do so we typically connect

this node to an inductance of about 60 nH that picks a voltage of 0.75 V. In the designed

PCBs the 0.75 V is generated dividing by two the 1.5 V power source (see below) via two

resistors. The InputTX node has a 1.2 kΩ resistance to ground. Thus, we typically use a

resistance to 1.5 V of 1.2 kΩ and a resistance of 120 kΩ to ground in order to obtain the

needed 0.75 V. RF power should be around 0 dBm.

VDDRX Here we feed the whole receiver with a 1.5 V power source.

Output The output pin of the receiver gives a single-ended signal. The DC value has to be

about 1 V. The maximum output is about 300-400 mV. We typically interface this pin to

an AC coupled AF amplifier. The output is proved to directly drive coaxial cables as long

as 2-3 meters.
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Figure 5.7: Ultra-compact single-chip probe, 2014. Virtuoso Layout view of the designed
ultra-compact single-chip sub-nL probe.

Figure 5.7 shows the Cadence Virtuoso view of the final layout of the ultra-compact single-chip

probe described in chapter 2 and 4. Here we want to describe the role of each pin to enable

future use of this design. The TX/RX architecture is practically identical to the one shown

above. All the sub-nL ultra-compact probes have this same pin layout. Note that this layout is

designed to work with only 8 pins wire bonded (the 8 on the right-end side of the chip). When

bonded this way there is maximum space around the microcoil to ease the use of the probe.

InputTX This node is the RF input of the transmitter. The RF source needs to be AC coupled,

and the input node has to be DC biased at about 1.25 V. To do so we typically connect

this node to an inductance of about 60 nH that picks a voltage of 1.25 V. In the designed

PCBs the 1.25 V is generated dividing by two the 2.5 V power source (see below) via two

resistors. The InputTX node has a 1.2 kΩ resistance to ground. Thus, we typically use a

resistance to 2.5 V of 1.2 kΩ and a resistance of 120 kΩ to ground in order to obtain the

needed 1.25 V. RF power should be around 3 dBm.
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Vswitch This node manages the transceiver TX to RX switching. When equal to 2.5 V the

transceiver is in RX mode. When equal to ground the transceiver is in TX mode. To

interface Vswitch to an external standard TTL signal we typically use an inverter fed by

2.5 V before the pin.

VDDTR Here we feed the switches and transmitter with a 2.5 V power source.

VGND All pins with this name are connected to ground. Some can be left floating in order to

enable an easier use of the chip by leaving more space around the microcoil.

BIAS1 and BIAS2 The two nodes connect to bias points within the receiver and can be used

for testing only. They can be connected to floating pads on the PCB and can be used to

check the presence of 1 V on each. They can be left floating too if testing is not needed

in order to enable an easier use of the chip by leaving more space around the microcoil.

LO This node is the RF input of the local oscillator. The RF source needs to be AC coupled,

and the input node has to be DC biased at about 0.75 V. To do so we typically connect

this node to an inductance of about 60 nH that picks a voltage of 0.75 V. In the designed

PCBs the 0.75 V is generated dividing by two the 1.5 V power source (see below) via two

resistors. The InputTX node has a 1.2 kΩ resistance to ground. Thus, we typically use a

resistance to 1.5 V of 1.2 kΩ and a resistance of 120 kΩ to ground in order to obtain the

needed 0.75 V. RF power should be around 0 dBm.

VDDRX Here we feed the whole receiver with a 1.5 V power source.

Output The output pin of the receiver gives a single-ended signal. The DC value has to be

about 1 V. We typically interface this pin to an AC coupled AF amplifier with a gain of

1000. The output is proved to directly drive coaxial cables as long as 2-3 meters.
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IQ broadband transceiver

(a) (b)
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Figure 5.8: IQ transceiver, 2015. (a) Photograph of the IQ broadband CMOS transceiver
realized at LMIS1. This version of the transceiver is for use with external excitation/detection
probe heads. (b) Block diagram schematics of the active electronics. Nodes a and ā indicate
where the excitation/detection head is connected. Transmitter, LNA, Mixers, AF Amplifier
have been recycled from the design presented above.

Figure 5.8 shows a photograph of the single-chip transceiver together with its block diagram

schematics. This design is for interface with external excitation/detection probe heads as

shown in Chapter 3. The transmitter, LNA, Mixers, AF amplifier are identical to the ones imple-

mented in the design shown in Fig. 5.1. The main difference between the IQ transceiver and

the single-channel one is the capability of performing the detection in quadrature. Quadrature

detection requires to demodulate the signal with two mixers fed by RF having a phase shift

of 90°. In this design we had to implement such a phase shift starting from a single RF signal

and in a broadband fashion. This is realized (as described briefly in Chapter 3) by first imple-

menting a 180° phase shift on the RF, and later by implementing a division by 2, resulting in

signals that have a phase shift of 90°. These RF lines are then amplified by chains of inverters

and sent to the two mixers. The main challenge in this design was to guarantee the broadband

operation: it is indeed known that the frequency division is problematic in digital circuits at

low frequency, due to the leakage currents that are present in the MOSFETs. However, the

design detailed here is capable of operation from 3 MHz (yielding a phase error of 3°) up to 1

GHz (yielding a phase error of 0.3°). The design was optimized via simulations in Cadence.

Figure 5.9 shows the transistor level schematics of the 180° phase shifter, which is essentially

constituted by two differential inverter chains where a dummy inverter equalizes eventual

path delays. Figure 5.10 shows the schematics of the dividers, whose topology is the TPSC. An

inverter interfaces the divider to the successive stage.
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Figure 5.9: 180° Shift. Transistor level schematics of the 180° phase shifter.
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Figure 5.10: Divider. Transistor level schematics of the broadband divider.
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Chips bonding and use

Figure 5.11: IQ transceiver, 2015. Virtuoso Layout view of the designed IQ transceiver. This
version of the chip interfaces to external excitation/detection resonators.

Figure 5.11 shows the Cadence Virtuoso view of the final layout of the IQ transceiver designed

to interface with external excitation/detection probe heads. Here we want to describe the role

of each pin to enable future use of this design.

Probe1 and Probe2 The two nodes indicated as probes correspond to the nodes a and ā (see

fig. 5.8 and chapter 3). Any PCB routing should consider that the nodes are differential.

InputTX This node is the RF input of the transmitter. The RF source needs to be AC coupled

with a capacitance of 100 pF (or similar). The input is self biased. RF power can be as

low as -3 dBm.

Vswitch This node manages the transceiver TX to RX switching. When equal to 2.5 V the

transceiver is in RX mode. When equal to ground the transceiver is in TX mode. To
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interface Vswitch to an external standard TTL signal we typically use an inverter fed by

2.5 V before the pin.

VDDTR Here we feed the switches and transmitter with a 2.5 V power source.

VGND All pins with this name are connected to ground.

BIAS1, BIAS2, and BIAS3 These nodes connect to bias points within the receiver and can be

used for testing only. They can be connected to floating pads on the PCB and can be

used to check the presence of 1 V on each. They can be left floating too if testing is not

needed.

LO This node is the RF input of the local oscillator. The RF source needs to be AC coupled

with a capacitance of 100 pF (or similar). The input is self biased. RF power can be as

low as -3 dBm (depending on the working frequency).

VDDRX Here we feed the whole receiver with a 1.5 V power source.

voutI and voutQ The IQ output pins of the receiver. The DC value has to be about 1 V. The

maximum output is about 300-400 mV. We typically interface this pin to an AC coupled

AF amplifier. The output is proved to directly drive coaxial cables as long as 2-3 meters.

Make sure the electronic paths are identical for these two channels.
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Appendix C: Extrapolation of sensitivity of our single-chip probe at

higher fields

The free induction decay (FID) NMR signal consists of several contributions at slightly different

frequencies. Each contribution has an angular frequency ω0 = γe f f B0, where γe f f is the effec-

tive gyromagnetic ratio of the probed nuclei and depends on their chemical environment. In

general, the signal contribution at each frequency is s(t ) = s0cos(ω0t )e(−t/T ∗
2 ), where T ∗

2 is the

effective decay time depending on the spin-spin relaxation time and the field inhomogeneity

in the sample volume. As described in Chapter 1, the NMR signal is s0 = ω0M0BuVs si n(θ)

accordingly to eq. (1.6), where Vs is the sample volume, Bu is the magnetic field generated by a

current of 1 A in the detection coil (i.e., the so called unitary field). It is worth to note here that

the term M0 is proportional to the value of the static field B0, as shown in eq. (1.2). As shown

in Chapter 1, the SNR for a single scan is maximized by multiplying the time-domain signal by

an exponential function whose decay match T ∗
2 . After this operation and for an acquisition

time T � T ∗
2 the SNR in the frequency domain is given by eq. (1.20):

SN R f =
s0

nsd

√
T ∗

2

2
(5.7)

where nsd is the noise spectral density of the detector. Assuming that in our experiments on

single ova reported in Chapter 4 the measured linewidth are due to field distortions caused by

susceptibility mismatches (sort of a worst-case scenario), we have that the linewidth increases

linearly with the static field (i.e., T ∗
2 ∝ 1

B0
). Since s0 scales quadratically with the static field

(i.e., s0 ∝ B 2
0 ), the SNR in eq. (5.7) scales as B 3/2

0 . Hence, for a field change from 7 T to 23.5 T, we

expect a SNR improvement of about a factor six. In this extrapolation of the sensitivity at higher

fields, we assumed that the noise spectral density does not depend on the operating field and

that the same coil (i.e., same Bu) can be used. This is a good assumption for microcoils having

a self-resonance frequency above the operating frequency and a coil metal thickness similar

or smaller than the skin depth, as in the case of the integrated microcoil used in this work.
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6 Conclusions and Outlook

Conclusions

In this thesis we described the design, implementation and use of both compact and ultra-

compact NMR probes based on broadband 1 mm2 CMOS single-chip transceivers.

We described the use of CMOS transceivers in combination with external excitation/detection

probe heads to obtain versatile designs of what we may call compact probes (i.e. probes where

the overall size is dominated by the excitation/detection resonator itself). In this frame we

showed two applications. In one case we combined CMOS transceivers and microsolenoids

having an active volume of 100 nL. We used a variable frequency probe design to perform

multi-nuclear NMR detection with a single coil on 1H, 19F, 11B, 23Na. In this work we showed

that a combination of CMOS transceivers and microsolenoids can be used to obtain good

performance in terms of spin sensitivities and, eventually, spectral resolution. A second

compact design stemmed from the combination of our transceivers with commercial tesla-

menter probe heads (from Metrolab SA). In this work we realized prototypes of commercial

probes aimed for high field magnetometry, and showed that even in this case the use of CMOS

transceivers allows for performance that compares well to the state of art. Moreover, we used

our transceivers to build a custom 2-channel probe for simultaneous field monitoring on

more than one channel and used this tool to corroborate two facts: one is that a sample of

pure water of 500 nL is sufficient to detect magnetic field noise inside the bore of our 7 T

Bruker magnet, another is that CMOS chips ease significantly the design and implementation

of compact NMR probes.

We also described the use of CMOS transceivers in combination with on-chip multilayer

non-resonant microcoils to obtain versatile designs of what we may call ultra-compact NMR

probes. We showed a calibration of such sensor via 1H and 19F NMR spectroscopy of solid

samples. As a result, we reported a spin sensitivity of 1.5·1013 spins/Hz1/2 at 7 T within an

active volume of about 200 pL. We noted that the volume scale reached with this approach is
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biologically relevant in terms of the diversity of samples present in nature. The spin sensitivity

compares well to the state of art of sub-nL NMR probes and the resulting ultra-compact planar

device shows an exceptional degree of versatility. Thanks to its robustness and its planar

geometry we could, indeed, perform a first extensive NMR spectroscopic study of untouched

sub-nL individual static ova. We carried out this investigation in a relatively weak field of 7 T.

We selected ova of two species of microorganisms, namely Richtersius coronifer and Heligmo-

somoides polygyrus bakeri, and showed that a LOD of about 5 pmol of 1H nuclei is sufficient

for the detection of the most concentrated compounds in individual ova of microorganisms

having volumes below 1 nL. The results shown may be used as a starting point to extrapolate

the realistic experimental possibilities offered by NMR ultra-compact probes for applications

such as the non-invasive selection of microscopic entities based on the direct quantification

of highly concentrated endogenous compounds.

Outlook

The observed spectroscopy of sub-nL ova seem to indicate that ultra-compact CMOS probes

can achieve sensitivities sufficient for the detection of endogenous compounds. Another

indication is that spectral heterogeneities can be detected already at 7 T and with LODs of

about 5 pmol. Sensitivity performance can improve with the use of a higher field. At 1 GHz it is

reasonable to achieve limits of detection on 1H nuclei in the order of 7 pmol in 10 minutes and

0.9 pmol in 10 hours for samples having a volume below 100 pl and linewidths as large as 0.3

ppm. Further improvements are obvious for samples exhibiting typical linewidths narrower

than the ones observed by us. Different coil designs and an improved electronics might, at

higher frequencies, allow for going beyond this simple projection. Overall, the achievement of

LODs in the mM range over objects having volumes in the sub-nL region is a first future chal-

lenge and follow up of this work. Such performance will allow for in-vivo NMR spectroscopy

at metabolic concentrations on relevant biological samples. A peculiar class of sub-nL ova

that justifies the interest in approaches for the non-invasive intracellular spectroscopy of

individual samples is constituted by the mammalian zygotes. As referenced in Chapter 4, the

direct application of NMR on single embryos using miniaturized high sensitivity probes is

potentially useful to provide new data that could shed light on cryptic processes involved in

embryonic development and provide new methodologies to estimate embryonic health.

The hardware used in this work is an ultra-compact integrated probe entirely realized with

commercially accessible complementary-metal-oxide-semiconductor (CMOS) technologies

that might open to the realistic possibility of implementing relatively low-cost arrayed minia-

turized probes. However, improvements for what concern samples manipulation are required,

especially for applications aiming at studying precious samples such as mammalian embryos.

Both integrated circuits and microfluidics are suitable for arrays implementation. We believe

that this combination can be extended to NMR applications for the realization of arrayed high
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sensitivity NMR probes, enabling simultaneous studies on a large number of single biological

entities in the same magnet.

Last, CMOS microchips have been proven to work at cryogenic temperatures above 20 °K.

Another interesting future challenge is to realize fully functional CMOS cryogenic transceivers

for broadband cryo-NMR operation. Such implementation would allow for eased electronics

designs of various cryo-cooled NMR probes with exceptional noise performance.
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