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ABSTRACT

This paper describes the development of a portable and self-optimizing NMR spectrometer based on a
miniaturized custom analog front-end and a System-on-Chip (SoC)-based digital back-end. The SoC
integrates a field-programmable gate array (FPGA) fabric with a hard processor running a Linux operating
system, thus enabling fully-autonomous operation without the need for an external computer. In the
proposed approach, data captured by the FPGA fabric during regular operation is transported to the hard
processor using an integrated on-chip bus for further processing. The processed results are then used to
automatically estimate parameter values that optimize a suitable cost function, such as signal-to-noise
ratio (SNR) per unit time. Finally, the optimized values of both electrical and NMR-related tuning param-
eters (e.g., preamplifier gain and frequency response, pulse length and amplitude, operating frequency,
etc.) are programmed back into the front-end and back-end hardware. Experimental NMR results from
various samples in a ~0.1 T permanent magnet are presented to verify the operation of the proposed
spectrometer. These demonstrate on-board Laplace inversion and automated frequency tuning to com-

pensate for temperature changes. Preliminary N NQR results are also presented.

© 2018 Elsevier Inc. All rights reserved.

1. Introduction

Nuclear magnetic resonance (NMR) has become a common ana-
lytical method because of its broad spectrum of applications,
which include chemistry, biomedical imaging, food science, and
down-hole measurements of hydrocarbon reservoirs. In some of
these applications, a powerful stand-alone computer is available
for post-processing and visualization of experimental data
acquired by the NMR spectrometer. However, in other cases, such
computers may not be available due to a limited size and/or power
budget. These include both well-established “field” applications,
such as down-hole measurements [1], and also emerging ones
where the device should be small enough to be carried anywhere,
such as soil analysis [2,3] and point-of-care (PoC) diagnostics [4].

Recent implementations of custom-designed low-cost NMR
spectrometers for such applications have been primarily based
on field-programmable gate arrays (FPGAs) [5]. FPGAs are used
in a variety of modern scientific instruments due to their wide-
spread availability, inherently parallel architecture, and ability to
handle precision timing requirements. Timing-critical parts of such
instruments, e.g., the NMR pulse programmer, are therefore usu-
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ally constructed within an FPGA fabric. On the other hand, non-
critical parts, e.g., blocks that compute experimental parameters
and post-process the results, can be implemented using a variety
of devices, such as digital signal processors (DSPs) [6,7], or personal
computers (PCs) [8-14]. However, other implementation
approaches are also possible. For example, the timing-critical parts
of NMR specrometers can be implemented using a microcontroller
(MCU) instead of an FPGA [15,16]. MCUs have certain advantages
over FPGAs for such applications: they are generally less expensive,
consume less power, and can be programmed using high-level lan-
guages (such as C) instead of hardware description languages (such
as Verilog or VHDL), which results in rapid development times.
However, they have inherently serial architectures, which results
in issues with maintaining precise and deterministic timing during
complex operations (e.g., due to interrupt latency). Yet another
approach is based on developing custom application-specific inte-
grated circuit (ASICs) to implement the required hardware [17].
This approach allows complete NMR spectrometers to be miniatur-
ized down to the chip level, which is advantageous in size- and
power-constrained applications such as PoC diagnostics and down-
hole well-logging. However, ASICs have long and expensive devel-
opment cycles due high fabrication costs and the need to use
specialized design tools. Thus, they are not suitable for many
low-cost applications.
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NMR signals acquired in strong and uniform magnetic fields
have narrow bandwidths and are sensitive to changes in (i) exter-
nal environmental variables such as temperature, (ii) sample prop-
erties such as conductivity, and (iii) spectrometer operating
parameters such as frequency. As a result, the optimum signal
acquisition conditions tend to change over time. Thus, it becomes
necessary to carry out a tuning procedure before acquisition in
order to obtain optimum parameter values. Tuning is also impor-
tant in order to find the pulse sequence parameters that are opti-
mal for analyzing an unknown sample. Finding these software
parameters can take a long time, since it generally requires sweeps
over the frequency range, pulse length, pulse amplitude, etc. This
work aims to automate the process of tuning the NMR measure-
ment parameters before acquisition.

Many, if not all, of the NMR spectrometers cited above rely on a
PC as the system controller; a program on this computer typically
allows the user to change the pulse program parameters and view
experimental results. The controller can thus be used to tune both
hardware and software parameters. Given a particular permanent
magnet, computing the Larmor frequency of the sample is typically
the first step during tuning. In order to obtain quantitative NMR
results, hardware tuning then needs to be performed for every
frequency-dependent component in the spectrometer, e.g. the
impedance-matching network, the transmit path (including the
power amplifier), and the receive path (including low-noise
preamplifier). This process can be fairly tedious in practice, since
multiple parameters need to be individually optimized. Moreover,
it may require sophisticated measurement equipment, e.g., oscillo-
scope, network analyzer, etc. Finally, the software parameters are
tuned, e.g., by monitoring the signal amplitude versus pulse length
or amplitude. The entire process becomes even more complicated
if the spectrometer needs to be used with multiple sample coils
(e.g., with different geometries) and/or multiple nuclei. In this case,
even though software tuning can be automated relatively easily by
writing a specialized program, hardware tuning becomes extre-
mely slow and generally requires a tedious amount of human
intervention. For portable applications, the task becomes even
more difficult due to the absence of measurement equipment,
which ultimately limits the usage of NMR spectrometers in various
field applications.

The recent emergence of systems-on-chip (SoCs) equipped with
both hard processors and FPGAs can provide a solution to these
problems. Such hybrid devices provide high-level programming
capabilities that are similar to that of a PC, while also preserving
the precision timing capabilities of an FPGA. The hard processor
is usually an embedded ARM core; such cores are in widespread
use within mobile devices and embedded systems (e.g., single
board computers such as the Raspberry Pi). Chip manufacturers
can readily license these processors from the designer (ARM Hold-
ings) as so-called intellectual property (IP) cores and then integrate
them together with memory, programmable logic, and peripherals
into a wide variety of powerful SoC and system-on-module (SOM)
designs [18,19]. This paper describes how a commercial low-cost
SoC can be used to realize a miniaturized yet powerful and
highly-programmable NMR spectrometer. The chosen chip inte-
grates a dual-core ARM processor that is capable of running an
embedded Linux operating system (OS) together with (i) pro-
grammable logic (a Cyclone-V FPGA fabric), (ii) a limited amount
of memory, and (iii) on-chip buses for data transfer between the
ARM processor and the FPGA fabric. The ability to run an embed-
ded OS enables us to use high-level programming languages
(C, Python, shell scripts, etc.) directly inside the spectrometer.
Other advantages of the OS include its ability to handle a large
amount of storage, use different networking protocols (including
wireless ones), and run a graphical user interface. The OS even

makes it possible to switch between different FPGA implementa-
tions on-the-fly, which may be very useful in future work.

We also take advantage of the SoC’s capabilities to make the
NMR spectrometer portable and self-contained. In particular, the
device incorporates abilities to adapt itself to different conditions
by performing self-tuning to find its optimum configuration for a
given environment, sensor, and sample. In this paper, we start by
discussing potential new applications for autonomous NMR spec-
trometers in Section 2. We then discuss the hardware architecture
and demonstrate the basic capabilities of the spectrometer by per-
forming basic NMR measurements in Section 3, Section 4, and Sec-
tion 5. Various configurable aspects of the spectrometer are then
tested and reported. In Section 6, we present a more complicated
scenario in which the spectrometer autonomously adapts its hard-
ware configuration to obtain the maximum possible SNR from the
sample as the ambient temperature changes with time over a wide
range. Finally, we describe and implement a dynamic optimization
method for NMR signal acquisition which exploits feedback from
the spectroscopic measurements, leading to a self-optimized
experiment that automatically adapts to different test samples.
Section 7 concludes the paper and discusses directions for future
work.

2. Applications of autonomous NMR systems

Autonomous NMR spectrometers have advantages in applica-
tions such as in-line process monitoring, soil sensing, and well log-
ging tools. In-line process monitoring applies across many
industries and is used to continuously monitor products during
the manufacturing process to ensure quality control. Near infrared
and Raman spectroscopy have been used for in-process monitor-
ing, but the use of NMR is less common [20,21]. Challenges for
in-line NMR to be applied as an industrial sensor include imple-
mentation cost, time required for sample polarization, and the fact
that individual samples require different pulse parameters to max-
imize measurement quality (e.g., SNR per unit time). However,
because of its nondestructive nature and sensitivity to changes in
molecular structure, NMR has the potential to be a powerful tool
in such applications. Our autonomous NMR system can operate
as an “edge device” in an Internet of Things (IoT) network, and is
thus attractive for industrial use. An illustration of how our system
may be used as an in-line process monitoring system in the food
industry can be seen in Fig. 1. In this scenario, a food product will
constantly flow through the NMR device during production or
packaging. The device will autonomously maximize measurement

air lines

air pump

[,

milking unit

milk line

Fig. 1. An example of in-line NMR process monitoring in the food industry. Here the
spectrometer monitors the quality of milk in a production line.
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quality to continuously monitor signal features (e.g., initial ampli-
tude or T3) that provide information on product quality.

Soil quality is very important to the agricultural industry, ani-
mal life, and Earth science. Thus, there exists a need for accurate
and continuous monitoring of soil. Three key soil quality metrics
are water, carbon, and phosphorus content, all of which can be
detected through NMR [22]. Moisture content measurements can
help farmers optimize water given to plants [23]. Another impor-
tant soil quality metric is total carbon content of the soil, which
is useful for agriculture and monitoring CO, emissions from soil
that contribute climate change [24]. Additionally, phosphorus
levels are important to surrounding bodies of water, as rapid phos-
phorus loss from soil can contribute to eutrophication [25]. NMR
tools have not been commonly used for continuous soil monitoring
due to limited spatial resolution, high cost, large size, and complex-
ity of data collection. The proposed miniaturized autonomous
spectrometers can address this issue by enabling the deployment
of large-scale NMR sensor networks that wirelessly transmit the
acquired data to a hub for aggregation and further processing.
Conventional computers are not suitable for implementing such
NMR-based sensor nodes due to high cost and power consumption,
whereas lower-cost alternatives such as ultra-low-power micro-
controllers have severe memory limitations. SoCs provide a good
compromise between these extremes: A confirms that the
proposed SoC-based implementation has about 10x lower power
consumption than typical computers.

In the examples above, data transfer bandwidth to the end user
is not a large issue as Wi-Fi, Bluetooth, Ethernet, or cellular cervices
can be used for high speed data transfer. However in some applica-
tions, such as well logging, data bandwidth becomes very limited.
For example, the most commonly used data transfer scheme used
in well logging is mud pulse telemetry, which can transmit data at
a speed of only ~20 bits per second (bps) [26,27]. In such scenarios,
it is beneficial to have all data processing done on the device itself
and transmit the minimum amount of data back to the surface. The
on-board ARM processor in our system allows (i) data collection
parameters to be autonomously reconfigured to optimize perfor-
mance metrics (e.g., SNR per unit time); (ii) data inversions to be
performed to obtain T;, T, or D distributions if needed; and (iii)
other data processing steps to be run directly on the device itself,
thus eliminating the need to transfer raw data in real-time.

Data security is very important when performing any type of
chemical measurement as the composition of the material under
question may be proprietary or confidential. When transferring
raw data to a host computer or the cloud, there exists an inherent
risk of data interception. Data encryption can provide some sort of
security but it is not fool proof [28]. By doing all data processing
locally on the device itself, the data can be abstracted away from
its raw form before transfer to a server, thus making the system
much more robust to data breaches. For example, in some scenar-
ios the user only needs to know whether the sample is acceptable
or not. In this case, raw data can be processed and kept on the local
device, making it very resilient to data attacks, and only the final
binary decision (i.e., category) can be transmitted to the user.

3. Analog front-end design

Fig. 2 shows a high-level block diagram of the proposed NMR
spectrometer. The first major component is an analog front-end
(AFE) board that contains a transmitter (low-pass filter and power
amplifier), a receiver (low-noise preamplifier and second-stage
amplifier), an analog-to-digital converter (ADC), and a passive
duplexer. The second component is a digital back-end board (Tera-
sic DE1-SoC Altera development board) that contains (i) the NMR

pulse program, ADC driver, and first-in first-out (FIFO) buffer on
the FPGA side, and (ii) Linux operating system on the ARM proces-
sor side. The third component is a digitally-tunable impedance
matching network. The final component is a variable-gap perma-
nent magnet, the sample coil probe within a 3-D printed plastic
holder, and a temperature sensor attached to the magnet. In this
section, we describe the tunability of the proposed AFE and match-
ing network. More circuit details are provided in Appendix B.

Our transmitter design uses a custom class-A push-pull linear
power amplifier with differential inputs and single-ended output.
The design allows the user to select between two output stages
with different power handling capabilities (2.5 W up to 40 MHz,
or 10.6 W up to 11.6 MHz). The input is directly driven by two
FPGA pins that generate differential square-wave signals, which
allows us to avoid the use of high-speed digital-to-analog con-
verter (DAC). Harmonics of the square-wave are filtered using a
multiple-feedback differential low-pass filter. This approach
requires the low-pass filter to be programmable in order to operate
over broad frequency ranges, as required in several applications of
the autonomous NMR system. The use of switched resistors or
digitally-controlled potentiometers for implementing such tuning
is one of many possible improvements to the current system that
can studied in future work. Further details about the transmitter
implementation are discussed in Appendix B.1.

The duplexer used in this work is based on a well-known pas-
sive lumped duplexer design that was originally proposed by
McLachlan [29]. The circuit has low quality factor (Q) which pro-
vides sufficient bandwidth and eliminates the need for digital tun-
ing. Further details about the duplexer implementation are
discussed in Appendix B.2.

A series-shunt capacitive impedance matching network is used
in this work, with a target operating frequency range of 3.5-4.5
MHz. The typical Q value of the coil at the targeted frequency
results in a bandwidth of only ~100 kHz. To cover the whole fre-
quency range, a switched-capacitor matching network is used,
based on the work of Chen et al. [30]. The circuit is discussed in
detail in Appendix B.3. The matching network uses relays to switch
capacitors, thus allowing the tuning to be digitally-controlled from
software. A directional-coupler-based reflection measurement is
also implemented in order to quantify impedance matching of
the digitally-tunable matching network, effectively closing a feed-
back loop for automatic tuning of the matching network. The
details of the circuit are discussed in Appendix B.4.

The proposed preamplifier circuit uses a common-gate topology
using a low-noise junction field-effect transistor (JFET) with tuned
output load. The output load is an LC circuit consisting of a fixed
inductor in parallel with varactors (i.e., voltage-controlled capaci-
tors). In this case, both the varactors and preamplifier input bias
voltage are digitally controlled using a dual-output digital-to-
analog converter (DAC), allowing the input impedance and fre-
quency response to be set using software. Further details of the
preamplifier are discussed in Appendix B.5.

In order to digitize the amplified receiver outputs, a 14-bit,
high-speed (25 Msps) parallel-output ADC is used. A high-speed
parallel ADC is preferable over the serial ADC we used in our previ-
ous work [31] in order to satisfy Nyquist sampling over the
expected 3-5 MHz Larmor frequency range, thus eliminating the
need for undersampling techniques such as bandpass sampling.
Moreover, the parallel output bus allows the clock rate to be signif-
icantly lower than for a serial ADC, which simplifies the ADC inter-
face design. Further details about the ADC interface are discussed
in Appendix B.6. The ADC clock is digitally programmable using a
reconfigurable phase-locked loop (PLL), which allows the sampling
frequency to be easily programmed using software.
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Fig. 2. Simplified block diagram of the proposed autonomous and self-contained NMR spectrometer.

4. Digital back-end design

The digital back-end architecture implemented on the SoC is
designed to be highly programmable while also being easy to
maintain and update. It is useful to first understand how the data
is transported in the system, which is summarized in Fig. 3. The
two main segments are implemented on the FPGA fabric and the
embedded ARM core, which is also known as the hard processor
system (HPS). The FPGA interfaces with the AFE using general-
purpose input/output (GPIO) pins that allow it to tune the hard-
ware, run the actual pulse sequence, and temporarily store the
acquired data. The FPGA is configured using a hardware descrip-
tion language (HDL) design implemented in Verilog. An Advanced
eXtensible Interface (AXI) bus available within the SoC is used
for bidirectional communication between the FPGA and the ARM.
The ARM processor runs an Ubuntu Linux OS, and the Linux filesys-
tem is used to transfer data between C and Python programs that
run low-level NMR primitives and high-level processing, respec-
tively. In addition, a set of HPS input/output (I/O) pins is used to
input sensor data, e.g., the magnet temperature recorded by a tem-
perature sensor, directly into the ARM. Finally, Ethernet is used to
transfer data to/from an external PC.

We now provide a more detailed description of the data flow.
The data samples acquired by the ADC are transported from the
AFE to the FPGA via parallel GPIO pins, and then stored inside a
streaming FIFO buffer with a maximum length of 128 kB (limited
by the amount of on-chip memory available). A direct memory
access (DMA) transfer from the FIFO buffer to on-board memory
(SDRAM) is also implemented to expand the memory limit to
64 MB. This is enough to store 1.28 s worth of data samples at
25 Msps, which is practically sufficient for most low-field NMR

applications. Data inside the FIFO or SDRAM can be accessed by
the ARM processor via an AXI/Avalon memory-mapped bus pro-
vided by Platform Designer (previously known as Qsys) inside
Intel’s freely-available Quartus software. In our implementation,
a C program running on the ARM is used to transport acquired
data from the FIFO to a standard text file in the Linux filesystem.
This file can be directly transported to a PC via ethernet if further
processing in a more powerful software environment (e.g.,
MATLAB) is desired, which was our approach during the develop-
ment phase. However, the availability of Python programming in
the Linux OS opens up the possibility of porting most of the high-
level NMR functions previously developed for the PC to the
embedded ARM processor. These include quadrature down-
conversion, matched filtering, noise measurement, reflection
measurement, frequency and pulse length sweeps, multi-
exponential fitting of echo decay curves, and inverse Laplace
transforms (ILTs) for generating T; — T, and D-T, maps. In addi-
tion, having the ability to analyze the data without transferring
it to an external PC, opens up the possibility of performing real-
time hardware-software co-tuning especially useful in portable
spectrometry applications. In our case, a Python program acts
as the main control module and can run NMR experiments by
calling executables compiled from various low-level C programs.
The latter perform hardware tuning, run various NMR pulse
programs, analyze the acquired data generated by the pulse
programs, make the decision to change experimental parameters
if necessary, iterate the process to get desirable results, and
finally either store the results (in a text file) or directly display
them to the user (in a graphical format).

The important blocks within the digital back-end are further
described in the next few sections.
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Fig. 3. The overall software flow of the proposed NMR spectrometer. GPIO: General-purpose input/output pin; HDL: Hardware description language.
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4.1. Pulse program and ADC controller

The FPGA manages timing-critical operations, which include
two fully-synchronous building blocks, namely a pulse program
module and an ADC driver with FIFO memory module. The basic
pulse program module developed in the FPGA is a generalized ver-
sion of a Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence
[32,33]. The user needs to specify CPMG parameters, e.g. /2 pulse
length, 7 pulse length, and echo spacing, in human-readable for-
mat, i.e. as input variables with units of us. These values are auto-
matically converted by a C program into integer values and sent to
control registers in the FPGA. More technical details on pulse pro-
gramming are provided in Appendix C.

All derived integer parameters shown above are sent to the
pulse program module in the FPGA via the on-chip AXI bus. This
module, which is shown in Fig. 4, uses the output of an on-chip
fractional-N PLL to generate the operating frequency, i.e., system
clock. The PLL provides programmable and precise frequency syn-
thesis with sub-Hz resolution. The pulse program generates two
differential output signals with phase selector control to select
pulse phases in the rotating frame defined by the system clock,
for example the x-phase and y-phase pulses used in the CPMG
sequence shown in Fig. C.27. After this, the overall transmit output
signal is enabled or disabled by a control signal also generated by
the pulse program. In the receiver path, the data from the ADC is
captured by the ADC driver and then stored in a FIFO.

It was experimentally found that allowing the absolute phase of
the transmit signal to vary between scans can result in problems.
For example, this makes it impossible to directly average data
across multiple scans. We can work around this issue by phase-
rotating the average echo shape acquired in one scan to match
those from previous scans, thus enabling averaging across experi-
ments as described in our previous work [31]. However, this
method has a caveat: it is only effective when the amplitude of
the NMR signal is larger than that of the unwanted coil ring-
down, otherwise the ring-down signal will dominate and the
NMR signal will be canceled out after phase cycling. In the current
design, this problem is fixed by keeping the absolute phases for all
experiments identical, i.e., by synchronizing the system clock, NMR
transmit clock (i.e., RF frequency), and the ADC clock. The system
clock frequency is chosen to be 16x and 4x of the NMR transmit
clock and ADC clock, respectively. An ADC clock frequency of

4x the NMR transmit frequency is chosen to simplify future imple-
mentations of quadrature down-conversion within the FPGA, as
suggested by Takeda [9]. A system clock frequency of 16x the
transmit frequency is chosen to (i) allow more pulse phases (up
to 16) to be generated; and (ii) provide some flexibility during logic
design of the pulse program module.

Variations in the absolute phase of the transmitted signal
between the refocusing pulse in one scan may also introduce prob-
lems, as described by Mandal et al. [34]. In particular, such varia-
tions cause additional transverse relaxation, and the effect
increases at low Larmor frequencies and high RF power levels.
Therefore, it is necessary to synchronize the absolute phase of
the transmit signal for every refocusing pulse. In this paper, abso-
lute phase control is performed by only enabling output transmit
signals when a counter driven by the system clock counter reaches
multiples of 16; this ensures that all pulse lengths and time delays
are integer multiples of the NMR transmit clock period (i.e., period
of the RF waveform). As a result, pulse lengths will shrink or
expand by a small amount during frequency sweeps depending
on the closest available match between the lengths specified by
the user and the period of the system clock multiplied by 16. For-
tunately, such changes in pulse lengths are generally small enough
to have no significant effect on the acquired signal. However, it is
important to note that we can easily switch to other FPGA designs
to avoid this effect if needed; each design is simply stored as a file
on the SoC. For example, we can switch to an implementation that
decouples the transmit and system clocks, which allows pulse
lengths and delays to remain strictly constant as the transmit fre-
quency varies.

4.2. High-level abstraction on the SoC

The second part of the digital back-end is implemented on the
ARM processor, which runs a Linux OS. Some low-level software
routines (written in C) are used to transform different parameters
specified by the user, which are human-understandable, into inte-
ger values stored within registers for use by the FPGA program, e.g.
pulse length, pulse duty cycle, pulse frequency, echo spacing,
experiment spacing, number of echoes per scan, number of sam-
ples per echo, phase cycle, and some delay parameters for the
acquisition. The C program also provides an interface to transfer
the ADC data from the FIFO to the Linux OS via the memory-
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mapped AXI/Avalon bus. Some higher-level measurements are also
defined here, including averaging, frequency sweeps, pulse length
sweeps, duty cycle sweeps, inversion recovery experiments, reflec-
tion measurements (“wobble” functions), and noise measure-
ments. Python provides a complete set of free and open-source
high-level libraries for scientific computing and is thus used for
performing further signal processing inside the embedded system,
e.g. quadrature down-conversion and matched filtering. Details are
provided in Appendix D.

5. Experimental results
5.1. Experimental setup

Fig. 5(a) shows a photograph of the complete NMR spectrome-
ter, which includes DC power supplies (+15V, +5V), the Altera
DE1-SoC board, the sample coil and coil holder, the permanent
magnet, the temperature sensor, and two AFE boards (controller
board and sensor board). Note that the system is completely self-
contained; the only external equipment used are the two benchtop
power supplies, which can be easily replaced with miniaturized
modules in future work.

Experiments were carried out using a 3D-printed sample holder
that was designed to accommodate standard 5 mm NMR sample
tubes. A solenoidal coil (length ~ 21 mm, diameter ~ 8 mm, 14
turns) was wound around this holder and glued in place. It was
then placed into a miniature variable-gap permanent magnet
(EM-8618, Pasco Scientific), as shown in Fig. 5(b). The magnet uses
a conventional U-shaped geometry that consists of two cylindrical
NdFeB magnet pieces (diameter = 2.54 cm) connected by a soft-
iron yoke. Flat pole pieces (mild steel, 7.95 x 4.44 cm) are used
to improve field homogeneity within the sample volume. We set
the gap to 10.5 mm in order to accommodate the sample holder,
which resulted in a field strength of 0.101 T.

5.2. Electrical characterization and tuning capabilities

This section describes the measured characteristics of the AFE.
Fig. 6(a) shows the measured output voltage generated across
the coil for a pulse length of 5.5 us and a duty cycle of D=0.5

(a)

power
« < supply

150|150 coil+ Ppermanent
oLty magnet

N AFE

(controller PCB)

___(sensor PCB)

(i.e., 50%). The matching network was tuned to ensure good match-
ing at the operating frequency, as visible from the shape of the
pulse. Fig. 6(b) summarizes the measured peak-to-peak voltage
across the coil as a function of the transmitter duty cycle D. The
plot also compares the measurement with the theoretical predic-
tion, which is « sin(nD); the two are in good agreement.

The preamplifier was characterized using two-port S-
parameters measured using a network analyzer. Fig. 7(a) shows
the measured reflection coefficient |S;| of the preamplifier as a
function of the gate bias voltage V; (which controls the input tran-
sistor’s transconductance g,,). The common gate topology of the
preamplifier results in relatively broad matching bandwidth for a
given V¢, but varying V¢ provides additional control. All experi-
ments in this paper use a fixed value of V; unless otherwise stated;
this value was chosen to minimize |S;| around 3.9 MHz (shown as
the bold line in Fig. 7(a)). The resulting matching bandwidth
(defined as the region for which [S;1] < —10 dB, corresponding to
< 10% of the incident power being reflected) is around 740 kHz,
which is sufficient for most NMR measurements with the chosen
magnet.

Fig. 7(b) shows the measured preamplifier gain (estimated from
|S11]) for a variety of varactor bias voltages while keeping V fixed.
As expected, the responses are band-pass, thus providing the
desired frequency selectivity. Moreover, the center frequency can
be tuned over more than an octave (2.3-5.5 MHz), as expected.
The maximum gain of 31 dB occurs at 3.9 MHz, which is because
the preamplifier is impedance-matched at the input at this fre-
quency. Finally, the peak gain can be tuned to approximately 30
dB over the entire input matching bandwidth of 740 kHz.

Apart from the preamplifier, the reflection coefficient of the
probe (coil and matching network), is also of interest. Our current
design uses a directional coupler to estimate the probe’s reflection
coefficient versus frequency. A C program first generates a transmit
frequency sweep for this purpose. The reflected signal from the
probe (as coupled by the directional coupler) is captured and dig-
itized by the on-board ADC at each frequency step once steady-
state conditions have been reached. A fast Fourier transform
(FFT) of the digitized signal is then used to estimate the amplitude
of the reflected signal at the input frequency, thus resulting in one
point per frequency step. Fig. 8 shows the measured results for sev-
eral combinations of C; and C,. The plot shows that excellent
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Fig. 5. Photograph of (a) the complete NMR spectrometer, and (b) the magnet and sample holder.
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Fig. 7. Measured performance of the preamplifier: (a) reflection coefficient for various gate voltages at a fixed varactor bias voltage; (b) voltage gain for various varactor bias
voltages at the fixed gate voltage that corresponds to optimum impedance matching around 3.9 MHz.

impedance matching (|S11| < —20dB) can be obtained over the
entire frequency range of interest, i.e., 3.5-5 MHz.

It is important to note that the proposed on-board reflection
coefficient measurement technique is not as accurate as using a
benchtop instrument. However, in practice it is accurate enough
to find the optimum C; and C, values. For this purpose, the C pro-
gram first analyzes the estimated |I'(w)| curve and then automat-
ically tunes the capacitor arrays in the matching network (i.e.,
adjusts the values of C; and C,) to minimize |I'(w)| at the desired
operating frequency.

5.3. Basic NMR experiments

In this section, we describe the results of some basic NMR
experiments that were designed to test the capabilities of the spec-
trometer. All the functions for these experiments were written in C,
while the results were either generated on-board (using Python) or
on a PC (using MATLAB). Most of the measurements used doped
water as the sample; specifically, the water was doped with a para-
magnetic compound (copper(Il) sulfate) in order to decrease its T,
and thus the inter-experiment time (in our case, from 2 s to ~400
ms). Optimum values for some of the other parameters used in the
experiments were found in advance, i.e., either iteratively or based
on simulations. For example, the ratio of excitation to refocusing

pulse length in a CPMG sequence (i.e., tp_r/tp_r/2) Was set to 1.6,
which is known to maximize the signal amplitude in grossly inho-
mogeneous By fields [35].
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Fig. 8. Measured reflection coefficient of the probe for several combinations of C;

and C,. Together, these combinations enable excellent impedance matching
|S11] < —20 dB to be maintained over the entire 3.5-5 MHz range.
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Frequency sweeps are one of the most important functions in
NMR experiments, since the signal bandwidth is narrow. The pre-
dicted proton Larmor frequency (based on earlier field strength
measurements) is first used to tune the matching network and
preamplifier, as discussed in the previous section. Then, a set of
CPMG experiments is performed at each frequency step over the
desired range. The results for a doped water sample are shown in
Fig. 9. The maximum signal amplitude is obtained at 4.27 MHz,
which is somewhat higher than our predicted Larmor frequency.
This result, which will be discussed in more detail later, suggests
that the preamplifier and matching network need to be re-tuned
to the optimum frequency found from the frequency sweep.

Pulse length sweeps are also frequently needed during NMR
experiments. In this example, we first determined the optimum
frequency using a frequency sweep, and then varied the excitation
and refocusing pulse lengths while keeping the ratio t, /t, x2
constant at 1.6. Fig. 10 shows the measured signal amplitude ver-
sus t, /2. The plot is broadly similar to the ideal sinusoidal nuta-
tion curve, but exhibits detailed differences that arise from the
grossly inhomogeneous B, field within the coil. For example, the
first peak in signal amplitude occurs for t, 5/, ~ 11 us, while the
second occurs near 3 x 11 =33 ps as expected. However, the
height of the second peak is only 35% of the first, presumably
because the longer pulse has 3x smaller bandwidth. This result
shows that the By field is inhomogeneous enough for the effective
sample volume to be limited by the amplitude of B, i.e., the RF
power level.

With the optimum frequency and pulse length parameters now
determined, a CPMG experiment was performed to measure T,
relaxation of the doped water sample. Fig. 11 summarizes the
results after averaging across 20 scans. The plot shows that
T, ~ 9 ms and the SNR per echo per scan is ~ 13. We verified these
results by repeating the experiment with the same coil, sample
holder, and magnet, but with the rest of the system replaced by
a commercial benchtop NMR spectrometer (Kea2, Magritek). Sim-
ilar values for T, and SNR per scan were obtained in the two cases,
thus validating the performance of our custom spectrometer.

We have also used our system to analyze more complex sam-
ples. For example, quantifying the water content of plant samples
is useful in many agricultural and food-related applications. In par-
ticular, the water content of flower petals is correlated with fresh-
ness, which in turn affects their shelf life. Here we used rose petals
(packed tightly within the 5 mm tube) as the sample. The results
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Fig. 9. Measured NMR signal amplitude versus frequency for a sweep between 4
and 4.5MHz. Experimental settings include temperature = 24.5°C,
n/2-pulse length = 11 ps, w-pulse length = 17.6 ps, pulse duty cycle = 50%, echo
spacing = 300 ps, inter-experiment time = 400 ms, points per echo = 1024, echoes
per scan = 128, echo shift = 10 s, and an averaging factor of 20.
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Fig. 10. NMR signal amplitude with pulse length sweep of 1 ps to 45 ps with 0.5 p
spacing. Settings used are temperature of 24.5 °C, B, frequency of 4.27 MHz, fixed
nt-pulse length of 1.6 7/2-pulse length, pulse duty-cycle of 50%, echo spacing of 300
us, inter-experiment time of 400 ms, points per echo of 1024, echoes per scan of
128, echo shift of 10 us, and averaging factor of 20.

from a CPMG experiment are shown in Fig. 12. It can be seen from
Fig. 12(d) that the resulting T, decay curve is distinctly bi-
exponential, unlike for the water sample; this may be due to the
presence of distinct “free” and “bound” water components.

Given the second exponential component visible in Fig. 12, it is
interesting to perform a 1-D inverse Laplace transform (ILT) to
quantify the T, distribution. Importantly, the inversion can be per-
formed on the embedded ARM processor, which allows the spec-
trometer to autonomously optimize NMR acquisition parameters
(e.g., inter-experiment time, number of echoes per scan, etc.) based
on sample properties. For example, in our earlier work we wrote a
C-based 1-D ILT program for the ARM to generate T; distributions
from inversion recovery data and used it to autonomously opti-
mize the SNR per unit time [36]. Here we use the same program
to analyze the rose petal T, data. The results, which are shown in
Fig. 13, confirm the presence of two T, components: one around
7.7 ms and the other (which has larger amplitude) around 86 ms.

We have also used our system for near-zero-field nuclear quad-
rupole resonance (NQR) experiments. For this purpose, the sample
holder was removed from the permanent magnet and placed inside
a grounded metal box (i.e., RF shield), while the rest of the setup
was unchanged. As an example, Fig. 14 shows the N NQR spec-
trum of sodium nitrite (specifically, the w, line around 4.637
MHz) measured using a spin-locked spin echo (SLSE) pulse
sequence [30]. The SLSE sequence is superficially similar to the
CPMG sequence except for the fact that t, x/t, x» =1, and so
can be generated by the same pulse program used in earlier
experiments.

One of the issues with pulsed measurements such as the SLSE
sequence is the limited acquisition time available between pulses.
This has the effect of multiplying the true echo signal s(t) with a
rectangular window function w(t) of length tscq, i.e. the acquired
time-domain signal can be written as s,(t) = s(t)w(t). As a result,
the acquired spectrum is the result of convolving the true spec-
trum with the Fourier transform of the window, i.e,
Sa(w) = S(w) x W(w) where ‘x* denotes convolution and W(w) is
a sinc function. In the case of narrowband signals such as “N
NQR lines, the width of the measured line shape is thus dominated
by that of the window, which is about 1/tscq. This effect is visible
in the “original” spectrum in Fig. 14. In principle, it can be removed
by deconvolution, but the process is numerically ill-conditioned for
noisy data. Here we use a regularized deconvolution function to
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Fig. 11. Measured results for a CPMG experiment on doped water. Experimental settings include frequency = 4.272 MHz, ir/2-pulse length = 11 ps, m-pulse length = 17.6 ps,
pulse duty-cycle = 50%, echo spacing = 300 ps, inter-experiment time = 400 ms, points per echo = 1024, echoes per scan = 128, echo shift = 10 ps, and averaging factor
= 20. The plots show (a) raw acquired data, (b) average echo shape, (c) average echo spectrum, (d) T, decay after matched filtering and mono-exponential fit, (e) histogram of
the residuals after fitting for the real channel after matched filtering, and (f) histogram of the imaginary channel after matched filtering.

ensure numerically stable results in the presence of noise. The
results (see Fig. 14) show that deconvolution removes most of
the side-lobes created by W(w), and in this case also reduces the
width of the main line by about 2 x.

6. Autonomous operation of the spectrometer
6.1. Automated hardware tuning

As discussed, the proposed spectrometer contains a circuit for
measuring the reflection coefficient of the matching network. It
also includes a digital temperature sensor attached to the perma-
nent magnet. This allows us to implement an embedded tempera-
ture sensing and hardware tuning/compensation loop to remove
the effect of ambient temperature fluctuations. Note that while
the low-noise preamplifier is also tunable, it has not been included
in this direct feedback loop; this will be explored in future work.
Thus, a predefined configuration table is currently used to tune
the frequency response of the low-noise preamplifier. The avail-
ability of Python programming also enables indirect feedback loops
in which the NMR signal is monitored in order to optimize the
pulse sequence, i.e., find the optimum operating conditions.

There are several cases in which such auto-tuning capabilities
may be useful. In the first example, we focus on the problem of
temperature variations, which are particularly important for porta-
ble spectrometers used in the field, e.g., to analyze agricultural
products. Temperature is an environmental variable that is usually

not regulated in such field applications. Therefore, it becomes nec-
essary to find the optimum tuning parameters as a function of tem-
perature. Other parameters (e.g., SNR or initial amplitude of the
echoes) can also be used as constraints in order to find the opti-
mum spectrometer settings. Fig. 15 shows a flowchart of the algo-
rithm used to find these settings; it runs entirely within the
spectrometer and uses measured SNR as the constraint.

The system starts by loading previous settings, which could
either be (i) the optimum settings derived from previous measure-
ments, or (ii) derived from initial manual tuning. Then, a CPMG
experiment is performed and the SNR of the sample is measured.
If the obtained SNR is larger than a threshold, then the system
stops as the previous settings are assumed to still be optimum.
Otherwise, the system checks the magnet temperature and pre-
dicts the Larmor frequency. The matching network is then tuned
to the predicted operating frequency by using the reflection mea-
surement feedback loop. At this point, the preamplifier is also
tuned using the look-up table method. An NMR frequency sweep
operation, based on CPMG experiments, is then performed to find
the frequency at which SNR is maximum. The matching network
is re-tuned once the optimum Larmor frequency is found. Finally,
another CPMG experiment is performed and the SNR is measured.
The entire process is repeated until either the constraint is satisfied
or the maximum number of iterations is reached.

The results of the auto-tuning experiment are shown in Fig. 16.
This experiment is carried out inside a temperature-controlled
chamber that allows the ambient temperature to be changed from
0°C to 70 °C. Fig. 16(a) shows that f,,,, the automatically-selected



D. Ariando et al./Journal of Magnetic Resonance 299 (2019) 74-92 83

Raw data, 50 scans «10%
6 T T T 80 8
_ (b) (c)
= —~ 60 5 6
- =) ©
> S 40 =
@ = € 4
= © E
g 5 20 3
o B 9]
0 o & 2
= c 0
[0} [&) _8
o Ll
o) © 0
14 -20 f| — Real e
—Imag
-4 : : J 40 -
0 50 100 150 -20 0 20 -100 0 100
Time (ms) Time (us) Offset frequency, kHz
100 SNR, =535, SNR, =[5  10.9] (per scan) Residuals, (0.00804,2.37)  Imag channel, (0.0653,2.38)
(d) —— Data (real) (e) (f)
—_ ) | 60 60
3 80 — Data (imag)
5_“; —— —Initial estimate 50 50
o 60 -~ —Fit 1
3 ——Residuals 40 40
E‘ 30 30
@
2 20 20
[}
w 10 10
0 0
-10 0 -10 0 10

Time (ms)

Fig. 12. Measured results for a CPMG experiment on rose petals. Experimental settings include frequency = 4.30 MHz, 7t/2-pulse length = 10 s, m-pulse length = 16 s,
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after fitting for the real channel after matched filtering, and (f) histogram of the imaginary channel after matched filtering.
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Fig. 13. The normalized T, distribution measured for the rose petal, as generated by
a C program within the ARM processor. The value of the regularization parameter o
was automatically chosen by the program based on the so-called heel method [36].

B, frequency used for the CPMG scans, closely matches f,, the B
frequency computed from temperature compensation and the
NMR frequency sweep function, as the temperature varies between
5°C and 65°C. Moreover, the plot shows that the matching
network is automatically tuned such that it is always centered
around f,,,. Thus, the tuning algorithm ensures that the reflection

coefficient around the desired B; frequency is always less than
—10 dB during the entire experiment. As a result, the SNR of the
NMR signal is maintained as the temperature changes. For
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Fig. 14. Measured “N NQR spectrum obtained from 0.42 gm (0.33 cm?®) of sodium
nitrite. Plots are shown with and without regularized deconvolution to remove the
effects of the finite-length echo acquisition window. The regularization parameter
was automatically determined based on the estimated SNR. Experimental settings
include frequency = 4.637 MHz, m/2-pulse length and 7-pulse length = 102.6 ps,
pulse duty cycle = 50%, echo spacing = 1000 ps, inter-experiment time = 300 ms,
points per echo = 4096, echoes per scan = 32, echo shift = 10 ps, and averaging
factor = 512.
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Fig. 15. Flowchart of the proposed auto-tuning algorithm used for temperature
compensation.

example, Fig. 16(b) clearly shows that the SNR per echo per scan
occasionally decreases below a predefined threshold (10 in this
case), but in each ramps back up soon afterwards. This is because
each SNR threshold-crossing event triggers the system to automat-
ically re-tune itself in order to compensate for the temperature

change.
6.2. Pulse program optimization
Various real-time pulse program optimization methods have

been reported in the literature. For example, recent work has uti-
lized stochastic sampling to adaptively adjust sequence parame-
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ters (e.g., wait times) in order to minimize the total time
required to quantify the properties of individual samples [37]. Here
we focus on integrating the various software tuning capabilities
that have already been discussed in order to optimize the analysis
of different samples. The goal is for the spectrometer to automati-
cally optimize pulse parameters for the current sample in order to
maximize SNR per unit time, therefore removing the need of man-
ual tuning. SNR per unit time, denoted by SNR;, is desired because
we not only want the experiment to be effective, but also as short
as possible. We can easily derive the total NMR signal strength for
a single scan assuming a mono-exponential decay as

Ng
Stor = ZaoeinTE/Ta (1)

n=1

where qy is the initial signal amplitude, T is the echo time, and N is
the number of echoes. Furthermore, taking longitudinal relaxation
T; into consideration, the SNR per unit time (in power units) is
defined as

Sol(1—e W)t 1 2
(NeTe+Tw)  Neo? .’

noise

SNR; =

where Ty is the wait time between scans and ;. is the rms noise
per echo per scan (assumed to be additive and white, i.e., uncorre-
lated between echoes and scans). The equation can be further sim-
plified to

@2 1 (1-e*?(1-et)
SNR, = =% — - , 3
02, Tk B(B + od) 3
where we define the dimensionless quantities

o = NgTg/T2, B=Tw/T1, and 6 = T1/T,. This equation was derived
based on the approximation 1= ~1 which is valid when
x=Tg/T; < 1. By numerically evaluating non-linear function
shown in Eq. (3), we can estimate the optimum pulse sequence
parameters over o and p for fixed values of ag, Gpose, Tr and 4.
Fig. 17(a) shows the resulting normalized SNR per unit time for
6 = 4. In this case, the optimum values of « and g are 1.53 and
1.05 respectively. Fig. 17(b) plot the optimum values of o and g as
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Fig. 16. Experimental results showing that spectrometer auto-tuning can compensate for large temperature fluctuations. Changes in temperature are indicated by vertical
striped red lines: during the experiment, the temperature increases from 5 °C to 65 °C and then goes back to 35 °C. Note that the temperature changes do not occur at regular
intervals, resulting in variable x-axis separation between adjacent lines. (a) Measured operating frequency of the spectrometer as a function of time. The target frequency (fy,)
is computed via temperature compensation and a CPMG frequency sweep. The B; frequency of the pulse sequence (f.,,) closely follows f,.. The —10 dB bandwidth BW of the
matching network, denoted as the area shaded in cyan, is also auto-tuned to remain centered around f,,,. (b) Measured SNR per echo per scan for CPMG scans as the
temperature changes. The horizontal red striped line is the SNR constraint for the experiment, which is set to 10 in this case. (For interpretation of the references to color in

this figure legend, the reader is referred to the web version of this article.)
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a function of 6. As ¢ (i.e., the T1/T2 ratio) increases, it becomes ben-
eficial to acquire more echoes while reducing the repetition time.

An algorithm was developed to automatically maximize the
SNR per unit time as described above. A flowchart of the algorithm
is shown in Fig. 19. Because the samples may not have mono-
exponential decays, it performs 1-D Laplace inversions to account
for all T, and T, relaxation components; in each case, the regular-
ization parameter is set using the heel method. We first start by
using a CPMG experiment with a fixed Tr to optimize the number
of echoes needed to give us the maximum SNR. In this first scan,
we collect enough echoes to ensure that all T, components decay
by at least two time constants, thus ensuring an accurate Laplace
inversion. We then extract the longest significant T, component
from the inversion and use this value to optimize the number of
echoes Ng. By selecting the longest component, we guarantee that
all data is collected in future scans. However, the optimum value of
B = NeTg/T, depends on oo = Ty /T; (see Fig. 17), which is unknown
since we haven't acquired any T; information yet. Thus, we tem-
porarily select the value of Ng that results in g = 1. This is a reason-
able estimate based on the plot, and will be improved once T;
inversion is performed.

We now conduct an inversion recovery (IR) experiment using
the value of N estimated above. We set the longest wait time to
a value of 10 x T, which is more than sufficient to make sure that
all T, relaxation components can be detected. As explained above,
the IR data is inverted to extract all T; components. The longest
significant component is extracted from the data and used for Ty
optimization. Now, since § = T;/T, is known, the optimum values
of o and p can be read from Fig. 17. Thus, we have localized the
sample within the feasible region of the (T;,T,) plane, which is
denoted by the shaded region in Fig. 18. The optimal values of both
Ng and Ty can now be determined. Note that this optimization
process has avoided the use of 2-D Laplace inversions, which are
computationally intensive on the embedded ARM processor.

Once the pulse parameters are optimized, the system runs
CPMG experiments continuously to monitor the contents of the
sample coil. Here we assume that relevant changes in sample prop-
erties can be detected directly from the echo decays, so we avoid
inverting the data during the monitoring period to reduce total
processing time. Instead, we compute the sums of the first and sec-
ond halves of the echo train, which are denoted by a; and a,
respectively. This process allows us to improve SNR through accu-
mulation while retaining both amplitude and T, information. We
start the monitoring process by collecting 10 separate a; and a,
data points and computing their mean and standard deviation.

6=4

NgTe/T,

B

0.5 1 1.5 2 2.5 3 3.5
a= TW/T1

The a; and a, values measured for the next CPMG data set are then
compared to their statistics from the previous 10 scans. The condi-
tion for determining if the sample has not changed is

@y - d;| <30, and |@ - dy| < 30q,, (4)

where 0, and o0, are the standard deviations of the a values
respectively, d; and a; are their means, and a; and a, are the newly
collected data points. If Eqn. 4 is satisfied, the system will replace
the oldest a; and a, data points with a; and @, and continue to mon-
itor the current sample. Similarly, the condition for determining if
the sample has changed is

|ar —di| > 30, or |G —dy>30,,. (5)

If Eq. 5 is satisfied, the system will re-optimize parameters for
the newly detected sample and continue the process.

102

T,-max
10! d
0
T110
107! A
T,-min |
102 :
A, .
T,-min |T2-max
A, :
|
102 10! 10° 10' 107

LE}

Fig. 18. An example of the measured Ty, T,, and joint (T, T)distributions of a test
sample (in this case, milk). Colors in the 2-D plot denote constant magnitude
contours of the (T;, T,) distribution, while T; and T, axes are in sec. The feasible
region of (T, T,) for an unknown sample, assuming 1 < ¢ < 10, is denoted by the
shaded region. The boundaries of this region (i.e., T1 mins T1max, T2.min, aNd T2 mqyx) are
determined by prior knowledge. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)
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CPMG sequence
Average multiple T, and a,

Fig. 19. Flowchart of the proposed auto-tuning algorithm used for sample change
detection and parameter optimization.

The proposed algorithm was implemented and experimentally
verified with 3 different samples, i.e. milk, mineral oil, and doped
water, which were randomly inserted into the spectrometer. The
result is shown in Fig. 20. The system is able to quickly detect when
the sample changes by performing the routine shown in Fig. 19 to
automatically obtain optimized NMR pulse parameters. Experi-
mentally, the slowest T, components found for milk, mineral oil,
and doped water were approximately 225 ms, 48 ms, and 10 ms
respectively; the optimum values of Ny were 2259, 480, and 102
respectively; the slowest T; components were 1.26s, 146 ms,
and 12 ms, respectively; and the optimum values of Ty, were 2 s,
235 ms, and 19 ms respectively.

7. Conclusion

We have described an autonomous, highly-portable NMR spec-
trometer based on a low-cost SoC that integrates an FPGA fabric
with an embedded ARM processor. The ability of the ARM proces-
sor to run a full Linux OS enables embedded C programming for
low-level processing, as well as embedded Python programming
for high-level processing. For example, a C program that imple-
ments the 1-D ILT has been developed for generating T; and T, dis-
tributions directly within the spectrometer. A highly-tunable AFE

that interfaces with the SoC has also been developed, thus realizing
a complete and self-contained instrument. The benefits of the pro-
posed hardware and software approach have been experimentally
verified by performing basic NMR experiments on a variety of sam-
ples. Moreover, we have demonstrated the ability of the system to
auto-tune itself to compensate for large temperature changes, i.e.,
satisfy a user-defined constraint such as minimum SNR per scan.
We have also demonstrated the ability of the system to auto-
tune pulse sequence parameters after changes in sample
properties.

In future work, we will move the quadrature down-conversion
operation from Python to the FPGA fabric in order to allow the
acquired data to be downsampled before it is stored in the ADC
FIFO. This will allow the same FIFO to hold data from much longer
scans, i.e., acquire more echoes per scan. In addition, we will
increase the frequency tuning range of the preamplifier to allow
operation over a wider range of field strengths. Finally, we will also
increase the peak RF output power level of the transmitter to sup-
port larger sample sizes.
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Appendix A. Power consumption comparison

Table A.1 below compares the typical power consumption of a
normal personal computer (PC), laptop, the Terasic DE1-SoC, and
a SoM (Critical Link MitySOM-5CSx) that uses the same chip as
the DE1-SoC. The DE1-SoC already requires far less power (7.4 W
while making NMR measurements and processing data) compared
to a PC (> 100 W) or a laptop (30-90 W). However, the DE1-SoC
board contains several unnecessary peripherals that consume
additional power. The MitySOM-5CSx is added as a comparison
point since it is a small form-factor SoM that does not include
unnecessary peripherals. Thus, such SoMs are good candidates
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Fig. 20. Results of an automatic parameter optimization experiment on three samples (milk, mineral oil, and doped water). Different colors denote the sample used at any
given time. Changes in experiment type are denoted by striped vertical red lines. (a) Experiment type selected by the instrument. (b) Measured slowest T, component
obtained using T, Laplace inversion along with corresponding number of echoes (Ng) used in the experiment. It can be seen that N varies between samples according to the
measured T,. The rise in Ng at the beginning and when the sample is changed corresponds to loading typical parameters in the program flowchart, which eventually converge
to a value proportional to the sample T,. (c) Measured slowest T; component obtained using T; Laplace inversion along with corresponding repetition time (T ) used in the
experiment. After every sample change, Ty starts with typical values and eventually converges to a value proportional to the sample T;. (For interpretation of the references

to color in this figure legend, the reader is referred to the web version of this article.)
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Table A.1
Power consumption comparison table.
Device Power
Desktop PC > 100 W
Laptop 30-90 W

Terasic DE1-SoC
Critical Link MitySOM-5CSx

6.7 W (idle), 7.4 W (load)
2.05 W (idle, clean FPGA fabric)

for realizing miniaturized and ultra-low-power spectrometers
with similar measurement capabilities as the current system. Note
that this SoM uses ~2.05 W in an idle state, i.e., with no program
running on the FPGA fabric [38]. We predict that the power con-
sumed by the SoM in an active state will lie between 2.05 W and
7.4 W.

Appendix B. Hardware details
B.1. Transmitter design

The transmitter converts a small input signal to a linearly-
polarized sinusoidal RF magnetic field within the sample coil. This
field can be decomposed into the sum of two equal-amplitude
circularly-polarized components rotating in opposite directions,
one of which (generally denoted by B,.) perturbs the nuclear spins.
It is desirable to maximize the power efficiency of the transmitter
by delivering as much as possible of the available RF power to the
coil, i.e.,, minimizing the power reflected back to the source due to
impedance mismatches. In our case, the input is directly driven by
two FPGA pins that generate differential square-wave signals. This
allows us to avoid the use of a high-speed DAC, but does introduce
the problem of harmonic content. In particular, a square wave of
period T =2m/wy and amplitude V, can be expanded into the
Fourier series

v(t) :477‘;0 Zx:

n=135..

cos (nwot), (B.1)

Si=

which has harmonics at odd multiples of w, that decay slowly (as
1/n) with frequency. Typical lumped matching networks are only
matched at the fundamental frequency wg. For example, the input
impedance of the common two-capacitor network is capacitive at
the harmonics, so all harmonic power is reflected back into the

transmitter. In most cases this power is then dissipated by dissipa-
tive elements within the transmitter (transistors or protection cir-
cuits), resulting in a loss of efficiency. A distributed matching
network based on transmission lines can avoid this problem, but
is bulky at low frequencies. Instead, we remove most of the har-
monic content using a low-pass filter before it is delivered to the
coil. However, this approach requires the filter to be programmable;
in particular, while w, can vary between experiments, the cutoff
frequency must always lie between wq and 3w, to remove all the
harmonics.

Our transmitter design uses a custom class-A push-pull linear
power amplifier with differential inputs and single-ended output,
as shown in Fig. B.21. A class-A topology was chosen due to its lin-
earity, which keeps the total harmonic distortion (THD) of the out-
put waveform low while allowing its amplitude to be varied using
the duty cycle of the input square waves generated by the FPGA.
This control procedure is also known as pulse-width modulation
(PWM). In our case, the FPGA generates two differential PWM
input signals, i.e., with a time delay of T/2 (half a period) between
them, in order to minimize even-harmonic distortion and external
common-mode noise. Defining 0 < D < 1 as the duty cycle, the dif-
ferential waveform can be written as

_ 4V, i sin(nmD)

T 435

v(t) cos (nmot), (B.2)

where D = 0.5 corresponds to the special case of the square wave,
which was analyzed in Eqn. (B.1). Using differential input signals
preserves the symmetry of the waveform, which cancels out all
the even harmonics. Moreover, the amplitude of the fundamental
component is equal to (4V,/7) x sin(nD), i.e., can be smoothly var-
ied from O to a maximum of 4V, /7 by increasing D from O to 0.5.

In our implementation, the two PWM inputs are buffered with
BJT-based (BC846, Nexperia) emitter followers and then passed
through a differential low-pass filter to remove harmonics. The lat-
ter uses a multiple-feedback active filter topology based on a fully-
differential high-speed op-amp (THS4141, Texas Instruments).
Note that the cutoff frequency of this filter is fixed at ~6 MHz in
this design, which is adequate for the limited expected operating
range of wy/(2m) =3.5—4.5 MHz. However, it will need to be
made programmable in order to operate over a broader range, as
mentioned earlier.

Power amplifier

to
duplexer

Fig. B.21. The NMR transmitter, which consists of a differential buffer followed by a multiple-feedback differential active low-pass filter, two-stage power amplifier, and

output transformer.
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The filter is followed by a two-stage differential power amplifier
based on high-speed, high-output current op-amps (LM7372,
Texas Instruments). The second stage of power amplifier (U3 and
U5) can be switched manually between LM7372 and LT1210 (Ana-
log Devices), with a trade-off between higher-speed lower-output
current and lower-speed higher-output current, respectively.
These op-amps are chosen to simplify the design while maximizing
the available output power. The maximum bandwidth of this
transmitter design is certainly limited by the LM7372 or LT1210
to 40 MHz or 11.6 MHz for a gain of 3, respectively. However, with-
out the programmable low-pass filter mentioned earlier, the sys-
tem is currently not able to operate at its maximum bandwidth.
The differential outputs of the amplifier are converted to single-
ended form by a RF transformer with a 1:M turns ratio. The trans-
former also scales the output impedance of the amplifier by M? to
reach the desired value of 50 Q that minimizes the reflection coef-
ficient. Estimating the optimal value of M is not trivial since the
second-stage op-amps behave as nonlinear large-signal circuits
that do not have a constant and well-defined output impedance
R,... However, we can usefully approximate R, as the ratio
between (i) the voltage drop from the supply voltage Vpp to the
peak output voltage Vp, and (ii) the peak output current Ip, i.e., as

Vpp —Vp
Ip ’

Rour = (B.3)

Simulation of the LM7372 as the final amplifier stage using a
freely-available circuit simulator (LTspice, Analog Devices) shows
Vp =116V for Vpp=15V and Ip =150mA, resulting in
Roye = 22.7 Q. We should add 2R; to this value if optional series
resistors are added to the op-amp outputs (see Fig. B.21); here
we assume R; =0. In this case a step-up transformer with
M = 1.5 (Coilcraft PWB series) provides an output impedance of
~51 Q, i.e,, nearly the correct value. The resulting maximum out-
put power level available from a 15 V power supply is measured
to be approximately 2.5 W. The same calculation can be performed
for LT1210, which requires step-down transformer with M = 1/2
for output impedance matching, to obtain approximately 10.6 W
of maximum output power from a +15 V power supply.

B.2. Duplexer design

The transmitter generates large voltages across the sample coil
that can potentially damage the receiver preamplifier. To isolate
the receiver from the transmitter during transmit mode, and vice
versa, a transmit-receive switch (duplexer) is used. The duplexer
also acts as a damper to minimize coil ringing after transmit
pulses. Our design is based on the well-known passive lumped
duplexer shown in Fig. B.22, which was originally proposed by
McLachlan [29].

In transmit mode, the transmitter output is large enough to turn
on either D1 or D2 (depending on signal polarity), allowing it to
drive the matching network. In addition, either D3 or D4 also turn
on, so the receiver path resembles a parallel LC circuit (formed by
L, and C;) that provides a high impedance at resonance to protect

L
D! o3 C :)oreamp
rom =1 e g i
transmitter D2t ‘ C4 D4 D5 D6
(o)
matching
network

Fig. B.22. Passive duplexer circuit used in the proposed analog front-end.

the preamplifier. Further protection is provided by D5 and D6,
which turn on to short the preamplifier input terminal to ground.
In receive mode, the NMR signal induced on the sample coil is not
large enough to turn on any of the diodes. This effectively discon-
nects the transmitter from the matching network. Moreover, the
receiver path resembles a series LC circuit (formed by L; and C;)
that is designed to be resonant around the operating frequency.
As aresult, it provides a low impedance path for the received signal
to reach the preamplifier.

Ideally, the duplexer should be broadband enough to cover the
entire operating frequency range without tuning. However, the
proposed design relies on series or parallel LC circuits in the recei-
ver path, which provide optimum performance (e.g., maximum
isolation in transmit mode, minimum attenuation in receive mode)
near the corresponding resonant frequencies of 1/v/L[;C; and
1/v/LiG,, respectively. Fortunately, both these tuned circuits are
heavily loaded by either the transmitter output impedance or the
receiver input impedance (both nominally 50 Q), which lowers
their quality factor (Q) and provides sufficient bandwidth. More-
over, this also eliminates the need to choose high-Q capacitors
and inductors for implementing the duplexer.

B.3. Tunable matching network design

A passive impedance-matching network is used to transform
the impedance of the coil to a real value of Z, = 50 Q near the Lar-
mor frequency. This ensures maximum power transfer from the
transmitter to the coil in transmit mode, and from the coil to the
preamplifier in receive mode. We use a two-capacitor network in
which the shunt and series capacitors are denoted by C; and C,,
respectively. The input impedance Z;, seen by the duplexer is then
given by

eL+R)
in ]wL + Rp -‘rm jCOCz
_ joL+R, I (B.4)
(1 — szCI‘eff) +jCORpC1veff (UCZ :
A 4]

where C; . is defined as the sum of C; and the coil parasitic capac-
itance (Cp), R, is defined as the coil parasitic resistance, and L
defined as the coil inductance. Intuitively, C; resonates with the coil
and its value is set such that the resonant frequency 1/,/LCq 5 is
slightly higher than the Larmor frequency wy. As a result, R(Zi,)
can be set to 50 Q near wg. The series capacitor C, then cancels
out the imaginary part of Z;,, i.e., ensures 3(Z;,(wy)) = 0. In practice,
C,; and C, are chosen to be high-Q mica capacitors to minimize
losses due to their parasitic resistance.

However, the network is narrowband and only provides good
matching over a bandwidth of approximately 2m,/Q, where Q is
the quality factor of the coil near wy. Thus, at the relatively low fre-
quencies (3.5-4.5 MHz) targeted in this work, a typical value of
Q = 80 results in a bandwidth of only ~100 kHz, which is not suf-
ficient to handle changes in B, due to manufacturing tolerances,
temperature fluctuations, etc. [31]. We use a digitally-tunable
two-capacitor matching network to avoid this issue. The design
used in this paper is based on the work of Chen et al. [30], and is
shown in Fig. B.23. The circuit uses a bank of low-loss switches
(reed relays from Coto Technologies) to set the values of C; and
C,. To simplify computations, each capacitor is designed to closely
approximate a 8-bit binary-weighted array. In particular, C; and C,
are chosen to have least-significant bit (LSB) values of 18 pF and 2
PF, respectively. This allows C; to be adjusted in 18 pF steps up to a
maximum of ~4.7 nF, and C, to be adjusted in 2 pF steps up to
~630 pF.
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Fig. B.23. The proposed tunable two-capacitor matching network, which uses
binary-weighted 8-bit capacitor arrays for both C; and C,. The switches used to set
the capacitor values are reed relays with drivers that are shown in the inset on the
bottom right.

B.4. Reflected power measurement

In practice, the coil and matching network contain parasitic
capacitors that are difficult to model accurately. As a result, signif-
icant errors often occur between the predicted and actual match-
ing frequency. Accurate tuning therefore requires the frequency
response of the matching network to be directly measured. The
reflection coefficient I'(w) = Sy, is a suitable performance parame-
ter in this case, since |[(w)|* and 1 — |T'(w)|* quantify the fractional
RF power that is reflected from the network and delivered to the
coil, respectively. We have implemented a one-port embedded
network analyzer to measure |I'(w)|, i.e., perform the “wobble”
function. The circuit, which is shown in Fig. B.24, uses a directional
coupler (SYDC-20-61VHP+, Mini-Circuits) to measure the reflected
power level with a coupling factor of —20 dB. The voltage devel-

Q(@V SYDC-20-61VHP+
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Fig. B.24. The reflection measurement circuit. The reflected power is measured
with a —20dB directional coupler and buffered with an op-amp before being
amplified and digitized.

oped across the load resistor R; = 50 Q is then buffered and ampli-
fied by high-speed op-amps (LT6230, Analog Devices) before being
digitized. The same ADC (LTC1746, Analog Devices) is reused to
digitize the NMR signal, so an analog switch is included on the
board to select between the NMR signal and reflected power mea-
surement paths.

B.5. Tunable preamplifier and second-stage amplifier design

As the NMR signal is narrow-band, it is intuitive to use a
narrow-band preamplifier to minimize noise figure (NF) and
unwanted interference from external sources. In our previous work
[31], a preamplifier with a narrow-band input matching network
and tuned output load was designed to achieve this goal. While
this topology works well in simulation, in practice it is difficult
to control since both the input and output networks have to be
tuned. Moreover, these networks interact with each other through
the parasitic capacitance of the transistors, which makes tuning a
complicated iterative process. In this design, we simplify the tun-
ing problem by using a common-gate preamplifier that does not
require an input matching network. In fact, the circuit naturally
provides both a broadband resistive input impedance and a moder-
ate amount of voltage gain.

The proposed circuit is shown in Fig. B.25. The first stage uses a
common-gate topology implemented using a low-noise JFET (J310,
ON Semiconductor). By itself, this results in an intrinsically broad-
band resistive input impedance of Z;, ~ 1/g,,, where g,, is the
transconductance of the JFET. Moreover, g,, (and thus Z;,) can be
controlled by changing the gate bias voltage.

However, to obtain Z;, = 50 Q impedance, we need a relatively
high value of g,, = 20 mS, which leads to high power consumption
and also degrades the NF. An inverting step-up transformer TF1
with a turns-ratio of 1:N; is added to the design between the gate
and source terminals of the JFET to reduce the required value of g,,,
which also reduces NF. In particular, it can be shown that

V8m ?
NF~1+ =1+ : B.5
Ri(N1 +1)%g2, Ni+1 (55

where 7y ~ 2/3 is known as the excess noise factor of the JFET and
the approximation is valid if the voltage gain of the circuit is > 1.
In addition, the second expression is valid when (N; + 1)g,R; = 1
to realize input impedance matching. As a result, the required value
of g, =1/((N1+ 1)R;) decreases by a factor of (N; + 1), which
allows the bias current to be significantly reduced (thus saving
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Fig. B.25. Schematic of the proposed tunable preamplifier. The input impedance of
the first-stage preamplifier is tunable using gate bias voltage, while its frequency
response is tunable using varactor bias voltage. Both these voltages are controlled
by a DAC. The amplified signal is buffered and sent to the second-stage amplifier.
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power) and also reduces the noise figure. Fundamentally, this is
because TF1 amplifies the input signal by a factor of (N; + 1) with-
out adding noise. In this case N; = 4 (using a Coilcraft PWB series
transformer), thus reducing NF from 2.2 dB (for N; = 0) to 0.55 dB.

At the drain of the input JFET, twenty varactors (BB640, Infineon
Technologies) in parallel with a fixed inductor (L; = 2.4 uH) are
used to realize a tunable LC resonator. The varactor bias voltage
is digitally controlled from O to —10V via a DAC (TCA9555PWR,
Texas Instruments), thus providing a bandpass frequency response
whose center frequency can be tuned by the FPGA. Any noise in the
DAC output voltage is removed by a second-order LC low-pass filter
with a low cutoff-frequency of ~500 Hz. The filtered output of the
first stage is further amplified by the next stage, which provides a
broadband gain of N, = 4. This circuit consists of a JFET-based
source follower buffer (BF862, NXP Semiconductors) followed by
a 1:N, step-up transformer (TF2). Finally, a high speed op-amp
(LT6230, Analog Devices) provides additional gain and a 50 Q out-
put impedance suitable for driving a coaxial cable.

The overall small-signal voltage gain A, of the preamplifier is
given by

(B.6)

1 <(]G)Lf + Rf) Wﬁ)
] 9

Au() = 58m (N + 1)) 5,2 =
where g,,;, N1, N, and Ly are defined as before, C,q is the varactor
capacitance, Ry is the series resistance of Ly, and the ] factor arises
from impedance matching. The frequency-dependent term in the
brackets is simply a second-order bandpass response (Lorentzian)
with a peak magnitude of Rsz (where Q = wL;/Ry is the quality
factor of Ly), center frequency of wo = 1//L;Cyqr, and a bandwidth
of wy/Q. In our case C,, decreases by about 5x as the reverse bias
voltage increases from 0 to —10V, so w, can be controlled over a
range of about 1:1/5, i.e., more than an octave.

A second-stage amplifier consisting of four op-amp gain stages
provides more signal amplification after the preamplifier, as shown
in Fig. B.26. The gain of the last stage can be varied over a range of
26 dB by using analog switches, thus increasing the overall
dynamic range of the receiver. These switches are controlled by
digital signals from the FPGA, thus allowing the overall gain to
be configurable from 40 to 66 dB.

B.6. Analog-to-digital conversion

In previous work [31], we used a 14-bit, 4.5 Msps serial ADC
(LTC2314, Analog Devices) to digitize the receiver outputs. The
serial topology makes it easy to interface with the FPGA, since
the digital outputs are encoded on a standard three-wire serial
peripheral interface (SPI) bus. However, the serial topology
increases the bit rate on this bus to a minimum of (bits per
sample) x (sampling rate), i.e., 14 x 4.5 = 63 Mbps in this case. In
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practice the data rate was even higher (87.5 Mbps) due to addi-
tional clock cycles required during every conversion period. SPI
buses are not designed to carry such high data rates; in particular,
they are not impedance matched, which results in significant sig-
nal integrity issues and bit error rates whenever bus lengths
exceed a few cm. The design of the FPGA-based ADC controller also
became challenging since it had to run at twice the bit rate, i.e., at
175 MHz.

Finally, even with such high bit rates, the original ADC could
only sample at 4.5 Msps; this is the fastest value commercially
available with SPI outputs but is still lower than the Nyquist rate
for the NMR signals of interest, which occur in the 3.5-5 MHz
range. Thus, a bandpass-sampling technique [39] was used to
post-process the acquired data. This method works since individ-
ual NMR scans generate relatively narrowband signals (typical
bandwidth < 100 kHz). However, certain sampling rates are not
allowed in order to avoid aliasing; moreover, the sampled output
spectrum is in general not centered around zero frequency (DC).
Calculating the resulting offset frequency requires exact knowl-
edge of both the ADC sampling rate and the Larmor frequency.
The latter is set by a local oscillator (LO) generated by a phase-
locked loop (PLL) on the FPGA, but in general drifts with respect
to the clock used by the ADC. As a result, successive scans have
slightly different offset frequencies and have to be individually
phase-rotated before they can be phase-cycled and averaged,
which becomes challenging when the SNR per scan is low.

The fundamental source of these problems was the choice of an
ADC with a serial output bus. In the current design, we therefore
switched to a 14-bit, high-speed (25 Msps) ADC (LTC1746, Analog
Devices) with a parallel output bus. Due to the parallel topology,
the FPGA control logic can run at the ADC sample rate, i.e. 25
MHz, which greatly simplifies the design by relaxing its timing
constraints. Moreover, the new sampling rate satisfies the Nyquist
criterion over the 3-5 MHz operating range, so the output signal
can be directly down-converted to DC without the need for band-
pass sampling. If a higher-speed ADC is required for some applica-
tions, the ADC can be upgraded to a compatible 80 Msps design
(LTC1748, Analog Devices) from the same family.

Appendix C. The CPMG pulse sequence

Referring to Fig. C.27, labels shown in black, i.e., the 7/2 pulse
length (tp_r/2), the 7 pulse length (tp_z), and echo spacing (tecwo),
are to be specified by the user within the C program in human-
readable format, e.g. in input variables that have units of ps. These
values are then converted to the number of clock cycles by the C
program before being stored into the NMR control register in the
FPGA. The ADC acquisition window (tacq) is computed as the num-
ber of samples per echo (SpE) multiplied by the clock frequency.
Here SpE is a parameter specified by the user and is directly stored
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Fig. B.26. The second stage amplifier, which consists of four op-amp gain stages. The gain of the last stage is digitally configurable using switches.
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Fig. C.27. Generalized CPMG pulse sequence implemented on the spectrometer. The /2 pulse is generated once, followed by multiple 7 pulses. The black labels denote user-
specified variables within the C program, and the red labels denote variables that are computed by the ARM processor. The blue labels shows variables that are related to the
ADC, which uses a different clock frequency, with tacq also being specified by the user in the C program.
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Fig. D.28. Basic technique used for processing NMR signals, including digitization, quadrature down-conversion, and matched filtering. All digital signal processing is

performed in Python.

in the NMR control register. All other parameters, i.e. delay after
the /2 pulse (tp_r2), delay after the 7 pulse (tp_r), and delay
before ADC acquisition (tp_acq) are derived by the ARM processor
using the following equations:

1
b np2 = 5 techo — Ep-n/2,
tp_n = tecHo — tp-n,

1
tb-acq =5 LecHo — Lo (C1)

Appendix D. NMR signal processing with python

Fig. D.28 summarizes the basic signal processing technique
used to obtain baseband echo from the analog signal, as performed
using Python. The digitized RF data is first down-converted to
baseband using a quadrature down-converter and then low-pass
filtered to the desired bandwidth. In order to simplify the compu-
tations, multiplication by square wave signals is used for down-
conversion. Moreover, given that the ADC sampling rate is 4x
the RF frequency, each period of these square waves can be simpli-
fied to the sequence {+1,0,—1,0}, which further simplifies the
implementation.

The complex down-converted signal, which consists of a series
of echoes, is then matched-filtered by the conjugate of the average
of all acquired echoes. This generates a single complex number for

each echo; these numbers are then phase-rotated to ensure that
the signal (echo amplitudes) only appears in one of the two com-
ponents (usually the real component), while the other component
contains only noise. Note that the average of all echoes used here
for matched filtering can be viewed as the best-available estimate
of the true (i.e., noiseless) echo shape. Therefore, the overall oper-
ation effectively weighs the noisy acquired signal by its estimated
shape, which can be shown to be the optimal estimation procedure
in the presence of additive white noise [30]. The resulting echo
amplitudes can be further processed to obtain relaxation and diffu-
sion time constants.
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