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Ultra-low cost, general purpose electronics boards featuring microprocessors or field programmable gate
arrays (FPGA) are reaching capabilities sufficient for direct implementation of NMR spectrometers. We
demonstrate a spectrometer based on such a board, implemented with a minimal need for the addition
of custom electronics and external components. This feature allows such a spectrometer to be readily
implemented using typical knowledge present in an NMR laboratory. With FPGA technology, digital tasks

ﬁag‘gds‘; are performed with precise timing, without the limitation of predetermined hardware function. In this
Relaxor&:et‘ll-vyare case, the FPGA is used for programming of arbitrarily timed pulse sequence events, and to digitally

generate required frequencies. Data acquired from a 0.53 T permanent magnet serves as a demonstration
of the flexibility of pulse programming for diverse experiments. Pulse sequences applied include a
spin-lattice relaxation measurement using a pulse train with small-flip angle pulses, and a Carr-
Purcell-Meiboom-Gill experiment with phase cycle. Mixing of NMR signals with a digitally generated,
4-step phase-cycled reference frequency is further implemented to achieve sequential quadrature
detection. The flexibility in hardware implementation permits tailoring this type of spectrometer for

Portable NMR

applications such as relaxometry, polarimetry, diffusometry or NMR based magnetometry.

© 2015 Elsevier Inc. All rights reserved.

1. Introduction

Low cost nuclear magnetic resonance (NMR) devices are expe-
riencing considerable publicity, both in an industrial and academic
setting. A number of commercial systems are available, and in
addition, published designs are readily found in the literature.
These devices cater to opposing trends, for emerging routine appli-
cations where simplicity in operation is a must, as well as for ancil-
lary characterizations in NMR or MRI experiments that are growing
more and more complex. Examples for the first category include
industrial quality control, for example the determination of fat or
water content using spin relaxation measurements [1-5]. They
further include the characterization of objects containing large sur-
faces [6], the determination of oil or water content in rock sur-
rounding a borehole [7], or the detection of cells and biomarkers
for biomedical applications [8]. Finally, a multitude of educational
applications benefit from low-cost NMR devices, for teaching
aspects of instrumentation, NMR theory, or molecular structure
determination [9-12]. In many cases, the achieved ease of use
betrays an increasing sophistication of these devices. In the second
category, low-cost NMR devices are supportive in the
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characterization of more elaborate magnetic resonance experi-
ments. An example is the use of a dedicated spectrometer acces-
sory for the determination of magnetic field profiles, which can
be used to improve the quality of high resolution magnetic reso-
nance images [13,14]. Ancillary NMR spectrometers are also used
in the growing field of hyperpolarized NMR, for monitoring the
spin polarization that is achieved. Optical pumping experiments
often include NMR devices at the pumping cell for polarimetry
[15,16]. In dissolution dynamic nuclear polarization, monitoring
of NMR signals is desirable both during polarization in the solid
state, as well as after dissolution in the liquid state [17].

A range of standalone NMR devices have been developed in
view of these varied applications. Many of the recent implementa-
tions make use of a microcontroller for flexibility in programming
[18,19], or include parallel processing capabilities of field
programmable gate arrays (FPGA) in designs similar to those of
software based radios [20-24]. Such devices have been developed
to the level, where they can serve as budget NMR consoles for
high-field NMR applications at frequencies of hundreds of
megahertz [25].

An increasing number of non-specialized, but pre-fabricated
hardware boards that feature microprocessors or FPGA chips are
becoming available in the market at ultra-low cost. The use of such
boards for NMR applications is interesting, because they can allow
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the creation of functional NMR devices without the need for large
designs of custom electronics. A spectrometer developed based on
an arduino board has recently been introduced to acquire signals
from earth field NMR [26]. At higher frequencies, in the range of
tens to hundreds of megahertz, FPGAs are more suitable than
microprocessors, because of their support for parallel processing
and increased control of accurate timing. Here, we demonstrate
the acquisition of relaxometry data using a spectrometer con-
structed from a single commercial FPGA board, which already con-
tains required components such as digitizer, clock, memory,
programming and communications interface, and for use in NMR
only requires the addition of analog front-end circuits. The console
is optimized for maximum flexibility by implementing most func-
tions within the FPGA chip. With this simplicity and flexibility, a
rapid and application oriented implementation of the NMR spec-
trometer is possible.

2. Materials and methods

The console hardware is based on an Altera Cyclone IV field pro-
grammable gate array (FPGA) with the DEO-nano evaluation board
(75 x 50 x 20 mm, Terasic, Hsinchu City, Taiwan), which contains
all digital signal pathways. In the FPGA, custom logic for pulse pro-
gram generation and data storage is implemented (Fig. 1). Also
within the FPGA, this logic is supported by an array of standard
blocks performing functions such as frequency generation, com-
munication or memory access.

The NMR pulse program is executed using the custom logic
blocks. Before the NMR scan, the program is loaded into memory
as a list of system states each associated with a time. Such system
states include no output during a waiting time, activation of a
transmit/receive switch, application of a pulse with a phase
selected from one of four options (+x, +y, —x, —y), or digitization
of data. In the memory, these system states are simply represented
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Fig. 1. Components of the FPGA design. The components inside of the dashed line
are implemented in the FPGA. Signals are acquired using an analog-to-digital
converter (A) on the DEO board, captured in the FPGA in a block clocked at the
sampling frequency (B) and streamed to memory. The pulse sequence events are
streamed from the memory to a pulse sequence controller (C) under control of a
pulse sequence clock. The signal frequency is generated in a phase locked loop (D),
which is configured with predetermined parameters stored in ROM (E) and phase
shifted (F) under pulse sequence control. The terminals drawn on the left side
interface to registers and DMA controllers realized as standard blocks within the
FPGA design, and are under the control of a CPU (not shown). The pulse sequence
and frequency control registers are used to set parameters that do not change
during pulse sequence execution. The terminals to the right interface to those
shown in Fig. 2.

as a 32-bit time stamp associated with a 32-bit control word.
Before the start of the experiment, a number of additional, asyn-
chronous settings can be configured. This configuration includes
setting ancillary parameters, such as whether an external trigger
is used (‘sequence control register’), and selecting reference and
pulse frequency (‘frequency control register’). For frequency selec-
tion, a phase locked loop (PLL) is configured with predetermined
parameters stored in a table within the memory, which allows
derivation of a desired excitation frequency (‘transmitter clock’).

After the start of the experiment, the system states contained in
the pulse program are autonomously played back with accurate
timing within the FPGA. Playback of the pulse sequence is achieved
using a direct memory access (DMA) controller programmed in the
FPGA. In this design, even the time resolution of the device is re-
configurable, by changing the speed of the clock used for timing
of the pulse sequence events. In the present experiments, a
‘sequence clock’ of 10 MHz or 20 MHz is derived from a PLL imple-
mented in the FPGA, that is driven by a physical on-board clock
operating at 50 MHz. Due to the capability of running a clock at
high frequency, the digital waveform for the NMR excitation pulses
(20-30 MHz in the present case) can be directly generated, without
the need for up-mixing with frequencies synthesized externally.

Data is acquired from the on-board digitizer and is placed into
memory using a DMA controller. The digitizer on the board
employs a sampling rate of 200 kHz, which is derived from the
‘sequence clock’. This sampling rate is likely sufficient for most
applications. It could be increased by interfacing an external digi-
tizer to available pins on the FPGA board. Since all of the clock sig-
nals are derived from the same source, phase stability is ensured,
enabling reproducible signal averaging.

The settings that are configured prior to execution of the pulse
program, as well as loading the pulse program directly into the
memory, are achieved using a soft-processor directly embedded
in the FPGA. The same processor is used to read the data from
the memory, sending it to a host computer via a universal serial
bus (USB) interface. Such a soft-processor, capable of (asyn-
chronously) executing a high-level program, is convenient for this
purpose. It is, however, not strictly required - the same functions
could be performed equally well by a simpler custom logic pro-
grammed into the FPGA.

An analog circuit board containing a set of filters, level shifters
and amplifiers is still required, however can rapidly be designed
with knowledge present in a typical NMR laboratory (Fig. 2). This
board in our current implementation contains signal pathways
for two transmitter channels and 8 receiver channels. The radio-
frequency (RF) signal path is typical for a spectrometer with
heterodyne detection. However, a simplification arises from the
ability to generate high-frequency digital signals with a defined
phase directly within the FPGA using a PLL. Hence, the RF pulse
is directly produced as a digital signal at the intended frequency
(here, 22 MHz), and is converted into a sine wave by passing
through an amplifier (MAX4384EUD+; Maxim Integrated, CA)
and a bandpass filter (PBP-21.4+; Mini-Circuits, NY). The reference
signal for mixing is generated in the same way. The reference fre-
quency can be set independently if necessary.

In the transmitter pathway, a small radio-frequency amplifier is
attached externally (ZHL-3A+; Mini-Circuits) and connected
through an active transmit-receive switch (ZX80-DR230+, Mini-
Circuit) to the probe. The output power is 30 dBm (1 W in a 50 Q
system). Although FPGA board and console do not include digi-
tal-to-analog converters (DAC) for control of pulse amplitudes,
the amplitude of all of the pulses in an experiment can be digitally
set by changing the duty cycle of the digital signal that is used to
generate the pulses. The final pulse amplitude is the result of pass-
ing the duty-cycle adjusted digital waveform through the analog
filter on the circuit board. In the receiver pathway, external
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Fig. 2. Components of spectrometer mounted outside of the commercial FPGA board. The dashed border encloses a custom electronics board with surface mount
components, while the components outside are discrete. Shown are CMOS signal amplifier (1), radio-frequency bandpass filter (2), pulse amplifier (3), active transmit/receive
switch (4), signal pre-amplifier (5), mixer (6), low-frequency bandpass filter (7), low-frequency signal amplifier (8), and CMOS signal level shifter (9). The terminals to the left

interface to those shown in Fig. 1.

pre-amplifiers (ZFL-500LN+; Mini-Circuits) and filters (PBP-21.4+;
Mini-Circuits) condition the signal before mixing (ADE-1L+; Mini-
Circuits, NY). Including external and on-board pre-amplifiers, a
total gain up to 118 dB is obtained.

After down-mixing the signal frequency, an active band-pass
filter at the low frequency (MAX274A; Maxim Integrated) ensures
that noise is not folded into the detected frequency range. Various
types of active filters can be set by an external resistor network (as
indicated in the supporting material). Here, the Chebyshev filter is
chosen due to the feature of sharp cut-off edge of transmission.
This filter is followed by a final stage of amplification, shifting to
CMOS signal level (0-3.3V), and digitization. The analog circuit
board was assembled making use of surface mount technology.
As shown in Fig. 3a, the FPGA board is integrated into the main cir-
cuit board. On-board preamplifiers for each detection channel are
indicated by red! rectangles. Up to eight channels can be imple-
mented on the circuit board. It is possible to use these channels
for simultaneous measurements that require multiple receivers at
the same frequency, or to implement different RF filters, such that
channels for different frequencies are available. The electronics for
the low frequency signals after mixing are placed in the center
region of the board, close to the inputs of the ADC. Despite including
multiple channels for data acquisition, the entire NMR console
remained compact, at a dimension of 20 x 18 x 10 cm.

Data shown in Figs. 4-6 were acquired using a small permanent
magnet of the ‘shim-a-ring’ design [27]. This magnet geometry
consists of a cylindrical rare earth magnet magnetized perpendic-
ular to the bore. The magnet is seated in a ring made of soft iron,
which results in a homogeneous field throughout the bore. The
assembly of the two parts takes place automatically due to their
mutual attraction (see the video included in the supporting mate-
rial). Compared to common permanent magnets (e.g. Halbach
cylinders [28]), the ‘shim-a-ring’ design reduces the need for man-
ually aligning multiple magnets, and thereby significantly reduces
the cost of a suitable magnet for NMR application. The dimensions
of this magnet were 76 mm (outer diameter of iron ring), 32 mm
(outer diameter of rare earth magnet), 10 mm (diameter of bore)
and 50.8 mm (thickness of magnet). The magnetic field within
the bore was 0.53T, resulting in a 'H NMR frequency of
22.7 MHz. This magnet was grounded to the spectrometer in all
experiments, which significantly reduced noise.

The NMR coil used for acquiring the data contained 8 turns of
copper wire, length 0.5 mm, on a fused silica capillary with
360 um outer diameter and 250 pm inner diameter. The active
sample volume of the coil was 25 nL. The microcoil was tuned

1 For interpretation of color in Fig. 3, the reader is referred to the web version of
this article.
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Fig. 3. (a) Interior view of NMR console, showing the DEO-nano FPGA board and the
RF components. Components include external pre-amplifiers and electronics for
functions such as down-mixing, filtering and amplification. The DEO board,
containing core elements such as FGPA, ADC and oscillator, is connected on top of
the circuit board. (b) An overview of the portable NMR apparatus with a RF power
amplifier, a magnet and a tune/match accessory on the top of the console. Here, we
only have one Tx/Rx switch attached at the side of the case.

and matched using variable capacitors that were placed as close
as possible to the probe (Fig. 3b). In an ideal ‘shim-a-ring’ magnet,
the magnetic field is nearly constant within the bore. Practically,
the region of highest magnetic field homogeneity was found using
a translational stage or a microcoil holder composed of two inter-
locking, rotatable cylinders, one of which was shifted off-axis to
allow the coil to reach any position within the bore of the magnet.

Limited to the conversion rate of the ADC (fapc =200 ksps,
ADC128S022, National Semiconductor) built into the DEO-nano
board, an analog mixing method is used for down-conversion of
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the received signal. Acquisition at this frequency makes digital
demodulation impractical. It would be possible to use an external
ADC to sample at a higher frequency, in which case digital quadra-
ture detection could be performed inside the FPGA. However,
quadrature detection is also possible using an alternative method,
which was proposed by Bodenhausen et al. [29]. Using a single set
of receiver and mixer, the signal at fymr is mixed with frgr that is
phase shifted with 7/2 in each successive acquired data point,
resulting in a 4-step cycle. The obtained time domain data array
(fn=1,2,...N)is then rearranged to a complex valued free induc-
tion decay (FID) as expressed in Eq. (1), and Fourier transformed
into a phase sensitive spectrum. In the process, the NMR frequency
offset is modulated with '4fapc (fapc is the digitization rate). Thus, a
corresponding center frequency, here 50 kHz, of the pass-band of
the low frequency filter (element #7 in Fig. 2) is necessary.

Real part : (—1)" - fy,

Imaginary part : (—1)"" - fy, (1)
N
k=123,..5

Quadrature and signal-to-noise performance was compared
using an Avance IIl NMR console and 9.4 T superconducting mag-
net (Bruker Biospin, Billerica, MA). For this purpose, '*N spectra
of an NH4Cl solution in a broadband observe (BBO) probe
(Bruker) were measured using both consoles.

In order to facilitate uploading the pulse program to the DEO
board, as well as downloading the data from memory, a graphical
user interface was programmed in a C++ language using GTK+ [30]
(Fig. 3b). This interface allows displaying FIDs from an array of
experiments as well as simple Fourier transformation and peak
integration. For advanced data processing, the FID data was
exported from this interface to be processed using MATLAB soft-
ware (MathWorks, Natick, MA).

3. Results and discussion

To demonstrate the performance of the FPGA-based NMR con-
sole, a set of NMR measurements was carried out, including spin-
echo and spin-lattice relaxation experiments. These measure-
ments were carried out using a 25 nL microcoil in a small perma-
nent magnet (see Section 2). A sample of paramagnetically doped
H,0 was used for the experiments in order to increase repetition
rate of the experiment, and at the same time to evaluate the perfor-
mance of fast averaging. A spin-echo pulse sequence is shown in
Fig. 4a. In this experiment, digitization of the NMR signal is enabled
both after the n/2 and = pulses, which in the pulse sequence is
achieved simply by switching the corresponding control bit. A ded-
icated experiment was used for scanning the reference frequency
generated in the FPGA for heterodyne detection, to ensure that
the down-mixed signal from spin precession in the permanent
magnet was located inside of the passband of the final filter stage
in the spectrometer. Subsequently, the length for the excitation
pulse was calibrated by incrementing its duration. With the deter-
mined settings, a clean 'H signal following the initial excitation
and refocusing pulses is observed, shown in Fig. 4b after averaging
of 512 scans. Only a small discontinuity appears in the acquired
signal, which corresponds to the time required for the © pulse
and the latency of switching between transmitter and receiver
paths. Typically, this time is set to 20-40 ps, which is sufficient
for probe recovery after RF excitation.

After re-enabling the receiver, an initial spike can further be
observed in the signal at around 1.3 ms. To discover the source of
this artifact, a control experiment, in which the sample and RF
pulses are removed, was performed (Fig. 4c). This control experi-
ment suggests that the observed artifact arises from the active
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Fig. 4. (a) Spin-echo pulse sequence. (b) NMR signal of water doped with 5% CuSO4
acquired using the sequence in (a). The digitization is enabled after both of the RF
pulses with flip angle of 7/2 and 7. (c) Background obtained after removing the
sample and without applying pulses.

switching between transmitter and receiver (component #4 in
Fig. 2). The life time of the ringing signal is governed by the time
constant of the active low-pass filter (component #7 in Fig. 2) inte-
grated in the last amplification stage prior to digitizing the signal.
This could be reduced by increasing the bandwidth of the receiver,
which would however require the use of a digitizer with a faster
clock rate.

The experiment shown in Fig. 4 also demonstrates that the NMR
console, despite its compactness, still provides sufficient control of
timing, duration and frequency of the excitation pulse as well as
the reference frequency to be used in the heterodyne detection
in the MHz range. Various applications can therefore be explored.
Spin relaxation measurements in the low field, for example, have
been used extensively in various areas including the food, petro-
leum and pharmaceutical industries. Due to the abundance of
these applications, we have investigated the feasibility of relax-
ation measurements using this spectrometer. Instead of the con-
ventional inversion-recovery experiment for spin-lattice
relaxation measurement, an alternative T; measurement using a
series of RF excitations with small-flip angle was implemented,
which had originally been described by Kaptein et al. [31]. This
pulse sequence allows for a rapid analysis of spin relaxation, with-
out the need for incrementing a recovery time delay as would be
the case in the inversion-recovery experiment. FIDs are acquired
after each of k successive excitations with a recycle delay t.. As
shown in Fig. 5a, the 'H signals of an aqueous solution containing
0.3% CuSO,4 are gradually decaying until reaching a steady-state,
where the signal loss due to RF excitation and signal build-up from
relaxation recovery compensate. The signal amplitude at this
steady-state equilibrium is dependent on the ratio between the
spin-lattice relaxation time T; and the recycle time ¢t,.
Quantitatively, the T; time constant can be obtained by fitting
the integrated signals (Si) to the equation

1- (o

Se= (b~ H) =1 p

+1 (2)

where = e /1 and ¢ = cos(a). In this equation, « is the flip angle
of the excitation pulse. Fig. 5b summarizes the obtained T; time
constants with the standard deviations from three replicates at each
recycle delay of 30, 50 and 100 ms. The results show an average
measurement error of about 5%, indicating a good stability of the



104 H.-Y. Chen et al./Journal of Magnetic Resonance 255 (2015) 100-105

(a) 1¢ .
7 o I s ) oo 00 O
19} O O O q
>
) 081 4 > o o
g o (O
i)
E_ 0.6 o o500 g5 o
© =
3 joumom
=50 ms
0.4 o t=30ms

12 4 6 8 10 12 14 16
Scan number

(b) [Recyle delay | T, relaxation time constant (ms)
(t, ms) @ 22.7 MHz
30 104.6 £ 0.85
50 1045+4.8
100 91.8+6.3

Fig. 5. (a) Measurements of spin-lattice relaxation time (T;) of 0.3% CuSO4 solution
using a series of RF pulses with small-flip angle (45°) with three different recycle
delays (t,). Here, 64 acquisitions are averaged at each recycle delay. (b) Average T;
relaxation time constants derived from the data in (a) are summarized in the table
with the experimental error from three repeated measurements.

signals acquired in the NMR spectrometer. It can be seen that with
the longest recycle delay, t, = 100 ms, the variations in the obtained
T, are largest. In this measurement, the magnetization recovers
almost completely after each RF excitation. Therefore, the difference
between the initial amplitude and the amplitude at the steady-state
is smallest. Under these conditions, it is reasonable to expect that
the accuracy in the T; measurement will be affected most strongly
by random fluctuations. Consequently, in this experiment, a suit-
able choice of the recycle delay and small-flip angle is required
for an accurate T; measurement.

As an additional pulse sequence of interest, we have imple-
mented the Carr-Purcell-Meiboom-Gill (CPMG) experiment, to
acquire a train of spin echoes [32]. The CPMG pulse sequence
which starts with an initial 7/2 pulse, followed by a series of
pulses, (Z)Y —7— (n)* - 21— (n)* - 27..., is modified from the
spin-echo pulse sequence shown in Fig. 4a. It is obtained by repeat-
ing the refocusing block (t — (7)* — 1) and enabling the digitization
during the echo time (7). Practically, these repetitive building
blocks in the sequence are easily concatenated into a list of events
for the pulse programming logic (see Section 2). Fig. 6a displays an
echo train, obtained from doped water, which was acquired using
eight refocusing blocks and averaged for 32 scans. Again, a clean
signal is observed, containing the FID after the initial 7t/2 pulse, fol-
lowed by well resolved echos at 2.5 ms, 5 ms, etc. Still, the afore-
mentioned artifact from the transmit/receive switch is noticeable
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Fig. 6. An echo train obtained from a CPMG pulse sequence without (a) and with (b)
the phase cycling from a solution of water doped with CuSO4.

after each refocusing pulse. This “glitch” might not be problematic
when the signal is strong. Nevertheless, with the capability of
implementing phase cycles in the pulse program, it is possible to
remove these unwanted signals (Fig. 6b).

Frequency discrimination was not required, and therefore not
implemented in the relaxation measurements described above. In
order to demonstrate a data acquisition mode with quadrature
detection, as would be desirable for other spectroscopy applica-
tions, spectra containing the '“N signal from saturated ammonium
chloride (NH4CI) in a ~9.4T superconducting magnet were
acquired. This nucleus and field strength were chosen, because
the resulting NMR frequency near 30 MHz is close to the 20 MHz
proton frequency of the permanent magnet, and at the same time
the data can be compared to that of a commercial spectrometer.
Quadrature detection was implemented using a single ADC chan-
nel with cycling of four phases of the reference signal (see
Section 2). Fig. 7a displays the resulting four components of the
rearranged FID. This data, acquired as an average of 32 identical
scans to improve visibility of the oscillations of the signal in the
time domain, shows that the four components of the rearranged
FID experience the expected phase shift of 7z/2 with respect to each
other. Spectra acquired in a single scan at two different fields (f1
and f2) are displayed in Fig. 7b. These fields were chosen such that
the peak is at higher and lower frequency, respectively, compared
to the reference signal. The quadrature images, the expected posi-
tions of which are indicated with arrows, are nearly imperceptible,
showing excellent performance of the frequency discrimination.
For comparison, the same sample was measured at field f2 with
the same NMR frequency offsets and similar acquisition parame-
ters, using a Bruker Avance III console (black traces in Fig. 7c).
The spectrum from the low-cost NMR console measured at f2
(i.e. the same spectrum as in Fig. 7b) is shown in gray, over the full
range of the spectral window. The signal-to-noise ratio (SNR) of the
spectrum acquired by the low-cost NMR console is about 42% of
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Fig. 7. (a) Phase-shifted FIDs rearranged from a single time-domain data array
acquired with 4-step phase cycling on the reference signal, averaging 32 scans (data
is shown for a total of 4 ms). (b) f1: The '*N spectrum from a sample of saturated
14NH,Cl with a single scan. f2: The N signal of the sample acquired with the
magnetic field decreased by 10 Gauss (SNR ~ 74). Spectra are scaled to equal
maximum intensity. (¢) The f2 spectrum from (b) is shown in gray over the full
spectral range. The black trace is a spectrum of the same sample measured using
similar acquisition parameters, but with digital quadrature detection, using a
Bruker Avance III console (SNR ~ 178). The bottom traces show 20x magnified
noise levels.
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that of a Bruker Avance III console, despite the fact that NMR sig-
nals were sampled at relatively low frequency in the low-cost con-
sole. The use of the 50 kHz bandpass filter prior to digitization is
responsible for the non-uniform noise level visible in the figure.

The data in Figs. 5-7 are intended as a demonstration of the
pulse programming capabilities allowing reproducing typical
NMR experiments in the FPGA based NMR console. With accurate
control of timing and no restrictions (other than memory length)
in the complexity of the pulse program, diverse experiments can
be implemented. For instance, two-dimensional homonuclear
experiments such as COSY, with coherence selection using phase
cycling, are readily feasible. Other experiments of interest may
include multi-dimensional spin relaxation measurements, such as
T,-T, correlation experiments, or exchange spectroscopy experi-
ments. The former, for example, can be implemented readily by
adding an additional 7 pulse with a variable delay in front of the
CPMG pulse sequence to generate a second dimension, and by
including appropriate phase cycling [33]. Furthermore, because
the pulse sequence execution is achieved by streaming a sequence
of machine states to the pulse programming logic, extensions for
controlling other hardware are trivial to implement - only the reg-
ister size for the pulse program events in the FPGA needs to be
extended. Thus, it is possible to readily include control for one or
more pulsed field gradients by including digital output lines in
addition to the one that is already used for switching of the
transmitter/receiver circuit. With this addition, various gradient-
assisted experiments can be accomplished, such as those for
solvent suppression, coherence selection, the measurement of
diffusion, or magnetic resonance imaging.

4. Conclusions

In summary, an ultra-low cost approach to an NMR spectrome-
ter is presented. The design is based on a commercial FPGA board,
which allows for frequency generation and timing accuracy that is
sufficient for medium-to-high frequency NMR. An arbitrary pulse
programming capability and the ability to address multiple chan-
nels from one board increase its flexibility. Through the use of a
common, pre-fabricated board containing the FPGA, the design
contains a minimum of external circuit components. We believe
that this or similar designs can be implemented inexpensively with
the typical knowledge present in many NMR laboratories. Due to
the high flexibility in the hardware implementation, they can be
tailored to support applications such as relaxometry, polarimetry,
diffusometry or NMR based magnetometry.
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