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ABSTRACT

One of the challenges in modern nuclear magnetic resonance (NMR) is achieving its highest pos-
sible measuring sensitivity. This is because modern NMR samples’ response signals decrease, so
background noise of the used NMR spectroscopy system causes bigger problems. As a solu-
tion, both software and hardware interventions were applied. However, these improvements
were obtained experimentally, so the reason for their proper operation and upper limit is usu-
ally unknown. Recently, a noise model of the NMR spectroscopy system, which shows both the
reason for proper operation and the upper limit of the applied improvements, was introduced.
A Javascript-based calculator, based on the introduced model, has been developed and made
available online as a user-friendly website that can be run on the most commonly used Inter-
net browsers. To the authors’ knowledge, this calculator is the first of its kind that analyses noise
properties in NMR. Using it, one can a priori make both sensitivity prediction of practical NMR
systems in physics and material science and quantitative analysis of its noise properties. Con-
sequently, overall measurement duration can be shortened down to one half of the current
duration. This is an immense improvement, as some modern NMR measurements consume more
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than ten hours per measurement.

1. Introduction

The aim of this article is to present the newly-developed
noise figure calculator intended to be used in the
condensed matter physics nuclear magnetic resonance
(NMR) spectroscopy systems. To the authors” knowl-
edge, this calculator is the first calculator of its kind that
can a priori predict noise properties of the NMR spec-
troscopy systems. However, before the introduction of
the calculator itself, which is presented in Sections 3
and 4 of this article, the authors wish to familiarise the
reader with the NMR spectroscopy systems” mode of
operation (Section 1), as well as with the main problems
of modern NMR measurements (Section 2).

Nuclear magnetic resonance (NMR) is a physical
phenomenon that is used to study materials via the
interaction between the radio frequency (RF) electro-
magnetic (EM) radiation and the observed material’s
nuclei placed in a strong magnetic field. This phe-
nomenon is analogous to the process of stimulated
emission in lasers: while the population inversion of
electrons causes the emission of photons (which is the
EM field in the optical frequency range between around
400 THz and around 800 THz) in lasers [1], the popu-
lation inversion of magnetic spins causes the emission
of EM field in the High Frequency (HF), Very High

Frequency (VHF) or Ultra High Frequency (UHF)
band in NMR [2,3]. Furthermore, NMR spectroscopy
is a spectroscopic technique, based on the phenomenon
of NMR, that is used to observe local magnetic fields
around atomic nuclei [4] and thus determine the chem-
ical and physical properties of the atoms or molecules
these atoms are placed in.

The basic diagram of the cryogenic NMR spec-
troscopy system, used in condensed matter physics, can
be seen in Figure 1. This system has two modes of oper-
ation: the transmitting (Tx) mode and the receiving
(Rx) mode. During the Tx mode, high-power pulses
(up to the order of a kW) are generated by a signal
generator inside the spectrometer (this instrument will
soon prove to be the main part of this NMR spec-
troscopy system) in order to excite the sample’s nuclei.
These pulses are then amplified by a power amplifier
and transmitted to the probe’s coil via the duplexer.
There, they generate a magnetic field that excites the
nuclei of the sample under measurement. This is the
end of the Tx mode and the system “switches” to the
Rx mode. The response signal of the sample has a very
low magnitude (sometimes even down to the order of
an fW), so it needs to be amplified before arriving at the
spectrometer’s receiver. This amplification is achieved
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Figure 1. Basic schematic diagram of the cryogenic NMR spectroscopy system used in condensed matter physics [5].

by a low-noise NMR preamplifier. In the spectrome-
ter, the received signal is firstly down-converted to an
intermediate frequency and then further amplified by
a variable-gain amplifier, which allows amplitude opti-
mization before analogue-to-digital (A/D) conversion.
After the detection and A/D conversion, the signal gets
post-processed digitally, using different methods, such
as time averaging of multiple measurement results and
digital filtering. Finally, such a signal is then displayed
on the spectrometer screen [6,7].

At first glance, this system might seem a bit exotic
and difficult to understand. So, to completely demystify
this system to every reader of this article, a much more
commonly popular system will be mentioned, and that
system is — Magnetic Resonance Imaging (MRI)! This
system is used in hospitals in order to form pictures
of the physiological processes and the anatomy of the
human body. But this system is just a special case of
NMR spectroscopy, where hydrogen atoms of water
molecules inside the human body are measured [8].

2. The problematics of modern NMR
measurements

The reason the human body is measured with MRI
by measuring hydrogen atoms in water molecules is

because, first of all, the human body is comprised of
70% water, and second of all, hydrogen has a very high
NMR (because, again, MRI is just a special case of NMR
spectroscopy) response signal. This is why MRI scans
are of such high quality and resolution. However, not
all chemical elements have such a good response signal.
In fact, many modern NMR measurements are pur-
posely performed on the atoms or molecules that have
very low response signals, so that some relatively new
and currently popular phenomenons, like, for exam-
ple, superconductivity [9-12], could be analysed. Due
to the fact that modern NMR samples have response
signals of very low levels, the background noise of the
NMR spectroscopy system became a serious problem.
In fact, the levels of response signals very often achieve
values lower than the values of the system’s background
noise. To fix this problem, the most commonly used
solution is the time averaging of multiple measurement
results. This is a pretty powerful tool for tackling the
background noise problem; however, the response sig-
nal levels of some modern NMR samples are so low, that
the averaging starts consuming exhausting amounts of
time. For example, the measurements of some samples,
including the averaging, can even last longer than 10
hours for a single dataset [13]! In order to reduce the
background noise of the NMR spectroscopy system,
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and thus reduce the number of measurement results to
be averaged (therefore, to shorten the overall measure-
ment time), some hardware interventions, like cryo-
genical cooling of the NMR probe or its coil [14] and
the NMR preamplifier [15] were applied to the system
of NMR spectroscopy. However, these improvements
were achieved experimentally, that is, by repeating the
same experiment with different system parameters until
satisfactory parameters were obtained. Therefore, the
limitations and maximum possible improvements of
the used NMR spectroscopy systems usually remain
unknown.

3. NMR spectroscopy system receiving chain’s
noise figure model

Recently [6], a noise model, based on the concept of
noise figure [16,17], of the most sensitive part of the
NMR spectroscopy system from the aspect of noise,
which is its receiving (Rx) chain, has been introduced.
It is based on the concept of noise figure because, with
its usage, it is relatively easy to calculate the overall
noise figure of the cascade (which the Rx chain of the
described system really is) and also because power gains
and power losses of every single element of the chain
can either be easily measured with the usage of vec-
tor network analysers (VNAs) [18] or are available in
the datasheet of the respective element. Furthermore,
noise figures of every element are also available in the
datasheet of the respective element or can be mea-
sured with the help of noise figure (NF) metres [19],
except the one of the spectrometer, which can be deter-
mined with the usage of the so-called “Twice Power
Method” [5,20].

FNMR,

2T LiLy(F3—1
L+ 2 [+ Lt - 1+ BRED
L1L,(Ls—1)

LiLoLa(F5—1)
+G3(1—|3113 ) 1 G(1—=IS1151%) 1]
= (1)
Nimeas
FNMRp,
1 2Ty
= +
Nmeas Teoi + To
[+t =0+ G
Nimeas
[ LiLy(F3p—1)
G3(1-1S11512) (1~1S115,, 1?)
+ LiLy(Ly—1) ]
+ 2Ty G3 (118113 1%) Gap (1=[S114, 1)
Teoit + To Nimeas
[ LyLyLy(Fs—1) _ 1]
n 2Ty G3(1=1S1131) G (1= [S114, 1)
Teoit + To Mineas
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The block diagram of the developed model can be
seen in Figures 2 and 3, while the expressions that
describe the developed model can be seen below the
respective figures, in (1) and (2). To the authors” knowl-
edge, this is the first numerical model of the NMR spec-
troscopy system that explains why and how the applied
enhancements to the NMR spectroscopy system (aver-
aging, cryogenical cooling) work. Also, it is important
to stress that the aforementioned model was devel-
oped using a multidisciplinary approach that combines
the knowledge of microwave and RF engineering with
the knowledge of solid state and condensed matter
physics. Therefore, the described development of the
introduced model supports the hypothesis which states
that multidisciplinary studies are the future of science
in general [21]. The most important discovery that
the introduced model shows are the breaking of the
myth which states that acquiring an NMR preampli-
fier with extremely low-noise figure will solve the NMR
spectroscopy system’s background noise problem itself.
While having an NMR preamplifier with its noise figure
as low as possible does come in handy, this is actually
priority number two. Priority number one, as the intro-
duced model has shown, is having an NMR pream-
plifier with the absolute value of its power gain level
higher than the absolute value of the spectrometer’s
noise figure. Having such a preamplifier, the spectrom-
eter’s high-level noise figure value (compared to the
noise figure values of the rest of the elements in the Rx
chain) gets suppressed. As it was shown in [5,6] that the
spectrometer is undoubtedly the greatest contributor to
the background noise of the entire system, suppressing
the noise value that it injects into the system decreases
the overall noise figure of the system substantially, and
thus, the overall measurement time is shortened!

4. The usage of the introduced model

Before performing the actual NMR measurement, first,
it is necessary to determine the right system parame-
ters of the used NMR spectroscopy system (the right
number of measurements, the applicable tuning of
the probe, the appropriate chain elements of the Rx
chain...). This is done by performing multiple mea-
surements with different sets of system parameters,
until the satisfactory set of parameters is found (this is
the so-called a posteriori approach) [6]. If the duration
of a single measurement lasts a few minutes or maybe
an hour, this is obviously not a problem. However, if a
single measurement lasts more than 10 hours (as it is the
case with [13]), then one needs to spend a huge amount
of time just to prepare the system for the actual NMR
measurement! So instead of performing these prepara-
tory measurements, the idea is to use the introduced
noise model of the NMR spectroscopy system Rx chain
in order to determine the optimal parameters (this is
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Figure 2. Block diagram of the NMR spectroscopy receiving chain with a single-stage preamplifier [5] (up) and its noise figure

expression (down) [6].
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Figure 3. Block diagram of the NMR spectroscopy receiving chain with a two-stage preamplifier [5] (up) and its noise figure

expression (down) [6].

the so-called a priori approach). Like so, the prepara-
tion of the system would take none or one preparatory
measurement, which clearly consumes notably less time
than the a posteriori approach [5].

Nonetheless, as it can be seen, the expressions (1)
and (2) are somewhat lengthy and using them man-
ually is a very error-prone process. That is why these
two expressions have been ” moulded” into a Python-
written program that calculates noise figure of the NMR
spectroscopy Rx chain and appropriate input and out-
put signal-to-noise ratios. The used version of Python
is 3.6 (32-bit). This program is made available online
via GitHub [23] or Dropbox [24]. Furthermore, as
not everybody uses Python and its integrated devel-
opment environment, a new, Javascript-based program
has been developed. This program has been made avail-
able online in a form of a user-friendly calculator based
on the aforementioned model [22]. The list of input
parameters used in the calculator can be seen in Tables 1
and 2. This way, anyone can use this program with-
out the need to install additional development envi-
ronments. Also, the minimalistic design and the user-
friendly data input should ensure a simple and intuitive
use of the developed calculator. A few screenshots of
the calculator during its usage can be seen in Figures 4
and 5.

Except for the primary reason to use this calculator,
which is the a priori determination of the appropri-
ate NMR spectroscopy system parameters, as well as
the estimation of the NMR measurement result before
actually performing the measurement itself, the authors
feel that this calculator could also be used for edu-
cational purposes. Namely, in the academic courses
where NMR spectroscopy is taught, like solid-state
physics and condensed matter physics courses, the pro-
posed model can be used to explain the pros and cons

Table 1. A list of input parameters that are used in NMR-
Calc [22].

Label Explanation

Torobe Coil temperature in K

SNRin Input power signal-to-noise ratio in dB

Lq Input cable power loss in dB

Ly Duplexer power loss in dB

G3 NMR preamplifier power gain in dB

F3 NMR preamplifier noise figure in dB

S113 NMR preamplifier input reflection coefficient in dB
Gsp 2nd stage amplifier power gain in dB

F3p 2nd stage amplifier noise figure in dB

S113 2nd stage amplifier input reflection coefficient in dB
La Output cable power loss in dB

Fs Spectrometer noise figure in dB

Nmeas Number of averaged measurements

SNRout Output power signal-to-noise ratio in dB

Table 2. Alist of used input parameters for every specific model
available in NMRCalc [22].

Model (M) and Path (P)

M1P1 M1 P2 M2 P1 M2 P2

v

Parameter

SENENENENENEN
AN

N N NN

SRNEN
A N NN

S
3
AENENEN

of having a good (or bad) NMR measurement setup,
observed from the aspect of the system’s background
noise properties. The lecturer could, for example, input
ideal system parameters (which are too good to be true)
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Figure 4. The screenshot of the NMRCalc [22,27] usage to perform the '33Cs in Cs,Cu3SnFq, measurement [6] prediction using the
model M2 P2. For an image with better resolution, check the actual calculator [22].

into the model and show the students the theoreti-
cal limits of the used NMR spectroscopy system. Or,
on the other hand, one could purposely input param-
eters that are quite the opposite of the ideal situation
and then observe the deterioration of the signal qual-
ity throughout the entire NMR spectroscopy Rx chain,
as well as the influence of every Rx chain’s element
on the system’s overall background noise level. This
way, the developed model would not only decrease the
overall preparation time of the NMR spectroscopy sys-
tem setup and the overall NMR measurement time, it
also has the potential to increase the knowledge and
strengthen the understanding of the importance of hav-
ing an optimal NMR spectroscopy system setup, as well
as the noise level decreasing techniques, which are used
to guide the NMR spectroscopy system parameters to
the optimal values. The latter would not only be true
for the students that have just started learning the NMR
spectroscopy system but also for their professors, as the
developed model [6] was introduced only recently.

5. Testing the introduced calculator

In order to test the precision and the correctness of
the introduced calculator, NMRCalc, the measurement
results presented in [6] and the parameters of the NMR
spectroscopy system used to obtain the aforementioned
results were input into NMRCalc. The idea was to
compare the prediction results obtained in [6] with
the prediction results obtained using NMRCalc. In the
end, two comparisons were made. The first one was
the comparison of the 133Cs in Cs,CuzSnF;, measure-
ment, presented in the far right columns of Tables 1
and 3 in [6] (three measurements with three different
setups), while the second one was the comparison of
the ®3Cu in SeCuO; measurement, presented in the
middle columns of Tables 1 and 4 in [6] (two mea-
surements with two different setups). So, five different
measurements were made in order to test and confirm
the repeatability of the calculator in a similar way to the
scientific work presented in [25,26]. The only difference
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Figure 5. The screenshot of the NMRCalc [22,27] usage to perform the 63Cu in SeCuO3; measurement [6] prediction using the model
M1 P1. For an image with better resolution, check the actual calculator [22].

is that [25,26] measure complex biological fluids at tem-
peratures around room temperature, while here, solid
alloys were measured at temperatures around absolute
zero (the measured samples were immersed in liquid
nitrogen and liquid helium). This way, models M2 P2
and M1 P1 (presented in Table 2), respectively, were
tested. The screenshots of NMRCalc usage to make
predictions for the 133Cs in Cs,Cu3SnFj, measure-
ment and the *Cu in SeCuO3; measurement can be
seen in Figures 4 and 5, respectively. As it can be seen
in Figure 4, the expected signal-to-noise ratio (SNR)
on the probe, obtained using NMRCalc, is equal to
36.23 dB, while the same value, presented in [6], is equal
to 36.24 dB. The difference of 0.01 dB between the two
values is equal to the error of 0.23% in the power scale,
which is within the limit of a rounding error. Further-
more, as it can be seen in Figure 5, the expected SNR
on the spectrometer screen, obtained using NMRCalc,
is equal to 32.32 dB, while the same value, presented
in [6], is equal to 32.28 dB. Here, the difference of
0.04 dB between the two values is equal to the error of
0.93% in the power scale, which is, again, within the
limit of a rounding error. Therefore, the consistency
of the comparison results proves the precision and the
correctness of the introduced calculator, NMRCalc.

6. The global availability of the introduced
model

The calculator website operation has been tested on
multiple Internet browsers, and the list of Internet
browsers and their versions, where the developed cal-
culator can be used, is available in Table 3. As it can
be seen in Table 3, there is a wide variety of Inter-
net browsers, which currently cover almost 90% of the
Internet browser market share worldwide (according
to [28]), that can be used to run the developed cal-
culator based on the proposed model. The browsers
included are the preset browsers for modern Microsoft
and Apple operating systems, as well as most Linux
operating systems. Therefore, the proposed model is
made available worldwide, and it does not require any
additional necessary instalments and usages of different
browsers or some other software.

Furthermore, a YouTube channel, whose intended
purpose is to support the developed calculator, NMR-
Calc [22], has been created. This channel is enlisted
in the References of this article under [29]. Currently,
there are two videos uploaded to the aforementioned
channel: the first video explains the motivation on why
to use NMRCalc in the first place, while the second
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Table 3. A list of tested Internet browsers that can be used to
run the website with the developed calculator, NMRCalc [22]

Version
80.0.3987.149 64-bit

Internet Browser

Google Chrome

Microsoft Edge 80.0.361.69 64-bit
Chromium 83.0.4099.0 64-bit
Mozilla Firefox 74.0 64-bit

Opera 67.0.3575.115 64-bit
Safari 13.1(15609.1.20.111.8) 64-bit

video contains a detailed description of how to properly
use NMRCalc. The description is performed through
a simple yet realistic practical example, which occurs
quite often when using a real-life NMR spectroscopy
system. This way, the potential new user obtains the full
impression of NMRCalc and its features straight away.

Again, the authors wish to point out that, to their
knowledge, NMRCalc is the first calculator of its kind
that analyses noise properties of condensed matter
physics NMR spectroscopy systems, which is exactly
the reason why the calculator has been created and
made available online. Therefore, it is hard for the
authors to talk about similar solutions, as they are
unaware of such, if they are even available.

7. Conclusion

The introduced noise figure-based model of the NMR
spectroscopy system showed that, while having an
NMR preamplifier with an extremely low-noise figure
does come in handy, having an NMR preamplifier with
its absolute power gain higher than the absolute value
of the spectrometer’s noise figure is much more impor-
tant in order to achieve the highest possible measuring
sensitivity of the used NMR spectroscopy system. The
developed model not only has the potential to decrease
the overall preparation time of the system setup and
the overall NMR measurement time but also has the
potential to increase the knowledge and strengthen the
understanding of the importance of having an opti-
mal NMR spectroscopy system setup, as well as noise
level decreasing techniques, which are used to guide
the system parameters to their optimal values. The lat-
ter would not only be true for the students that have
just started learning the NMR spectroscopy system but
also for their professors, as the developed model was
introduced only recently. A Javascript-based calculator
of the introduced model, whose purpose is to calcu-
late noise figure of the NMR spectroscopy Rx chain and
to predict SNR value either at the input or at the out-
put of the aforementioned chain, has been developed
and made available online. By using this calculator,
the user can save both time (as the calculator showed
that overall NMR measurements’ duration could be cut
down to one half of its current duration) and money
(as the calculator showed that buying expensive elec-
tronic equipment does not necessarily improve the

NMR spectroscopy system’s overall noise properties
and overall sensitivity). This calculator is used as a user-
friendly website that can be run on multiple Internet
browsers, which currently cover almost 90 % of their
market share worldwide. To the authors’ knowledge,

such a calculator is the first available NMR calculator
of this kind.
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