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We derive the normalized limit of detection for frequency space (nLODf ) as a parameter to measure the
sensitivity of an NMR spectroscopy setup. nLODf is independent of measurement settings such as band-
width or number of measurement points, and allows to compare performances of different setups. We
demonstrate the usefulness of the new nLODf by comparing the sensitivity of NMR setups from various
publications, which all use microcoils. Finally, we want to propose a standard measurement and report
format for the sensitivity of new NMR setups.
� 2021 The Authors. Published by Elsevier Inc. This is an open access article under theCCBY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction LODC ¼ 3cS
SNRexp
The signal-to-noise ratio (SNR) of an NMR measurement is not a
good parameter to compare sensitivities of different NMR systems.
It depends on many parameters, like sample type, number of per-
formed scans or the bandwidth of the spectrometer. Furthermore,
it makes a difference if the SNR is measured in time space or fre-
quency space. In the former case the SNR is measured on all res-
onating spins, which especially for spectroscopy could give a
false impression of the true sensitivity of a setup, e.g. when a back-
ground signal is present. In the latter case parameters of the dis-
crete Fourier transform (DFT) have a huge impact on the SNR, as
will be shown later.

To at least partly eradicate parameter influence on the SNR and
allow some comparison between different NMR setups, the sensi-
tivity S was introduced, as the measured SNR (SNRexp) per sample
concentration or amount[1–3]. The inverse of the sensitivity is
the limit of detection (LOD), i.e. the sample amount necessary to
obtain a SNRexp of one, although many authors use a definition
where the SNRexp should be equal to three (e.g. [4–6])
LODm ¼ 3nS
SNRexp

ð1Þ

where cS and nS are the observed spin molar concentration (in M)
and spin molar amount (in mol), respectively. As this definition
completely ignores measurment parameters, the LOD can be easily
decreased by adjustments to measurement parameters. The most
obvious way to do that is to use signal averaging to enhance SNR
by a factor of

ffiffiffiffiffiffiffiffiffiffiffiffi
scans

p
, where scans is the number of summed mea-

surements [7], which increases the total measurement time. There-
fore, more advanced versions of S and LOD definitions, called
normalized S (nS) and normalized LOD (nLOD), try to mitigate the
influence of signal averaging by a division of SNRexp with the square
root of the total measurement time [1], which relates the LOD to the
measurement time t

nLODm
old ¼

3nS

ffiffi
t

p

SNRexp
ð2Þ

Scaling with measurement time bears it’s own problems, like the
influence of repetition delay on the total measurement time. The
repetition delay is determined by the spin-lattice relaxation time
and varies between samples. As we will show, for the frequency
domain nLOD the use of any time-normalization is even more prob-
lematic. Various other definitions of a LOD were given in NMR liter-
ature [4–6] and consistency is certainly not present in neither
definition nor use of both quantities or even naming (see also
Appendix B).
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In this paper we want to present equations for the nLOD in both
time and frequency space, which we will call nLODt and nLODf ,
respectively. We will start by an analysis of the theoretical SNR
from two complementary equations. The parameters entering the
equations will be divided into parameters of the measurement
setup and other parameters. We will then use the SNR analysis to
derive the nLODt and we will see that one of the existing equations
is equal to ours. Then the nLODf will be derived through an analysis
of the DFT, which will result in a new equation. We argue that
nLODf is by far more useful for the comparison of sensitivities of
different systems and will show this on the example of published
data for NMR microdetectors. Finally, we will present a standard
for measurements with new or improved NMR setups and give
an example on how to report a standard measurement for optimal
comparability of the measured sensitivity.

2. Signal-to-noise ratio

The SNR in time domain (SNRt) of a setup, measured after a 90�
pulse, is phenomenologically described by [8,9]

SNRt;Abragam ¼ KgMS

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l0Qx0VC

4FkBTCDf

s
: ð3Þ

Due to difficulties with a proper measurement of the parameters K
and g, Hoult and Richards derived a formula from first principles for
solenoids and saddle coils [10]

SNRt;Hoult ¼
KðB1ÞxyVSNSc�h

2IðI þ 1Þ
7:12kBTS

p
FkBTClfDf

� �1=2

� x7=4
0

ðll0qðTCÞÞ1=4
: ð4Þ

where �h is Planck’s constant, kB the Boltzmann constant and l0 the
permeability of free space. The two equations are complementary,
not exclusive, and are both useful to understand influences on
SNRt . We kept the original parameter namings. The following
parameters contribute:

� K: a numerical factor dependent on detector geometry, which is
usually close to one for solenoids.

� VC ;VS: coil volume and measured sample volume.
� g: the magnetic filling factor. In the general case the filling fac-
tor is the fraction of the produced magnetic field energy of the
detector, which is stored in the sample [11,9,12,6]. For the case
of a long solenoid it is well described by VS=2VC . The factor 1/2
stems from the fact that only half of the linear oscillating field,
namely the circular component oscillating with +x, can be used
for excitation. By principle of reciprocity [10], a circular field as
produced by spins induces only half of the current a linear field
would induce.

� MS: the available sample magnetization, as defined by sample
volume and nuclear spin concentration.

� Q: the quality factor of the resonance circuit, which is heavily
dependent on the resistance of the resonance circuit [13,14].

� x0: the resonance frequency in rad/s.
� F: the noise factor of the signal chain, dominated by the first ele-
ment in a signal chain [15,16], normally the preamplifier.

� TC ; TS: the sample and coil temperatures.
� Df : the receiver bandwidth, as set by the experimenter.
� KðB1Þxy: the effective field over the sample volume produced by
a unit current through the detector, which is a solenoid or sad-
dle coil.

� NS: number of resonating spins
� c; I: gyromagnetic ratio and spin of the used nucleus
2

� f: is a proximity factor and attributes for the proximity effect. It
depends on the wire and detector geometry.

� p; l: perimeter and length of the conductor
� l;q: permeability and resistivity of the conductor

We need to distinguish between different types of parameter.
The first group are parameters defining the measurement setup.
These are K;g;Q ; F;KðB1Þxy; f; p; l and q and are the parameters
which would be optimized for a new system. We will treat them
as defining the system sensitivity, therefore we will name them
system parameters. We exclude the resonance frequency, since
nowadays magnets up to 22 T are commercially available, some
of which are sweepable, andx0 can be easily increased for a better
SNR. x0 is better assigned to the second group.

The second parameter group are all parameters tunable for each
experiment and includes MS;x0; TC ; TS;Df ;NS; c and I. We will call
them measurement parameters. The influence of measurement
parameters should be eliminated, if the intrinsic sensitivity of the
setup is of interest. TC ; TS; c and I can be normalized through a mea-
surement standard, which we will discuss at the end of the paper.
The field strength dependence can be eliminated by a scaling of

SNR to traditionally 600 MHz with ð600 MHz=f 0Þð7=4Þ [1]. The influ-
ence of the remaining measurement parameters is normalized in
the nLOD.

In frequency domain the SNR (SNRf ) is additionally dependent
on the measured linewidth, defined as the full width at half max-
imum (FWHM) of a peak. Analytically one finds for the maximum
signal in frequency domain S0;f [5]

S0;f ¼ 1
2
S0;tT

�
2 ð5Þ

from the Fourier transform of an exponential decay, where T�
2 is the

effective spin-spin relaxation time and S0;t is the maximum signal in
time domain. Because of FWHM ¼ 1=ðpT�

2Þ, the peak intensity S0;f
will increase if the linewidth decreases. Noise is unaffected by T�

2,
therefore SNRf will increase with smaller linewidths.

There is one last influence on SNR which should be heeded: the
number of performed scans. It is common practice to increase the
measured SNR by signal averaging, and the SNR grows with

ffiffiffiffiffiffiffiffiffiffiffiffi
scans

p
[7]. For a proper comparison between systems, the measured SNR
should be divided by

ffiffiffiffiffiffiffiffiffiffiffiffi
scans

p
. This correction was included e.g. in

[5], but often - wrongly - instead of the number of scans the total
measurement time ttotal is used, as in [1]. ttotal includes the acquisi-
tion time per scan Dt and the relaxation delay, which is why it is
not a good scaling parameter.
3. Normalized limit of detection

The general definition of the LOD was given in Eq. 1. For the fol-
lowing normalization of LOD in time and frequency space, we will
assume that the experiment performed was a free induction decay
(FID) after a 90� pulse. For a smaller tip angle a we have to scale to
a p=2 pulse with 1= sinðaÞ. For experiments different than FID,
which increase SNR, like a Carr-Purcell-Meiboom-Gill (CPMG)
sequence, the SNR should be divided by the assumed gain in signal
for one acquisition (done e.g. in [17]). We remind that cs and ns are
the spin concentration and spin amount. Both quantities have to be
calculated from sample concentration/amount times the number
of resonating nuclei per molecule. For example, the spin amount
of 1 mol of ethanol (C2H6O) is 6 mol for measurments on hydrogen
but 2 mol for measurements on carbon for 100% 13C enrichment.
For not enriched samples, natural abundance of 13C (1%) gives only
20 mmol of resonating spins.

nLOD in time domain
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Normalizing the limit of detection for the time domain is
straightforward. The only two experimental parameters still influ-
encing the LODt are the set bandwidth of the receiver and the num-
ber of scans. A normalized LODt will be independent of both

parameters, if the measured SNRt is multiplied by
ffiffiffiffiffiffi
Df

p
(see Eq. 3

and Eq. 4) and divided by
ffiffiffiffiffiffiffiffiffiffiffiffi
scans

p
[7]. Here, SNRt is defined as the

intensity at t ¼ 0 divided by
ffiffiffi
2

p
r, where r is the standard devia-

tion of noise. Then, the normalized LOD for the time domain is

nLODt ¼ LODt
ffiffiffiffiffiffiffiffi
scans

pffiffiffiffi
Df

p

nLODt;600 ¼ nLODt
f 0

600MHz

� �7=4 ð6Þ

where nLODt;600 is nLODt scaled to 600 MHz, with f 0 in MHz. LODt is
calculated from the measured SNRt;exp with Eq. 1. Eq. 6 was reported
in a similar form in e.g. [6].

nLOD in frequency space
For spectroscopy, frequency space is more significant and con-

sequently the limit of detection should be also defined in fre-
quency domain. The SNR can then be measured on the spectral
peak of interest. This implies that now cs and ns are the spin con-
centration and spin amount for the selected spectral peak. Note
that a splitting of the peak of interest due to J-coupling always
reduces the measured SNR. A singlet is therefore always preferable,
but since choosing a split line for SNR measurements does not
inflate the measured SNR, but reduces it by a well defined amount,
it is acceptable to measure SNR on a multiplett.

To normalize LODf we need to take a look at the discrete Fourier
transform (DFT). The Fourier transform of a series of N discrete,
complex, time-domain data points xn is

Xk ¼
XN�1

n¼0

xn e�i2pnk=N� � ð7Þ

We can immediately see that a popular method to increase point
density in frequency space, namely zero-filling, does not influence
SNRf at all, as it only adds zeros to the sum.

The DFT of random noise is again random noise, and the depen-
dency of random noise in frequency space follows the dependency

of random noise in time space with
ffiffiffiffiffiffiffiffiffiffiffiffi
scans

p
and

ffiffiffiffiffiffi
Df

p
. In Fig. 1 we

show that experimental frequency-domain noise has the same
Fig. 1. Noise measurements with an empty NMR setup. Both noise levels show the
same dependence. Parameters are: 300.125 MHz measurement frequency, 4096
points, 1 scan, 5 ls pulse width.

3

bandwidth dependence as time-domain noise. The same result
was obtained for simulated Gaussian noise.

For the signal, let us assume a single spectral line and the reso-
nance frequency exactly matching the measurement frequency. In
this scenario, the signal in time domain will be an exponential
function with a fixed physical decay constant T�

2. The mathematical
decay constant, defined as the number of data points and not a
time, will depend on the product of T�

2 and Df . The peak signal after
the DFT is a sum over all data points of the time domain. Therefore,
the signal in frequency domain is proportional to T�

2Df , where T�
2 is

influenced by the external field homogeneity, but Df is chosen by

the experimenter. Since the noise still scales as
ffiffiffiffiffiffi
Df

p
, the measured

SNRf is proportional to
ffiffiffiffiffiffi
Df

p
.

The number of data points N also has an influence on SNRf . Dur-
ing the integration for the peak signal in frequency space, i.e.
f ¼ 0 Hz, the signal amplitude is constant after the noise level in
the time domain is reached and every additional data point in time
domain adds to noise, except zero-filling points, which add zero.
We then have a similar situation as for signal averaging, with the
difference that the signal stays constant while the noise level
grows with

ffiffiffiffi
N

p
after all signal is integrated. A good approximation

for SNRf is

SNRf / SNRt
Df T�

2ffiffiffiffi
N

p ð8Þ

The time domain signal should occupy as many time domain data
points as possible to maximize the peak signal in frequency domain.
To achieve that we can minimize the number of noise points, i.e.
make N small, or maximize the amount of signal points for constant
N, i.e. decrease the dwell time per point, which is equal to an
increase in bandwidth. The influence of both parameters on SNRf

is plotted in Fig. 2 for 1H measurements on ethanol. Note also the
linear dependence of SNRf on the effective spin-spin relaxation rate
and consequently the linewidth.

A similar dependence of SNRf was published in [5,18], where
they used the acquisition time per scan Dt. In our opinion, it is
important to take N and Df from the time domain for the correc-
tion. While Dt is defined by N=Df , the use of the acquisition time
distracts from the actual parameters and often is mistaken for
the total measurement time, i.e. with signal averaging and T1

relaxation. Additionally, zero filling adds to the number N, effec-
tively increasing Dt, but does not influence the actual signal or
noise levels, because during the DFT zero-filling points add zeros.
Adding the effects of DFT to the nLOD calculation and excluding
the linewidth, the nLODf reads

nLODf ¼ LODf

ffiffiffiffi
Df

p ffiffiffiffiffiffiffiffi
scans

pffiffiffi
N

p

nLODf ;600 ¼ nLODf
f 0

600MHz

� �7=4 ð9Þ

and LODf is calculated from measured SNRf ;exp in accordance with
Eq. 1.

4. Comparing NMR microdetectors

We want to present the usefulness of a nLODf on the example of
microdetectors for NMR spectroscopy, which include solenoids,
planar coils, striplines and others. Such detectors have been under
development since the early 90s due to their increased mass sensi-
tivity compared to normal sized detectors. The interested reader
can look into the matter in [6,46,47,1,48–50]. Usually the perfor-
mance of such microdetectors is compared to normal detectors
of the same research group, where the increase in SNR for a given
sample mass is sufficient to show the better mass sensitivity of a
microdetector (e.g. [51,21]). Only seldom a comparison to other



Fig. 2. 1H measurements for SNR comparisons on pure ethanol. Starting parameters: 5 ls dwell time (200 kHz bandwidth), 299.97 MHz measurement frequency, 2048
measurement points N, 32 scans, 10 ls pulse width. In a) we varied N for the measurement and in b) the bandwidth. All SNR were calculated from experimental data. Some
spectra had to be baseline corrected with a simple sine fit (excluding signal area). The noise level for the time SNR in a) was the average noise for all time domain
measurements for this series, as the individual measurements showed large scattering due to random noise. The effect of random noise can also be seen in b) on the time
domain data. Noisy time domain points in b) (open squares) were excluded from the fit.
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published detectors is made. If such a comparison is made, the sen-
sitivity is reported in many different ways, e.g. as SNR per acquisi-
tion time and molarity [52], LOD in nmol/

ffiffiffiffiffiffi
Df

p
[6,19], nmol per

acquisition time [4] and other variants. This inconsistency makes
a judgment of detector performance nearly impossible. With the
nLODf defined in Eq. 9, an absolute value for the sensitivity of an
NMR setup with a microdetector is given.
4.1. Scattering of presented data

Before we take a closer look at microcoil data, some remarks
about the gathering and scattering of the presented data should
be made. All of the presented nLODm

f had to be calculated, because
Eq. 9 is new. Exemplary calculations can be found in the Appendix.
In the best case the measurement time Dt and the LOD as defined
in [1] were given, in which case the nLODm

f was obtained through a
division of the reported LOD by measurement time. Which brings
us to the point of calculating the nLODm

f using the reported Dt

instead of N=Df . Only few authors provided a complete data set,
consisting of SNRexp;Df , N, FWHM, sample type or amount of spins,
and sample volume. In some cases SNRexp or FWHM had to be esti-
mated from published spectra. Measurement times were also sel-
dom reported, which means the measurement time per scan had
to be extracted from a plotted spectrum or FID, but both methods
are prone to error, as FID or spectrum could be post-treated. If only
SNRt was given or extracted, nLODm

f was calculated from the nLODm
t

by scaling with the linewidth. Also, we have to keep in mind that
the flip angle has an influence on the planar magnetization and
therefore signal strength. The standard for SNR calculations is a flip
angle of 90�, but in chemical spectroscopy a flip angle of 30� is
common to shorten the waiting time between consecutive scans.
In the calculations always a flip angle of 90� was assumed, because
the flip angle is seldom reported in publications not explicitly
treating the SNR.

Additionally, note that the presented data points are slightly
influenced by remaining setup components, not only by the intrin-
sic detector sensitivity. Spectrometers, preamplifiers, cables can all
4

be a source of additional noise, while the used type of resonance
circuit (top-tuning or bottom-tuning) can make a factor of 3 differ-
ence in measured SNR. The presented data points reflect the sensi-
tivity of a complete NMR setup, but the microdetector has the
biggest influence on the sensitivity. We expect large scattering
despite the fact that we only used publications which did provide
enough data for an exact calculation or a good estimate.

Generally speaking, scattering between different detector types
and NMR setups will always occur. For example, the average planar
coil will always have a worse nLOD than the average solenoid, but
the planar coil can be used for applications where a solenoid is at a
disadvantage. Furthermore, improved setups should have an
improved sensitivity and therefore their nLOD has to differ from
older setups. In summary, a part of the scattering is due to the lack
of a report standard and the use of a wrong normalization, but the
majority is simply due to the different nature and intrinsic sensi-
tivity of the detectors.
4.2. Old vs. new normalization

In Fig. 3 the nLODm
f extracted from hydrogen spectra are plotted

against the achieved FWHM of a detector. Data for plot a) was cal-
culated using a LOD equation from [1] and scaled to 600 MHz with

ðf 0=600 MHzÞ7=4. Data for plot b) was calculated using Eq. 9. In
terms of detector quality this plot is very expressive, as it combines
the sensitivity and resolution. This way the sensitivity of a setup
can be judged in the context of the achievable resolution, which
is especially useful for sensitivity estimation of wide-line
measurements.

In both plots, the blue line marks the linear dependence of
nLODm

f on the linewidth (see Eq. 8) and its slope was chosen so that
most published detectors lie above this line. The line should be
treated as a guide to the eye. With further improvement of NMR
systems, the slope will likely have to be adjusted. If a new micro-
coil, or in general a new setup, was made and no signal losses
are present, the FWHM-nLOD data point should lie near the blue
line. Everything clearly above this line, where we set the limit to
half an order of magnitude, can be improved further, e.g. by



Table 1
Old and new data points for the LOD in frequency space, together with linewidth. A
plot of this data is given in Fig. 3a and b.

FWHM (ppb) LODm
f ;600 (nmol s1/2) nLODm

f ;600 (nmol Hz1/2) source

solenoids
200 0.20357 1.15 [19]
2.66 25.40444 16.93 [20]
33.88 0.01827 1.2 [21]
16 3.53239 1.1 [22]
1600 0.22892 25.19 [23]
40 0.98372 1.99 [24]
2 0.2646 0.26 [4]
2 0.30919 0.31 [25]
2.33 33.90132 8.27 [26]
1.04 0.09573 0.024 [17]
56.56 8.45877 57.08 [27]
3.6 0.69749 0.25 [28]
2175 4.24474 484.68 [29]

striplines
1.16 9.52 9.52 [30]
1.6 0.73 0.76 [31]
5.77 1.45678 0.81 [32]
5.6 1.4 7.12 [33]

helmholtz
3.58 22.5608 13.75 [34]

planar
143 192.5855 446.69 [35]
14.33 37.92976 9.48 [18]
42 0.63942 1.81 [36]
23 27.81169 6.96 [37]
20000 4.12952 1088.2 [38]
56.66 116.93771 116.94 [39]
100 4.45655 27.17 [5]
388 1405.06319 936.6 [40]
7.5 22.2 0.49 [41]
7.17 5.00269 1.25 [42]
12.4 1380.01041 347.25 [43]

saddle
3.04 27.47417 24.97 [44]

rolled-up
22 1.24 3.81 [45], own
8 2.85739 0.44 [45], own

Fig. 3. nLODm
f extracted from several publications (see Table 1) plotted against the linew

except for the rolled-up microcoil, where it is the same detector in two different magnets
linewidths, which were measured on solid samples. The blue lines show the linear depend
Eq. 9. The green points in (a) represent data calculated from SNRt instead of SNRf . Scatt
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improving the quality factor of the detector. Data points near the
line are of low-loss detectors, where the nLODm

f is mainly limited
by the linewidth. A data point clearly below this line indicates a
microdetector that outperforms current microdetectors and the
nLODm

f calculation should be checked. If there is no error in the cal-
culation, the setup shows unprecedented sensitivity.

We want to draw your attention to three features of plot a).
Firstly, the green points were calculated from SNRt without a cor-
rection with FWHM. Clearly this gives terrible scattering and the
data points cannot be compared to ones calculated from SNRf . Sec-
ondly, there is especially one point in plot a) far below the blue
line, which is the planar coil with the highest FWHM. This point
is from [38] and belongs to a planar coil fully integrated into a sin-
gle chip transceiver. While at first glance it seems plausible that a
single chip transceiver shows very low signal losses, three orders of
magnitude of improvement seems a bit too much. Indeed, this
point lies near the blue line when calculated with the new equa-
tion (Fig. 3b). Thirdly, from our work on rolled-up microcoils we
got two data points measured with the same detector (red stars),
but in different magnets with different spectrometers [45]. It
seemed strange that the magnet with better linewidth and a clea-
ner setup showed a higher LOD. Therefore, we took a closer look at
the LOD in frequency space and derived Eq. 9. In plot b), all three
issues are not present anymore and most importantly, the nLOD
of the single rolled-up detector (red stars) shows a correct line-
width dependence. Overall scattering in plot b) is reduced, which
we checked via the linear correlation coefficient r: it is �0.06 for
Fig. 3a and 0.7 for Fig. 3b. After excluding all disputable points
mentioned above (marked in green and from [38]), r is 0.65 for
Fig. 3a and 0.91 for Fig. 3b. Therefore, Eq. 9 reduces scattering
significantly.
5. Standard for sensitivity measurements and reports

Based on our discussion, we propose a report standard for the
sensitivity of new or improved NMR setups. The report should con-
tain one simple 90� pulse FID spectrum measured at room temper-
ature and preferably on hydrogen, as it is the most sensitive
nucleus. The spectrum should be a simple Fourier transform and
should not be pretreated in any way. If zero-filling has been used,
idth. Each point represents a unique reported detector from different publications,
. All used spectra were measured on 1H of liquid samples, except for the two largest
ence of nLOD on FWHM. In (a), Eq. 2 from [1] was used for calculation, in (b) the new
ering of data is reduced with the new equation, see text.
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these points should not be added to the amount of measurement
points N. The SNR should be ideally measured on a singlet. The
SNR on a multiplet is reduced, which results in an overestimation
of the LOD (underestimation of sensitivity), therefore the use of a
singlet standard is preferable. All important measurement param-
eters for a nLODm

f calculation should be included in the figure cap-
tion. These parameters are:

� SNR of a peak of choice, optimally a singlet
� number of scans
� number of data points per scan
� the receiver bandwidth Df (also called sweep width)
� the sample volume, sample type and molarity (where
applicable)

� the linewidth of the peak of interest
� the measurement frequency f 0.
� the used nucleus. The use of a nucleus different than hydrogen
will require a further correction of the measured SNR to com-
pare to literature data (see Eq. 4), which was not discussed in
this paper.

These parameters are necessary to calculate a nLODm
f which helps to

judge even small changes to an NMR setup in terms of sensitivity
and linewidth. It helps to understand improvements that were
made or will have to be made when a new NMR setup is developed.
6. Summary

In this paper, we derived a formula for the comparison of NMR
sensitivities between different NMR setups. The formula redefines
the nLOD in frequency space to be mathematically correct. For the
mass LOD it now reads

nLODm
f ¼ 3nS

ffiffiffiffiffiffi
Df

p
SNRf

ffiffiffiffi
N

p ð10Þ

where nS is the measured sample amount in mol, Df is the set recei-
ver bandwidth, SNRf is the measured signal to noise ratio for one
scan in frequency space and N is the number of measurement points
per scan. We stress that a spectrum used for the nLODf calculation
should be a simple DFT of the time domain data and recommend
the use of hydrogen nuclei for measurements. We applied the
new equation to data extracted from several publications treating
microdetectors for NMR spectroscopy, and showed that it indeed
describes detector performance independent of measurement
parameters, but only based on detector properties and remaining
system parameters. In order to make comparisons of the sensitivity
between different publications easier, we also proposed a standard
for measurements with new NMR setups and for the reporting on
these. We believe that this standard will come in handy for future
optimization of NMR setups and hope other authors will agree with
us.
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Appendix A. Calculation of nLODs

The newly calculated nLODs have the unit nmol
ffiffiffiffiffiffi
Hz

p
(see Eq. 9).

If the unit is nmol Hz�1/2, the LOD was given by the authors and
was calculated with a wrong equation.

Some publications gave SNRt . In this case the nLODt was calcu-
lated, scaled to 600 MHz and then transformed into nLODf by mul-
tiplying with pFWHM. The reason is that the linewidth is in most
cases determined by the coil susceptibility, therefore a higher field
would give a higher absolute FWHM. This is not included in the
x7=4 factor.

A.1. Solenoid [21]

FWHM: 33.88 ppb from 1.5 Hz at 44.4 MHz, given
SNR: 10.3, but time domain, given
Vsample: 1.2 nl, given
nS: from volume and sample type (water, 1 g/ml and

18.01 g/mol times two for protons), gives 133.26 nmol
measurement time: time domain data, bandwidth 500 Hz.
nLOD: time domain data. here we need to additionally multiply

by pFWHM to get nLOD in frequency space. Then the nLOD is
1.79 nmol

ffiffiffiffiffiffi
Hz

p
at 44.4 MHz in time domain, 1.2 nmol

ffiffiffiffiffiffi
Hz

p
@

600 MHz

A.2. Stripline [30]

FWHM: 1.16 ppb from 0.7 Hz @ 600 MHz, given
SNR: 189 on anomeric proton of sucrose, given
Vsample: 600 nl, given
nS: 600 nmol, given
measurement time: 1 s (total time per scan: 5.5 s)
nLOD: 22.3 nmol Hz�1/2, given. We think this not to be correct,

the LODwas calculated using the total time per scan (5.5 s), not the
acquisition time (1 s). nLOD corrected by 1=

ffiffiffi
5

p
is 9.52 nmol

ffiffiffiffiffiffi
Hz

p
.

A.3. Helmholtz [34]

FWHM: 3.58 ppb, given
SNR: 1086, given
Vsample: 79 nl, given. Water sample
nS: calculated to 8.7729 lmol
measurement time: 1.64 s. given
nLOD: calculated to 31.04 nmol Hz�1/2 @ 500 MHz, which is a

factor of 2 bigger than the reported value. Probably missed a 2 in
calculation of sample amount. New: 18.92 nmol

ffiffiffiffiffiffi
Hz

p
@ 500 MHz,

13.75 nmol
ffiffiffiffiffiffi
Hz

p
@ 600 MHz

A.4. Planar 2008 [35]

FWHM: from given effective T2 (11.1 ms) calculated to 28.68 Hz
@ 200 MHz or 143 ppb

SNR: 20 for 256 scans, given. For one scan 1.25
Vsample: 2.07 ll, defined through active volume
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nS: from given spin density (54.21e25 m�3) and volume to
900 nmol

measurement time: 30 min for 256 averages? would be 7 s, but
including T1 effects. On page 451 they use 0.5 s for a calculation.

nLOD: 1317 nmol Hz�1/2, given. Calcuated 3054.7 nmol
ffiffiffiffiffiffi
Hz

p
@

200 MHz, 446.69 nmol
ffiffiffiffiffiffi
Hz

p
@ 600 MHz

A.5. Saddle [44]

FWHM: 1.52 Hz @ 500 MHz -> 3.04 ppb, given
SNR: 722.75, given
Vsample: 82 nl, given, water(?)
nS: calculated to 9.106 lmol
measurement time: 1.1 s, given
nLOD: 18.78 nmol Hz�1/2, given for old equation. New equation

gives 34.36 nmol
ffiffiffiffiffiffi
Hz

p
@ 500 MHz, calculation based on water. I.e.

the authors forgot to take the second water proton into account.
24.97 nmol

ffiffiffiffiffiffi
Hz

p
@ 600 MHz

A.6. Rolled-up [45]

FWHM: 22 ppb
SNR: 21.1, 1 scan
Vsample: 1.5 nl, ethanol
nS: calculated to 51.4 nmol
measurement time: 0.325 s
nLOD: 1.24 nmol Hz�1/2, 3.81 nmol

ffiffiffiffiffiffi
Hz

p

Appendix B. List of published data

Here we provide a list of data from the cited microcoil publica-
tions, see Fig. B.4. This list is by no means complete and refers only
to the articles which provided enough data to calculate a nLOD.
Note that the only consistently reported value for coil characteriza-
tion is the SNR. LODs were only reported in half of the used articles,
Fig. B.4. List of reported value
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and there not consistently. Especially the time is defined
differently.
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