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a b s t r a c t

This article describes the measurement and evaluation of noise and interference in
experiments with nuclear magnetic resonance (NMR). Their presence in experimental
results causes irreversible artefacts in measured images or errors in the calculated values
of investigated quantities. Noise in the signal also reduces the sensitivity of the measuring
instrument. From the point of view of results, there is no significant difference between
noise and interference. Both signals are multi-frequency or have a changing frequency,
meaning that they must be characterised using their power or root mean square (RMS)
values of voltage or current. The RMS voltage at the output of the NMR receiver with a
receive coil in its input was measured using an NMR console and compared to thermal
noise voltages of known sources, e.g. resistors with known resistivity in the input of their
receiver. The comparison indicates the possible inherence of interference. The noise mea-
surement using the console was performed in two ways: using an acquisition only and
using a complete measuring NMR sequence, which resulted in an image. The results served
to test the quality of the hardware used for NMR experiments. It has been proven that the
presented method is suitable for testing and improving the signal-to-noise ratio of NMR
scanners without the need for the accumulation of seldom-used expensive
instrumentation.

� 2015 Elsevier Ltd. All rights reserved.

1. Introduction

The quality of the results of nuclear magnetic resonance
(NMR) experiments depends on the resulting signal-to-
noise ratio (SNR). A good SNR can be acquired in many
ways: noise and interference can be reduced to a suffi-
ciently low value, the number of averaged results can be
increased, or dedicated tools for SNR improvement can
be utilised. SNR is calculated as a ratio of the statistically
determined values of signals both from the experiment
and noise (including respective interference). The
calculation nevertheless tells us nothing about whether
the value of the noise is sufficiently low. In our experi-
ments noise was measured using a calibrated NMR console

and compared to the thermal noise value of the same recei-
ver with a known value resistance in its input. Moreover,
the theoretical thermal noise value for the resistance and
receiver was calculated. The good agreement between
the measured and calculated values indicates low interfer-
ence in the experiment. The resulting noise and interfer-
ence can be measured in many ways; in our experiments
a calibrated NMR console was utilised as a measuring
instrument. Firstly, the investigated noise signal was
acquired and digitised and the root mean square (RMS)
value was calculated [1,2]. Secondly, a suitable image
was measured and a region of interest (ROI) was selected.
From the ROI data the RMS voltage was calculated. Thanks
to the calibration of the console in both cases the real
voltages were measured, which can be compared to the
theoretical values of thermal noise. A possible difference
indicates interference in the experiment and its grade.
Measurement with an image is similar to the conventional
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measurement of SNR in magnetic resonance imaging
(MRI). The difference and novelty of the presented method
is in the use of the calibrated NMR console receiver and the
way in which the measured data are mathematical pro-
cessed. The presented equations provide the results as a
real voltage which can be easily compared to calculated
results or to results from different experiments. As a veri-
fication of the presented formulae and method, several cal-
culations and experiments have been performed. The noise
voltage from the resistively matched preamplifier, recalcu-
lated into the input of the preamplifier, was calculated.
Similarly, the noise of the preamplifier was measured with
its input terminated by a matching resistor using the NMR
console and the noise voltage was calculated. The experi-
ment was repeated with the preamplifier input terminated
by an empty matched receive coil. Further experiments
were based on image measurements. A sample was mea-
sured with spin echo (SE) and with gradient-recalled echo
(GRE) sequences. Two regions of interest were selected in
each of the images for which noise was investigated. The
acquired results were processed into figures and into a
table. The numerical results are averages from at least
three measurements. Some theoretical and experimental
questions of signals and noise in NMR techniques are
solved in Refs. [3–18]. Refs. [19–21] are focused on prop-
erly processing the measured data. The theory and results
described in the presented article are useful for technical
and experimental practice as well as a platform for future
theoretical studies. Moreover, the article offers further util-
isation of the NMR console, which is available in every
NMR workspace.

2. Theory and methods

Unlike noise, which is a random signal, interfering
signals may be deterministic. When received by an NMR
console, both signals are filtered and the power or RMS
value of their voltage or current is of interest. If the noise
figure F of the receiver and its input impedance are known,
the influence of the interference on the resultant sensitiv-
ity can be estimated. Consider a receive coil connected to a
receiver similarly to Fig. 1. Let the NMR signal equal 0. The
only signals received by the receiver are noise and interfer-
ence. Thermal noise is always present and can be easily

calculated. A matched preamplifier with input resistance
Rin produces an RMS voltage (recalculated into its input):

Vn ¼
ffiffiffi
F

p
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4kT0:5Rin2Df

p
; ð1Þ

where k = 1.38 � 10�23 W s/K is the Boltzmann constant, T
is the absolute temperature of both the resistances Rin and
source resistance to it matched (therefore 0.5 Rin), and 2Df
is the frequency bandwidth of the console (the frequency
interval between f0 � Df and f0 + Df). An equivalent inter-
fering RMS voltage Vinterfering (filtered to the frequency
bandwidth of 2Df) completes the noise voltage (1) as:

V resulting ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

n þ V2
interfering

q
: ð2Þ

The revised noise figure of the interfered console recei-
ver Frev can be expressed as:

Frev ¼
V2

resulting

V2
n

F ¼ V2
resulting

4kT0:5Rin2Df
: ð3Þ

In practice, the Vresulting voltage can be measured using
the NMR console [1] and compared to the theoretical value
(1). The smaller the difference observed between both val-
ues, the less interference the receiver has. In an NMR
experiment the matching resistance is replaced by a
matched coil (Fig. 1) containing a measured sample. An
interesting question is as to how accurately the matching
resistance can be replaced by a matched coil. Fig. 2 depicts
calculated RMS values of noise for matched coils and a
matching resistance of 50X. It is obvious that for technical
practice and the fact that the frequency bandwidth is not
too wide that the replacement is fully acceptable. The
matching device values for the coils were calculated using
the theory in [3]. The measurement using the console can
be performed in two ways; each way requires calibration
of the console. The console can only be utilised for acquisi-
tion of noise, and Vresulting is possible to calculate using
suitable or modified formulae, e.g. in [1]. Alternatively, a
suitable image can be measured using the whole NMR
hardware and the measured data can be utilised for the
Vresulting calculation.

Consider an array of n complex values representing
time samples of noise or data for the image construction:

v ¼ v0; . . .vn�1: ð4Þ

Fig. 1. A matched and tuned receive coil in an interfering environment.
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