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One of the biggest challengeswhenusing the surface nuclearmagnetic resonance (SNMR)method in urban areas
is a relatively low signal level compared to a high level of background noise. To understand the temporal and spa-
tial behavior of anthropogenic noise sources like powerlines and electric fences, we have developed amultichan-
nel instrument, noiseCollector (nC), which measures the full noise spectrum up to 10 kHz. Combined with
advanced signal processing we can interpret the noise as seen by a SNMR instrument and also obtain insight
into themore fundamental behavior of the noise. To obtain a specified acceptable noise level for a SNMR sound-
ing the stack size can be determined by quantifying the different noise sources. Two common noise sources, elec-
tromagneticfields stemming frompowerlines and fences are analyzed and showa 1/r2 dependency in agreement
with theoretical relations. A typical noise map, obtained with the nC instrument prior to a SNMR field campaign,
clearly shows the location of noise sources, and thus we can efficiently determine the optimal location for the
SNMR sounding from a noise perspective.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The surface nuclear magnetic resonance (SNMR) technique dates
back to the late 1970's with the Russian invention, the Hydroscope,
which succeeded in detecting signals from water in the subsurface.
Since then developments in the instrumentation (Bernard, 2007;
Walsh, 2008), signal processing (Dlugosch et al., 2011) and inversion al-
gorithms (Behroozmand et al., 2012; Müller-Petke and Yaramanci,
2010) have pushed the method to become a generally applicable tool
for groundwater characterization (Knight et al., 2012; Ryom Nielsen
et al., 2011).

One of the biggest challenges of the method when using it in urban
areas is the relatively low signal level compared to the high level of
background noise. The first generation of SNMR instruments were sin-
gle channel instruments. With single channel instruments, both mag-
netic resonance excitation and signal recording are performed with
one single loop. Typical signal filtering are stacking, notch filtering
(Legchenko and Valla, 2003) and Fig. 8 loop geometry (Trushkin et al.,
1994). These techniques suppress in particular noise from powerline
harmonics (Legchenko and Valla, 2003). Unfortunately these tech-
niques have significant drawbacks; notch filters may distort the SNMR
signal and Fig. 8 loop has a complicated sensitivity function and the
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depth of penetration is decreased. With the introduction of the multi-
channel SNMR system more sophisticated noise reduction techniques
became possible (Walsh, 2008). With the multichannel technique it is
possible to avoid the drawbacks from the single-channel SNMR filtering
techniques (Jiang et al., 2011), which have improved the efficiency of
the method. Recently an approach where filtering the noise from the
powerline harmonics by modeling the harmonics has been suggested
(Larsen et al., 2013). The method can be combined with multichannel
filtering (Dalgaard et al., 2012; Müller-Petke and Costabel, 2013),
which has pushed the signal processing to obtain even higher signal
to noise ratios (S/N).

Signal processing is an integral part of getting SNMR soundings with
an acceptable S/N. However, the influence of noise is still the most im-
portant parameter affecting the measurement time. Methods to locate
the sources are therefore needed to determine the optimum placement
of the SNMR measurements and thereby obtain higher S/N ratios and
shorter measurement times. To locate noise sources and investigate
the spatial and temporal variations of the noise, we have developed an
instrument, noiseCollector (nC). The nC is a two channel system and
built to resemble a SNMR instrument so that noise sources are mea-
sured and analyzed in a way similar to “real” SNMR data.

In this paper we will discuss the details of the system and the signal
processing. Temporal and spatial analysis of noise sources with the
nC instrument are shown, and results for different typical noise sources
are presented. Then results from a thorough spatial noisemapping prior
to a SNMR field campaign are shown, and we introduce a combined

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jappgeo.2014.08.009&domain=pdf
http://dx.doi.org/10.1016/j.jappgeo.2014.08.009
mailto:ebd@qeye-labs.com
Unlabelled image
http://dx.doi.org/10.1016/j.jappgeo.2014.08.009
Unlabelled image
http://www.sciencedirect.com/science/journal/09269851
www.elsevier.com/locate/jappgeo


35E. Dalgaard et al. / Journal of Applied Geophysics 110 (2014) 34–42
point measurement method to reduce field time spent on comprehen-
sive noise maps. This method is used to locate noise sources based
on only 3 point measurements, and by that an optimized location of
SNMR measurements can be determined. Finally it is shown how nC
data correlates with SNMR data. This correlation is needed to predict
how noise sources affect the SNMR sounding and to estimate the
stacksize necessary to obtain an acceptable signal to noise ratio.

2. Method and methodology

2.1. noiseCollector design

The nC instrument is designed to resemble a SNMR system in terms
of sampling rate and bandwidth. The core of the nC is a 2 channel, 16 bit
PICOScope 4262 analog to digital converter (ADC) able to sample up to
5 MHz (Fig. 1). The electromagnetic noise is measured in up to two re-
ceiver induction coils with a bandwidth ofmore than 100 kHz. Attached
directly to the coils is a frontend amplifier with a gain factor of 21. In the
nC box the signal is further amplified with a gain factor of 24, then low
pass filtered by a fourth order analog low pass filter with a cutoff
frequency at 6 kHz before entering the ADC. The data acquisition is con-
trolled from a laptop connected directly to the nC box. The adjustable
settings of the ADC are sampling frequency, measurement duration
and voltage range. All data presented in this paper have been obtained
using 10 by 10 m2 loops with 7 turns, a sampling frequency of 20 kHz,
a measurement duration of between a few seconds and a few minutes,
and the voltage range chosen so we obtain the highest possible signal
resolution without saturating the ADC. A built in computer was not in-
cluded in the design of the instrument as it was important to minimize
the internal electronic noise.

2.2. nC data examples

In Fig. 2 two typical measurements obtained by the nC are shown.
Data were collected in the Kasted area, Denmark (Fig. 2A). Fig. 2B
shows a time domain plot of data collected at a site highly dominated
Fig. 1. A) Picture of the nC instrument. B) Block diagram of the nC. The system is a two chann
frontend amplifier of 21 is applied. The recorded signals then enter the nC box and are amplifi
A/D conversion is performed. The laptop controls and receives data from the system.
by harmonics from a nearby power cable seen as a repeating pattern.
Transferring the data to the frequency domain (Fig. 2C) harmonics
with a base frequency of 50 Hz are clearly seen. Around 4 kHz the signal
amplitude decreases due to the low pass filter of the nC. The inset in
Fig. 2C shows a zoom at the relevant frequencies for SNMR, which in
this part of the world are close to 2 kHz. It is seen that the base power
level is around −70 dB and the harmonics are between −40 and
−50 dB. Fig. 2D shows a time domain plot of data collected at a site
dominated by spikes. The spikes are produced by electrical discharges
in a nearby electric fence. Note the scale difference of a factor of 30 be-
tween Fig. 2B and D. Fig. 2E shows the data transferred to the frequency
domain. It is clear that the spike has a minor content of low frequencies
and also that harmonics are present, but to a much lesser degree com-
pared to the other site in Fig. 2B. A base level around −50 dB is seen,
which is 20 dB higher than the other site. The different base level is
due to the distortion from the spike. Based on the plots in Fig. 2, two dis-
tinct electromagnetic features are observed, namely powerline har-
monics and spikes coming from electrical discharges. A quantification
of these is necessary in order to predict the quality of the data at a site.

2.3. Processing

Rawdata obtained by the nC,w(k), consists of spikes, s(k), correlated
noise, c(k) and random noise, r(k).

w kð Þ ¼ s kð Þ þ c kð Þ þ r kð Þ ð2:1Þ

The majority of correlated noise in urbanized areas comes from the
50/60 Hz harmonics from powerlines and power cables. Signal
processing is done in two steps, de-spiking followed by a harmonic
filtering.

The de-spiking procedure (Dalgaard et al., 2012) is semi-automatic
and a spike is detected in the time domain when the voltage induced
in the loop gets higher than a defined threshold. In some cases low
amplitude spikes can be hard to detect. Thus, to emphasize the spikes,
el system. The signals are obtained in loops A and B, subsequently an amplification in the
ed with a gain of 24. The amplified signals are lowpass filtered at 6 kHz and after this the
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Fig. 2. Example datasets from twomeasurements obtained by thenCat theKasted area, Denmark (A). The left contains powerline interference (B and C) and the right contains a spike from
a fence (D and E). The top figures show the measurements in the time domain. The lower figures show the same measurements in the frequency domain, the inset shows a zoom of the
frequencies around 2000 Hz. In the y-scale 0 dB correspond to 1 μV/m2.
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the signal is transformed into a nonlinear energy operator domain
(Mukhopadhyay and Ray, 1998).

The spike threshold is determined by a median absolute deviation.
For a time series, x ¼ x kð Þ…x kþ N−1ð Þf g , it is defined as (Hoaglin
et al., 2000):

MAD ¼ median x−median xf gj jf g ð2:3Þ

Where the median of the time series, x, is subtracted from the time
series, the absolute values are calculated and the median of this defines
the median absolute deviation value. This median absolute deviation
value is multiplied by a user defined factor, typically in the order of
10–20 (Dalgaard et al., 2012), and defines the threshold. Samples con-
taining spikes are ignored during the subsequent harmonic filtering,
and thus the samples identified as spikes are not included in further
calculations.

The implementation of the harmonic filtering follows the procedure
described by Larsen et al. (2013). The harmonics h(k) are modeled as:

h kð Þ ¼
X200

m¼1
Am cos 2πm

f 0
f s

kþ φm

� �
ð2:4Þ

where f0 is the fundamental frequency, fs denotes the sampling frequen-
cy and Am and φm are the amplitude and phase of the m'th harmonic
component. The summation overm extends over all harmonics within
theNyquist criterion, thus all harmonics until 10 kHz,which correspond
tom in an interval from 1 to 200. The unknown parameters to be deter-
mined in this model are f0, Am and φm, each of these parameters is a
function of time. It is our experience that by dividing the time series
into segments of 1 second, the parameters are approximately constant
and an independent harmonic filtering of the segments can be carried
out. The fitting of Am and φm is a linear optimization problem, whereas
the fitting of f0 is a nonlinear problem. The modeling of the harmonics
is performed in two steps. The first step is the determination of f0 and
the second step is a linear fitting of Am and φm. The value of f0 for the
powerlines in Denmark is known to be in a narrow band around
50 Hz; other harmonic sources and powerlines in other countries can
have another base frequency. To locate the precise position of f0, a
search of the peak value of the correlation between the recorded data
and a pure sinusoid with frequencies varying with sequential steps
around 50 Hz is performed. The search is performed iteratively with
an increasing resolution of the test frequencies of the pure sinusoid.
The resulting precision of the determination of f0 is approximately
1 mHz.

For the fitting of the linear parameters the cosine term in Eq. (2.4) is
rewritten as:

Am cos 2πm
f 0
f s

kþ φm

� �
¼ αm cos 2πm

f 0
f s

k
� �

þ βm sin 2πm
f 0
f s

k
� �

ð2:5Þ

where the variables are related as:

Am ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
α2
m þ β2

m

q
and φm ¼ tan−1 βm

αm

� �
: ð2:6Þ

αm and βm are fitted for all m with a least squares approach.
In the case of an ideal de-spiking and an ideal filtering of correlated

noise the signal is only corrupted by random noise. In SNMR random
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noise is suppressed by stacking a number of independent measurements
(NS). Assuming Gaussian distributed noise, the data standard deviation
will decrease as:

STDstacked ¼ 1ffiffiffiffiffiffi
NS

p � STDini: ð2:7Þ

Here the initial standard deviation on data is given by STDini, and the
resulting reduced standard deviation by STDstacked. By knowing STDini it
is possible to estimate the number of measurements needed to obtain
an acceptable STDstacked.

The root mean square (RMS) is used to compare the energy of the
noise signals and is defined as:

RMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
n

x 1ð Þ2 þ x 2ð Þ2 þ ⋯þ x nð Þ2
� �r

: ð2:8Þ

Here x is the voltage of the signal. This RMS value is referred to as the
noise level of a location with a certain timestamp

RMS T0; P0ð Þ ð2:9Þ

where P0 is a location of the receiver, and T0 is the timestamp.

3. Reference technique

The reference technique is a way to compensate for the temporal
variation of electromagnetic sources. The source amplitude ratio
(SAR), which is the ratio between RMS values at two differentmeasure-
ment times, Tk and T0, at the same point, Pref, is defined as:

SAR Tkð Þ ¼ RMS Tk; Prefð Þ
RMS T0; Prefð Þ ð3:1Þ

The technique assumes that all points will follow the same temporal
evolution i.e. the spatial noise pattern is unchanged. Considering a
single source, this source can be accounted for with:

RMS Tk; P j

� �
¼ AS Tkð Þ � f r j

� �
ð3:2Þ

where AS(Tk) represents the amplitude of the generated noise source at
timestamp Tk. f(rj) is a function that describes a spatial dependency of a
source, which depends on the distance between the source and the
receiver, rj, i.e. for an infinitely long cable f r j

� �
¼ 1

r j
.

The ratio between a reference point and adjacent points is formed by:

RMS Tk; Prefð Þ
RMS Tk; P j

� � ¼ AS Tkð Þ � f rrefð Þ
AS Tkð Þ � f r j

� � ¼ f rrefð Þ
f rð Þ ¼ constant: ð3:3Þ

If the single source assumption is correct then equation 3.3 demon-
strates that all points follow the same pattern. If the noise in the refer-
ence point increases with a certain factor, then the point Pj increases
with the same factor. This factor is applied on all points adjacent to
each other down to a common reference time.

4. Temporal variation

Electromagnetic signals are not constant over time, for example
power cables to households emit noise of varying strength depending
on the load from the different electrical components in the house. The
signal level at a given location is fluctuating over time and therefore
RMS(T0, P0)≠ RMS(T1, P0). The temporal variation of noise complicates
the analysis because a comparison between locations will be different
due to the temporal changes. This means that best practice would be
tomeasure several locations at the same time. The nChas two channels;
thus two simultaneous measurements are possible, RMS(T0, P0) and
RMS(T0, P1). When several simultaneous measurements are needed
on several locations, the temporal variation can be overcome by using
the reference technique described in previous section. The reference
technique uses the SAR-value to estimate the noise level of several
points back to the T0 timestamp.

RMS T0; Prefð Þ ¼ RMS Tk; Prefð Þ SAR Tkð Þ ð4:1Þ

4.1. Results

In this section the validity of the SAR value and hence the reference
technique is investigated. In order to examine the limitations of the
technique the SAR-value is tested under circumstances that violate the
single source assumption. The technique is applied in an area with sev-
eral strongnoise sources located in different directions; an electric fence
is located 150m to northwest, a high voltage powerline is 1.2 km to the
north, some buildings 150 m to the southeast, and an underground
power cable 250m to the south. The receiver loops stay at the same po-
sition separated by 50 m and the measurements are carried out over a
10 hour period. The RMS-values were measured every 15 minutes from
20 second time series; these are denoted RMS(T,P0) and RMS(T,P1).
Fig. 3A shows the RMS without any processing, Fig. 3B shows the RMS
of the modeled harmonic content and Fig. 3C shows the remaining
RMS after processing. The three plots are divided into two subplots
where the upper plot displays the RMS-value of two points at different
timestamps and the lower displays a ratio given by

Ratio Tið Þ ¼ RMS Ti; P1ð Þ
RMS Ti; P2ð Þ ð4:2Þ

The ratio is found to be time dependent, where within the SAR
approximation they should actually be constant.

RMS Ti; P1ð Þ
RMS Ti; P2ð Þ ¼

SAR Tið ÞRMS T0; P1ð Þ
SAR Tið ÞRMS T0; P2ð Þ ¼

RMS T0; P1ð Þ
RMS T0; P2ð Þ ¼ Ratio T0ð Þ ¼ constant

ð4:3Þ

The observed time variation of the ratio in (Eq. (4.3)) is a way to
evaluate the applicability of the reference technique.

The experiment shows that there is a temporal variation in the noise
field. An extreme example is a drop from more than 400 nV/m2 to less
than 100 nV/m2 in the RMS of the raw data during 1 hour from 19:30
to 20:30. If a spatial dependency experiment were to be performed
during this hour, it would be useless without the reference technique.
In Fig. 3A two events are seen at 10.45 and 19.30 with high RMS values,
these high RMS values for the raw data are due to the power cable har-
monics, as seen in Fig. 3B where similar events are observed. The trends
and the amplitudes of the RMS values in Fig. 3B follow the trends and
the amplitudes in Fig. 3A, as the measured signal is highly dominated
by power cable harmonics. Fig. 3C shows the processed data and it is
seen that the RMS level is around 15 nV/m2 and the variation with
time is much less than the raw data (note that the RMS scale has been
changed by a factor of 10). On average the RMS is decreased by a factor
of 10 after processing.

In the RMS plots in Fig. 3 the values from position 0 and 1 follow
each other quite closely. As expected the ratio is not constant be-
cause the single source assumption is wrong. The standard deviation
of the ratio gives an estimate of the degree to which the single source
assumption is violated. The mean of this ratio over the experiment is
plotted together with the actual ratio at each given time. The raw
data in Fig. 3A gives a ratio of 0.639 ∓ 0.081. The harmonics content
gives a ratio of 0.639 ∓ 0.102 and the processed data in Fig. 3C has a
ratio of 0.581 ∓ 0.069. From similar experiments at other sites in
Denmark, results with ratios and standard deviations in the same
order of magnitude are obtained. Based on these temporal variation



Fig. 3.A 10 hour experimentwith 20 secondsmeasurements obtained every 15 minutes at two positions, 0 and 1 (black and grey) separatedwith a distance of 50m. The upper subplots in
each section are: A) RMS values of the raw signal, B) RMS values of the modeled harmonic content and C) RMS values of the remaining signal after noise processing. The lower subplots
contain the ratio between the RMS values from the two positions at each measurement (grey) and an average value for the entire experiment (black).
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experiments an error in the noise estimate on the order of 10% is ex-
pected with the reference technique. Without the reference tech-
nique the temporal noise variation would propagate introducing
much larger errors in the noise estimate, at this site up to 400%.

5. Spatial variation

In this section the spatial dependency of noise sources will be inves-
tigated. Some assumptions about the electromagnetic noise sources are
needed to express them mathematically. First it is assumed that all
fences and cables encountered are infinitely long. This is obviously not
true, but it simplifies matters. Second it is assumed that sources from
harmonic content with the same base frequency originate from a single
source. Different harmonic sources with the same base frequency can-
not be distinguished, as those sources will add together and appear as
one. Magnetic dipoles are a potential source of noise but are not consid-
ered in this study.

5.1. Noise from an infinitely long cable

An infinitely long cable with a current will generate an electromag-
neticfield,which falls off as 1/r from thewire,where r is thedistance be-
tween the receiver and the source. High voltage power cables most
often consist of three twisted wires with a voltage phase offset of
120 degrees. A historical overview in mitigation of electromagnetic
fields using three-phase four-wire twisted cables is given by Yang
et al. (2013). Away from the source the field from three phases cancels
and the distance dependency changes from 1/r to 1/r2. The resulting al-
ternating electromagnetic field, B, is proportional as:

B∝ sin ωStð Þ
r2

: ð5:1Þ
The main component of the electromagnetic field alternates with an

angular frequency equal to the frequency of the source,ωS ≅ 2π ⋅ 50 Hz;
other components of the electromagnetic field are present as har-
monics. The electromagnetic field induces an alternating voltage in
the receiver loop. The signal level in a measurement is defined by the
RMS of the signal measured at time T0 and location Pk:

RMS T0; Pkð Þ ¼ AS T0ð Þ
r2

ð5:2Þ

where AS(T0) is the time-varying source amplitude that depends on the
specific source.

5.2. Noise from an infinitely long fence

Spikes in signals are a result of electrical discharges, typically from
electrical fences or lightning. A spike is characterized in the timedomain
as being short and with a high induced voltage. The amplitude of the
spike drops when moving away from a source. Infinite fences with
one wire generate spikes that fall off as 1/r. Fences encountered in the
field that havemore than onewire will have a different distance depen-
dency. A fence generates the electrical impulses with a constant repeti-
tion rate and amplitude; hence it is possible to separate different spike
sources based on these characteristics.

5.3. Measurements of a harmonic source

Measurements were performed at several sites which all show that
Eq. (5.1) adequately describes the spatial dependency of a harmonic
source. In Fig. 4 a plot of 38 point measurements recorded 50 to
450 m from a harmonic source from a high voltage powerline. The
powerline continues in a straight line for at least 2.5 km at both ends.
For this experiment the reference technique was used. The inset
shows the location of the powerline relative to the pointmeasurements.
These are plotted fromGPS coordinates, which are also used to calculate
the distance from the wire to each of the points. The figure displays the
RMS value as a function of distance to the power line. Three points are
indicated with a grey color. These outlying points are excluded when
fitting to Eq. (5.2) as they are influenced by another harmonic source

image of Fig.�3


Fig. 4. Radial dependency of the electromagnetic field from a power line source. The large
figure contains 38 point measurements. The RMS-value is a function of the distance
between the pointmeasurement and the powerline. The grey line is a fit of the point mea-
surements to the expression1/r2. The inset displays the relative locations of thepointmea-
surements and thepowerline (grey railway line). Thepointmeasurementsmarkedas grey
are discarded in the fit.
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located in the southeast corner. The fit of the remaining points indicates
a good agreement with the 1/r2 relation.

5.4. Measurements of noise from a fence

Fig. 5 shows measurements of spike amplitudes as a function of the
distance from a fence. The inset shows the fence and the measurement
locations. The first thing to note is that there is both a far field and a
near field relation. The three points near the fence within 75 m have a
nearly constant spike amplitude. A continuous drop in the spike ampli-
tude is observed going from 10,000 nV/m2 in the near field to around
1000 nV/m2 at a distance of 200 m. A 1/r2 relation for the far field is
obtained.

The near field variations in themeasurement stem from a variation of
the receiver altitude relative to the fence and receiver orientation. The
measurements were performed at a site with topographical variations
and since the two wires in the fence are separated by 40 cm, near to
the fence the measurements are sensitive to both the altitude and orien-
tation of the receiver coils.

5.5. Noise maps

Fig. 6 shows an examplewhere noise ismeasured over a 400× 400m
field. This site is a good test site containing several different noise sources:
housing to the south, an electric fence in the northwest end, a house
Fig. 5. Radial dependency of the electromagnetic field from a spike source. The figure dis-
plays the spike amplitude as a function of the distance between the point measurement
and the fence. The grey line is a fit of the point measurements to the expression 1/r2.
The inset displays the relative locations of the point measurements and the fence (grey
railway line). The measurements marked as grey were discarded.
400 m further northeast and a high voltage powerline 1 km to the
northwest. Thirty-eight points were measured; noise was measured
for 30 seconds. With the current instrument it took around 9 hours to
collect the data for the map, and the RMS values were calculated
using 5 seconds of the noise record. Fig. 6A shows the RMS of the raw
data. The highest RMS values, up to 500 nV/m2, are observed at the
south end of the site close to the houses. The RMS value drops faster
going north compared to going in a northwest direction. The smaller
drop in the RMS value in the northwestern direction is due to an electric
fence located right next to the site and surrounding the field at north-
west. In Fig. 6B the spike content is shown. The spike amplitude is
very high next to the fence in the northwest end of the site and de-
creases with distance in all directions. In Fig. 6C the modeled harmonic
content of themeasurements is shown. It is seen that the harmonic con-
tribution originates from houses supplied by power cables as the pat-
tern and amplitude of the RMS from the harmonics and the raw data
follow each other to a high extent. The main deviation is that the RMS
value for the harmonics drops more in the northwestern direction to-
wards the fence compared to the raw signal. The harmonic content
from the high voltage powerline is not observed. In Fig. 6D the data
are shown after signal processing. It should be noted that the RMS
values of the remaining signal after processing are at least 10 times
smaller than the raw signal. The processed signal has the highest RMS
values close to the houses in the southern end of the site and the
smallest values in the field in the northeastern direction. The RMS
value becomes higher again going north. This is probably caused by a
farm house located around 200 m further north. The remaining noise
after processing is approximately white and has a clear direction to-
wards the houses. In the northeast end the noise level after processing
is below 10 nV/m2; this is still a very high level. In this example, addi-
tional information from the northeast would likely lead to a location
with a lower noise level. Alternatively a Fig. 8 shape loop could be con-
sidered if moving the loop is not an option. Even though the noise is
white there is a correlation between noise measured at different points
implying that further noise reductionwith amultichannel noise cancel-
lation approach is possible (Dalgaard et al., 2012).
6. Combining point measurements to locate sources

From a complete noisemap it is easy to locate noise sources but they
are time consuming to produce. In the case with the 38 point measure-
ments for the map the data acquisition took around 9 hours. For this
reason we have developed an alternative method where fewer mea-
surements are needed. We have called this method the combined
point measurements method (CPMM). With the CPMM an adequate
understanding of the noise sources can be obtained by only 3 point
measurements. The main points of the CPMM are as follows:

• The CPMMmethod can estimate the direction of several spike sources
and harmonic sources with different base frequencies. Different har-
monic sources with the same base frequency cannot be distinguished,
as those sourceswill add up and appear as one. Thus it is assumed that
the harmonic content for each base frequency originates from only
one single source.

• The noise sources encountered are typically not point-sources,
but long cables or fences. In CPMM it is assumed that all cables
and fences are infinitely long. This simplifies the calculations
by limiting the number of unknown variables needed to locate a
source.

• To perform a CPMM at least three simultaneous measurements are
needed. The nC has two channels; thus the reference technique is
used to obtain these measurements. The position of one receiver is
fixed, while the other receiver is relocated for each measurement.
With this technique several measurements are performed and
extrapolated to the RMS values of timestamp T0.

image of Fig.�4
image of Fig.�5


Fig. 6.A)Map illustrating theRMS value of the rawdata. B)Map illustrating the spike amplitude. C)Map illustrating theRMSvalue of themodeled 50Hzharmonics. D)Map illustrating the
RMS value of the processed data. All maps are based on 38 point measurements and interpolated with an inverse distance weighting having a search radius of 100 m.

Fig. 7. A demonstration of the CPMMmethod. The points indicate the locations of 4 point
measurements. The location of a buried cable is indicated with a grey railway line. The
black line indicates the CPMM estimated location of the buried cable, together with the
confidence interval of one standard deviation.
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Long buried cables, which are usually located parallel to roads, are
easy for the CPMM to locate. The applicability of CPMM ismore trouble-
some in the vicinity of buildings, where power is distributed through
many short cables. However, the short length of the cables will cause
the noise to fall off faster and the currents they carry are considerably
smaller.

6.1. Calculating the source location

In the CPMM the source is assumed to be an infinitely longwire. The
location can be described as a line in a coordinate system.

y ¼ axþ b ð6:1Þ

The parameters a and b determine the location of the wire. The dis-
tance from a point Pk(xk,yk) to the line is given by

R Pkð Þ ¼ yk− a � xk þ bð Þj jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
12 þ a2

p : ð6:2Þ

Combining (Eqs. (5.2) and (6.2)):

RMS T0; Pkð Þ ¼ AS T0ð Þ 1þ a2

yk−a � xk−bð Þ2 ð6:3Þ

The equation above has three unknown variables a, b and AS(T0);
therefore at least threemeasurements are needed to solve this as a non-
linear least squares problem. The following cost function is minimized:

S a; b; kð Þ ¼
Xn

k¼1
rk

2

¼
Xn

k¼1
A T0ð Þ 1þ a2

yk−a � xk−bð Þ2 −RMS T0; Pkð Þ
 !2

: ð6:4Þ

Here n denotes the number of point measurements.
6.2. CPMM results

Fig. 7 shows a CPMMmeasurement with a total of 4 point measure-
ments. In the figure both the estimated and the actual location of a bur-
ied cable is shown. It is seen that the buried cable is not a straight line,
but has two corners where the direction of the cable changes. The
CPMM method assumes a straight line; thus the corners of the cable
cannot be recovered. The method recovers the position of the buried
cable well. With this method an estimate of where the powerlines and
buried cables are located is obtained and most important where an
SNMR measurement with an acceptable noise level is possible. This is
discussed in the following section.

image of Fig.�6
image of Fig.�7


Fig. 9. RMS values for a SNMR system plotted against the RMS values for the nC system at
different noise levels.
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7. Correlation between SNMR and nC data

A correlation between the nC and a SNMR instrument is needed in
order to use the nC data to predict how noise sources will influence a
SNMR sounding. To obtain the relation between nC data and SNMR
data the following measurement was performed.

An electromagnetic signal source was set up at a low noise location
and the signal from this was measured (Fig. 8). The source consisted
of a portable power generator, a function generator, a stereo amplifier
and a coil (2.5 by 2.5 m, 7 turns). The signal used in this experiment
was a sine wave at a frequency of 2100 Hz. The emitted signal was col-
lected in loop B, around 20 m from the signal source, and measured ei-
ther by the nC or the SNMR equipment. The stability of the signal source
wasmonitored at loop Awhich continuouslymeasuredwith the nC. The
Larmor frequency of the SNMR systemwas set to the same frequency as
the noise source. To compare the two systems as directly as possible, a
digital bandpass filter similar to the bandpass filter of the NUMIS Poly
is applied to the nC data: a filter centered at 2100 Hz with a bandwidth
of 150 Hz. The NUMIS Poly system was self-calibrated with the signal
source off; after this itmeasures datawith the signal source set at differ-
ent amplitudes.

The results of the experiment are plotted in Fig. 9. The RMS values of
the SNMR measurements are plotted against the RMS values of the nC
measurements. Together with the data points a reference line, which
indicates the 1:1 correlation, is plotted. It is seen that the data points
are in good agreement with the desired 1:1 correlation.

Based on the results it is now possible to perform nCmeasurements
and predict how the noise conditions will influence a SNMR sounding.
In themethodology section it was shown how spikes and different har-
monic sources can bemodeled and identified. By identifying those noise
sources and subtracting them from the raw signal an estimate of the re-
maining noise is obtained, and from this the stacksize needed to reach
an acceptable noise level can be determined. Eq. (2.7) gives the relation
of stacksize and achieved noise level for uncorrelated data. By filtering
spikes andharmonic noise sources, the remaining signal is not necessar-
ily contaminated with only uncorrelated noise, as other spatially corre-
lated noise sources might be present (Larsen et al., 2013). If this is the
case these can be filtered with a multichannel approach, where transfer
functions between the coils can be calculated by a Wiener filter
(Dalgaard et al., 2012; Müller-Petke and Costabel, 2013). Thus the pre-
diction from the nCof the SNMRaffecting noise sources is a conservative
prediction.
8. Conclusion

An instrument, noiseCollector, for measuring and mapping noise
sources in a SNMR context has been demonstrated and tested in the
field. The nC has proved itself to be an effective tool for noise character-
ization andmapping as it provides an easyway to separate the contribu-
tions from different noise sources. Important noise sources to separate
Fig. 8. Experimental setup. The signal source consists of a function generator, an amplifier and a
the nC. Loop B is connected to either the SNMR system or the nC.
are spikes coming from electrical discharges and electromagnetic radia-
tion from powerlines and other electrical components.

The theoretical distance relations for electromagnetic fields emitted
from electrical fences and powerlines have been discussed in detail. The
electromagnetic fields coming from powerlines and fences were ana-
lyzed with the nC and showed 1/r2 dependencies in agreement with
theoretical relations. A typical noise map obtained with the nC prior to
a SNMR field campaign was demonstrated and clearly showed where
noise sources were located and where the optimal location for a
SNMR soundings was.

Creating noise maps are time consuming, e.g. a map as demonstrat-
ed has 38 point measurements and takes around 9 hours to measure
with the current instrument. A less time consuming method, the com-
bined point measurement method, was suggested and demonstrated
with 4 pointmeasurements, which take around 15 minutes tomeasure.
With the combined point measurement method it is possible to locate
noise sources and with that information the optimum location for
a SNMR measurement is efficiently determined. Furthermore, it has
been shown how the nC can help in predicting the influence of noise
sources in SNMR soundings. By identifying the different noise sources
in the nC data the stacksize can be determined to obtain a specified
acceptable noise level.
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