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Abstract 
Many methodologies have been proposed to improve the signal to noise ratio of the magnetic 
resonance measurements. Nevertheless, in many places MRS remains unrealizable even though it 
would provide valuable contribution. We propose to combine figure-of-eight shape loops with 
multichannel equipment to challenge this issue. 
We propose to use the gradient of the vertical component of the magnetic field measured via a pair of 
small figure-of-eight loops to estimate the noise in a large eight-shape loop of any orientation. We 
demonstrate on synthetic data the efficiency and limitation of this approach. The methodology applied 
on a field dataset allows finding a stable best direction in this case, and underlines a surprising roughly 
common behavior for the harmonics of the industrial current and frequencies in-between where a less 
organized structure was expected. 
This approach proves to be a convenient and efficient way to characterize quickly a site before 
measuring a MRS sounding, to choose the optimal orientation of the MRS loop, and provide an 
estimate of the final noise level that can be expected. 
Key words: MRS, EM noise, eight-shape loops. 

1. Introduction 
In the last decades, magnetic resonance sounding (MRS) has been recognized as a reliable tool for 
groundwater resources exploration and management in the first hundred meters of the subsurface. It is 
the only geophysical method solely sensitive to the presence of the underground water through the 
interaction of an induced magnetic field and the magnetic moments of protons in the water molecules.  
As such, it allows direct determination of free water content and permeability of the aquifers relative 
to depth (Legchenko and Valla, 2002). MRS is nowadays applied in various geological contexts, 
mainly due to ongoing development sustained over the years to wider its field of application 
(Behroozmand, et al., 2015). 
Susceptibility to noise and a poor signal-to-noise (S/N) ratio is still the main limitation of MRS 
measurements. Researchers’ primary goal has always been to diminish its sensitivity to environmental 
and anthropogenic electromagnetic noise since it is often of much greater amplitude than the signal 
induced by the presence of water (e.g. Legchenko, 2007; Walsh, 2008; Larsen, Dalgaard and Auken, 
2014; Müller-Petke and Costabel, 2014). Over the years, two strategies have been instigated to 
improve the signal-to-noise ratio: (i) the increase of the signal amplitude and (Grombacher and 
Knight, 2015; Grunewald, et al., 2016; Lin et al., 2018); (ii) the suppression of the EM noise 
(Trushkin et al., 1994; Legchenko and Valla, 2003; Dalgaard et al., 2012; Costabel and Müller-Petke, 
2014; Larsen et al. 2013; Larsen and Behroozmand, 2016, Kremer et al., 2019). 
In this paper, we concentrate on the mitigation of the noise and see that either hardware and/or 
software methodologies have been implemented, (Larsen and Behroozmand, 2016; Ibrahim et al., 
2018). The main hardware developments are the use of a figure-8 loop to measure the MRS signals 
established early on by Trushkin et al. (1994) and the multichannel instruments (Walsh, 2008). These 
improvements are combined to various processing procedures (Legchenko and Valla, 2003; Dalgaard 
et al., 2012; Costabel and Müller-Petke, 2014; Larsen et al. 2013; Larsen and Behroozmand, 2016). 
Nevertheless, these technics highly depend on the temporal and spatial variation of the surrounding 
noise, as well as the number of the sources and, even when the noise mitigation is considered 
effective, the signal-to-noise ratio in MRS measurements remains low (Grunewald et al., 2016). 
  
One way to better take into consideration the complexity of the noise is through noise mapping. 
Locating the noise sources allows the optimization of the MRS layout, and so, achieve higher S/N 
ratios. To this goal, Dalgaard et al. (2014) presented a multichannel noise collector instrument (nC) to 
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analyze, prior to MRS measurements, the spatial and temporal variations of the noise and obtain a 
comprehensive noise map. However, these measurements are not synchronous with the MRS 
campaign and as said before the noise can vary considerably over time especially if we consider that a 
single sounding can lasts several hours and cover day and night times. This is especially true for the 
noise originating from the harmonics due to the electric powerlines, which is dependent to human 
activities. In this case, the main sources can vary with time and the optimized MRS placement will 
vary with it. When using the figure-8 loops soundings (Trushkin et al., 1994), loop axis has to be 
parallel to the main powerline to maximize the noise reduction. It is noteworthy that in peri-urban 
environment, when the noise is expected to be high, the figure-8 loop is often the only available 
possibility to avoid saturating the instrument. Yet, the estimation of the best direction in the vicinity of 
a network of powerlines is not easy. 
In this paper, we seek to respond to this issue with the use of figure-8 loops and the multichannel MRS 
instrumentation. We introduce two remote smaller figure-8 loop placed perpendicularly to each other 
to record the noise. We show that it allows an estimation in advance of the optimum placement for the 
MRS sounding. A first part covers the basics of MRS measurement and the state-of-the art of noise 
removal strategies. A second part develops the equations of powerline recording using a pair of figure-
8 loops. Part 3 presents some synthetic case studies. Then a fourth part confronts the approach to the 
field conditions in a dedicated case study. 

2. Basics of MRS and noise removal 
Magnetic resonance phenomenon is based on the perturbation of the nuclear magnetic spins, i.e. 
magnetic moments, of hydrogen nuclei (protons) in groundwater. At any given time, the proton 

magnetic moments are naturally aligned to the local earth’s magnetic field    and precess around it at 
an angular frequency called Larmor frequency,                , dependent on the amplitude 

of the geomagnetic field    and the gyromagnetic ratio . On Earth, given the geographic location of 
the study area, the Larmor frequency varies between 800 and 2,800 Hz (Legchenko and Valla, 2002). 

This alignment generates an equilibrium magnetization of the groundwater   , the magnitude of 
which is proportional to the number of protons in liquid water but usually too small to be measured 
directly (Müller-Petke et al., 2013). 

To measure the MRS signal, a magnetic field   ( ) is produced by way of energizing a surface 
transmitter loop with a pulse of alternative-current  ( )       (  ) at the frequency      to 
create resonance condition. This second magnetic field tilts    depending on the pulse moment   
   , with    and   being the amplitude and duration of the pulse respectively. After shutting down the 
pulse current, the magnetic moments return back gradually to align with earth’s magnetic field again. 
This relaxation process induces a magnetic field large enough to generate a perceptible alternative 

voltage  ( )  in a surface receiver loop:  

 ( )     
 
 
  
  
   (              ) (1) 

The relaxation signal  ( ) decreases exponentially with time   (called Free Induction Decay, or FID 
signal) and oscillate at the Larmor frequency. It is characterized by an initial amplitude    related to 
the amount of free water in the soil and the decay time constant   

  that describes how quickly the 
magnetization returns to the original alignment and is linked to the distribution of pore sizes in the soil 

containing the water. A phase shift          generally occurs if the ground is conductive (Legchenko 
et al., 2008) or if the exciting frequency is not exactly at the Larmor frequency. Quantitative 
information on the spatial distribution of the water content is then obtained by a kernel-based 

inversion process of    and   
  data for a given acquisition parameters set: size and shape of the loop, 

pulse intensity, geomagnetic field, etc…, (Legchenko, 2013). 
In practice, a single sounding is composed of series of energizing pulses of increasing amplitude 
values that excite deeper hydrogen nuclei. The depth of investigation depends on the electrical 
conductivity of the subsurface and the loop size. The loop (or loops) is usually a square or figure-8 
square loop with sides between 20 and 150 m which commonly allows a depth of investigation 
between 30 to 100 m (Behroozmand et al., 2015). We note that, in general, the same loop is used for 
transmission and reception. However, the two loops can be separated while remaining close enough to 
one another to maintain sensitivity (Hertrich et al., 2005) which allows detailed 2D and 3D images 
(e.g. Jiang et al., 2015). 
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The MRS response from groundwater is usually of a few    to a hundreds   , which makes it far 
smaller than the ambient electromagnetic noise resulting in potential misinterpretation of 
hydrogeological parameters. It is therefore of paramount importance to develop measurements and 
digital filtering protocols to reduce the influence of this noise in the recorded signal. 
MRS measurements are contaminated by three different noise sources in constant evolution over time 

  (Dalgaard et al., 2014). First, the electrical discharges, known as spikes   ( ), induce short impulses 
that originate from both natural and artificial sources (e.g. lightning/thunderstorms, electrical fences, 

generators). Second, the harmonic noise commonly attributed to powerlines harmonics  ( ) and 
finally the random and generally Gaussian distributed white noise  ( ), i.e. the ambient noise: 

 ( )     ( )    ( )   ( )   ( ) (2) 

Records affected by spikes-like noises can be rejected either during the measurement using an 
amplitude threshold, but it results in longer acquisition duration, or could be treated later through 
signal processing. Many despiking strategies include detection and rejection through a chosen 
threshold. Either in the time domain (Legchenko, 2007; Dalgaard et al., 2012) or wavelet-domain 
(Costabel and Müller-Petke, 2014). Other procedures explore rejection through statistical stacking 
(Jiang et al., 2011) and subtraction-based approach (Larsen, 2016) with various success. Since 
impulsive noises are of high-amplitude and wide bandwidth, their removal prior to harmonic noise 
cancellation is essential (Dalgaard et al., 2012; Costabel and Müller-Petke, 2014; Hein et al., 2017). It 
has also to be taken into account that the shape of the spike will vary according to its origin and the 
filters of the recording device (Larsen, 2016). 
The powerlines harmonics are almost sinusoids whose frequencies are integer multiples of the 
fundamental frequency, generally 50 or 60 Hz depending on the country power grid (Legchenko and 
Valla, 2003). Their amplitude is often much stronger than natural noise, which can be a problem when 
the Larmor frequency is close to one of these harmonics (Dalgaard et al., 2014). Many software 
procedures have been implemented to remove or diminish their effect either in time or frequency 
domain. The Notch filter has proven to be efficient when the frequency difference between the 
harmonic and the Larmor frequency is at least of 4 Hz at the risk, otherwise, to distort the MRS signal 
(Legchenko and Valla, 2003). It is important to note that it is generally based on predetermined 
frequency component without regards for the instability over time of the fundamental frequency. 
However, it is well known that the powerline induced signals constantly fluctuate in amplitude, phase 
and frequency according to changes in supply and demands (Legchenko and Valla, 2003; Larsen et al., 
2013; Girard et al., 2015, Kremer et al., 2019). This issue is addressed partially in the adaptive notch 
filter (Jiang et al., 2011) and the model-based approach (Larsen et al., 2013) even though they assume 
constant noise structure over the duration of one record (less than a few seconds). These methods can 
also be combined with multichannel filtering made available by the hardware development of new 
multichannel MRS equipment (Radic, 2006; Walsh, 2008; Dlugosch et al., 2011). This development 
marks a new era regarding noise reduction using remote reference loops in the area of investigation to 
filter the noise recorded in the recording loop. Since, different processing algorithms have been 
developed using multichannel MRS signals (Dalgaard et al., 2012; Müller-Petke and Costabel, 2014). 
The efficiency of the multichannel filtering techniques is generally limited in multisource environment 
(Larsen et al., 2013; Larsen, 2016) and by the timing jitter between channels in the recording 
instruments (Dalgaard et al., 2012; Larsen and Behroozmand, 2016), although the last is said to have 
limited effect (Walsh, 2008). 
The ambient noise is characterized as uncorrelated, broadband and Gaussian distributed white noise 
and may represent the majority of the noise energy (Legchenko, 2007). It is commonly reduced by 
repeated measurements and stacking methods (Legchenko and Valla, 2002; Dalgaard and Auken, 
2016; Larsen and Behroozmand, 2016; Hein et al., 2017). In practice, it is a slow, even though 
efficient, process where the noise is suppressed by averaging all the signal records for a given pulse 

moment with a decrease in   √  where N is the number of records in a stack (Legchenko, 2007; 
Grunewald et al., 2016). Stacking has also proven to reduce harmonic noise based on the fact that the 
phases of said noise change randomly with every single record (Legchenko and Valla, 2003; Strehl, 
2006; Ghanati et al., 2016). 
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The remaining noise (e.g. broadband ambient noise, harmonic components unrelated to powerline and 
instruments noise) can also be mitigated with a low-pass filter and/or pass-band filter (centered at the 
Larmor frequency) (Legchenko and Valla, 2002). 
Finally, other software approaches to reduce signal-to-noise include new complex filtering strategies 
based on statistical processes and spectrum analyses (Chen et al., 2016; Ghanati et al., 2016; Hein et 
al., 2017; Ibrahim et al., 2018). 
When considering the hardware based noise mitigation method, early on, Trushkin et al. (1994) 
introduced the use of a figure-8 loop instead of the usually square or circle loop, when the noise level 
is particularly high and cause instrumental saturation. In this configuration, the noise is recorded in 
both parts of the eight-shaped loop with opposite polarity. If the noise field is homogeneous across the 
loop surface, the noise from the first loop is compensated by the noise in the second loop. At the 
contrary, since the current circulates in opposite direction in both loop, the MRS signal is added. The 
orientation of the loop axis is optimized to minimize the noise induced voltage and often ends up 
parallel to the closest powerline (Liebich et al., 1994; Trushkin et al., 1994; Plata and Rubio, 2002; 
Chalikakis et al., 2008). The main drawback is loss of depth of investigation compared to square or 
circular loops (Legchenko, 2005) and its efficiency depends on the homogeneity of the 
electromagnetic noise as well as the number of noise sources (Walsh, 2008). Other researchers have 
pointed out that the interpretation of the MRS data recorded with a figure-8 loop can be problematic as 
the magnetic field excitation is not fully understood and that the sensitivity function is more 
complicated (Dlugosch et al., 2011; Dalgaard et al., 2014). Nevertheless, its ease of implantation make 
it one of the most used design. 
More recently, other hardware have been introduced with promising efficiency (Díaz-Curiel et al., 
2011; Davis et al., 2014; Behroozmand et al., 2016) and measurements of the three components of the 
magnetic field instead of only the vertical component have been explored (Radic, 2006, 2009; 
Costabel and Müller-Petke, 2014; Müller-Petke and Costabel, 2014; Girard et al., 2015; Kass et al., 
2017; Costabel, 2019).  
Hence, much research led to hardware and software development and the processing sequences are 
often combined in a workflow to successfully to enhance the signal-to-noise ratio (Behroozmand et 
al., 2015; Dalgaard and Auken, 2016; Ghanati et al., 2016; Müller-Petke et al., 2016; Hein et al., 
2017, Liu et al. 2018, 2019).  

3. Powerline recording using figure-8 loops 
In order to improve harmonic noise mitigation, it is necessary to better apprehend magnetic fields 
produced by powerlines and in turn analyze the magnetic flux and the electromotive force (emf) 
induced through a conductive loop located in the vicinity. 
For sake of simplicity, we consider powerlines as infinite long straight wireline that are traversed by 

an alternating current  ( )   ∑      
 
   (      ) composed of harmonics of a fundamental 

frequency (50 Hz in France) with an angular frequency        . The fundamental frequency shows 
variations on the range of a few tens of mHz (Liu et al., 2018; Costabel, 2019, Kremer et al., 2019) 
which corresponds to a variation of a few Hz when regarding the higher harmonics in the MRS range. 
Note that generally all powerlines on the same grid have the same instantaneous frequency but various 
phases and amplitudes, and thus can hardly be distinguished from one another. We place ourselves in a 
context where powerlines are close enough to MRS loop to be considered as infinite and then the 
strength of the vertical component of the generated magnetic field decreases as 1/r where r is the 
distance from the powerline (Sternberg, 2010; Yang et al., 2013; Dalgaard et al., 2014). Using the 

Biot–Savart formula, the vertical component of a magnetic field    generated by an infinite wire 
conductor laid on an infinitely resistive ground is as follow: 

    
   ( )

   
 

 
 (3) 

with   (m) being the distance of the measurement point perpendicularly to the powerline and    the 

magnetic permeability (        T.m/A). The polarization ( ) of the magnetic field refers to the sign 

of the current   (A) and the position of the measure point according to the powerline. 
Following Faraday’s law, the flux of      through a loop of surface S induces an emf   (in V) equal 
to: 
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 (4) 

 Considering S, the surface of the recording loop, then the flux is: 

   ∬   ⃗⃗⃗⃗    ⃗⃗⃗⃗  
 

  (5) 

 
Combining equation (3), (4) and (5), we obtain the theoretical emf in a closed circuit due to a 
powerline: 

  ( )
  
  

 

  
 ( )∯

 

  
    (6) 

 

Therefore, knowing the term ∯
 

     , we can calculate the emf in a MRS loop, depending on its 

distance to the powerline. 

If we assumed that the vertical component of the magnetic field    is constant over the surface of the 
loop (or linearly varying, see annex for details), it allows us to approximate at the second order the 
flux as: 

∯
 

  
    

 

 
 (7) 

 
where   is the distance to the center of the loop. Then, the emf is expressed as: 

  ( )
  
  

 

 

 

  
 ( ) (8) 

 
Figure 1a compares the emf over distance (r) from the center of the loop to the powerline obtained 
with equation (6) and (8), referred in Figure 1a as “exact” and “approximated” emf (respectively) for 
square loops of different sizes (where L is the loop side of 20 m, 40 m and 75 m). The square has one 
side parallel to a powerline with a current flowing through of I0=1 mA (I>0 along  ⃗ ) at 2050 Hz (see 
annex 1 for comments on the intensity value), i.e.  ( )       (          ). The difference of 
amplitude between the two is reduced as the distance increases and the size of the loop diminishes. 
Figure 1b represents the calculated relative error between the two calculations for a distance 
normalized by the loop size (r/L). The three curves coincide, and we can see that, when the distance 
between the closest side of the loop and the powerline is equal to one time the size of the loop (r/L 
>1.5), the ratio is always below 5%. It reduces below 1% for a distance equal to three times the size of 
the loop.  
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Figure 1. a) electromotive force (emf) at the terminals of the square loop using an exact integration (-) 
versus the approximation using the value at the center of the loop (-.-) and b) the relative error between 
the two responses as a percentage error for square loop of sizes 20m (.), 40m (*) and 75m (o).  

When considering a figure-8 loop (see Figure 2), the emf   is the sum of the two emf   and    of the 
two square loops centered in    and    with surfaces    and   , which compose the figure-8 loop: 

         
 

  
[∯  ⃗⃗ 

  

   ⃗⃗⃗⃗  ⃗  ∯  ⃗⃗ 
  

   ⃗⃗⃗⃗  ⃗] (9) 

   
 

  
[        

          
 ]   

 

  
[  

    
 ]       (10) 

 

with the polarity convention                 (      ) and the two square loops of the same 
size:         the emf is proportional to the time derivative of the gradient of the vertical 

component of the magnetic field 
 

  
    along the figure-8 loop axis, at the center of the loop:   

  

  
     ⃗⃗⃗⃗⃗⃗  ⃗      ⃗⃗⃗⃗⃗⃗ ⃗⃗  ⃗. 

 
Figure 2. geometry of a figure-8 loop consisting of two square loops of side length   (and surface  ) 
centered in    and    at distance   and    respectively from a nearby straight powerline defined by a 
point   and a vector  ⃗  (  ⃗⃗ ⃗⃗  being perpendicular to the powerline). The axis of the figure-8 loop is 

defined by vector    and the angle with the powerline direction  ⃗  is called  . Point   is the center of 
the figure-8 (and common point between the two square loops) at distance   from the powerline. The 

convention of sign is such that here the flux of the powerline field  ⃗  is accounted positively in the 
square loop n°1 (the northern) and negatively in the square loop n°2 
Considering the scheme in Figure 2, one can write the emf in terms of the gradient of the vertical 
component of the magnetic field: 

  
Considering approximation in equation (7) and (8), and if the powerline does not cross the figure-8 

loop (i.e.,  ,   ,    are on the same side of the powerline), the figure-8 loop response estimated from 
the difference of emf is (see annex 2 for some details on the approximation): 

       
  

   

  

  
    (  ⃗⃗⃗⃗⃗⃗     ⃗⃗ ⃗⃗ )      [ 

 

  
  

 

  
]  (12) 

 

        ⃗⃗ (
   

  
)      ⃗⃗⃗⃗⃗⃗ ⃗⃗  ⃗        (11) 
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Figure 3 compares the emf over distance obtained with equation (11) and (12) for a figure-8 loop 
consisting of two square of 40 m sides located at 80, 100 and 120 m from a powerline in which flows a 
current of 1 mA at 2050 Hz. As expected, when the axis of the figure-8 loop is parallel to the 
powerline, the response vanishes. At distance d = 80 m, in the worst case (i.e. angle of the axis equal 
to 90°) the closest square loop is located 56 m from the powerline and 112 m for the farthest. From 
curves in Figure 1a, their emf are 80 and 38 μV respectively, explaining the 42 μV value in Figure 3a. 
Therefore, even if the figure-8 loop has a bad orientation, the noise is lower than in a square loop of 
same size and the noise level in the figure-8 is close to the quieter square loop. 
The amplitude of emf decreases with distance to the powerline. Farther, the orientation of the figure-8 
loop has a less drastic influence even if it remains sensitive. Figure 3a reports a small amplitude 
difference between the two approximations to calculate the emf. The difference rises for angle close to 
90° and when closer to the powerline (see Figure 3b, maximum difference is 13% at 80 m and 5.5% at 
120 m). Not surprisingly, the analogy between the figure-8 emf and the “gradient of the noise” is 
weaker when the gradient is strong. Practically, we expect that the use of a pair of small figure-8 
loops, as described below, to estimate the noise in the targeted large MRS figure-8 loop will be less 
efficient in these cases.  

 
Figure 3. a) emf voltage of the figure-8 loop using the square loops emf difference approximation (-) 
versus the gradient approximation (--) for three fixed distances 80 m, 100 m and 120 m and varying 
angle between the figure-8 loop axis and the powerline and b) relative error between the two 
approximations. 
Our first example considers only one powerline and one can use a figure-8 square loop with the axis 
parallel to this powerline to obtain the best noise reduction. However, the noise structure can be more 
complicated when considering multiple sources of noise (powerlines, pumpings, electric engines, etc.) 
reducing the chances to find an optimal direction. We propose to use the gradient of the vertical 
component of the magnetic field as a rather good estimator of the noise in a figure-8 loop. Following 
equation (11) and the geometry depicted in Figure 2, for a figure-8 loop with square sides L, and Ntr 

turns of wires, , noticing     ⃗⃗⃗⃗⃗⃗ ⃗⃗  ⃗  √     with    being the unitary vector along the figure-8 loop axis, 
then: 

     √       ⃗⃗ (
   

  
)              (13) 

Practically, we propose to measure the gradient of the noise by measuring two orthogonal components 
by way of two perpendicular small figure-8 loops along arbitrary directions x and y, as depicted in 
Figure 4. It allows us to estimate the EM response of a virtual figure-8 loop in every direction: 

 ⃗⃗ (
   
  
)  ( ⃗⃗ (

   
  
)   ⃗⃗⃗⃗ )  ⃗⃗⃗⃗  ( ⃗⃗ (

   
  
)   ⃗⃗⃗⃗  )  ⃗⃗⃗⃗    

 ⃗⃗ (
   
  
)  ( 

  

√   
     

     )  ⃗⃗⃗⃗  ( 
  

√   
     

     )  ⃗⃗⃗⃗   
(14) 
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One should note that the “x” and “y” figure-8 loops could be of different sizes, number of turns and 
not orthogonal. Thanks to the linearity of EM fields addition, equation 14 can be applied whatever the 
number (and nature) of magnetic noise sources.  
The optimal direction for the eight-shape loop will then be indicated by the direction orthogonal to 

 ⃗⃗ (
   

  
). If “x” and “y” are perpendicular, for instance northward and eastward respectively, then this 

best angle is obtained as:  

           (
 ⃗⃗ (
   
  
)     ⃗⃗⃗⃗ 

 ⃗⃗ (
   
  
)     ⃗⃗⃗⃗  

) 

 

(15) 

As a convention, we consider the polarity in the loops as positive clockwise in the northern square 
loop (respectively eastern loop). The best angle       is referred to the north, accounted positive 
eastward.  

4. Synthetic cases study 
For the sake of illustration that the optimal direction may be tricky to estimate even in a priori simple 
situations, we consider only ideal infinite straight powerlines over purely resistive environment (cf. Bz 
from equation 3) to simulate few synthetic cases. The emf in the figure-8 loop is the sum of the 
contributions of all powerlines (NTX):  
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The synthetic case studies will consider different layout involving a targeted figure-8 loop (namely RX 
n°1, consisting of two square loops of 40 m sides) with an axis direction of N45°, in the vicinity of 
two powerlines. Each powerline generates its own electromagnetic field depending on the power 
supply and demands on each line (amplitude, frequency and phase of current). The synthetic time 
series have a 240 ms duration using a 18 kHz sampling frequency. 
Calculation of the noise gradient, by mean of two small orthogonal figure-8 loops RX n°2 and RX n°3, 
(consisting of two square of 5 m sides with axis directions of N0° and N90° respectively), will allow 
to estimate the best and worst direction for the figure-8 loop (from equation 15). 
The first layout consists in placing the figure-8 loops in between two parallel powerlines of direction 
N30° (Figure 4a). For all different cases described in Table 1, the best direction would be N30°.  
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Figure 4. a) layout of the three figure-8 loops in-between two parallel powerlines oriented N30° (case 
n°5). b) zoom in the recorded signal in the RX loops, due to powerline TX n°1 (red), n°2 (green), the 
total contribution (black) and its estimate in RX n°1 combining signals in RX n°2 and 3 (blue). c) 
estimation of the RX n°1 signal amplitude along the best and worst direction (30° and 120° 
respectively) obtained from the standard deviation of the RX n°1 signal vs orientation (blue curve) 
estimated via the pair of small figure-8 loops RX n°2 and n°3 (red asterisks indicates min and max).  
Table 1. Layout and various current parameters for the two parallel powerlines 

 Powerline TX n°1 Powerline TX n°2 Best 

angle (°) 
 Direction 

Current 

(mA) 

Frequency 

(Hz) 

Phase 

(°) 
Direction 

Current 

(mA) 

Frequency 

(Hz) 

Phase 

(°) 

case 1 N30° 1 2050 0 N30° 1 2050 0 30 

case 2 N30° 1 2050 0 N30° 2 2050 0 30 

case 3 N30° 1 2050 0 N30° 1 2053 0 30 

case 4 N30° 1 2050 0 N30° 1 2050 45 30 

case 5 N30° 1 2050 0 N30° 2 2053 45 30 

 
The frequency difference generates a modulation of amplitude, which is clearly different on each RX 
loop. Using the gradient approximation, one can estimate precisely RX n°1 from RX n°2 and 3 (Figure 
4b, black versus blue signal). It allows to test the response for any orientation, providing the best and 
worst orientation (respectively 30° and 120°). The noise amplitude variation with the loop orientation 
is displayed Figure 4c – bottom, through the standard deviation indicator. 
We observed a small and constant ratio between the estimation of RX n°1 from RX n°2 & 3 and the 
directly computed RX n°1 signal. We estimate a constant correction coefficient (to be applied in eq. 
13) based on the ratio of the standard deviation between RX n°3 (directly computed) and the result of 
eq. 13 and 14. The fit between the “directly computed” and the “gradient approximation” is illustrated 
in the zoom interval (0-2.5 ms) in Figure 4b.  
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Figure 5. a) layout of the three figure-8 loops 150 m away from two crossing powerlines (case n°10), 
and RX n°2 & 3 not centered on RX n°1. b) the recorded signal in the RX loops due to powerline TX 
n°1 (red), n°2 (green) and the total contribution (black) and noise estimation in RX n°1 (blue), some 
zoom underline the various interferences. c) estimation of the RX n°1 signal amplitude along the best 
and worst direction (1.3° and 91.3° respectively) obtained from the standard deviation of the RX n°1 
signal vs orientation (blue curve) estimated via the pair of small figure-8 loops RX n°2 and n°3 (red 
asterisks indicates min and max).  
The second layout (depicted in Figure 5a) consists in placing the figure-8 loops 150 m away from two 
powerlines of different directions (respectively -10° and +10°), with a symmetry ensuring a best angle 
of 0° for case 6 (listed in table 2). To highlight the interferences of the powerlines in the recorded 
signals several zoom are included in Figure 5b (using a magnifier glass tool modified after 
Zhivomirov, 2020). Despite the strong modulations due to the powerlines geometries and current 
specificities, the gradient approximation allows to estimate the signal in RX n°1 from RX n°2 and 3. If 
these later loops where centered on RX n°1 (as in figure 4), the estimation would be better and the best 
angle estimated exactly. We choose to display here a practical case, i.e. not centered, and show that the 
exact best angle is not obtain with the same accuracy (1.3° instead of 0° in this case), but it provides a 
useful estimate. One may notice that the use of high resistance receivers instead of low impedance 
ones (as widely used in the field), the pair of figure-8 loops could be set centered.  
Table 2. Second layout and various current parameters for the two crossing powerlines 

 Powerline TX n°1 Powerline TX n°2 
Best 

angle (°)  Direction 
Current 

(mA) 

Frequency 

(Hz) 

Phase 

(°) 
Direction 

Current 

(mA) 

Frequency 

(Hz) 

Phase 

(°) 

case 6 N +10° 1 2050 0 N -10° 1 2050 0 0 

case 7 N +10° 1 2050 0 N -10° 2 2050 0 -3.5 

case 8 N +10° 1 2050 0 N -10° 1 2053 0 “0” 

case 9 N +10° 1 2050 0 N -10° 1 2050 45 “0” 

case 10 N +10° 1 2050 0 N -10° 1 2053 45 “0” 

a) 

c) b) 
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Among the case studies listed in table 2, case 6 and 7 have a unique and constant best direction, like 
all cases listed in table 1. The best directions indicated in Table 2 are calculated with a centered pair of 
figure-8 loops. However, when the powerlines have different frequencies or dephasing (cases 8 to 10 
for instance) interferences between their signals in the RX loops vary with time and the best angle is 
always changing. We highlight this time dependence through histogram of the best angle during a 
240 ms (i.e. 4320 samples using 18 kHz sampling frequency) record for case 8 (Figure 6a) where a 3 
Hz frequency offset between the powerlines gives an average best angle around 0°. More commonly, 
close powerlines are part of the same distribution network and have the same regulated instantaneous 
frequency. Yet, their intensity and phase are linked to consumption on each line, which could be 
completely different. Case 9 illustrates a constant phase offset between the two powerlines and a best 
angle is largely dominating (see Figure 6b). Case 10 combines frequency and phase offsets which 
shows a best angle estimation of 0° if the gradient is estimated at the center of RX n°1 (Figure 6c ) and 
of 1.3° in the non-centered case (Figure 5 & 6d respectively).  

a) Case 8    b) Case 9 

 
c) Case 10 centered  d) Case 10 (RX 2 & 3 not centered on RX 1) 

 
Figure 6. histogram of the best direction estimated at each time sample (frequency sampling 18 kHz) 
during 240 ms using a centered pair of small figure-8 loops (a,b,c) or not (d).  
The synthetic study has shown that interferences of signals due to powerlines with various phases and 
frequencies will generate a best direction for the figure-8 loop varying with time. Nevertheless, a 
stable best direction exists in most cases, encouraging the use of such noise characterization in the 
field before installing the MRS loop. 

5. Field study 
Whatever the number of powerlines, their locations and characteristics, the previous synthetic study 
suggests that a stable best and worst direction always exist. The issue is to find it before performing a 
MRS survey. A field study was conducted with various configurations close to the city of Strasbourg 
(France). The environment is a plain with a dense powerlines network (with high and low voltages), 
several small cities in the surrounding 3 kilometers, with mainly agricultural land use. 
Measurements were performed with a multi-channel MRS system (Numis

poly
). As noise is always 

changing, to obtain clear conclusion, it is necessary to perform simultaneous measurements. We used 
3 channels, each connected to a figure-8 loop. RX n°2 and 3 are connected to 2 perpendicular small 
figure-8 loops, 5m side two turns, oriented North-South and East-West respectively. The channel RX 
n°1 is used to measure the noise in a larger figure-8 loop of size suitable for MRS, two square loops of 
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20 m side 1 turn (see Figure 7). As the used system works with low impedance and tuned antennas, the 
distance between cables of the loops must not be too close and their orientation was kept away from 
parallel to minimize coupling in-between and avoid cross-talk. The pulse frequency 2025 Hz was 
chosen (close to the local Larmor frequency). 
To be able to use a figure-8 loop as a measurement of one component of the gradient of the noise in 
this direction, one need to respect a polarity convention of the square loops to know this direction. 
They are connected such as polarity is the same in the north square loop of RX n°2, in the east square 
loop of RX n°3 and in the north-east square of RX n°1 to respect the convention used in the previous 
synthetic study. It is equivalent to give a polarity to the figure-8 loop axis, which is easily understood 
when one considers that it is a proxy of a gradient measurement along its direction. Four sets of 
measurement were performed changing the direction of RX n°1, from N-45° to N+90°.  

 
Figure 7. layout with three figure-8 loops in the test field 
Following equation 15, the best orientation was calculated at each time sample of 100 records 
(commonly called stacks) of 240 ms length sampled at 19.2 kHz. A band-pass filter +/- 200 Hz 
centered on 2025 Hz was applied. The distribution of the best orientation during the ~10 minutes 
recording is depicted as a histogram from N-90° to N+90° (Figure 8a) and shows a narrow Gaussian 
distribution with a median direction N-43°. The efficiency of the orientation filtering is symmetrical, 
as a best direction of N137 ° would give the same result. Using this symmetry, we depict the best 
orientation distribution as a polar histogram in Figure 8b (the color change indicates the symmetry 
used). Statistics are based here on more than 400.000 time samples. 

 
Figure 8. histogram of best direction over time: estimated at each time sample of 100 records 
(sampling frequency 19.2 kHz, duration 240 ms each) 
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Based on this analysis, we selected one record (n°101) and calculate the virtual response in time which 
would have been recorded for the best (N-43.1°) and worst (N+46.9°) directions. As depicted in 
Figure 9a, the standard deviation is lower all along the record for the best direction. We evaluated the 
effect of the figure-8 loop azimuth for all orientations, repeated for all stacks and then derive the 
standard deviation of each records. The standard deviation and median value of the standard deviation 
for each orientation is depicted in Figure 9b. The best and worst angles are visible on both the median 
value and dispersion of the noise amplitude. The average standard deviation is reduced from 1100 nV 
to 160 nV in this case and the dispersion is reduced of a factor 7. 

 
Figure 9. a) times series calculated for the worst (+46.9°) and best orientation (-43.1°). b) evolution of 
the standard deviation calculated among 100 records for any orientation (from 0° to 360 °). 
One can wonder if the best direction is dependent on the frequency. Fourier spectrum was calculated 
for each record. The best direction is then calculated applying eq. 15 on the real part of the Fourier 
coefficients for each frequency. Due to the short records duration (240 ms), the frequency bin is 4.2 
Hz. This behavior of the best orientation with frequency is displayed in Figure 10. One should note 
that the number of samples is here the number of stacks (i.e. 100) which far less than in the time 
domain analysis presented in Figure 8 with the same dataset.  
If we focus on the frequency 2025 Hz (close to the Larmor frequency and 25 Hz from the closest 
powerline harmonic), the histogram is almost flat and the median of the best orientation is N-42° 
(Figure 10a and b). When looking at the closest harmonics, the histogram shows a narrow maximum 
with median best direction of N-43° for 2050 Hz (Figure 10d and e). Observation is similar for the 
other harmonics as it is displayed in polar plot for frequency 2000 Hz and 2100 Hz (Figure 10c and f) 
with best angles of N-35° and N-49° respectively. As expected, the powerlines harmonics present a 

clear directivity, here with a single best direction N-42°  10°. As the powerlines are the major source 
of noise here, it is coherent to find the same direction estimated broadband in the time domain. More 
surprising we observe that the residual noise outside the harmonics shows a weak but similar best 
direction. This is perhaps site-dependent, but we could propose two explanations. In the frequency 
domain analysis, using the simple Fourier transform some frequency leakage exists and could explain 
part of the observation. Another explanation would be that the powerlines large metallic infrastructure 
channelize the electric noise and make it directional. 
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Figure 10. best orientation and frequency: histograms of the best orientation calculated for a selection 
of frequencies, using 100 records. Note that polar diagrams (right part) are another display of the 
histograms (left), especially for frequencies 2025 Hz and 2050 Hz where the same data are presented 
with the two displays. 
A last test was performed to evaluate the best orientation effect of the measurements. The orientation 
of the large figure-8 loop RX n°1 was changed during four successive recordings, N-45° and N+45° 
(close to the best and worst estimated orientation respectively), and N0° and N90° which are 
intermediary directions. Results are presented in Figure 11. 
For each stack, signal recorded in RX n°1 is also estimated from RX n°2 and 3 recordings using the 
gradient approximation (with eq. 14). Then the standard deviation is calculated from these 240 ms 
signals and compared in-between in Figure 11 (in red and blue respectively). For each case, the 
standard deviation of a virtual recording along N-43° is also estimated (in green). First, one should 
note that the noise amplitude varies during and in-between the experiments (which is in the nature of 
true noise). Secondly, the standard deviation of the gradient based approximation behaves like the 
recorded RX n°1, which was expected. Last and more significant, along the best direction (N-43°), the 
standard deviation estimated is decreased with a factor 6 if compared to the worst direction (NE), with 
a factor 1.4 and 2 compared to the EW and NS direction, and almost similar to the N-45°. Last, the 
dispersion of the standard deviation is also clearly reduced along the best direction in a similar 
proportion. Jo
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Figure 11. in-situ validation of figure-8 orientation efficiency: the two small figure-8 loops are fixed 
NS and EW, but the large 20x20m figure-8 loop RX n°1 is rotated from NW (a) to EW (d) with a 45° 
step. The measured noise (blue) is compared with the gradient estimation (red) and the theoretical 
response in the best direction (green) 

To illustrate that the gain in standard deviation along each single records is also obtained in the final 

stack signal, we compare in Figure 12 the stack of 100 records for the measuring loop RX n°1 oriented 

NE (along the worst direction) with the stacked approximation for this loop through gradient approach 

using the two small figure-8 loops (NS and EW). This illustrates that the reconstructed noise is a good 

estimator. It is also depicted what would have been obtained for a measurement along the best 

direction (-43°). The gain of the standard deviation is similar to the average gain obtained at each 

records (see Figure 11b). If we draw the same results when the measuring MRS loop is oriented NW, 
no gain is obtained (Figure 11a).  
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Figure 12. stack of 100 records for the measuring loop (blue) oriented NE along the worst direction, 

approximation in this loop through gradient approach (red) and result that would have been obtained 
along the best direction (cyan) 

Discussion 
Some other tests were performed in-situ. For instance, changing the direction of the two perpendicular 
small figure-8 loops does not change the estimated best direction. The layout being easy to handle, it 
proves to be a fast and efficient way to evaluate the spatio-temporal behavior of the noise before 
installing a large MRS loop. This information is also helpful to install non figure-8 loops with 
reference loops as it provides insight where to install references loops in various noise conditions. For 
instance, two references loops (square or circular loops) aligned along the “best figure-8 direction” are 
expected to have the same response: we would suggest installing them perpendicularly to this direction 
to improve the chance that they provide independent information. 
In our synthetic study, we show that figure of eight loops always provide a better signal to noise ratio 
than square loops whatever the orientation chosen. It is particularly interesting when the noise level 
varies strongly and can saturate the recording device. In particular, as the figure-8 loop reduces the 
amplitude of noise before digitalization of signals, it is useful when some numerous spikes (high 
amplitude short duration perturbations) happen. 
Practically, as noise is always changing within a few tens of milliseconds, the noise reduction is never 
100% and observed improvement when using figure-8 loops in signal to noise ratio is in the range of 2 
to 10 as reported in Bernard (2007). This improvement compared to square loops is obtained at the 
recording step, and can be combined with various cascade filtering strategies. The whole processing 
can be applied to a subset of 100 stacks for instance, performed as pure noise records without pulse 
emitted and no delay between repeated measurements (no need to wait for the protons spins to come 
back to equilibrium). Within less than 10 minutes of records, one can evaluate in advance MRS 
sounding quality and duration of MRS measurement (i.e. the number of stacks). 
On synthetic data and with real data, a calibration coefficient has been used to improve the amplitude 
estimation in the large loop from the pair of small figure-8 loops using eq. 13 and 14. Practically, the 
gradient approximation of the noise in the recording loop calculated from RX n°2 and 3 (red curves in 
Figure 11) is normalized to fit the real noise amplitude measured in loop n°1 (blue curves in Figure 
11). This coefficient is constant and may depend on the site conditions (distance to the powerlines). 
This point has no consequences in finding the best orientation and filtering strategy but is needed for a 
more precise evaluation of noise amplitude. 
Using a multi-channel equipment would suggest to use the pair of small figure-8 loops as a reference 
signal to filter the large loop. At this stage of experiment, direct subtraction of gradient based 
estimation is no more efficient than remote filtering using transfer function in the frequency domain. 
Interestingly, people who attempted to filter figure-8 large loops with small square or circular loops 
have experienced a weak improvement. We observed on field data that filtering a large figure-8 loop 
by a small figure-8 loop is more efficient than using a simple loop, which could be combined with the 
use of an optimal direction. But, as always with reference filtering, the coherency between reference 
and measuring loop is decreasing with distance, and one should deal with the paradox not to be too 
close and record MRS signal in the reference loop. Additional testing in various field conditions are to 
be done and the link with reference filtering opens several strategies to be investigated in future work.  

Conclusions 
Figure-of-eight shape loops are used for long time as they practically proved to be efficient in noisy 
environment despite a reduced investigation depth compared to a square loop with the same length of 
cable. They are particularly interesting as the noise reduction is obtain before digitalizing and it could 
be added to many other filtering strategies.  
It was demonstrated how the response of a large figure-8 loop can be estimated from the horizontal 
gradient of the magnetic field vertical component. This later can be measured with a pair of small 
figure-8 loops, which can be quickly installed in the field. Numerically, the further are the powerlines, 
the more precise is this estimation. At a distance larger than three loop lengths, the error is less than 
1%. 
If the two small figure-8 loops are perpendicular, it is easy to estimate the best orientation for 
measuring MRS with a large figure-8 loop. On synthetic models considering several powerlines, 
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parallel or not, with similar or different currents (frequency, amplitude and phase differences) resulting 
in time modulation of the noise, a single and robust best direction always exist and can be evaluated. 

An accuracy of     is sufficient to be in the optimal direction. 
The methodology was applied to field data and confirmed the main results. A single stable orientation 
was estimated from a pair of small figure-8 loops and allowed to reduce the mean and the standard 
deviation of noise in a large figure-8 loop. This spatio-temporal characterization is quick to perform 
instead of mapping the noise amplitude with a small sensor loop. Installation of a pair of orthogonal 5 
m figure-8 loops is a matter of minutes, and 10 min recordings allows to estimate the acquisition 
parameters for a large figure-8 MRS loop (best orientation, number of stacks, etc..) or decide to 
abandon the site if a sufficient signal to noise ratio appears unrealizable.  
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Annex  
Annex 1 – Comments on the intensity of the current in the powerlines 
According to the EN 50160 standard which define the quality of the distributed current in France on 
the public network, in the sinusoidal form and a fundamental frequency of 50 Hz, the impair 

harmonic’s amplitude follow the law of the following type                ( )          
  

 
 in 

percent. Considering that the intensity is proportional to the voltage, if the intensity of the fundamental 
is of 1 A, the 41

th
 harmonics (i.e., 2050 Hz) will have an intensity of 0.005 A. Hence the choice of the 

value 1 mA at 2050 Hz in the synthetic models to have a reasonable order of magnitude for the low 
voltage powerlines. Note that the CEI 61000-3-2 standard limits the emitted current at 50 mA for the 
41

th
 harmonics. 

Annex 2 – Two calculations of the emf induced by an ideal powerline 

Comparison of the emf induced by a powerline in a large eight shape loop estimated from the    
gradient or from the emf difference between two square loops. 
The vertical component of the magnetic field generated by an ideal infinite straight powerline in a 
resistive environment is: 

  ( )   
   ( )

     
. 
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Considering the notations in Figure 2. 

i) Using the gradient of   , then: 

   ⃗⃗⃗⃗⃗⃗  ⃗  
   
   

  ⃗⃗ ⃗⃗   
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With     ⃗⃗⃗⃗⃗⃗ ⃗⃗  ⃗  √      and    ⃗⃗ ⃗⃗           
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    (  ⃗⃗⃗⃗ ⃗⃗⃗⃗⃗⃗     ⃗⃗ ⃗⃗ ) 

  
√     ⃗⃗ ⃗⃗     

And following eq. 11: 

   
  
   

  

  
    (  ⃗⃗⃗⃗ ⃗⃗⃗⃗⃗⃗     ⃗⃗ ⃗⃗ )      

√   

  
      

ii) Using the difference between two square loops and the flux estimated using the value of 

   at the center of each loop: 

        

  
  
   

  

  
[     (   ⃗⃗⃗⃗ ⃗⃗⃗⃗     ⃗⃗ ⃗⃗ )      

  
  
     (   ⃗⃗⃗⃗ ⃗⃗⃗⃗     ⃗⃗ ⃗⃗ )      

  
  
]

  
  
   

  

  
    (  ⃗⃗⃗⃗ ⃗⃗⃗⃗⃗⃗     ⃗⃗ ⃗⃗ )     [ 

 

  
  
 

  
] 

With                 and        , and that the powerline does not cross the loop (i.e., , 

   et    are on the same side of the powerline). 
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√  

  
      

We find the same formula as previously : using the value of the    gradient at the center of the figure-

8 loop and considering that it is constant at the figure-8 loop scale, or using the    value at the center 
of each square loop and considering it constant at the scale of each loop gives the same result if we are 

far enough from the powerline (     ). 

   
 

  
[  
    

 ]        ⃗⃗ (
   
  
)      ⃗⃗⃗⃗⃗⃗ ⃗⃗  ⃗        
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Highlights : 

- A new approach is proposed to improve the use of figure-of-eight loops for measuring 
Magnetic Resonance Sounding 

- A new methodology is proposed to perform quickly in-situ statistics of the best 
orientation for a figure-8 MRS loop and evaluate final performance. 

-  Efficiency of figure-8 filtering and impact of the position of the pair of small figure-8 

loops are tested numerically for some scenarios in the vicinity of powerlines. 
- The methodology applied on a field dataset allows finding a stable best direction in 

this case, and underlines a surprising roughly common behavior for the harmonics of 
the industrial current and for frequencies in-between where a less organized structure 
was expected. 
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