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Abstract (English) 
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, signal processing, inversion 

algorithms and linking the SNMR results with hydrology has pushed the method to become a 

generally applicable tool for groundwater characterization.  

One of the biggest challenges of the method is the relatively low signal level compared to the 

background noise. The main part of this thesis will deal with signal processing, in terms of 

workflow and the development of effective algorithms. The entire signal processing workflow for 

a SNMR recording prior to inversion is: 1) De-spiking, 2) Noise cancelling, 3) Stacking and 4) 

Envelope detection. Different algorithms and procedures for each step have been tested, 

compared, and finally implemented in a complete processing procedure.    

I present a study of the parameter determination of models in a joint SNMR and transient 

electromagnetic (TEM) data analysis scheme. The sensitivity analyses are studied for the 

determination of water content as a key parameter estimated during the inversion of SNMR data. 

I show the results for different suites of models, in which I investigate the effect of resistivity, 

water content, loop side length and  number of pulse moments on the determination of water 

content in a water-bearing layer. 

I investigate the tradeoff between stacking and the number of different pulse moments by 

analyzing the a-posterior model covariance matrix. The analysis shows how well the model 

parameters are determined by varying the number of pulse moments and the stack size with a 

fixed total number of excitation pulses. It is shown that a better determination of the model 

parameters is obtained by increasing the number of pulse moments compared to increasing the 

stack size until a certain point. We use gating of the free induction decays in order to suppress 

noise, and we show that by using a logarithmic distribution of gates we obtain maximum 

resolution of the models by only a maximum of 7 gates per decay. 

Finally an instrument, the noiseCollector, for measuring and mapping noise sources in a SNMR 

context has been demonstrated and tested in the field. The noiseCollector has proved to be an 

effective tool for noise characterization and mapping as it provides an easy way to separate the 

contributions from different noise sources. To obtain a specified acceptable noise level for a 

SNMR sounding, the stack size can be determined by quantifying the different noise sources with 

the noiseCollector. 
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Abstract (Danish) 
Surface nuclear magnetic resonance (SNMR) er en teknik, der kan dateres tilbage til sidst i 

1970’erne med den russiske opfindelse, HYDROSCOPE, med hvilken, det var muligt at 

detektere et signal fra vand i undergrunden. Siden da har metoden gennemgået en intens 

udvikling i instrumentering, støjfiltrering, inversions algoritmer og i linket til hydrologien, 

hvilket har rykket metoden til at blive en anerkendt og gængs metode til hydrologisk 

kortlægning. 

En af de største udfordringer ved metoden er det relativt lave signal/støj forhold. Hoveddelen af 

denne afhandling vil dreje sig om støjfiltrering i forhold til udarbejdelsen af en støjfiltrerings 

procedure og udvikling af effektive støjfiltrerings algoritmer. Alle skridt i støjfiltreringen af et 

SNMR datasæt forløber som: 1) De-spiking, 2) Støjfiltrering, 3) Stacking og 4) Envelope 

detection. Forskellige algoritmer og procedurer indenfor hvert skridt er blevet testet, 

sammenlignet og til sidst implementeret i en samlet filtrerings rutine.  

Jeg præsenterer en analyse af modelparametre i en samlet SNMR og transient elektromagnetisk 

(TEM) inversionsprocedure. Jeg viser resultater for en bred vifte af forskellige modeller, hvor jeg 

undersøger effekten af resistivitet, vandindhold, spolestørrelse samt antallet af pulse momenter på 

bestemmelsen af vandindholdet i det vandmættede lag. 

Jeg undersøger det tradeoff, der er mellem at have mange målinger til at stacke eller at have 

mange målinger til at udsende flere momenter. Analysen vil fortælle, hvor godt bestemt 

modelparametrene er, ved at variere forholdet mellem antal målinger til stacking og antallet af 

momenter ved en analyse af model kovarians matrixen. Det bliver vist, at man opnår en bedre 

bestemmelse af modelparametre ved at øge antallet af momenter indtil et bestemt knækpunkt, 

hvorfra der opnås lige god bestemmelse ved enten at øge antallet af momenter eller stack 

størrelsen. Ved at gate signalet opnår vi en støjundertrykkelse, og ved en logaritmisk gating 

opnår vi den bedste bestemmelse af modelparametrene ved 7 gates per dekade.  

Endelig har vi udviklet et instrument, noiseCollector, til at måle og kortlægge støjkilder, der 

påvirker SNMR malinger. noiseCollector’en har vist sig at være et effektivt værktøj til at 

analysere og kortlægge støj, da den hjælper med at differentiere de forskellige støjkilder. For et 

prædefineret acceptabelt SNMR støjniveau kan stacksize bestemmes ved at kvantificere de 

forskellige støjkilder ved hjælp af noiseCollector’en. 
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Preface 
This dissertation is submitted to the Graduate School of Science and Technology 

(GSST), Aarhus University, to fulfill the requirements for the PhD degree in Geophysics. 

This document contains the outcomes of my PhD project, which started in May 2010. 

During my PhD, I have worked mainly on the processing of Surface Nuclear Magnetic 

Resonance (SNMR) signals and on data optimization in order to improve the 

determination of the model parameters. In the last part of my PhD I have worked with the 

development of an electromagnetic receiver for collecting and analyzing noise sources 

prior to SNMR field campaigns. 

The results of my PhD program are 5 articles that are submitted to or published in peer-

reviewed journals (see references below); for three of these I am first author, for the other 

two I am co-author. The articles in full text are attached as appendices, and their 

extended summaries can be found in chapter 2–6. My thesis is outlined as below: 

 Chapter 1 (Introduction): This chapter is meant to be a literature review of 

the method to describe the key developments since the beginning of SNMR. 

The chapter will contain a description of the basic principles and a presentation 

of the developments in hardware, processing, inversion and the way SNMR 

results are linked to hydrogeology.      

 Chapter 2 (Noise cancelling of multichannel SNMR signals): This chapter 

presents the main results of Paper I on multichannel filtering of SNMR signals. 

A description of adaptive and Wiener filtering are shown and these two 

methods are compared. A full MRS data processing scheme is presented and 

tested. 

 Chapter 3 (Noise cancelling of SNMR signals combining model-based 

removal of powerline harmonics and multichannel Wiener filtering): This 

chapter presents the main results of Paper II, which is a follow up on Paper I. 

This paper suggests an expansion of the processing scheme presented in Paper 

I to also include a model-based harmonic removal. This model-based method is 

presented and tested against state of the art methods. 
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 Chapter 4 (A comprehensive study of the parameter determination of 

SNMR models): This chapter presents the main results of Paper III on the 

parameter determination of SNMR models in a joint SNMR and TEM data 

analysis scheme, which is based on a linear approximation to the a-posterior 

model covariance matrix. The analyses were carried out for many different 

models, varying the model and system parameters. The analyses of synthetic 

examples are presented, focusing on the resolution of water content as the key 

SNMR parameter to be determined. Finally, the main results are outlined.        

 Chapter 5 (Enhancing SNMR model resolution by selecting an optimum 

combination of pulse moments, stacking and gating): This chapter presents 

the main results of Paper IV. The goal of this paper was to investigate the 

tradeoff between stacking and the number of different pulse moments by 

analyzing the a-posterior model covariance matrix. The analysis shows how 

well the model parameters are determined by varying the number of pulse 

moments and the stack size with a fixed total number of excitation pulses. 

 Chapter 6 (A temporal and spatial analysis of manmade noise sources 

affecting SNMR): This chapter presents the main results of Paper V. When 

reducing noise we are limited to the instrument and our processing tools. To 

shut down the noise is not possible, but it is possible to locate it. This paper 

describes a noise instrument, which has been developed to analyze the spatial 

and temporal variations of noise sources. 

    I will end my dissertation with conclusions followed by the appendices. 
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Chapter	1	

Introduction 
 

 

Surface Nuclear Magnetic Resonance (SNMR) also called Magnetic Resonance Sounding 

(MRS) is a relatively new hydrogeophysical technique compared to other electromagnetic 

techniques like the transient electromagnetic method (TEM). The technique dates back to the 

late 1970’s with the Russian invention called the HYDROSCOPE (Semenov et al., 1988), 

which succeeded in detecting signals from water in the subsurface. SNMR is a technique that 

originates from Nuclear Magnetic Resonance (NMR), for which the discovery Isidor Rabi 

was awarded the Nobel Prize in 1944. NMR is well known and has been extensively used in 

different aspects of science, for example in chemical and biological mapping on laboratory 

scale and in Magnetic Resonance Imaging (MRI) for mapping of humans and animals. In all 

NMR experiments a static magnetic field is used to align the investigated molecules towards 

their equilibrium state. The received signal strength is proportional to the strength of the 

static field squared, ∝  (Legchenko and Valla, 2002). In laboratory experiments the static 

field is made by an electromagnetic magnet, which produces a field in the order of 4-20 T 

(Levitt, 2002). In SNMR applications the static field is the earth’s magnetic field, which is in 

the order of 20-60 μT, depending on the geographical location. Thus, one of the main 

limitations for SNMR experiments is the weak signal. A way to improve the signal strength 

is to increase the size of the investigated volume, and thereby get an interaction with more 
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molecules. In laboratory experiments the samples are in the order of 1*10-6 m3, while in 

SNMR experiments the samples are in the order of 0,4-84 *106 m3 (Legchenko and 

Shushakov, 1998). Due to the weak signal, intensive signal processing is needed to obtain 

reliable data. To obtain results as a function of depth more pulse moments are needed. Thus 

SNMR soundings are time consuming, and we are limited to one or two soundings per day. 

Signal processing and noise cancelling are main contestants in making SNMR reliable, 

efficient, and attractive. 

Working with SNMR, one will stumble upon many different names for the method. Schirov 

et al. (1991) were the first to publish an article in English describing the method, in which 

they call it NMR to prospecting for groundwater, Trushkin et al. (1993) introduced a name 

for the method, namely Non-Drilling NMR, this led to a broad variety of names, 

Groundwater NMR (Shushakov and Legchenko, 1994), Surface NMR (SNMR)(Lieblich et al., 

1994), proton magnetic resonance (PMR) (Legchenko and Valla, 1998) and finally magnetic 

resonance sounding (MRS) (Legchenko and Valla, 2002). Today, the common and most used 

names are SNMR and MRS, where MRS refers to the 1D case of SNMR.  

This chapter is meant to give a broad overview of the research. I have decided to divide it 

into the five hydrogeophysical workflow steps:  

Understand basic principle collect data  data processing  data inversion link to 

hydrogeology 

Therefore this chapter will contain a review of: 1) The basic principles of SNMR, 2) 

development of hardware, 3) the development on processing techniques, 4) the different 

inversion approaches, 5) and finally a discussion on the link to hydrogeology.  

1.1	Basic	Principles	
The physical principle of SNMR is based on NMR. The idea to use the earth’s magnetic field 

as the source for NMR investigations was first proposed by Varian (1962). Based on a few 

papers (Hertrich, 2008; Legchenko and Valla, 2002; Levitt, 2002; Weichman et al., 2000), 

which describe the fundamentals of the physics of SNMR in great detail, this section will 

deal with the basics of the physics. In SNMR, we are observing the hydrogen protons of 

water molecules in the subsurface porous media. The hydrogen from water contains a single 
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proton and is a so-called spin ½ nuclei, which means it has two energy levels: a high level 

when its magnetization vector is antiparallel to the static field and a low level when parallel. 

When water is located in the subsurface, the magnetic moment of hydrogen tends to be 

aligned with the earth’s magnetic field. In this stage the hydrogen is at its equilibrium state, 

the low energy level. To excite hydrogen into its high energy level, one has to influence the 

nuclei with force particles, where the most important is the photon. If the proton is constantly 

under influence of these photons, it will go back and forth between the high and the low 

energy state. Electromagnetic waves are built from photons. For hydrogen to get to its high-

energy state an electromagnetic wave with a specific frequency, called the Larmor frequency 

has to be exerted on the hydrogen. The Larmor frequency is directly related to strength of the 

static field, in SNMR the earth’s magnetic field. By measuring the earth’s magnetic field 

strength one can calculate which excitation frequency to apply. When this external magnetic 

field is removed, the excited hydrogen protons will process back to their low energy state. 

The magnetization vector is rotating in 3D, which means that the actual rotation is composed 

of a relaxation in the transverse plane and a relaxation in the longitudinal plane. The 

relaxation time of the magnetization in the transverse plane is called T2, while its relaxation 

time in the longitudinal plan is called T1. During the relaxation process, the component of the 

magnetization vector continuously oscillates at the Larmor frequency in the transverse plane, 

whereas there is no oscillation feature in the longitudinal plane. Thus the component in the 

transverse plane is detected. When processing, the protons will send out an energy, which 

will be transformed into an electromagnetic wave at the Larmor frequency, and which is 

detectable at the surface with a coil. The received signal is oscillating with the Larmor 

frequency and is decaying in an exponential manner. The amplitude of the received signal 

provides a direct measure of how many protons we have interacted with, and thereby a water 

content related to the specific porosity. The decay constant indicates in which environment 

the proton is located. Because the hydrogen protons are interacting with rocky material, 

which tends to be magnetic, the observed transverse relaxation is biased and it will typically 

be underestimated. The observed transverse relaxation is referred to as T2
*. T1 is not biased 

due to the magnetic materials, thus obtaining this relaxation would be preferable. To obtain 

information on T1, we have to project the signal in the longitudinal plan, which in practice is 

done by sending out two sequences of pulses. When obtaining T1 one has to be careful, when 
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there are some conditions that need to be met for reliable results (Walbrecker et al., 2011b). 

Walbrecker et al. (2011a) described how T1 estimates are very sensitive to off-resonance 

effects, the offset between the sent out frequency and the received Larmor frequency, thus 

the resulting T1 might be biased for small frequency offsets, whereas T2
* is not as sensitive to 

off-resonance effects for small flip angles. Schirov and Rojkowski (2002) also did some 

observations on how the off-resonance effects would affect the relaxation. Two other biases 

associated with T1 estimates are due to instrument limitations and due to the variety of flip 

angles measured. Walbrecker et al. (2011b) suggest how to overcome these biases by 

renewing the scheme for T1 measurements. Walbrecker et al. (2009) investigated and 

suggested how to take proton relaxation during pulse emission into account in order to obtain 

more reliable water content and relaxation estimates. 

1.2	Hardware	
To my knowledge SNMR systems have been produced in five different places. The first 

instrument was developed in Russia at the institute of chemical kinetics and combustion 

(ICKC), Novosibirisk, and was demonstrated in 1978 (Schirov et al., 1991). This 

development led to the patent of Semenov et al. (1988) with the title: Device for measuring 

the parameters of an underground mineral deposit. This patent was quickly followed by the 

patent of Legchenko et al. (1990) with the title: A device for the measurement of subsurface 

water saturated layers parameters. The instrument developed in Russia was called the 

HYDROSCOPE. The instrument carried out the pulse transmission, 28 pulses, and following 

recordings along with processing and inversion (Bernard, 2006). An example of a result from 

a HYDROSCOPE sounding was published by Goldman et al. (1994). AQUATOM is another 

SNMR equipment developed in Russia, and one of the main developments in this system was 

the possibility of controlling the system with a PC (Bernard, 2006). The first commercial 

instrument, NUMIS, was developed in 1995 by IRIS-instruments, a French company, within 

a cooperation agreement between BRGM and ICKC. Bernard (2006) describes the main 

difference between the HYDROSCOPE and the first NUMIS instruments as the way they 

interpret the data. The HYDROSCOPE uses the multi exponential initial value inversion 

(IVI) approach where IRIS used the mono exponential IVI approach; these approaches are 

explained in the inversion section in this chapter. In 2002 an American company, Vista Clara, 



 

5 

 

began the development of SNMR instruments. Vista Clara was the first to develop a multi 

channel SNMR system called GeoMRI latter GMR (Walsh, 2006). IRIS followed the track of 

a multi channel system and developed NUMIS Poly. In 2010 we acquired one of the first 

produced NUMIS Poly systems. Data presented and analyzed in this report are collected 

from both the GMR and the NUMIS Poly system. Furthermore a single channel SNMR 

system has been developed in China at the Jilin University (Jiang et al., 2011).  

1.3	Processing	
The first generations of SNMR instruments were single channel instruments. With single 

channel instruments, both magnetic resonance excitation and signal recording is carried out 

with a single loop, and various forms of filtering can be used to suppress noise, in particular 

powerline harmonics (Legchenko and Valla, 2003). For single-channel SNMR soundings 

some of the most used noise filtering techniques are notch filtering (Legchenko and Valla, 

2003) and the use of a figure-8 loop geometry (Trushkin et al., 1994). These techniques have 

some drawbacks. With a notch filter the SNMR signal may be distorted, and with the figure-8 

loop setup the sensitivity function becomes more complicated and the depth of penetration is 

decreased. With the multichannel SNMR equipment the use of more sophisticated noise 

cancelling techniques can improve the efficiency of the method and it is possible to get 

around the drawbacks from the single-channel SNMR filtering techniques (Dlugosch et al., 

2011). Different approaches have been proposed (Dalgaard et al., 2012; Jiang et al., 2011; 

Larsen et al., 2013; Müller-Petke and Costabel, 2013; Neyer, 2010; Walsh, 2008). My Ph.D. 

work has mainly been in the processing part, thus I will go into greater detail on the 

processing in chapter 2 and 3.  

1.4	Inversion	
Müller-Petke and Yaramanci (2010) describe three different inversion schemes. In this 

section I will partly follow their track by dividing the inversion schemes in four: 1) The 

initial value inversion (IVI), 2) the time step inversion (TSI), 3) the QT inversion (QTI) and 

4) the stretched exponential inversion (SEI) (Behroozmand et al., 2011). All mentioned 

inversion schemes support a 1D forward calculation. Work has been done where a 2D 

response has been used for the inversion, both with coincident transmitter/receiver loop 
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(Boucher et al., 2006; Girard et al., 2007) and with separated transmitter/receiver loops 

(Hertrich et al., 2005). The inversion itself is typically carried out with a linear approach, but 

Guillen and Legchenko (2002) and Weichman (2002) have also tried the Monte Carlo 

method to explore the model space. The Monte Carlo approach has also been applied to a 3D 

inversion (Chevalier et al., 2011). Legchenko et al. (2011) describe how they have expanded 

the method to a 3D case. In China some work has been done on the inversion as well and 

Aihua (2010) presents the Occam’s inversion for SNMR. 

1) IVI considers the extrapolated initial amplitude of Free Induction Decays (FID), the 

so-called sounding curves, as a function of pulse moment and transforms this into a 

water content distribution as a function of depth. Trushkin et al. (1995) give the first 

formulation of the calculation of the initial amplitude, and a later and more 

comprehensive formulation of the NMR signal is given by Weichman et al. (2000). 

The first models published in an English journal are the models presented by Schirov 

et al. (1991). These models are all models of the water distribution with regards to 

depth and are collected with the HYDROSCOPE. Furthermore they describe how the 

relaxation time of the signal relates to average pore size, but they do not show any 

relaxation time results. Schirov and Rojkowski (2002) go a bit more into detail about 

the data inversion performed by the HYDROSCOPE, and they introduce us to a multi 

exponential approach of the relaxation times. They describe a multi exponential IVI, 

where they invert three sounding curves as results of fitting FIDs with a three -

exponential function consisting of three pre-set relaxation times, thus the multi 

exponential behavior is taken into account in the data space. Whether this multi 

exponential behavior is applied in the model space as well is unclear.  This multi 

exponential IVI approach is also described by Lieblich et al. (1994) and Goldman et 

al. (1994) using the HYDROSCOPE. Lieblich et al. (1994) describe the first 10 

SNMR soundings performed in the USA. In their results they obtain the water content 

as a function of depth related to each of the three different preset relaxation times. 

Goldman et al. (1994) presents the printout from the HYDROSCOPE, which shows 

the total percentage of water along with the percentage of water within three different 

relaxations and thereby three different pore sizes. Thus Lieblich et al. (1994) and 

Goldman et al. (1994) actually describe the model and not only the data space in a 
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multi exponential manner. Legchenko and Shushakov (1998) describe IVI with a 

mono exponential approximation of the data, which results in a water content profile 

only and does not end up in a relaxation profile.  

2) Time step inversion (TSI) takes the complete time series into account in contrast to 

IVI, which takes the extrapolated initial amplitude. TSI is an approach where the data 

space is transformed into a water content domain (Müller-Petke and Yaramanci, 

2010). In the water content domain, you obtain the water content as a function of time 

and depth. The water content is hereafter fitted in time at each depth interval, 

resulting in a water content and relaxation distribution as a function of depth. This fit 

has been exercised in both a mono exponential way (Legchenko and Valla, 2002) and 

a multi exponential manner (Mohnke and Yaramanci, 2005). 

3) QT-inversion proposed by Müller-Petke and Yaramanci (2010) takes the entire data 

set into account during the inversion. Q refers to the pulse moment while T refers to 

the time, thus in this scheme the amplitude as a function of time and pulse moment is 

inverted. As the multi exponential IVI and the multi exponential TSI, QTI describes 

the model at each depth interval with a water content related to all specific preset 

relaxations. QTI inverts all parameters in one go with a preset amount and 

distribution of relaxation times. 

4) Behroozmand et al. (2011) describe a scheme, where the major difference is in the 

description of the multi exponential behavior of both the data and the model. They 

introduce the stretched-exponential, which approximates the spectral information of 

the relaxation time distribution by adding a single component to the mono-

exponential model. The stretched exponential inversion (SEI), like QTI, takes the 

entire data space into account when doing the inversion in one step. 

1.5	Link	to	hydrogeology	
The last step in the hydrogeophysical workflow is the link to hydrogeology. Schirov et al. 

(1991) were the first to publish SNMR results in English, in which they show the water 

content distribution as a function of depth. Furthermore, they imply that SNMR is able to 

measure the total salt content of the measured water, and they present a table relating 

relaxation times (T2
*) with pore structures. Later Lubczynski and Roy (2003) rejected the 
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capability of SNMR in measuring the salt content. Schirov et al. (1991) describe the 

limitation on the result of the measured water content and state that it is only the free or 

gravitational water, which is detected. Goldman et al. (1994) expand the number of possible 

results that one can obtain from SNMR. They show results of the cumulative transmissivity, 

and furthermore they publish results of the relaxation as a function of depth. Legchenko et al. 

(2002) describe how to obtain the hydrodynamic properties of aquifers by combining SNMR 

with pump tests. Lubczynski and Roy (2003) state that research in the translation between 

hydrodynamics and SNMR is still required. Several studies have been published in this field, 

where the link between SNMR and hydrodynamic parameters has been discussed and 

experienced (Chalikakis et al., 2008; Knight et al., 2012; Lachassagne et al., 2005; 

Legchenko et al., 2004; Plata and Rubio, 2008; Ryom Nielsen et al., 2011). Current research 

efforts are performed by Vilhelmsen et al. (2014) where they suggest two methods for fully 

joint hydrogeophysical inversion of SNMR, TEM and aquifer test data. As a part of their 

inversion procedure, an empirical petrophysical relation (Kenyon et al. 1988; Seevers 1966) 

between SNMR estimated parameters and hydraulic conductivity are applied and coefficients 

of this relation are inverted for. 
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Chapter	2 

Noise cancelling of multichannel SNMR 
signals 
          

This chapter presents an extended summary of Paper I, which is published in Geophysical 

Journal International, 191, 88-100 

 

 

2.1	Introduction	
For multichannel SNMR instruments, the primary loop is used for magnetic resonance 

excitation and signal recording and in addition, a number of reference loops, physically 

displaced from the primary loop, measure only noise (Dlugosch et al., 2011; Walsh, 2008). 

Parts of the noise recorded by the reference loops will be correlated with the noise in the 

primary loop. With proper signal processing, the noise in the reference coils can be filtered 

into a replica of the noise in the primary coil and when the replica is subtracted from the 

primary loop record, the desired SNMR signal remains. 

In this chapter a discussion and a comparison between multichannel adaptive filtering and 

multichannel Wiener filtering will be performed together with an analysis of typical noise 
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sources. The analysis shows that SNMR signals are often corrupted by very intense noise 

spikes from electrical discharges, and it is necessary to remove spikes before using 

multichannel noise cancelling. After de-spiking and noise cancelling the SNMR signal is still 

corrupted by random uncorrelated noise. The random noise can be suppressed by standard 

averaging of multiple recordings. Finally, the parameters of the SNMR signal are extracted 

by an envelope detection. The entire signal processing workflow for a SNMR recording prior 

to inversion is then:  

1. De-spiking 
2. Noise cancelling  
3. Stacking  
4. Envelope detection  

2.2	Analysis	of	noise	sources	
SNMR measurements are disturbed by a number of different noise sources. The two most 

important are powerline harmonics and discharges from both natural and man-made sources 

i.e. thunderstorms and electrical installations such as motors and fences. Other noise sources 

include low-level atmospheric noise and noise in the SNMR receiver electronics. For 

multichannel SNMR measurements the noise sources must be classified according to whether 

the noise in the primary loop and the reference loops is correlated or not, as this determines 

the primary way of attenuating the noise. Short electrical discharges gives rise to an 

impulsive excitation of the band-pass filters with a subsequent near-exponential decay known 

as spikes. An example of spikes is shown in Figure 2.1. It could be anticipated that spikes are 

linearly correlated between the loops, however our experiments have shown that the situation 

is more complex than that. Figure 2.1 shows an example of a noise-only, i.e. without 

excitation, simultaneous record of the primary loop and the three reference loops. The spike 

at 115 ms (labeled 'B') is found in all 4 channels whereas the spike at 20ms (labeled 'A') is 

present in the primary loop and reference channels 2 and 3 but completely absent in reference 

channel 1. One possible explanation for this phenomenon is that two different discharge 

mechanisms are responsible for the two spikes. The 'B' spike most likely originate from a 

discharge in the far-field as it has been recorded by all channels, whereas the 'A' spike most 

likely originate from a discharge in the near-field as it is only recorded by a subset of the 

possible channels. 
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Figure 2.1 The figure shows the simultaneously measured noise‐only signal in the primary channel (top graph) and the 3 
reference channels. The spike, B, at 115 ms  is present  in all 4 channels whereas  the spike, A, at 20 ms  is completely 
absent in one of the reference channels. 

From a signal processing viewpoint this means that the transfer functions relating the 

observed signals in the individual channels depend on the particular noise event. The tacit 

assumption of constant or only slowly evolving transfer functions is therefore not always true 

for signals containing spikes. When a filter is tracking the transfer functions, large filtering 

errors will occur when different types of noise events occur. The observation in Figure 2.1 

implies that spikes cannot always be cancelled by a multichannel approach. For instance, if a 

spike is only found in a reference channel, the algorithm will remove a non-existent spike 

and thereby actually induce a spike in the primary loop signal. Similarly the large filtering 

error will disturb the filter coefficients. It should also be noted that large spikes can even 

saturate the analog-to-digital converters making multichannel noise cancellation useless. The 

conclusion of these observations of spike behavior is that whenever a spike is found in any of 

the channels, multichannel filtering is potentially unreliable. 
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Figure 2.2 Examples of noise‐only recordings and their corresponding spectra. A: time series with a single spike. B: time 
series without spike, note the different amplitude scales of A and B.  C and D: power spectra of A and B. The inset in D 
shows the same spectrum on a logarithmic scale. 

The different noise sources can also be interpreted in the frequency domain. Figure 2.2A and 

C show an example of the time series and spectrum of a noise-only record, with a large spike 

present in the time domain. In this particular case, the spike contains approximately 85% of 

the energy of the signal. Due to the large impulsive excitation of the band-pass filter, the 

spectrum is mainly dominated by the frequency response of the filter. In contrast, Figure 

2.2B and D give an example of a time series and spectrum of a spike-free noise-only section. 

In this case the spectrum is dominated by the powerline harmonics at multiples of 50Hz. The 

inset shows the same spectrum on a logarithmic scale. Here, the band-pass filtering of 

wideband noise is clearly visible as the broad feature centered at 2150Hz. 

For getting multichannel filtering to work efficiently, the primary signal and the reference 

signal must be highly linearly correlated. The linear correlation between two signals x and y 

is measured as a function of frequency by the magnitude squared coherence function defined 

as (Kuo and Morgan, 1996): 

| |
| |

      (2.1) 
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In this equation,  is the complex cross-power spectral density and  and  

are the power spectral densities of the individual signals. The magnitude squared coherence 

function returns a value of 1 for perfectly linearly correlated signals and a value of 0 for 

completely uncorrelated signals. A value between 0 and 1 indicates a partly linear 

correlation. 

It can be shown that the maximum possible attenuation of an adaptive noise canceller as a 

function of frequency is given by (Kuo and Morgan, 1996): 

10 log 1   (2.2) 

For example, an attenuation of 20 dB can only be obtained if 0.99 or larger. 

  

Figure 2.3 Top graph: Magnitude square coherence function between the primary channel and a reference channel for a 
noise‐only, spike free signal. Lower graph: the corresponding power spectra normalized to the same peak value. 

A plot of the coherence between the primary channel and a reference channel for a noise-only 

signal without spikes is shown in the upper part of Figure 2.3. The lower part of the figure 

shows the power spectral densities of the signal in the two channels. The figure shows that 

the 50 Hz harmonics in the two channels are nearly perfectly linearly correlated as the 

coherence is near unity. The resolution of our coherence measurements is limited by a 
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number of factors; the maximum signal length which is recorded by the NUMIS Poly 

instrument, frequency drifts and jitter in the instrument and short time variations in the 

fundamental 50 Hz frequency of the powerline harmonics. Away from the harmonics, the 

coherence basically vanishes. This implies that the harmonic noise can be efficiently 

cancelled with multichannel filtering, whereas the broadband noise is incoherent, i.e. random 

and must be diminished by standard averaging of multiple experiments. 

 
Figure 2.4 Top graph: Magnitude square coherence function between the primary channel and a reference channel for a 
noise‐only signal containing a single spike. Lower graph: the corresponding power spectra normalized to the same peak 
value. 

An example of the coherence of a noise-only signal record containing a single spike is shown 

in Figure 2.4. In this case the power spectra are dominated by the broad feature of the band-

pass filter. The value of the coherence function in the interesting region around 2150 Hz is 

well below 1. This implies that there is not a simple linear correlation between the primary 

channel and the reference channel throughout the signal record and it is not feasible to use 

adaptive noise cancelling to remove the spike. If the spike is removed from the time series, 

the coherence plot of the remaining data completely resembles Figure 2.3. Similarly, if the 

coherence of a short section containing only the spike is measured, a high coherence above 

0.9 is found in a broad region of several 100 Hz across the center of the band-pass filter. 
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However, the transfer function relating the spike in the two channels is different from the 

transfer function relating the powerline harmonics and this causes the coherence of the entire 

time series to fall well below 1 in the region around 2150 Hz. 

Based on the above observations we can conclude that efficient removal of powerline 

harmonics is possible through multichannel filtering. However, the spikes in the SNMR 

recordings can not be expected to be cancelled with the same transfer functions but must be 

treated differently. Normally, SNMR recordings contain only a limited number of spikes 

therefore a simple and efficient solution of the problem is to discard the sections of the data 

containing spikes. 

On top of the harmonic noise and the spikes we also observe a smaller random noise 

component, originating in wideband noise and receiver electronics noise. This random 

component can be suppressed by standard signal averaging. 

In the above sections the emphasis has been on the correlation between the primary channel 

and one of the reference channels. We have also analyzed the correlation in between the 

reference channels and the results are identical: 1) the powerline harmonics are highly 

correlated between the reference channels. 2) Spikes are also correlated but through different 

transfer function. 3) The random noise is not highly correlated between the reference 

channels. 

The figures and conclusions are taken from a random site. They are, however, representative 

for all the different sites where measurements have been performed. The noise characteristics 

i.e. the ratio between power in the different harmonics or the power in the random noise 

components obviously differs from site to site but the conclusions remains valid for all sites. 

2.3	Semi‐automatic	detection	of	spikes	
The presence of spikes of different origins in SNMR signal records will distort noise 

cancelling of the powerline harmonics as concluded in the previous paragraph. The spikes in 

the signals from both the primary and reference receivers must therefore be removed prior to 

further noise cancelling. A number of different spike detection algorithms have been 

proposed by different authors, often lending inspiration from the closely related problem of 

finding peaks in a signal. The basic principle of spike detection algorithms is a comparison of 
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some feature of a signal with a predefined or statistically defined threshold. For instance 

(Jiang et al., 2011) suggest the Romanovsky criteria for detection of spikes containing only a 

few samples of high amplitude. Strehl (2006) have investigated the use of wavelets for 

identifying spikes.  

Inspired by the work of (Mukhopadhyay and Ray, 1998) we have implemented a spike 

detection algorithm based on the nonlinear energy operator. For a discrete time signal, , 

the nonlinear energy operator (NEO) is defined as: 

1 1     (2.3)	

The purpose of the nonlinear energy operator is to preemphasize spikes before a threshold 

criterion is applied. Two examples of this are shown in Figure 2.5. The left part of the figure 

shows an example from Risby, a noisy site more or less surrounded by electrical fences and 

in close proximity to powerline installations. The top graph shows a section of the signal 

containing one large spike and two smaller spikes, marked by the spike detection algorithm. 

On the lower graph the corresponding NEO signal is shown.  The most interesting feature of 

the graph is the smallest spike at ~100 ms. The ratio between the amplitude of the spike and 

the amplitude of the base signal is increased from ~4 to ~8 by the NEO making the spike 

much more visible in the NEO plot. The right part of Figure 2.5 shows results recorded in 

Skive, a site almost completely devoid of powerline interference and spikes. The SNMR 

signal is clearly visible in both the time series and the NEO signal. Again, the application of 

the NEO results in a significant emphasize of the spikes. 

Once the spikes are emphasized by the NEO an appropriate threshold criteria must be 

defined. From the right part of Figure 2.5 it is clear that a simple threshold criteria is 

insufficient as it will either mark the signal in the beginning as spike or fail to recognize the 

small spikes. A criterion based on the variance of the time series or NEO signal is also 

sensitive to the presence of SNMR signal. Moreover, the variance depends on the number 

and amplitude of spikes and hence detection of small spikes will be problematic when large 

spikes are present. To overcome these problems an ensemble based threshold is used with the 

threshold determined by the median absolute deviation (MAD). For a set of measurements 

, … ,  the MAD is defined by (Hoaglin et al., 2000): 

| |     (2.4) 
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Figure 2.5 Examples of semi‐automatic spike detection. Top graphs: SNMR recordings  from Risby and Skive. Detected 
spikes are marked. Note the very different amplitude scales. Lower graphs: Corresponding plots of the NEO.The upper 
threshold for Risby is defined as the median+10 MAD and as the median+20 MAD in the Skive case. 

The main benefit of the median absolute deviation is that is it much less sensitive to outliers 

than the variance and hence provides a very robust measure of the variability of the signal 

without the influence of spikes.  

The workflow of the proposed spike detection algorithm contains three steps and is a follows: 

1) For a given moment of the SNMR recording, the NEO of all stacks and coils are 

calculated and appropriately low-pass filtered. For each sample in each coil the MAD is 

calculated across the ensemble of all stacks. 2) Based on the MAD an upper threshold and a 

lower threshold is defined for each sample. The thresholds are shown as two black curves on 

the lower graphs in Figure 2.5. 3) Subsequently, the individual time series from each coil are 

analyzed. When the MAD crosses the upper threshold from below it defines the beginning of 

a spike. The end of the spike is defined as the instance the MAD crosses the lower threshold 

from above. The optimum choice of the thresholds depends on the noise characteristics of the 

specific site and is adjusted accordingly. As an example the upper threshold is defined as the 

median+10 MAD in the upper part of Figure 2.5 and as the median+20 MAD in the lower 
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part of Figure 2.5. The bottom right graph show how the MAD defined threshold 

automatically adjusts to the presence of the SNMR signal. 

The proposed algorithm has been found to be stable and efficient for all sites measured when 

used with appropriately user selected thresholds. The thresholds are adjusted by inspection of 

the results from a few stacks. The algorithm have been tested on a number of synthetic 

signals containing either no spikes, a very large number of spikes or saturated spikes and was 

found to work efficiently in all tested scenarios. 

2.4	Multichannel	Wiener	filtering	
In this paragraph, a closer look at multichannel time-domain Wiener filtering used by e.g. 

(Neyer, 2010) are taken. A full account of the method is given by (Treitel, 1970) and 

described below. 

 
Figure 2.6 Schematic overview of multichannel Wiener filtering. 

In time-domain Wiener filtering, see Figure 2.6 for a schematic overview of the method, the 

noise-only sections of the data are used to estimate the optimum transfer functions between 

the reference channels and the primary channel.  The transfer functions are subsequently used 

to filter the noise recorded in the reference channels during SNMR signal recording and 

subtracted from the primary channel signal. The estimate of the transfer functions is 

influenced by noise in the measurements and is thus only optimum in the average sense. One 

of the benefits of the adaptive method is the continuous update of the transfer functions 

hereby effectively averaging over extended periods of time thus minimizing the influence of 

noise in the estimate of the transfer functions.  

Multichannel Wiener filtering of a four channel system consists of one primary receiver and 

three reference receivers, Equation 2.6 and 2.7. The N filter coefficients for each filter are 
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estimated from a complete noise-only section of data before being used for noise cancelling 

of the immediately following signal plus noise section. The multichannel Wiener-Hopf 

equation is: 

       (2.5) 

ACM is the reference autocorrelation matrix, which is a 3N x 3N Toeplitz block matrix. Each 

3x3 block consists of auto- and crosscorrelations of the reference signals. The block 

corresponding to the ’th lag is given by: 

, , ,

, , ,

, , ,

   (2.6) 

The crosscorrelation matrix CCM is a 3N x1 block vector. Each 3x1 block consists of the 

crosscorrelation between the primary signal and the three reference signals. The block 

corresponding to the ’th lag is given by: 

,

,

,

            (2.7) 

The filter coefficients on the left hand side of Equation 2.5 are then given by: 

1 1 	 1 	 2 …	     (2.8) 

2.5	Stacking	
After removal of spikes and coherent noise from the SNMR recordings a random noise 

component still remains. The random noise can be suppressed by appropriate stacking of 

multiple recordings. Stacking can be done by a number of methods, the most simple being 

averaging to find the mean value. The stacking result can be greatly affected by outliers in 

the data and it can often be improved by using a method that is insensitive to outliers, for 

example by using the median as the average, using weighted median methods or using a 

Romanovsky criterion for discarding outliers (Jiang et al., 2011). The quality of the stacked 

result is quantified by the variance which should be as small as possible. 
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A handle on the appropriate stacking method can be found by investigating the probability 

density function of the SNMR recordings after despiking and filtering. Measurements on 

noise-only data show that the probability density function is nearly Gaussian. (Yin et al., 

1996) showed that for Gaussian distributed white noise the variance of the estimate of the 

mean value is a factor of /2 better with averaging than using the median value.  

Table 2.1 Comparison of the variance of different stacking methods used on data  from  two different sites, Risby and 
Odder. The variance is normalized to the mean. 

 Risby Odder 
Mean 1 1 

Median 1.15 1.15

Median-80% 0.99 0.99 

Median-90% 0.99 0.98 

Romanovsky 0.99 0.99 

In Table 2.1 a comparison of the variance of five different stacking methods employed on 

noise-only data from two different sites are shown. The five methods are mean value, median 

value, the mean of the middle 80% and 90% of the data and the mean of the sample with 

outliers removed by the Romanovsky method. Stationary noise-only recordings were 

employed so that the ensemble averaging could be extended to neighboring samples. This 

avoids the conclusions being limited by the typically small number (30-70) of stacks 

available for averaging. The data is normalized to stacking based on the mean value. The 

table shows that stacking based on the median value have the poorest performance as 

expected. The difference between averaging and median value is not as large as the 

theoretical prediction due to the only nearly Gaussian distribution of the data. The three 

stacking methods that are insensitive to outliers are slightly better than simple averaging. 

They have almost identical performance with small variations between different sites. It can 

thus be concluded that an outlier insensitive method provides the best stacking result but the 

result is not sensitive to the exact implementation. 

2.6	Comparison	of	adaptive	and	Wiener	filtering	
methods	
In this section a comparison between multichannel filtering with an adaptive and a Wiener 

filter approach are compared. The adaptive filter is explained in the paper related to this 

chapter (Dalgaard et al., 2012). It should be noted that under stationary conditions the 
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adaptive filter will converge to the Wiener filter. The main difference between the two 

methods in this context is therefore their ability to handle the noise in an environment that is 

only approximately stationary. To compare the multichannel Wiener filter with the 

multichannel adaptive filtering, simulations have been performed where a single exponential 

SNMR signal 2 	 	 / ∗
 is added to noise-only recordings. The 

synthetic SNMR signal is then recovered by first de-spiking the records. Subsequently, 

harmonic noise is removed with either Wiener or adaptive filtering. Finally the data are 

stacked and the SNMR signal are retrieved by envelope detection and standard peak finding 

and fitting methods using the procedure of (Neyer, 2010), also described by (Müller-Petke et 

al., 2011a). The ability of the different methods to retrieve the SNMR signal parameters can 

then be compared. Representative results from two different sites, Risby and Odder, are 

shown in Table 2.2. For comparison the SNMR signal has also been retrieved in the case 

where no filtering has been done. For both filtering methods filter lengths of 20 taps was 

used. A step-size 10  was used in the NLMS algorithm. 

Table 2.2 Comparison of  retrieval of synthetic signal parameters using different methods. Data  from  two sites, Risby 
(top) and Odder (bottom) are used. 

 Model No filter Wiener Adaptive 

S0 [nV] 200	 191.5 1.8 194.5 0.8 197.7 0.8	
f0 [Hz] 2137	 2137.07 0.08 2136.99 0.08 2137.07 0.08

φ [rad] 2	 1.91 1.98 1.92	

T2* 200	 215.4 4.41 194.3 1.5 197.4 1.6	
     

 Model No filter Wiener Adaptive 

S0 [nV] 200	 197.3 1.6 198.9 0.5 199.0 0.6 
f0 [Hz] 2137	 2137.02 0.08 2137.04 0.08 2137.04 0.08

φ [rad] 2	 2.00 1.99 1.99	

T2* 200	 205.8 2.3 200.9 0.8 200.3 0.8 

As expected the results show that the SNMR signal is generally better retrieved by using 

either Wiener filtering or adaptive filtering than no filtering. Within the experimental 

uncertainty we find that Wiener and adaptive filtering gives equal overall performance with 

small and random variations depending on the specific site and noise record used. 

In Figure 2.7 the spectrum of a single, unprocessed noise-only measurement with synthetic 

signal added and the corresponding spectrum of the de-spiked, filtered and stacked signal are 

shown. The figure shows that a noise reduction of approximately 20 dB are obtained across 

the interesting part of the spectrum and that up to 35 dB of the most intense powerline 
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harmonics are removed by the noise cancelling algorithm. The peak at the Larmor frequency 

is left undisturbed. A realization of Figure 2.7 in the time domain is shown in Figure 2.8, in 

this figure it is possible to observe the characteristics of a SNMR signal. 

 
Figure 2.7 Spectrum of a single unprocessed measurement with synthetic signal added (grey) and the spectrum of the 
processed signal (black).The Larmor frequency, fL, is marked with a grey line. 

The ability of both Wiener filtering and adaptive filtering is currently limited by the 

instrument employed: The four analog-to-digital converters used in the primary loop and the 

three reference loops are controlled by four independently generated clock signals. This 

implies that the four channels are not sampled at the exact same frequency and that the 

timing of the signal acquisition is affected by jitter. The jitter is tantamount to a random delay 

in the timing between channels and corresponds to a random phase shift of the transfer 

function. Neither Wiener filtering nor adaptive filtering can react to the random phase shift or 

the difference in sampling frequencies and the effect is a reduction in the noise cancelling 

efficiency of both methods. An example of this is seen in Figure 2.7 where a number of the 

powerline harmonics are not as efficiently cancelled as potentially possible. 
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Figure 2.8 Time series plot of Figure 2.7. The single unprocessed measurement with synthetic signal added  is grey and 
the processed signal is black. 
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Chapter	3	

Noise cancelling of SNMR signals 
combining model-based removal of 
powerline harmonics and multichannel 
Wiener filtering 
 

This chapter summarizes the main outcomes of Paper II, which is published in Geophysical 

Journal International, 196 (2): 828-836 

 

3.1	Introduction	
The multichannel filtering presented in Chapter 2 cannot be optimized simultaneously for all 

noise sources but are effectively an average over all noise sources. The consequence of this 

averaging is that the noise cancelling is reduced when several noise sources are present. In 

this chapter the noise characteristics of typical SNMR recordings and the appearance of 

multiple noise sources are discussed. We propose to use a model-based approach similar to 

sinusoid subtraction (Legchenko and Valla, 2003), to remove powerline harmonics from all 

channels. Through this approach, one specific component of noise is efficiently removed. 

Subsequently, standard multichannel noise cancelling can be applied. The model-based noise 

cancelling approach is analysed and optimized using synthetic SNMR signals superimposed 

on real SNMR noise records with special emphasis on the case where one powerline 
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harmonic frequency is close to the Larmor frequency. Examples of subsequent noise 

cancelling are given and discussed. It is shown that the method can lead to an overall 

improved noise cancelling and a corresponding improved retrieval of the desired SNMR 

signal.  

3.2	Model‐based	signal	processing		
The approach for improved noise cancelling is based on utilizing prior knowledge of the 

powerline interference. The interference is a sum of sinusoidal signals with frequencies given 

by an integer multiple of the common fundamental powerline frequency, but with 

independent amplitude and phase of each sinusoidal component. If the fundamental 

frequency and the amplitude and phase of all components can be correctly determined, a 

mathematical model of the powerline interference can be constructed and subtracted from the 

noise record. The signal recorded in the primary channel, , sampled at time k, is 

described by the model  

    (3.1)  

Here,  is the desired free induction decay signal from the subsurface protons. The 

powerline interference in the primary channel is denoted by . All spikes present in the 

primary channel signal are collectively described by the term . The last term 

 denotes all other noise components present in the primary channel signal originating 

from broad-band noise filtered through the bandpass filter, harmonic components unrelated 

to the powerline frequency, receiver electronic noise, etc. The powerline interference is 

modelled as  

∑ cos 2      (3.2)  

Here,  is the common fundamental powerline frequency,  denotes the sampling frequency 

and  and  are the amplitude and phase of the mth harmonic component. The 

summation over m extends over all excited harmonics, typically 1 = m = 100. Similarly, the 

signals in the three reference channels are modelled as a sum of the powerline interference, 

spikes and remaining noise.  
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						 1,2,3    (3.3)  

The reference channels are assumed to be free of contamination from free induction decay 

signal. The powerline interference is again modelled as a sum of sinusoidal signals with 

channel-dependent amplitude and phase for each component:  

∑ cos 2       (3.4)  

In the above models, it is assumed that the fundamental powerline frequency and the 

amplitude and phase of each component are constant. However, the powerline frequency is 

constantly fluctuating due to changes in demand and supply of power. Due to the nonlinear 

processes generating the high-order powerline harmonics, the amplitudes and phases of each 

sinusoidal component are also time variant. For short periods of time, less than a few 

seconds, the powerline frequency, amplitudes and phases can be assumed constant and the 

modelling approach is viable, but care must be exercised to validate the model.  

3.2.1	Removing	powerline	interference		

The determination of the model parameters ,  and  in Equation (3.2) and (3.4) is a 

non-linear optimization problem. The problem is simplified through the standard approach of 

rewriting the cosine terms as  

cos 2 cos 2 sin 2  (3.5)  

where the variables are related as  

   and  tan    (3.6) 

After the rewrite, the only non-linear parameter is . The value of  is known in advance to 

be constrained to a narrow range around 50 Hz. A simple method for determining the model 

parameters is therefore to treat  as a parameter and solve the linear equations with a 

standard least-squares approach (Lay 2012) for several f0 values in this range and locate the 

optimum. For numerical efficiency, a two-step approach can be employed where only a 

handful of well excited harmonics are used in the first step to narrow the  search range. In 

the second step, the parameters of all harmonics are then determined. Spikes can influence 

the determination of the model parameters, in particular, large spikes can saturate the detector 
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system and the recorded signals will be clipped. To avoid this problem, the segments of a 

time-series containing spikes are identified and discarded during the modelling process 

(Dalgaard et al. 2012). Several conclusions can be drawn from a plot of the residual power in 

the signal, that is, after subtraction of the harmonic model, as a function of the assumed value 

of  (Figure 3.1). The time-series used in this example is a noise-only record of 1 s duration. 

A clear minimum is seen at 50.016 Hz. The minimum can be located to within approximately 

1 mHz and deviations of the fundamental powerline frequency of just a few millihertz from 

the optimum value will reduce the noise cancelling efficiency. It is instructive to compare the 

time-series and power spectrum of the noise-only record before and after model-based 

removal of the powerline harmonics (Figure 3.2). In this case, more than 96 per cent of the 

noise power in the recorded signal is modelled as a harmonic signal and removed. The power 

spectrum shows that all harmonics have been efficiently removed. The same is evident in the 

time-series where the repeating pattern has disappeared. Importantly, the timeseries now also 

reveals the presence of a number of small spikes that were masked by the powerline 

interference.  

 
Figure  3.1  Plot  of  the  residual  signal  power  after modelling  and  removal  of  powerline  harmonics  at  the  assumed 
powerline frequency. The powerline frequency must be determined to within approximately 1 mHz for optimum noise 
removal. The nominal powerline frequency in Denmark is 50 Hz but the instantaneous value is constantly fluctuating.  
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Figure 3.2 Time‐series and spectra of a noise‐only record before (a and c) and after (b and d) model‐based subtraction of 
powerline harmonics. The model  is determined  from the entire time‐series and  includes all harmonics  from 1 to 100. 
After subtraction of powerline harmonics, the presence of a number of small spikes  is evident  in b). These spikes are 
also present in the time‐series in (a), but masked by powerline harmonic noise.  

3.3	Multiple	coherence	measurements		
Following subtraction of powerline interference in the primary and reference channels, it is 

sometimes possible to remove remaining noise through additional multichannel Wiener 

filtering. As discussed above, this will not be successful if the remaining noise originates 

from multiple sources that warrant independent filtering of each source. The maximum 

effectiveness of an additional Wiener filter can be quantified by measuring the multiple 

coherence function between the primary channel and the three reference channels, : . 

The multiple coherence function provides a frequency-resolved measurement of the linear 

relationship between the primary channel and the multiple reference channels. In particular, 

the multiple coherence function appropriately accounts for the partial correlation between 

signals in the reference channels which is not possible with the ordinary coherence function 

(Bendat & Piersol 2010). The linear relationship is quantified by a number between 0 and 1, 

with 0 indicating no relationship and 1 indicating a complete linear relationship. The multiple 

coherence function is calculated on a stack by stack basis and averaged to show the mean 

value. The maximum additional noise attenuation at a given frequency, expressed in dB, by a 

multichannel Wiener filter is given by Equation 2.2. 
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Thus, for an efficient additional noise cancelling, the multiple coherence function should take 

on high values in the spectral region around the Larmor frequency where the hardware 

bandpass filter of the Numis Poly is inefficient in rejecting noise. The multiple coherence 

function is very site-dependent after model-based removal of powerline harmonics (Figure 

3.3). In panel A, a noise-only measurement from Odder, 20 km south of Aarhus, Denmark, is 

shown. The data were recorded in the summer time and this site was found to be rich in both 

powerline interference and spikes. In the most important region around the bandpass filter 

from 2 to 2.3 kHz, the value of the multiple coherence function is approximately 0.15–0.20 ± 

0.10, indicating that less than 1 dB additional noise cancellation is possible with a Wiener 

filter. The  

 

Figure 3.3 Plots of the multiple coherence function  :  measured at three sites with different noise characteristics. 

The multiple coherence function is calculated after powerline harmonics have been removed. (a) Odder I (low multiple 
coherence). (b) Odder II (medium multiple coherence) and (c) Kasted (high multiple coherence).  

multiple coherence function is based on 32 stacked measurements. The standard deviation 

increases slightly outside the bandpass filter region due to the smaller amplitude of the 

signals here. Two broad peaks with amplitudes of 0.55 are seen at 900 and 4200 Hz in the 

coherence function. The nature of the noise causing these peaks is currently unknown, but is 

believed to be an instrumental artefact. The spectral densities at these frequencies are 

approximately 20 and 30 dB lower than the peak of the bandpass filter. Therefore, cancelling 

noise at these peaks will only have a minute effect on the retrieved FID curve. Finally, an 
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important feature is found in a few small peaks with amplitude of approximately 0.25–0.30 

located at powerline harmonic frequencies, most notably at 2400 and 3000 Hz. These peaks 

are attributed to an imperfect model-based removal of the powerline harmonics and an 

additional attenuation of up to 1.5 dB is theoretically possible at these frequencies. The likely 

explanation of the imperfect model-based removal of the powerline harmonics is that the 

fundamental powerline is changing so fast during the acquisition of a number of stacks that 

the assumption of a fixed frequency is only approximately true. A second example is based 

on data recorded in Odder, 2 km away (Figure 3.3B). This site is also rich in powerline 

interference and spikes. Close to the Larmor frequency, the multiple coherence function is 

above 0.30 ± 0.10 with peaks of 0.50 to 0.60 at some of the powerline harmonic frequencies. 

The measurement is based on averaging 50 stacks. These values of the multiple coherence 

function imply that the broad-band noise can be further suppressed by 1.5 dB and the 

imperfectly removed powerline harmonics can be reduced by an additional 3–4 dB. The final 

example is from Kasted, 10 km west of Aarhus, Denmark (Figure 3.3C). This site is very 

noisy and rich in powerline harmonics, but almost completely devoid of spikes. The absence 

of spikes is attributed to the fact that the data were recorded in January where thunderstorms 

are rare and most electrical fences are switched off. At this site, the multiple coherence 

function is remarkably high after model-based removal of powerline harmonics. In the 

interesting region around the expected Larmor frequency from 2 to 2.3 kHz, the mean value 

exceeds 0.93 ± 0.02. This high value of the multiple coherence implies that more than 11 dB 

additional noise can be attenuated by a subsequent multichannel Wiener filter.  

3.4	Comparison	of	noise	cancellation	techniques		
To quantify the conclusions from the above sections, a number of numerical experiments 

have been carried out where a monoexponential synthetic signal has been embedded in the 

four different noise-only records from one site with low multiple coherence (Odder I) and 

three sites with high multiple coherence (Odder III, Kasted I and Kasted II). The parameters 

of the synthetic signal are = 200 nV, ∗ = 75 ms,  = 2075 Hz and  = 2 rad. Four 

different noise cancelling methods are used and compared (Table 3.1). 
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Table 3.1 Comparison of  signal processing methods  for Odder  I  (low multiple coherence) and Odder  III, Kasted  I and 

Kasted II (high multiple coherence). The synthetic signal has   = 200 nV and  ∗  = 75 ms.  

 

In all four methods, spikes have been removed from the records prior to further signal 

processing with the despiking method described in Dalgaard et al. (2012). The four methods 

are: (1) pure stacking, that is, plain averaging over the signal records, (2) multichannel 

Wiener filtering followed by stacking, (3) modelbased removal of powerline harmonics 

followed by stacking and (4) model-based removal of powerline harmonics followed by 

multichannel Wiener filtering and subsequent stacking. The multichannel Wiener filter is 

implemented in the frequency domain. Long signal records are used so that the transfer 

functions can be estimated on the last signal-free part of each signal record. This method 

helps to remedy the problem of jitter between the noise-only and signal records in the Numis 

Poly system (Dalgaard et al. 2012). The number of stacks employed is 32 for Odder I and 99 

for the other sites. The signal-to-noise ratio (SNR) is defined for the stacked records as  

SNR
∑

∑
        (3.7)  

The noise n(k) = x(k) - s(k) is found as the difference between the processed and stacked 

signal x(k) and the synthetic signal s(k). The SNR depends on the choice of synthetic signal 

and the summation limits for k as the SNMR signal decays, while the noise is stationary. 

Here, the sum extends over the first 250 ms of the record. The model parameters are 
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determined by envelope detection as described in Dalgaard et al. (2012) and fitting the 

envelope to the mono-exponential decay. The noise at the site with low multiple coherence 

(Table 3.1, Odder I) is dominated by powerline harmonics. As expected pure stacking is the 

most inefficient method with a SNR of 0.3. However, the fitted parameters of the mono-

exponential synthetic signal are still retrieved to with approximately 10 per cent. When 

Wiener filtering is employed, the SNR is increased to 6.4 and the model parameters are better 

determined. The SNR is increased fourfold to 25.1 by using model-based removal of 

powerline harmonics. However, the increase in SNR does not lead to a significantly 

improved determination of the model parameters. Finally, by combining the model-based 

approach with Wiener filtering, an additional small increase in SNR to 26.1 is gained, but 

again without a significant improvement in the fitted model parameters. Numerical 

experiments have shown that much larger increases in SNR are needed to significantly 

increase the determination of the model parameters. The initial amplitude of the signal is 

underestimated with all four methods. This observation is partly explained by the interference 

from a non-stationary component of unknown origin at approximately 2000 Hz in the 

recordings. The component is unrelated to the powerline harmonics and only observed in the 

primary channel. Further signal processing can be used to remove this component and 

improve the signal. The results from the high multiple coherence sites reflects the different 

noise environments at each specific site (Table 3.1, Odder III, Kasted I and II). At Odder III, 

the SNR is lower with all four methods than at Odder I and further, the SNR with Wiener 

filtering is higher than with model-based subtraction, in contrast to Odder I. Likewise, the 

retrieved model is badly determined using only model-based subtraction. This is caused by 

the more complex noise environment at this site, and hence removal of powerline harmonics 

alone is not enough to give an adequate noise cancelling. With the combined approach, the 

retrieved model is in good agreement with the synthetic model. The noise levels at Kasted I 

and II are significantly larger than at the Odder sites and this is reflected in lower SNR. As 

above, pure stacking is the most inefficient method with a SNR of only 0.002 and 0.0007. 

These SNRs are so low that the mono-exponential signal cannot be reliably fitted. When 

Wiener filtering is employed, the SNR is greatly increased and the model parameters can be 

determined to within approximately 10 per cent for Kasted I and approximately 40 per cent 

for Kasted II. With the model-based approach, the SNR is also significantly increased, but 
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the parameters of the mono-exponential decay are badly determined for Kasted I. For Kasted 

II, the results are similar to Wiener filtering. Finally, the combined model-based and Wiener 

filtering approach leads to improved SNR ratio and an adequate determination of the model 

parameters and their uncertainties. From the above experiments, we conclude that the 

combined approach using first model-based powerline removal followed by multichannel 

Wiener filtering gives the best SNR and determination of the model parameters for all four 

sites. The exact increases in SNR are related to the noise characteristics at the specific site. 

For example, for Odder I where the main noise component is harmonic interference, the 

model-based approach by itself gives an adequate noise cancelling, whereas for Kasted where 

both harmonic and nonharmonic noise is present, the combined method must be used for 

good noise cancelling.  

3.5	Full	sounding	example		
In this section, synthetic signals are derived from a realistic three-layer model and the 

comparison of different noise cancelling methods is performed on the retrieved model after 

inversion. The three-layer model has boundaries at 10 and 30m and a water content of 5 per 

cent in the top layer, 30 per cent in the middle layer and 10 per cent in the bottom layer. The 
∗ model values are 150 ms in the top layer, 150 ms in the middle layer and 80 ms in the 

bottom layer. From this model, a forward response is calculated using Aarhus Inv (AAI; 

Behroozmand et al. 2012) and added to noise-only records from either the low-noise, low 

multiple coherence site at Odder or the high-noise, high multiple coherence site at Kasted. In 

both cases, we compare the three methods of multichannel Wiener filtering, modelbased 

removal of powerline harmonics and the combined approach of first removing powerline 

harmonics followed by a subsequent multichannel Wiener filter. Subsequent to the noise 

cancelling, the model of the subsurface is obtained by inversion of the data using AAI. For 

the low-noise site in Odder, a water content in good agreement with the synthetic model is 

found with all three noise cancelling methods (Figure 3.4). The combined approach is 

slightly better than the two other approaches in estimating the water content in the top layer. 

For the ∗ results, the combined approach also gives the best performance and in particular 

the top layer result is in good agreement with the model using this method, whereas ∗ is 

overestimated using the other methods (Figure 3.5). From a practical perspective, the fact 
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that the model-based removal of harmonics alone gives good results implies that for sites 

known to be low in noise and dominated by powerline interference, good estimates of the 

layers and their water content can be obtained without deploying reference coils.  

 
Figure 3.4 Inverted water content for a synthetic three‐layer model (black), superimposed in noise‐only records from the 
low‐noise site at Odder. Grey lines show inverted models. (a) Multichannel Wiener filtering. (b) Modelbased removal of 
harmonics. (c) Model‐based and multichannel Wiener.  

 

Figure 3.5  Inverted  ∗  values  for a synthetic  three‐layer model  (black), superimposed  in noise‐only  records  from  the 
low‐noise site at Odder. Grey lines show inverted models. (a) Multichannel Wiener filtering. (b) Modelbased removal of 
harmonics. (c) Model‐based and multichannel Wiener.  

 



 

35 

 

 

 

 

 

 

 

Chapter	4	

A comprehensive study of the parameter 
determination of SNMR models 
 

This chapter summarizes the main outcomes of Paper III, which is published in Near Surface 

Geophysics, 2012 

 

4.1	Introduction	
The SNMR inversion results are represented as estimated model parameters, like water 

content, at different layers. The estimated model differs from the true one due to e.g. the 

inevitable noise on the data and the structural error i.e. imperfect model assumptions.   The 

interesting question is how well we can resolve the parameters. This question forms the basis 

of this chapter. To my knowledge, there has been published a few papers on the resolution of 

SNMR model parameters. Legchenko and Shushakov (1998) shows how the depth of 

investigation is dependent on the resistivity structure. Furthermore, they suggest an algorithm 

which can calculate an minimum number of pulse moments without significant loss of 

information Legchenko et al. (2002) investigate the analysis of both a three layer and a five 

layer model, and show that the more complicated model is less resolved. Furthermore, they 

analyze the resolution of the depth to and the thickness of a water-bearing layer. Walsh et al. 

(2011) conducted an analysis on the effect of the dead-time, and showed that better results 
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were obtained with shorter dead-times, especially when dealing with fast decaying signals. 

Müller-Petke and Yaramanci (2008) published a resolution study based on Singular Value 

Decomposition (SVD) of the SNMR forward operator in which they investigated how the 

loop size and the maximum pulse moment would affect the depth of investigation. 

Furthermore, they investigated the influence of the noise level and how the noise level scales 

with the loop size. Attempts of exploring the model space with a Monte Carlo approach was 

performed by Guillen and Legchenko (2002) and Weichman et al. (2002). As one of the 

conclusions, Weichman et al. (2002) suggest that one should act with care when dealing with 

the resistivity model, because conductive layers can have a shadowing effect on resolving 

water layers, as underestimating the water content. Furthermore, they conclude that a figure-8 

configuration reduces the depth of investigation compared to the square loop. A quantitative 

study of the reliability of SNMR data has been conducted by Müller-Petke et al. (2011b) and 

Knight et al. (2012) by comparing SNMR with borehole NMR. In this chapter, I will present 

a qualitative investigation of the model parameters in a joint SNMR and transient 

electromagnetic (TEM) data analysis scheme, by exploring the estimated covariance matrix. 

First a brief description on the theory of the method will be shown, followed by the results. 

The results will contain an explanation on the settings applied and an analysis of four 

different parameters. The stretched exponential approach (SE), proposed by Behroozmand et 

al. (2011) is used for simulation of the SNMR data. 

There are different ways to present an analysis. I will describe the settings used for the 

analysis and present the analysis results. The results will be divided in four groups, each 

corresponding to a varying model parameter. 

4.2	Methodology	

4.2.1	SNMR	Forward	modeling	
For the forward modeling of SNMR data, the entire data set was simulated at different pulse 

moments (q) and different time gate values (t). A detailed description of the efficient full 

decay forward modeling of SNMR data is presented in Behroozmand et al. (2012b). The 

stretched-exponential (SE) approach (Kenyon et al. 1988) approximates the multiexponential 

behavior of the SNMR signal, and the 1D forward response is given by 
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, 	 , ∙ ∙ ∗    (4.1) 

in which ,  is the entire cube of measured signal integrated in time windows called 

‘gate’, ,  is the 1D SNMR kernel depending on pulse moment and depth, z, and  

denotes water content distribution. The SE model is a function of the relaxation time ∗ and 

the stretching exponent  at each depth.      

4.2.2	Noise	contribution	
In order to give meaning to the sensitivity analysis of SNMR data and in order to make the 

synthetic data comparable with field conditions, we selected all measurement parameters 

from field data acquired with the Numis Poly equipment. The noise contamination is likewise 

chosen carefully to resemble field conditions: 

0,1 ∙ ∙      (4.2) 

where  is the perturbed synthetic data;  is the forward response; 0,1  denotes the 

Gaussian distribution with a mean value of 0 and a standard deviation of one;  

represents uniform noise added to the data in order to consider non-specified noise 

contributions like structural noise;  is the background noise contribution. For 

simulation of the SNMR synthetic data, the forward response was contaminated by a 

Gaussian noise distribution with a standard deviation of 64 nV together with a uniform 

relative noise of 3% of the data values, which are assigned to  and  in Equation 

4.2. The 64 nV noise distribution was applied to the data before gating, and the noise on the 

data was assumed to be uncorrelated. This realistic noise level was assigned to the SNMR 

data to make the analyses results comparable with real field scenarios. For the TEM data the 

background noise is given by (Auken et al., 2008) 

∙ ,          (4.3) 

in which 3	nV is considered as the noise level at 1 ms. In addition, the uniform standard 

deviation is set to 2% for db/dt responses using a noise calculation similar to Equation 4.2. 
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4.2.3	Model	parameter	uncertainty		

Based on a linear approximation to the a-posterior model covariance matrix , the 

estimation of the model parameter uncertainty is given by (Auken and Christiansen, 2004; 

Tarantola and Valette, 1982) 

       (4.4) 

where  is the Jacobian matrix of the forward mapping containing the partial derivatives of 

the mapping and  are the covariance matrices of the observed data. The parameter 

uncertainty estimates are then obtained by the square root of the diagonal elements of . 

For the sensitivity analysis of the SNMR parameters, few-layer 1D models were considered 

and no a priori information was applied to any of the model parameters.  

The analyses were carried out on the logarithm of the model parameters, which provides a 

standard deviation factor STDF, on the parameter , given by (Behroozmand et al., 2013): 

, .               (4.5) 

Therefore, under a lognormal assumption, it is 68% likely that a given model parameter  

falls in the interval 

∙ .      (4.6) 

A STDF below 1.1 correspond to a very well determined parameter and a STDF above 2.0 is 

said to correspond to a completely undetermined parameter.  

 

4.3	Results	

4.3.1	Varying	system	parameters	(loop	size	and	pulse	moments)	
The first analysis to be presented is an analysis of two different system parameters namely 

the loop side and the number of pulse moments applied to the sounding.  
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Figure 4.1 Resistivity, water content and relaxation time structures for the 3‐layer model used in the analysis. The values 
in red indicate varying parameters, whereas the black ones indicate the fixed parameters. The thickness of the second 
layer is fixed to 10 m, while the depth to the second layer varies in the analysis between 5 and 160 m. 

These are important parameters, because they 

affect the effort one has to do and the time 

consumption of a field measurement. The 

model applied for the analysis are visualized 

in Figure 4.1. The changing parameters are the 

depth to the second layer, varying from 5 to 

160 m (shown in red), and one system 

parameter. The results are with regards to the 

sensitivity of the water content in the second 

layer.  

The results of the analysis are shown in Figure 

4.2. Figure 4.2A shows the effect of changing 

the loop-side, from 25 m up to 150 m. The trend for changing loop side is quite clear as 

expected, namely the depth of penetration increases with increased loop side. For the given 

geological and noise models, and with a loop side of 25 m there is a resolution down to 20 m. 

The resolution in depth increases to 30 and 40 m for the loop sides of 50 and 75 m 

respectively. The loop sides of 100 and 150 m show that the water content of the second 

layer is well determined down to 40 m. Figure 4.2B shows the effect of the number of pulse 

Figure 4.2 Sensitivity of  the water content  in  the  second 
layer as a  function of depth and a  system parameter. A: 
Here the changing system parameter  is the  length of the 
loop  side. B: Here  the  changing  system parameter  is  the 
number of moments (q) applied to the sounding. The red 
numbers relate to Figure 4.1. 
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moments applied to a sounding, varying from 2 to 24. The trend is again quite clear, the 

higher number of pulse moments the better determination of the water content. Given 2 pulse 

moments only a poor or no resolution is achieved at all depths. Having 4 moments shows a 

well determined water content down to 10 m, and 

the resolution increases in almost a linear manner 

in depth by increasing the number of pulse 

moments. This trend is shown up to 16 pulse 

moments. It should be noted that, the results for 

16 up to 24 pulse moments are similar, they all 

represent a well determination of the water 

content down to 40 m, and a poor determination 

down to 50 m. It should be mentioned that the 

results presented in this section are dependent on 

the geological and the noise models. 

4.3.2	Varying	model	parameters:	
resistivity	
In this section the effect of resistivity, 

varying from 1 to 1000 Ωm (Figure 4.3), 

will be explored. The model parameters 

used for this analysis are shown in Figure 

4.1. This analysis will consist of two 

parts: First, the effect of the resistivity in 

the water bearing second layer will be 

explored (Figure 4.3A), second, the effect 

of the resistivity in the first layer will be 

explored (Figure 4.3B). Both analyses 

will be shown as a function of depth to 

the second layer, varying from 5 m to 160 m. 

The results of this analysis are shown in Figure 4.4. The effect of resistivity in the water 

bearing layer is negligible (Figure 4.4A) all resistivities result in a well determination of the 

Figure  4.3  How  the  model  parameters  related  to
depth  and  resistivity  will  change  in  the  resistivity
analysis.  Red  values  indicate  varying  parameters,
whereas  black  values  indicate  fixed  parameters.
Water content and  relaxation  times are as shown  in
figure 4.1.

Figure 4.4 Sensitivity of the water content in the second layer as
a function of depth and resistivities of the first and the second
layers.  A:  The  resistivity  of  the  second  layer  varies.  B:  The
resistivity of  the  first  layer  varies. Red  values  relate  to  Figure
4.3. 
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water content down to 40 meters. A resistivity of 1 Ωm, shows some unexpected features, 

where the water content to a depth of 70 is undetermined but at a depth of 80 it is poorly 

determined. A larger effect is observed when varying the resistivity of the first layer (Figure 

4.4B). As the trend shows, with an increase in the resistivity we get a better resolution in 

depth. With a resistivity of 1 Ωm the water content is well determined only down to 10 m 

whereas this depth increases to 60 m for a resistivity of 1000 Ωm. Some unexpected features 

are observed in the analysis, like in Figure 4A, these effects are currently being investigated 

and they could be due to a correlation between other parameters.  

4.3.3	Varying	model	parameters:	water	content	
The effect of the water content is shown in this section. In Figure 4.5, the varying parameters 

in this analysis are shown in red. As in the previous analysis two analyses are conducted, 

exploring the effect of the water content in the second layer (Figure 4.5A) and in the first 

layer (Figure 4.5B). The effect of varying water content on the sensitivity of the water 

content in the second layer is again shown as a function of depth.  

In Figure 4.6 the results of this analysis are shown. Varying the water content in the 

examined second layer does not seem to have a significant influence on the parameter 

resolution (Figure 4.6A). The most significant change happens between a water content of 5 

and 10 %, here the sensitivity of the water content in the second layer increases with 10 m, 

from being well determined at 30 to 40 m. The water content is well determined to a depth of 

40 m for the rest of the explored model space, namely for water contents between 10 and 45 

%. Changing the water content of the first layer does not result in any detectable change in 

determination of water content in the second layer (Figure 4.6B). In the analysis shown in 

Figure 4.6B the parameter is well determined down to 40 m for all explored water contents. 
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Figure  4.6  Sensitivity  of  the  water  content  in  the  second
layer as a function of depth and water content. A: The water
content  is varying  in the second  layer. B: The water content
is varying in the first layer. Red numbers relate to Figure 4.5.

Figure 4.5 How the model parameters related to depth and
water  content will  change  in  the water  content  analysis.
Red  values  indicate  varying  parameters,  whereas  black
values  indicate  fixed  parameters.    Water  content  and
relaxation time are as shown in Figure 4.1. 
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Chapter	5	

Enhancing SNMR model resolution by 
selecting an optimum combination of pulse 
moments, stacking and gating 
 

This chapter presents an extended summary of Paper IV, which is submitted to Journal of 

Applied Geophysics 

 

5.1	Introduction	
SNMR provides depth resolution by changing the pulse moment for the excitation pulses. 

The pulse moment is the product of pulse current and duration, and the unit is ampere 

multiplied by time (As). Usually pulse duration is kept constant and only the current is 

changed. A typical dataset for a depth “sounding” may consist of up to some tens of pulse 

moments in the range between 0.01 As and 20 As. The number of pulse moments in a 

sounding is referred to as NQ. In order to improve the signal-to-noise for a certain pulse 

moment a number of raw recordings are stacked repeatedly. The number of recordings for a 

single pulse moment is called the stack size, NS. A typical stack size ranges from less than 10 

but may also exceed 100 resulting in typically sounding acquisition times between 3 and 9 
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hours. One of the main challenges with SNMR is the long data acquisition time with several 

factors controlling it: 1) the relaxation processes rebuilding the equilibrium state of the water 

molecules from one pulse to another, 2) the number of pulse moments, NQ, 3) the stack size, 

NS, and 4) the data transfer capability of the instrument. 

The purpose of this chapter is to investigate the optimum relation between NQ and NS 

resulting in the best resolution of the underlying SNMR model. This relation is investigated 

for a sounding where the acquisition time is settled, and thereby a fixed amount of excitation 

pulses. Within the same time we could measure a sounding with a high NQ and with a low NS 

or we can measure a sounding with a low NQ but a corresponding higher NS. In addition, we 

will investigate the effect of gating the free induction decay (FID) as discussed in 

Behroozmand et al. (2012). Gating is an efficient way of suppressing noise as discussed by 

(Macnae et al., 1984; Nyboe and Sørensen, 2012). We introduce a logarithmic gating and 

analyze the minimum number of gates per decade (NG), which must be used to sample the 

FIDs. Considering the data amount to be handled in the inversion and that the FIDs get 

visually clearer with a high NS, one would like to have NQ and NG as low as possible.  

Currently there are two different pulse transmission schemes used by the commercially 

available instruments: 1) transmitting all pulse moments, from high to low, during one 

discharge of the instrument capacitors. In this case the pulse moments are distributed 

logarithmically between the lowest and the highest pulse moment. We call this logarithmic 

distribution, LD. And 2) doing all excitation pulses at each pulse moment before going to the 

next.  The benefit of 1) is that no recharge of the system is needed between the successive 

excitation pulses. The recharge time may exceed the time needed to rebuild the equilibrium 

state and in this case it will increase the total acquisition time. However, it is hard to quantify 

the time spent on recharge as it is specific for the given type of instrument. An investigation 

of this is beyond the scope of this paper. The benefit of 2) is that the pulse moment 

distribution can be user specified and thereby optimized. We have done this by investigating 

the data importance matrix of the 1D SNMR kernel. In this chapter we call this distribution 

the resolution derived distribution, RD. 

In the following we analyze the tradeoff between NQ and NS for both the RD and the LD 

pulse schemes, while also applying gating with different sampling densities to the FIDs. The 
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analysis is done by studying the parameter standard deviations based on the a-posterior 

model covariance matrix. The analyses are conducted both by adding synthetic random 

distributed noise to the data, and by adding noise collected at a field site. 

5.2	Methodology	
The SNMR forward modelling and the calculation of the model parameter uncertainty 

follows the methodology described in chapter 4. To analyze the optimal distribution of pulse 

moments and gates we 1) generate data from a known model, 2) add simulated or field noise, 

3) apply the same processing scheme to the simulated data as we would do to real data and 4) 

calculate the posteriori model parameter covariance matrix. The later is based on the data 

sensitivity (the Jacobian) and the data covariance matrix including the data uncertainties 

calculated during data processing. 

In order to add field noise, collected with a SNMR system, to the data, and to incorporate the 

influence of the frequency detection in the analysis, all synthetic FIDs ,  are 

interpolated to 10 kHz. Then the synthetic FIDs are transformed into their signal ,  

counterpart oscillating at the Larmor frequency, .  

, , ∙ cos 2 ∙ ∙       (5.1) 

where,  is the phase offset of the signal. In the synthetic noise case, the synthetic signal is 

perturbed by Gaussian noise with a standard deviation of 1024 nV at the sample frequency of 

10 kHz, which in this analysis compares to a S/N of around 0.1. In the field case the synthetic 

signal is perturbed by noise recordings obtained in the field. 

Table 5.1 Thickness, resistivity, water content, relaxation time (T2
*
) and stretching parameter (C) for model A, B and C. 

The difference between the models  is the thickness of the first  layer. A three  layer case reflecting an unsaturated top 
sand layer, a saturated sandy mid layer and a saturated clay bottom layer.  

 Model A 

Thickness 

Model B 

Thickness 

Model C 

Thickness 

Resistivity 

(Ωm) 

Water 

Content (%) 

T2
* 

(ms) 

C 

Layer 1 20 m 5 m 30 m 500 5 300 1 
Layer 2 5 m 5 m 5 m 100 35 300 1 

Layer 3 Inf Inf Inf 10 45 10 1 
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5.3	Results	
The base model, model A, is a three-layer model (Table 5.1), resembling a 20 meter 

unsaturated sand layer, followed by a 5 meter sandy aquifer and then a water saturated clay 

layer. The pulse moments are chosen between 0.1 and 15 As, transmitted into a 50-meter-side 

square loop. The pulse transmission time is set to 20 ms and the dead time of the system is 10 

ms. Both the LD and RD pulse schemes are analyzed. The premise for the analyses is that the 

sounding contains 1500 individual records. These 1500 records is measured for a number of 

pulse moments, NQeach consisting of a number of recordings, NS, so that: 

N 	 ∙ 	N 1500       (5.2) 

Two extreme cases are either a situation with 1500 pulse moments with a stack size of 1 or a 

situation where the sounding has 1 pulse moment with a stack size of 1500. In the second 

case the noise level would be √1500 ≅ 39 times smaller than in the first case (given 

Gaussian distributed noise). The first analysis will answer the question of whether a high 

stack size or many pulse moments are desirable. The second analysis will be related to 

gating. Gating is defined as the number of gates per decade (NG) each individual FID consists 

of. With many gates the data quality will be lower compared to a FID sampled by fewer 

gates.  

Figure 5.1 shows data from model A with different realizations of NQ, NS and NG. Figure 

5.1a shows 15 data points, 3 gates for each FID and 5 pulse moments distributed 

logarithmically (LD). Figure b shows the data sampled by 20 pulse moments and 12 gates for 

each FID. The total number of data points is 240. Figure 5.1c and Figure 5.1d show the 

sounding curve for gate 1 sampled with the RD and LD schemes for the two realizations 

above.  It is clear from Figure 5.1c that the LD scheme has gates distributed denser at the 

lower values compared to the RD scheme. In the case where NQ=5, even though the data has 

a low noise contribution, due to the intensive stacking of NS =300, the gates are not sampling 

the sounding curve at the higher pulse moments. At low moments the sounding curve varies 

slowly and the gates sample the sounding curve well. Considering NQ =20, we see in Figure 

b that the data points are more scattered as expected, due to the lower stacking number, NS 

=75, but the data follow the trend of the sounding curve throughout the pulse moments. From 
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this we can expect shallow layers to be well determined by having both a low and a high 

number of pulse moments, while deeper layers will be less determined in the case where 

NQ=5. This is investigated in the analysis in the next section. 

 
Figure 5.1 a) Data cube described by 5 logarithmic distributed pulse moments and 3 time gates. b) Data cube described 
by 20 logarithmic distributed pulse moments and 12 time gates. c) Sounding curve at the first gate (4 ms), the solid line 
represents the synthetic data response compared to the data points from both the LD (x) and the RD (o) scheme. Top 
plot shows data points by having 5 pulse moments. Bottom plot shows data points by having 20 pulse moments. Data 
calculated from Model A. 
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5.3.1	Stacking	and	number	of	pulse	moment	

 
Figure 5.2 Analysis result for the model parameters, W, water content, relaxation time, T2

*
 and THK, thickness. Data are 

perturbed by synthetic Gaussian noise. X‐axis plots  the number of pulse moments, NQ, with  the corresponding  stack 
size, NS. Y‐axis plots the standard deviation factor, STDF. 

Figure 5.2 shows the results of the analysis of water content (W) and relaxation in the 

transverse plane (T2
*) for each layer in the synthetic noise case. In general it is seen that the 

determination, STDF, of the model parameters increases significantly until a certain NQ. 

From this NQ and above the STDF stays at the same level implying that the parameter cannot 

be determined better. For the first layer W and T2
* has reached the steady level for both for 

the RD and the LD schemes at NQ=3. The STDF of the second layer reaches a steady level 

for the RD scheme for a NQ of 6 to 10, while the corresponding number for the LD scheme is 

about 15. For the water content, it is a general trend that the STDF gets higher with depth. 

This is clearly seen for the third layer, where again the steady level for the RD is between 6 

and 10 pulse moments, but with a STDF well above 2. The STDF for the thickness of the 

first layer is highly correlated to the water content, thus we see the steady level of the STDF 

after 4 pulse moments both for the RD and LD. The STDF for the thickness of the second 

layer is also highly correlated to the water content of the same layer, thus we see diverging 

patterns for the RD and LD and again the RD reaches a steady level at 6 to 10 pulse 
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moments, whereas the LD are at a steady level from 15 pulse moments. We see for the two 

uppermost layers, where T2
* is high, that the STDF is low and thus T2

* is well determined. In 

the third layer, where T2
* is low, the steady level is reached at a higher number of pulse 

moments and also the STDF is higher. 

As discussed earlier, the depth sensitivities between the RD and LD pulse schemes are 

different. This is investigated by changing the depth of the layer boundaries in the model. For 

this analysis we introduce two new models, model B and C, only differing from model A by 

the thickness of the first layer, which again affects the depth to the second layer. For model B 

the thickness of the first layer is set to 5 meters and in model C it is set to 30 meters. 

 
Figure 5.3 Analysis result for the model parameter, W, water content for model B and model C. Model B corresponds to 
model A with the layer boundary to the second layer shifted up to 5 meters below the surface. Model C corresponds to 
model A with  the  layer boundary  to  the  second  layer shifted down  to 30 meters below  the surface. X‐axis plots  the 
number of pulse moments, NQ, with the corresponding stack size, NS. Y‐axis plots the standard deviation factor, STDF. 

Figure 5.3 shows the analysis for the water content of all layers. For model B we observe that 

the lowest STDF is obtained for the second layer and in this layer the RD and the LD pulse 

schemes perform equally well. In the uppermost layer W is slightly better determined by the 

LD scheme compared to the RD. In the third layer the water content is slightly better 

determined by the RD scheme compared to the LD. In model C (Figure 5.3) we observe a 

bigger difference between the two pulse schemes. In the second layer the RD scheme 
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determines the water content with a STDF below 2, whereas the LD has a STDF above 2. For 

the water content in the third layer the difference is bigger, the STDF for the LD is around 4, 

whereas the STDF for the RD is below 3. For the first layer in Model B there is no detectable 

difference between the two pulse schemes. In conclusion we see that LD is slightly better for 

resolving thin near-surface layers while RD performs much better for deeper layers.  

 

 
Figure 5.4 An example of a FID sampled with 2, 4 and 14 gates per decade. All gates are plotted with  their standard 
deviation. The width of the first gate is 8 ms. The response for the three examples are the same and plotted as the solid 
line. The example with NG=4 is shifted with a factor of 1.75 above NG=2. The example with NG=14 is shifted with a factor 
of 1.75 above NG=4.   

5.3.2	Gating	
In the following we will investigate the results from varying the number of gates used to 

sample each FID. The gates are distributed logarithmically with the first gate having a width 

of 8 ms, with the number of gates per decade being the varying parameter. The model to be 

analyzed is model A (Table 5.1) and we use 15 pulse moments for both the RD and LD pulse 

schemes. An example of a FID sampled with 2, 4 and 14 gates per decade are shown in 

Figure 5.4. The coarsely sampled FID has relatively low standard deviations for each gate 

while the denser sampled FID has higher gate standard deviations. Results for the analysis 

are shown in Figure 5.5. We see a clear tradeoff between many gates with a high standard 

deviation and fewer gates with a corresponding lower standard deviation. The result shows 

that we need 2 gates per decade to sample the curve. From analyses with various other 

models it is our experience, that the model parameter with the biggest influence on the 

number of gates is the relaxation time. Therefore in some cases where the relaxation is short, 

the minimum number of gates has to be as high as 5 to 7 per decade. Thus, balancing 
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between noise suppression by the gate and model resolution we recommend using a 

maximum of 7 gates per decade.  

 

 
Figure 5.5 Gating analysis result for the model parameters, W, water content, relaxation time, T2

*
 and THK, thickness. X‐

axis plots the number of gates per decade, NG. Y‐axis plots the standard deviation  factor, STDF. The  first gate  is  in all 
scenarios fixed at 4 ms. 

5.3.3	Field	noise		
In order to investigate the validity of Equation 5.3 we have taken noise recordings (field 

noise) obtained by the GMR instrument (Vista Clara Inc) and processed it following the 

processing steps discussed in the methodology section. The processed noise data is then 

plotted with NS against the STD after stacking. Together with the actual STD after stacking 

the theoretical STD is plotted. The standard deviation,  is reduced as (Yin et al., 

1996): 

∗       (5.3) 

where  is obtained from the very first recording.  
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Figure 5.6 Stack  relations  from  two different  sites  in Germany. The number of experiments  for each  stack  is plotted 
along the x‐axis, which is plotted against the stacked amplitude. The solid lines represent the theoretical stack relation 
for random Gaussian noise. The dots represent the actual value after stacking. 

Two German sites, A and B, with moderate noise conditions are analyzed in order to see if 

the noise after processing behaves like Gaussian noise. The results are shown in Figure 5.6. 

As seen, for site A the actual STD after processing follows the theoretical relation, indicating 

that the processed data are nearly Gaussian distributed. At site B it is evident that the 

processed data does not follow the theoretical relation. This indicates that field noise is not 

necessarily Gaussian, and an analysis of examples where field noise is added to the data 

before making final conclusions is needed. 

The analysis is repeated with data calculated from model A, but this time perturbed by field 

noise. The field noise is measured at site B and results are shown in Figure 5.7. It is seen that 

the trends is the same for field noise as for the synthetic noise. The water content W of the 

first layer, and T2
* for layer 1 and 2, are well determined after sampling the data space with 

NQ equal to 3. For W of the second and the third layer we see different results with the RD 

and the LD pulse schemes. For the RD we reach the steady STDF level at 6 - 10 pulse 

moments, and for the LD scheme the steady level is reached at around 15 pulse moments. For 

the T2
* of the third layer, the RD is at the steady level at 4-6 pulse moments and the LD is at 

steady level around 6-10. As in the case with the synthetic noise we see in this analysis a high 

correlation between the water content and the thickness of the first layer and a high 

correlation between the water content and the thickness of the second layer. In the third layer 

the RD scheme performs better than the LD when the steady level is reached and in the other 

layers the two schemes perform equally well. Thus, it is concluded that the results from using 

synthetic and field noise are comparable and show the same overall trends. 
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Figure 5.7 Analysis result for the model parameters, W, water content, relaxation time, T2

*
 and THK, thickness. Data are 

perturbed by noise collected with  the GMR  instrument  from Vista Clara at Schillerslage  in Germany. X‐axis plots  the 
number of pulse moments, NQ, with the corresponding stacks size, NS. Y‐axis plots the standard deviation factor, STDF. 
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Chapter	6	

A temporal and spatial analysis of 
manmade noise sources affecting SNMR 
 

This chapter presents an extended summary of Paper V, which is submitted to Journal of Applied 

Geophysics 

 

6.1	Introduction	
One of the biggest challenges of SNMR when using it in urban areas is the relatively low 

signal level compared to the high background noise level. Signal processing is an integrated 

part of getting SNMR soundings with an acceptable signal to noise ratio (S/N). However, the 

influence of noise is still the most important parameter affecting the measurement time. In 

extreme cases we have observed that the spatial variation of the noise is so large, that moving 

the SNMR loop by 50 meters makes it possible to obtain a sounding. 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 measured and analyzed in a way 

similar to “real” SNMR data.  
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In this chapter I 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 noise 

mapping prior to a SNMR field campaign are shown. 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 to obtain an acceptable noise level. 

6.2	Method	and	methodology	

6.2.1	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 (Figure 6.1).  The electromagnetic noise is 

measured in up to two receiver induction coils with a bandwidth of more 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 controlled from a laptop connected directly to the nC box. Adjustable settings 

of the ADC is sampling frequency, measurement duration and voltage range. All data 

presented in this paper have been obtained with 10 by 10 meter square loops with 7 turns, a 

sampling frequency of 20 kHz, a measurement duration of typically 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. In the design of the instrument it has been important 

to minimize the internal electronic noise and this is the reason for the instrument’s not having 

a built in computer.  
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Figure 6.1 A) Picture of the nC instrument. B) Block diagram of the nC. The system is a two channel system. The signals 
are obtained  in  loops A and B, subsequently an amplification  in the  frontend amplifier of 21  is applied. The recorded 
signals then enter the nC box, and are amplified with a gain of 24. The amplified signals are lowpass filtered at 6 kHz and 
after this the A/D conversion is performed. The laptop controls and receives data from the system. 

6.2.2	nC	data	examples	
In Figure 6.2 two typical measurements obtained by the nC are shown. Data were collected in 

the Kasted area, Denmark. Figure 6.2A shows a time domain plot of data collected at a site 

highly dominated by harmonics from a nearby power cable seen as a repeating pattern. 

Transferring the data to the frequency domain (Figure 6.2B) 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 Figure 6.2B shows a zoom at the relevant frequencies for 

SNMR, which in this part of the world is approximately 2 kHz. It is seen that the base power 

level is around -70 dB and the harmonics are between -40 and -50 dB. Figure 6.2 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 
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between Figure 6.2A and Figure 6.2C. Figure 6.2D shows the data transferred to the 

frequency domain. 

  
Figure 6.2 Examples of data from two measurements obtained by the nC at the Kasted area, Denmark. The left contains 
powerline  interference  (A  and  B)  and  the  right  contains  a  spike  from  a  fence  (C  and D).  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/m

2
. 

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 compared to the other site in Figure 6.2A. A base level 

around -50 dB is seen, which compared to the other site is 20 dB higher. The different base 

level is due to the distortion from the spike. Based on the plots in Figure 6.2, two distinct 

electromagnetic features are observed, namely powerline harmonics and spikes coming from 

electrical discharges. A quantification of these is necessary in order to obtain a predictable 

data quality. 
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The root mean square (RMS) is used to compare the energy of the noise signals and is 

defined as: 

1 2 ⋯     (6.1) 

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 

,         (6.2) 

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

6.3	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 temporal variation of signals is expressed as: 

, ,        (6.3) 

where . Equation 6.3 implies that the signal level at a given location is fluctuating 

over time. 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 to measure several locations at the same time. The nC has two channels, thus two 

simultaneous measurements are possible, ,  and , . When several 

simultaneous measurements are needed on several locations, the temporal variation can be 

overcome by using a reference technique. The main idea behind the reference technique is 

that one of the receivers works as a reference receiver, which monitors the time variation of 

the noise at a fixed location. The time variation is accounted for with the source amplitude 

ratio (SAR). It describes how the noise level at the reference location at time Tk has changed 

since time T0. SAR defined is as: 

,

,
      (6.4) 

where Pref is the location of the reference receiver. The reference technique uses the SAR-

value to estimate the noise level of several points back to the T0 timestamp.  
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 , , 	      (6.5) 

 
Figure 6.3 A 10 hour experiment with 20 seconds measurements obtained every 15 minutes at two positions, 0 and 1 
(black and grey) separated with a distance of 50 meters. The upper subplot in each section are: A) RMS values of the raw 
signal,  B)  RMS  values  of  the  modelled  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). 

6.3.1	Results	
In this section the validity of the SAR value and hence the reference technique is 

investigated. In order to expose 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 several strong noise sources located in different directions; a spike fence is located 

150m to northwest, a high voltage powerline is 1.2 km to the north, some buildings 150m to 

the southeast, and an underground power cable 250m to the south. The receiver loops stay at 

the same position separated by 50 m and the measurements are carried out over a ten hour 

period. The RMS-values were measured every 15 minutes from 20 s time series; these are 

denoted RMS(P0,T) and RMS(P1,T). Figure 6.3A shows the RMS without any processing, 

Figure 6.3B shows the RMS of the modeled harmonic content and Figure 6.3C shows the 
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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 ,

,
       (6.5) 

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

actually be constant  

,

,

,

,

,

,
Ratio   (6.6) 

The observed time variation of the ratio in (Eq. 6.5) 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	   to less than 100	  in the RMS of the raw data 

during one 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 Figure 

6.3A 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 harmonics, as seen in Figure 6.3B where similar 

events are observed. The trends and the amplitudes of the RMS values in Figure 6.3B follows 

the trends and the amplitudes in Figure 6.3A, as the measured signal is highly dominated by 

power cable harmonics. Figure 6.3C shows the processed data and it is seen that the RMS 

level is around 15	   and the variation with time is much lesser compared to the raw data 

(note that the RMS scale has been changed by a factor of 10). In average the RMS is lowered 

by a factor of 10 after processing.   

In the RMS plots in Figure 6.3 the values from position 0 and 1 follow each other quite 

closely. As expected the ratio is not constant because the single source assumption is wrong. 

The standard deviation of the ratio gives an estimate of how violated the single source 

assumption is. The mean of this ratio over the experiment is plotted together with the actual 

ratio at each given time. The raw data in Figure 6.3A gives a ratio of 0.639 ∓ 0.081. The 

harmonics content gives a ratio of 0.639 ∓ 0.102 and the processed data in Figure 6.3C has a 

ratio of 0.581 ∓ 0.069. From similar experiments at other sites, results with ratios and 
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standard deviations in the same order are obtained. Based on these temporal variation 

experiments an error in the reference technique on the order of 10% is expected. Without the 

reference technique errors bigger than 400% are possible. 

6.4	Spatial	Variation	
In this section the spatial dependency of noise sources will be investigated. 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 originates from a single source. Different 

harmonic sources with the same base frequency cannot be distinguished, as those sources 

will add together and appear as one. 

6.4.1	Measurements	of	a	harmonic	source	
In Figure 6.4 a plot of 38 point measurements recorded 50 to 450 meters 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 a reference technique was used to account for 

temporal variations. The inset shows the location of the powerline relative to the point 

measurements. These are plotted from GPS 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 during the fitting as they are influenced by another harmonic source 

located in the southeast corner. The fit of the remaining points indicates a good agreement 

with a 1/r2 relation. 
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Figure 6.4 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 point measurement and the powerline. 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 powerline (grey railway line). The point measurements marked as grey are discarded in the fit.  

6.4.2	Measurements	of	noise	from	a	fence	
Figure 6.5 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 

meters have a nearly constant spike amplitude. A continuous drop in the spike amplitude is 

observed going from 10000 nV/m2 in the near field to around 1000 nV/m2 at a distance of 

200 meters. A 1/r2 relation for the far field is obtained.  

A source of error in the measurement stems from a variation of the receiver altitude relative 

to the fence and receiver orientation. The measurements were performed at a site with great 

topographical variations and since the two wires in the fence are separated by 40 cm, the 

measurements are sensitive to both the altitude and orientation of the receiver coils.  
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Figure 6.5 Radial dependency of the electromagnetic field from a spike source. The figure displays 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 are located in the near field of the fence and discarded in the fit. 

6.4.3	Noise	maps		
Figure 6.6 shows an example where noise is measured over a 400 x 400 m 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 400 meters further northeast and a high voltage powerline 

1 km to the northwest. Figure 6.6A 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 electrical fence located right next 

to the site and surrounding the field at northwest. In Figure 6.6B the modeled harmonic 

content of the measurements is shown. It is seen that the harmonic contribution originates 

from houses supplied by power cables as the pattern 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 towards the fence 

compared to the raw signal. The harmonic content from the high voltage powerline is not 

observed. 



 

64 

 

 
Figure 6.6 A) Map illustrating the RMS value of the raw data. B) Map illustrating the RMS value of the modelled 50 Hz 
harmonics. C) Map illustrating the spike amplitude. 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. 

In Figure 6.6C the spike content is shown. The spike amplitude is very high next to the fence 

in the northwest end of the site and decreases with distance in all directions. Figure 6.6D 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 meters further north. The remaining noise after processing is approximately white and 

has a clear direction towards the houses. Even though the noise is white there is a correlation 

between noise measured at different points implying that further noise reduction with a 

multichannel approach is possible (Dalgaard et al., 2012).  
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6.5	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. 

 
Figure 6.7 Experimental setup. The signal source consists of a function generator, an amplifier and a coil. The emitted 
signal  is detected  in  loop A and B. Loop A  is a reference  loop connected to the nC. Loop B  is connected to either the 
SNMR system or the nC.  

An electromagnetic signal source was set up at a low noise location and the signal from this 

was measured (Figure 6.7). The source consists of a portable power generator, a function 

generator, a stereo amplifier and a coil (2.5 by 2.5 meters, 7 turns). The signal used in this 

experiment is a sine wave at a frequency of 2100 Hz. The emitted signal is collected in loop 

B, around 20 meters from the signal source, and measured either by the nC or the SNMR 

equipment. The stability of the signal source is monitored at loop A which is continuously 

measured with the nC. The SNMR equipment used in this experiment is the NUMIS Poly 

(Iris Instruments). The Larmor frequency of the SNMR system is 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 is self-calibrated 

with the signal source off, after this it measures data with the signal source set at different 

amplitudes. 

The results of the experiment are plotted in Figure 6.8. The RMS values of the SNMR 

measurements are plotted against the RMS values of the nC measurements. Together with the 
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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.  

 
Figure 6.8 RMS values for a SNMR system plotted against the RMS values for the nC system at different noise levels. 

Based on the results it is now possible to perform nC measurements and predict how the 

noise conditions will influence a SNMR sounding. In chapter 2 and 3 it was shown how 

spikes and different harmonic sources can be modeled and identified. By identifying those 

noise sources and subtracting them from the raw signal an estimate of the remaining noise is 

obtained, and from this the stacksize needed to reach an acceptable noise level can be 

determined. Equation 5.3 gives the relation of stacksize and achieved noise level for 

uncorrelated data. By filtering spikes and harmonic noise sources, the remaining signal is not 

necessarily contaminated with only uncorrelated noise, as other spatially correlated 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 prediction 

from the nC of the SNMR affecting noise sources is a conservative prediction.  
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Chapter	7	

Conclusions 
 

This chapter presents the main conclusions of my Ph.D. project. 

 

7.1	Processing	workflow	and	algorithms	
I have presented an optimal workflow for the processing of SNMR data. The entire signal 

processing workflow for a SNMR recording prior to inversion is:  

1. De-spiking 
2. Noise cancelling  
3. Stacking  
4. Envelope detection  

In Paper I, it was discussed and investigated if step 2, should be a multichannel Wiener filter 

or a multichannel adaptive filter. A comparison of the noise cancelling properties of Wiener 

filtering and an adaptive noise cancellation were obtained. It was found that the two methods 

provided an identical noise cancelling performance within the experimental uncertainty, and 

we are now using a Wiener filtering procedure due to its faster computation. In Paper II we 

expanded step 2 to include harmonic filtering prior to a multichannel Wiener filter. The 

method is based on utilizing the prior knowledge of the powerline harmonic noise component 

to model the noise and subtract the model from the records. We found that, once optimized, 

the approach is efficient in removing the powerline component from the records. By doing 

harmonic filtering we separate the noise sources and the multichannel Wiener filter are 
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subsequently able to cancel other correlated noise sources, which were hidden behind the 

harmonic sources before. 

In Paper I we have presented an efficient algorithm for semi-automatic spike detection, 

which has made the processing easier, and we are now able to keep more SNMR recordings 

and thereby reduce the measurement time. 

7.2	A	comprehensive	study	of	the	parameter	
determination	of	SNMR	models		
The parameter determination of SNMR models is studied in a joint application of SNMR and 

TEM data. We presented the analyses for different models in which the effects of the model and 

the system parameters on determination of the water content (as the key parameter) are 

investigated. The resistivity, water content, loop side length and number of pulse moments 

together with depth to the layer of interest (LOI), were considered as sweeping parameters during 

the analyses. As the main results of the investigated models, the resistivity of the water-bearing 

layer (LOI) has a negligible effect on the resolution of the water content in the second layer 

(W2), whereas increasing resistivity of the top layer increases the resolution at depth as expected. 

Surprisingly, water content of the LOI does not influence its determination considerably, and 

variation of the water content in the first layer has no influence on the determination of W2. The 

determination of W2 is not necessarily improved by increasing the loop side length. Surprisingly, 

similar to the loop side length effect, increasing the number of pulse moments does not 

necessarily improve the parameter determination. 

7.3	Enhancing	SNMR	model	resolution	by	
selecting	an	optimum	combination	of	pulse	
moments,	stacking	and	gating	
In this study we have analyzed how well the model parameters are determined by varying the 

number of pulse moments and stack size by keeping the total number of recordings fixed to 

1500. In the framework we have introduced a resolution derived pulse moment distribution 

and analyzed how the distribution of pulse moments influences the parameter determination. 

Furthermore, we have introduced a logarithmic gating process for the FID, and analyzed the 
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number of gates necessary to sample the signal while also decreasing the noise as much as 

possible.  

It was shown that the RD pulse scheme performed overall better than the LD scheme and 

only for very shallow layers is the LD scheme better than the RD scheme.  

Both for the synthetic and for the field noise case a better determination of the model 

parameters is obtained by increasing the number of pulse moments, NQ, compared to 

increasing the stack size, NS, until a certain point. From this point a steady level is reached 

and one can increase either NQ or NS and obtain the same determination of model parameters. 

The specific number of pulse moments and gates to apply on SNMR soundings is model 

dependent, but the analyses show that one should apply 12-14 pulse moments and 7 gates per 

decade using the RD sampling scheme. For models where very shallow water bearing layers 

are present, I recommend to increase the sampling density for the low pulse moments.  

7.4	A	temporal	and	spatial	analysis	of	manmade	
noise	sources	affecting	SNMR	
An instrument, noiseCollector (nC), 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 characterization and mapping as it provides an easy way to separate 

the contributions from different noise sources. Important noise sources to separate are spikes 

coming from electrical discharges and electromagnetic radiation from powerlines and other 

electrical components.   

The theoretical distance relations for electromagnetic fields emitted from electrical fences, 

powerlines and dipoles have been discussed. Two common noise sources, electromagnetic 

fields coming from powerlines and fences, were analyzed 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. 

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 

stack size can be determined to obtain a specified acceptable noise level. 
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