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Abstract

The Magnetic Resonance Sounding (MRS) method is based on the resonance behaviour of proton magnetic moments in the
geomagnetic field. The main distinction between MRS and other geophysical methods is that it measures the magnetic
resonance signal directly from groundwater molecules, making it a selective tool sensitive to groundwater. As the signal
generated by the protons is very small, the method is also sensitive to electromagnetic interference (noise) and this is one of the
major limitations for practical application. The frequency of the magnetic resonance signal (the Larmor frequency) is directly
proportional to the magnitude of the geomagnetic field and varies between 800 and 2800 Hz around the globe. Whilst natural
noise within this frequency range is generally not very large (excepting magnetic storms or other temporary disturbances), the
level of cultural noise (electrical power lines, generators, etc.) may be very high. In order to improve performance, three existing
filtering techniques were adapted to processing MRS measurements: block subtraction, sinusoid subtraction and notch filtering.
The first two are subtraction techniques capable of suppressing stationary power-line noise without distorting or attenuating the
signal of interest, both involve subtracting an estimate of the harmonic component but differ in the way the component is
estimated. The block subtraction method consists of ascertaining the power-line noise (or “noise block™) from a record of the
noise alone, and then subtracting this block from a record containing both the noise and the signal. The sinusoid subtraction
method is based on the calculation of the amplitude, frequency and phase of power-line harmonics using noise records. The
notch filtering method does not require knowledge of the power-line harmonic parameters but it may cause distortion of the
measured signal. During the study, it was found that, in the investigated frequency range, the electromagnetic noise produced by
electrical power lines was much less stable and regular than expected. The proportion of 50 Hz harmonics (regular part) in the
noise energy is site-dependent and may vary between 20% and 50%. Whilst the power-line harmonics are seen clearly on the
noise spectra, the amplitude and frequency of each harmonic may vary significantly from one record to another. Under these
conditions, any block subtraction scheme based on a high noise regularity cannot be used systematically. The sinusoid
subtraction is generally more efficient than the block subtraction and its application allows noise reduction by a factor of up to
nearly 5. The notch filtering technique was studied further using a synthetic signal mixed with real noise and the results show
that the noise can be reduced by factors of 2—10. The efficiency of the investigated filtering techniques is site-dependent. Three
important factors define how successfully noise can be filtered from the signal record: the difference between the Larmor
frequency and the nearest power-line harmonic frequency; the relaxation time of the magnetic resonance signal; and the
proportion of the regular part of the noise spectrum. In most cases though, the improvement achieved in the critical signal-to-
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noise ratio (S/N) (5- to 8-fold on average) enables MRS application to be extended towards more noisy areas. The efficiency of
the notch filtering technique applied to MRS measurements is demonstrated by a field example from France.

© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

The Magnetic Resonance Sounding (MRS) method
for groundwater investigation is based on the reso-
nance behaviour of proton magnetic moments in the
geomagnetic field (Semenov et al., 1989; Schirov et
al., 1991). The main feature that distinguishes MRS
from other geophysical methods is that it measures a
magnetic resonance signal generated by groundwater
molecules, and is therefore an excellent tool for
groundwater detection. It has also been shown exper-
imentally that, using an empirical relationship, MRS
can enable estimates of aquifer permeability (Leg-
chenko et al., 2002).

One of the major limitations of this technique is
the sensitivity to natural and man-made noise. In-
deed, an alternating magnetic field produced by the
precession of proton magnetic moments in ground-
water varies between 10~ '* and 4x 10~ T. The
voltage created by this magnetic field (MRS signal)
varies between 10 and 4000 nV when using a wire
loop of 100 m diameter as a receiving antenna, and
contrary to many geophysical techniques, the signal
cannot be amplified by increasing the transmitter
power. The frequency of the magnetic resonance
signal (the Larmor frequency) is directly proportion-
al to the magnitude of the geomagnetic field and
varies between 800 and 2800 Hz around the globe.
Usually, MRS can be used without major problems
within this frequency range because the natural noise
is sufficiently low. However, in areas where indus-
trial noise is much stronger than natural noise,
power-line harmonics may create a major problem,
particularly when the Larmor frequency is close to
one of the harmonics of the fundamental frequency
(50 or 60 Hz).

Harmonic noise generated by power lines can be
detrimental not only for MRS but also for other
geophysical methods, and this has stimulated several
different approaches to noise reduction. For this study,
the subtraction technique developed by Butler and

Russell (1993) for processing seismo-electric meas-
urements was selected. The technique is capable of
suppressing stationary power-line noise without dis-
torting or attenuating the signal of interest. It involves
subtracting an estimate of the harmonic component,
with two different ways of estimating the component.
However, the approach assumes stability and regular-
ity, for at least a few seconds, of industrial noise
generated by sources such as power lines. It remains
to be established whether the amplitude, phase and
frequency of power-line harmonics within the selected
frequency range are stable enough for a successful
application of this scheme.

In order to complete the study, investigations were
carried out on the efficiency of the well-known notch
filtering technique applied to filtering of magnetic
resonance records. This method is less sensitive to
power-line harmonics instability but introduces some
distortion, the extent of which, for magnetic resonance
records, depends upon the relative shift between the
Larmor frequency and the harmonics frequencies, and
also upon the relaxation time of the signal.

As the MRS method is relatively new, some basic
principles are described below.

2. Magnetic resonance sounding
2.1. Review of the basic principles

To an outside observer, MRS appears very similar
to Transient EM when a coincident transmitting/re-
ceiving loop is used. A wire loop is laid out on the
ground, normally in a circle with 10-200 m diameter
depending on the depth of the target aquifer; it may
also be laid out in a square or, to improve signal-to-
noise ratio (S/N), in a “figure of eight” shape (Trush-
kin et al., 1994). The antenna is then energized by a
pulse of alternating current

i(t) = Ipcos(mot), 0 < t<1, (1)



A. Legchenko, P. Valla / Journal of Applied Geophysics 53 (2003) 103-120

where [, and 7, respectively, are the pulse amplitude
and duration. The frequency of the current wg=2nf, is
set equal to the Larmor frequency of the protons in the
geomagnetic field wy=7yBy, with By being the mag-
nitude of the geomagnetic field and y the gyromag-
netic ratio for protons (a physical constant). The
Larmor frequency is usually known from measure-
ments of the geomagnetic field B, using a proton
magnetometer.

The pulse causes precession of the protons around
the geomagnetic field, which creates an alternating
magnetic field that can be detected using the same
antenna after the pulse is terminated. However, in
practise, the magnetic resonance response recording is
possible only after an instrumental delay (‘“dead
time”). Oscillating with the Larmor frequency, the
signal e(,q) has an exponential envelope and depends
on the pulse parameter g =1,t:

e(t,q) = eo(q)exp(—t/T3(q))sin(wot + ¢o(q)), (2)
where T%(q) is the spin—spin relaxation time, and
@o(q) is the phase of the MRS signal.

The MRS signal is measured for different values of
the pulse parameter g. Assuming that the stratification
is horizontal and the vertical distribution of resistivity is
known (p(r) = p(z)), the MRS imaging equation can be

pulse

noise
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simplified to an integral equation (Legchenko and
Valla, 2002)

alt.q) = [ Klgw@epcyTiE)E ()

4

where K(g,z) is the kernel, and 0 <w(z) <1 is the
water content. The water content w(z) indicates the
presence of aquifers: w— 0 corresponds to dry or
compact rocks and w — 1 to lake water. The relaxation
time T%(z) correlates with the mean size of pores in

water-saturated rock; it varies typically from 40 ms in
very fine sand to 400 ms in gravel.

2.2. NUMIS records

The standard NUMIS (IRIS Instruments) MRS
equipment acquires data in the form of time series
recorded before and after the pulse transmission. Each
record before the pulse is considered as noise only,
whereas records after the pulse contain both signal
and noise. Before digitizing, a hardware band-pass
filter with a + 100 Hz bandwidth (at the 3-dB level)
centred at the excitation pulse frequency is applied.
This central frequency is set to equal the Larmor
frequency measured by proton magnetometer at each
investigated site. The time diagram of the signal
measurement process is shown in Fig. 1.
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[ MRS signal
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Fig. 1. NUMIS record.



106 A. Legchenko, P. Valla / Journal of Applied Geophysics 53 (2003) 103—120

For spectral analysis, the time series are digitized
with a sampling frequency four times higher than the
Larmor frequency (f;=4f;) so as to fully satisfy
Shannon’s sampling theorem, and to allow full and
accurate recovery of both noise and signal passing
through the hardware filter. For measuring the signal
envelope, a synchronous detector with a low-pass
filter of 100 Hz band-pass (at the 3-dB level) is
applied (Max, 1981). After the synchronous detection,
the sampling frequency is set at 500 Hz.

The synchronous detector has two channels (X and
Y). For both channels, the reference frequency (fyq) is
set as close as possible to the signal frequency, that is
the Larmor frequency (/o). The phase of the reference
frequency for the X channel coincides with the phase
of the current in the loop, and the phase of the
frequency for the Y channel is shifted 90°. The
amplitude and phase of the signal after the synchro-
nous detector are A(¢) = \/X2(¢) + Y?(¢) and ®(F)=
tan~ '( Y(¢)/X(2)), respectively.

In this way, two derived signals are obtained, one
in phase and one out of phase:

X (t) = epexp(—t/T%)cos(dwt + ¢g)

+ ZPkCOS(Bwkf + @r) + ex (1), (4)
I3

Y(#) = egexp(—t/T%)sin(dwt + @)

+ > psin(dont + @) + &y (1), (5)
K

where 6w =2ndf=2n(fsqa —f0); P, Owx=2710f; =21
(fsa—fr) and @, are the amplitude, the frequency
and phase of the kth power-line harmonic (with K
being the number of harmonics passed through the
hardware filter); and ¢ = \/e} + ¢} is the nonregular
noise.

For obtaining e, and T% it is assumed that ep>¢
+ > xpr and, thus, the logarithm of the measured
amplitude can be calculated, followed by a linear
regression fit:

log(4) = log(ep) — t/T% + Zka(t) +er(t), (6)
K

where ) . pri(t) and g.(7) is the logarithmic noise
induced by the noise components X and Y. The phase
of the measured signal at time ¢ is composed of the

initial phase ¢¢ plus the phase shift caused by the
frequency offset between the signal frequency and the
synchronous detector reference frequency:

O(t) = dot + @y + @, (1) + @,(1), (7)

where ¢,(f) + @.(?) is the phase instability caused by
the regular and nonregular noise. A linear regression
fit is then applied to determine 6w and hence f
and .

The linear regression fit provides a reliable esti-
mate of signal parameters when the noise is low.
However, the algorithm is sensitive to noise and, in
order to diminish noise influence, a nonlinear regres-
sion curve-fitting technique based on least squares
minimisation must be used:

{ / * (X(0) = Xonoa (1)l

7]

ts
+ 00~ Yol at] = min, (s)
1y

where (t5 — t4) is the record length (Fig. 1), Xy,0q(f)=
ep cos(dwt+ @g)exp(— #/T%) and Yoq(f) = eosin(dwt +
@o)exp(— t/T%). For minimisation, the Marquardt non-
linear fitting technique (Marquardt, 1963) was used,
with the starting point derived from the linear regres-
sion estimate presented above (Legchenko and Valla,
1998).

3. Electromagnetic noise generated by electrical
power lines

A special field study was undertaken in order to
learn more about industrial noise. The frequency
range of interest for the MRS method is between
800 and 2800 Hz, which corresponds to worldwide
variations of the Larmor frequency set by the earth’s
magnetic field. The study was carried out mainly in
areas with the Larmor frequency around 2000 Hz, but
it is likely that this does not change the general nature
of the results. The field data were recorded in France
and also in other countries; field data in this paper
were acquired at three sites in France, one in Israel,
one in the Netherlands and one in the USA. Table 1
summarises the characteristics of data acquisition
parameters at these test sites. A noise-reducing fig-
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Table 1

Summary of investigated sites

Site Record before the Record after the Industrial Frequency Central

pulse (ms) pulse (ms) frequency (Hz) range (Hz) frequency (Hz)

France (Site 1) 1000 1000 50 1900-2150 2010.1

France (Site 2) 1000 1000 50 1900-2150 2010.1

France (Site 3) 1000 1000 50 1900-2150 2010.1

Israel 1000 1000 50 1750-2000 1882.5

The Netherlands 1000 1000 50 1950-2200 2073.0

USA 200 200 60 2150-2400 2279.7

ure-of-eight antenna was used in order to improve the
signal-to-noise ratio before filtering.

A first appraisal of noise can be made by comput-
ing its RMS amplitude as

1 N

WZNZ\/X[Z+YIZ7 (9)

i=1

where N is the number of samples in a noise record
after the synchronous detector. An example of noise
measurements in France is shown in Fig. 2. At each
site, 40 consecutive 1000-ms long records of the noise
were made, at about 10-s intervals. The sampling rate
was 2 ms which makes N=500 in Eq. (9). It can be
seen that even at the same test site, the noise magni-
tude was not stable and may vary by a factor of more
than 2.

0 10 20 30 40
4000 L 1 1 1 4000
4+ France (site 1)
| 0 France (site 3)
£ 3000 — + — 3000
(0]
©
2
= i L
&
n —] |
2 2000 - Eﬁlﬂ%j *'[E 2000
_ + + L
+
1000 — T 1000
0 10 20 30 40

Record number

Fig. 2. Variations in the magnitude of power-line noise.

A more detailed analysis was made using the
Fourier transform. Fig. 3 shows the Fourier spectra
of noise records at four different test sites. Industrial
frequency harmonics dominate in all the spectra.
However, the amplitudes of even and odd harmonics
and the nonharmonic noise vary significantly from
one site to another. Note that, as the records from the
USA are for relatively short time periods (200 ms
instead of 1000 ms), the bandwidth of power-line
harmonics in the USA spectrum appears correspond-
ingly wider.

Industrial frequency stability is the keystone of the
power-line noise filtering techniques proposed by
Butler and Russell (1993). In 1993 and later (Butler,
2001), the authors showed the consequences of incor-
rect frequency estimation on the performance of
subtraction schemes. In order to check the stability
assumption, measurements were made of power-line
harmonic frequencies in the investigated frequency
range (37th harmonic in Israel, 40th in France and
41st in the Netherlands) using the synchronous detec-
tor described above. It can be seen (Fig. 4) that
frequencies vary from one record to another but the
instability is site-dependent with the largest variations
being observed in Israel. Such considerable instability
of an industrial frequency is, in fact, very unusual and
there is no clear reason why it occurs. However, even
in the same country (France, Sites 1 and 2), the
frequency estimates show some instability. This insta-
bility (variations around 0.5 Hz and even higher) can
be explained partly by instability of the power-line
fundamental frequency, and partly by noise influenc-
ing the accuracy of the estimation.

The proportion of 50-Hz harmonics in the noise
spectra was also calculated (Fig. 5). In order to
diminish the spectral leakage effect caused by limited
resolution of the Fourier transform on the accuracy of
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Fig. 3. Examples of power-line spectra.
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Fig. 4. Frequency of power-line harmonics.
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Fig. 5. Proportion of 50-Hz harmonics in the total noise.
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the estimation, the + 1 Hz bandwidth around each
harmonic was taken into account for the calculations.
It was found that, depending on the site, the power-
line harmonics represent only 20—50% of the noise
energy within the + 150 Hz bandwidth centred at
about 2000 Hz (Table 1). This high percentage of
nonstationary noise observed in the vicinity of power
lines may be explained by the fact that in the inves-
tigated frequency range the most energetic (and prob-
ably more stable) lower harmonics are filtered out and
only the higher harmonic numbers (20—-55) are used.
It is also possible that power lines, being long con-
ductors, act as electromagnetic antennae and channel
both man-made and natural electromagnetic noises
from a large area, thus amplifying the grossly random
background noise, especially on the vertical magnetic
component that is measured with MRS antennae.

4. Block subtraction

After the synchronous detector and low-pass filter,
only three power-line harmonics around the Larmor
frequency can be considered harmful for MRS signal
measurement: f; _=AF—50, f,=AF, and f;. =
AF+50, where AF=(50k —fsq), fsa = fo and k is
closest to the Larmor frequency power-line harmonic.

For practical implementation of the block subtrac-
tion method, it is assumed that the noise is regular and
largely dominant over the signal (otherwise, filtering
would not be needed) and, therefore, that nonstacked
signal records are mostly noise. The block subtraction

method for such a case is shown in Fig. 6. The
strategy consists of selecting the time shift t so that
the noise sample B(¢) from a noise record, and the
sample A(?) that contains both signal and noise, are as
similar as possible. An ideal sample rate would be an
integer multiple of 50 Hz. However, the finite sample
interval of the record and uncertainty over the exact
value of the fundamental frequency limits the accura-
cy of the subtraction in this case. In order to diminish
errors caused by erroneous estimation of the funda-
mental frequency, the correlation function between a
fixed sample A(f) and a moving sample B(f) are used
as criteria for the best selection of t:

/ * a0 Xt — T)dr

153 %)
\// Xj(t)dz/ X3 (t)dt
1 f
ts

/ Yy(0)Yp(t — 7)dt

+ t4t 15
\// Yj(t)dt/ Y3()dt
(10)

where X and Y are the channels of the synchronous
detector and At=t, —t;=t5s—t4 (At=200 ms for a
typical NUMIS setup).

An ideal noise sample would be when R z(z,7)=
2, but in practise the best value Tp.s iS When

RAB(I‘, ‘E) =

— max,

T
0 t, ty ty ty ts T
|
77777777 t(ms)
interval B interval A
(moving) (fixed)
pulse and
noise dead time signal + noise
NUMIS record

Fig. 6. Selection of the best noise block from a noise record.
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Fig. 7. Examples of the block subtraction application.

R 45(t,7hest) = max. The efficiency of block subtraction
can be demonstrated using two different noise records
made in France. In Fig. 7, the amplitude of noise
sample (A(?)), after processing by the synchronous
detector (A(1)) = /X2(t) + Y2(t)), is plotted versus
time and shown by the thin line. The mean value of
the amplitude is given by the 2000-Hz harmonic, but
the 1950-Hz and 2050-Hz harmonics are also clearly
seen on the plot. As AF=—10 Hz for these sites
(Table 1), the harmonics are presented as a com-
bination of 40- and 60-Hz sinusoids, respectively.
The results of the subtraction (A(f) — B(¢)) is depic-
ted by the thick line. For the record from Site 1,
R ,5(t,Thes) = 1.4 and the subtraction is inefficient,
whereas for Site 3, R,5(¢,Tpest) = 1.92 and the subtrac-
tion technique works well. If the proportion of 50-Hz
harmonic in the power-line noise recorded at Site 1
(about 20%) is compared with Site 3 (about 40%) (Fig.
5), it can be concluded that the block subtraction
method gives better results when the percentage of
50-Hz harmonics (regular part) is larger. This conclu-
sion matches exactly that of Butler and Russell (1993)
concerning the efficiency of the block subtraction
technique for the 0.1-1000 Hz frequency range.

5. Sinusoid subtraction

The sinusoid subtraction technique is based on the
representation of power-line noise as harmonics
superimposed on the fundamental frequency (50 or
60 Hz). The harmonic component is estimated from

noise records and then subtracted from records con-
taining both the signal and noise. The frequency of
power-line harmonics, being relatively unstable,
should not be determined by simply multiplying the
fundamental frequency value by an integer number.
During fieldwork, estimates must be made from the
records, not only of the amplitude and phase of a
power-line harmonics but also its frequency.

When applying this technique to MRS signal fil-
tering, it should be kept in mind that the harmonics
furthest from the Larmor frequency f, are filtered out
by the low-pass filter and do not influence MRS
measurement accuracy. The few interfering harmonics
(usually three, but sometimes five) are close to fy. In
the NUMIS system, synchronous detectors (three or
five) are used for power-line harmonics estimation
(amplitude, phase and frequency), in a manner very
similar to that applied to signal processing (Section
2.2). For each synchronous detector, the reference
frequency is set equal to one of the few fundamental
harmonics frequencies close to the Larmor frequency:
*=50k. The low-pass filter has a bandwidth of 5 Hz
instead of 100 Hz. If the fundamental frequency is
sufficiently stable, or varies slowly and thus can be
considered stable during a few seconds period, the
harmonics can be estimated using a noise record
before the pulse (e¢y=0 in Egs. (4) and (5)). Otherwise,
a record after the pulse can be used on the assumption
that the noise is much larger than the signal (p;>>¢
for all k€K, in Egs. (4) and (5)). Obviously, there is no
need to compute the logarithm for the harmonics
amplitude estimation (Eq. (6)).
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Fig. 8. Phase shift caused by different frequency offsets of.

Modeling results show that, using a 1-s record, the
power-line harmonic frequency can be measured reli-
ably to within an error of & 0.1 Hz. For example,
assuming that for kth harmonic p;>>(eo+é(f)) and
¢@;=0, phase @(f)=2ndf,t is calculated after the syn-
chronous detector (Eq. (7)) by varying ofi=(fsa —f%)
as shown in Fig. 8. This example demonstrates that
margins of error even smaller than 0.1-Hz error can
easily be achieved but, in practise, nonregular noise
may corrupt the phase measurements @(f) and di-
minish the accuracy.

6. Notch filtering

When designing a low-pass filter for the MRS
system, it should be kept in mind that the relaxation
time of the magnetic resonance signal 7% varies
typically from 40 to 400 ms and this determines
the bandwidth of the filter. The Larmor frequency
cannot be considered as constant because it is affect-
ed by geomagnetic field variations within the volume
investigated by MRS and also is unstable over time,
and hence the bandwidth of the filter must be
increased to about 4 Hz. The notch filter is centred
on the power-line harmonic frequencies; as these are
known only approximately, the filter cuts out + 1 Hz
bandwidth around each harmonic. A combined filter,

consisting of a low-pass filter centred on the Larmor
frequency and a £ 1 Hz notch filter centred as close
as possible to the harmonic of the fundamental
frequency, is depicted in Fig. 9 (dashed line). It
should be noted that the notch filter removes be-
tween three and five harmonics but they are not
shown in Fig. 9.

Whilst the sinusoid subtraction method subtracts
the estimates of power-line harmonics without distort-
ing or attenuating the signal of interest, the notch filter
always cuts out a narrow frequency band and, there-
fore, the signal may be deformed. It is thus necessary
to investigate the distortion effect of such a notch filter
on the magnetic resonance signal.

6.1. Exponentially decaying signal

Interpretation of MRS measurements is based on
amplitude inversion and relaxation time of the mag-
netic resonance signal. Thus, it is necessary to first
investigate how notch filtering will affect an expo-
nentially decaying signal, ignoring for the moment the
frequency offset and phase shift that occur in real
signals.

Filtered signals of 100 nV initial amplitude (ey),
100 ms relaxation time constant (7%), with no fre-
quency shift between the Larmor frequency and the
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Fig. 9. Spectra of the exponential signal (solid lines) and combined
low-pass and notch filter (dashed line).
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reference frequency of the synchronous detector
(©f=fsqa —f0=0), and zero phase (¢,), are plotted in
Fig. 10. A 50-Hz power-line frequency is assumed.
The six cases (Fig. 10) correspond to various values of
the difference between the Larmor frequency and the
closest power-line harmonic AF=(f; —fsq), Where
fr=50k. In each case, f; _1, fi and f; 4 are set to 0
in the Fourier spectrum. When AF# 0, the filtering
cancels cosine and sine components, thus inducing
oscillations, and when AF=0, a downward shift is
also induced. These various effects create some bias
when estimating the parameters of the filtered signals
which is decreasing when AF >4 Hz. The worst case
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is when AF'=0, since the signal is corrupted by the
downward shift of the curve and consequently the
time constant is strongly underestimated.

The question then arises, as to whether application
of the notch filter provides better practical results, or
whether its application causes more inaccuracies to
the signal than the power-line noise.

In order to tackle this question, work was carried
out on purely synthetic examples; the results of 100
different noise determinations were averaged and used
to derive the requisite statistics. Firstly, a set of 100
synthetic signals was produced using a random num-
ber generator. Secondly, values were set of 9/=0 and
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Fig.

10. Examples of the exponential signal (7%= 100 ms) distorted by notch filtering for various values of the frequency offset AF.
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¢@o=0 and thus, after the synchronous detector (Egs.
(4) and (5)), Y(©)=0 and

— * _ i _ +7
X(l) = e (e t/T7 + ae 27itAF —random ™7,

+5

V2

where o and f§ are the relative power-line harmonic
and the relative white noise magnitudes. The time
series was 1000 ms long (with 2 ms sampling). The
amplitude e, and time constant 7% were taken as 100
nV and 100 ms, and the relative noise coefficients o
and f§ as 0.4 and 0.2, respectively. Five values of the
frequency offset (AF) were used for the power-line
noise simulation: 1, 2, 4, 8 and 16 Hz. Each synthetic
record was first smoothed by the low-pass filter
discussed above (Fig. 9), with and without notch
filtering. The signal parameters (e, and T%) were
estimated using the fitting algorithm presented in
Section 2.2, which are sets 6f=0 and ¢o=0. The
average and standard deviation of the obtained param-
eters for all 100 estimates were then calculated for the
relevant parameters (Table 2).

Modeling results show that application of the notch
filter significantly improves accuracy of signal param-
eter estimation for all the power-line frequency offset
values. The notch filter efficiently eliminates the
sinusoidal noise and there is practically no distortion
to the synthetic signal when AF>4 Hz. For smaller
values of the frequency offset (AF < 4 Hz), the notch
filter corrupts the signal. However, the noise influence
on unfiltered signals is even more harmful and quite
often leads to fitting instability, as shown by much
lower stable fitting occurrence percentages, and some-
times to unrealistic parameters (ERR in Table 2).

random ™} (¢) + i - random "} (¢) ) (11)

6.2. Complete magnetic resonance signal

Section 6.1 considered a simplified magnetic res-
onance signal, neglecting the frequency offset (6f) and
phase shift (¢¢). Notch filtering was shown to be an
efficient approach, and Section 6.2 is concerned with
the performance of the filtering technique when ap-
plied to complete magnetic resonance signals.

The first step was to compare a = 1 Hz notch filter
with a single-harmonic notch filter, the latter being a
compromise between a notch filter and sinusoid
subtraction. Sinusoid subtraction requires accurate
determination of the amplitude, frequency and phase
of the harmonics, whereas only the frequency is
important for the single-harmonic notch filter.

For modeling, a synthetic signal with fixed param-
eters (ep=100 nV; 6f=0 Hz; po=0° ) was used and
the relaxation time was varied; 7% (100, 200 and 400
ms). The time series of 1000 ms each (X and Y) were
computed using Eqgs. (4) and (5), assuming p(f)=0
and &(f)=0. The model was set to 6f=0 and ¢,=0, so
initially Y(z)=0, but after notch filtering the signal is
deformed, which creates a nonzero Y(f) component. A
nonlinear fitting algorithm (Section 2.2) was used to
estimate signal parameters with a relative error of

Pest - Ptrue

eIr =
P ref

100%, (12)

where P is the estimate of a parameter, P, is the
true value of this parameter used in the model, and
P..r is the reference value for computing the relative
error. The optimisation method for nonlinear fitting
operates within the 16-Hz frequency range, so this
value was used as the reference; P..s=16 Hz. For the
phase P.;=360°, and for the amplitude and the
relaxation time Por= Piye.

Table 2

Results of statistical analysis of the influence of power-line harmonics notch filtering on the estimates obtained for ey and 7%

AF 1 Hz 2 Hz 4 Hz 8 Hz 16 Hz

Notch filter No Yes No Yes No Yes No Yes No Yes

Stability of fitting scheme 0% 100% 7% 100% 29% 100% 100% 100% 100% 100%

eo (nV) average err 90 54 71 95 83 149 94 108 97
stand. deviation err +11 N/A +5 + 100 +4 +69 +4 +26 +5

T% (ms) average err 70 354 109 251 113 86 104 98 102
stand. deviation err +9 err +10 + 416 +6 +33 +4 + 18 +5
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Modeling results (Fig. 11) show the relative errors
versus the frequency offset AF. As expected, the single-
harmonic notch filter induces smaller errors than the
+ 1 Hz notch filtering, and thus can be used in the
frequency range | AF'|>1 Hz. The * 1 Hz notch filter
can be considered harmless when | AF|>8 Hz for all
the signals. For short signals (7% < 100 ms), this interval
could be extended to | AF|>4 Hz. In the vicinity of
harmonic frequency (| AF'| <4 Hz), the signal is too
corrupted by the filtering and the results are unreliable.

6.3. Signal distortion compensation

When |AF| <8 Hz, the =1 Hz notch filter
deforms the signal, causing inaccuracies in parameter
estimates. However, such filtering errors can be partly

+/- 1Hz notch filter
+ 100 ms
® 200 ms
A 400 ms

Amplitude
TR - -50

I
0 2 4 6 8 10
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corrected if there is compensation for distortion in the
fitting algorithm, as described below.

If s is the notch filtering operator, then Y[ X(7)]=
X(t) and Y[ Y(1)]=1(¢) are the filtered records. To
compensate for filter distortion, the curve fitting
nonlinear regression method (Section 2.2) in Eq. (8)
should be modified as follows:

[ @O va)ars [ (70

2 .
—[Ymoa(?)]) dt} — min, (13)
where At is the record length.

When AF — 0, the frequency and phase informa-
tion may be irretrievably lost even when using Eq.

One-harmonic notch filter
O 100 ms
O 200 ms
v 400 ms

120

0 2 4 6 8 10

Error (%)

-10

Frequency_
777717 1 -15

Fig. 11. Errors in signal parameter estimation caused by notch filtering for various values of the frequency offset AF.
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(13). In this case, only the amplitude ey and the
relaxation time 7% can be estimated, and Eq. (8) in
the fitting scheme should be replaced by:

[ /A t< X2(1) + 72(1) - np[Emod(o])zdt] —» min,

(14)
where Epoq(f) = egexp( — t/T%).

The criteria for deciding whether Egs. (13) or (14)
should be used is the accuracy of the Larmor frequen-
cy estimate. Let f§ be the signal frequency estimate
(the Larmor frequency in the subsurface) obtained by
minimisation of Eq. (13). The Larmor frequency
estimate on the surface (fp) is always determined
from measurements of the geomagnetic field. Thus,
if |fo—fol <1 Hz, then Eq. (13) can be used;
otherwise, it must be replaced by Eq. (14).

The efficiency of the distortion compensation ap-
proach can be demonstrated using records from Sec-
tion 6.2. Amplitude and relaxation time estimation
errors caused by the =1 Hz notch filtering were
corrected by applying the distortion compensation,
and modeling results (Fig. 12) showed significant
improvements in accuracy. When |AF|>4 Hz, any
errors were completely compensated. For signals with
T%<100 ms, the distortion correction enabled correct
amplitude determination even when the Larmor fre-
quency coincided exactly with a power-line harmonic.
For signals with 75>100 ms, however, the improve-
ment was smaller because the filter cut out a large part
of the signal energy.

S
S
I
Amplitude
-12 T T T T T T T T -12
0 2 4 6 8 10

AF (Hz)

Error (%)

-20 T T T T T T T T
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6.4. Synthetic signal with real noise

The next step was to ascertain the critical value of
the signal-to-noise ratio (S/N) above which the signal
parameters can be reliably estimated.

The same model was used as in previous sections
(eo=100 nV; T5=100 ms; 6f=0 Hz; ¢o=0°). The
time series (Xmod)(f) and Ymoa)(?)) were computed
using Egs. (4) and (5), assuming p(¢)=0 and &(£)=0.
Real noise records (Xpoise)(f) and Y(noise)(f)) made at
three test sites (two in France, one in the Netherlands)
were added to the synthetic signal, and 40 different
noise records from each site were used. For varying S/
N, the noise was attenuated before adding it to the
signal; E(f) = Enod)(?) + aE(noise)(t). The record length
was 1000 ms and the sampling rate was 2 ms for both
signal and noise. Whilst the full record length (1000
ms) was used for filtering, only the first 200 ms was
used for signal parameter estimation. The signal-to-
noise ratio was thus calculated for the first 200 ms
(100 samples);

100

S/N = Z Xv(%nod)i + Y(2m0d)i
i=1

100
/(a Z X(znoise)i + Y(2|10ise)i> .

The signal parameters were estimated from these
noise-corrupted records both with and without appli-
cation of the + 1 Hz notch filter, and then the relative

(15)

10

PP IR IR U R

< 100 ms
@ 200 ms
A 400 ms

10

Relaxation time T2*

-20
0 2 4 6 8
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Fig. 12. Demonstration of the efficiency of distortion compensation.
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Table 3

Threshold of reliable estimation of the MRS signal parameters

Test site Critical /N Critical S/N Improvement
notch OFF notch ON in S/N

The Netherlands 0.16 0.07 2.28

France (Site 1) 0.8 0.08 10

France (Site 2) 0.1 0.01 10

error of each parameter estimation was calculated
using Eq. (12). For each signal parameter, the average
relative error and standard deviation were calculated,
respectively, as;

D3
U=——) erly, (16)
40 £~

and

1 &
=10 \/ (err, — p)*. (17)
m=1

Values p and o were analysed for different S/N
ratios for each separate test site. The improvement in
signal parameter estimation due to the filtering
algorithm can be evaluated by considering the S/N
for which the nonlinear fitting algorithm becomes
unstable as the critical value. The results are sum-
marised in Table 3. Depending on the test site, the
critical value of S/N wvaries between 0.8 and 0.1
without the notch filter and between 0.01 and 0.08
with the notch filter. The improvement in the critical
S/N is between 2.3 and 10 times depending on the
site.

7. Efficiency of power-line noise reduction

The efficiency of the filtering techniques was
estimated using 40 consecutive noise records made
at each of four test sites (France, three; Netherlands,
one). As previously, record length was 1000 ms with
2-ms sampling rate and noise reduction estimation for
only the first 200 ms.

For each site, if m=1,2,...,40 is the number of a
record; i=1,2,...,100 is the number of a sample
within each record; and X, and Y, are noise

samples, then within one record the noise RMS
amplitude is

100

1
- 2 2
"m_looz;VXWﬁ+Y@w (18)

the noise mean value over 40 records is

L= My (19)
40 £~

and its standard deviation is
| L 5
40 =

Estimating the noise RMS amplitude for unfiltered
records (raw data) and applying different filtering
methods (block subtraction, sinusoid subtraction and
+ 1 Hz notch filtering), the noise reduction factors can
be calculated by:

k;cheme _ 'uraW/luscheme7 (21)
and
k(srcheme _ O_raW/O_scheme7 (22>

where “scheme” superscript indicates which method
was applied.

The results shown in Table 4 indicate that the
efficiency of the noise filtering methods depends on

Table 4
Efficiency of the noise reduction at different sites

France France France The
(Site 1) (Site 2)  (Site 3) Netherlands

noise [Tt 2269 31485 2222 18,544
amplitude ™" 1350 5653 390.5 9721
pEinseid 1597 7016 547 10,623
WPk 1830 5901 466 7540
noise L 329 1397 183.9 1990
standard "' 246 878 52 1226
deviation ¥4 272 1134 80 1168
golock 303 1375 88 1484
noise fpete 1.7 5.6 5.7 1.9
reduction &M 1.4 45 4.1 1.7
factor fBlock 12 53 438 25
Jenoteh 13 1.6 3.5 1.6
Jesinusoid 12 12 23 1.7
fBlock 1.1 1.0 2.1 13
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Table 5

Optimal selection of the filtering technique

Filter T5=100 ms 73=200ms  T%=400 ms
+ 1 Hz notch filter AF>4 Hz AF>6 Hz AF>8 Hz
Sinusoid subtraction AF<4 Hz 1<AF<6 Hz 2<AF<8 Hz
Block subtraction AF<1Hz AF<1Hz AF<2 Hz

the test site. The best results are obtained at Sites 2
and 3 (France) where the noise contains the largest
percentage of 50-Hz harmonics (Fig. 5). At the same
site, notch filtering appears to be the most efficient for
noise reduction as it cuts out the largest bandwidth.
The sinusoid subtraction and the block subtraction
are, respectively, less efficient. However, it should be
remembered that when the Larmor frequency is close
to one of the power-line harmonic frequencies, the
notch filtering might also distort the signal of interest.
So, depending on the noise and the frequency offset, a
compromise must be made between removing the
noise and keeping the signal undisturbed so that signal
parameters can be estimated.

Basing on experience gained to date, the rule for
filtering method selection is proposed (Table 5). It can
be shortly summarized as following:

* When the frequency offset | AF'|>8 Hz, the notch
filter is the most effective.

e When |AF| <8 Hz, the notch filter may be too
drastic and suppress important signal information
for long relaxation times (7%5>200 ms) and, in this
case, the subtraction techniques must be used.

8. Example of application

The results obtained in France with NUMIS in-
strumentation using a 75-m-side square loop can be
used to demonstrate the method. Noise magnitude was
found to be about 900 nV (16 x 10~ ' T approxi-
mately) and, for this level of a noise, a stacking
procedure was necessary to improve the signal-to-
noise ratio. Spectral analysis revealed a high percent-
age of 50-Hz harmonics, which suggested that one of
the power-line filtering techniques may be suitable.
The Larmor frequency, measured with a proton mag-
netometer, was 2010 Hz. As | AF|>8 Hz, the + 1 Hz
notch filtering scheme without the distortion compen-

sation could be applied and records were filtered
before stacking (X (¢) = ﬁZfV:l YXi(n]and Y(¢) =4
SV W[Yi(#)] with N being the stacking number).
Two soundings were performed at the same site: (a)
with 200 stacks without notch filtering; (b) with 10
stacks that were processed with and without notch
filtering. It was considered that sounding (a) provided
true data and it was therefore compared with two other
soundings.

Fig. 13 shows NUMIS records (after the synchro-
nous detector) made with the same value of the pulse
parameter containing both the signal and the noise: (1)
one stack after only hardware filtering; (2) same as (1)
but with the low-pass filter (Fig. 9) without notch
filtering; (3) after 200 stacks and the low-pass filter,
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4000 1 I 1 I 1 I 1 I 1 I
1) Hardware filtering: N=1 4000

0 — 0
-4000 T T T T T T T T T | -4000
-1200 ] ] T 7 7 -1200
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> =
c - e e Y
;’ 200 — 200
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Fig. 13. Field example; filtering of signal records.
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without notch filtering; (4) after 10 stacks and the
low-pass filter, with notch filtering; (5) same as (4)
without notch filtering. It can be seen that application
of notch filtering allows signal recovery using 10
stacks with about the same degree of accuracy as
using 200 stacks without notch filtering.

Signal parameters estimated for these three sound-
ings against the pulse parameter are shown in Fig. 14.
It is clear that the results obtained using 10 stacks and
applying the notch filtering are close to those made
with 200 stacks. As the signal frequency estimate
corresponds well to the proton magnetometer meas-
urements (2010 Hz) and the phase varies smoothly, it
can be concluded that the magnetic resonance signal
was detected reliably. Using 10 stacks without the
notch filtering, the signal frequency estimate is about
2000 Hz which corresponds to the 40th harmonic of
50 Hz. Unlike the magnetic resonance signal frequen-
cy, the power-line frequency is not synchronized with

A. Legchenko, P. Valla / Journal of Applied Geophysics 53 (2003) 103—120

the pulse and, thus, the phase derived from the records
is understandably nonregular.

Comparison of MRS results with the correspon-
ding borehole log (Fig. 15) shows that the aquifer was
well detected in two cases; using the data acquired
with 200 stacks, and with 10 stacks and notch
filtering. Comparison between these two data sets
(water content w(z) and relaxation time 7%(z)) also
shows reasonable agreement. Inversion of the data set
with 10 stacks without notch filtering provides unre-
alistic results that can be easily explained as lack of
accuracy due to power-line noise.

One sounding consists of the signal parameter
estimation for 10—-20 different values of the pulse
parameter. Each value of the pulse parameter had
stacking applied. For the NUMIS system, the time
interval between two consecutive records is about 6 s.
Thus, the time spent in the field could be estimated as
10 X 10 X 6=600 s (plus time for the loop setup)
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O Notch filtering ON; N=10
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Fig. 14. Field example; MRS signal estimates when using the different filtering procedures.
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Fig. 15. Field example; borehole log and MRS inversion results when using the different filtering procedures.

when 10 stacks are used. This can be compared with
the 200 X 10 x 6=12000 s necessary for 200 stack
soundings.

9. Conclusions

The analysis of various examples of power-line
noise in the frequency range 1700-2400 Hz showed
that the noise produced by electrical power lines is not
completely stable and regular. The percentage of the
regular component (50 Hz harmonics) may vary
between 20% and 50% depending on the site. The
other noise component (50—80%) is nonregular. Even
for the regular component, the noise amplitude and
frequency may vary within 5- to 10-s intervals.

As the percentage of 50-Hz harmonics in the
power-line noise is site-dependent, the efficiency of
filtering schemes based on the assumption of noise
stability and regularity are also site-dependent; the
more regular the noise, the more efficient is the
filtering. Three existing filtering methods, block sub-
traction, sinusoid subtraction and notch filtering, were
applied to magnetic resonance records. It was found
that notch filtering was the most efficient but it
distorts the signal of interest when the frequency
offset between the Larmor frequency and one of the
power-line harmonics is smaller than 8 Hz. In this
case, the subtraction techniques are preferable. Basing

on modeling results, a strategy is proposed for select-
ing the most appropriate filtering method by analysing
the signal frequency offset and relaxation time.
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