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ABSTRACT Surface and underground nuclear magnetic resonance (UNMR) method has the advantage of
direct and quantitative detection of groundwater and has been widely used in water resource survey and
advance detection of water sources causing disaster in underground space. However, the UNMR signal
is extremely weak in tunnels or mines. The signal-to-noise ratio (SNR) of received data at one single
record is even less than —20 dB because of the strong environmental noise. A nearby reference noise
cancellation (NRNC) method is proposed in this study to improve SNR. The method calculates the transfer
function between the reference coil and the detection coil by using the second half of the received data to
determine the noise estimation in the first half of the detection coil. The non-linear fitting method is used
to estimate and remove the UNMR signal in the noise estimation and avoid the loss of the UNMR signal
in the detection coil. We compare the nearby reference coil layouts of coaxial, non-separation tri-axial, and
separation tri-axial types, as well as the NRNC results of the number and distance of different reference
coils, through a large number of experiments. The non-separation tri-axial reference coil is optimal. The
experimental results show that the SNR can be increased significantly by 18.1 dB, and the uncertainty in
UNMR signal parameter estimation is evidently decreased. We prove that the NRNC algorithm is superior
to the existing remote reference noise cancellation and power frequency modeling algorithms, and discuss
that the improvement in SNR will be beneficial to improve the accuracy of inversion results.

INDEX TERMS Nuclear magnetic resonance, signal-to-noise ratio, reference noise cancellation, nearby

reference coil.

I. INTRODUCTION

Nuclear magnetic resonance (NMR) is a new and highly
potential geophysical method for exploring groundwater [1].
Compared with other geophysical prospecting methods for
indirect water detection, the greatest advantage of the NMR
method is that it can directly prove the existence of groundwa-
ter and quantitatively describe water content [2]. The NMR
method can be divided into two application fields: surface and
underground. The detection of subsurface aquifers, caverns,
and pipelines on the ground belongs to the conventional
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surface NMR. In underground spaces, such as tun-
nels or mines, the detection of water-bearing structures in
front of or around the working face belongs to the newly
developed underground NMR (UNMR) [3].

Compared with laboratory applications, such as NMR
spectroscopy and Magnetic Resonance Imaging (MRI),
the UNMR applications under the earth’s surface are
more difficulties and challenges [4], [5]. First, the back-
ground magnetic field is small. Medium-high magnetic field
(0.1 — 7 Tesla) is used by NMR spectroscopy and MRI,
whereas the earth’s magnetic field (By = 2.5 — 6.5 x
107¢ Tesla) is used by UNMR [6]. The amplitude of the
UNMR signal is proportional to the square of the background
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magnetic field; thus, the UNMR signal is extremely weak at
only the level of nanovolt [7], [8]. Second, the coil for receiv-
ing is small in size. Surface NMR generally uses a square coil
with a length of 100 m to receive signals [1]. Owing to space
constraints, UNMR only uses coils with lengths of 2 — 6 m
[9], and the effective area and the signal amplitude are smaller
than those in surface applications. Third, the underground
space environment noise is large. NMR spectroscopy and
MRI work in a shielded environment with minimal noise.
By contrast, UNMR works in the field with difficult-to-
shield environmental noise. In the underground, considerable
electrical equipment is needed, and the environmental noise
is high [8]. Therefore, the data signal-to-noise ratio (SNR)
obtained by UNMR is low at less than —20 dB. Some schol-
ars believe that UNMR signal is completely submerged in
noise, and reliable detection cannot be achieved [7]. With
the improvement in measuring instruments [8], [9], many
scholars have detected UNMR signals in tunnel and mine
environments, but the extremely low SNR remains a signifi-
cant challenge faced by UNMR.

Noise in NMR received data is divided into spikes, power-
line harmonics, and random noise [10]. Many scholars
have proposed various elimination methods for these noises.
Spikes refer to short-lived and extremely large noise, which
can be eliminated by statistical criteria [11], energy opera-
tors [12], and spike modeling [13]. The power line harmonic
noise is a noise composed of multiple harmonics with a
power line (50 or 60 Hz) as the base frequency. Harmonic
modeling [10] and adaptive noise cancellation [10], [14] can
be used to eliminate power line harmonics. The random
noise is generally considered subject to Gaussian distribution,
and can thus be decreased by stacking or weighted stack-
ing [15], or the NMR signal is extracted directly from ran-
dom noise using empirical modal decomposition or singular
spectral analysis [16], [17].

However, a large number of measured data in tunnels
and mines indicate that an uncertain system noise remains
in the UNMR received data, which may be caused by a
complex noise source or internal instrument. Although the
noise is random, it cannot be decreased by superposition.
Reference [18] used a three-direction reference coil and ref-
erence noise cancellation (RNC) [12], [19] to eliminate the
correlated noise (harmonics and uncertain system noise) in
the detection coil. The method requires the reference coil to
keep away from the detection coil to prevent coupling the
UNMR signal. When using the RNC method, the UNMR
signal is considered correlated noise, which results in a loss
of useful signals. Nevertheless, as the distance between the
coils increases, the correlation of noise and the effect of
the RNC decrease [20]. The remote reference coil is con-
sequently difficult to apply when making measurement in a
small underground space.

To address the contradiction between the noise correla-
tion of the reference coil and the loss of UNMR signal,
a nearby RNC (NRNC) method is proposed in this study.
First, we design three nearby reference coil layouts of coaxial,
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non-separation tri-axial, and separation tri-axial types.
Second, the RNC method is improved to adapt to the nearby
reference coils. Although the reference coil receives the
UNMR signal, it will not lose the UNMR signal in the
detection coil. Third, we compare the effects of the number,
distance, and direction of the reference coil on the SNR
enhancement, and determine the optimal nearby reference
coil layout. Finally, the advantages of the proposed method
and the influence of SNR enhancement on the inversion
results are discussed by a comparison with the existing
method of harmonic modeling and the remote RNC.

Il. PRINCIPLES AND METHODS

A. UNMR SIGNALS AND NOISE

The UNMR principle states that when the hydrogen proton
in groundwater is excited, its spin rotating axis is deflected,
which causes the NMR phenomenon [21]. After the excita-
tion stops, the coil receives a free-inductive decay signal, that
is, the UNMR signal [2], which can be expressed as

Vamr = Voe /T2 cos2rfrt + ¢o) (D

where V) is called the initial amplitude of the UNMR signal,
which is proportional to the water content of groundwater;
T is the average relaxation time (it is equal to the transverse
relaxation time 7, when the magnetic field is uniform), which
is related to the pore distribution of the aqueous medium;
fr is the Larmor frequency, which is proportional to By of
the measuring location, and f; = yBp; y is the hydrogen
proton gyromagnetic ratio; and ¢ is the initial phase, which is
related to the resistivity of the underground medium, the devi-
ation of the transmitting and receiving frequencies, and the
shape and position of the coil [22].

The received data contain strong noise due to the effect of
the construction environment. The noise can be divided into
spikes Vipike, harmonics Vharmonic, and random noise Viandom
depending on the frequency and amplitude characteristics.
Viandom can be divided into Gaussian random noise Vgauss
and uncertain systematic noise Vincertain, Where Vincertain
refers to the combination of non-Gaussian noise in the envi-
ronment and noise inside the instrument system. Therefore,
the received data are expressed as

VR = VNMR + Vspike ~+ Vharmonic + Vuncertain + Vgauss 2

Vuncertain 18 a non-Gaussian distribution, which is not com-
pensated; therefore, it cannot be decreased by superposition.

B. NEARBY REFERENCE COIL

In surface measurement, the laying of multiple remote refer-
ence coils is usually used, as shown in Fig. 1a. The reference
coils 1-3 must be kept away from the detection coil, with
the distance more than 1.5 times longer than the size of the
detection coil [12]. In underground measurement, the sizes of
the detection coil and reference coil are very small because
of the effective space, and the same plane is difficult to
pave in the form of a multi-directional distal distribution,
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FIGURE 1. Surface NMR remote reference coil and three types of UNMR
nearby reference coil. (a) Remote reference coil, (b) Coaxial nearby
reference coil, (c) Non-separation tri-axial nearby reference coil, and

(d) Separation tri-axial nearby reference coil.

as shown in Fig. 1. In this study, three types of multi-nearby
reference coil suitable for underground space are designed.
They are coaxial, non-separation tri-axial, and separation tri-
axial types, as shown in Figs. 1b, ¢, and d, respectively.
The coaxial type adopts a plurality of reference coils, which
is placed with the detection coil coaxial and distributed at
equal distances to receive noise data from different positions.
The non-separation tri-axial type uses a reference coil in
three directions (coaxial, horizontal, and vertical) to receive
noise data in three directions. The separation tri-axial type is
based on the non-separation tri-axial. Each coil is separated
by a distance, and six types exist based on the three direc-
tions of the different combinations, one of which is shown
in Fig. 1d. The UNMR signal is introduced in the reference
coil because the reference coil is close to the detection coil;
thus, the conventional RNC algorithm must be improved.

C. NEARBY REFERENCE NOISE CANCELLATION METHOD
Vipike> Vharmonic, and Vgauss in the received data refer to (2) are
eliminated or decreased by the different processing methods
mentioned above, and the methods used in this study are
mainly for Vharmonic and Vuncertain- The UNMR signal is expo-
nentially attenuated following (1). Although the received data
in the reference coil contain the UNMR signal, the UNMR
signal in the second half of the data has been significantly
attenuated. First, a certain distance exists between the ref-
erence coil and detection coil; if coupled with the UNMR
signal, then the amplitude is also less than the signal in the
detection coil. Second, the relaxation time of the UNMR
signal is generally 0.05 — 0.4 s, and the data acquisition time
is 1 s. At the beginning of the second half of 0.5 s, the signal
amplitude has been attenuated to the original 0.000045—0.29.
Therefore, this study assumes that no UNMR signal exists in
the second half of the reference coil data, or that its effect can
be ignored.

The NRNC algorithm is shown in Fig. 2 (taking three
reference coils as an example), and the specific steps for
implementation are described as follows:

VOLUME 7, 2019

1) The received data of the detection coil and all reference
coils are divided into the first and second halves based
on time, respectively.

2) The data of the first and second halves are grouped
(usually N = 10 groups) into discrete Fourier trans-
forms [19]. The frequency domain data of the nth group
in the first half of the reference coils are 1R1(n, w),
1R, (n, ), and 1 R3(n, w); the frequency domain data of
the nth group in the second half of the reference coil are
2R 1(n, w), 2R2 (n, ), and 2R3 (n, ); and the frequency
domain data of the nth group in the second half of the
detection coil are 28(n, ).

3) For each frequency point w;, the correlation between
the detection coil and reference coil can be expressed

as [19]
S> = RoH 3)
where $> = [2S(1, @).2 S22, wy), ... .2 SN, o))",
ZRi(L o),  Ra(l,w),  2R3(1, o)
2RI, w),  PRa2, @),  R3(2, w)
Ry = . . . ,
2 . . 2 ! . 2 X .
RI(N’ a)l)a R2(N» a)l)v R3(N1 wl)

H = [Hi(w), Ha(w;), H3(@)]" is a transfer func-
tion and T is the transpose symbol. The least squares
method is used to solve (3) to obtain

H = (RIR)'RIS, “4)

4) Following the calculation to obtain the transfer func-
tion H, the first half of the reference coils 'R (n, w),
1R2(n, w), and 1R3(n, ), and the frequency domain
data U of the noise estimation in the detection coil

U=RH (&)

U is made inverse discrete Fourier transform to obtain
the time domain data u(z).

5) Whether an UNMR signal exists in u(¢) is judged as
follows: if it does not exist, then the detection coil
received data s(¢) are used to subtract u(t) to obtain
the data after noise cancellation; if it exists, then the
UNMR signal parameters are estimated by the non-
linear fitting method and are decreased in u(#), and then
s(t) — u(t).

For the fitting method of the UNMR signal, the Hilbert

transform and a low-pass filter are first used to obtain the
complex envelope of the signal [23], that is

Viur(®) = Voe /T [cosrdft + @o) + j cos2rdft + ¢o)]
(6)

where df = f — fp is the frequency offset and j is the
imaginary unit The non-linear fitting method [24] is used to
estimate Vy, T3, df, and ¢g. In step 5), the noise estimation
using all the reference coils’ data u(r) is used to fit UNMR sig-
nal. The received data of each reference coil s(¢) are not used

75267



IEEE Access

J. Zhang et al.: Improving the Signal-to-Noise Ratio of Underground Nuclear Magnetic Resonance Data

Reference Reference
coil 1 coil 2

Reference
coil 3

Detection
coil

1st 2 nd 1st 2 nd
half half half half

M

]

FFT

FFT

11?1( w)

A 4 A 4 A 4 A

S (@)

2R1( w)

ZRy(w) | %R3(w)

Y Y

H
< Calculate correlated noise >‘—< Calculate transfer function >

Is therea Y ) Y
g} al? SignalFitting

N

N

Signal

after NRNC

FIGURE 2. Schematic of the Nearby Reference Noise Cancellation (NRNC) algorithm.

because u(#) does not contain random noise, the synthesized
UNMR signal is large, and the fitting accuracy is high.

In summary, the NRNC algorithm in Fig. 2 uses the sec-
ond half of the UNMR-free signal to calculate the transfer
function, and then uses the first half of the data to calculate
the noise estimate and remove the UNMR signal. Therefore,
the NRNC is able to eliminate most of the correlated noise
without losing the UNMR signal. Moreover, compared with
the complexity of the traditional RNC algorithm, only the
steps of segmentation and nonlinear fitting are added, and the
calculation speed is equivalent.

IIl. RESULTS

A. SYNTHETIC RESULTS OF NRNC

Synthetic data are used to perform simulation experiments for
verifying the effectiveness of the noise cancellation method
based on the multi-nearby reference coil proposed in this
study. The synthetic data include the four components of
VNMR, Vharmonic> Vuncertain, and Vgauss’ as shown in Fig. 3a,
and their spectrums are shown in Fig. 3b. The parameters
of the UNMR signal are ¢g = 500 nV, T2* = 200 ms,
fi = 2325 Hz, and 99 = 3/m rad. The base frequency of
Vharmonic changes randomly in the 50 £ 0.02 Hz range (Gaus-
sian distribution), and the number of harmonics is 100 [10].
The amplitude of each harmonic varies randomly within the
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0 — 1000 nV range (evenly), and the phase varies randomly
between —m and 7w (evenly). Vincertain 1S from the results
extracted from measured data, and its mean square root
amplitude, that is, the noise level, is 1256 nV. The noise level
of Vgauss is 500 nV. The sampling rate of the simulation data
is 25 kHz, and the acquisition time is 1 s. In Fig. 3a, Vharmonic
and random noise are only one example, each with a different
measurement result.

In the detection coil, the received data include all of the
above mentioned signals and noise. The time domain and
spectrum signals are shown in Figs. 3c, and d, respectively.
In Fig. 3c, the UNMR signal (red line) in the observed data
is completely submerged by ambient noise, and the SNR is
—23.5 dB. For three reference coils, UNMR signals exist in
the received data in addition to ambient noise because they are
near the detection coil. Therefore, 0.5, 0.2, and 0.1 times of
the UNMR signal are added to the reference coils 1, 2, and 3,
respectively, to simulate the nearby reference coil. The base
frequency of the three reference coils is the same, Vharmonic,
but the amplitude and phase of each harmonic are not equal,
nor Vgauss. For Vincertain, different examples of noise level
are added to the three reference coils, and the noise level is
randomly generated.

A noise cancellation processing of the synthesized data is
conducted in Fig. 4 on the basis of the use of the NRNC
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(c) Received data in detection coil (sig), reference coil 1 (ref_1), reference coil 2 (ref_2), and reference coil 3 (ref_3). (d) Corresponding
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FIGURE 4. NRNC processing results and comparison with conventional RNC results. (a) Single data after NRNC processing.
(b) Corresponding spectrum. (c) Stack data after NRNC processing. (d) Corresponding spectrum. (e) Stack data after conventional RNC
processing. (f) Corresponding spectrum.

algorithm described in subsection II-C, as shown in Fig. 2. is increased by 14.7 dB. The spectrum analysis results of
In Fig. 4a, the blue curve shows the result of NRNC noise Fig. 4b show that the NRNC processing not only elimi-
cancellation, and its noise level is significantly smaller than nates Vharmonic but also greatly reduces the noise level of the
that before processing. The red curve shows the UNMR signal uncertain system. Moreover, the amplitude of the frequency
after fitting. The SNR after calculation is —8.8 dB, which point corresponding to the UNMR signal remains the same.
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FIGURE 5. NRNC processing results of coaxial reference coil. (a) Reference coil layout, received data, and corresponding spectrum. (b) Single
reference coil layout, NRNC processing results, and corresponding spectrum. (c) Double reference coil layout, NRNC processing results, and
corresponding spectrum. (d) Triple reference coil layout, NRNC processing results, and corresponding spectrum.

However, the SNR of single observation data remains low,
at which pointing that the data contain random noise.
We therefore repeat the production of 64 sets of observa-
tional data and then conduct NRNC processing and stack
processing, as shown in Figs. 4¢, and d. The SNR after stack
processing is 7.0 dB, and the amount of stack data that have
not been processed by NRNC is —9.9 dB. Consequently,
the SNR is increased by 16.9 dB. At this time, the UNMR
signals in the data are fitted to obtain eg = 497.2 + 6.9 nV
and 75 = 201.9 £ 4.2 ms.

The processing results of the NRNC algorithm are com-
pared with the conventional RNC results to verify its accu-
racy, as shown in Figs. 4e, and f. The conventional RNC
processing results can also eliminate Vharmonic and Viyncertain
but cause a serious loss to the UNMR signal (red curve).
After the data processed and fitted, the g = 65.5 nV and
7A’2* = 50 ms, and the results have been completely deviated
from the simulation parameters. The reason is that the UNMR
signal in the detection coil is eliminated as the related noise
after RNC processing because of the existence of the UNMR
signal in the reference coil. Therefore, Fig. 4 shows that, when
the reference coil is close to the detection coil, the NRNC
algorithm must be used to ensure the accuracy of the detection
of the UNMR signal.

B. NRNC PROCESSING RESULTS OF MEASURED

DATA OF COAXIAL REFERENCE COIL

A test platform is established in the laboratory to conduct
acquisition and noise cancellation experiments using multiple
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reference coil types shown in Fig. 1 for verifying the NRNC
processing effect of the actual data acquisition. Fig. 5 depicts
the experimental result of a coaxial reference coil. The red
coil in Fig. 5a is a transmitting coil that uses arbitrary signal
generation instruments (Tektronix AFG3022C) to produce
1 V UNMR signals, in which Tz* = 200 ms, f; = 2325
Hz, and ¢ = 0 rad. After a resistance in series and space
attenuation of the transmitting coil, the UNMR signal sensing
within the detection coil (black) 2 m away is approximately
660 nV. The UNMR signal is completely submerged in noise
because of the large amount of ambient noise of approx-
imately 10* nV. The received data and their spectrum are
shown in the black curve in Fig. 5a.

The green, purple, and cyan coils are the reference coils 1,
2 and 3, respectively, at a distance of 2 m. The received data
and spectrum of these coils are shown in the corresponding
color curves in Fig. 5a. The above mentioned data are the
results after 64 repeated acquisition and stack processing.

Single, double, and triple reference coils are used to con-
duct NRNC processing on the received data of the detec-
tion coil. The processing results and spectrum are shown
in Figs. 5b, ¢, and d. The noise level Nops and SNR for
the measurement data, the noise level Nrnc and SNR’ after
NRNC processing, the SNR increase value, UNMR signals
eo, and the estimated values f"z* are shown in Table. 1.
Figs. 5b, ¢, and d show that, as the number of reference coils
increases, the noise level after NRNC processing gradually
decreases. Therefore, the increase in the number of reference
coils can significantly improve SNR and then promote the
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TABLE 1. NRNC processing result statistics of coaxial reference coil.

Reference coil | Nops (nV) | Nrnc (nV) | SNR(dB) | SNR/ (dB) | ASNR (dB) éo (nV) Tz* (ms)
1 781.1 -1.6 35 666.1 £32.8 | 261.8£21.3
2 856.4 2.4 2.7 670.3 £36.1 | 258.9+23.0
3 841.4 2.2 2.9 670.7 £34.1 | 258.9+21.7
1 and 2 1174.5 460.3 -5.1 3.0 8.1 690.0 £17.0 | 252.1 +10.2
1 and 3 549.9 1.5 6.6 676.5 £22.6 | 257.6 & 14.2
2 and 3 628.2 0.3 5.4 657.4+£25.7 | 267.4+174
1,2,and 3 377.8 4.7 9.8 661.2 £+ 16.2 251.5+9.7
TABLE 2. NRNC processing result statistics of tri-axial reference coil.
Reference coil Nops (V) | Nrnc (nV) | SNR (dB) | SNR/ (dB) | ASNR (dB) éo (nV) TQ* (ms)
1 442.5 33 8.5 662.3 £20.7 | 219.34+9.5
2 323.6 6.1 11.1 658.8 £14.0 | 220.3£6.5
3 319.8 6.2 11.2 666.8 £13.9 | 217.6 +6.3
a 1 and 2 1162.1 194.0 -5.0 10.5 15.5 650.5 + 8.4 213.2+4.0
1 and 3 176.0 11.3 16.3 651.0 £ 7.8 213.1£3.7
2and 3 221.7 9.3 14.3 640.4 + 8.3 206.4 +4.1
1,2,and 3 123.2 144 19.4 653.2+4.9 202.4+2.5
b 1201.4 284.5 -5.3 7.2 125 671.7+£13.7 | 2064£7.4
c 11923 303.4 -5.3 6.6 11.9 682.8 +£14.7 | 238.7+11.0
d 1250.0 277.1 -5.7 7.4 13.1 647.2 £13.8 196.2 +£5.4

accuracy of the UNMR signal ¢ and estimated T, as shown
in Table. 1. Table. 1 shows that, in single reference coil,
the processing results using reference coil 1 is better than
that using reference coils 2, and 3. For double reference
coils, the processing results using reference coils 1, and 2 is
better than that using reference coils 1, and 3, and reference
coils 2, and 3. The reason is that, in addition to the number
of reference coils, the distance between the reference coil and
detection coil is an important factor that affects the processing
results of NRNC. Reference coils 2, and 3 are far from the
detection coil; therefore, they have limited contributions to
the elimination of ambient noise. The UNMR signal fitting
using reference coils 2, and 3 is identical.

C. NRNC PROCESSING RESULTS OF MEASURED

DATA OF TRI-AXIAL REFERENCE COIL

The same UNMR signal generator and processing method
as in subsection III-B are used to test the NRNC processing
effect of the tri-axial reference coil. Three reference coils
are located at 2 m away from the detection coil to consider
the layout of non-separation tri-axial reference coil, and their
processing results are shown in Fig. 6a and Table. 2. The
processing results of Fig. 6a and the results of spectrum anal-
ysis indicate that the non-separation tri-axial reference coil is
significantly better than the coaxial reference coil. This result
is reflected by the lower residual noise level and higher SNR
of the former than the latter. The conclusions obtained from
the statistical analysis of the processing results in Table. 2
are similar to those in Table. 1, that is, the SNR promotion
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and accuracy of the estimation of ¢g and YA"Z* increase signif-
icantly with the increase in the number of reference coils.
The difference is that the non-separation tri-axial reference
coil obtains noise data from three directions. Each direction
has an attenuation effect on the noise of the detection coil.
Consequently, the processing results of the double or triple
reference coil are better than those of the coaxial reference
coil.

The non-separation tri-axial reference coil is close to the
detection coil, which utilizes the advantage of strong correla-
tion. The tri-axial reference coil is separated to form a com-
bination of three different direction reference coils to test the
noise cancellation effect of the tri-axial and coaxial reference
coils, as shown in Figs. 6b, c, and d. The statistics of the
processing results in Fig. 6 and Table. 2 shows that Vharmonic,
Vuncertain» and Vgauss present relatively large changes in the
data measured at different times. However, a comparison of
the ASNR in Tables 1 and 2 shows that the processing results
of the three types of separation tri-axial reference coil are
poorer than that of the non-separation tri-axial reference coil
but are significantly better than that of the coaxial reference
coil. The non-separation tri-axial reference coil is better than
the separation tri-axial reference coil when using a single
reference coil because of the mutual inductance between the
reference coils, and the single axial reference coil is coupled
with other two axial noise, such as reference coil 1. Therefore,
the direction, number, and distance of the nearby reference
coil are important factors that affect the processing results
of NRNC.
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FIGURE 6. NRNC processing results of tri-axial reference coil. (a) Non-separation tri-axial reference coil layout, NRNC processing results,
and corresponding spectrum. (b) Separation tri-axial reference coil layout 1, NRNC processing results, and corresponding spectrum.
(c) Separation tri-axial reference coil layout 2, NRNC processing results, and corresponding spectrum. (d) Separation tri-axial reference

coil layout 3, NRNC processing results, and corresponding spectrum.

D. FACTOR OF TRI-AXIAL REFERENCE

COIL AFFECTING NRNC

A non-separation tri-axial reference coil is used to discuss
the degree of influence of the distance between reference
coil and detection coil on the NRNC results. The distance is
assumed to be 1 — 5 m, the received data in the detection
coil are collected, and the estimates of noise level, SNR,
and UNMR signal before and after processing are obtained
using the NRNC method, as shown in Fig. 7. Fig. 7a presents
that the noise level of the received data before processing
is close to 1200 nV, and the noise level increases from
168.8 nV to 351.3 nV after processing.

The ¢( estimates for the UNMR signal are the same, but the
uncertainty increases with the increase in distance, as shown
in Fig. 7b. When the distance is 1 m, the ¢y estimates are
slightly increased because the tri-axial reference coil is close
to the detection coil with a mutual inductance. The SNR of
the processed data decreases with the increase in distance,
and ASNR drops from 16.7 dB to 10.3 dB. Therefore, when
the tri-axial reference coil is close to detection coil, the noise
in the received data is relevant and the processing effect
of NRNC is strong. However, given the impact of mutual
inductance, the distance between the two should be kept at
around 2 m.

The output amplitude of the signal generator is changed to
test the e and 7A“2* estimation accuracy of the NRNC method
based on the non-separation tri-axial reference coil on UNMR
signal and SNR improvement effect. The distance of the non-
separation tri-axial reference coil is kept 2 m away from
the detection coil. The output current (Aqy) of the signal
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FIGURE 7. NRNC processing results of non-separation tri-axial reference
coil and detection coil at different distances. (a) Changes in noise levels.
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generator is gradually decreased from 10 mA to 0.005 mA,
and the received data of the detection coil are subjected
to NRNC processing to obtain ¢y and f"z* through fitting.
Figs. 8a, and b show that the estimate of ¢y decreases linearly
with the decrease in Aqy, the linear relationship (red dotted
line) is &9 = (JAou| x 678.95 — 18.9) x 10~ nV, and the
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estimate of YA“2* remains the same. However, when Aqy; is less
than 0.1 mA, the accuracy of the estimates of ey and f"z*
decreases, and the uncertainty increases. The relative error
curve is shown in Fig. 8d. When Ay is less than 0.01 mA,
f"z* has completely deviated from the theoretical value, that
is, the parameters of the UNMR signal cannot be reliably
extracted. Fig. 8c presents that the SNR of the observed data
decreases linearly with the decrease in Aqy¢, Wwhereas the SNR
after NRNC processing increases (except Aoyt = 10 mA).
Moreover, ASNR increases with the decrease in the SNR
of the observed data. Thus, when the SNR of the observed
data is very high, NRNC should not be used; when the SNR
of the observed data is low, NRNC should be used. Given
that the relevant noise levels in the environment are constant,
ASNR is also limited, with the maximum of 18.1 dB in this
case. Therefore, when SNR of a single observed datum is
extremely low (< —28 dB), or the SNR is still less than
—10 dB after 64 overlays, the accuracy of the extracted
o and fz* is still lower and has large uncertainty even when
NRNC is used.

IV. DISCUSSION

In a mine or tunnel, the effective reduction in noise
determines whether UNMR can be used reliably. The
existing noise cancellation method has effectively elimi-
nated or reduced Vipike, Vharmonic> and Vgauss in the NMR
received data [23]. However, some Vyncertain Cannot be
directly determined and decreased by stacks. The NRNC
method proposed in this study targets at this noise type.
Compared with the remote reference coil, the nearby ref-
erence coil has a stronger correlation with the uncertain
system noise of the detection coil and can effectively reduce
Vuncertain- As for the problem of coupled UNMR signal in
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the nearby reference coil, a two-step solution is proposed.
The first step is to calculate the transfer function using
the second half of the received data. The second step is to
estimate the relevant noise in the detection coil using the first
half of the received date in the reference coil. At this time,
if an UNMR signal component exists in the noise estimation
results, then the non-linear fitting method [24] is used to
estimate the UNMR signal parameters and subtract them.
In Fig. 4, the SNR of the received data in detection coil
through NRNC processing increases significantly, and the
UNMR signal is not lost. On the contrary, the UNMR signal
after conventional RNC processing is seriously distorted [20].
Fig. 7 shows that, with the increase in distance, the SNR
promotion after NRNC processing decreases gradually, and
the nearby reference coil is better than the remote reference
coil.
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FIGURE 9. Comparison of the processing results of NRNC and harmonic
modeling. (a) Received data and processing results. (b) Corresponding
spectrum.

For Vharmonic, harmonic modeling [10] and RNC [12] are
the most commonly used noise cancellation methods. Under
the condition of strong underground noise, the processing
effect of the two methods is equal, but the harmonic modeling
method is better than the RNC method in some cases [20].
The reason is that the RNC uses a remote reference coil,
which is less relevant to the noise in detection coil. The
NRNC algorithm proposed in this study has a significantly
better processing effect than the harmonic modeling method,
as shown in Fig. 9. The observed data (black line) and the
NRNC processing results (blue line) in Fig. 9 are from Fig. 6a,
and the green line is the result after harmonic modeling
processing. Harmonic modeling processing can eliminate
Vharmonic but not Vincertain; thus, the residual noise level is sig-
nificantly higher than the NRNC processing results. Although
the nearby reference coil needs the support of additional coils
and multi-channel instruments, a small fixed non-separation
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tri-axial coil can be used in the mine, which is closer to
detection coil and can improve SNR greater than 15 dB. The
problem of strong noise in the mine then can be solved.

The NRNC can not only greatly improve SNR and the
accuracy of UNMR signal estimation but also increase the
accuracy of NMR inversion [25]. The most advanced QT
inversion method [26] uses all the received data in detection
coil instead of the estimates of ¢g and 7A"2* The gate integral
method [27] is used to decrease the amount of the received
data (the number of gates is usually 30). The results of the
received data before and after NRNC processing are shown
in Fig. 10. The received data before processing seriously
deviate from the results of the UNMR signal fitting and
have large uncertainty; the data after processing coincide with
the UNMR signal and have small uncertainty. QT inversion
uses these gating data and utilizes the uncertainty as the
weighted value to constrain the inversion results [23]. There-
fore, an accurate, stable, and high-resolution water content
distribution is expected to be obtained by inversion using the
gating data after NRNC processing.

V. CONCLUSION

In a mine or tunnel, strong ambient noise restricts the applica-
tion effect of UNMR advance detection of water sources caus-
ing diaster. As for the power line harmonics and uncertain
system noise in the received data of the UNMR detection coil,
this study proposes a method based on NRNC processing,
which greatly improves the data SNR without losing the
UNMR signal. Compared with the remote reference coil,
the noise obtained by the nearby reference coil is more cor-
related with the noise in detection coil, which cancels more
frequency harmonic and uncertain system noise. Comparison
of the influences of the number, direction, and distance of the
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reference coil with the detection coil on the results of NRNC
processing shows that the optimal choice is to obtain the
non-separation tri-axial reference coil. First, the increase in
the number of reference coils significantly increases ASNR.
Second, the ASNR using the non-separation tri-axial
reference coil is greater than the coaxial and separation tri-
axial reference coil. Third, with the increase in the dis-
tance between the reference coil and detection coil, ASNR
decreases gradually. In the measured signal experiment in
this study, the SNR after NRNC processing increases up to
a maximum of 18 dB. After 64 times of stack, the UNMR
signal with the initial amplitude of approximately 660 nV is
accurately extracted in the environment with a noise level of
10* nV. Finally, we obtain a method that has better results
based on multiple nearby reference coils and improved RNC
than those of conventional remote RNC and power line har-
monics through the discussion. The improvement in SNR can
not only improve the accuracy of UNMR signal ¢p and f‘z’k
estimation and reduce the uncertainty but also is expected
to improve the resolution and stability of UNMR inversion
results.
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