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Abstract: Magnetic resonance sounding (MRS) technology is the only geophysical means to directly
and quantitatively detect groundwater and has achieved good results in hydrogeological prospecting
applications. In recent years, researchers have conducted considerable research on the efficiency of a
single instrument, yielding certain results. However, the overall work efficiency of this method has
not been effectively determined in its application to a large-scale survey. Hence, we propose both
a joint detection method for MRS that determines the minimum working distance when multiple
systems operate simultaneously and a collaborative measurement method of dual systems operating
simultaneously in a fixed range of work areas. The cooperative working mode of the instruments is
tested in the detection area, and the working mode proposed in this paper is shown to effectively
avoid measurement interference between systems. Compared with the working mode of a single
set of instruments, the measurement efficiency is more than doubled. Through this research, the
feasibility of multiple MRS instruments working together in the same work area is verified, which
provides effective technical support for the rapid and high-efficiency utilization of MRS over a wide
range of measurement areas.

Keywords: magnetic resonance; dual-system coordination; groundwater detection; work efficiency

1. Introduction

Magnetic resonance sounding (MRS) technology enables the direct detection of
groundwater. Since the successful development of the detection system, it has been
utilized in engineering applications in Russia, France, the United States, Germany, China,
and other countries [1-8] and achieved good application effects [9-12]. In the process of
large-scale groundwater detection and evaluation, the detection efficiency is an important
factor affecting the speed of groundwater evaluation. Scientists at home and abroad have
proposed different solutions in terms of detection instruments and measurement methods
to improve the efficiency of the detection system.

At present, researchers mainly reduce the single measurement time to improve mea-
surement efficiency. Peshkovsky et al. [13] adopted a new type of active ringing suppression
circuit, which is inductively coupled to the main coil through a low-inductance series trans-
former that is conveniently placed, greatly shortening the recovery time of the probe. This
method improves the single signal acquisition time and work efficiency. To shorten the
measurement dead time problem, the GeoMRS instrument and multichannel surface MRS
application developed by Vista Clara of the United States use the multichannel reception
measurement mode to significantly shorten the measurement dead time by 10 ms [7],
further compressing the single signal acquisition time. Li et al. [14] proposed the concept of
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switching circuits through Q-toggle circuits to shorten the dead time by 12.4 ms. Behrooz-
mand et al. [15] used a central loop configuration, which employs a shielded receiving
coil to potentially reduce the dead time of the instrument to almost zero. At the same
time, some researchers have proposed improving the measurement speed by changing the
detection sequence. Grunewald et al. [16] used the adiabatic pulse method to replace or
supplement the standard single-frequency emission resonance pulse to increase the signal
amplitude to shorten the measurement time. Zhang [17] proposed a working method based
on matching energy storage capacitors, which can achieve a measurement sequence of
multiple emissions with one charge. The average single transmission and data acquisition
time is reduced from 10.54 to 2.75 s, and its work efficiency is increased fourfold.

As mentioned above, the methods to improve efficiency all offer improvements when
measuring with a single instrument. At present, the fastest working speed of a single
instrument still requires more than 20-30 min to complete the task, and the measurement
time may be longer under the influence of noise. Therefore, in the process of large-
area survey area exploration, two or three instruments are usually used to carry out
work at the same time to significantly improve the detection efficiency. In the magnetic
resonance sounding method, because the detection system needs to receive nanovolt
magnetic resonance signals, when multiple instruments work at the same time, mutual
interference will inevitably affect their detection performance. At present, there is no
public literature discussing and researching the linear distance between two instruments
necessary for them to operate without interference and whether the cooperative working
mode can be adapted to enable the two instruments to work simultaneously in a small
space.

To solve this problem, we propose the detection of electromagnetic interference and
coupling characteristics between antennas when two instruments are working at the same
time. By carrying out theoretical calculations of electromagnetic coupling and taking the
minimum resolution of the detection system as the constraint, we determine the shortest
linear distance at which two instruments can work without interference. Moreover, a
detection mode with two systems working together is proposed, which enables multiple
detection systems to perform noninterference detection at the same time in a small detection
area, and the working efficiency of magnetic resonance sounding technology is significantly
improved. This method provides a technical reference for the large-scale application of
magnetic resonance sounding detection methods.

2. The Theory of the Magnetic Resonance Sounding Method Detection

Magnetic resonance sounding is a geophysical method that can be used to directly
detect groundwater [10]. It uses a transmitting antenna to form an artificially exciting
electromagnetic field to generate a magnetic resonance sounding effect for hydrogen
protons in groundwater. At the same time, it uses a receiving antenna to capture the MRS
generated by hydrogen protons in the water. By analyzing the characteristic parameters of
the signals, one can determine the existence of groundwater.

The basic principle of magnetic resonance sounding detection is shown in Figure 1.
Among them, hydrogen protons in water undergo Larmor precession under the action of a
stable geomagnetic field By [1]. The Larmor frequency is related only to the geomagnetic
field frequency of the detection site. To make the hydrogen protons transition to the adjacent
Zeeman energy level in a steady state, a coil placed on the ground generates an alternating
current to form an excitation magnetic field, making the excitation frequency the same as the
Larmor frequency. After a hydrogen proton is excited by magnetic resonance, it transitions
to a higher energy level. At this time, the emission of the alternating magnetic field is
stopped, and then the hydrogen protons gradually release energy to return to a steady
state. The released energy quantum appears macroscopically as an MRS with a Larmor
frequency and is received by the same coil. By analyzing the characteristic parameters of
the MRS, one can infer the hydrological information of the detection site [18-20].
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Figure 1. Schematic diagram of the magnetic resonance sounding measurement [1].

After a large number of hydrogen protons transition to a high energy level, the
emission of the alternating magnetic field is stopped, and then the hydrogen protons
gradually release energy and return to a stable state. The released energy quantum is
macroscopically expressed as an MRS with a Larmor frequency. When the coil is used to
receive the signal, the hydrological information of the detection site can be inferred. The
magnitude of the signal represents the number of hydrogen protons. The time-domain
expression of the magnetic resonance signal for different transmit pulse moments g is
shown in Equation (1) [21].

E(t,q) = Eo(q)exp <—7f2*>wS(wot + o) 1

Among them, Ey(g) is the initial amplitude of the MRS at different transmit pulse
moments [20], T>* is the average lateral decay time [22-24], and ¢y is the initial phase of
the signal [25]. Three key parameters of the MRS exist, i.e., the water content, pore size,
and electrical conductivity of the aquifer per unit volume within the detection range. In
the process of magnetic resonance sounding detection, the initial amplitude Eq obtained
by the received signal is at the nV level. However, the excitation pulse moment q needs
to reach approximately 8000 Ams to meet the detection depth requirement; at this time,
the corresponding emission current can reach approximately 200 A [26]. Therefore, when
more than one instrument operates at the same time, one instrument system and another
instrument system will inevitably produce mutual electromagnetic interference, which will
affect the detection performance. By increasing the linear distance between the instruments
and using the attenuation characteristics of electromagnetic waves in an air medium,
one can reduce the mutual interference between systems and realize the interference-
free operation of multiple instruments. Determining the distance requires a numerical
calculation of the related electromagnetic coupling.

3. Calculation of the Electromagnetic Field Emission and Reception Response of a
Magnetic Resonance Sounding Antenna

When using the magnetic resonance sounding method to measure groundwater on
the surface, the antenna is generally laid in a horizontal direction, and more than one
instrument is detected at the same time, after which electromagnetic interference occurs
between the antennas. When the current in two adjacent coils changes, a mutual induction
electromotive force is generated in each coil. The mutual electromotive force in one coil is
related not only to the speed of the current change in the other coil but also to the structure
of the two coils and their positions relative to one another.
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To evaluate the electromagnetic interference between antennas, it is necessary to
calculate the spatial magnetic field distribution of the current-carrying coil. According to
classical theory [27,28], the rectangular current-carrying coil is regarded as four straight
current-carrying wires. The wires are calculated in sections and then superimposed to
obtain the spatial magnetic field distribution of the rectangular current-carrying coil. Next,
according to the actual situation of field detection, that is, when the signal frequency and
the maximum current are determined, the relationship between the induced electromotive
force of the coaxial equal square coil and the mutual distance between the two coils is
calculated. Then, according to the actual situation of field detection, that is, when the signal
frequency and maximum current are determined, the relationship between the induced
electromotive force of the coaxial square coils of equal size and the mutual distance between
the two coils is calculated.

The relative position of the transmitting coil T and the receiving coil R on the ground
is shown in Figure 2. The side length of the two coils is 2a, and the distance between the
adjacent sides is d. The transmitting coil T is regarded as four long, straight wires connected
together with a current I and a length of 2a. It is placed in a rectangular coordinate system
OXYZ, where the center of the square is taken as the coordinate origin and the axis is the
z-axis. The magnitude of the magnetic induction intensity B generated by the transmitting
coil T at any point p in the z-axis direction over time is as follows [29,30]:

B = a—x )
V@asx) 2+(a+y +22 \/(ﬂ*X)2+(a+y)2+z2

1ol (1) + atx .
4rf(a— y) +22 \/ )2 +22 \/(a+x)2+(ﬂ*y)2+22 2)
1 —ol(t) + o :
4r[(a— x) +z2 <\/( +(a+y)*+22 \/(ufx)2+(ﬂ*y)2+z2
pol(t)a+x + aty
47-( a+x) +22 \/ +(a+y) 2422 \/(a+x)2+(ﬂ+y)2+zz
4
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Figure 2. The magnetic field of the transmitting coil T and the receiving coil R [29].

In the field experiment, the coil is laid on the ground so that z = 0. In the coil plane,
that is, the horizontal OXY plane, the formula of the change in magnetic induction intensity
B,y with time can be obtained as shown below:
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The magnetic flux passing through the receiving coil R is expressed as dg = B, (t)ds [27];
then, the total magnetic flux passing through the receiving coil R is:
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According to the actual situation of the magnetic resonance sounding instrument, the
maximum emission current of the instrument is 200 A, and the frequency is 2326 Hz. The
distance between the two coils is increased to obtain the electromagnetic induction voltage
trend of the receiving coil, and the result is shown in Figure 3.

The actual space noise in the field is generally 1000 nV. When the induced voltage of
the receiving coil is less than the space noise, the induced voltage between the two coils can
be ignored. Through calculation, when the distance between the centers of the two coils is
30.8 km, the induced voltage between the two coils is 1.0004 x 10~® V, which is close to the
spatial noise of 1000 nV; that is, when the distance between the two magnetic resonance
sounding instruments is 30.8 km, they can work without interruption at the same time.
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Figure 3. Relationship between the electromagnetic interference intensity of two detection systems
and the distance.

4. Discussion

According to the above calculation, when the distance between the two magnetic
resonance sounding instruments is 30.8 km, they can work without interruption at the
same time. The different work areas are as follows:

(1) When the linear distance in the work area is much larger than 30.8 km, two magnetic
resonance sounding instruments can be used uninterruptedly at the same time, that is,
in free-detection mode, effectively reducing the field time and increasing the efficiency
of fieldwork.

(2) When the linear distance of the work area is less than 30.8 km, the free-detection
mode will inevitably cause mutual interference between the instruments, affecting
the measurement performance due to the electromagnetic induction. To solve this
problem, we propose a new mode of operation, that is, multiple instruments operating
in an alternating fashion. The working process is as follows:

When a single instrument performs a single measurement, the excitation magnetic
field is first generated by the transmitter module of the detection system, and it stops after
76 ms. This process includes the emission time and the dead time; then, the magnetic
resonance sounding signal is received through the receiving module. The duration of this
receiving process is 250 ms. Finally, the communication module stores the data, and the
data processing time is 1000 ms. When two or even multiple instruments work together, it
is necessary that the transmitting process and receiving process between the instruments
do not interfere with each other. That is after one magnetic resonance sounding instrument
completes the transmission process and the process of receiving the magnetic resonance
sounding signal, another instrument performs the transmission and reception process. This
time alternation process of two instruments working together is shown in Figure 4. The
first magnetic resonance sounding instrument completes the transmission and reception
process; that is, after 326 ms, the second magnetic resonance sounding instrument starts
the transmission and reception process. This alternating operation can improve the work
efficiency of two or more instruments in the field.

To better solve the problem of alternating the operation of two instruments, it is
proposed to establish a wireless communication system between the two instruments
to ensure that the first instrument completes the transmission process in time before
the other instrument performs the transmission process, resulting in better completion
of the information interaction between the two instruments. A schematic diagram of
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the communication between the two magnetic resonance sounding systems is shown in
Figure 5. The two instruments are placed together in the fieldwork area, and the distance
between the two coils is greater than 1.5 times the side length; that is, the distance between
their nearest sides is more than three times the side length. The two magnetic resonance
sounding instruments exchange information through a wireless communication system.
A system block diagram of the internal working of each instrument is shown in Figure 6,
which includes the transmitting system, receiving system, upper computer control system,
and wireless communication system of the two instruments. The wireless communication
system is composed of industrial routers (model:), which can establish a long-distance
WIFI network to ensure that the dual PC system can interactively access the marked files
in the local area network and realize the dual-host coordinated control.
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Figure 5. Schematic diagram of the communication mode of two sets of magnetic resonance sounding systems.



Sensors 2021, 21, 6725

8 of 13

h 4

Filter —‘ Preamplifier |«

Host

——————————————————————— “ computer
’]‘r“nsmi'tiﬂgll.' e T e e _\‘ cl)lll‘l‘[ll
Receiving coil Ha l‘lllt-)llll.‘. Bridge [ —p| system
capacitor |
[ \
I \
|
Fower supply : \
/
Wireless
JLMRS-TI-1 communication
system
Filt Preamplifier |4 [
flter reamplier ¥
! i i ! | Host
e computer |/’
Transmitting/ ; 1 control
Receiving coil ! “}[r]l’lt.ll']i(' Bridge |4 ! > system
capacitor i

JLMRS-I1-2

Figure 6. Block diagram of the detection system of two magnetic resonance sounding instruments.

The measurement process of the two sets of magnetic resonance sounding instrument

detection systems shown in Figure 7 is mainly divided into two stages.

@

)]

®)

The first magnetic resonance sounding instrument starts to transmit the pulse se-
quence through the system settings and begins to receive MRSs signals after the dead
time. After completion, the host computer control system transmits the “received”
message to the wireless communication system. Then, the message is transmitted
to the upper computer control system of the second magnetic resonance sounding
instrument through the wireless communication system, and instruction is emitted to
start the measurement.

Then, the second magnetic resonance sounding instrument starts the transmission
process through the system settings. After receiving the MRS, the “received” message
is transmitted to the wireless communication system through the upper computer
control system and then sent to the upper computer control system of the first mag-
netic resonance sounding instrument. When the first magnetic resonance sounding
instrument completes the first measurement, the host computer control system sends
an instruction to start the second measurement.

The above process is repeated until all excitation pulse moments are completed to real-
ize alternate and effective detection from the surface to the depth of the underground
target.
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Figure 7. Diagram of the measurement process of the magnetic resonance sounding dual-machine
detection system.

5. Results

Generally, dual systems are used to carry out work in conventional field detection
projects. Therefore, to verify the effectiveness of the collaborative detection method,
two sets of JLMRS-III groundwater detectors are used for field tests near the Taipingchi
Reservoir in the suburbs of Changchun. A satellite image of the experimental site is shown
in Figure 8. The environmental noise of the site is low, the experimental environment is
good, and there are drilling data for comparison and verification. In the experimental
process, a single-turn square coil with a side length of 100 m is used, and the transmitting
antennas of the two sets of instruments are placed on the ground parallel to one another.
The distance between the two nearest parallel sides is 500 m, which ensures that the two
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sets of instruments do not affect each other when they undergo an alternating operation.
The performance parameters of the two systems are shown in Table 1.

\ ,
A P
\ Machie Brick Factory in
] ‘HuzhuVillage, Shaoguo
o Town, Nong'an County

Figure 8. Diagram of MRS dual-system detection experiment.

Table 1. Instrument system performance parameters.

Name Parameter
1 System noise floor 1nV/Hz ©5)
2 Signal detection sensitivity 0.5nV
3 Detection system gain range 80-120 dB
4 Filter bandwidth 50 Hz
5 Maximum emission current 200 A
6 Antenna diameter 100 m

The test process is as follows: the two instruments begin to undergo an alternating
operation. The first MRS instrument transmits the “received” message to the wireless
communication system and then to the second MRS instrument’s upper computer control
system through the wireless communication system. Then, the host computer control sys-
tem sends instructions to start operation, and each instrument completes the measurement.
By counting the time, we find the individual detection time of each magnetic resonance
sounding instrument to be 62 min. It takes 35 min for the two magnetic resonance sound-
ing instruments to work together. The drilling results at the measurement location are
shown in Figure 9a. The water content inverted by the detection points of the two sets of
instruments is shown in Figure 9b,c. The abscissa represents the water content, and the
ordinate represents the depth of underground detection. The color bar on the right side
represents the lateral decay time of Ty*, which reflects the nature of the aquifer medium.
Comparing these three pictures together horizontally can intuitively and clearly prove the
consistency of the detection results with the real results.
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Figure 9. Comparison between the actual measurement and drilling results of the two systems in the survey area. (a) Drilling
results in the survey area; (b) JLMRS_III_1 water content measurement results; (c) JLMRS_III_2 water content measurement

results.

6. Conclusions

We proposed a multisystem joint detection method of magnetic resonance sounding,
which effectively improves the detection efficiency of a large-area exploration space through
the coordinated operation of two sets of instruments. By studying the electromagnetic
interference and coupling characteristics between the two transmitting antennas when
the two instruments worked together, we found that when the distance between the
transmitting antennas of the two instruments is 30.8 km, the free-detection mode can be
implemented at the same time without intersystem communication.

In addition, the proposed method operates on the short-distance scale; that is, when
the distance between the transmitting antennas of the two instruments is greater than
300 m, the two instruments can be used in cooperative detection mode to complete the
measurement work, and the interference can be reduced through the cooperative work
of the instruments. Based on the above detection methods, field test measurements and
comparisons were carried out around Changchun. The multisystem joint detection method
can decrease the exploration time to half of it.

Through the above two methods, the method and collaborative strategy for the
high-efficiency measurement of a magnetic resonance sounding instrument in a fixed
detection area are realized. The strategy effectively improves the working efficiency of
magnetic resonance sounding technology in a wide range of applications, and it provides
strong technical support for improving the applicability and scope of magnetic resonance
sounding technology.

Author Contributions: Writing—original draft preparation, C.L.; supervision, Z.Z.; software, Z.W.;
methodology, X.Y. All authors have read and agreed to the published version of the manuscript.



Sensors 2021, 21, 6725 12 of 13

References

1.  Legchenko, A ; Baltassat, ].M.; Beauce, A.; Bernard, J. Nuclear magnetic resonance as a geophysical tool for hydrogeologists. J.
Appl. Geophys. 2002, 50, 21-46. [CrossRef]

2. Legchenko, A.; Descloitres, M.; Bost, A.; Ruiz, L.; Reddy, M.; Girard, ].E,; Sekhar, M.; Mohan Kumar, M.S.; Braun, J.J. Resolution of
MRS applied to the characterization of hard-rock aquifers. Ground Water 2006, 44, 547-554. [CrossRef] [PubMed]

3.  Legchenko, A.; Valla, P. A review of the basic principles for proton magnetic resonance sounding measurements. J. Appl. Geophys.
2002, 50, 3-19. [CrossRef]

4. Lieblich, D.A.; Legchenko, A.; Haeni, EP; Portselan, A. Surface nuclear magnetic resonance experiments to detect subsurface
water at Haddam Meadows, connecticut. In Proceedings of the Symposium on the Application of Geophysics to Engineering and
Environmental Problems; Environmental and Engineering Geophysical Society: Boston, MA, USA, 1994; pp. 717-736.

5. Schirov, M.; Legchenko, A.; Creer, G. A new direct non-invasive groundwater detection technology for Australia. Explor. Geophys.
1991, 22, 333-338. [CrossRef]

6.  Semenov, A.G.; Burshtein, A.L; Pusep, A.Y.; Schirov, M. A Device for Measurement of Underground Mineral Parameters. USSR
Patent 1988. (In Russian)

7. Walsh, D.O. Multi-channel surface NMR instrumentation and software for 1D /2D groundwater investigations. J. Appl. Geophys.
2008, 66, 140-150. [CrossRef]

8. Yaramanci, U,; Lange, G.; Knodel, K. Surface NMR within a geophysical study of an aquifer at Haldensleben (Germany). Geophys.
Prospect. 1999, 47, 923-943. [CrossRef]

9. Garambois, S.; Legchenko, A.; Vincent, C.; Thibert, E. Ground-penetrating radar and surface nuclear magnetic resonance
monitoring of an englacial water-filled cavity in the polythermal glacier of Téte Rousse. Geophysics 2016, 81, WA131-WA146.
[CrossRef]

10. Lin, ] Jiang, C.D.; Duan, Q.M.; Wang, Y.J.; Qin, SSW,; Lin, T.T. The situation and progress of magnetic resonance sounding for
groundwater investigations and underground applications. J. Jilin Univ. 2012, 42, 1560-1570.

11. Parsekian, A.D.; Creighton, A.L.; Jones, B.M.; Arp, C.D. Surface nuclear magnetic resonance observations of permafrost thaw
below floating, bedfast, and transitional ice lakes. Geophysics 2019, 84, EN33-EN45. [CrossRef]

12.  Valois, R.; Vouillamoz, ] M.; Lun, S.; Arnout, L. Mapping groundwater reserves in northwestern Cambodia with the combined
use of data from lithologs and time-domain-electromagnetic and magnetic-resonance soundings. Hydrogeol. ]. 2018, 26, 1187-1200.
[CrossRef]

13. Peshkovsky, A.S.; Forguez, J.; Cerioni, L.; Pusiol, D.J. RF probe recovery time reduction with a novel active ringing suppression
circuit. J. Magn. Reson. 2005, 177, 67-73. [CrossRef]

14. Li, T; Feng, L.; Duan, Q.; Lin, J.; Yi, X.; Jiang, C.; Li, S. Research and realization of short dead-time surface nuclear magnetic
resonance for groundwater exploration. IEEE Trans. Instrum. Meas. 2015, 64, 278-287. [CrossRef]

15. Behroozmand, A.A.; Auken, E.; Fiandaca, G.; Rejkjaer, S. Increasing the resolution and the signal-to-noise ratio of magnetic
resonance sounding data using a central loop configuration. Int. J. Geogr. Inf. Sci. 2016, 205, 243-256. [CrossRef]

16. Grunewald, E.; Grombacher, D.; Walsh, D. Adiabatic pulses enhance surface nuclear magnetic resonance measurement and
survey speed for groundwater investigations. Geophysics 2016, 81, WB85-WB96. [CrossRef]

17.  Zhang, J. Research on Denoising Method and Device of Magnetic Resonance Sounding Based on Nearby Reference Coil; College of
Instrumentation & Electrical Engineering, Jilin University: Jilin, China, 2020.

18. Lubczynski, M.; Roy, ]. Hydrogeological interpretation and potential of the new magnetic resonance sounding (MRS) method. J.
Hydrol. 2003, 283, 19-40. [CrossRef]

19. Lubczynski, M.; Roy, J. Magnetic resonance sounding: New method for ground water assessment. Ground Water 2004, 42, 291-309.
[CrossRef]

20. Lubczynski, M.; Roy, ]. MRS contribution to hydrogeological system parametrization. Near Surf. Geophys. 2005, 3, 131-139.
[CrossRef]

21. Blimich, B.; Perlo, J.; Casanova, F. Mobile single-sided NMR. Prog. Nucl. Magn. Reson. Spectrosc. 2008, 52, 197-269. [CrossRef]

22.  Grunewald, E.; Knight, R. The effect of pore size and magnetic susceptibility on the surface NMR relaxation parameter T»*. Near
Surf. Geophys. 2011, 9, 169-178. [CrossRef]

23. Keating, K.; Knight, R. A laboratory study of the effect of magnetite on NMR relaxation rates. J. Appl. Geophys. 2008, 66, 188-196.
[CrossRef]

24. Li,J,;Liu, C; Zeng, Z.; Chen, L. GPR Signal Denoising and Target Extraction with the CEEMD Method. Geosci. Remote Sens. Lett.
2015, 12, 1615-1619.

25. Legchenko, A.; Ezersky, M.; Girard, ].F.; Baltassat, ].M.; Boucher, M.; Camerlynck, C.; Al-Zoubi, A. Interpretation of magnetic

Funding: This work was supported by the National Foundation of China (Grant No. 41507086), the
Ministerial Foundation of Jilin Province (20170520164]JH), and the Technology Development Program
of Jilin Province (20200201216]C).

Conflicts of Interest: We declare that we have no known competitive economic interests or personal
relationships that may affect the work reported in this article.

resonance soundings in rocks with high electrical conductivity. J. Appl. Geophys. 2008, 66, 118-127. [CrossRef]


http://doi.org/10.1016/S0926-9851(02)00128-3
http://doi.org/10.1111/j.1745-6584.2006.00198.x
http://www.ncbi.nlm.nih.gov/pubmed/16857032
http://doi.org/10.1016/S0926-9851(02)00127-1
http://doi.org/10.1071/EG991333
http://doi.org/10.1016/j.jappgeo.2008.03.006
http://doi.org/10.1046/j.1365-2478.1999.00161.x
http://doi.org/10.1190/geo2015-0125.1
http://doi.org/10.1190/geo2018-0563.1
http://doi.org/10.1007/s10040-018-1726-1
http://doi.org/10.1016/j.jmr.2005.07.004
http://doi.org/10.1109/TIM.2014.2338693
http://doi.org/10.1093/gji/ggw004
http://doi.org/10.1190/geo2015-0527.1
http://doi.org/10.1016/S0022-1694(03)00170-7
http://doi.org/10.1111/j.1745-6584.2004.tb02675.x
http://doi.org/10.3997/1873-0604.2005009
http://doi.org/10.1016/j.pnmrs.2007.10.002
http://doi.org/10.3997/1873-0604.2010062
http://doi.org/10.1016/j.jappgeo.2007.09.001
http://doi.org/10.1016/j.jappgeo.2008.04.002

Sensors 2021, 21, 6725 13 of 13

26.

27.
28.

29.
30.

Yi, X.E; Lin, J.; Duan, Q.M. Research and development of portable nuclear magnetic resonance groundwater exploration
instrument based on double-turn coils. Chin. J. Sci. Instrum. 2013, 34, 1-10.

Jackson, J.D. Classical Electrodynamics; John Wiley & Sons: New York, NY, USA, 1975.

Li, J.; Zeng, Z.; Huang, L.; Liu, F. GPR simulation based on complex frequency shifted recursive integration PML boundary of 3D
high order FDTD. Comput. Geosci. 2012, 49, 121-130. [CrossRef]

Kuang, X.J. Magnetic field calculation on rectangle current coil. J. Sichuan Univ. Sci. Eng. 2006, 19, 17-20.

Yang, Z.].; Hull, ].R.; Lockwood, J.A.; Rossing, T.D. Forces and torques between two square current loops. Int. ]. Appl. Electromagn.
Mech. 1999, 10, 63-76. [CrossRef]


http://doi.org/10.1016/j.cageo.2012.06.020
http://doi.org/10.3233/JAEM-1999-129

	Introduction 
	The Theory of the Magnetic Resonance Sounding Method Detection 
	Calculation of the Electromagnetic Field Emission and Reception Response of a Magnetic Resonance Sounding Antenna 
	Discussion 
	Results 
	Conclusions 
	References

