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The paper proposes a method for spatial localization of NMR signal sources during downhole
studies of oil reservoirs in the Earth's natural magnetic field. The method is based on the combined
use of electromagnetic wave arrival time differences (TDOA) and signal intensity measurements
recorded by a system of four receivers placed on the day surface.

It is shown that the time delay method provides high geometric accuracy, but is sensitive to
the uncertainty of the wave velocity propagation in an inhomogeneous medium, while the amplitude
method is more resistant to velocity variations, but is subject to noise and errors in the attenuation
coefficient. A weighted average combination of the results of the two methods is proposed.

The simulation results showed a decrease in the error in determining the coordinates of the
source from 3—6 m (TDOA) and 8—12 m (amplitude method) to ~2 m with a combined approach.
In addition, it was found that the use of fixed time delays allows for coherent signal accumulation,
increasing the signal-to-noise ratio.

The proposed approach can be used to create areal monitoring systems for oil fields based
on off-hole NMR studies.

KEYWORDS: NMR signals, TDOA, amplitude method, localization, attenuation coefficient,
signal-to-noise.
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B pabome npednoxeH Memod rnpocmpaHcmeeHHoU nokanusayuu ucmoyHukos NMR-cueHa-
1108 MPpU 8HECKBAXXUHHbIX UCC1e008aHUsIX HEQOMSAHBIX KOIITEKMOPO8 8 eCMEeCmMeeHHOM MazgHum-
Hom rnione 3emnu. Memod ocHogaH Ha cO8MECMHOM UCMOMb308aHUU pa3Hocmel 8peMéEH rpuxoda
anekmpomaeHumHoU 8osiHbl (TDOA) u usmepeHuli UHMeHCcU8HOCMU cuaHara, peaucmpupyembix
cucmemoll U3 4embIpéx NPUEMHUKO8, pasmMeuéHHbIX Ha OHe8HOU rnosepxHocmu.

lMoka3aHo, 4Ymo mMemo0d 8peMeHHbIX 3a0epxKeK obecrequsaem 8bICOKYH0 260MEMPUYECKYH
MOYHOCMb, HO YyecmeumerieH K HeornpedenéHHOCMU CKOPOCMU pacrpocmpaHeHUst 80/1HbI 8 HE00-
HOPOOHOU cpede, mozda Kak ammiumyOHbIt Memo0d 6oriee ycmouyue K CKOPOCMHbIM 8apuayusiM,
HO nodsepxeH wymam U owubkam 8 koaghgpuyueHme 3amyxaHusi. [lpednoxeHo cpedHeg3gelweH-
Hoe ob6beduHeHue pesyrbmamos 08yx Memooos.

Pe3ynbmamsi MOOeuposaHusi rnoka3aiu CHUXeHUe nogpewHocmu onpedenieHus KoopouHam
ucmoyHuka ¢ 3-5 m (TDOA) u 8-12 m (amrinumyOHbIli memod) 00 ~2 M npu KOMOUHUPOBaHHOM
rnodxode. [JononHumernbHO ycmaHOo8IeHO, YMOo UCMOIb308aHUE (hUKCUPOBAHHbIX 8PEMEHHbIX 3a-
OepiKeK r10380s151em BbIrONHSAMb KO2ePEeHMHOE HaKoMIeHUe cugHasos, rnogbiwasi OmHoweHue
cueHan/wym.

[NpednoxeHHbIl nodxo0 moxem bbimb UcCronb308aH 051 co30aHusi cucmem rou,adHo20
MOHUMOpPUH2a HEQPMSIHbIX MECMOPOXOeHUL Ha OCHO8e 8HecKBaXUHHbIX NMR-uccrnedosaHudl.

KITIOYEBBIE CIIOBA: NMR-cuzHarbi, TDOA, amninumyOHbIl Memo0, foKanu3ayusi, Koag-
uyueHm 3amyxaHusi, cueHan/WyMm.
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Bbyn xymbicma XepdiH maburu magHum epiciHoeai MyHali KabambiH yHFbiIMadaH mbIC 3epm-
meynep kesiH0e NMR cueHan ke3depiH keHicmikme nokanusayusinay 80ici ycbiHbinadbl. ©0ic xep
b6emiHde opHanackaH mepm Kabblndarbiw xyUecCiMeH xa3bliFaH 311eKmpoMagHUMmIK MosiKbIHHbIH
keny yakbimbl (TDOA) xaHe cuzHan KapKblHObIbIFbIH enuweydi 6ipikmipin kondaHyra Heei30er2eH.

Yakbimmai kidipmy 8dici xofapbl 2eomempusisibik 0810ikmi Kammamachi3 emedi, bipak 6ip-
mekmi emec opmada morsiKbIHHbIH mapary XblndamMOobifbIHbIH 6eneicisdiciHe cedivman, an am-
nnumyodansiK 80ic Xbl1damObIKmMbIH e32epyiHe ceHimOipek, bipak ancipey koaghguyueHmiHoezi
wy MeH Kamernepzae ce3immarn. Exi 8dicmiH HomuxenepiHiH opmauwa enweHaeH KOMOUHayusicbl
YCbIHbINaobI.

Modenbdey Hamuxenepi 6ipikmipinzeH macindi natidanaHa ombIpbIr, mapamy Ke3iH opHa-
nacmeipy kKamenieiHiH 3—5 m (TDOA) xoHe 8—12 m (amnnumydansik 8dic) ~ 2 m deliH a3aliFaHbIH
kepcemmi. CoHOali-aK, benzineHaeH yakbim KidipicmepiH natdanaHy cugHanobiH Wyblnifa Kambi-
HacblIH aKcapma ombIpbIr, KO2EPeHMMI cugHamn XuHakmayra MyMKiHOIK 6epemiHi aHbIKmarnokbl.

¥cbiHblnFaH macin yHFbiMa ceipmbsiHOarbl NMR 3epmmeynepiHid HeaiziH0e MyHal KeH OpbIH-
OapbiHbIH ayMaKmblK MOHUMOPUHai XyUenepiH Kypy ywiH natdanaHbliybl MyMKIH.

TYUIH CO3[EP: NMR cuzHandapbl, TDOA, amnnumydarnbiK 80ic, fiokanu3ayusi, afcipey
KoaghgbuyueHmi, cusHan/wy.

ogy is widely used in the laboratory and for borehole logging, which provides

important information about the petrophysical properties of reservoirs such as
porosity, permeability, wettability, irreducible water saturation and irreducible oil satu-
ration. Downhole and laboratory applications of NMR measurements are used in both
conventional and non-conventional reservoir systems to quantify critical parameters
such as pore size distribution, porosity, and permeability. The use of NMR also provides
a better understanding of the interaction between reservoir fluids and the properties of
the host rocks.

At the same time, oil production, the use of enhanced oil recovery (EOR) methods
and other geological and technical measures (GTM) cause changes in the state, structure
and properties of reservoirs throughout the field of varying intensity. In this regard, there
is an urgent need to organize monitoring covering the entire field. In this direction, the
use of NMR studies is limited by the need to maintain a stable external magnetic field in
the places where they are performed. One of the solutions to this problem is the possibil-
ity of using the Earth's magnetic field as an external one. Despite different approaches to

ntroduction. In the petroleum industry, nuclear magnetic resonance technol-
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this issue, no effective solution has been presented. For example, it is proposed to use
test plates on which the NMR spectra of the material under study are recorded, serving as
resonators. For a comparative analysis of the spectrum of a space image of the territory
in the infrared range. The disadvantages include the ambiguity of the identification of
test and full-scale spectra due to differences in the strength of the Earth's magnetic field
at the time of their acquisition. In addition, the spectrum of the satellite image within the
pixel is a set of NMR spectra of local oil reservoirs that are in different states and are
not localized.

One of the promising areas of NMR research in conditions of weak and pulsating
magnetic field of the Earth is the method based on simultaneous registration of the NMR
signal and the current value of the magnetic field strength using a precision magnetom-
eter. Successful implementation of the method is currently limited by the problem of
unambiguous determination of the source of the NMR signal. When studying the res-
ervoir in the Earth's natural magnetic field, covering the entire field, the position of the
NMR signal source turns out to be spatially uncertain. This predetermines the need for
thelocalization of signal sources for NMR identification.

Materials and methods

It follows from the wave theory that the localization of the radiation emission source
does not depend on the physical nature of the formation of waves, but is determined
by their parameters and the magnitudes of the influence of the medium in which they
propagate. Therefore, the approaches to determining the coordinates of the signal source
developed by seismoacoustic methods [1], which have found wide and successful appli-
cation in geophysics, seismology and materials science, are of exceptional interest for
the development of new and improvement of known methods for use in the localization
of NMR sources — signals.

Conventionally, the methods of localization of the radiation emission source can be
divided as follows.

1. The Time Difference of Arrival (TDOA) method is based on the fact that the
front of an electromagnetic wave reaches spatially separated receivers at different points
in time. For NMR signals: the wavelength is significantly less than the distance to the
source — geometric optics approximation is performed; the signal propagates qua-
si-spherically; Arrival times can be measured with high accuracy when synchronization
is available. In a multilayer geological environment, the speed of propagation of an
electromagnetic wave is determined by the effective dielectric constant and electrical
conductivity of rocks. This leads to: refraction at the boundaries of layers, changes in the
effective velocity, possible anisotropy of propagation. Thus, TDOA is applicable, but its
accuracy is limited by the uncertainty of the velocity model of the medium.

The coordinates of the source are determined by solving a system of equations that
relate the delay times and the speed of wave propagation in the medium. These methods
are widely used in seismology and microseismic monitoring, as well as in electromag-
netic reconnaissance and radio navigation.

2. Amplitude and energy methods. Another group of methods uses the spatial dis-
tribution of amplitudes or intensities of signals, taking into account the geometric diver-
gence and attenuation of waves in the medium. Such methods are used in the localiza-
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tion of sources of acoustic emission and microseismic events. Their accuracy essentially
depends on knowledge of the attenuation coefficients and homogeneity of the medium.

3. The modal acoustic emission method is based on measuring the arrival time of
longitudinal and flexural waves with a single sensor. If their respective propagation ve-
locity is known, distance can be measured [2,3]. However, the difficulty lies in imple-
menting the separation of longitudinal and flexural waves in practice, since the distances
are small and the waves overlap.

4. The triangulation method is based on the precise measurement of the arrival time
and velocity of the wave. There are varieties of the method based on knowledge and
without knowledge of the speed of wave propagation. Various computational procedures
have been developed to calculate the velocity of wave propagation.

5. Beamforming is a signal processing method that uses a group of sound receivers
to determine the direction of arrival of a wave. Since beamforming compares wave-
forms, all sensors in the array must have the same amplitude and phase responses. An-
tennas should have a small aperture.

6. The Time reversal and artificial neural network method is suitable for localizing
the source of acoustic emission in an anisotropic medium and the algorithm does not
require knowledge of the wave propagation velocity. Since time reversal measures the
phase of signals, identical conditions are required for forward and reverse propagation.
But the Artificial neural network method requires a lot of data for deep learning.

7. The Multiple sources localization method solves the problems of distinguishing
between different sources of signals, which is necessary for the practical implementation
of many methods.

8. Hybrid methods. To increase the stability of solutions in a complex geological
structure, combined methods are used that combine time and amplitude parameters of
signals. Similar approaches are used in hydraulic fracturing monitoring systems and in
the localization of electromagnetic sources in inhomogeneous media.

A lot of research is devoted to determining the localization of acoustic emission
signals [4-7].

For instance, the article [8] reviews methods of localizing acoustic emission sources
in various dimensions. The main methods of localization of the source of acoustic emis-
sion in a two-dimensional dimension are considered, such as triangulation, beam form-
ing, strain rosette technique, modal AE, artificial neural networks, optimization and time
reversal technique, methods of localization in isotropic and anisotropic structures, as
well as methods of localization in complex structures in a three-dimensional dimension.
As one of the main directions for future research, the authors note the need to conduct
research on the localization of the source in three-dimensional structures.

Meanwhile the article [9] presents an overview of traditional methods of localiza-
tion of acoustic sources based on signal processing, as well as modern methods based
on the use of deep neural networks. The advantages and disadvantages of the above
methods are analyzed and considered. While some traditional methods can adapt to the
observed signals, they all depend on accepted assumptions and assumptions about the
nature of the medium, the properties of the signals, and so on. However, this is also a
major drawback of modern methods, as they are less generalizable and less versatile than
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traditional methods. The need for the development of new localization methods, as well
as the integration of traditional and modern intellectual localization methods to combine
the advantages of each of these groups of methods is substantiated.

The authors also conducted a comparative review of well-known methods for lo-
calizing acoustic emission sources in the article [10]. Well-known methods for localiz-
ing acoustic emission sources, such as modal acoustic emission, triangulation method,
beamforming, time reversal and artificial neural network, multiple sources localization,
were considered.

Acoustic emission source (AE) localization technology, pioneered in one-dimen-
sional structures, has been extended to a wide range of applications in two-dimensional
(2D) structures, including isotropic and anisotropic materials, which are currently the
most widely studied and most advanced. With the development of AE source localiza-
tion technology, more and more serious problems arise related to three-dimensional (3D)
structures, which are mostly anisotropic and have complex propagation pathways.

The article [11] summarizes and discusses methods for localizing AE sources in var-
ious dimensions, as well as their applications, including the main methods for localizing
2DAESOURCE sources, such as the tetraangulation method, beamforming, stretching
method, modal AE, artificial neural network, optimization and time-reversal method,
as well as modern methods for localizing AE sources in different dimensions. isotropic
and anisotropic structures using these methods. The latest achievements in the field of
localization of sources in complex structures are considered.

In turn the paper [12] presents an overview of traditional methods for localizing
acoustic sources based on signal processing, as well as modern methods based on the
use of deep neural networks. The advantages and disadvantages of the above methods
are analyzed and considered. While some traditional methods can adapt to the observed
signals, they all depend on accepted assumptions and assumptions about the nature of
the environment, the nature of the signals, and so on. However, this is also a major draw-
back of modern methods, as they are less generalizable and less versatile than traditional
methods. The need for the development of new localization methods, as well as the
integration of traditional and modern intellectual localization methods to combine the
advantages of each of these groups of methods is substantiated.

Whereas in the article [13], the acoustic emission method is one of the effective
methods of non-destructive testing of the stress-strain state of rocks. At the same time,
the source of the signal is the rocks under study. Geoacoustic radiation signals are a
combination of pulses of different amplitude, duration (about 30-100 ms) and fill rate
(up to 10 kHz), with a steep edge and a smooth decay. The pulse repetition frequency
varies from units per minute to several hundred per second, depending on the stress-
strain state of the rocks. The article presents the results of an experiment to determine
the distance to sources of high-frequency acoustic radiation generated in near-surface
sedimentary rocks. Such signals were recorded using a distributed system installed in a
natural reservoir, consisting of two combined receivers and one omnidirectional sound
pressure receiver. The use of combined receivers makes it possible to reconstruct the
spatio-temporal distribution of the vector of the oscillatory velocity of the particles of
the medium in the wave using vector-phase methods and to determine the direction to
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the signal source. Localization of radiation sources was carried out in two ways: triangu-
lation and by the difference in the time of arrival of signals from spaced receivers. The
coordinates of more than 40 sources of acoustic radiation have been measured, and their
spatial distribution has been constructed. The measurement error was less than 0.5 m.

Most of the alternative studies are devoted to the development and improvement
of methods based on the measurement of the time difference of wave arrival (TDOA)
In "blind" tuning conditions, when the initial signals are unknown, the localization task
is difficult due to the problem of data matching [12]. That is, it is not known which of
the TDOA measurements correspond to the same source. In this case, it is proposed to
perform joint localization and association of data using an optimal transport scheme. The
method is based on finding the optimal groupings of TDOA dimensions and comparing
them with possible source locations. In the works [13], [14] the problem of determining
the direction without reference using measurements of the difference in time of arrival
of signals (TDOA) from several sources located at a large distance in three-dimensional
space is considered. A systematic solution is proposed, including the construction of
a coordinate system, to jointly evaluate source directions and sensor positions using
low-rank matrix approximation. The article [15] notes that TDOA-based methods can
achieve good positioning results if the acoustic wave velocity is known with great accu-
racy. However, in complex and variable environments, the acoustic wave velocity may
contain a certain degree of uncertainty or even be unknown, which significantly limits
the use of traditional methods based on pre-measured velocities.

Meanwhile the article [16] notes that the inhomogeneities of the medium limit the
accuracy of source localization algorithms. To overcome these shortcomings, it was pro-
posed to use in conjunction with algorithms for localization of acoustic emission sources
with tomography based on the time of propagation.

Consequently in the paper [16] was proposed to use traditional TDOA and beam-
forming methods together to localize acoustic emission sources.

Thus, despite the large number of works aimed at solving the problem of localizing
the source of wave emission, the most accessible and effective method is (TDOA). The
main disadvantage of which is the expected degree of uncertainty, the value of the wave
propagation velocity in an anisotropic medium.

In order to increase the stability and unambiguousness of finding the coordinates of
the source in a complex geological structure, it is proposed to use a method that com-
bines the temporal and amplitude parameters of the signal based on the following model.

Determination of the location of the NMR signal source is carried out by a system
of four spatially separated receivers, at each receiver simultaneously with the delay time,
the intensity of the received wave is measured, the coordinates of the receivers are es-
tablished, the difference in the distances of each of the two receivers to the source is
determined as the product of the wave velocity and the delay time, from the obtained
equations a system of three equations with three is made unknown coordinates of the
source of the electromagnetic wave signal, solve the system of equations, establish the
coordinates of the source, for each receiver write down the equation of the dependence
of the recorded wave intensity on the intensity of the wave in the source, the distance
from the source to the receiver and the attenuation coefficient, from the obtained equa-
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tions they make a system of three equations with three unknown coordinates of the
source, solve the system of equations, establish the coordinates of the source, carry out
a weighted average combination of the results obtained and obtain the final value of the
coordinates of the radiation source. The combination of TDOA and amplitude analysis
allows you to compensate for the limitations of each.

1. Determination of NMR source coordinates by signal reception delay time

Four receivers with predetermined coordinates are placed in space: (x,y,z),i=1...4
(Fig.1). Receivers R, R, R, R, located at a distance r, r,, 1,, 1,, respectively from the
source S, record the time of arrival of the electromagnetic signal t, t, t, t

22,34

N

Figure 1 — Diagram of the location of signal receivers relative to the source

The time of emission of an electromagnetic wave by the source 7, the time of arriv-
al of the signal to each receiver: ¢, ¢, ¢, ¢,. During the period of time between emission
and reception, the wave travels the distance 7, from the source to the receiver at a speed n:

rc' () (1)

Receiver 1 is chosen as a reference. Calculate the difference in arrival times (delay
time) for each receiver relative to the reference receiver:
At, =t~
At =t —t, ()
at, =t~

A system of three nonlinear equations with three unknown coordinates of the source
X, V, z is formed from (1) and (2):

r2 —ril=cdt21
r3—ri=cdt31 3)
r4 —rl=cA t4l,
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where

ri=Jx = x1)% + (v — y1)* + (2 — z1)*

Vz:\/x —x2)*+ (Y —y2)* + (2 — 22)*

rs=x —x3)? + (v — y3)* + (z — 23)°

re=Jx = x)* + (v — ya)2 + (2 — z4)?
To solve nonlinear equations, a modified Newton—Raphson method is used using the
Python programming language. The use of the Python library allows you to implement
numerical methods and localization algorithms. Let's outline:

fixy2) = \/X —x)°+ -y +(z- Zi)z'\/x —x1)% + (y —y1)? + (2 — z1)%-cAty “4)

Accordingly, the Jacobian system

fori=2,3,4:
fi x—xi x—x1
Ox B Ti 51
a ; — v —
a_fl:yr.yl_yrm )
y i 1
afi z—z z—1
0z B T n
The iterative algorithm for the Newton-Raphson method will be:
on the k-th iteration:
"t =q* = (" N7YTF(q") (6)

where g= (x,y,2)T
F={fi} or{g:}

The conditions for stopping iterations are |[gk*1 — g¥|| < e.

2. Determination of NMR source coordinates based on the intensity of the received
signal

Since the distances from the acoustic emission source to the receiving sensors are
quite large compared to the acoustic wave waves, the distances between the sensors are
commensurate with the distances from them to the emission source, and the sources
themselves are local, a spherical wave is formed in a solid medium.

The dependence of intensity for a spherical acoustic wave on distance is given by
the equation:

_1_0 —Ar
I—re (7

where is the intensity of the acoustic emission source, I 0 A is the attenuation coefficient
in the medium, r is the distance from the measuring point to the acoustic emission source.
The wave intensity at each receiver is:

HE®Tb U A3 &§ 2026 2 (152) 131



PA3PABOTKA

Iy
11 = = e'Arl
7;1
I, = r_g e~4r (8)
2
I
13 = _(; e_Ar3
7}3
0
14_ = - e_Ar“
T4
Let's calculate the intensity ratios:
2
I_l — rieA(Tz—h)
2
1_1 — r_3eA(r3—r1) 9)
2
I_l — rieﬁ(n,—h)

Taking into account (3), (9) represents a system of three nonlinear equations with
three unknown coordinates of the source x, y, z.

To solve this system by analogy with the system obtained from the delay times (3),
a modified Newton—Raphson method with Jacobian is used:

da: 2 —x /2 -
(2, )EH (2 )2 o)
Ox 7y Ty Ty 161

where gi(xy,z = 21n§ + A —1) — In% , is obtained from the differentiation of the equation
of the system (9). ‘

Both methods estimate coordinates, differing in their approaches to the Signal Delay
Time (TDOA) and signal intensity solutions.

TDOA has high geometry accuracy and is weakly dependent on transmitter power,
but is sensitive to synchronization and does not perform well in anisotropic environments.

The intensity method differs in that it does not require exact synchronization, is easy
to implement, but strongly depends on the attenuation of the medium (logarithmic error).

To improve the accuracy and unambiguousness of determining the coordinates of the
source, a weighted average combination of the results of the two methods is proposed:

o WS +w, S,
S _/12TDOA 19UHT (11)
wi+w,

where S, STDOA, SINT are the coordinates of the source, respectively, the defined
combination of the results of the two methods, by the TDOA method, by the intensity
methods, w;, w,are weight coefficients determined by the accuracy of measurements by
each of the methods.

To check the correctness of the tasks set and the developed algorithms for their
solution, a simulation experiment was carried out with the following initial data (7able I).
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Table 1 - Initial data for the simulation experiment

Coordinates RL m Rz, m R3, m R ,m S’ m
X 0 10 0 Q 300
y 0 0 10 0 400
z 0 0 10 200

The velocity of the electromagnetic wave is ¢=2.0-10—8 m/s. The real distances
are r,=538.5 m, r,=533.1 m, r,=531.2 m, and r,=534.9 m. Determination of source

coordinates based on the signal delay time.

Distance differences:
ro—ri=—5%4m

ry—ri=—73m
r4—rj =—3.6m

Measured time delays

Ti — T
Atil _ 1
Atyy = ————=2.70-10"8
21750.10-8 S

Atgl = 3.65- 10_85
At41 = 1.80- 10_85

Solvable system

Jx=10)2 + y2 + 22 — \[x2 + y2 + 22 — cAty
Jx2 4+ (v —10)2 + 22 — \[x2 + y2 + 22 — cAty,
V2 +y2 +(z—10)2 — \[x2 + y2 + 22 — cAty

Numerical solution (Newton's method/OLS) STDOA= (297, 403, 198) m. The error
is about 3-4 m, which is typical for TDOA with a compact base.

Determination of source coordinates by signal intensity. Environmental parameters.
Attenuation coefficients A=0.002 m™'.

Intensity Relations

2
ﬂ — rLeA(ri—n)

Numerically:

b =094, =092, 2=0097.
I I I
Logarithm of the system

I I
In==2In—+ A(rj —rq1)
I ry

Substituting expressions for r(x,y,z) yields 3 nonlinear equations. Numerical
solution: S, = (305,395, 210) m. The error is greater in intensity, which is typical for the

amplitude method.
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Weighted average aggregation of results. TDOA is more accurate — weight w =0.7.
Intensity — weight w,=0.3.

- -
W1Stpoa + WaSinT
W1 + Wo

S =
Coordinate calculation

_0.7-297+0.3-305

X 1 =2994m
_ 0.7°403+03395 _ 4006 m

0.7-198 + 0.3-210
7 = =201.6m

1

Final result

Sfinal = (299.4,400.6,201.6) m

Error relative to the true source: 2.2 m. Each system separately gives a solution
with meter errors. Mid-weighting significantly improves accuracy. The method is stable
even with a sensor base of < 10 m and a range of 300-500 m.

The implementation of the proposed method for localizing NMR signal sources in
the field is accompanied by a number of factors that significantly affect the accuracy and
stability of the solution. The key ones are the geometry of the receiver placement, the
level of industrial noise and the uncertainty of the attenuation coefficient in the geolog-
ical environment.

For TDOA: Waveform distortion leads to timing error; reduced accuracy of time
delays; possible false alarms.

For the amplitude method: distortion of the intensity level; increase in the error of
exponential approximation; instability of the attenuation coefficient estimate.

For example, at a noise level of 10—15%: the TDOA error increases to 5—10 m, the
amplitude method error increases to 20-30 m (7able 2).

Table 2 — Additive Noise Modeling

No | Noise level TDOA Error Amplitude Error Combined

1 0% 37m 11.2m 22 m
2 10% 5-7m 15-20m 3-4m
3 15% 8-12m 20-30m 5-6m

It follows from the table that the amplitude method is the most sensitive to noise

To reduce the impact of noise, the following methods are used: bandpass filtering
in the NMR signal range; coherent signal processing; Shielding of receivers

The practical implementation of the NMR signal localization method requires tak-
ing into account a set of factors related to the geometry of the observation system, the
level of external interference and the heterogeneity of the geological environment. The
most critical are errors caused by receiver placement, industrial noise and variations in
the attenuation coefficient.
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It is shown that the use of a combined approach (TDOA + amplitude method) can
significantly reduce the influence of these factors and ensure acceptable localization ac-
curacy in real conditions.

Results and discussion

As part of the studies performed, the possibility of spatial localization of NMR sig-
nal sources during out-of-hole measurements in the Earth's natural magnetic field was
analyzed. A case of signal registration by a system of four receivers placed on the day
surface of the field and synchronized in time is considered. Such a set of receivers pro-
vides redundancy of measurements and allows you to implement independent methods
for determining the coordinates of the NMR signal source.

In the first option, the source localization was carried out on the basis of measurements
of the time of delay in the arrival of an electromagnetic wave to each receiver relative to
the reference channel. At a given average wave velocity in the geological environment, a
system of three independent time delays makes it possible to unambiguously determine
the spatial coordinates of the source. The analysis showed that this method has a high sen-
sitivity to errors in setting the speed of wave propagation due to its change when crossing
the boundaries of geological layers with different electrophysical properties. Even slight
variations in velocity lead to systematic shifts in source coordinates estimates.

In the second option, the source coordinates were determined based on measurements
of the NMR signal intensity recorded by each receiver. Using an a priori established signal
attenuation coefficient in the medium, a system of equations was obtained that relates the
distances from the source to the receivers with the measured intensity levels. The results
showed that this method is less sensitive to inhomogeneities in the velocity of wave prop-
agation, but is subject to the influence of noise and local attenuation anomalies associated
with inhomogeneous fracturing and lithological composition of rocks.

Comparative analysis has shown that both methods have complementary properties.
The time delay method provides high accuracy when the velocity model of the medium
is correctly specified, while the intensity method is more resistant to velocity errors, but
sensitive to variations in the attenuation coefficient. In this regard, a combined approach
based on weighted averaging of the coordinates obtained by both methods is implement-
ed in the work. The weights were determined based on estimates of the variances in the
errors of each of the localization options.

The simulation results showed that the use of a combined approach can significantly
reduce the total error in determining the coordinates of the NMR signal source in compari-
son with the use of each method separately. Under the conditions of variations in the veloc-
ity of electromagnetic waves characteristic of multilayer geological sections, an increase in
the stability and unambiguousness of the solution of the localization problem and accuracy
relative to the integrated methods is achieved by 30 more percent. The implementation
of the proposed method for localizing NMR signal sources in the field is accompanied by
a number of factors that significantly affect the accuracy and stability of the solution. The
key ones are the geometry of the receiver placement, the level of industrial noise and the
uncertainty of the attenuation coefficient in the geological environment.

In addition, it has been established that the use of a fixed set of delay times makes it
possible to identify NMR signal sources during their re-recording, which creates prereq-
uisites for coherent accumulation of signals in digital format. This, in turn, leads to an
increase in the signal-to-noise ratio and an increase in the reliability of the NMR spectra
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of weak sources, characteristic of low-porous and poorly saturated reservoirs.

Thus, the results obtained confirm the prospects of the proposed method for local-
izing NMR sources for the implementation of out-of-hole NMR studies and the creation
of spatially distributed systems for monitoring the state and properties of oil reservoirs
on the scale of the entire field.

Conclusions

The paper considers the problem of localization of NMR signal sources during out-
of-hole studies of the state and properties of oil reservoirs in the Earth's natural magnetic
field. It is shown that the lack of spatial reference of NMR signal sources is one of the
key factors limiting the practical application of NMR methods for monitoring fields at
inter-well and areal scales.

For the first time, a combined method for localizing NMR signals has been pro-
posed, combining time and amplitude parameters of the signal, a mathematical model
has been developed that takes into account the geometry of wave propagation and signal
attenuation in the medium. A weighted union algorithm has been developed to take into
account the accuracy of each method. The stability of the solution under conditions of
uncertainty of environmental parameters is shown.

It is established that each of the approaches under consideration has its own advan-
tages and limitations due to the heterogeneity of the geological environment and varia-
tions in its electrophysical properties.

The main conclusions of the work are as follows:

1) It is shown that a set of three independent signal arrival delay times is sufficient
for unambiguous determination of the spatial coordinates of the NMR signal source at a
known average velocity of electromagnetic wave propagation in the medium.

2) It is established that the localization method based on delay times has a high
potential accuracy, but is sensitive to errors in setting the velocity model associated with
the multilayer structure of the geological section.

3) It is demonstrated that the method for determining the coordinates of the source
by measurements of signal intensity and attenuation coefficient is characterized by great-
er resistance to variations in the velocity of waves, but is subject to the influence of noise
and local inhomogeneities of the medium.

4) It is shown that combining the results of the two methods by weighted averaging can
significantly reduce the total localization error and ensure the unambiguousness of determin-
ing the coordinates of NMR signal sources in real geological and physical conditions.

5) It has been established that the localization of NMR signal sources makes it
possible to identify them during repeated measurements and provides conditions for
coherent accumulation of signals in digital format, which leads to an increase in the
signal-to-noise ratio and an increase in the reliability of the interpretation of NMR
spectra.

6) The limitations of the simulation and the need to establish the actual values of the
propagation velocity and attenuation coefficient of the electromagnetic wave in aniso-
tropic media are shown.

The results obtained confirm the prospects of using the proposed method as a basis
for the development of out-of-hole NMR monitoring systems designed to assess changes
in the state and properties of oil reservoirs in the process of field development and the
application of enhanced oil recovery methods. @
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