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Abstract—The article presents a new electric exploration measuring complex with pseudonoise sounding sig-
nals. The complex is designed for sounding of the Earth’s crust using transient electromagnetic methods. The
technical characteristics of the complex and results of the first field experiments in the territory of the Bishkek
geodynamic test area are presented. The tasks are set to improve the technical and operational characteristics
of the complex, the implementation of which will allow the developed measuring complex to improve the
technology for electromagnetic monitoring of the crust carried out at the Research Station of the Russian

Academy of Sciences.
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INTRODUCTION

The main direction of research carried out at the
Scientific Station of the Russian Academy of Sciences
(SS RAS) is the study of geodynamic processes occur-
ring in the depths of the earth’s crust. The aim of the
research is to predict hazardous (destructive) natural
phenomena, such as earthquakes, causing vast
destruction and loss of life. To solve these problems, in
the territory of the Bishkek Geodynamic Testing Area
(BGTA), which covers an area of about 25500 km?, a
system for electromagnetic monitoring of the stress-
strain state of the crust was deployed (Groisman and
Trapeznikov, 1986; Trapeznikov et al., 1997; Ilyichev
et al., 2010), based on electric exploration sounding
via field formation in the far zone (SFF) and providing
monitoring of dynamic processes occurring in the
crust at depths of up to 20 km.

The system consists of a powerful (180 kW)
ERGU-600 electric exploration generator set
(Volykhin et al., 1993; Trapeznikov and Turovsky,
1993), located in the center of BGTA (40 km south of
Bishkek), and a network of receiving measurement
points distributed over the test area. It is constantly
being improved for new research problems and is cur-
rently being modernized to improve the technology for
electromagnetic monitoring of the crust. One way to
improve the system is to expand its capabilities by
using, in addition to SFF, other passive and active

electric exploration methods, in particular, magneto-
telluric sounding (MTS) and the method of sounding
by the formation of a field in the near zone (SNF).

This paper discusses the development of a new
electric exploration measuring complex intended for
sounding the crust with noise-like signals with a wide
frequency spectrum. The construction of the measur-
ing equipment is based on the well-known method of
sensing by the formation of a field in the near zone
(SNF). The difference between the new equipment
and the existing SNF equipment lies in the use of spe-
cial signals for sounding the crust in the form of noise-
like continuously repeating sequences of bipolar rect-
angular pulses.

Noise-like signals (NLS) have long been success-
fully used in various fields of science and technology.
The use of NLS in communication and information
transmission systems (Varakin, 1985) and radar and
radio navigation radically changed the technology of
these systems and significantly increased the quality
and reliability of information obtained. The idea of
using NLS in electric exploration equipment occurred
earlier. Despite this, to date, no working models of
such equipment have been created. One of the first
attempts to use NLS in active electric exploration is a
study by Canadian specialists (Duncan et al., 1980).

Among other domestic advancements (ideas) on
creating electric exploration equipment using NLS,
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the invention by (Velikin, 2009) is noteworthy.
The author proposed a new correlation method of
pulsed electric exploration and a device for its imple-
mentation. A subsequent work (Velikin, A.B. and
Velikin, A.A., 2016) describes the electric exploration
method using special NLS and an experimental model
of the STEM-1 software and hardware complex,
designed for searching for and detecting minerals in
the crust, in particular, hydrocarbons.

An advantage of the NLS method over the SFF
method is that the offset between the source (induc-
tion probe frame) and observation point (signal sen-
sor) can be significantly less than the investigated
depth (Aleksanova et al., 2005). Due to the increased
resolution of the NLS method, this method is used for
more detailed study of the structure of the crust. It
theoretically has no limitations on large sounding
depths; however, in practice, such limitations exist,
associated with signal recording in a very large
dynamic range to reach large sounding depths. Esti-
mated calculations show that for the range of sounding
depths from 100 m to 10 km, taking into account the
average resistivity of the equivalent homogeneous
layer (204 Q m), obtained from data of the average
section of the electric structure of the crust in the
BGTA, the dynamic range of the recorded signals
should be at least 200 dB.

It is virtually impossible to obtain such a large
dynamic range simply by improving the technical
characteristics of the measuring equipment and using
standard (known) algorithms for digital signal pro-
cessing. To solve this problem in the developed mea-
suring complex, special NLS pulse sequences with a
large base (B = Aft > 100) are used, where Af is the
width of the signal frequency spectrum; 7 is its dura-
tion. In this case, during correlation processing of a
received signal complicated by interference and
uncorrelated noise, the probe signal provides much
better noise and interference suppression of vs. classi-
cal sounding with deterministic signals.

The signal-to-noise ratio at the output of such a
system increases by a factor of 100 or greater. In addi-
tion, correlation processing of the recorded signals
makes it possible to directly obtain the pulsed transient
response of the crust, since the pulsed transient
response of the crust consists of the cross-correlation
function between the recorded field formation signal
and the probe signal (Ilyichev, 2012). By choosing the
type of probing signals with a sufficiently large base,
one can count on qualitative improvement in the mea-
suring system vs. the existing systems. However, the
power of the sounding generator set is significantly
reduced.

In (Ilyichev and Bobrovsky, 2014), the authors pre-
sented the results of mathematical modeling of the
measuring equipment, which confirmed the effective
use of NLS in electric exploration equipment. In the
time that has elapsed, a large amount of research and
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engineering works have been carried out at SS RAS to
realize this idea, the features of NLS use have been
revealed, and the requirements on the technical and
operational parameters of the measuring equipment
have been determined. As a result, an experimental
prototype of the measuring complex with NLS (NLS
EMC) was developed and manufactured. Below are
the main results of the study.

ESTIMATION OF THE SIGNAL OF THE FIELD
FORMATION LEVELS IN RELATION
TO THE NLS METHOD FOR THE BGTA

When carrying out measurements by the NLS
method using the electric exploration measuring com-
plex NLSEMC, an installation with coaxial loops is
used (Aleksanova et al., 2005). The source of the pri-
mary field is a square frame with an area Q = 2500 m?.

The signal receiver in the NLS EMC is an integrat-
ing-type induction sensor that provides an output sig-
nal proportional to the magnetic field induction. After
its correlation processing, the output signal will be
proportional to the EMF induced in the sensor’s mea-
suring coil.

The equivalent area g of the measuring coil of this
sensor, taking into account the field concentration in
its core, is 800 m?2, which corresponds to a single-turn
receiving frame 28 X 28 m in size. According to
(Zhdanov, 1986), the EMF value in the receiving
frame placed on the surface of a homogeneous half-
space with resistivity p in the near zone of the induc-
tion source is determined by the expression

g QI (ﬁfﬂ
p

1011_{3/21‘5/2 ’

where |, = 41t x 10~7 H/m is the magnetic constant;
q is the area of the receiving frame (equivalent area of
the sensor’s measuring coil ); Q is the area of the probe
frame; /is the amplitude of current pulses in the probe
frame; p is the electric resistivity of the medium (the
crust); ¢is the current time, counted from the moment
the current step is supplied to the probe frame.

The range of the measured (received) field forma-
tion signal for the monitored depths is determined as
the ratio of the maximum and minimum EMF values
in the sensor’s receiving coil for the field formation
times corresponding to the minimum and maximum
sounding depths.

To determine the EMF according to (1), it is nec-
essary to know the electric resistivity p of the medium
and the field formation recording time z.

According to (Matveev, 1990), the field penetration
depth (effective sounding depth) is determined by the
recording time and electric resistivity of the medium:

Zr = 0.71tp/1,, (2)

|AUBZ| = (1)
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Table 1. Average statistical section of electric structure of crust in BGTA

Layer no. i Occurrence Layer thickness Rang.e (?f .variations in electric Ave.ra.ge.: statistical electric
depth, m h;, m resistivity of layer p;, Q m resistivity of layer p;, Q m

1 0—-300 300 10—300 145

2 300—3000 2700 1000—3000 2000

3 3000—12 000 9000 40—120 80

4 12000—25000 13000 1000—3000 2000

where p is the electric resistivity of the homogeneous
half-space; ¢ is the field formation recording time; [, is
the relative magnetic permeability. In formula (2), z.4is
expressed in kilometers. For |, = 1, it is possible to write

Zr = 0.711p. (3)

Then, the field formation recording time correspond-
ing to a given effective sounding depth is determined as

t= (—z‘fff j
0.71/p
Let us consider a model of the probed medium
(crust) in the form of a horizontally layered structure,
each layer of which extends to infinity and has its own
electric resistivity and thickness. Next, we determine
the electric resistivity of an equivalent homogeneous
layer corresponding to the given multilayer model. We
obtain the average section of the electric structure of
the crust for the BGTA. Table 1 shows the parameters
of the average statistical section of the electric struc-
ture of the crust, obtained from data of earlier sound-
ings of the crust by the frequency sounding (FS) and
SFM methods at 22 points in the BGTA territory.

According to the equivalence rule, an expression
can be written that relates the parameters of a multi-
layer horizontally layered medium with the parame-
ters of an equivalent homogeneous layer (Elektroraz-
vedka, 1989):

C))

he - Zﬁ’ (3)

Pe =P

where 4, = Z~:1 25000 m (see Table 1) is the

thickness of the equivalent homogeneous layer; p. is
the electric resistivity of the equivalent homogeneous
layer; p; is the electric resistivity of the layer with the
number 7; A, is the thickness of the layer with the num-
ber i; n is the number of layers under consideration.

n

B o=

1

The electric resistivity of the equivalent homoge-
neous layer according to (5) is determined as

(6)

Substituting the data in Table 1 into formula (6), let
us calculate the average electric resistivity of the equiv-
alent homogeneous layer of the crust for the BGTA:

25000
pes = = 204 Qm
300 , 2700 ., 9000 +13000
145 2000 80 2000

For sounding depths from 100 m to 10 km, using
formula (4), we calculate the minimum (#,;,) and
maximum (7,,,) field formation recording times for
the obtained value p.:

0.1

2
o = [—=—] =9.72418x107 s;
ﬁl71¢204)

10
ﬁx71d§61
Substituting the obtained field formation recording
times ?,,;, and t,,, and the electric resistivity p, into
formula (1), we calculate the maximum (V,,,,) and
minimum (V,;,) EMF induced in the sensor’s mea-

suring coil:
32
Mg QI (ﬁ)

V — es

max

max

2
) =0.972418327 s.

=0.000234019 V,
101t3/2t5/2

min

32
g QI [ﬁj
V . =

min

es _ -14
10n3/2t5/2 =2.34019x10 " V.

For the calculations, the following values were sub-
stituted: Q = 2500 m?; ¢ = 800 m?; /=2 A.

Based on this, we find the range of variation in the
measured signals in the given depth range:
0.000234019
2.34019x 107"

All of the above calculations are valid only in the
case when the near zone condition is fulfilled over the
entire considered depth range. According to (Matveey,
1990), the near field condition can be represented as

(7)

D =20log =200 dB.

L < 1’
Leff
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Fig. 1. Experimental prototype of NLS EMC measuring complex, external view: /, induction probing frame (IPF); 2, induction
signal sensor (ISS); 3, probing signal generator (PSG); 4, calibration unit (CU); 5, signal control and recording unit (SCRU);

6, laptop (PC); 7, current limiting unit (CLU).

where z.; is the effective sounding depth; ris the offset
(distance between source and receiver). For a coaxial
installation, the offset is equal to half the length of the
side of the generator loop. For the square probe frame
with a side of 50 m used in the NLS EMC, the r value
will be 25 m. Substituting the offset value and the min-
imum considered depth into formula (7), the near
field condition can be written as

L 2002554
Zeft 0.1

(the r and z. values are given in km). Hence, it can be
stated that the near zone condition is fulfilled over the
entire considered depth range.

MEASURING COMPLEX HARDWARE

Figure 1 shows an external view of an experimental
prototype of the NLS EMC.

The main task in developing a new measuring com-
plex was to achieve the necessary dynamic and fre-
quency ranges of recorded signals, which determine
the monitored depths of the crust.
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In developing the measuring equipment, modern
multibit high-speed analog-to-digital converters
(ADC) were used, which allow signal recording in
wide dynamic and frequency ranges. The digital nodes
and units of the measuring complex are made using
modern FPGA technology, which significantly
reduced the time to develop and debug the measuring
equipment. To power the nodes and units of the new
equipment, lithium-ion batteries were used, directly
built into the structure of the equipment units, which
ensured fairly low weight and small dimensions.

Figure 2 shows the structural—functional circuit of
the measuring complex.

The measuring complex consists of two parts:
probing and receiving—recording. The probing part
includes a probe signal generator (PSG), an induction
probe frame (IPF), a current limiting unit (CLU), and
a rechargable battery (RB). The receiving and record-
ing part includes an induction signal sensor (ISS), a
signal control and recording unit (SCRU), and a cali-
bration unit (CU).

The technical parameters of the measuring com-
plex are given in Table 2.
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Fig. 2. Electric exploration measuring complex with NLS, structural and functional diagram: IPF, induction probing frame;
CLU, current limiting unit; PSG, probe signal generator; RB, rechargable battery; ISS, induction signal sensor; SA, signal ampli-
fier; CU, calibration device; SCRU, signal control and recording unit; ADC, analog-to-digital converter; CPG, clock pulse gen-
erator; LPF, low-pass filter; CSFU, control-signal-forming unit; MC, microcontroller; SD, memory card; PC, laptop; L,je.s ISS
measuring coil; L.,, ISS calibration coil; GR, signals controlling CU operation; MNG, signals controlling PSG operation;
RS-232, serial interface.

Table 2. Technical parameters of NLS EMC

Parameter Measurement unit Value Note:

1 2 3 4

Receiving and measuring channel

Bandwidth Hz 0.4232000
ISS conversion factor mV,/nT 75+ 5
ISS time constant s 0.65
Dynamic range of recorded signals, no less than dB 180
ADC bit capacity bit 18—24
Signal sampling rate kHz 10.0—-1638.4
Duration of a single noiselike M-sequence S 0.01-5.12
Bit capacity of M-sequence bit 11-24
Probing unit
IPF dimensions m 50 % 50...200 x 200
Inductance of IPF mH 0.4-1.6
Active resistivity of IPF W 2—-8
Voltage of recharagable battery Urp \% 12—-250
Active resistivity of CLU R¢py Q 25-200
Current pulse amplitude in IPF A 1.0—10.0 Depends on Rcpy and Urg
Minimum duration of current pulses in probe frame s 20
Duration of current pulse rise and fall in probe frame s 12 For Rcpy = 100 Q

SEISMIC INSTRUMENTS  Vol. 57 No.4 2021
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The main unit of the measuring complex is the sig-
nal control and recording unit (SCRU). Functions
performed by the SCRU:

— formation of logical signals and commands that
ensure tuning of modes and synchronization of the
operation of probing and receiving-recording parts of
measuring complex;

— digitization of recorded signals;

— storage, accumulation, and computer transfer of
digital data obtained in measurement sessions.

The operation of all digital SCRU circuits is
clocked (synchronized) by a clock pulse generator
(CPG) GK75-TS of the Morion company (St. Peters-
burg).

The microcontroller (MC), operating under the
control of the BBS Registrator ADD recording pro-
gram, generates commands that determine the SCRU
operation modes, and records and stores the received
data in an SD memory card. An SK-
MAT91SAM9G45/M10 board (module) from
STARTERKIT.RU (Izhevsk) is is used as the MC.
Program—user interaction is through an external lap-
top computer (LC) using the program BBS Termi-
nal ADD, working with an RS-232 serial input—out-
put interface.

The control-signal-forming unit (CSFU), imple-
mented on a DEO-Nano module from Terasic, based
on a Cyclone 1V EP4CE22F17C6N FPGA, provides
connection and synchronous operation of all SCRU
nodes (Lashin, 2018). MNG and GR signals are gen-
erated in the CSFU, which controls the operation of
the PSG and CU.

When sounding the crust, the sequence of MNG
signals generated in the CSFU arrives at the PSG
(Lashin, 2019a), where, under their control, noiselike
current pulse sequences are generated, which are fed
through the current limiting unit (CLU) to the induc-
tion probe frame (IPF). To reduce the influence of
interference generated by the transmission lines of dig-
ital control signals between the SCRU and the PSG,
the length of which is about 40 meters, these circuits
are made in the form of fiber-optic communication
lines (Lisimov, 2019). The sounding frame is placed
horizontally on the surface of the Earth. An induction
signal sensor (ISS) is installed at vertically the geomet-
ric center of the frame.

The measuring complex uses a proprietary broad-
band temperature-compensated induction sensor
(Ilyichev and Lashin, 2017). Alternating current
induced in the short-circuited sensor’s measuring coil
(Leas) and proportional to the magnetic flux pene-
trating the windings of this coil, with the help of an
amplifier (AMP) is converted into voltage and ampli-
fied to the value necessary for conversion into digital
form. The amplifier is placed in the immediate vicinity
of the measuring coil inside the rigid housing of the
sensor, whihc is made of an aluminum alloy and acts
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as an electric shield against external pickup and inter-
ference. The conversion factor of the ISS remains vir-
tually unchanged in a broad frequency band (0.4—
32000 Hz).

The output signal of the induction sensor, once it
has passed through a low-pass filter (LPF) in the
SCRU, is converted by an ADC into digital form. The
ADC was a DC1826A module from Linear Technol-
ogy, made on an LTC2389 microcircuit, which is a
modern ADC manufactured by SAR technology with
an 18-bit capacity and a maximum sampling rate of
2.5 MHz. The resulting digital data are recorded and
stored in a MicroSD Card in the FAT file system.
Then, the data are processed in a personal computer
using the BBS ViewerM_NR program developed by
the authors.

To measure and monitor the technical characteris-
tics and parameters of the measuring complex used
when processing of sounding data, the measuring
channel is provided with a calibration mode of. In this
mode, under the control of GR signals generated by
the SCRU, current pulses are formed in the CU,
which are fed into the calibrating coil of the induction
sensor (L.,;), which creates a calibrated alternating
magnetic field in the measuring coil. The output signal
of the analog part of the measuring channel (LPF out-
put), just like in the case of a sounding session, is con-
verted by the ADC into digital samples stored on an
SD card. The recorded data are processed in a com-
puter to obtain the transient, pulsed transient, and fre-
quency characteristics of the measuring channel.

Another purpose of calibration is to guarantee the
performance of the measuring complex. In the process
of such a check, model signals of the formation of the
field, formed in the CU and simulating a one-dimen-
sional multilayer electric section of the crust, are fed
into the calibration coil of the induction sensor. The
calibration of the measuring channel of the EMC NLS
is carried out before each measuring session.

When developing the circuit and design of the mea-
suring complex, special attention was paid to the sup-
pression of interference and noise, limiting the
dynamic range of the recorded signals. To determine
the requirements on the frequency response of the
measuring channel, the spectral composition of inter-
ference and noise observed on the territory of the
BGTA were measured at various points on the Earth’s
surface. The noise level was estimated in the frequency
band from 20 Hz to 2 MHz. Interference was quanti-
tatively assessed with a portable spectrum analyzer
developed by one of the authors (Lashin, 2019b).

Measurements showed that the main sources of
interference are an industrial power network with a
frequency of 50 Hz and powerful radio stations oper-
ating in Kyrgyzstan. The level of interference from the
industrial network did not exceed 5% of the maximum
of the field formation signal recorded during sounding
sessions of the crust with a 50 X 50 m induction frame
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Fig. 3. Block diagram of NLS EMC software.

with rectangular current pulses with an amplitude
of 1 A. The level of interference from radio stations
localized in a narrow frequency band (5 kHz) with a
center frequency of 612 kHz did not exceed 0.5% of the
maximum level of the field formation signal.

Suppression of interference created by the indus-
trial power network with a frequency of 50 Hz in the
measuring complex is ensured by correlation process-
ing of recorded signals and their synchronous accu-
mulation in the time window. For this, the duration of
the accumulation window is chosen as a multiple of an
odd number of half-periods of the suppressed interfer-
ence (10 ms) and is determined by the duration of
three or five probing single noiselike M-sequences. In
this case, the duration of a single M-sequence deter-
mines the maximum field formation time required to
obtain the specified sounding depths. Sounding of the
crust is carried out by continuously repeated pauseless
bipolar M-sequences of rectangular current pulses
supplied to the IPF for a time corresponding to the
specified number of signal accumulation windows.

The LPF limits the spectrum of signals entering the
ADC input and suppresses high-frequency interfer-
ence from radio stations. The selected cutoff fre-
quency (40 kHz) and the slope of the transition zone
of the amplitude—frequency response (AFR) of this
filter provide high interference suppression at frequen-
cies above 600 kHz (by more than 30000 times,
90 dB). At the same time, reliable recording of field
formation signals is ensured at times starting from
25 us, which corresponds to sounding depths of 70 m
or more. The strict monotonicity of the LPF’s tran-
sient response ensures undistorted passage of field for-
mation signals through the measuring channel. The
filter circuit is an active eight-order low pass ladder fil-
ter with critical attenuation (Titze et al., 2007).

To assess the degree of influence of interference
and noise on the quality of the recorded signals, an
operational monitoring of the interference environ-

ment is carried out before each measurement session.
The hardware and software of the measuring complex
makes it possible to carry out such measurements with
the required accuracy and to obtain an estimate of the
spectral composition of interference and noise
recorded by its measuring path.

Measuring Complex Software

The software package of the measuring complex
consists of two parts: registering (programs BBS Reg-
istrator ADD and BBS_ Terminal ADD) and pro-
cessing (program BBS ViewerM_ NR). In Fig. 3
shows the structure of the EMC NLS software.

The BBS_Registrator ADD program, imple-
mented in the C programming language, is designed to
control the SCRU operation modes and provides
recording and storage of data (signal samples) coming
from the ADC output of the EMC ShPS measuring
channel (Bobrovsky, 2020).

The control of the SCRU operation modes consists
in processing the commands of the user (operator) set-
ting the types and parameters of the control signals
generated by the SCRU (MNG and GR, see Fig. 2),
and converting them into the format necessary for the
operation of the programmable control signal genera-
tion unit (CFCS, see Fig. 2). Under the control of the
MNG and GR, probing and calibration signals are
generated in the PSG and CU of the measuring com-
plex in the form of sequences of current pulses sup-
plied, depending on the operating mode, to the IPF or
to the ISS calibration coil. Two types of sequences are
used: noise-like bipolar pulse M-sequences, used both
in the Crust sounding mode and in the calibration
mode, and periodic sequences of bipolar pulses with-
out a pause with the same duration of positive and
negative pulses, used only in the calibration mode of
the measuring channel.
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Recording and storage of data coming from the
ADC occurs during the interrupt processing on the
readiness signal generated by the ADC. At the first
stage, data is read from the ADC through the parallel
input-output interface PIO (Parallel Input/Output
Controller) built into the microcontroller (MC).
Next, the data is converted into a signed integer format
and written to the buffer memory, which is imple-
mented as a circular buffer. To reduce the level of
interference and noise in the recorded signals, the pro-
gram implements an algorithm for synchronous accu-
mulation of signal samples from the ADC in real time
(on-line) with subsequent storage of the accumulated
data on an external medium. The operation of the on-
line accumulation algorithm is based on a circular buf-
fer with a volume corresponding to a given accumula-
tion window.

After filling the circular buffer, the incoming new
signal samples are summed with the old ones. The
width ofthe cells of the circular buffer is determined by
the width of the ADC and the number of accumulated
signal samples. Normalization of the recorded signal,
which consists in dividing each sample of the circular
buffer by the number of accumulations, is performed
in the BBS ViewerM _NR signal processing program.
The use of the real time synchronous accumulation
algorithm can significantly reduce the amount of data
received while maintaining the duration of recording
and number of accumulations, which increases the
efficiency of processing and analysis of recorded data
in the field with minimum computer system require-
ments.

For convenience of field operation with the record-
ing program , the BBS Terminal ADD program was
developed, designed to automate the process of con-
trolling the signal recording modes and parameters.
Standard (typical) terminal programs require the user
to sequentially enter all recording parameters before
each measurement session, whereas in the field, to
obtain the necessary measurement statistics, it is often
necessary to conduct a series of sessions with the same
recording parameters or to conduct the same record-
ing sessions at different measurement points.

To increase the speed of an operator’s work, the
program can change one or more recording parame-
ters during operation and automatically transmit them
to the recording program. Up to ten sets of recording
parameters can be saved in a special configuration file,
which can be quickly edited and uploaded.

The BBS_ViewerM_NR program is written in the
Delphi programming environment and is designed to
process data from model, laboratory, and field experi-
ments on an external laptop (Bobrovsky and Ilyichev,
2018a). The processed data can be both external data
obtained during recording from the NLS EMC mea-
suring channel output and data generated by software
(software signal generators). Data processing tools
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implemented in the program are conditionally divided
into several groups.

The group “Processing of PS data” is a set of tools
designed to process the recorded data from a field
experiment in order to obtain the field formation curve
and calculate the apparent resistivity of rocks at the
point of the experiment.

The group “Primary signal processing and analy-
sis” is a set of tools designed for primary signal pro-
cessing and analysis. In addition to standard opera-
tions with signals (mathematical and arithmetical
operations, digital filtering and spectral analysis tools,
etc.), this group includes special tools designed for sig-
nal processing, taking into account the specific fea-
tures of correlation processing of NLS. The output
signals of the measuring channel of the NLS EMC
recorded during the calibration process are processed
with the tools of this group to obtain the transient,
pulse, and frequency responses of the measuring
channel.

The group “Mathematical Modeling” is intended
to study the features of using NLS in active crustal
electric exploration systems vs. typical systems with
deterministic bipolar current pulse sequences of con-
stant duration for sounding. The program implements
mathematical models of electric exploration systems
with noiselike and deterministic sequences of sound-
ing pulses.

The model experiment makes it possible to obtain
comparative data for two types of electric exploration
systems, to quantify the gain in the signal-to-noise
ratio obtained with NLS, and to optimally select the
parameters of the system with NLS. The algorithms of
the mathematical models and research results
obtained using the tools of this group are described in
more detail in (Ilyichev and Bobrovsky, 2014, 2018;
Bobrovsky and Ilyichev, 2018b).

The group “Tools for working with graphs” is
designed to display the results of the program in two-
and three-dimensional graphs. The program allows
simultaneously display of up to six graphs, for each of
which individual settings of display parameters are
available (scale settings, selection of line and text dis-
play parameters, etc.).

The group “Data export tools” makes it possible to
save the results of the program in basic graphics (jpg,
bmp, emf, wmf) or text (ASCII, XLS, XML, etc.) for-
mats.

The BBS_ ViewerM_NR program is described in
more detail in (Bobrovsky and Ilyichev, 2019).

FIELD TESTS OF THE MEASURING
COMPLEX

Field tests of the experimental sample of the mea-
suring complex have commenced. Works were carried
out at point MHD on the territory of SS RAS.
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Table 3. Calibration pulse parameters
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Parameters
Calibration mode
amplitude duration, s number of accumulations
SCRU calibration +1.65V 0.075 100
Measuring channel calibration (high frequencies) +3.2 mA 0.1 100
Measuring channel calibration (low frequencies) 11.275 10

The SCRU was calibrated separately without the
induction sensor and the measuring channel as a
whole. The purpose of these calibrations is to obtain
the pulsed transient and frequency responses of the
SCRU and measuring channel in the field, compare
them with the calculated ones, and check the perfor-
mance characteristics of the measuring complex,
including lower- and upper-level software operation.
Table 3 gives the parameters of rectangular pulses
applied to the SCRU input and to calibrating coil of
the induction sensor.

Figure 4 shows the graphs of the transient (TR),
pulsed transient (PTR) and amplitude—frequency
(AFR) responses of the SCRU.

According to Fig. 4, the SCRU cutoff frequency
obtained from the calibration results and determined
at a level of —3 dB was f- = 40 kHz; suppression of sig-
nals at frequencies of 2f- = 80 kHz and 4f- = 160 kHz
were 11 and 31 dB, respectively, which fully corre-
sponds to the calculated values.

Figure 5 shows the PTR and AFR of the measuring
channel. According to Fig. 5, the cutoff frequency of
the measuring channel in the low-frequency region
determined at a level of —3 dB was 0.42 Hz; in the
high-frequency region, 32 kHz. In the passband in the
frequency range from 90 to 1000 Hz, there is an insig-
nificant (about 1 dB) drop in the AFR, determined by
the frequency response of the ISS.

Then, sounding of the crust was carried out with
NLS. The aim of the experiment is to obtain the field
formation curve (EMF induced in the sensor’s mea-
suring coil) and the apparent resistivity of rocks.
Table 4 shows the parameters of the probing signals.

The field formation curve e(¢) was the accumulated
correlation function (ACF) obtained in correlation
signal processing, since in the time interval from
Tin = 41 us to Lyp = 1.35 s, the ACF values are pro-
portional to the EMF values induced in the sensor’s
measuring coil (Ilyichev, 2012).

Figure 6 shows the graphs of the function e(r)
obtained after signal correlation processing (a) and

h(0),V (a) &), V/ps (b)
2 T T 1 T 0.75 T T T T
1+ = 0.55 + -
0r B 0.35 + =
-1+ - 0.15 + -
-2 I | I I —0.05 1 1 1 1
0 10 20 30 40 50 0 10 20 30 40 50
t, us
W), dB ©
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1L | i
12 jm\
24| E | \ 1
| —11dB
—36 | | H d ]1 4
|
_4g | i H 31 (}B |
|
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Fig. 4. SCRU calibration results: (a) TR, (b) PTR, (c) AFR.
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Fig. 5. Results of calibrating measuring channel of NLS EMC. (a) PTR in range of large times; (b) PTR in range of small times;
(c) AFR in low-frequency range; (d) AFR in high-frequency region.

after removal of so-called structural interference (b).
In order to reveal the shape of the field formation sig-
nal at long times, the graphs are shown on a scale
stretched along the amplitude axis.

According to Fig. 6a, against a background of slow
change e(f), there are characteristic pulsed signals,
structural interferences, that occur after correlation
signal processing. The main reason for this interfer-
ence is even very small (less than 0.01%) nonlinearities
of the transfer characteristics of the elements making
up the measuring system, including the probing part of
the measuring complex, the object of study (crust),
and the receiving part (measuring channel)
(Bobrovsky and Ilyichev, 2018b). Since structural
interference significantly limits the dynamic range of
the recorded signals, a special algorithm and software
for processing field formation signals were developed,
which ensure the removal of such interference and do
not distort the field formation signal itself (Fig. 6b).

In the range of long times, starting from 20 ms or
more, the received signal e(7) is complicated not only
by structural interference, but also by interference

Table 4. Probing signal parameters
17, A Nyp, bit Tinins 1S

+2.0 15 41 1.35

I is the strength of the current pulses in the probe frame; Nyg is
the bit capacity of the M-sequence; T,;, is the minimum
duration of pulses in the M-sequence; Lyp is the duration of the
M-sequence.

LMP’ S
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remaining after correlation processing and accumula-
tion. To suppress the remaining interference a digital
LPF is applied using a third-order moving median
Dirichlet filter with a rectangular window. As a result,
in the signal e(?) in the range of long times, all interfer-
ence was almost completely eliminated. The dynamic
range of the field formation signals recorded by the
measuring complex was estimated according to the
formula

D= 201og(eﬂ) =180 dB,
30

where e, is the initial signal value e(?) at t = T, (see
Table 4); ¢ is the rms noise remaining after correlation
processing and removal of structural noise.

Figure 7 shows on a logarithmic scale along the
time and amplitude axes the entire field formation
curve e(?) after removal of structural interference.

Further processing of the field formation curve
involved recalculation of the function e(7) into the the
apparent resistivity of rocks p(#) according to a simpli-
fied formula valid for the near field (Aleksanova et al.,
2005):

/3
_ Mo Ogquol ’
P() = oy [20te(t)) ’

where Q = 2500 m? is the area of the probe frame; g =
10925229 m? is the equivalent area of the ISS measur-
ing coil taking into account the magnetic core and
transmission coefficient of the measuring channel; 7 is
time; e(f) is the EMF induced in the receiving frame;



394

e(t), uV @)
120 . .

80 M/M“‘
60 ]

30 .

120 : T T T T T
80 .
60 .
30 .

0 0.2 0.4 0.6 0.8 1.0 1.2 s

Fig. 6. Field formation curve: (a) obtained as a result of
correlation processing of recorded signals; (b) after addi-
tional processing (removal of structural interference).

U, = 4n x 107 H/m is the magnetic constant; [ =
2.0 A is the current pulse amplitude in the probe
frame.

Figure 8 shows a graph of the apparent resistivity of
rocks p(?) plotted according to e(7).

DISCUSSION

Analysis of the experimental data obtained with the
new measuring complex (see Figs. 7, 8) shows that the
field formation curve e(¥) and the apparent resistivity
of rocks p(#) in the time range from 2 to 20 ms are dis-
torted. These distortions, according to (Svetov, 2008),
may be the response from transient processes in the
field of a vertical magnetic dipole. Thus, it can be

e(n),V
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stated that the measuring complex ensures control of
the field formation curve due to the broad frequency
range and large dynamic range of the recorded signals.

There is no doubt as to the need to further improve
the measuring complex in order to expand its dynamic
and frequency ranges, especially in the low-frequency
region. To expand the frequency range in the low-fre-
quency range, it is necessary to introduce another,
lower-frequency, inductive signal sensor into the mea-
suring complex. In this case, measurements will be
carried out in two stages: for large field formation
times (low frequencies) and short times (higher fre-
quencies). It may be necessary to increase the duration
of the probing M-sequences to 4—5 s with a simultane-
ous increase in their bit capacity. To increase the
dynamic range of the recorded signals, it is necessary
to increase the bit capacity of the ADC to 24 and the
amplitude of the probing current pulses to 20 A. It may
also be necessary to increase the dimensions of the
probing frame to 100 %< 100 m.

In the future, to obtain a geoelectric section, it is
proposed to use one of the well-known methods for
interpreting NLS data: the Sidorov—Tikshaev trans-
form (Sidorov, 1985), solution of the inverse problem
in any class of models (e.g., by the fitting method) or
the method for determining the generalized parame-
ters of the section from asymptotes and singular points
(Aleksanova et al., 2005). All these problems are quite
solvable.

In general, the completed development and first
tests of the experimental prototype of the measuring
complex show that, with the above modifications, the
improved measuring complex can become a good
addition to measuring equipment used as part of the
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Fig. 7. Field formation curve obtained from data of field recording of received signals during sounding of crust.
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Fig. 8. Apparent resistivity of rocks.

electromagnetic crustal monitoring system operating
in the BGTA.
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