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Abstract: In this article, we propose a novel detection method for underwater moving targets by
detecting their extremely low frequency (ELF) emissions with inductive sensors. The ELF field source
of the targets is modeled by a horizontal electric dipole at distances more than several times of the
targets” length. The formulas for the fields produced in air are derived with a three-layer model
(air, seawater and seafloor) and are evaluated with a complementary numerical integration technique.
A proof of concept measurement is presented. The ELF emissions from a surface ship were detected
by inductive electronic and magnetic sensors as the ship was leaving a harbor. ELF signals are of
substantial strength and have typical characteristic of harmonic line spectrum, and the fundamental
frequency has a direct relationship with the ship’s speed. Due to the high sensitivity and low noise
level of our sensors, it is capable of resolving weak ELF signals at long distance. In our experiment,
a detection distance of 1300 m from the surface ship above the sea surface was realized, which shows
that this method would be an appealing complement to the usual acoustic detection and magnetic
anomaly detection capability.

Keywords: underwater targets; ELF emissions; horizontal electric dipole; three-layer media;
inductive sensors

1. Introduction

With the rapid development of ocean exploitation and military applications around the world,
there has been a significant rise in the requirement for the measurement, surveillance and warning
of the ship’s physical fields. With relatively longer distance transmission capability, acoustics has
become a proven technology for detection of the underwater moving targets. However, the substantial
improvement of the acoustics stealth technique and increasingly adverse acoustic environments in
practical applications have raised serious concerns on the acoustic detection method. On the other hand,
with the increasing enhancement of the performance of electric/magnetic sensors, many countries
have devoted considerable effort to the study of the electromagnetic field sources of the underwater
targets, such as submarine, unmanned underwater vehicle (UUV), etc., and their relevant detection
problem [1-3]. Among these sources, ferromagnetic field source has been studied thoroughly and
widely applied in magnetic anomaly detection (MAD) systems. However, the strength of this source
can be largely minimized by using degaussing technology, and MAD signals usually suffer from strong
magnetic noise interference from geology, geomagnetic, platform vibration and motion, ocean motion
and wave, which severely limit the application of MAD systems in realistic environments [2].
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In recent years, the corrosion related shaft-rate electromagnetic field source of the underwater
moving targets has generated great interest. It produces extremely low frequency (ELF) emissions,
which arise from the modulation of the corrosion currents of the targets and are expected to be of
substantial value in poorly maintained platforms [4-9]. These emissions offer unique advantages
over MAD signals as follows: first, at ELF detection frequencies, the usual electromagnetic noise
interference should be much less of an issue than in the MAD frequency band; second, ELF emissions
have relative low propagation attenuation which can be detected at long distances or deep locations
in seawater.

In this article, a novel detection method for underwater moving targets by utilizing their ELF
emissions is proposed. The ELF field source is modeled by a horizontal electric dipole (HED)
submerged in seawater at long distances. The formulas for electromagnetic fields in air produced by
the HED are derived and computed with a complementary numerical integration technique. Finally,
a detection experiment of a surface ship on shallow sea is presented, inductive sensors were employed
to collect the ELF signals emitted from the ship in the experiment. The test data verify the effectiveness
of the proposed method. This article mainly focuses on the issues of modeling the ELF field source
and the propagation of the ELF waves in shallow sea environment. The methods of signal processing
and noise rejection will be considered in the next phase work.

2. Theoretical Modeling and Analysis

Since the ELF emissions are generated by the periodic modulation of the corrosion currents of
the targets with their propellers’ rotating, we assume the ELF source can be modeled by a HED with
electric moment of I/ at distances longer than several times of the target length, where I is the current
in the shaft after modulation, and / is approximately equal to the distance from the propeller to the
auxiliary anode. Base on this assumption, the ELF emissions produced in air by underwater targets can
be evaluated. Although the propagation of waves through multilayered medium has been extensively
studied [10-16], there has been comparatively little effort to determine the fields produced in air by
a HED submerged in a shallow sea. We will derive the field expressions with recursive propagation
approach described in [14].

We first consider a HED embedded in an unbounded homogeneous medium, it is directed in the
x direction, i.e., J = £I15(r). Then its electric and magnetic fields can be derived easily via the Green’s
function approach as
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where k = w,/u€ is the wave number of the medium. With the well-known Sommerfeld

identity, the transverse magnetic (TM) and transverse electric (TE) fields can be derived easily from
Equations (1) and (2) as
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where k; = , /k* — k3. Since E; is odd about the source, the downgoing wave has an opposite sign
from the upgoing wave.

Now we consider a three-layer medium consisting of air (region 1: z > 0), seawater with depth
of D (region 2: —D < z < 0) and seafloor (region 3: z < —D), as illustrated in Figure 1. The fields
generated in air by a HED submerged in seawater with depth of 4 are desired. The i-th (i = 1,2,3)
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layer is characterized by permeability y; and permittivity €;, where y; = po and €; = €pe,; — joi;/w. €
and i represent the permittivity and permeability of free space, respectively. z = 0 and z = —D are
the positions of the boundaries.
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Figure 1. A horizontal electric dipole in three-layer media.

Then Equations (3) and (4) multiplied by the amplitude A; represent the fields in air generated by
the source. A; can be related to the upgoing wave amplitude A; in seawater at z = 0 as

T T
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for TE and TM waves, Aj is given as
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The poles of the denominators imply the guidance condition (also known as the transverse
resonance condition) for guided modes in seawater. The number of guided-mode poles depends
on the frequency and the seawater depth, higher frequency and larger depth give rise to more
guided-mode poles.

In Equations (5)(7), R;j and Tj; are the Fresnel reflection and transmission coefficients, for TE and
TM waves, they are
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Applying Equations (3)—(5) and the boundary conditions at z = 0, we can obtain the vertical fields
of E1; and Hy,. The integrands of the transverse fields of E1,, E1, H1p and Hyy can be found from
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where Vo =V — 22 a . Then the expressions for E; and H; can be integrated to obtain the transverse
fields. All the six field components are given as
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where J{(kop) = koJo(kpp) — J1(kpp)/p. Then the ELF emissions in air from the underwater targets
can be evaluated.

3. Calculation and Experiment

3.1. Numerical Integration Technique

The calculation of the fields requires the evaluation of the Sommerfeld integrals (Sls). A large
number of techniques have been developed to evaluate the SIs with both analytical and numerical
methods. However, none of these analytical-numerical techniques are valid for general source
orientation and observation location or arbitrary medium parameters. As a compromise between
accuracy and efficiency, we evaluate the Sls utilizing the method described in [17]. This method
combines two different numeral integration techniques in a complementary manner. The first one is
Gauss-Laguerre quadrature, which works very well for p/¢ < 1 (¢ is the vertical distance from the
source). The second integration technique is called the Romberg-Shanks composite method, which has
been found effective for p/¢ > 1.

The Romberg-Shanks integration is performed between the zeros of the Bessel function and the
truncated infinite integral is expressed as a sum of integral between successive Bessel zeros. Since the
summation usually converges very slowly due to the rapidly oscillating Bessel function, especially for
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large values of argument, Shanks transform are used to accelerate the convergence [18]. The integrals
between Bessel zeros can be efficiently evaluated with Romberg adaptive quadrature.

3.2. Test Environment Description

A detection experiment was conducted on a shallow sea to provide an experimental basis for the
validation of the proposed detection method. The experimental location was chosen near the coast of
Dalian, Liaoning Province of China. The seawater depth is in the range of 15~20 m. For convenience,
we adopted a surface ship as the target, as shown in Figure 2a. The fields were measured with electric
and magnetic sensors as the ship was leaving the harbor. An inductive magnetic sensor with high
sensitivity of 216 mV/nT and low noise level of 0.057 pT/+/Hz at 1 Hz was placed 0.5 m above the sea
surface against the wall of a dam, as shown in Figure 2b. The description of this sensor can be found
in Appendix A. For the electric sensor we used the Ag/AgCl electrodes and integrated ultra low-noise
pre-amplifiers, which is self-developed based on the N-channel silicon junction field-effect transistor
(JFET) of IF 9030. This sensor has low noise less than 1 nV/+v/Hz at 1 Hz and was placed beside the
ship’s course, which was monitoring by a a laser range finder. Due to the high performance of these
sensors, it is capable of detecting the target’s ELF signals at long distances. A Cartesian coordinate was
built for reference by setting the sensor’ position as the origin, setting the ship’s moving direction as
the x direction and its abeam direction as the y direction.

(@) (b)

Figure 2. The detection experiment on a shallow sea. (a) the surface ship as the target; (b) the magnetic
field sensor above the sea surface.

3.3. Experimental Results and Discussions

In last section, we assumed that the ELF field source of the underwater moving targets could
be modeled as a HED submerged in sea. To prove this assumption, we measured the variation of
electric field strength both in the x and y directions as the ship was leaving the harbor, and the test
results were compared with the simulated results produced by an x-directed HED in seawater with
depth of 2 m below the sea surface in Figure 3. The depth of the HED dipole is determined by the
depth of the ship’s propeller and auxiliary anode, which is affected by the ship’s structure, weight,
carrying capacity, etc.Basically, we adapt all the simulation conditions corresponding to the experiment
conditions. They are summarized in Table 1, in which the parameters are referred to Figure 1. A good
agreement of them demonstrates our assumption. The equivalent electric moment is about 40 A-m,
which is evaluated with the corrosion current and parameters of the ship’s structure and material
parameters, including the distance between propeller and auxiliary anode, conductivity and surface
area of the shell, length and conductivity of the shaft, surface area of the propeller, etc. In many cases,
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the equivalent electric moment can also be evaluated with the measured data of the electric/magnetic
fields around the ship.

2.0 : : : : 2.0 T T T T
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Simulated resut | | .- T Simulated result
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(a) (b)
Figure 3. Comparisons of the simulated and measured electric field strength. (a) |Ex|; (b) |E;]|.

Table 1. The simulation conditions corresponding to the experiment conditions.

Parameters Values
Dipole Direction x-directed
Current Moment (II) 40 A‘m
Frequencies (f) 1.8Hz, 3.6 Hz, 5.4 Hz
Dipole Depth (d) ~2m
Horizontal Distances (p) 0~2000 m
Azimuthal Angle (¢) ~=£90° (i.e., the y-direction)
Receiver Heights (z) magnetic sensor at z = 0.5 m
electric sensor atz = —0.1 m
Boundary Positions sea surfaceatz =0m
seafloor interface at z = —D = —17.5 m (average)
Relative Permittivity (e,;) €e1=1€2=280, €3 =10
Permeability (u;) Hi=py=p3 = pg =4m x 1077 H/m
Conductivity o; 01 =0S/m, 05, =4S/m, 03 =0.01S5/m

Based on the above conclusion, we begin to analyze the ship’s ELF emissions with the test data
of the magnetic field. Figure 4 provides the original voltage signal induced on the magnetic sensor.
There are several sharp burrs around —250 s and —150 s, which are introduced by the vibration of
the magnetic sensor during the test. After performing a fast Fourier transform (FFT) to the received
signal, we obtain the time-frequency characteristic of the magnetic field, as shown in Figure 5. The line
spectrums in the figure represent the fundamental frequency and harmonic frequencies in ELF band.
The density of the line spectrums varies from dense to sparse, and then becomes steady after passing
the abeam direction. Actually, this process describes the variation of the ship’s speed. As inside
the harbor, the speed was slow, i.e., the propeller rotated slowly which produced low fundamental
frequency. The harmonic frequencies were integral multiple of the fundamental frequency, which
led to the dense line spectrums. Similarly, the ship’s high speed outside the harbor led to the sparse
line spectrums. From the figure, we can see the ship began to accelerate at —100 s, and tended to sail
steadily after zero.
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Figure 4. The original voltage signal induced on magnetic sensor.
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Figure 5. The time-frequency characteristic of the magnetic strength.

In order to clearly show the relationship between the speed and the frequency of ELF emissions,
we compare the spectrum signatures before and after the ship’s acceleration in Figure 6. Before
acceleration, the fundamental and harmonic frequencies are 1.2 Hz, 2.4 Hz, 3.6 Hz, etc., after
acceleration, they become as 1.8 Hz, 3.6 Hz, 5.4 Hz, etc. This characteristic obviously shows the
relationship. These harmonic line spectra are of great value for the identification of the underwater
moving targets.

Now we analyze the propagation attenuation of the ship’s ELF emissions. Although a number
of harmonic frequencies were generated, only the fundamental frequency of 1.8 Hz and the first
two harmonic frequencies of 3.6 Hz and 5.4 Hz are considered for simplicity. Figure 7 shows the
simulated and measured propagation attenuation at these frequencies. The simulation conditions can
be found in Table 1. The measured results agree well with simulated results at distances more than
500 m. The divergence is significant at distances less than 500 m due to the interferences of the ship’s
ferromagnetic signal and the magnetic noise introduced by the ship’s motion. Both simulated and
measured results show that the magnetic field strength at fundamental frequency is the strongest, and
the attenuation become higher with increasing frequency. In addition, the magnetic strength decays
sharply at very short distances less than 300 m and decays relatively slowly at distances more than
300 m, which is caused by the effect of the sea surface.
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Figure 6. The spectrum signatures before (upper) and after (lower) the target’s acceleration.
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Figure 7. Attenuation of the magnetic strength with p at 1.8 Hz, 3.6 Hz and 5.4 Hz. (a) Simulation;
(b) Measurement.
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Figure 8. The measured magnetic strength at distance of 1300 m.
In order to show that the target can be detected at long distance with its ELF emissions,

Figure 8 presents the measured magnetic strength at long distance of 1300 m. Typical line spectrums
are observed, and the magnetic strength still have substantial values over 2 pT at 1.8 Hz, 3.6 Hz and
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5.4 Hz. During the test, the detection distance could be much longer than than 1300 m if we did not
stop the experiment and employed powerful signal processing algorithms.

4. Conclusion

A novel detection method for underwater moving targets with their ELF electromagnetic
emissions has been proposed in this article. The ELF field source is modeled by an HED submerged
in seawater. The radiation from the source on the basis of a three-layer model is evaluated. A proof
of concept measurement was conducted on shallow sea utilizing a surface ship as the target.
The measured results prove the following conclusions: first, the ELF field source of the target can
be modeled by a HED; second, harmonic line spectrums are produced by the ELF field source, and
there is a direct relationship between the ship’s speed and the frequency of the line spectrums; finally,
longer detection distance can be achieved with the proposed detection method as compared with the
traditional MAD method. A detection distance of 1300 m for a surface ship was realized with the help
of the inductive sensors of high performance. This exhibits the great potential of the proposed method
in many practical applications of underwater moving targets detection based on the platforms of aerial
vehicles, air-dropped buoys and monitoring stations.
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Abbreviations

The following abbreviations are used in this manuscript:

ELF extremely low frequency

UUV  unmanned underwater vehicle
MAD  magnetic anomaly detection
HED  horizontal electric dipole

™ transverse magnetic

TE transverse electric

Sls Sommerfeld integrals

JFET  junction field-effect transistor
FFT fast Fourier transform
Appendix A

The inductive magnetic sensor used in the experiment is self-developed by the Xi’an Huashun
Measuring Equipment Company (Xi’an, China), which is composed of induction coils, magnetic core,
amplifier and feedback circuits. It works on the well-known principle of Faraday’s law of induction.
Its main advantages are a breakthrough in the bottleneck for improvement of sensitivity and magnetic
field noise level with such a compact size (diameter of 44 mm and length of 470 mm). The responding
band width is from 0.5 Hz to 20 Hz. It can measure weak magnetic fields with high accuracy and
resolution, which help us detect the target’s weak ELF signals at long distances in the experiment.
The sensitivity and magnetic field noise spectral density of the inductive magnetic sensor versus the
frequency are provided in Figure Al. These data were tested in a magnetically shielded room. Its main
technical parameters are listed in Table A1.
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Figure A1l. The key performance parameters of the inductive magnetic sensor versus the frequency.
(a) Sensitivity; (b) Spectral density of the magnetic field noise.
Table A1l. The main technical parameters of the inductive magnetic sensor.
Parameter Values
Measuring Range +10nT
Band Width 0.5~20 Hz
Sensitivity 216 mV/nT at 1 Hz
Spectral Noise 0.057 pT at1 Hz
Working Voltage +3V~1E5V
Power Consumption 3~5 mW
Product Size J 44 mm x 470 mm
Weight <lkg
References

1.  King, RW.P. Lateral electromagnetic waves from a horizontal antenna for remote sensing in the ocean.
IEEE Trans. Antennas Propag. 1989, 37, 1250-1255.

2. Holmes, J.J.; Exploitation of A Ship’s Magnetic Field Signatures; 1st ed.; Morgan and Claypool Publishers:
Denver, CO, USA, 2006.

3. Huang, Y.; Wu, L.H.; Sun, F. Underwater continuous localization based on magnetic dipole target using
magnetic gradient tensor and draft depth. IEEE Geosci. Remote Sens. Lett. 2014, 11, 178-180.

4.  Helamaa, M.; Nikoskinen, K. Magnetic signature caused by a propeller rotating in external magnetic
field. In Proceedings of the International Conference on Underwater Defence Technology, Nice, France,
29 June-1 July 1999; pp. 93-96.

5. Zolotarevskii, Y.; Bulygin, F.; Ponomarev, A. Methods of measuring the low-frequency electric and magnetic
fields of ships. Meas. Technol. 2005, 11, 1140-1144.

6. Birsan, M. Measurement of the extremely low frequency (ELF) magnetic field emission from a ship.
Meas. Sci. Technol. 2011, 22, 1-5.

7. Xiong, L.; Jiang, R.X.; Gong, S.G. Ship modeling method of shaft-ELFE in shallow sea. ]. Natl. Univ.
Def. Technol. 2013, 36, 98-103.

8. Wu, Z; Zhu, X,; Li, B. Modeling and measurements of alternating magnetic signatures of ships.
Sens. Transducers 2015, 186, 161-167.

9. Sun Y.-H,; Lin, C.-S,; Jia, W.-D.; Zhai, G.-]. Analysis and Measurement of Ship Shaft-Rate Magnetic Field in
Air. Prog. Electromagn. Res. M (PIER M) 2016, 52, 119-127.

10. Sommerfeld, A. On the propagation of waves in wireless telegraphy. Ann. Phys. 1909, 28, 665-736.

11.  Bafos, A. Dipole Radiation in the Presence of a Conducting Half-Space; Pergamon: New York, NY, USA, 1966.



Sensors 2017, 17,1734 11 of 11

12.

13.

14.
15.

16.

17.

18.

Wait, J.R. Electromagnetic Waves in Stratified Media, 2nd ed.; IEEE Press: Piscataway, NJ, USA, July 1966;
pp. 120-122.

Felsen, L.B.; Marcuvits, N. Radiation and Scattering of Waves; Wiley-IEEE Press: Piscataway, NJ, USA,
15 January 1994.

Chew, W.C. Waves and Fields in Inhomogeneous Media; Wiley-IEEE Press: Piscataway, NJ, USA, January 1995.
Michalski, K.A; Mosig, J.R. Multilayered media Green’s functions in integral equation formulations.
IEEE Trans. Antennas Propag. 1997, 45, 508-519.

Wang, J.; Li, B. Electromagnetic fields generated above a shallow sea by a submerged horizontal electric
dipole. IEEE Trans. Antennas Propag. 2017, 65, 2707-2712.

Bubenik, D.M. A practical method for the numerical evaluation of Sommerfeld integrals. IEEE Trans.
Antennas Propag. 1977, 25, 904-906.

Shanks, D. Non-linear transformations of divergent and slowly convergent sequences. J. Math. Phys. 1955,
34,1-42.

@ (© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Theoretical Modeling and Analysis
	Calculation and Experiment
	Numerical Integration Technique
	Test Environment Description
	Experimental Results and Discussions

	Conclusion
	

