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Abstract: The underwater electric field signal can be excited by underwater vehicles, such
as the shaft-rate electric field and the corrosion electric field. The electric field signature of
each vehicle exhibits significant differences in time and frequency domain, which can be
exploited to determine target positions. In this paper, a novel passive localization method
for underwater targets is presented, leveraging a uniform linear electrode array (ULEA).
The ULEA manifold along the axial direction is derived from the electric field propagation
in an infinite lossy medium, which provides the nonlinear mapping relationship between
the target position and the voltage data acquired by the ULEA. In order to locate the targets,
the multiple signal classification (MUSIC) algorithm is applied. Then, capitalizing on the ro-
tational invariance of matrix operations and exploiting the symmetry inherent in the ULEA,
we streamline the six-dimensional spatial spectral scanning onto a two-dimensional plane,
providing azimuth and distance information for the targets. This method significantly re-
duces computational overhead. To validate the efficacy of our proposed method, we devise
a localization system and conduct a simulation environment to estimate targets. Results
show that our method achieves satisfactory direction and reliable distance estimations,
even in scenarios with low signal-to-noise ratios.

Keywords: underwater electric field sources; target locating; uniform linear electrode array

1. Introduction

The determination of the source position constitutes a crucial aspect of target parame-
ter estimation. Within the realm of marine engineering, underwater electric field source
localization technology offers distinct advantages, including stable signal transmission,
rapid propagation speed, and relatively simple equipment, distinguishing it from other po-
sitioning methodologies [1,2]. Consequently, it finds wide-ranging applications, including
subsea cable detection [3], underwater obstacle avoidance [4], underwater pre-touch [5],
ship navigation [6], and cooperative positioning of underwater vehicles [7,8]. Nonetheless,
the electric field experiences rapid attenuation with increasing propagation distance in
an underwater medium. Consequently, there is a pressing need for effective methods to
enhance the precision in the estimation of electric field source location.
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In recent years, various methods have been proposed for the localization of under-
water electric field sources. These include the integration of radar signal processing tech-
niques [4,9-12], electrode array-based methodologies [13-15], neural network-driven ap-
proaches [16,17], and active electric field frequency domain-based methods [18-21]. In
addition to addressing the localization of stationary objects, some scholars have focused
on the underwater detection of moving objects [22-24]. Zhang et al. [4] introduced a
TLS-ESPRIT-based azimuth estimation algorithm that derives parameter estimates through
the processing of Poynting vectors, without requiring prior frequency information and
eliminating frequency ambiguity. Lim et al. [10] proposed a generalized multiple signal
classification (MUSIC) algorithm adaptable to different underwater noise forms, adjusting
stability through parameter manipulation based on distinct noise covariance matrices.
Shang et al. [12] introduced an improved underwater electric field-based target localization
algorithm, which combines a subspace scanning algorithm and meta-EP PSO. In this algo-
rithm, the uniform circular electrodes were used to detect a dipole source. Yang et al. [13]
introduced a multiscale sparse array of electromagnetic vector sensors, measuring electric
and magnetic field components simultaneously, along with a multiscale disambiguation
algorithm for highly accurate direction of arrival (DOA) estimation of multiple signal
sources. Wang et al. [16] proposed a localization method that combines passive electric and
magnetic fields. Electromagnetic sensor arrays collected sample data, which underwent
pre-processing before a back propagation (BP) neural network modeled the electric dipole
source’s electromagnetic field distribution, yielding accurate localization results. Peng’s
work [18] involved building a finite element model (FEM) for an active electrolocation sys-
tem in underwater environments, employing the coupling Cole-Cole model and Maxwell’s
theory. Ren et al. [20] proposed an amplitude-informed frequency characteristic (AIFC)
identification algorithm for underwater active electric field localization, utilizing multi-
frequency excitation signals to significantly enhance localization efficiency compared to
traditional single-frequency excitation methods. Li et al. [24] introduced a novel tracking
strategy for a moving dipole. The projection approximation subspace tracking (PAST)
method, based on a subspace update, was employed for initial tracking estimates, followed
by Kalman filtering (KF) to optimize trajectory estimation and improve tracking accuracy.

Continuous advancements in ocean exploration and the increasing complexity of
the marine environment underscore the need for enhanced efficiency and applicability in
underwater electric field source azimuth and distance estimation. Drawing inspiration
from array signal processing techniques, this paper proposes the design of a uniform linear
electrode array (ULEA) for passive electric field source localization. The corresponding
array manifold along the axis direction is derived, which establishes the mapping relation-
ship between the target parameters (the distance, azimuth, zenith, and source direction)
and the voltage data acquired by the ULEA. To reduce the computation burden of the 6-D
spatial, the rotation-invariant feature of the ULEA manifold is utilized, thereby providing
2-D spatial, which significantly simplifies the operation. Target location performance and
resolution are also studied for given ULEA structures.

The main contributions of this paper are: (1) a method of passive electric field source
localization based on ULEA and (2) simplification of the calculation of the spatial spectral
complexity and the direction of polarization of the signal source. The rest of this paper
is organized as follows. In Section 2, the mathematical expression of the ULEA array
manifold is derived from the electric dipole model in an infinite homogeneous medium.
Then, the rotational invariance of matrix operations and the symmetry of ULEA are utilized
to reduce the computational spatial spectral complexity in the MUSIC algorithm. The
simulations are presented in Section 3. In Section 4, simulation results demonstrate that the
proposed method achieves high accuracy in azimuth estimation and can provide reference
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in target source distance estimation. The effects of ULEA structure and array manifold on
localization accuracy are also discussed in this section. Conclusions and possible directions
of future work are given in Section 5.

2. MUSIC Method
2.1. Locating System

This paper aims to determine the 2D spatial coordinates of electric sources in a water
environment by using the ULEA. Sacrificial anode protection, which prevents seawater
corrosion, is a key measure to protect ships during long-term sailing. This protection system
generates an electric field in saltwater, which can inadvertently expose the ship’s position.
Additionally, the shaft-rate electric field is another source of exposure for ships, which
contains distinctive features of the ship, such as the rotary speed, harmonic frequency of
the engine, etc. [25]. The ships’ shaft-rate electric fields are orthogonal to each other over
the long term as the engine power constitutes independent events. Based on this property,
we propose a 2D electric source localization method using multiple signal classification.

Consider a ULEA of M = 2L + 1 electric sensors as shown in Figure 1, which are
ranged along the x-axis. The center of the ULEA is located at the origin of the coordinate O
and the distance between each electric sensor is Al. Thus, the position of the kth electric sen-
sor 1y, is (kAL Q, 0)T, wherek = —L,—~L+1,---,0,--- ,L —1,L,and T is the transposition.
The Oth electric sensor at the center of the ULEA is defined as the reference sensor.

Underwater Vehicle

ULEA

P I9) X

Al

Figure 1. ULEA vector rotate model, where the vectors e, and ey, are rotated ¢ along the x-axis.

Generally, the ship target that we are locating can be seen as a dipole when the distance
from the target to the ULEA being much greater than the ship size. Assuming an electric
dipole source being placed at point P, the distance from P to coordinate origin O is rg (in m).
The electric dipole source azimuth in the horizontal plane (x — y plane) is ¢ and the zenith
angle is ¢. Thus, the vector from the electric dipole source to the kth electric sensor ry is
given

COS¢ COsP
ry =17 — 10| cospsing |. (1)
sing
Furthermore, the source dipole moment is p = p(t)e;,, where p(t) is the signal intensity
in time domain and e, is the direction vector.
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Based on the electric field propagation in infinite lossy medium [26]. The field received
at the kth ULEA sensor can be derived:

Ek _ @ eiﬁrk Z(QEeyk)erk(l + ﬁrk + ]ﬁrk) efjﬁrkejwt (2)
dmo 1} | +(ep X er) X ey [1+ Pri+ j(Bri + 282r7)] ’

where e;, is the direction vector from the source target to the kth ULEA sensor, 7y, = ||
represents the distance between the source target and the kth sensor, and ¢ is the conduc-
tivity of water (in S/m), B is the phase constant. For highly lossy water media, the phase
constant can be approximated as 8 ~ \/@, where w is the signal angular frequency (in
rad/s) and y is the magnetic permeability of water (in H/m).

In order to simplify the calculation, we replace the variables based on Equation (2),

according to the functionality of the parameters. We have n = %eﬁ"t, which is only

related to the source strength. The spatial attenuation factor is given g = g;ﬁ;’k . The
k

direction vectors from the electric source to the ULEA sensor are wy, = 2(e;erk)erk,

wor = (ep X e, ) X ey, respectively. The corresponding phase factors are y1 = 1 + Bry + jBri
and yor = 1+ Bri + j(Bry + 2p*r7). For a practical locating system, the acquired signal is
the voltage between two electrodes of the ULEA sensors, not the electric field with three di-
rection components. As the ULEA along the x-axis, we get the x-axis direction signal. Thus,
the e, components of wy; and wy; are obtained with wy;, = elwyy, wy, = elwyy.
Generally, the electrode’s interval /5 of each ULEA voltage sensor can be seen as small
enough that the electric field is uniformly distributed between two adjacent electrodes.
Thus, the instantaneous signal voltage of the kth sensor received is expressed as follows:

U = CkWEYkei]ﬂAdkS(t), (3)

where Wy = [w], w3, ] B Y = [yik ka]T. Ady is the relative distance, which is given
Ady = ry — rg. The term s(t) is a function about the signal attenuation in the propagation
route, which can be written as s(t) = Isygoe /™. The corresponding relative spatial
attenuation factor is given by ¢ = g—’g Equation (3) represents the forward model, which
indicates that if prior information about the source is available, such as the signal strength
p(t), spatial coordinates (¢, ¢, 7o) and the dipole moment direction e, then the ULEA
sensor voltage can be determined. This forms the basis for constructing the position array

manifold in the following section.

2.2. Array Manifold

In a practical situation, the signal s(t) is sampled at a fixed frequency by an analog-
to-digital converter (ADC), yielding discrete time serial s, which is a 1 x T matrix. Thus,
based on Equation (3), the signal matrix X of the ULEA can be expressed as

X = as, 4)

where a is the array manifold, which contains all the spatial coordinates information of the
electric source with a size of M x 1. Moreover, different from the canonical DOA algorithm
like radar application (it estimates the target azimuth in 1-D space), the array manifold
contains 6 parameters a(¢, ¢, o, ep), which compose a 6-D space. Thus, X is a matrix of
size M x T. The expansion of a is as follows:
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In fact, there is more than one vessel to be located at the same time. Suppose the
number of electric sources is D, where D < M. They are located at point (¢1, $1, 101),
(¢2, 2, r02), -+, (¢p, ¢p, rop), corresponding with the signals S = [s; s --- sp]T,
assuming that the incident signals are uncorrelated. According to Equation (5), we can
obtain array manifold of each electric source, yielding A = [a; ay --- ap] with size of
M x D. Moreover, the signal received by the ULEA is corrupted by noise, which typically
includes atmospheric interference, electrochemical noise, and system thermal noise. We
assume that the signal is mixed with additive white Gaussian noise (AWGN) N, which
is zero mean with the covariance of E{NN'} = %I, where E{-} denotes the expected
value of the argument and I is identity matrix. For several electric source’s location, the
Equation (4) can be rewritten as

X =AS+N. (6)

2.3. Spatial Spectrum

When signals and noise are uncorrelated, the ensemble averaged covariance matrix of
X in Equation (6) can be expressed as

M
R=E [xxH} — %xxH — AQAF + 31 =Y Avvl = vAvH @)

i=1
Here, superscript H represents the conjugate transpose; Q is a D x D diagonal matrix
with the incident signal powers on the diagonal, which is given by Q = E{SS!}. A;
represents the eigenvalue of R, arranged as A1 > Ay > --- > A v; denotes the eigen-
vector corresponding to A;. A is a diagonal matrix with the eigenvalues A;, which can be
expressed as A = diag(Aq, Ay, -+, Ap). Meanwhile, V is composed of the corresponding

eigenvectors, whichis V = [vy vy -+ vyl

According to the standard MUSIC algorithm, the matrix V is formed by the signal and
noise subspace, which is given by V = [Vg V. The signal subspace V; is spanned by

the first D eigenvectors, yielding Vg = [vy v, --- vp]. It indicates that the array manifold
aj, ap, -+, ap are linear combinations of the eigenvectors in signal subspace. The span of
the last M — D eigenvectors compose the noise subspace Viy = [vpi1 -+ V).

The projection matrix onto the noise subspace can be derived
Py = VN VR ®)

The spatial spectrum of the standard MUSIC-like algorithm is then given by

1
allPya’

P((P/ 4)/ 7’0, ep) = (9)

It is shown in Equation (9) that the spatial spectrum is in 6-D space. It will introduce a
heavy computation overhead on traversing all the parameter points in a limited 6-D space.
For example, suppose the azimuth ¢ € (30°, 150°), with the angular sampling interval
71/150, yielding 100 sample points; let the zenith ¢ be within the interval (30°, 150°),
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with the angular sampling interval 71/150, yielding 100 sample points; the distance rq
from the electric source to the ULEA is within (30, 330), and the distance interval is 10 m,
providing 30 points. Furthermore, the number of electric source dipole moment steering
vector sample points is 10 for each direction axis. Therefore, the spatial spectrum points
that the locating system calculates for finding maximum values would be 3 x 10%, which is
intolerable for underwater energy-limited monitor stations. Thus, we have to optimize the
locating algorithm to reduce the calculation.

2.4. Reducing the Calculation

In this section, we propose the reducing calculation method based on the ULEA’s
symmetry about the x-axis. Suppose two vectors are in the coordinate system namely, b, c,
which are rotated 6 along the x-axis, yielding vectors b’ and ¢/, respectively. As a result, the
rotation matrix Ry can be expressed as

1 0 0
Ry = [0 cosf —sinf|. (10)
0 sinf cost

Thus, we have b’ = Ryb and ¢’ = Ryc. Meanwhile, the cross productions h and h’
are givenby h = b x cand h’ = b’ x ¢/, respectively. In order to simplify the derivation,
the cross production operator can be transformed to a matrix type, which is given

O 7bz by
bx = | b, 0 —by| = B. (11)

Similarly, we also have ¢x = C,b’x = B’ and ¢’ x = C'. Then, the rotation can be
expressed as
W = Ryh = Re(b x ¢) = RyBc = B'c’ = B'Ryc. (12)

According to Equation (12), it can be noted that RyBc = B'R,c for arbitrary vector c,
which means RyB = B'R;. Then, we can obtain B’ = RxBRE. Furthermore, the x-axis
component of the cross production can be derived as follows

er[(b' x ¢') x '] = —e]R,CRIR\BRIR,c = —elR,CBc. (13)

It can be easy to find that el R, = el. By substituting it in Equation (13), the x-axis
component of the cross production can be rewritten

er[(b' x ') x '] = —elCBc=el[(bxc) x ] (14)

Furthermore, the x-axis component of the dot production can be derived as follows

after rotation
el (b7 ) = elR c(b"RIR ¢) = el(bTc)c. (15)

If we assign the vectors b = e, and ¢ = e;,, the conclusion can be drawn that the
values wj; and w3, will not change when e, and e;, being rotated 6 along the x-axis, as
illustrated in Figure 2. Without loss of generality, we can only calculate the spatial spectrum
when ¢ = 0 to reduce the computation burden. Thus, Equation (9) can be rewritten

1

—_— 16
alHPya (16)

P(g, ro, ep|p =0) =
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In this paper, our goal is to locate the electric sources, neglecting the source dipole
moment ey,. It is reasonable to hold the hypothesis that e, has the same probability in each
direction. Thus, we can rewrite Equation (16) as

1
, allPya’

ep

P(q)’ 1’0) = P(q)’ 7’0’4) =0, Rzp) = Z (17)

eyER

where Rgp is a vector set that uniformly samples on the unit sphere. As a result, we can
find the maximum values of P(g, rq) in R? space, not the R® space in Equation (9), which
reduces the calculation burden significantly.

ULEA

Figure 2. ULEA vector rotate model, where the vectors ep and e, are rotated 6 along the x-axis.

Moreover, if we take deeper look at Equations (14) and (15) on the x — y plane with
¢ = 0, it can be easily derived that e} [(e; x e;,) x e,,] = 0 and el(ele, )e, = 0. That
means z-axis component of the dipole moment will have no contribution to the ULEA
received signal. We can thereby further reduce the computation via sampling e, uniformly
on the unit circle of the x — y plane, which is defined as a set Rgp. Thus, Equation (17) can

be rewritten as 1

, alPya
€p

P(¢, 10) = P(¢, 1olp =0, R ) = ) (18)

eyER

In summary, the underwater electric sources locating method based on the ULEA is
given by (Algorithm 1)

Algorithm 1: Underwater electric sources locating method based on ULEA
Data: The ULEA received signal X
1 According to Equation (7), calculate the ensemble averaged covariance matrix R.

Subsequently, compute eigenvalues and eigenvectors from decomposition, which
is [V, A | = eigen{R};

2 Generate the noise subspace V based on the eigenvectors V and obtain the noise
projection matrix Py based on Equation (8);

3 Sample the point @, o in R? space and generate the vector set Rgp. Calculate the

corresponding array manifold a;
4 Obtain the spatial spectrum P(¢, () based on Equation (18);
5 Find the maximum values in P(¢, r¢) and estimate the electric sources’ locations

(91, r01), -+, (@D, ToD);
Result: locations (¢4, 01), - - -, (¢p, ToD)
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3. Simulation

In this section, a ULEA of 21 voltage elements with the interval of 3 m is adopted in
the simulation.

The electrical parameters of the water medium are specified as follows: the water
conductivity is 3.5 S/m, and the relative permittivity and permeability are ¢, = 81.5,
ur = 1, respectively, consistent with the properties of seawater. Two electric sources with
a signal frequency of 2 kHz impinge onto the ULEA. Their positions are defined in the

T T
format (¢, ¢, o, e,), which are (120°, 0, 70, [% L, 0] ) and (90°, 0, 73, [0, 3 %} ).
The corresponding dipole moment strengths are 10 A.m and 100 A.m, respectively. The
localization algorithm is implemented on the MATLAB2018b platform. Figure 3 illustrates
the electric field amplitude distribution of the two sources. It can be easily found that the

field decays rapidly along their transmission paths.

150
100
A
o 150 - 50
=100 4
>~ 50 .
g oA
,;; -50 -
£ 100 1 50
g -150
g
s 4-100
<
2 100 -150
E
=
2200

-100

0 50 0 is (m)
y-axis (m
z-axis (m) 100

Figure 3. The synthetic electric field of two electric sources.

The signal received by ULEA is contaminated by uncorrelated AWGN. In this simula-
tion, the signal-to-noise ratio (SNR) are set to 20 dB, 10 dB, and 6 dB with 600 snapshots
collected. The spatial spectrum is computed with azimuth and distance intervals of 1° and
1 m, respectively. The simulation results are presented in Figure 4.

Figure 4a—c illustrate the estimation positions (¢, o) as follows: (120°, 70), (90°, 73)
for SNR = 20 dB; (116°, 88), (90°, 73) for SNR = 10 dB and (114°, 98), (90°, 75) for
SNR = 6 dB. These results demonstrate satisfactory azimuth positioning accuracy. From
the spatial spectrum slice in Figure 4d at 7y = 73 m, the proposed MUSIC-based electric
source positioning method exhibits sharp and distinct maximum values at azimuths 120°
and 90° across the SNR range of 20~6 dB. However, the intensity variation of the spatial
spectrum within the range of 70~80 m is only 1 dB when the SNR decreases to 6 dB for
the source located at (90°, 73). This minimal variation makes it challenging to accurately
estimate the distance from ULEA to the sources, as shown in Figure 4e. The preliminary
simulation results suggest that the proposed algorithm performs well in azimuth estimation
but exhibits limited capability in distance estimation.
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The estimation distance ry m

(e)

Figure 4. The spatial spectrum in range ¢ € (20°, 160°) and ro € (15, 100). (a) SNR = 20 dB.
(b) SNR=10dB. (c) SNR = 6 dB. (d) The spatial spectrum slice when ry = 73 m. (e) The spatial
spectrum slice when ¢ = 90°.

4. Performance Analysis
4.1. Resolution Analysis

In this subsection, the resolution performance of the MUSIC-based electric source
localization method is discussed. In Benjamin Friedlander’s work [27], a generalized
resolution analysis method was proposed to distinguish two closely spaced signals in their
parameter space. However, this method becomes highly complex when applied to scenarios
involving more than two signals. For simplicity, we focus on a two-signal scenario, where
the parameters are defined as (¢, 1 |¢> =0, ep; SNR, N) and (¢, rﬂgb =0, ep; SNR, N).
For the two signals to be distinguishable, the following condition must be satisfied:

AE; = E{Z(go, r0|¢ =0, ey; SNR, N)} — E{Z(¢;, ri|¢ =0, ep; SNR, N)} > 0; i =1, 2 (19)
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where Z(g;, ri{¢ = 0, ep; SNR, N) represents the estimation of the zero spectrum
Z(¢i, ri|¢ = 0, ep; SNR, N). The zero spectrum is defined as Z (¢;, ri|¢ = 0, ep; SNR, N) =
al'Pya, where i = 0,1,2. Here, Z(-) is the reciprocal of spatial spectrum given in

Equation (9). Additionally, we define g = % and ry = 1372

. To evaluate the res-
olution for different azimuth and distance values, the Monte Carlo method is employed,
with each calculation performed 2000 times. Based on this, the corresponding azimuth

resolution Ag is given by
{Ap = lp1— g2 [AE; 2 0; i =1, 2}, (20)
the distance resolution Ar can be expressed as follows:
{Ar=|r —r| |AE; > 0; i=1,2}. (21)

In this simulation, the ULEA configuration remains consistent with that described
in Section 3. We first evaluate the azimuth precision under varying SNR conditions,
with the parameters specified as (¢, 70]47 =0,11,0, O}T; SNR, 600). The results of the
azimuth resolution are presented in Figure 5. Due to the symmetrical characteristics of the
ULEA, the azimuth is evaluated within the interval ¢ € (20°, 90°). The corresponding
resolutions for different azimuths are detailed in Table 1. The results demonstrate that the
performance of the proposed localization method is related to the azimuth. Specifically, it
provides satisfactory angle estimation when a parallel electric source is near the equatorial
plane of the ULEA. Based on symmetry, we infer that the resolutions are less than 10° for
¢ € (70°, 110°) when the SNR > 6 dB (indicated by the green area in the figure). However,
the “blind spot” emerges for ¢ < 50° and ¢ > 130° (highlighted in the red area), where
precision deteriorates significantly, particularly at lower SNR levels (e.g., SNR < 10 dB).

10 g . . . : : : :
‘T g -a o SNR = 6dB

\ O SNR = 10dB
O SNR = 20dB -

[
(=]
T

20 -

—_
=]
T

Azimuth precision Ay deg

<

20 30 40 50 60 70 80 90
The electric dipole source azimuth ¢ deg

Figure 5. The azimuth precision with various SNR.

Table 1. The resolutions Ag of different azimuth ¢.

Azimuth ¢ Ap@SNR=6dB Ap@SNR=10dB Ap @SNR=20dB
90° 7.11° 5.12° 2.89°
80° 7.48° 5.68° 3.12°
70° 9.16° 6.93° 3.75°
60° 11.67° 9.11° 4.76°
50° 17.04° 12.59° 6.33°
40° 35.26° 20.34° 8.84°
30° 38.23° 27.12° 13.52°

20° 39.01° 31.83° 6.88°
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Figure 6 illustrates the spatial spectrum of two electric sources located at (80° + %, 70 m)
and (80° — %, 70 m) for Ap = 5°, 6°, 8° under an SNR condition of =10 dB. According to
Table 1, the resolution at the point (80°, 70 m) is 5.68°.

Figure 6 clearly demonstrates that when the two electric sources are too close (e.g.,
Agp = 5°, represented by the dark green dashed line), only a single spectrum peak is
observed, making it impossible to distinguish the two sources. When the angular separation
increases to 6°, which is slightly greater than the resolution of 5.68°, it becomes just possible
to identify the presence of two sources. Finally, when the angular separation is Ap = 8°
(blue dashed line), two distinct spectrum peaks are clearly visible, illustrating that the
two sources can be easily distinguished when the angular separation exceeds the resolution
limit of 5.68°.

50 T T T T T T
_____ A(ﬂ = 8°
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Figure 6. The spatial spectrum of two electric sources at parameter points (80° %, 70 m) under
the condition SNR = 10 dB.

The distance resolution Ar is also investigated. The parameters are set as (90°,
r’rp =0, [1,0,0]T; 20 dB, 600). Based on our initial simulation, we observed that the
localization algorithm struggles to distinguish between two sources with equivalent signal
intensity. This difficulty arises due to the propagation characteristics of the electric field:
the source closer to the ULEA generates a stronger voltage component compared to the
one farther away. Table 2 presents the distance resolution results for an SNR of 20 dB.
Two electric sources located 40 m away from the ULEA can be distinguished when their
separation exceeds 11.6 m. As shown in Figure 7, the two sources cannot be resolved when
they are too close (e.g., blue dashed line, A¥ = 10 m). Furthermore, the distance resolutions
Ar are on the same order of magnitude as the distances r themselves, indicating that the
proposed algorithm is not well-suited for accurate distance estimation.

Table 2. The distance resolution of different r.

Distance 7 (Unit: m) Resolution Ar (Unit: m)
10 3.4
15 5.3
20 6.7
25 8.0
30 9.2
35 10.4
40 11.5

45 144
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Figure 7. The spatial spectrum of two electric sources at parameter points (90°, 40 & 57) under the
condition SNR = 20 dB.

4.2. ULEA Structure & Locating Performance

According to the array manifold in Equation (5), the localization performance is
strongly influenced by the ULEA structure, including the element number M, the sensor
spacing Al and the signal frequency f. In this subsection, we investigate the localization
performance for different ULEA configurations by evaluating the precision defined in
Equation (19) and the root mean square error (RMSE) of the azimuth estimation error.

Figure 8 presents simulation results comparing the localization performance for differ-
ent numbers of elements M at the parameter points (¢, 70 m|4) =0, [1,0,0]T; 20 dB, 600).
It is evident that increasing the number of ULEA elements M enhances localization per-
formance. However, this improvement comes at the cost of increased computational
complexity and a more complex array manifold a, as defined in Equation (4). Notably,
the performance gain diminishes significantly when M exceeds 25. For example, when
M increases from 13 to 17 at an azimuth of ¢ = 90°, the resolution improves from 3.85°
to 3.24°, a gain of 0.62°. In contrast, when M increases from 25 to 29, the resolution only
improves from 2.59° to 2.55°, a marginal gain of 0.04°. Therefore, the choice of M should be
carefully balanced between computational burden and the desired resolution improvement.
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The ULEA element number M

—
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Figure 8. The azimuth precision with various ULEA element number M when the SNR is 20 dB.

In Figure 9, the RMSE of the azimuth estimation for a single electric source is illus-
trated. In this simulation, the target is positioned at parameter points (¢, 70 m|¢ = 0,
[1,0, 0]T; SNR, 600), where ¢ = 70°, 80°, 90°; and the SNR values are set to 20 dB, 10 dB,
and 6 dB. The results demonstrate that both increasing the SNR and the number of ele-
ments M can effectively reduce the azimuth estimation error. However, similar to previous
findings, the improvement becomes negligible when M exceeds 25. As shown in Figure 9,
even under the worst-case scenario in this comparison, the azimuth error remains below
0.16° for an SNR of 6 dB with only 13 ULEA sensor elements. This indicates that the
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proposed localization algorithm delivers satisfactory azimuth estimation performance for
single-target scenarios.
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Figure 9. The azimuth estimation’s RMSE with various ULEA voltage sensor number M.

In canonical array signal processing applications, the array element spacing Al de-
fines the array aperture. In this paper, Al plays a similar role, as it is closely related
to the array manifold. We investigate the azimuth resolution by setting the parameters
(90°, 70 m}gb =0, [1,0, 0]T; 20 dB, 600) with the ULEA voltage sensor number M = 21.
As shown in Figure 10, the simulation result demonstrates the resolution significantly
improves from 13.24° to 2.71° as Al increases from 0.5 m to 5 m. The resolution of the
localization algorithm stabilizes around 2.60°. However, due to the propagation path, the
signal strength received by voltage sensors far from the target becomes significantly weaker
compared to those closer to it, resulting in a loss of positioning capability. Consequently,
the azimuth resolution performance degrades when Al is further increased (e.g., Al > 30).
The corresponding spatial spectra are illustrated in Figure 11. The left column of the figure
shows scenarios where the angular separation is below the azimuth resolution, making the
targets indistinguishable. In contrast, the right column depicts scenarios where the angular
separation exceeds the resolution, allowing for clear distinction between targets.
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Figure 10. The azimuth precision with various ULEA voltage sensor element interval Al
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Figure 11. The spatial spectrum in range ¢ € (80°, 100°). (a) The simulation settings Al = 1, the
azimuth difference is 6°. (b) The simulation settings Al = 1, the azimuth difference of the two electric
sources is 8°. (c) The simulation settings Al = 5, the azimuth difference is 2°. (d) The simulation
settings Al = 5, the azimuth difference is 4°. (e) The simulation settings Al = 10, the azimuth
difference is 2°. (f) The simulation settings Al = 10, the azimuth difference is 4°.

We employ the same parameter configuration as above to evaluate the RMSE of
azimuth estimation under a single electric source condition, as illustrated in Figure 12.
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The localization performance is significantly improved by increasing the array element
spacing within the range of Al € (0, 5). Subsequently, the RMSE stabilizes at 0.01° when
Al € (5, 40). However, the locating performance degrades as continuously increasing Al.
Through comprehensive analysis of both resolution and the RMSE of azimuth estimation,
we conclude that the proposed localization method exhibits a characteristic “frying pan”
pattern in relation to Al. This pattern provides valuable guidance for minimizing the ULEA
size while maintaining the required precision and localization accuracy. Based on our
findings, we recommend an optimal ULEA size corresponding to the Al value at the left
side “L” corner in either Figure 10 or Figure 12, specifically at Al = 3. This configuration
optimally balances localization performance with ULEA size efficiency.

O.]. T T T T T T T T T

I
o
&

Azimuth RMSE deg
o
S

0 I I I I 1 1 I I I I
5 10 15 20 25 30 35 40 45 50

The ULEA element interval Al

Figure 12. The azimuth estimation’s RMSE with various ULEA element interval Al when the SNR is
20 dB.

5. Conclusions

In this paper, we propose a MUSIC-based localization method utilizing a ULEA for
underwater electric sources. The electric field component along the axis of the ULEA
is employed to construct the array manifold, which not only simplifies the theoretical
framework but also facilitates practical deployment. By leveraging the symmetry and
rotational invariance of the ULEA, the computational complexity of calculating the spatial
spectrum is significantly reduced from Rgp to R%p. Our analysis demonstrates that the
proposed method achieves satisfactory azimuth discrimination performance within the
specific angular range of 50° to 130°, with an azimuth resolution of up to 2.89°. However,
blind zones emerge outside this interval, limiting the method’s effectiveness in those
regions. Furthermore, the method demonstrated would reduce positioning accuracy for
electric sources located within 10 m of the ULEA. The structure of the ULEA, particularly
the number of voltage sensors M and their spacing Al, plays a critical role in determining
the array manifold, the azimuth precision and error. Increasing the number of sensors (up
to M < 25) can significantly improve the localization performance. On the other hand,
varying the sensor interval Al reveals a characteristic “frying pan” pattern in localization
performance. Based on this observation, we recommend an optimal compromise value of
Al = 5, which balances localization accuracy with ULEA size efficiency. In future work,
we aim to implement and validate the proposed localization system in an experimental
environment, further refining its performance and applicability in real-world scenarios.
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