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Analysis of Electromagnetic Waves Attenuation for Underwater Localiza-
tion in Structured Environments
Daegil Park, Wan Kyun Chung, and Jinhyun Kim* �

Abstract: Range sensors based on electromagnetic (EM) waves attenuation along the target distance yield precise
distance estimation with a high resolution, depending on the distance. However, their application in a structured un-
derwater environment is difficult because the characteristics of EM waves attenuation in such environments are not
considered. In this study, characteristics of EM waves propagation and signal interference effects due to structures
are analyzed, and an EM waves distance-attenuation model for a structured underwater environment is proposed,
along with sensor installation guidelines. The characteristics of EM waves propagation and the proposed sensor
model are verified by several experiments, and the proposed sensor model yields greater accuracy positioning re-
sults compared to the previous model.
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1. INTRODUCTION

Construction of underwater infrastructure for the use
of offshore plants and wind power stations is expanding;
thus, many studies have recently been conducted regard-
ing the use of unmanned underwater vehicles (UUVs) to
maintain such structures. In particular, many investiga-
tions of underwater localization have been performed, as
this localization is essential for UUV perception in an un-
derwater environment [1–3]. Acoustic sensors are conven-
tionally used for underwater localization, as a sonar sensor
has a long range and exhibits reliable operation in under-
water environments. However, sonar performance in com-
plex structured environments is not guaranteed because
of the multi-path effect, diffraction, and scattering. More-
over, the number of underwater structures is increasing,
and many applications therefore require precise position
estimation capability when employed in complex struc-
tured environments such as offshore plants and docking
structures [4–10]. Therefore, an alternative sensor for use
in underwater structured environments is required.

To overcome the aforementioned issues, we previously
suggested a position estimation method that exploits the
characteristics of electromagnetic (EM) waves attenuation

along the target distance. The proposed sensor presented
an extremely precise distance estimation with high resolu-
tion, depending on the distance. EM waves propagation is
considerably faster than sound wave propagation. There-
fore, use of EM waves can yield a high sampling rate; this
characteristic can be exploited for dynamic object tracking
[11–14].

However, it is difficult to utilize the proposed localiza-
tion system in real-time applications because the charac-
teristics of EM waves attenuation in a structured underwa-
ter environment are neglected. In previous studies, only
the received signal strengths (RSSs) of EM waves in a
lossy medium were considered, with the accuracy verified
under ideal conditions [11, 15–17]. However, most under-
water positioning applications and sensor installation con-
ditions pertain to complex and structured environments as
shown in Fig. 1. Therefore, analysis of EM waves propa-
gation near various objects is necessary to facilitate use of
EM waves attenuation sensors in structured environments.

In this paper, the characteristics of EM waves propaga-
tion, and signal interference effects of structures are an-
alyzed. The Fresnel zone and near field are taken as the
distortion criteria, and various interferences in the water
medium are verified through feasibility tests. Based on
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Fig. 1. Conceptual diagram of biased localization result
caused by structure. The structure induces addi-
tional EM waves attenuation and functions as an
additional gap between nodes.

these analyses and experiments, an EM waves distance-
attenuation model for a structured underwater environ-
ment is suggested, along with sensor installation guide-
lines.

The remainder of this paper is organized as follows:
Section 2 introduces previous work regarding underwater
range sensor models for ideal conditions, along with the
model parameter estimation scheme for an infrastructure-
based localization system. A theoretical analysis of EM
waves interference near objects is presented in Section 3.
Verification of the underwater characteristics of EM waves
propagation through several experiments is reported in
Section 4. The signal loss due to object penetration is con-
sidered as the attenuation model for structured environ-
ments in Section 5. Section 6 reports the proposed sensor
model performance, based on comparison of the estimated
sensor parameters and 2D localization in the structured en-
vironment. Finally, Section 7 presents a summary, conclu-
sion, and outline for future work.

2. DERIVATION OF UNDERWATER SENSOR
MODEL AND MODEL PARAMETER

ESTIMATION

2.1. Underwater range sensor model

EM waves attenuation according to distance is affected
by the antenna shape, frequency, and medium properties.
In air, the attenuation is relatively small to be neglected.
Therefore, we can consider the energy diffusion as a func-
tion of distance using the Friis-Shelkunoff formula [18].
However, in other media with larger attenuation, such as
water or oil, the Friis-Shelkunoff formula is insufficient
for the distance calculation. In that case, an additional for-

mula that accounts for the medium properties (e.g., at-
tenuation and absorption) is needed. Therefore, we pre-
viously proposed a novel underwater sensor model com-
bining both, energy diffusion and energy absorption by the
medium [11, 17].

2.1.1 Friis-Shelkunoff formula
The Friis-Shelkunoff formula is a basic antenna theory

that calculates the separation distance R between a trans-
mission antenna with gain GT , and a receiving antenna
with gain GR, for EM waves with frequency f . As a result
of the low attenuation of EM waves in air, the attenuation
is assumed to be zero.

If the antennas are aligned and R exceeds the near field
distance (Rn =

L2

λ
, where L is the maximum dimension of

the distance), the relationship between the received signal
power PR and R is given by the Friis-Shelkunoff formula:

PR =
PT GT GRλ 2

(4πR)2 [mW], (1)

where PT is the transmitted signal power and λ is the
wavelength of the EM waves.

2.1.2 Attenuation constant
Generally, the power attenuation induced by the

medium as a function of distance can be expressed by
the attenuation constant of the plane waves equation [19],
where PR is defined by PT , R, and the attenuation coeffi-
cient α as

PR = PT e−2αR [mW], (2)

where α is the real part of the propagation constant γ , and
is given by

α = ω
√

εµ

√√√√1
2

[√
1+

σ 2

ω2ε2 −1

]
, (3)

where ε and µ are the permittivity and permeability of
medium, and ω is angular frequency.

2.1.3 Propagation formula for lossy medium
To acquire the RSS for a specific medium for a given

distance, the properties of both, the antenna and medium
should be considered simultaneously. Assuming that the
antennas radiate waves that diverge approximately spher-
ically in the far-field area and propagate with the plane
waves in the medium, we can estimate the combined for-
mula for EM waves. Considering the transmission power
and properties of the EM waves, we combine the attenu-
ation constant, (2), and the Friis-Shelkunoff formula, (1),
to obtain

PR =
PT GT GRλ 2

(4πR)2 e−2Rα [mW]. (4)
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The equation above is rearranged and simplified as fol-
lows:

PR =
e−2αR

R2 × cm (5)

where c is a constant, independent of R. To change the unit
to decibel (dB), we take the logarithm of both sides:

10 log10 PR =−20log10 R−20αR log10 e+10log10 c.
(6)

By replacing the transfer power 10log10 PR, 10 log10 PT ,
and 10log10 c with new log-scale constant RSS (or SR), ST ,
and C, respectively, the RSS equation with distance can be
modeled as follows:

RSS =−20log10 R−20Rα log10 e+C [dBm], (7)

C = 20log10
λ

4π
+10log10 GT +ST +10log10 GR

+10log10 PLF +w, (8)

where λ is the wavelength of EM waves, PLF is the po-
larization loss factor, and w is an additional unknown at-
tenuation factor.

As shown in (7), the RSS of underwater EM waves is
calculated as the sum of the logarithmic and linear func-
tions of R and the constant term [11, 14].

2.2. Sensor model calibration as parameter estimation
Generally, it is difficult to accurately calculate C and α

because each parameter is affected by many environmen-
tal conditions (the antenna impedance mismatch caused
by the medium, unmodeled environmental effects, noise,
etc.) and the medium properties (conductivity, permeabil-
ity, and permittivity). Moreover, periodic measurements
of the sensor parameters is necessary because the EM
waves attenuation ratio can vary continuously. However,
it is very difficult to periodically check the parameters,
and additional equipment is required, further complicat-
ing the process. This can be overcome if the localization
system has more than three anchor nodes (having speci-
fied localizations with known positions), as we can con-
duct a parameter estimation using the localization system
characteristics.

Almost all RSS-based localization systems for use in a
structured environment rely heavily on anchor nodes, as
shown in Fig. 2. The anchor nodes (1,2, · · · , i, j) provide
known positions and distances. By substituting our RSS
estimates (RSS12, RSS13, · · · , RSSi j) and their known dis-
tances (R12, R13, · · · , Ri j) into Eq.7, we can estimate the
parameters, α and C using input / output mapping as the
follows:

RSS12 =−20log10 R12−2 0R12α log10 e+C,

RSS13 =−20log10 R13−2 0R13α log10 e+C,

Fig. 2. Conceptual diagram of parameter estimation
method using anchor node information. Using the
estimated value RSSn at a reference distance Rn, a
user can determine C and α . However, if a structure
exists between two anchor nodes, such as anchor
node1 and anchor node3, it induces parameter esti-
mation uncertainty due to an additional loss (Lob j).

...

RSSi j =−20log10 Ri j−2 0Ri jα log10 e+C. (9)

Therefore, we can easily approximate α and C using
the least squares method. However, if a structure exists be-
tween the anchor nodes during parameter estimation, it in-
duces uncertainty. Therefore, open space conditions must
be maintained for the sensor network during the calibra-
tion scheme.

3. ANALYSIS OF EM WAVES INTERFERENCE
NEAR OBJECTS

Generally, propagating EM waves are considered to ra-
diate into an unbounded medium. However, the presence
of a structure, especially one near the radiating element,
can significantly alter the overall radiation properties of
the antenna system. In fact, in most cases, structures exist
in the propagation paths of EM waves (even in the absence
of any other objects, the ground is present). Therefore, it
is important to understand the environmental influence on
the EM waves propagation paths.

However, estimation of energy loss due to this interfer-
ence is difficult. The interference can be classified as pen-
etration, deflection, or diffraction interference, with each
being influenced by the object characteristics such as ra-
dius, thickness, material properties, and shape. If an EM
waves energy loss model incorporating all the characteris-
tics were developed, it would provide a convenient means
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of estimating the additional attenuation power. However,
a model measuring all the characteristics is infeasible and
would also generate large computation loads. Moreover,
it is difficult to measure the variable factors depending on
the mobile node (having random, unknown positions) con-
ditions, such as the incidence angle and surface roughness.

Therefore, it is important to minimize the effects of the
objects through EM waves propagation analysis, and to
design an additional loss model for significant interfer-
ences.

3.1. Fresnel zone in water
EM waves propagation may be interrupted by objects

located between the transceivers, causing phase shifting
of the EM waves; the effects of phase shifting cannot be
measured precisely. As an alternative, the effects of in-
terference can be analyzed using the Fresnel zone, which
can analyze interference due to objects near the EM waves
paths [20, 21]. The general equation for calculating the
Fresnel zone radius Fn follows [22]:

Fn =

√
nλd1d2

d1 +d2
, (10)

where n is the order of Fresnel zone, and d1, d2 are the dis-
tances between the objects and nodes, as shown in Fig. 3.

The object-induced EM waves interference decreases
dramatically as n increases. Therefore, a high-order Fres-
nel zone must be kept largely free from obstructions to
avoid interference with the radio reception. In that case,
the EM waves propagation would be minimally affected
by the object, and the EM waves could be assumed to
propagate in open space. However, if some parts of the
Fresnel zone encountered objects, the EM waves could
experience the multi-path effect. Estimation of this effect
is difficult because of the condition-dependent variables.
If the objects occupied the entire Fresnel zone, the EM
waves signal would propagate to the receiving antenna
through almost complete penetration of objects and uni-
form signal loss. The underwater Fresnel zone is smaller
than that in air, because λ decreases in a denser medium
(λwater ≈ λair/8.8, at 420 Mhz, 25◦C).

Fig. 3. Conceptual diagram of Fresnel zone. The Fresnel
zone is the region of EM waves interference in-
duced by objects located between the transmitter
and receiver. Fnmax : maximum Fresnel zone order.

Fig. 4. Conceptual diagram of near-field region. EM
waves exhibit an irregular radiation pattern near
the transmitter because of the phase gap between
E- and H-fields. Although the objects belong to the
transmitter near the field, the fields degrade as a
function of 1/R, while the power density degrades
as a function of 1/R2.

3.2. Near-field region
Another factor influencing the propagation character-

istics of EM waves, is the distance from the transmitter
(Fig. 4). Near the transmitter, the EM waves radiation pat-
tern does not change shape with distance. In the immediate
vicinity of the transmitter, however, the EM waves have a
reactive near field, which means the electric (E-) and mag-
netic (H-) fields are out of phase by 90 degrees relative to
each other. The equation for calculating the reactive near
field follows [23]:

R < 0.62

√
D3

λ
, (11)

where D denotes the maximum linear dimension of the
antenna.

The radiating near field is the region between the near
and far fields. In this region, the reactive fields are not
dominant; however, the radiation pattern shape may vary
significantly with distance. The equation for calculating
the radiating near field is the follows:

0.62

√
D3

λ
< R <

2D2

λ
. (12)

Although the objects are positioned in the transmitter
near the field, the fields still degrade as a function of 1/R,
while the power density degrades as a function of 1/R2.

4. EM WAVES PROPAGATION EXPERIMENTS
NEAR OBJECTS

Three experiments were conducted in a water basin to
verify the characteristics of EM waves propagation near
objects: 1) antenna input impedance measurement near the
objects to analyze the near-field effects; 2) RSS measure-
ment near the objects to analyze the EM waves multi-path
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Table 1. Experimental environment constants.

Property (symbol) Values [unit]

Freshwater

Conductivity (σ ) 0.075 [S/m]
Permeability (µ) 1.2566×10−6 [H/m]
Permittivity (ε) 7.2797×10−10 [F/m]

Wavelength
at 420Mhz (λ )

0.0811 [m]

Refraction index (n) 8.8

Antenna

Antenna gain (GT ,GR) 3[dBi]
Input impedance (Zin) 67.132+ j20.263 [Ω]

Maximum linear
dimension (D)

0.315 [m]

Transmitting Power (ST ) 10 [dBm]
Operation frequency ( f ) 420 [MHz]

effects according to the Fresnel zone; and 3) RSS mea-
surement to analyze the EM waves penetration loss char-
acteristics inside the Fresnel zone.

4.1. Common experimental environment

To analyze the EM waves interference, we performed
an experiment in the underwater test facility in the Korea
Institute of Robots and Technology Convergence (KIRO).
The test tank was 12 m long, 8 m wide, and 6 m deep.
To prevent EM waves reflection, the antennas were sepa-
rated from the wall by 1.5 m using an aluminum exper-
imental guide rail, and were submerged 1.5 m in depth.
Half-wavelength sleeve-dipole antennas, with an antenna
gain of 3 dBi were used, and transmitting and receiv-
ing antennas were installed (Table 1). To ensure proper
alignment between the antennas, antenna frames were em-
ployed. The distance between the antennas was measured
as the distance between the antenna frames using a tape-
line and a laser range finder. The medium inside the basin
was assumed to be fresh water. EM waves generation and
signal reception were performed using a National Instru-
ments signal generator (NI5660SA) and signal analyzer
(NI5670SG). The transmitting power was set to 10 mW
(10 dBm) with 420 MHz frequency.

4.2. Input impedance influence near objects
4.2.1 Conditions and procedure

The experimental environment was configured to ana-
lyze the input impedance influence in the vicinity of ob-
jects, as shown in Fig. 5. A network analyzer (Agilent
Technologies N5230A) measured the input impedance of
the transmitter antenna at 420Mhz according to the dis-
tance (height) between the transmitter and object. The
height difference between the antenna and object incre-
mentally increased by 0.01 m from 0.03 m to 0.5 m. A
steel and wood plate (dielectric constant ≈ 2) were used
to analyze the effects of an object.

Fig. 5. Schematic diagram of input impedance experiment
near objects.

4.2.2 Results

The input impedance versus distance was recorded,
Fig. 6. The input impedance value apparently increased
when the height was less than 2 λ . However, when the dis-
tance between the antenna and object exceeded 2 λ and D,
the input impedance value was similar to that in an open
environment, despite it being associated with the reactive
near field. Hence, it was estimated that water has differ-
ent near-field characteristics compared to air because it is
a lossy medium. Based on this experiment, it is recom-
mended that a minimum distance from the structures of
D and 2 λ be maintained during transmitter installation,
to prevent antenna impedance mismatching and the near-
field effect.

Fig. 6. Input impedance versus height. When the distance
between the antenna and object exceeded 2 λ and
D, the input impedance value was similar to that
in an open environment despite it being associated
with the reactive near field.
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Fig. 7. Schematic diagram of EM waves interference ex-
periment in Fresnel zone. Where distance is the gap
between transceivers, and height is gap between
transceiver and object.

4.3. EM waves interference in Fresnel zone
4.3.1 Conditions and Procedure

The experimental environment was configured to ana-
lyze the EM waves interference in the Fresnel zone, as
shown in Fig. 7. The signal analyzer measured the RSS
of the EM waves at 420 Mhz, according to distance and
height. The height difference between the antenna and
object incrementally increased by 0.025 m, from 0.1 to
0.55 m. This experiment was repeated three times with
changes in the distance between the transmitter and re-
ceiver (R = 1, 1.5, and 2 m). A steel and wood plate were
used to analyze the object effects.

4.3.2 Results
The RSS values versus height (distance) were collected;

results are shown in Fig. 8. As the distance between the an-
tennas and the object increased, the RSS value converged
to that obtained in the open environment. The change in
RSS value became more prominent as the distance be-
tween the two antennas increased because the radius of
the Fresnel zone also increased. The RSS values exhibited
large unexpected fluctuations with considerable standard
derivations when the objects were positioned in the 1st
and 2nd Fresnel zones. Hence, the multi-path effects of
the EM waves were estimated. However, there were a few
RSS changes when the height exceeded the radius of the
4th Fresnel zone. Based on this experiment, we recom-
mended that a minimum distance (height) equivalent to
the radius of the 4th Fresnel zone is maintained between
the antennas and structures, to prevent unexpected RSS
changes due to the multi-path effect.

4.4. Penetration loss by objects
4.4.1 Conditions and Procedure

The experimental environment was configured to ana-
lyze the EM waves interference when the entire 4th Fres-

Fig. 8. EM waves RSS versus height and distance. This
figure shows that the additional loss due to the ob-
ject penetration exhibited specific and uniform at-
tenuation regardless of the antenna distance and
object position, when the object occupied the en-
tire 4th Fresnel zone.

Fig. 9. Schematic diagram of experiments for EM waves
penetration effect in Fresnel zone.

nel zone was occupied by objects, as shown in Fig. 9. The
signal analyzer measured the RSS of the EM waves at
420 Mhz in two experiments considering (1) changes to
the relative position between the object and antennas in
the EM wave propagation direction (Fig. 10(a)) and (2)
changes to the distance between the antennas, with a fixed
object position (Fig. 10(b)).

4.4.2 Results

The two experimental setups and corresponding ex-
perimental results are shown in Fig. 10; the additional
power attenuation due to penetration has an almost con-
stant value regardless of the antenna position, distance,
and relative object position.
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(a) Case 1: Fixed overall distance with varying relative position
between object and antennas (in propagation direction).

(b) Case 2: Fixed relative object position with varying distance
between antennas.

Fig. 10. Experiment results for additional EM waves at-
tenuation due to penetration effect. Each result in-
dicates additional EM waves attenuation due to
penetration which has a constant value regardless
of object position and distance between antennas.

4.5. Conclusion regarding underwater EM waves in-
terference near objects

Underwater EM waves interference near objects showed
different characteristics compared to air. In particular, the
input impedance value was similar to that obtained in an
open environment, despite being associated with the re-
active near field. Furthermore, the RSS of the EM waves
indicated that a few multi-path effects occurred when the
gap between the propagation line and object exceeded the
radius of the 4th Fresnel zone. This behavior occurred be-
cause a water medium has a short wavelength compared
to an air medium at the same frequency, and the former is
regarded as a lossy medium. Note, the multi-path effects
disappeared because of the large signal attenuation along
the additional travel distance. Also, additional loss due to
the object penetration exhibited specific and uniform at-
tenuation, regardless of the antenna distance and object
position when the object occupied the entire 4th Fresnel
zone. Therefore, the penetration loss model, along with
the object characteristics, are incorporated in the proposed
EM waves distance-attenuation model for structured envi-
ronments.

5. DERIVATION OF UNDERWATER RANGE
SENSOR MODEL FOR STRUCTURED

ENVIRONMENTS

5.1. EM waves penetration loss model
When an object is positioned between the transmitter

Fig. 11. Influence factors of EM waves attenuation when
EM waves penetrate objects. The penetration at-
tenuation is affected by the object depth and ma-
terial type.

and receiver antennas, with the entire 4th Fresnel zone oc-
cupied by the object, we can assume that EM waves expe-
rience additional loss due to penetration. This penetration
loss can be expressed by an equation with object depth and
object number, as shown below in Fig. 11 [24, 25]:

Lob j =βn+ γtm [dB]. (13)

Lob j is intended to capture the additional attenuation due to
object, n, with total object thickness tm = t1 + t2 + · · ·+ tn,
located between the transmitter and receiver. The first cal-
ibration factor, β , is given in dB per object and represents
the additional attenuation caused by penetration. The sec-
ond calibration factor, γ , is given in dB per meter and rep-
resents the attenuation factor due to the material.

In addition to the penetration loss model, which only
considers penetration relative to the underwater sensor
model for EM waves attenuation, the sensor model can
estimate the transmitter-receiver separation robustly in a
structure-containing environment. Subtracting (13) from
(7), the following model is obtained:

RSS =−20log10 R−20Rα log10 e+C−βn−γtm. (14)

5.2. Calibration factor experiments
Two experiments were performed to develop and verify

the improved underwater sensor model. The RSS values
in various structure materials were measured to determine
β and γ according to the material as shown in Fig. 13. The
calibration factors were determined based on the object
materials. Because most underwater structures and facili-
ties consist of stone, wood, or steel, the calibration factor
experiments were conducted using those materials.

5.2.1 Conditions and procedure
A model of the experimental environment is presented

in Fig. 13. The objects were 1.5 m wide and 0.8 m long,
with varying thickness. The objects were deployed be-
tween the antennas, hanging from two hoists. The distance
between the nodes was 1 m.
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Fig. 12. Schematic diagram of setup for material calibra-
tion factor experiments.

Table 2. Calibration factor experiment conditions.

n tm [m] Lob j n tm [m] Lob j

1 0.015 2.0906

Stone

1 0.02 2.9960
1 0.024 2.9292 1 0.03 3.4173

Wood 2 0.030 4.0958 2 0.04 6.5826
2 0.039 5.1298 2 0.05 6.9262
2 0.048 5.9621 2 0.06 7.3574

Acrylic

1 0.002 1.3217

Steel
1 0.002 43.4537

1 0.005 2.3662
2 0.007 5.7280 2 0.007 43.5414
2 0.010 6.8202

First, the RSS values without the object, Sw/o, were
measured. The experiments were then repeated for vary-
ing object thickness, yielding Sw/. Materials used were
wood, stone, and steel. When n exceeded 1, the gap be-
tween objects was kept at 5 mm using support. Lob j was
determined by subtracting Sw/ from Sw/o. Finally, β and
γ values were calculated using the least squares method.
The experiment conditions are listed in Table 3.

5.3. Experiment results
The calibration factors according to the materials are

presented in Table 3. In the case of dielectric materials
such as stone and wood, Lob j linearly increased depending
on the object tm and n. EM waves cannot penetrate steel
because of its conductivity; therefore, Lstill had the largest
value despite the small object thickness. Thus, Lstill can be
considered as another distortion effect, similar to diffrac-
tion and reflection. Note, the effects of the other distor-
tions were trivial.

Table 3. Experiment result for calibration factors.

β [dB/n] γ [dB/m]
Wood 0.6332 96.3408
Stone 2.3101 45.1200

Acrylic 1.4211 35.7411

6. LOCALIZATION EXPERIMENT IN
ENVIRONMENT WITH UNDERWATER

STRUCTURES

A 2D localization experiment in an infrastructure-based
localization system was performed to verify the perfor-
mance for a structured environment.

6.1. Experimental conditions and procedure
To analyze the penetration model performance, mobile

node localization was conducted in an object-containing
environment. The experimental environment consisted of
three anchor nodes, and three mobile nodes, with a 2.54-
m-long and 2.54-m-wide square test bed, as shown in
Fig. 14. The anchor nodes were fixed near the edge of the
test bed with known positions. The mobile nodes were lo-
cated on the inner area of the test bed and received signals
from the anchor nodes. The object hung on the hoists, po-
sitioned approximately perpendicular to the mobile nodes.
To analyze the node localization performance, all nodes
were measured using a laser distance-measuring instru-
ment. It was assumed the EM waves signal weakened as a
result of object penetration only, and the object thickness
and material were known.

To verify the sensor model performance for the non-
object environment, mobile nodes were estimated. The an-
chor nodes transmitted EM waves with various frequency
bands, and the mobile nodes identified each anchor node.
Nodes 1 and 2 received signals from the anchor nodes,
and estimated the distance using the sensor model; each
node then estimated its position. Next, to verify the sen-
sor model performance for a structure-containing environ-
ment, the position of mobile node 3 was estimated. Mo-

Fig. 13. Schematic diagram of localization environment
with structure. Anchor nodes were fixed near the
edge of the test bed. Mobile nodes 1 and 2 es-
timated their positions using the received sig-
nal; then, transmitted signals with their own fre-
quency. Mobile node 3 estimated its position us-
ing the penetrated signal.
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Table 4. Mobile node localization conditions and results.

Dimension [m]

Mobile node 1 Mobile node 2
Mobile node 3

Mobile node 3 (Wood) Mobile node 3 (Steel)
w/o model w/ model w/o model w/ model

Actual position [1.0200, 1.4700] [1.2700, 1.2700] [2.5400, 2.5400]
Estimated position [1.0194, 1.4693] [1.2698, 1.2696] [2.7136, 2.6799] [2.5585, 2.5629] [2.6949, 2.6579] [2.5619, 2.5568]

Maximum error 0.0038 0.0020 0.2262 0.0322 0.1980 0.0311
Minimum error 0.0003 0.0001 0.2194 0.0276 0.1913 0.0244

RMS error 0.0014 0.0008 0.2230 0.0296 0.1947 0.0277

bile nodes 1 and 2 broadcast their own estimated positions
on different frequency bands. Mobile node 3 received the
signals from the two mobile nodes, and then estimated
its own position. In order to analyze the penetration loss
model performance, a different sensor model was used.
That is, one sensor model had no additional loss factor
for objects, while the other incorporated an additional loss
factor.

6.2. Localization result
The localization results are shown in Figs. 14 and 15.

The localization results of mobile nodes 1 and 2 are shown
in Figs. 15(a) and 15(b). These figures show good position
estimation results, and the estimated positions were in-
side the covariance ellipse with insignificant error. There-
fore, good localization performance was achieved for non-
object environments. The localization performance ac-
cording to the structure material is shown in Figs. 15(c)
(stone) and 15(d) (wood). Regardless of the penetration
model, there were gaps between the localization results
and the actual positions. This may have been caused by
additional distortion of the EM waves or environmental
effects. However, the performance of the sensor with the
penetration loss model significantly improved without the
penetration loss model. As described in Table. 4, the RMS
errors decreased by 90%.

7. CONCLUSION

In this study, the characteristics of EM waves propa-
gation in a structured underwater environment were an-
alyzed to identify the signal interference caused by the
structure, and an EM waves attenuation model considering
the distance and penetration loss induced by the structure
was suggested.

The near-field and multi-path effects in the Fresnel zone
were considered as influencing factors of EM waves prop-
agation characteristics. The results of several experiments
indicated that the underwater EM waves interference near
objects exhibit different characteristics to that encountered
in air. In particular, the input impedance value was similar
to the input impedance in an open environment, despite it
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Fig. 14. Mobile node localization conditions and results.

corresponding to the reactive near field. Further, the RSS
of the EM waves exhibited few multi-path effects when
the gap between the propagation line and object exceeded
the radius of the 4th Fresnel zone. Furthermore, the addi-
tional loss due to the object penetration showed specific
and uniform attenuation characteristics, regardless of an-
tenna distance and relative object position, when the entire
4th Fresnel zone was occupied by the object.

Based on the EM waves propagation analysis, the ob-
ject penetration loss was incorporated into the EM waves
additional loss model for application in structured un-
derwater environments. The proposed penetration loss
model showed consistent and repeatable attenuation esti-
mation capabilities. Underwater localization in the struc-
tured environment was conducted using the proposed sen-
sor model, and improved position estimations result with
low bias error were obtained. These results indicate that it
is expected to be used for localization in structured envi-
ronments such as autonomous docking and inspections of
the facilities.

In the future, we will conduct additional experiments
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Fig. 15. Mobile node localization results.

involving various materials and conditions (e.g., real sea
conditions), and will determine the relationship between
the EM waves propagation and object interference. In ad-
dition, we will apply several algorithms and sensors to im-
prove the localization range and accuracy.
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