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Abstract—Localization accuracy is crucial for achieving reli-
able location tagging for underwater missions. However, the
accuracy of conventional range-free localization schemes with a
mobile beacon is distorted by ship dynamics (i.e., pitch, roll, and
heave) over oceanic conditions, and the schemes suffer from two
uncertainties: beacon point and geometric shape uncertainties.
To reduce the effects of these uncertainties, we herein pro-
pose LMB-MC, a novel range-free localization scheme. LMB-MC
compensates beacon point errors and employs an accurate geo-
metric model instead of an unconditional circle-shaped model.
Furthermore, we adopted real-world motion measurements from
an operating ship and used motion data to support diverse sim-
ulation settings (i.e., Douglas sea scales). Result of extensive
simulation studies verified that LMB-MC provided improved
accuracy and reliability compared to the existing solutions in
the considered oceanic environments.

Index Terms—Douglas sea scale, range-free, localization,
mobile beacon, motion compensation, UASNs.

I. INTRODUCTION

IN THE last decade, localization techniques for underwa-
ter acoustic sensor networks (UASNs) have been widely

studied to support diverse location-based applications, such as
oceanographic monitoring systems, offshore exploration, tac-
tical surveillance, and disaster prevention [1]. For enabling
such applications, geometric constraint-based range-free local-
ization has been proposed due to its computational simplicity
and energy efficiency [2]. Furthermore, instead of static anchor
nodes, a mobile beacon—a ship or an autonomous underwa-
ter vehicle (AUV)—has been widely used [3] owing to its
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flexibility (i.e., wider coverage) and efficiency (i.e., smaller
number of high-end anchor nodes).

Recently, Luo et al. proposed a range-free localization
with directional beacons (LDB) scheme for UASNs [4], and
reported its improved accuracy and effectiveness based on
geometric constraints. However, the scheme simply computes
location of the sensor nodes with selected beacon points;
hence, its localization accuracy is sensitively degraded by
increased errors because of the beacon points. To address this
drawback, Lee and Kim proposed localization with a mobile
beacon (LoMoB) [5]. Compared to LDB, LoMoB considered
all potential points (i.e., valid intersections) formed by the
beacon points and computed the locations of sensor nodes
from the weighted mean of potential points. Hence, LoMoB
outperforms LDB in terms of accuracy and reliability.

However, all these schemes do not comprehensively con-
sider the dynamics of a mobile beacon (i.e., pitch, roll,
and heave [3]), that consistently change over time owing to
the effect of oceanic waves on the sea surface or under-
water oceanic currents [6]. This hinders the practicability
of such schemes in real-world deployment. When launching
a beam from a directional transceiver over oceanic waves,
the beam angle changes significantly, which results in two
major uncertainties: beacon point uncertainty (i.e., confusion
regarding beacon points due to changes in beam angle), and
geometric shape uncertainty (i.e., confusion between a cir-
cle and an ellipse). Because of these two uncertainties, the
performance of existing schemes is severely degraded, making
them inapplicable in real-world settings.

Hence, we herein propose Localization with a Mobile
Beacon via Motion Compensation (LMB-MC), a novel range-
free localization scheme that overcomes the aforementioned
uncertainties by considering the motion compensation. The
proposed scheme compensates for the uncertainties in bea-
con points by using the measured motion of the ship/AUV
and addresses the geometric shape uncertainty by employing
an accurate ellipse-based model. In real-world environments,
LMB-MC reduces the error effect from the ship dynamics
and outperforms the existing schemes in terms of localization
accuracy. The contributions of this letter are as follows:

• We proposed LMB-MC, a novel range-free localization
scheme via motion compensation. This scheme reduces
beacon point uncertainty by compensating the passive
motion of the ship and geometric shape uncertainty by
employing a more accurate ellipse-based model.

• To evaluate the LMB-MC’s performance and compare it
to the state-of-the-art schemes (i.e., LoMoB and LDB) in
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Fig. 1. System environment with a mobile beacon and the effect of change
in ship dynamics over the sea surface.

various settings, we use ship motion data obtained from
real-world measurements (SAVEX15 [7]) and further
model oceanic conditions to consider dynamic scenarios.
Finally, we verified the improved accuracy of LMB-
MC over that of the existing schemes in the considered
oceanic environments.

II. LMB-MC LOCALIZATION SCHEME

In this section, we first define the localization problem in
underwater environments and describe the procedure of our
proposed scheme.

A. Localization Problem and Assumptions

We consider a range-free localization system with a
mobile beacon (i.e., ship/AUV) equipped with a directional
transceiver. As shown in Fig. 1, the mobile beacon can maneu-
ver on the sea surface or underwater at a fixed depth za
following a predefined path. By following the path, the mobile
beacon broadcasts acoustic beacon signals (Bi ) at regular
intervals (e.g., every second) with a beacon distance (BD,
d) between B1 and B2, and the beam angle (BA, θ) of the
transceiver, and the motions (i.e., pitch α to transverse axis,
roll β to longitudinal axis, and heave h). To collect underwater
sensing data, sensor nodes S (x , y , zs ) are randomly deployed
underwater at different depths. For location tagging, the sensor
nodes passively receive the beacon signals Bi from the mobile
beacon, and use a projection technique (i.e., transforming a 3D
problem into a 2D problem) to localize its location by directly
obtaining its depth information zs from a pressure sensor [1].
To select beacon points among the received beacons, the first-
heard and last-heard beacon points are used as reference points
(e.g., B1 and B2 on a path-line in Fig. 1, respectively) to
generate geometries for localization as in [4], [5].

To localize a sensor node in range-free localization schemes
(i.e., LoMoB and LDB), two processes are required: bea-
con point selection and location computation. However, the
BA might change considerably because of the oceanic waves;
therefore, each process involves considerable errors due to the
effects of the two uncertainties, i.e., beacon point uncertainty
and geometric shape uncertainty. Our main objective is to reli-
ably reduce the uncertainties by beacon point and geometric
shape compensations.

Fig. 2. Phases (BPC and GSC) of LMB-MC with a received beacon (B1)
on a horizontal plane (at zs from the viewpoint of a located sensor node).

Fig. 3. Elliptical location computation of LMB-MC on a horizontal plane
(at zs from the viewpoint of a located sensor node) with ship movement on
the sea surface (at za = 0).

B. Procedure of the Proposed Scheme

1) Beacon Point Compensation (BPC): For beacon point
selection, as shown in Fig. 2, the prevalent range-free schemes
naively use the i th beacon points (BP ′

i (x
′
i , y

′
i )) projected onto

a horizontal plane (i.e., at zs , the viewpoint of a located sen-
sor node) from the received beacons, regardless of changes in
the direction of the transmitted beam caused by ship dynam-
ics. Since the actual beacon point is located at the center of
ellipse (CP ′

i (x
′
i + cx ,i , y ′i + cy,i ), where cx ,i and cy,i are the

i th displacement from x ′i and y ′i , respectively), the localiza-
tion accuracy of the schemes can be degraded severely. To
overcome this limitation (i.e., beacon point uncertainty), the
dynamics of a ship over the oceanic waves must be consid-
ered, and the shifts cx ,i and cy,i must be compensated to
correctly compute CP ′

i to be an accurate reference point.
To compute CP ′

i in the BPC phase, we must compensate
for the effects on the BAs caused by ship dynamics, (i.e.,
pitch αi and roll βi ). For pitch compensation, the coordi-
nates of the two vertices (i.e., V1,i ,V2,i ) can be represented
as zd × tan (αi + θi/2) and zd × tan (αi − θi/2), where zd
is the difference depth between zs and za (i.e., zd = |zs−za |).
The displacement cx ,i from x ′i can be expressed as zd ×
(
tan (αi+θi/2)+tan (αi−θi/2)

2 ). Similarly, for roll compensa-

tion, cy,i can be expressed as zd×(
tan (βi+θ/2)+tan (βi−θ/2)

2 ).
By performing BPC, we can correctly compute the i th

compensated beacon point CP ′
i .

2) Geometric Shape Compensation (GSC): For accurate
location computation, an appropriate geometric model is cru-
cial in order to draw the valid intersection area (i.e., the gray
shaded area in Fig. 3). However, as shown in Fig. 2, the exist-
ing schemes assume a circle-shape model with fixed radius

Authorized licensed use limited to: Korea Institute of Energy Technology (KENTECH). Downloaded on March 14,2023 at 11:49:11 UTC from IEEE Xplore.  Restrictions apply. 



8 IEEE WIRELESS COMMUNICATIONS LETTERS, VOL. 10, NO. 1, JANUARY 2021

(rb) at all times; in turn, the location performance can be
affected owing to the misleading geometric shapes by abrupt
BA changes (i.e., geometric shape uncertainty). To reduce this
uncertainty, in the GSC phase, we adopt a generic ellipse shape
of radius ai on the x-axis and bi on the y-axis (which are the
semi-major and semi-minor axes of the i th ellipse, respec-
tively), at a depth zs . As discussed in the previous phase,
the center of ellipse (CP ′

i ) is compensated at the coordi-
nate (x ′i + cx ,i , y

′
i + cy,i ) from the projected beacon point

(BP ′
i (x

′
i , y

′
i )). Therefore, the overall geometric shape model

can be expressed as follows:

(x ′i − cx ,i )
2

a2i
+

(y ′ − cy,i )
2

b2i
= 1. (1)

The semi-major radius ai can be calculated as the differ-
ence between the location of the maximum vertex and the
center of the ellipse, i.e., zd × (

tan (αi+θ/2)−tan (αi−θ/2)
2 ).

Similarly, the semi-minor radius b can be calculated as
zd × (

tan (βi+θ/2)−tan (βi−θ/2)
2 ).

3) Elliptical Location Computation: As shown in Fig. 3,
according to a predefined mobile path and a series of the
received beacon signals, we can select N beacon points as ref-
erence points for location computation and construct N ellipses
with its valid intersection points on a horizontal plane (at zs ).
After BPC and GSC phases, the location of the target node
can be calculated using the following equations:√

(x − (x ′i + cx ,i ))2

ai2
+

(y − (y ′i + cy,i ))
2

bi
2

= 1, (2)

where (x, y) is the coordinate of a sensor node. Based on
this equation, we can obtain the valid potential points Pj

among the N(N − 1) intersection points by a bilateration
method (i.e., selecting closer points Pj instead of Qj in
Fig. 3) [2]. By taking the mean of the all Np potential
points, the estimated location (x̂ , ŷ) can be computed as in [5],
(x̂ , ŷ) = (

∑NP
j=1 x̂p,j /Np ,

∑NP
j=1 ŷp,j /Np), where Np is the

number of the potential points N(N − 1)/2. In certain cir-
cumstances, sensor nodes may not receive enough beacon
signals (i.e., N < 3). To handle these cases, LMB-MC esti-
mates the location of the sensor nodes as the midpoints of
the intersections points (Pj and Qj , N = 2) or estimates the
location of the nodes as the beacon point itself (N = 1).

The major departure of LMB-MC from existing schemes
is in two manners, namely, the adoption of the compensated
beacon points and the consideration of the ellipse geometries
instead of naive circle-based geometries for the beacon pro-
jections. This will result in enhanced accuracy especially in a
harsh oceanic environment (i.e., beam angle changes due to
the severe ship dynamics).

III. SHIP MOTION DATASET AND MODELING

In this section, we use a ship motion measurement dataset
obtained from Shallow-water Acoustic Variability Experiment
(SAVEX15 in [7]) to apply a realistic motion model to our
extensive simulation. SAVEX15 was conducted to measure
the environmental data and to analyze acoustic signals for sci-
entific purposes in shallow water (i.e., approximately 100 m

Fig. 4. Ship motion measurements over time in SAVEX15 and its probability
density function with Gaussian fitting.

deep) near Jeju Island in South Korea. For SAVEX15, the
R/V Onnuri ship was used to obtain acoustic and environ-
mental data. The ship was 68.8 m long and 12.0 m wide, with
an international gross tonnage of 1,422 tons. In addition, the
ship was equipped with a motion sensor (i.e., Gyro sensor,
IXSEA Hydrins) to measure the ship motions, such as pitch
(◦), roll (◦), and heave (m), at every second.

We used subset of the data from SAVEX15, namely
MBES2, where the ship moved along the SCAN trajectory
(as in Fig. 3). The motion data of MBES2 (as in Fig. 4(a))
was measured from 04:41:00 to 21:55:30 (62,071 samples)
on May 18, 2015. In addition, Fig. 4(b) depicts the prob-
ability density function of the motion measurement, which
exhibits a Gaussian distribution. After we have confirmed that
the histogram of the function fitted well to a Gaussian distri-
bution, we represented the pitch and roll angles and heave as
Gaussian distributions N (μp , σ

2
p), N (μr , σ

2
r ), and N (μh , σ

2
h ),

respectively. We further extended the measurement model to
an oceanic state (OS)-dependent error model based on the
Douglas sea scale to augment our simulations for a realistic
motion model.

In oceanography, the Douglas sea scale is used to quantita-
tively describe the OS according to a significant wave height
(Hs ) level [8], where Hs can be represented as a function
of standard deviation of the sea surface elevation (σs ), i.e.,
Hs = 4σs [9]. Because it is difficult to directly obtain the
surface elevation measurements on the ship, we used the stan-
dard deviation of the measured heave σh to approximate σs
for estimating the wave height (i.e., Hs ≈ 4× σh ).

According to Table I and the measurement of σh during
MBES2, we confirmed that the MBES2 data were measured
in slight sea with OS 3. Moreover, it was difficult to obtain the
ship motion measurements in extreme weather conditions (e.g.,
hurricane or typhoon); therefore, we defined a weighted factor
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TABLE I
DOUGLAS SEA SCALE [8] AND WEIGHTED FACTORS FOR SIMULATION

(wos = Hs
4×σh

) to model the pitch and roll angles and to evalu-
ate the performance according to the Douglas sea scale. Based
on the calculated wos and wave height with the sea scale, as
described in Table I, we modeled the pitch and roll angles
and heave with Gaussian distributions N (μr , (wos · σr )2),
N (μp , (wos · σp)2), and N (μh , (wos · σh)2), respectively. We
assumed that the random values of the motion in time were
independent and identical. Even though it was difficult to
model the pitch and roll angles owing to the specifications of
the ship (i.e., size and weight) and oceanic conditions, such
as weather and current [6], [10], the simplified OS-dependent
motions can be widely acceptable, according to oceanographic
studies [8], [11].

IV. PERFORMANCE EVALUATION

In this section, we evaluate the performance of LMB-MC
in comparison with that of LDB [4] and LoMoB [5], in terms
of the localization accuracy. We first describe our simulation
scenario and the configured parameters. For the simulation, we
first considered an environment similar to that of SAVEX15
in a 1 km × 1 km × 100 m three-dimensional (3D) underwa-
ter space, where 1000 sensor nodes were randomly deployed.
A mobile beacon was used, which was equipped with a
directional transceiver and 60◦ BA and followed a predefined
trajectory with a constant beacon distance at a fixed depth. For
fair evaluations with the schemes in similar environments, we
considered the trajectory as a type of SCAN with a 15 m
path interval (PI), and set the mobile beacon (i.e., a ship)
movement on the sea surface with a 5 m beacon distance and
four reference points (N = 4).

To evaluate the accuracy of the schemes, we first define
the average location error as MAE = 1

n

∑n
k=1 ‖x̂k − xk‖,

where xk and x̂k are the actual and estimated locations of
a sensor node, respectively, and n is the number of deployed
sensor nodes. To consider the effect of refraction, we used a
Bellhop model with the sound speed profile measured during
SAVEX15 [12] and incorporated its irregularities in the radius
of the formed beam shape with zero-mean Gaussian distribu-
tion N(0,(σrad = 1 m)2) as in [5]. To further consider the
effect of motion of a mobile beacon, we used the modeled
motions from the measurement described in Section III. We
performed the simulations in MATLAB.

Figure 5 shows the average location error of the schemes
by averaging over 50 simulations according to the Douglas
sea scale. As shown in the figure, LMB-MC significantly
outperformed LoMoB (i.e., 4.1%−77.6% improvement) and
LDB (i.e., 24.1%−89.5%), and the performance gap increased

Fig. 5. Location error according to the Douglas scale (d=5 m, θ = 60◦).

Fig. 6. Location error and the ratio of localized sensor nodes according to
beacon distances and beam angles with oceanic state 3 and 5.

rapidly as the oceanic environment became rough. Moreover,
the figure shows that the effect of BPC was more signif-
icant than the effect of GSC in the process of LMB-MC.
Nonetheless, as the environment gets rough, the performance
gap between LMB-MC and LMB-MC without GSC tends to
widen (i.e., 1.5%−9.4%). Furthermore, we also evaluated the
performance gap with respect to a depth of a deployed sen-
sor node (omitted in the plot due to limitations of space)
to clearly confirm the effect of GSC in deep ocean environ-
ments (within 1000 m depth). The performance gap increases
as the sensor nodes are deployed at a deeper depth (i.e.,
OS=5, 5.5%−16.3%); therefore, the GSC method should be
considered for accurate localization.

As shown in Fig. 6(a), we evaluated the average location
error and the ratio of localized sensor nodes with the location
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error below 20 m of the schemes with respect to the BDs to
confirm that LMB-MC obtained much higher accuracy than
LoMoB. LMB-MC attained a higher accuracy compared to
LoMoB at a slight level (i.e., OS = 3, 5.7%−11.9%) and at a
rough level, (i.e., OS = 5, 22.8%−34.5%). The ratio of local-
ized nodes shows a maximum difference of 4.4%. Moreover,
as shown in Fig. 6(b), as the BA increases, the performance
gap between LMB-MC and LoMoB tends to widen with highly
improved accuracy of the former at a rough level, (i.e., OS = 5,
33.3%−40.1%). Here, the ratio of maximum difference is
10.1%. Throughout the simulations, LMB-MC demonstrated
higher reliability in diverse oceanic environments compared
with existing range-free schemes.

V. CONCLUSION

In range-free localization with a mobile beacon, identi-
fication of the exact location of sensor nodes is crucial,
particularly in harsh oceanic environments. To compensate for
the localization errors caused by two uncertainties, i.e., beacon
point and geometry uncertainties, we proposed the LMB-MC
scheme based on geometric constraints. LMB-MC employs
an elliptical model instead of the conventional circle model
for geometric constraints, and yields precise localization by
significantly improving the accuracy compared to that of the
existing solutions. Furthermore, to use realistic motion data,
we modeled the pitch, roll, and heave of a mobile beacon
based on measurements under oceanic conditions. Simulation
results demonstrated that LMB-MC reliably achieved better
accuracy compared with existing solutions.
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