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Abstract—Maritime activities, including fisheries, maritime
transportation, and surveillance, are expected to transfer mul-
timedia data to remote users, which requires the establishment
of reliable backhaul communication links from the marine
vessels to the core network. Tethered Unmanned Aerial Vehicles
(UAVs), which are connected to a sufficient power source
and high-data-rate optical fiber, can be adopted in near-shore
maritime communications for coverage extension. In this paper,
we investigate the use of tethered UAVs in three scenarios,
where the UAV can be either installed on the shore, tethered
to the ship, or both. To study the coverage performance, we
examine the outage probability in each scenario for both uplink
and downlink, and we optimize it to derive the optimal UAV
placement. Although the optimization problem, in terms of the
UAV tether length and the angle it makes with the horizontal, is
non-convex, we formulate and solve a simplified problem where
the outage probability is minimized with respect to the channel
gain to obtain the optimal UAV position. The simulation results
show that using two UAVs, one onshore and one on the ship,
provides more reliable connectivity on the uplink and downlink
compared to the other two scenarios.

Index Terms—Maritime Communications, Tethered UAVs,
Placement Optimization.

I. INTRODUCTION

Maritime activities have expanded over the last few
decades to include fisheries and aquaculture, maritime trans-
portation, and marine life monitoring. Such activities require
reliable maritime communications in order to transfer mul-
timedia data to remote users over the network [1]. Thus,
there is a need for robust backhaul links connecting the
ships to the core network. Nonetheless, while underwater
communications have gained a lot of attention recently [2]-
[5], establishing maritime communication links to connect
marine vessels to the core network remains a challenge that
requires further research. This is due to the low user density,
the vast ocean areas that should be covered, and the difficulty
of deploying typical base stations in the open seas [6]. Con-
ventional maritime communication technologies are based
on on-shore base stations providing basic services including
automatic identification systems (AIS), text messaging and
voice calling. To support broadband connectivity, the authors
of [7] proposed a maritime communication system based on
the Long-Term Evolution (LTE) technology. Through a test-
bed composed of several ships and base stations installed
along the coastline, they achieved a few Mbps data rate over
100 km link range. Meanwhile, efforts have been dedicated

to enable connectivity in such remote under-connected areas,
using integrated terrestrial and non-terrestrial networks [8],
[9]. Specifically, researchers have developed satellite-based
maritime communication systems, to expand the coverage
area. In particular, Inmarsat Global Xpress is a series of
satellite communication systems, composed of Geostationary
Earth Orbit (GEO) satellite constellations [10]. They offer
global data services over the Ka-band with a data rate of 50
Mbps on downlink and a few Mbps on uplink.

Nonetheless, satellite-based communications not only suf-
fer from large propagation distances and restricted on-board
resources leading to significant delays and limited data rates
but also require international regulations can pose political
complications [6], [11]. Moreover, unlike cargo and cruise
ships, maritime users particularly in fishing villages and
small islands cannot afford the use of satellite-based systems.
This is due to their high costs and large antennas which
cannot be installed on fishing and small boats. Consequently,
there is an increasing need for connectivity solutions that
are suitable for this type of vessel, especially with the
growing economy in the fisheries and aquaculture industry.
Statistics reveal that the estimated growth of the global
seafood market is expected to increase from around 237
billion USD in 2023 to approximately 331 billion USD by
2028 [12]. Therefore, researchers are dedicating their efforts
to develop communication systems based on UAVs, providing
promising alternatives to extend the terrestrial network. The
UAVs can expand the near-shore coverage, by acting as
relaying units to connect marine vessels and on-land base
stations. Because of their cost-efficient, simple and flexible
deployment, these aerial platforms are suitable for maritime
communications. In [11], UAVs are used in a hybrid satellite-
terrestrial network for coverage improvement in broadband
on-demand maritime communications. However, UAVs are
battery-dependent which limits their flight time, and affects
the link reliability. Tethered UAVs can alleviate such an
issue, at the cost of restricted mobility and limited coverage
compared to untethered UAVs [13]. The tether linking the
UAV to an anchor unit, connecting it to a power supply. It
also incorporates a connectivity wire which can be a copper
cable or an optical fiber, enabling high data rates.

Few studies have been reported in the literature devel-
oping tethered UAV-based maritime communications. The
BLUECOM+ project [14] presents a cost-effective broadband



communication solution. Using helikites tethered to on-land
and ocean platforms, they achieve 3 Mbps over 100 km
of two-hop communication link. In [15], [16], the authors
employed tethered UAVs connected to edge servers on the
coastline in a hybrid satellite UAV terrestrial network for on-
demand maritime coverage. In [15], they optimize the rate of
users served by Terrestrial Base Stations (TBSs) and UAVs
while ensuring a minimum interference with satellite users. In
[16], they adopt Non-Orthogonal Multiple Access (NOMA)
technique to serve the sparsely distributed users. Also, they
propose a joint power allocation scheme that maximizes
the network sum rate taking into account the interference
between the network’s segments and guaranteeing a minimal
quality-of-service requirement.

In this paper, we focus on the use of tethered UAVs in mar-
itime communications aiming to connect users aboard marine
vessels to the core network. While none of the aforemen-
tioned works study the case where UAVs are tethered to the
ships, we not only investigate this scenario but also the cases
where the UAVs are installed on the shore, or on both sides.
Particularly, we investigate the coverage performance for the
three scenarios and we derive the optimal placement of the
UAV in each case while minimizing the outage probability.
We also compare the coverage performance of the three links
for both uplink and downlink. To the best of our knowledge,
this is the first work that considers the use of UAVs tethered
to marine vessels in maritime communications. The rest of
the paper is organized as follows, Section II describes the
system model particularly the channel modeling of each
scenario. Section III deals with the optimization of the outage
probability and the derivation of the UAVs optimal placement.
Section IV discusses the numerical results, followed by the
paper conclusion in Section V.

II. SYSTEM MODEL

We consider three scenarios of tethered UAV-based mar-
itime communications, as shown in Fig.1. First, we assume
that the UAV (sUAV) is tethered to the ship at sea, providing
connectivity through a wireless link TBS—sUAV with the
TBS on land. Second, we consider the case where the tethered
UAV (gUAV) is installed on the ground and connected to
the marine vessel through another wireless link Ship—gUAV,
which is similar to the scenario in [16]. Third, we adopt two
UAVs on both sides creating an Air-to-Air link gUAV —sUAV.

To simplify the analysis, for each link £ = 1,2, 3, we use
a 2D coordinate system (xj,y;) modeling the positions of
the different components in each scenario, as illustrated in
Fig.1. The coordinates of the TBS, antenna ship, and the two

UAVs are as follows:

C ) = (zrBs, yres)
Celn = (@1,51)
AntS

(I27y2 AV
a’z’m) = (x2’y2)

(gUAV—sUAV):

« Link 1 (TBS—sUAV):

= (TAnts, n
e Link 2 (Shlp—gUAV) { ( AntS; YA tS)

e Link
sUAV _ sUAV , sUAV
C(I37y3) = (23 » Y3 )
gUAV gUAV  gUAV
(o) = (T8 0¥ )

The coordinates of the sUAV and gUAV can be written in
terms of the UAV tether length and the angle it makes with
the x—axis as follows:

o For sUAV:
x1 = 1M1 cos by, $C§UAV =1xg — 11 cosb,
y1 =msinfy, ’ yEUAV =7 sin b, ’
(1)
o For gUAV:
T3 = 12 COS b2, 289 = 1, cos by, 2
Yo = 12 sin s, ySUAY = 1y sin 0y,

where 7,,, 6, for n = 1,2 are the tether length and angle
of the sUAV and the gUAYV, respectively, indicating the
placement of the tethered UAVs. Also, xg denotes the x
coordinate of the ship in Link 3.

Antenna
Ship

—— Uplink

——— Downlink

Link 1: TBS—sUAV UAV Anchor

Link 2: Ship—gUAV
Link 3: gUAV—sUAV

Fig. 1: Illustration of the Tethered UAV-based Maritime
Communication.

The coastline

We examine the performance of the three links for both
uplink and downlink scenarios. Three types of wireless
channels can be distinguished:

e Air-to-Ground/Sea (AG) channel in the case of the
uplink of link 1 and the downlink of link 2.

e Ground/Sea-to-Air (GA) channel in the case of the
downlink and uplink of link 1 and 2, respectively.

o Air-to-Air (AA) channel, inter-UAV communication in
case of the third link for both uplink and downlink.

The modeling of each channel includes the large-scale
fading characterized by the path loss of the dominant Line-of-
Sight (LOS) component, and the small-scale fading modeled
as a Rician fading [17], [18].

A. Large-scale Fading

Assuming the earth’s flatness for the considered commu-
nication ranges, the path loss of the Air-to-Ground channel
can be modeled as follows [11], [17], [18],

d
Lac(di)lyg = Lac(dY)|as + 10aac logy (dé) +x 3)

where dj, represents the communication distance, dg is the
reference distance, a4 denotes the path loss exponent and



is a zero-mean Gaussian random variable with variance o,
describing the difference between the measured data and the
model in [18].

Moreover, the large-scale in case of the Ground-to-Air and
the Air-to-Air channels can be expressed using the Free-space
path loss model, as follows [19], [20],

47dek

Ls(di)| 5 = 100 log ( > , s={AA,GA} 4
where «, denotes the path loss exponent, f and c are
the frequency and the light velocity. The link range dj, is
expressed in terms of the coordinates of the link components,
as

V(z1 — z1Bs)? + (y1 — yTBS)?, k=1
di = V(@2 — xams)? + (Y2 — Yaus)?, k=2 |
\/(x§UA\/ — 2BUAV)2 § (ysUAV _ gUAVY2 3

(6]
We note that the distance dj, can also be expressed in terms of
the tether length 7 and the angle # of the UAV using (1) and
(2). Thus, the path loss characterizing the large-scale fading
of the uplink (U) and downlink (D) for the k*” link is,

Lac(di)las (k1) ={(1,U),(2,D)}
Li(dy) =< Laaldr)las (k1) ={(1,D),(2,U)}
Laa(di)las (k1) ={(3,D),(3,U)}

(6)
Thus, the corresponding channel gain can be expressed as,

hk,l(dk) = 107Lk,l(dk)/10. o

B. Small-scale Fading

To capture the characteristics of the maritime channel, the
small-scale channel fading caused by the weak paths resulting
from the multiple sea surface reflections, especially in rough
sea situations, is modeled as Rician fading [17]. It is defined
by the following distribution,

e e [ )
(&)= —F—exp | —F—F—"
" k 1 201%,1
®)
where 2% , and Vk ; are the average received power of the
multipath components and the LOS component, respectively,
and Ip(.) is the first kind of modified Bessel function of the
0" order given by,

Io(x) = mio ﬁ (5™ ©)

III. OPTIMIZATION OF TETHERED UAV LOCATION

In this section, we derive the expression of the outage
probability, formulate the optimization problem, and solve
it to obtain the optimal placement of the tethered UAVs in
each scenario.

A. Outage Probability

To investigate the coverage performance of both the up-
link and downlink for each scenario, we study the outage
probability which is defined as follows,

PR = Priykg < 4", (10)

where < ; is the signal-to-noise ratio (SNR) and fy"””

denotes the minimum SNR value guaranteeing minimal link
quality. The SNR is given by
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where G, | = Gg.leRl, G{l and Gle are the transmitter and
receiver antenna gains, ‘712\@ is the Gaussian noise power and
Py, is the transmit power, given by

Poav, (kv l) = (17 U)a (37 U)}
P, UAV, (kal) = {( 7D)7 (37D)}
P, = g 12
kot PTBS; ( 71):(17D) ( )
PAntSa (kal) = (2’ U)
Assuming that o4; = 1, the outage probability can be

written in terms of the cumulative distribution function (CDF)
of a noncentral chi-squared distribution with two degrees of
freedom and noncentrality parameter v7 ,,

PRI = 1= Q1 (ver, 01), (13)
where vi 1 = \/Pr G il Ox1 = m’ym”, and

Q1(a,b) is the Marcum Q-function of first order given by,

22 + a2
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B. Optimal UAV placement

1) Optimal UAV placement for Link 1 and Link 2:
To maximise the link coverage in each scenario, we minimize
the outage probability by finding the optimal placement of the
tethered UAV in the 2D plane. Since, the UAV position can be
determined by its tether length and its angle with the z—axis,
the optimization problem (Py ), k = 1,2 and | = U, D, for
the first and second links can be written as,

) Iy(az)dz. (14)

(Pkﬁl) : min Pout (nk,Hk) (153.)
Mk, 0k

s. t. Nk, min S Nk S Nk, mazx» (ISb)

Hk,min S ak S ek,max (150)

where N min, Mk,mazs Ok,min and Ok mq, are the minimum
and maximum values of the tether length and angle of the
sUAV and the gUAV, when k£ =1 and k£ = 2 respectively.

The outage probability P'* (ny, 0)) is expressed, in (13),
in terms of the Marcum Q-function with two variables v ;
and dy, ;, which are two-variable functions of 7, and 6. Thus,
the objective function of (Py ;) is a two-variable composition
of three functions, which makes the optimization problem
not only non-convex, but also, difficult to solve in terms of
two variables. Hence, to simplify the problem, we change the
variables of the objective function, such that it can be written
in terms of one variable which is the channel gain Ay ;, and
the outage probability becomes,

B
PR (hiey) =1 - Q1 (Ak,l\/ hi.1, ;;l> (16)
kL
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where Ak,l = \/Pk,le,l and Bk,l = PeiGra
constants depending on the system parameters. Then, the

simplified optimization problem is,

y gz lZ " are

(PL’I) : 1’361111 P,S}l‘t (hi1) (17a)

s.t. Higmin < Pkt < Hilmaz, (17b)

where Hy, | min and Hy, ; yqe are the minimum and maximum
values of the channel gain. Then, to solve the simplified prob-
lem (P} ), we examine the objective function in (16), which
can be written in terms of a composition of a multivariable
function as,

PR (hiey) =1 — Q1 (f (hieyt), 9(Pue,t) (18)
where f(hk,l) = AkJ\/th and g(hk,l) = & The

hi,
derivative of (18) can be obtained using the multivariable
chain rules as follows,

PRy (hea) — 0Q1 (f (hiea), 9(ha)) O (hia)
Ohi 1 Of (i) Ohwi (o)
0@ (f (hye,t), g(huet)) Og ()
9g(hu1) Ohy1

where the partial derivatives of Q1 (f(hi,1), g(hi1)), f(hiy)
and g(hg,) are,

Q1 (f(hi,1), g(hi 1))

=f(hi,)[Q2 (f(hwt), 9(hry))

Of (i) (20)
— Q1 (f(hi), 9(he))]
0Q1 (f(hia),g(hr))
D9(hnr) =g(h,1)[Qo (f(hi1), g(hi.1)) 21
— Q1 (f(hry), g(hiy))]
Of(hey)  Awg 9g(hia) By 22)
Ohry 2y Ohky — 2(hy)B/2

Hence, the derivative in (19) becomes,

P (hi,t)

8h;€7l
A2
= Q2 (F(hua), 9(hi)) = Q1 (f (i), g ()]
2
- i’;’l [Q1 (f(hia)s g(haea)) = Qo (F (haea)s 9 ()]
k,l

(23)
The generalized Marcum Q-function @, (a,b) is strictly in-
creasing in n for all positive a and b [21]. Then, the derivative
in (23) is strictly negative and therefore, the outage probabil-
ity with respect to the channel gain Ay, ; is strictly decreasing.
Consequently, the optimal solution hj ; of the optimization
problem (Py_,) is Hy i maz, Which can be written in terms
of the link distance as follows,

hz,l = Hk,l,maz = Ok,l [dk,min]ﬁk‘l 24)

where C},; and (B are given by,

O = { ()" 10~

(1)
Br,g = {

Also, dj, min is the minimum communication distance
which can be obtained by solving the following problem,

LagWDlap+x
10

(k7 l) = {(17 U)7 (27 D)}

(k,1) ={(1, D), (2,U)}
(25)

—QAG

k.l
—aga (k1) ﬁ ' (26)

(Piy) = min  dy (wr, yr) (27a)
S. bt Tk min < < Tk, max, (27b)
Yk, min < Yk < Yk, max- (270)

Using the constraints on the tether length and the angle of
the UAV in (15), we obtain the constraints on the (xg, yx),
k = 1,2 coordinates which have the following minimum and
maximum values,

(xk,min, yk,mzn) - (nk,min COos ek,maacy Nk, min sin ek‘,min)

(mk,maﬂ')y yk,max) == (nk,maw COos ek,m,in, Nk, max sin ek,m(w))

(28)

The partial derivatives of dj, (z, yx) are expressed as follows,

T1—TTBS
Odi (g, yk) _ di(z1,91)°
Oxy, - ZQ(IAm? ; — ’
2(Z2,Y2
Y1—YTBS — (29)
Odp (Tk,yk) __ di(z1,y1)’
oYk - Y2 —YAntS —
da(x2,y2)’

Since we have that 1 mee < TS and T2 mee < TAntS,
then the distance dj (zy,yr) is decreasing with respect to
Tk- Slm]larly’ since Y1,min > YTBS and Y2,min > YAntS» the
distance is increasing with respect to y;. Hence, the minimum
distance is dk,min =dj, (Cck,maam yk,min)~

Therefore, the optimal placement of the UAVs is defined
by’ (771:7 92) = ( mi,maw + ylimin’ arctan (

2) Optimal UAV placement for Link 3:
For the third link, we minimize the outage probability by
optimizing the position of the two tethered UAVs (sUAV and
gUAV) in the 2D plane. Hence the third optimization problem
(P31), I =U, D is expressed as,

Yk, min

Tk, max

(Pg1):  min PP} (m1,601,m2,062) (30a)
71,01,7m2,02 ’

st Nimin <M < Nmazs (30b)

01,min < 01 < 01 maz, (30¢)

712, min S 72 S 712, mazxs (30d)

02 min < 02 < 02 g (30e)

To solve the optimization problem (Pg3;), we follow
similar strategy employed in the problem resolution for the
first two links. First, the solution h3; of the corresponding
simplified problem is,

c aAA
h3, = Cslds min] “**, Csy = (W) (31)



The minimum distance ds ., is determined by solving the
following optimization problem,

: UAV UAV
(PR s min  dy (2372, 2§, 53, 84 320)

st afa, < @AY <y, (32b)
Yo < y3UAY < gsUAY (320)
U < 25U < a0 (32d)
yguA < ysUAY < ysUY (32¢)

where the constraints on the two UAVs coordinates are
defined by minimum and maximum values in (28), except
for x coordinate of the SUAV which takes into account the
ship’s position where 25AY € [25 — 11 maz €OS 01 min, Ts —
11,min COS el,maac]-

To ensure an Air-to-Air communication between the two
UAVs, we assume that both UAVs are flying at simi-
lar heights, which can be set to their maximum value

to minimise the distance i.e. ySUAV gUAV Then,

3[,}&%/1 3,mazx"*
sUAV g . ..
3min 2 the distance is in-

3,mazx>’
. . . . UAV
creasing and deceasing with respect to x%UAV and x§ ,

respectively. Thus, the minimum distance is ds min

sUAV | sUAV gUAV  gUAV
ds (x&min’ Y3, maz: T3 maz> yS,maw)'

Therefore, the optimal placement of the sUAV and gUAV
is defined by,

sUAV
(n7,07) = (/@300 + (35n,)?, arctan (g )),

3,min
* [k UAV UAV
(13,0 = (e + (A 2 avetan

since we have that x

3,max
IV. NUMERICAL RESULTS

In this section, we present our numerical results. Table
I summarizes the simulation parameters. Also, the y coor-
dinates (the heights) of the TBS and the antenna ship are
yrs = 30m and yangs = 5m. The minimum and maximum
values of the tether length and angle of the sUAV and the
gUAV are Mn,min = 200m, Mn,maz = 800m, enﬂmin = %
and 0, ;max ~ 3, for n = 1,2. The antenna gains for the
TBS, UAYV, and ship are 12 dB, 10 dB and 10 dB [11], [16].
We set the minimum SNR ,qulm to 5 dB, 10 dB and 15 dB.

Parameter  Value Parameter Value

aAA 1.9 [19] Puav 30 W [16]
asG 2.2 [18] Pants 20 W

aga 2.51 [19] Prgs 40 W [16]

f 2 GHz P(%UAV 30W

o, w4 2.2 Km [18]
oy 42dB [18] Lag(d?)|qp 1007 dB [18]

TABLE I: Simulation Parameters

To investigate the coverage performance of the three links,
we observe the variations of the outage probability versus
the distance between the ship and the shore, presented in
Fig.2 and Fig.3 in case of the downlink and the uplink,
respectively for the scenarios of Link 1 (TBS—sUAV), Link
2 (Ship—gUAV) [16], and Link 3 (gUAV—sUAV). First, the
results shows that the outage probability is increasing in
terms of the SNR ~;"/" which is expected because high SNR
requirements limits the coverage performance of the links.

gUAV
Y3, maz
2UAY .

Second, for link 1 where the UAV is tethered to the ship
at sea, we notice that the uplink is more reliable than the
downlink. Meanwhile for link 2 where the UAV is installed
on the shore, the downlink is more reliable than the uplink.
This behaviour can be explained by the type of the wireless
channel in each case. In fact, the channel of the uplink of
link 1 and downlink of link 2 is an Air-to-Ground channel,
having a lower path loss exponent than the Ground-to-Air
channel describing the case of the downlink of the first link
and uplink of second link. Therefore, taking advantage of
both links, it would be beneficial to employ link 1 for the
uplink and link 2 for the downlink.

Third, regarding link 3 where two UAVs are used, the
uplink and downlink have similar outage probability because
of the symmetric Air-to-Air communications. As illustrated
in Fig.2 and Fig.3, the third link presents a better performance
compared to the other links, in terms of outage probability,
not only because the Air-to-Air channel has lower path loss,
but also because the distance between the two UAVs, which
are flying at same heights, of the third link’s is shorter
compared to link 1 and 2, for the same ship-shore range.
Nevertheless, we note that, in terms of rate performance,
using two UAVs operating in a similar fashion to link 1 and 2
(sUAV for uplink and gUAV for downlink) may be better than
employing link 3 with Air-to-Air communications. In fact, the
available band should be divided between the UAVs to avoid
interference in the second case, while the entire band can be
used for both uplink and downlink without interference, in
the first case, increasing the achievable rate.

V. CONCLUSION

In this work, we explored the use of tethered UAVs in
maritime communications. In particular, we considered three
scenarios where the UAV is either installed on the shore,
tethered to the ship, or both. Then, we optimized the outage
probability to derive the optimal UAV placement for the
uplink and downlink in each scenario. In terms of the UAV
tether length and the angle it makes with the horizontal, the
optimization problem is not convex, hence, we derived the
optimal UAV placement by solving a simplified problem that
minimizes the outage probability with respect to the channel
gain. The simulation results showed that adopting two UAVs
offers more reliable uplink and downlink, compared to the
other scenarios.
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