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Abstract. With the wide application of Internet of Things (IoT) sys-
tems in the smart ocean, many unmanned surface vehicles (USVs) have
been deployed jointly with unmanned aerial vehicles (UAVs) to monitor
the maritime environment. However, conventional means of maritime
communications fail to provide high-rate services due to the complex
maritime channel conditions and large transmission distance, which will
affect the environmental monitoring performance. In this paper, we pro-
pose a USV-UAV collaborative patrol scheme for maritime environment
monitoring networks. Considering the characteristic of energy concentra-
tion in beamforming, we investigate the joint beamforming and location
deployment optimization problem (BLDO) for UAV relay. Specifically,
we decompose the BLDO problem into two subproblems. In the first
sub-problem, the location deployment of UAV and beam gain allocation
is optimized via an iterative algorithm based on the approximated beam
patterns. The algorithm can effectively reduce the computational com-
plexity of the grid-search method. In the second sub-problem, beamform-
ing optimization is conducted with a high-dimensional constant-modulus
(CM) constraint. A micro-particle swarm optimization-based algorithm
with boundary relaxation (BR—uPSO) is proposed to obtain an optimal
solution. Finally, the simulation results demonstrate that the proposed
algorithms can improve the performance in terms of the achievable sum
rate and the beam gain.

Keywords: UAV - USV - Maritime environment monitoring - Deploy-
ment - Beamforming

1 Introduction

With the rapid development of the maritime economy, oily wastewater, toxicant-
containing wastewater, and domestic solid wastes, etc., pose a serious threat to
ecological environment protection, which is becoming an urgent issue [1]. Yan
et al. [2] deployed a wireless sensor network (WSN) to locate the source of pol-
lution in the urban water supply network. However, WSN is inflexible and has
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limited monitoring range and unsatisfactory adaptability to the complex mar-
itime environment. The existing maritime communication systems typically rely
on satellite communications and very-high-frequency (VHF) communications [3].
However, the high cost of satellite communication and the limited bandwidth of
VHF cannot support the access of multiple acquisition terminals. Therefore, it
is imperative to design efficient data uploading schemes to improve the commu-
nication capacity for maritime environmental monitoring networks.

To increase the communication capacity, multiple antenna technique has been
introduced for maritime communication systems in [4]. Particularly, beamform-
ing (BF) in multiple-input multiple-output (MIMO) system has been considered
as one of the major candidate technologies [6-9]. Beamforming technology pro-
vides the benefits of increased diversity for the BS and user equipment. Smart
antennas enable increase of capacity in wireless communication systems by suc-
cessfully reducing channel interference. Zhu et al. in [6] employed the analog
beamforming to achieve the directional beamforming, which can effectively sup-
press the interference from other users. Su et al. in [7] demonstrated that beam-
forming technique can offer considerable beam gain to overcome the high propa-
gation loss. To further improve the transmission rate, Zhu et al. in [6] and Xiao
et al. in [8] explored the joint power allocation and beamforming for a two-user
downlink and uplink mm-Wave NOMA scenario, respectively. At present, most
of the studies are based on terrestrial communication systems.

Unmanned Aerial Vehicles (UAVs) have been widely employed in emergency
and environmental monitoring tasks in the past few years. However, for the
existing methods on UAV deployment monitoring[9, 10, 12], beamforming has
not been taken into consideration yet. They may suffer from the interference
from the maritime climate and neighboring infrastructures [10]. Considering the
flexibility of UAVs and the advantages of beamforming technology such as anti-
interference and energy concentration, the combination of the two is very promis-
ing [11,12]. It can not only improve the communication quality of UAV, but also
save communication energy consumption. However, the joint beamforming and
UAYV location optimization problem will be more complicated since it is highly
non-convex and involves high-dimensional, highly coupled variable vectors. For
example, Mozaffari et al. in [12] presented a grid-search method to calculate
the maximum achievable rate of each grid intersection point to determine the
approximate optimal location of the UAV. Whereas the algorithm complexity
increases exponentially making it difficult to determine the optimal grid accu-
racy.

The aforementioned beamforming schemes are suitable for terrestrial sys-
tems, yet few contributions have been devoted to the problem of maritime
beamforming systems. When designing the UAV-assisted USV patrol scheme,
the following differences between ocean and land have to be investigated :

e Channel distinction: Maritime propagation environment has unique char-
acteristics such as sparsity, instability and the ducting effect over the sea surface.
Therefore, we need to establish a multipath channel model suitable for the char-
acteristics of the maritime environment.
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e Energy limitation: The offshore relays are usually powered by solar energy
due to the lack of infrastructure. Therefore, we should reduce communication
energy consumption as much as possible.

In order to meet the aforementioned challenges, we investigate the beamform-
ing and location deployment optimization (BLDO) problem for UAV-assisted
maritime environment monitoring networks. Specifically, the energy is concen-
trated in the target USV direction through beamforming technology. Since the
variables are coupled with each other and have high dimensions, the BLDO prob-
lem is decomposed into two sub-problems by introducing the ideal beamforming.
In the first stage, an iterative algorithm based on water injection is proposed to
find the UAV’s optimal position. In the second stage, considering the difficulty of
the constant modulus (CM) constraint and the "curse of dimensionality" of the
high-dimensional problems, a micro-particle swarm algorithm (BR — pPSO) is
proposed based on boundary relaxation to obtain the beamforming vector. Our
main contributions are summarized as follows:

e Beamforming technology is combined with UAV assisted communication
to maximize the achievable sum rate of data uploading from the patrol USVs.
The beam gain of the target USV direction is significantly enhanced, thus solving
the problem of limited maritime communication bandwidth without increasing
hardware cost.

e An iterative algorithm and a particle swarm optimization algorithm based
on boundary relaxation (BR — pPSO) are proposed to solve the UAV location
deployment and beamforming optimization problems, respectively. The results
show that, the energy is concentrated in the direction of target USVs, and the
proposed algorithms can efficiently improve the achievable sum rate and the
beam gain.

The rest of this paper is organized as follows. The system and channel model
of the maritime MIMO system is introduced in Section II. Sections III and IV
describe the deployment and analog beamforming optimization of the hovering
UAV, respectively. The simulation results are presented and discussed in Section
V. Section VI concludes this paper.

Notation: In this paper, I, stands for an n x n identity matrix, ()H, Il
[l denote Hermitian transpose, the absolute value of a complex number, the
Euclidean norm respectively.

2 System Model and Problem Formulation

2.1 System Model

We consider a UAV-assisted USV patrol scheme for maritime monitoring net-
work as depicted in Fig. 1, where one UAV is responsible for air patrol and the
USVs are responsible for information collection. The network is expected to re-
alize high reliability and low delay in information transmission while increasing
communication capacity. The UAV is equipped with an M-element uniform lin-
ear array (ULA), serving K USVs with a single antenna. To enable multistream
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communications, each antenna branch has a phase shifter and a power amplifier
(PA) to drive the antenna.

For the sake of convenience, we establish a 3-D rectangular coordinate sys-
tem to represent UAV and USVs’ location relationship, where USVs are dis-
tributed on the horizontal plane located at (xg, yx,0) and the coordinate of the
UAV is (24, Yu, hey). Note that we use orthogonal frequency division multiplex-
ing (OFDM) technology, where each USV occupies an independent frequency to
transmit the information s; ~ CN (0,1) to the UAV relay. The kth USV trans-
mits signal s; to the UAV with the corresponding transmit power py, where
E(|s;]*) = 1. Then the received signal yyay € CM*1 at the UAV can be ex-
pressed as

K
yoav = »_ H{wW\/[prsi +m1 (1)
k=1
where Hj, is channel response vector between the kth USV and the UAV, the
elements of vector n; represent additive white Gaussian noise (AWGN) with
variance o7, and w denotes an M x 1 beamforming (BF) vector with CM con-
straint for ULA structure, i.e., |[wg]| = \/LM fork=1,2,..., M.

Multi-antenna UAYV relay

UAV-assited
offloading

Fig. 1: llustration of a maritime patrol scenario including one UAV, and multiple
USVs.

Due to the lack of scatters in the vast sea area, the line-of-sight (LoS) path
will dominate most of the air-to-sea channels. The Rayleigh fading, generally
analyzed in the terrestrial communication systems, may no longer be suitable
for the maritime environment. Instead, the finite scattering channel [13] could be
more appropriate for the maritime model. Furthermore, the reflection path from
the sea surface may exist in some conditions, resulting in severe multipath effects.
Therefore, a sparse multipath channel based on multipath fading is conceived to
describe the USV-UAV channel in our model. The uplink channel (UL) between
USV and UAV is denoted by hy. Different multipath components (MPCs) have



Joint Beamforming and Deployment Optimization 5

different physical receive steering angles, i.e., angles of arrival (AoAs). With
half-spaced ULAs adopted at the receiver, the channel matrix can be expressed

as
LT jmo grm-1)8]"
aT(¢l): M|:17€ ,ort, € (2)

Loy — T4

¢ = (3)
\/(CCu —2k)? + (Y —wr)” + B2

a, (¢;) is the antenna array response vector at the UAV, where ¢; denotes
the real AoA of the ith MPC for the kth USV ie. ¢ = cos(AoA), and ¢; is
within the range of (—1,1). We only consider the azimuth and neglect elevation
to implement horizontal 2-D beamforming. The extension to 3-D beamforming
by adopting an uniform planar array (UPA) configuration may also be possible.

2.2 Problem Formulation

In this subsection, we aim to maximize the achievable sum uploading rate of all
USVs when the channel is known prior. For each USV, under the constraints of
minimal rate for USVs and antenna structure, the achievable rate Ry is denoted

by
hfw 2

where py, is the transmission power at each USV, and o2 is the power of Gaussian

white noise at ith USV. ’th w’2 denotes the effective channel gain between the
kth USV and UAV. In this problem, the UAV deployment intertwines with the
beamforming design, accordingly, the achievable sum rate maximization problem
can be formulated as

h
g Yl ( Al )

S.t.Cl:RkZCk k=1,2...,K (5)
1
C2:|w),|=—=— i=12...,N
M
C3:(zy,yu) €D

where (i denotes the minimum rate requirement for kth USV, and thus, C1
denotes the QoS requirement for each USV. Meanwhile, |[w]| = \/1]7[ is the CM
constraint due to usig the phase shifters in each antenna branch at the UAV.
The optimization variables are the projected coordinates of UAV (z,,v,) and
the beamforming vector w.
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3 Problem Solution

Directly solving the BLDO problem (5) by using the existing optimization tools
is infeasible, because the problem is non-convex, and the UAV position variables
intertwine with the beamforming vector. Since the location of the UAV crucially
affects the channel matrix, we can resort to the approximate beam pattern and
decompose the BLDO problem into two sub-problems that are relatively easy to
solve one by one.

3.1 UAYV Deployment and Beam Gain Allocation Sub-Problem

We first resort to approximate beam patterns and try to decompose the deploy-
ment and beamforming variables. Then, we have the following lemma.
Lemma 1: With the ideal beamforming, the beam gains satisfy

5 8 S
— gttt —g =M
A el Al

(6)

Note that in the case of ideal beamforming, the beam gains along the USV
directions are fixed with a beam width of %, while those along nonuser direc-
[bifw]” _

.

K
tions are all zeros, i.e., there are no side lobes. Then, we have E
k=1 k

where 5k:’afw|2 denotes the antenna beam gain of the kth USV, and ‘5\;@’ =

max ’)\ﬁ%l ’, denotes the index of the strongest MPC for USVs. For the kth USV,

the UAV maximizes the effective channel gain by fixed beam direction. It can
be approximated as

b w|* ~ A |af w|® (7)

Therefore, based on Lemma 1, we can rewrite the original achievable sum

rate maximization problem with the beamforming gains, and simplify it to the
problems of UAV deployment and beam gain assignment.

M <2
K > Pk [ Ae] Ok
Py : max E logy | 14+ 25—

2
Y ’6
(Iu u) k P

g

st.Cliogy |14+ 25 ——— [ > ¢ k=12... K (8)

K

CZ:ZL—M

=P

C3:(zy,yu) €D rnE€R
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We impose a threshold ¢* on the SINRE, for reliable decoding(i.e., STNRF, >
¢F). C2 is the constraint on ideal beamforming. At the same time, the CM
constraint can be ignored in the first sub-problem.

The details of the proposed algorithm are presented in Algorithm 1.

Algorithm 1 UAV Position Optimization and Beam Gain Allocation

1: Initialize (2™, y'%) and 69 = -

: Repeat

el

Caleulate ™) = arg max F (y(“ 1]‘5:(” 1})
5. Caleulate y'™ = argmax F (J:(”},;EE" 1})

6: Solve F (;j': s :') using water filling algorithm
7: Calculate F™ = F (;I_-[n]‘ylin}‘ﬂ-‘@'a))

8 Updaten=n+1, yo =y, 2, = 2*"V
9: Until |Fin) — pin-1)

10: Output (z},.y;,d!) as the optimal solution

= £

, set n = 1 as the initial feasible point

With given (x("=1, yn=U) and 4, = :ﬁ“ U calculate F(n—1) (Zos Yus 0;)

We have hereto solved the first subproblem, and obtain an optimal location

of the UAV under the assumption of approximate beamforming.

3.2 Beamforming Optimization Sub-Problem

Substituting the obtained optimal location of UAV to the BLDO problem, we
obtain the beamforming sub-problem. Since the analog beamforming should sup-
port all of the patrol USVs, the principle of beamforming design is to maximize
the array gains for all USVs. However, the CM constraint is not accounted for
in P;, and we consider it in the following beamforming sub-problem Ps:

K
Py :maxz ’thw’2
W
k=1

s.t. C1 :log, <1+ck-|akHw’2> > & k=12....K

Ko (9)
C2:> =M  i=12...M

i [l

1

C3:|[w] |=—=

Wl =
< |2

where ¢ = P";;d is the channel gain coeflicient along the strongest MPC.

Problem P, is clearly non-convex. In order to ensure that the modulus value
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of each element in w is 1/1 /M we transform it into angle domain, and then
optimize its phase. It has been confirmed that the phase rotation of the BF does
not affect the optimality of this problem. Let w = (1 / vV M ) -e7%#, then we have

Ihfw|® = (A L et eie ).

It has been confirmed that the phase rotation of the BF does not affect
the optimality of this problem. Therefore, the elimination norm operation can
be performed, and akH e/# is real and non-negative. We proposed a suboptimal
solution, meanwhile, we will provide the optimal solution by relaxing P, into the
following convex problem:

K
P :maXZakHej”
? k=
s.t. C1 :log, (1+ck-|akHej"”2)2§k k=12....K

(10)
K

CQ:Z%:M i=1,2....M
=t | el
C3 :Im(afl e’?) =0
To solve this problem, some swarm-based algorithms can be considered here,
e.g., particle swarm optimization (PSO) algorithm. However, the performance of
PSO algorithm begins to decline for high-dimensional problems. In this paper,
a micro-particle swarm algorithm with boundary relaxation (BR — uPSO) is

proposed. We transform Pj3 into an unconstrained one by means of the penalty
function, so we redescribe the constraint of C1 as

1 4
g (9) =togs (14 e grlaffe ) 6 2 0 (11)

The objective function can be rewritten as:

K K
Py Min}pmize - Z a,?eJ‘PJr,uZ [max {0, —g; (¢)}]?

k=1 i=1
K
1 (12)
s6.01:Y —s =M  i=12....M
=t | el
C2 :Im(afle’?) =0
where the penalty function is expressed as
w0, g5 ()} = { (13)
—9i (¢)

If ¢ is a feasible solution, the value is 0. If not, the value is —g; (¢). Each particle
has a memory for its best found position Py.s; and the globally best position
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Gypest- The rate update formula of Gy

Vg =@V, = Xy +Goeul, + [reply, )
For each iteration, the velocity and position of each particle are updated based
on:
VIS = wlVI5,, +rand() * ([Preatl; .~ [XTj.,) (15)
+rand() * ([Gbest]nf [X];,n )+ [rep];"

w1 XS VIR X =X
Kl = { [X]i,n + [V]?J;l clse. ! (16)

The parameter w is the inertia weight of velocity. [rep}zn is the repulsion expe-
rienced from K blacklisted solutions. dg; = x; — Xy, is a vector pointing from the
blacklisted solution [ to the ith particle. The details of the proposed BR— uPSO
algorithm are presented in Algorithm 2.

Due to the equality constraint, the search space for X is high-dimensional. We
relax the search space to a convex set and adjust the particles on the boundaries
of each iteration. The outer and inter boundary is defined as

{X| ‘[X]m‘ = dbeyond} dpeyond = \/% (17)
i, =} do= 7 (18)

For each iteration, the particles out of the boundary are adjusted onto the bound-
ary, and eventually converge.

4 Simulation Results

In this section, simulation results are presented to demonstrate the performance
of our proposed iterative algorithm for UAV deployment and the BR — uPSO
algorithm for beamforming optimization. We consider a scenario that one UAV
serves multiple patrol USVs. In the simulation experiment, the positions of USVs
are randomly generated. Then we set pp = 35dBm, 0?> = —100dBm and h, =
200m, which are some typical parameters of offshore area [§].

First, we evaluate the performance of the proposed UAV deployment ap-
proach. Fig. 2 compares the random beam pattern with the designed beam pat-
tern by solving problem P;, where we assume the minimum rate constraints for
each USVs are 1, 4, 4, 3 and 3 bps/Hz, respectively. It shows the uplink achiev-
able sum rate and the optimal UAV position comparison between the proposed
iterative algorithm and the grid-search method in the scenario of five USVs.
Fig. 2 (a) shows a 2D scatter plot of the USV-UAV deployment relationship,
which is affected by USVs minimum rate constraints. It can be seen in Fig. 2
(b) that the proposed iterative algorithm has better performance in terms of
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Algorithm 2 Implementation of BR — pPSO
Input:

The number of antennas M

The number of particle swarm [

Maximum number of the iterations T'

The range of inertia weight wmin and wmax
Output: !

1: Initialize the position x; = ¢; and velocity v;
2: Obtain the rep;, dyeyond and din according to (17)(18)(19)
3: while { < T do

4 Obtain the fitness function F; (X) according to (12)
50 fori=1:1do
G forn=1:M do
T Update [X];t: and [V];J;l according to (15) (16)
8 if [[X],,| > docyons then

xJ;
9: Xi,j:dbeyan.d'[x_:ll'l"'
10: end if '
it if |[X],,| < i then

1X];,

12: Xi.j=flmm
13: end if
1 if |[Poest] ;| < din then

[Poeatl; ;
15: [prSt]i'j:di,l’[F’:=_;u]Lj|-
16: end if
17: end for
18: Update ppest
19: end for

20: Update gpese
2: if (Fip1 (X*) < Fi(X*)) then

22: T[ i) = [X]T

2 = 0 (Wi (1) s @)

24: else

25: Reset W=nin

26: end if

27: Reset gpesr and pp..¢ location and velocity matrices
28: t=t+1

29: end while

300 @7 = Gpeut

31: return P!

T T T 60
a5k % UAV (Proposed lterative Algorithm)
: O UAV (Grid-Search Method ) 55
A usv
al
g 50
35 1 ?1. .
£ A )
< 3 A 1 )
> o 40
T 25 o 1 £
"%_ A N i 35
S L * i @
3 2 o
° A 30
151 1 .E:_)
<25
1 4q
&4 Grid-Search Method
05r 1 . #  Proposed lterative Algorithm
1 1.5 2 25 3 35 4 4.5 5 10 15 20 25 30 35 40
coordinate x(km) Ptot(dBm)
(a) UAV location deployment. (b) The achievable sum rate via Pj.

Fig. 2: Location and performance of UAV deployments.
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the achievable sum rate than the grid-search method. Then, we evaluate the
performance of the proposed beamforming algorithm. The beamforming vector
w is designed to approach the approximate beam gain of each USV. Fig. 3 (a)
shows the comparison between the achievable sum rate via the proposed beam
pattern with different numbers of antennas against Py, M = 8,16,32 and K = 2.
Fig. 3 (b) shows the beam gain comparison result between the random and pro-
posed beamforming. We can observe that the proposed beamforming pattern is
effective, and the beam gains are concentrated on the target USVs’ directions.

N
3
IS
o

Random BF
Proposed BF

N N
X S

N
N

N

o

N

N
S
The Beam Gain

)
o

The achievable sum rate (bps/Hz)

—&—BR-PSO, M8
—#—BR-uPSO, M16

od
o

BR-uPSO, M32

10 15 20 25 30 4 05 0 0.5 1
P, (dBm) a

(a) The achievable sum rate via Pj. (b) The beam gain with different numbers of
antennas.

Fig. 3: The achievable sum rate gain and beam gain of the proposed beam pat-
terns.

5 Conclusion

This paper has investigated the joint beamforming and location deployment
optimization problem (BLDO) for UAV relay, aiming to maximize the uplink
achievable sum rate of the USV-UAV collaborative patrol scheme for maritime
monitoring network. The original formulated BLDO problem has been decom-
posed into two sub-problems by the approximate beam pattern. The subproblem
of deployment and beam gain allocation sub-problem has been first solved via
the proposed alternating optimization. Then, the beamforming sub-problem has
been tackled by the proposed BR — uPSO algorithm. Simulation results have
shown that the proposed scheme could effectively increase the performance of
the achievable sum rate and beam gain in the USVs direction. For future work,
we will investigate the effect of the unstable beam pointing problem.

Acknowledgements The work was supported by the National Key Research
and Development Program of China (No. 2019YFE0111600), National Natural



12 L. Liu et al.

Science Foundation of China (No. 61971083 and No. 51939001), LiaoNing Revi-
talization Talents Program (No. XLY(C2002078) and the Major Key Project of
PCL (PCL2021A03-1).

References

1. Jiao, F., Liu, J.: Study of inland ship water pollution control policy strategy based
on Game theory. IOP Conference Series: Earth and Environmental Science. 191(1),
(2018)

2. Yan, X., Gong, J., Wu, Q.: Pollution source intelligent location algorithm in water
quality sensor networks. Neural Computing and Applications 33(1), 209-222 (2021)

3. Kidston D, Kunz T.: Challenges and opportunities in managing maritime networks.
IEEE Communications Magazine 46(10), 162-168 (2008)

4. Wang, H., Pan, P., Shen, L., Zhao, Z.: On the pair-wise error probability of a multi-
cell mimo uplink system with pilot contamination. IEEE Transactions on Wireless
Communications 13(10), 5797-5811 (2014)

5. Zhou, Z., Ge, N., Wang, Z.: Two-timescale beam selection and power allocation for
maritime offshore communications. IEEE Communications Letters 25(9), 3060-3064
(2021)

6. Zhu, L., Zhang, J., Xiao, Z., Cao, X., Wu, D.O., Xia, X.G.: Joint power control and
beamforming for uplink non-orthogonal multiple access in 5g millimeter-wave com-
munications. IEEE Transactions on Wireless Communications 17(10), 61776189
(2018)

7. Su, X., Hui, B., Chang, K., Kim, S.: Improvement of the link reliability for ship
ad-hoc network by employing multiple antennas. The Journal of Korean Institute
of Communications and Information Sciences 37(12), 1065-1075 (2012)

8. Xiao, Z., Zhu, L., Choi, J., Xia, P., Xia, X.G.: Joint power allocation and beam-
forming for non-orthogonal multiple access (noma) in 5g millimeter wave communi-
cations. IEEE Transactions on Wireless Communications 17(5), 2961-2974 (2018)

9. Duan, R., Wang, J., Zhang, H., Ren, Y., Hanzo, L.: Joint multicast beamforming
and relay design for maritime communication systems. IEEE Transactions on Green
Communications and Networking 4(1), 139-151 (2019)

10. Wang, J., Zhou, H., Li, Y., Sun, Q., Wu, Y., Jin, S., Quek, T.Q., Xu, C.: Wireless
channel models for maritime communications. IEEE access 6, 68070-68088 (2018)

11. Zhu, L., Zhang, J., Xiao, Z., Cao, X., Xia, X.G., Schober, R.: Millimeter-wave full-
duplex uav relay: Joint positioning, beamforming, and power control. IEEE Journal
on Selected Areas in Communications 38(9), 2057-2073 (2020)

12. Mozaffari, M., Saad, W., Bennis, M., Debbah, M.: Unmanned aerial vehicle
with underlaid device-to-device communications: Performance and tradeoffs. IEEE
Transactions on Wireless Communications 15(6), 3949-3963 (2016)

13. Bajwa, W.U., Sayeed, A., Nowak, R.: Sparse multipath channels: Modeling and
estimation. In: 2009 IEEE 13th Digital Signal Processing Workshop and 5th IEEE
Signal Processing Education Workshop, pp. 320-325. IEEE (2009)



