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Abstract—Reconfigurable intelligent surfaces (RISs), which
can deliberately adjust the phase of incident waves, have shown
enormous potentials to reconfigure the signal propagation for
performance enhancement. In this paper, we investigate the RIS-
aided offshore system to provide a cost-effective coverage of
high-speed data service. The shipborne RIS is placed offshore
to improve the signal quality at the vessels, and the coastal base
station is equipped with low-cost reconfigurable reflect-arrays
(RRAs), instead of the conventional costly fully digital antenna
arrays (FDAAs), to reduce the hardware cost. In order to meet the
rate requirements of diversified maritime activities, the effective
sum rate (ESR) is studied by jointly optimizing the beamforming
scheme and the service time allocated to each vessel. The optimal
allocation scheme is derived, and an efficient fixed-point based
alternating ascent method is developed to obtain a suboptimal
solution to the non-convex beamforming problem. Numerical
results show that the ESR is considerably improved with the
aid of the RIS, and the proposed scheme using the hardware-
efficient RRAs has only a slight performance loss, compared to
its FDAA-based counterpart.

Index Terms—Offshore communications, maritime systems,
reconfigurable intelligent surfaces, reflect-arrays, beamforming

I. INTRODUCTION

Due to the rapid development of blue economy, the demand
for high-speed data services of diversified maritime activities
has been continuously increasing over the past years [1].
The conventional MF/HF/VHF band systems offer a wide
coverage, but cannot support high-speed data transmission
with limited bandwidth, while the satellite systems are cost-
ineffective and also impose a relatively large latency. Lever-
aging higher frequency bands, offshore communications have
drawn much attention for its potential to provide the vessels
with broadband service and wide coverage (up to 100 km) [2].

At present, the state-of-the-art solutions tried to introduce
the technology used in terrestrial communications such as Wi-
Fi, WiMax, and LTE, into offshore systems with the aid of
coastal base stations (BSs) [2[]-[5]]. With adequate transmission
power, the downlink data rate could be increased to Mbps level
at a distance of dozens of kilometers between the vessel and
the coast [[1], [3]], [4]. However, due to the considerable path
loss and the geographic limitation on the sea, it is still costly
and power-consuming to provide a favorable signal quality
at the receiver for high-speed data service. How to extend
the coverage area and minimize the networking expense is an
ongoing and challenging problem.

Recently, a new concept of reconfigurable intelligent sur-
faces (RISs) has emerged. A RIS is a planar array consisting
of many low-cost elements that only reflect the incident waves
with an adjustable phase shift. By properly modifying the
phase shift, the signal propagation can be reconfigured in a
deliberate manner without extra operations for baseband/radio
frequency (RF) processing or retransmission [[6]—-[|10]. It is
expected that, with the aid of RISs in offshore systems, the
signal quality at the vessels can be substantially improved
with very little additional power consumption, and hence the
coverage area can be much extended at a relatively low cost.

The applications of RISs in terrestrial systems have been
investigated in many works. Most studies considered a down-
link scenario, where the RIS is placed between the BS and the
users to establish a BS-RIS-user reflected link in addition to
the conventional BS-user direct link for performance enhance-
ment. In [[7]], the ergodic spectral efficiency of the RIS-assisted
reflected link was evaluated, and an optimal phase shift design
was developed based on statistical channel state information
(CSI). The authors of [8]] also focused on the reflected link, and
optimized the transmit power allocation at the BS. The joint
beamforming scheme of both the direct and reflected links
was derived for different objectives, including minimizing the
transmit power [9], and maximizing the weighted sum rate
[10]. Current works have all considered digital beamforming
with fully digital antenna arrays (FDAAs) at the BS. However,
the implementation of FDAAs requires one dedicated RF
chain for each antenna element, which causes extremely high
hardware cost and power consumption for large-scale antenna
arrays [11]. Since beamforming with large arrays is anticipated
to support long-distance maritime communication, it is not
practical to use conventional FDAAs in offshore systems.
A more cost-effective scheme is to apply hybrid or analog
beamforming with only a limited number of RF chains, while
due to the non-convex constraints imposed by both the RF
beamformer and the RIS elements, the joint beamforming
design of the direct and reflected links becomes even more
difficult. Also, because of the large path loss deviation among
different vessels in the wide sea area, serving multiple vessels
simultaneously requires extremely high linearity for power
amplifiers. Hence, it is practical to let the BS serve a single
vessel at one time with full transmission power to surmount
the large path loss, and adaptively allocate its service time to
different vessels for their individual rate requirements. The



joint optimization over the service time allocation and the
beamforming design has not yet been considered for RIS-aided
wireless systems, which thus motivates this work.

In this paper, we investigate the RIS-aided offshore maritime
system for a cost-effective coverage of broadband service. The
shipborne RIS is placed in costal waters to improve the signal
quality at the vessels, and is controlled by the coastal BS
equipped with large-scale antenna arrays. The BS adaptively
allocates its service time to the vessels, and serves a single
vessel at one time. Instead of the conventional costly FDAAs,
low-cost reconfigurable reflect-arrays (RRAs) are employed
to reduce the hardware cost. In order to meet the diversified
requirements of maritime activities, we define the effective
sum rate (ESR) as the sum of each vessel’s rate weighted by
the service time allocated by the BS, and maximize the ESR
under the vessels’ individual rate constraints. The allocation
scheme is jointly optimized together with the beamforming
design, which differs from the weighted sum rate optimization
with predetermined weights in [10]. The optimal allocation
design is derived, and an efficient fixed-point based method
is developed for the joint beamforming problem. The per-
formance of the proposed RIS-assisted system is evaluated
through extensive numerical experiments. Simulation results
show that the ESR is considerably improved with the aid of
the RIS, and the RRA-based scheme with a much lower cost,
has only a slight performance loss, compared to its FDAA-
based counterpart.

II. SYSTEM MODEL

A. Signal Model

As shown in Fig. [I] we consider a single-cell scenario
in the RIS-aided offshore system, where the remote RIS is
shipborne and placed in the coastal waters to assist with
the signal transmission from the multi-antenna BS on the
land to K single-antenna vessels. The RIS consists of M
reflecting elements, and the BS is equipped with RRAs of N
elements. A controller is mounted at the RIS, and a wireless
control link based on automatic identification system (AIS) is
leveraged by the BS to coordinate the behavior of the RISE]
To improve the signal quality at the vessel, the BS allocates an
exclusive service time for every vessel, and provides a single
independent data stream to serve one of them at one time with
full transmission power.

For the kth vessel, the allocated service time is de-
noted by tx(ty > 0), and the transmit symbol is ex-
pressed as s € C with E{sksg} = 1. Two diagonal
matrices, A, = diag{elV1* elvzr ... eUNi} and ) =
diag {ej"1=’f,ej“2*‘, o eluak }, are defined to denote the ad-
justable phase shifts implemented by the RRA and RIS el-
ements for the kth vesesel, respectively, where vy, k, Um i €
[0,27), and j is the imaginary unit.

TAIS is a conventional VHF-band maritime system that can provide a 120
km communication coverage with a maximum data rate of 9.6 kbps [4]. AIS
data contain instantaneous information of ships such as position and velocity,
and are generally used for the safety of ships [1]], [2].
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Fig. 1. RIS-aided offshore communication systems.

The superposed signals of the direct and reflected links
received at the kth vessel can be represented by [7[]-[10]

v = Vo(VORE 8 GES ) A+ 6 (D)

where p is the transmission power, & is the noise following
a complex symmetric Gaussian distribution & ~ CA(0,02),
r € CN*1 is a parameter of the RRAs, and 5,(;1)(5,(;)) is the
path loss of the direct(reflected) link, while heCVxl Fe
CM*N and g € CM>1 denote the channels from the BS to
the vessel, from the BS to the RIS, and from the RIS to the
vessel, respectively.

The structure of the RRAs is illustrated in Fig. 2] The
transmitted signal is transferred from the RF feed to the array
surface via irradiation, wherein an amplitude variation of |r;|
and a phase delay of Zr; are introduced before the signal
reaches the ith reflecting elements. According to the feed
horn radiation pattern model, the values of |r;| and Zr; are
determined by

Lr; =21S; /A, |ri| = v cos?(w;), (2)
where S; is the distance between the RF feed and the ith
element, g is a system parameter, v is a normalizing scalar,
and w; = arccos (zRF / SZ-) is the elevation angle between the
RF feed and the ith element with z®F denoting the height
of the RF feed [12], [[13]]. The irradiation transfer process is
specified by the complex vector r € CV*!, with entries of
r; = |r;|e}“7i. The transfer vector is normalized to ||r||; = 1,
and is considered to be constant for a well fabricated array.

B. Channel Model

The typical two-ray propagation model is utilized to calcu-
late the path loss on the sea. The loss function is given by

A o 21hih,
L(l) = (R>2 x sin?( A;

), 3)

where [ is the distance between the transmitter and the
receiver, A is the transmission wavelength, and h;(h,) is the
height of the transmitting(receiving) antenna [2], [3]. Given
the propagation distances of the direct and reflect links, the
parameters defined in are determined by 5,(;1) = L(IWD)
and 6,(:) = L(IM), where 1V is the distance from the BS to
the vessel, and [*) is the sum of the distance from the BS to
the RIS and that from the RIS to the vessel [14]]. For small-
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Fig. 2. The structure of RRAs with one RF feed.

scale fading, the Rician model is used for all the involved
channels. Hence, the channel F' is expressed as [7[], [8]

|« /1
F — mF(LOS) + mF(NLOS)7 (4)

where « is the Rician factor, F(~O9) is the line-of-sight (LOS)
component, and F(NLOS) 5 the non-LOS (NLOS) component.
The entries of FNLOS) are iid., and follow the complex
symmetric Gaussian distribution with zero mean and unit
variance, and F(O%) is given by

FEOS = a, (61,00 al! (61, 6"), 5)

where qb(r) (<p(r)) and qb(t) (<p(t)) are the azimuth (elevation)
angles of arrival and departure, and a.(, ) (ai(o,p)) are
the transmit (receive) antenna array response vectors. For a
uniform planar array (UPA) with size of N, x N,, the array
response vector aypa (¢, ¢) can be expressed as

1
VNN,

€J 2T d((Nh—1) sin ¢ sin o+ (N, —1) cosap):|T

1-.. ejZT”d(msindJsin p+ncosyp) | .

aypa(¢, ) =

, (6)

where d is the spacing between adjacent array elements, 0 <
m < (N —1), and 0 < n < (Ny — 1). The channels h and g
are derived in the same way, and the expressions are omitted
for simplicity.

Channel estimation is a challenging issue for the practical
applications of RISs. With no RF chains mounted, it is
infeasible to directly estimate the channels F' and g at the
remote RIS. However, due to the LoS-dominant propagation
feature in costal waters, large-scale CSI, such as path loss, and
angle-of-arrival/departure (AoA/AoD), can be provided by the
AIS link to assist with the beamforming design. The problems
of channel estimation and beamforming based on imperfect
CSI are discussed in future works. In this paper, complete
CSI is assumed, which is the same as [[8]—[10].

III. PROPOSED RIS-AIDED NEAR COAST MARITIME
COMMUNICATION SYSTEMS

Given the service time of t;, the communication rate for
the kth vessel is obtained as

Ry = log, (1 + —\ Rl + gl F)Agr| ) )

(P1):

where h, = 6,(;1)}_%, and g = 5,(:) g Then the rate constraint
is expressed by

t Ry > B, ®)

where [, is the individual rate requirement of the kth vessel,
and the service time is normalized such that Zszl ty = 1.

The constrained maximization of the ESR can be posed as
the following problem,

Z te R,

i AeDY {A = diag {™ -

max ESR =
A, 3

L v,
7ejuM}} , Vk,

$, e DM 2 {2 :diag{ejul,---
thk Z Bka Vka

K
> te=1,
k=1

9)

It is noted that the existence of the solution to (P1) is not
guaranteed. Intuitively, given the wireless channels and the
transmission power of the BS, the achieved communication
rate Ry is always bounded. For excessively large values of
B, the constraints of ¢, Ry > (3 cannot be satisfied whatever
service time allocation or beamforming design is leveraged.
Without loss of generality, we assume that the values of [y
are proper so that the feasible domain of (P1) is not empty. In
the sequel of this section, we derive a sufficient and necessary
condition for the feasibility of (P1).

The problem is non-convex due to the constraints that Ay
and X have to be diagonal and unitary. In the next subsec-
tions, we first derive the optimal values for ¢; by analyzing
the complementary slackness conditions, and then develop an
effective fixed-point based alternating ascent method to acquire
the suboptimal solutions for A and Xj.

ty >0, Vk.

A. Optimal Allocation of the Service Time

By change of variables, (P1) can be reformulated as follows

IIlaX
tk Mk,

3 Z tr, log, (1 + = |(Akltk +cr) bk’2);

s.t. ty log, (1 + §| Appy + Ck)ku‘Q) > Bk, Vk,

|p’1,k| = 17 |b1k| = 17 VZ, k
K
dte=1, t >0, k.
k=1
(10)
where R = diag(r), G, = diag(gy), cx = RUhy,
A, = RUFUGY, b, = [b1x---byit = diag(Ag), and

pr = [k - k]t = diag(2]).

The complementary slackness condition with respect to the
rate constraints in is given by Ak(fk}?k — Br) = 0, where
\i is the lagrangian multiplier, i), is the optimal solution of
tr, and Rk is the rate achieved by the optimal gy and by.



Thus, the sufficient condition for the optimal allocation of the
service time can be derived by the following proposition.
Proposition 1: If (ty, fux, by) solves (P2), then

Br/Rie,  if k#K*,
W=91-3" Bi/Ri, if k=k", (1D
k#k*

where R), = log, (1 + U%|(Akﬂk + ck)HhkF), and k* =
arg max |(Apfy, + ci)Hby|.
Proof: For the case of k # k*, without loss of generality,

assume that ko (ko # k*), s.t. At = ty, fﬂk/f%k > 0. Further
define t;, for k =1,..., K as follows

Eszkv if k;&kgork*,
th =1 ty, — At, if k= ko, (12)
te + A, if k= k.

By comparing the ESR values obtained by t1, and 75, we have
>k Ry — Yok thk = At(Rk* Rko) > (0, which violates
the assumption that t) is the solution to (P2). Thus, we have
i = ﬁk/Rk for k # k*, and 3 = 1 — Zk,#k* ﬂk/]%k by the
constraint »_, tj, = 1. [

A corollary can be directly derived from Proposition [T}

Corollary 1: Given (py, by), the maximum objective value
of (P2) is expressed by

ESR(IJ‘ka bk |: Bk :l

Z 10g2 1 + |(Ak/,Lk + Ck)ku|2)

ktk
) > Br,

k#k*
(13)

x log, (1 + §| Ap e + i)y

where k* = arg m]?x|(Akuk + ck)ku|.

Proof: The proof is completed by substituting t;, with #;,
specified in (T). [ |

B. Joint Beamforming of the RIS and the RRAs

It is observed from that the optimal value of the ESR is
monotonically increasing with |(Aypx + )by |. Therefore,
another proposition for the optimal by, is derived as follows.

Proposition 2: If (i1, fug, by,) solves (P2), then

i)k — Ej [A(Akﬂk+ck)+91} (14)
where Z(-) is the entry-wise argument operation, and 6 € R
is any constant number.
Proof: Denoting Wy, = Agfly + ci, by the triangular
inequality and the constraint of |b; ;| = 1, we have

|y b <[] i k| < [ladkls,
k

5)

where || - [[1 is the notation for /;-norm. The equality holds

when b, = el(@kt0)  Any other by different from

cannot give a larger ESR value, which thus completes the

proof. ]
Based on Proposition 2} a corollary is obtained as:

Corollary 2: Given py, the maximum objective value of
(P2) is expressed by

= i
ESR (uy) = |1~
l 2. Togs (15 2 A+ )
< logy (14 G (A e + e )lE) + 2 B,
k#k*
(16)

where k* = arg max | Akper + cill1.

Proof: The proof is completed by substituting (¢x, by)
with (#4, by,) specified in and . [ |
From Corollary [2] the maximized ESR is monotonically
increasing with || Agpr + ckll1. Therefore, the optimal gy
for (P2) can be obtained by solving the following problem

(P3):  max ||Agpr + cillT,
B (17)

S.t. |,ui7k| =1, Vi.
Also, with the solution of (P3), the condition for the feasibility
of (P1) and (P2) can be given by the following corollary.

Corollary 3: Given ji; that solves (P3), (P2) is feasible if
and only if

K
> B <1. (18)
—logy (1+ L[| Axfu + cil?)

Proof: Denote the feasible domain of (P2) as F*?. On
one hand, if holds then (14 k,l;k) e F®) where fj
and by, are given by and l) Hence, (P2) has a non-
empty feasible domaln

On the other hand, if (P2) is feasible, i.e. I(tx, px,by) €
F® st tp > Br/ Ry, then we have
K

> -

2
1=t logy (14 5 |(Arpr + ci)Pby|)
By Proposition [2| and the fact that fi, solves (P3), we have

|(Arpr + )M | < ||Agfir + cx)|l1- Thus, (18) holds, and
the proof is completed.

<1. (19

||
Both the objective and the constraints of (P3) are non-
convex. Therefore, we reformulate the problem as

(P4) : rrgaxuaa Hy + &y + ptle + e,
p.b.a.c
— 4(Apte)
st. b=¢ H s (20)
a=>b"A, e=>blc,

where the subscript k£ is omitted for simplicity.

Note that (P4) is still non-convex and difficult to solve.
However, for any fixed b, the objective takes a quadratic form,
and can be maximized by the p that meets the following
Karush-Kuhn-Tucker (KKT) condition

aap + e = diag(v)p, 1)



Algorithm 1 Fixed-point based alternating ascent method

Require: Coefficients A and c; termination thresholds €; and
€2; maximum numbers of iterations @1, and Q)s.

1: Initialize g = 1, b = “(A#+¢) and ¢; = 0
2: for 6; > ¢; and 1 < Q1 do

3: Gn=q+1

4: s = |utb|?

5: Set go =0, d2 = 2e9, @ = b A, and € = bfc
6: for 05 > €5 and ¢o < Q2 do

7: g2 =q2+1

8: n=p .

9. w= cl4(@a p+e)

10: d2 = [ln — pl3

11: end for

12: b = el4(Ante)

13: 0 =|s— |utb)?
14: end for
15: return p

where pfp; = 1, and v = [vy...vp]" is the Lagrangian
multiplier. Hnece, the fixed-point iteration method can be
developed by

(g+1) — ejé(ﬁﬁHu(Q)+E)7 (22)

u
where ¢ is the iteration number.

Based on the fixed-point iteration, the objective value of
(P4) is increased by fixing b and solving p. Reversely, an
optimal b can be determined by (14), given a fixed p, to
further maximize the objective value. Thus, an alternating
ascent method can be used to obtain a suboptimal solution
to (P4) by iteratively updating the values of p and b. The
details of the proposed method are presented in Algorithm
1. The computational complexity is mainly contributed by
matrix-vector multiplication, which in the worst case is given
by O(Q1(NM + Q2M?)).

With the fixed-point based method, (P2) is solved by the
following procedures: i. obtaining pj, based on Algorithm 1,
ii. computing b, with (I4), and iii. determining t;, by (TI).

C. Hardware Efficiency Gains of RRAs

RRAs are implemented based on tunable electromagnetic
materials, and can provide adaptive beamforming capabilities
without requiring additional phase shifters or expensive trans-
mit/receive modules. Thus, the hardware complexity, mass,
cost, and power consumption are substantially reduced [13]],
[15]. Specifically, to transmit Ng independent data streams
with an N-element array (IV > N;), FDAAS require as many
as N RF chains for digital beamforming, while RRAs need
only Ng RF chains (Vg = 1 in this work). Hence, RRAs
present considerable hardware efficiency gains over FDAAs.

IV. SIMULATION RESULTS

A RIS-aided offshore communication system is investigated,
where the coastal BS located at (0,0), deploys an 8x8 RRA
(N = 64) with one RF feed, and an 8 x 8 shipborne RIS

(M = 64) is placed at (10km, 0) in costal waters. The param-
eters for the arrays are set as d/\ = 0.5, z28F = /Nd, and
q = 6.5. There are 4 vessels (K = 4) uniformly and randomly
distributed in the area A = {(z,y) : 2% + y* < [2,,,z > 0}
with [« = 30 km. The antenna heights of the BS, the RIS
and the vessels are set to 50 m, 15 m, and 10 m, respectively,
so that the vessels can be covered within the radio horizon
distance given by dios = 4.1(v/h: + v/h,) [4]. The noise
power spectral density is —170 dbm/Hz, the carrier frequency
is 5.8 GHz, and the bandwidth for transmission is 20 MHz []1]].
The involved channels are generated from (3) and (@), with a
Rician factor of o = 10 dB.

Note that the model in (P2) can be extended to the use case
of FDAAs by changing the original constraints on R and by,
into R = ﬁIN and ||bg||3 < N. Also, the scenario without
the remote RIS is presented by setting pgr = 0. Thus, the
performance of the proposed design with both the RRAs and
the RIS using Algorithm [I] (labeled as ‘RRAs + RIS + ALI")
can be compared with the following four benchmarks:

1) ‘FDAAs only + Optimal’: the optimal design with only
the FDAAs deployed at the BS, where p;, = 0, and by, =

2) ‘FDAAs + RIS + SDR [9]’: the design with both the
FDAAs and the RIS using the semidefinite relaxation
(SDR) method, where the generic method is implemented
with a large number of randomizations [9]].

3) ‘FDAAs + RIS + AL1’: the design with both the FDAAs
and the RIS using Algorithm Hwhere L 1s obtained by
Algorithm , and b;? =N Hﬁqg“% .

4) ‘RRAs only + Optimal’: the optimal design with only
the RRAs deployed at the BS, where p, = 0, and by, =
el4(RMhy)

It should be noted that, in order to provide a fair comparison

of the beamforming performances achieved by RRAs and

FDAAs, the intrinsic power consumption of the antenna arrays

is not included in the simulation. In practical systems, the

performance of RRAs with lower power consumption can be
further enhanced, compared to that of FDAAs, given the same
transmission power.

To evaluate the performances under diversified rate con-
straints, the rate requirements of the vessels are randomly
and uniformly generated by 8y ~ U(0,log,(1 + %@U‘)),
instead of being constant over all k as in [§]], [9]. We change
the transmission power p from ppi, = 35 dBm to pnax = 55
dBm, and define the service reliability (SR) as follows

SR — TSR

; (23)
Nsim

where ngiy is the total number of the simulation snapshots,

and ngr is the number of the snapshots wherein the rate

requirements are satisfied. The average ESR is then computed

from all the ngg snapshots.

The ESRs obtained by different schemes are compared in
Fig. 3] Observe that the ESRs are substantially enhanced by
the remote RIS with either FDAAs or RRAs deployed at the
BS. The comparison between Benchmarks 2) and 3) shows that
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the proposed fixed-point based method is effective to obtain
a suboptimal solution. Moreover, compared to Benchmark 3),
the proposed design with RRAs that reduces much implemen-
tation cost, has only an acceptable performance loss.

The SRs of various designs are demonstrated in Fig. ff] Note
that the SRs are improved with increased transmission power.
The gap between benchmarks 1) and 3), together with that
between benchmark 4) and the proposed design using RRAs,
indicates that the RIS has considerably extended the coverage
area since the rate constraints are more likely to be satisfied,
given the same power at the BS.

The cumulative distribution functions (CDFs) of ESR with
p = 45 dBm are shown in Fig. [5] where the proposed scheme
with both RRAs and RIS is compared to Benchmarks 2) and
3). The results show that Algorithm [I] achieves a favorable
performance, and the proposed RRA-based scheme provides
a practical tradeoff between attainable ESR performance and
hardware cost, over the costly FDAA-based design.

V. CONCLUSION

The applications of the RRAs and the RIS have been
investigated for the offshore system to provide a cost-effective
coverage. The mathematical model has been formulated for
jointly optimizing the service time allocation and beamforming
design. The optimal allocation scheme has been derived, and
an efficient fixed-point based method has been developed to
obtain suboptimal beamforming solution. Numerical results

0.8 q
0.6 il
[V
[a)]
(@]
04 q
o2l FDAAs + RIS + SDR [9]
’ FDAAs + RIS + AL1
RRAs + RIS + AL1
ol ;

14 16 18 20 22 24 26
Effective Sum Rate (bits/s/Hz)

Fig. 5. CDF comparisons with p = 45 dBm, where N = 8 x 8, M = 8 X §,
and K = 4.

have demonstrated that the ESR and SR performances are con-
siderably improved with the aid of the RIS, and the proposed
scheme using the hardware-efficient RRAs has only a slight
performance loss, compared to its FDAA-based counterpart,
which shows practical utility for offshore communications.
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