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ABSTRACT It is well established that the performance of communication systems is improved when
deploying multiple antennas at one or both of the transmit/receive sides; and the amount of the gained
improvement depends on the level ofmultipath richness of the propagation channel. In ship-to-ship overwater
channels, quantifying such an improvement is not an easy task due to the effect of evaporation duct on
imposing complex range- and height-dependent patterns of the received signal level. In this study, based on
the parabolic equations (PE) method and using realistic evaporation duct distributions, we conduct extensive
simulations in order to quantify the link-level improvement achieved when using 2 × 2 vertically-spaced
Multiple-Input Multiple-Output (MIMO) systems against 1 × 2 Single-Input Multiple-Output (SIMO) and
Single-Input Single-Output (SISO) systems. Then, we analyze the implication of such link improvement
on the performance of a system comprised of a network of randomly distributed ships. When evaluating the
outage throughput at the 2nd percentile using realistic system parameters, it was found that 2×2MIMO-MRC
(maximum ratio combining) systems with 1 m antenna spacing are able to improve the outage throughput
by three-fold compared to SISO systems. This improvement increases to one order of magnitude when the
antenna spacing increases to 10 m. It was also found that, in all cases, assuming using the same vertical
spacing, 1×2 SIMO-MRC systems capture about 60% of the improvement achieved by 2×2 MIMO-MRC
systems. On the other hand, 1 × 2 SIMO-DIV (diversity combining) systems are very sensitive to antenna
spacing, and when assuming using the same vertical spacing, they can capture from 20% and up to 55% of
the improvement achieved by 2×2MIMO-MRC systems if the antenna spacing increases from 1 m to 10 m,
respectively.

INDEX TERMS Evaporation duct, multiple-antenna ship-to-ship communications, radio-wave overwater
propagation.

I. INTRODUCTION
There is a continuous increase in demand for reliable and high
throughput maritime wireless communication systems. Uti-
lizing currently operating terrestrial systems such asWiMAX
and LTE represents a cost-effective option to fulfill this
need. However, the performance of communication systems
in overwater environments depends heavily on the com-
plex and unpredicted interaction between the propagation
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characteristics of the maritime channel and several system
aspects such as the operating frequency, dynamics of the
communicating nodes, antenna heights, antenna spacing,
etc., [1], [2].

Multiple-Input Multiple-Output (MIMO) systems were
introduced as promising successors for Single-Input
Single-Output (SISO) systems. Using multiplexing gain and
diversity gain, MIMO systems are known to be more effi-
cient than SISO in terms of reliability and data rates [3].
However, the spatial-multiplexing performance improve-
ment gained by MIMO decreases as the channel spatial
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richness decreases which is the case of the line-of-sight
overwater communications. Moreover, in maritime commu-
nications, quantifying the advantage of using MIMO is still
an open question, especially for long-range communications
where a variety of factors influence the performance of the
system.

Ray-tracing [4], [5] and the parabolic equations [6] are
two main methods used to estimate the path loss in maritime
channels. They both consider the effects of the tropospheric
height-dependent refractivity profile on the characteristics of
the received signal. These effects include having the signal
being refracted, reflected, or trapped within the ducting layer.
As the signal propagates, both methods, model the total path
loss as the joint contribution of the free space path loss (FSPL)
and the propagation factor (PF). The pattern of the PF is com-
plex and it is time-, range- and height-dependent. Moreover,
the pattern of the PF is the decisive factor in defining many
characteristics of the propagation channel such as short/long-
term signal enhancements/degradations [7]–[10] and distri-
bution of the large scale parameters [11].

Multiple-antenna signal combining is proven to be a good
mitigation for the signal degradation in overwater channels
[12], [13]. Yet, its effectiveness depends on the degree of
de-correlation among the combined signals. In [12] it was
shown that combining signals which are well-separated in the
frequency domain (few GHz) will improve the performance
significantly. Similar combining gain is documented if the
combined signals are well-separated in the space domain
[14], [15]. The main contribution of this work is to evaluate
the improvement that can be gained from using multiple-
antenna systems in maritime communications, where: 1) we
use realistic evaporation duct distributions, and 2) we assume
realistic system parameters supporting two possible diversity
combining schemes.

The rest of this paper is organized as follows. In Sections II
and III, we introduce the propagation environment model and
the system model, respectively. In Section IV, we detail the
simulation setup. Then, in Section V, we discuss the main
results. Finally, in Section VI, we state the conclusion of this
work.

II. MODELING THE PROPAGATION ENVIRONMENT
A. THE EVAPORATION DUCT REFRACTIVITY PROFILE
For each simulated link, we assume line-of-sight
communications to take place in the overwater propagation
environment. Hence, the propagation environment is fully
characterized by the height-dependent refractivity profile,
where the tropospheric radio refractive index (n) is a function
of the atmospheric parameters: pressure, wind, temperature,
and humidity [16], [17]. Since the variation of the refractive
index is very small, it is usually expressed in N units where:

N = 77.6
P
T
+ 3.73× 105

e
T 2 (1)

where e is the water vapor pressure (mbar), T is the tempera-
ture (◦K), and P is the pressure (mbar).

FIGURE 1. The relative frequency histograms of the duct height in two
regions. (a) The Aegean Sea [7], (b) The English Channel [12].

To account for the earth surface curvature, the modified
refractive index M was introduced as [16, Sec. 3.7]:

M = N +
z
a
× 106 = N + 157z (2)

where z is the height in km above the earth’s surface, a is the
Earth’s radius (i.e., a = 6, 378 km).
The modified refractivity profiles of evaporation ducts can

be modeled with a height-dependent logarithmic function
which changes with the duct height as [18]:

M (z) = M0 + 0.13z− 0.13δ ln
(
z+ z0
z0

)
(3)

where M0 is the value of the modified refractivity at the
surface which is taken as 300 M-units, z is the vertical
height in m, z0 is the aerodynamic roughness which is
assumed as 1.5 × 10−4 m, δ is the duct height in m, which
signifies the height at which M (z) reaches its minimum
value [18].

B. DISTRIBUTIONS OF THE EVAPORATION DUCT HEIGHT
OF TWO METEOROLOGICAL REGIONS
Since the overwater propagation environment is characterized
by the duct height, it is important to adopt a realistic duct
distribution for our simulations. In this regard, we use two
different distributions for the duct height representing areas
with distinct meteorological characteristics. Figure 1 shows
the relative frequency histograms of the duct height in the
Aegean sea and the English Channel [7], [12]. It is self-
explanatory that these two regions have different duct height
distributions, where the higher the temperature, the more the
chances of encountering a higher duct.
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III. SYSTEM MODEL
A. ANTENNA CONFIGURATIONS AND DIVERSITY
COMBINING SCHEMES
In this study, we evaluate the received signal strength using
the parabolic equation software tool (PETOOL), which is
a free and online-available Matlab-based one-way/two-way
split step parabolic equation software that was developed
for the analysis and visualization of radio-wave propagation
over variable terrain and through the homogeneous and inho-
mogeneous atmosphere [6]. The PETOOL supports different
ducting profiles as well as range-dependent ducting profiles;
however, all results reported in this work are for overwater
range-independent evaporation duct M-profiles.

The simulations took place for a maximum range
of 100 km in steps of 10 m. The inputs to the simulations
are: 1) the evaporation duct profile characterizing the propa-
gation environment, with duct height changes from 1 to 40 m,
2) the operating frequency (three different frequencies are
simulated 1, 2, and 4 GHz), and 3) the antenna parameters
(beam pattern, direction, and polarization). Based on that,
the PETOOL estimate the range- and height-dependent PF
which is used to realize the total path loss as [6]:

PL(dB) = FSPL(dB)− PF(dB) (4)

where PL is the resulting total path loss, FSPL is the free-
space path loss and PF is the propagation factor.

We assume each communication node (i.e., ship) to be pro-
vided with one or two antenna elements, where we simulate
the following cases: SISO, 1 × 2 SIMO, and 2 × 2 MIMO.
We assume the inter-element vertical spacing to vary between
1 and 10 m.

Besides the reference SISO case, three diversity combin-
ing schemes are studied: 1) SIMO-DIV (selection diver-
sity combining): the strongest received signal is selected
for detection [19], 2) SIMO-MRC (maximum ratio combin-
ing): the received signals are co-phased and phase-coherently
added [19], and 3) MIMO-MRC: the beamforming vector is
chosen to be the eigenvector corresponding to the maximum
eigenvalue λmax of H†H , where H is the 2 × 2 MIMO
channel and (.)† is the Hermitian conjugate operator, for more
details on the way of applying the beamforming vector of
MIMO-MRC we refer the readers to [20].

B. MIMO CHANNEL MODEL
The output of the PETOOL is the PL of a SISO system,
which is a scalar quantity. Since the evaluated combining
schemes are operated on complex quantities representing
the channel realizations, we perform the simulations based
on the PETOOL outputs as follows. First, for each SISO
case i.e., specific duct height, specific transmit and receive
antenna heights, we simulate the SISO channel gain using (4).
Then, we impose a random phase x ∼ U (0, 2π ) on each
SISO channel gain. Finally, based on the resulting complex
SISO gains, the corresponding SIMO, or MIMO channels are
realized and the corresponding SIMO-DIV, SIMO-MRC, and
MIMO-MRC gains are calculated.

By definition, since we evaluate the performance based on
instantaneous realizations of the channel which are assumed
to be known at the transmitter/receiver, the distribution of
the imposed phase x doesn’t affect the performance of the
SISO, SIMO-DIV, nor SIMO-MRC combining schemes.
On the other hand, the distribution of x surly affects the
performance of the MIMO-MRC combiner scheme. It is well
known that the more the de-correlation (among the MIMO
channel entries) introduced by the imposed phase, the better
the performance of spatial multiplexing MIMO schemes.
Consequently, it can be concluded that imposing a phase with
the maximum possible randomness i.e., x ∼ U (0, 2π ) would
result in optimistic performance evaluation for spatial multi-
plexing MIMO schemes. However, since in this work we are
interested in evaluating the performance of the MIMO-MRC
scheme, we will show in the sequel that assuming the maxi-
mum possible randomness associated with the imposed phase
i.e., x ∼ U (0, 2π ), results in a very conservative performance
of the MIMO-MRC system.

In MIMO-MRC, the beamforming vector is chosen to be
the eigenvector corresponding to the maximum eigenvalue
λmax of H†H , where (.)† is the Hermitian conjugate operator
[20]. Using Singular-Value Decomposition (SVD), and given
that H is a 2× 2 matrix, then we can write:

H†H = V6†U†U6V †
= V (6†6)V †,

= σ 2
1 v1v

†
1 + σ

2
2 v2v

†
2,

= λmaxv1v
†
1 + λminv2v

†
2, (5)

where U = [u1, u2] and V = [v1, v2] are unitary matrices.
6 is a square diagonal matrix with elements σ equal to the
singular values of H†H such that σ1 ≥ σ2, λmax = σ 2

1 and
λmin = σ

2
2 .

Hence, the MIMO-MRC beamforming vector is associ-
ated with the rank-1 approximation of H†H [22, Sec. 7.1],
which means that, for a specific channel matrix realiza-
tion, the lowest MIMO-MRC performance will take place
when the imposed phase introduces the maximum possi-
ble randomness i.e., x ∼ U (0, 2π ). Figure 2 demonstrates
this result where we plot the empirical cumulative dis-
tribution function (ECDF) of the ratio 10log10(

λmax
λmax+λmin

)
resulting from applying the MIMO-MRC combiner to a spe-
cific channel realization after imposing phases with differ-
ent distributions. The plots show clearly that the adopted
phase distribution i.e., x ∼ U (0, 2π ) is associated with
the smallest performance for MIMO-MRC. By definition,
0 ≤ λmin ≤ λmax , hence, the degradation effect of the phase
distribution i.e., x ∼ U (0, 2π ) on the MIMO-MRC perfor-
mance is between 0 and −3 dB.

C. CHANNEL GAIN AND ACHIEVED THROUGHPUT FOR
THE DIFFERENT COMBINING SCHEMES
For each considered scheme, the achieved throughput at an
average signal-to-noise ratio (SNR) is calculated as:

R = Blog2(1+ SNRk ) bps, (6)
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FIGURE 2. The effect of the distribution of the imposed phase x on the
performance of the MIMO-MRC combining scheme.

whereB is the bandwidth and the subscript k in SNRk signifies
the considered antenna configuration and combining schemes
which can be one of the four possibilities: SISO, SIMO-DIV,
SIMO-MRC, and MIMO-MRC.

The resulting channel gain and the throughput may be con-
sidered to be a random variable. Therefore, the link quality
—i.e. the channel gain, G (dB), and the achieved throughput,
R (Mbps)— are evaluated in terms of their outage at proba-
bility p, which are defined through the relationship:

Prob[G ≤ Gk,out ] = p (7)

Prob[R ≤ Rk,out ] = p (8)

where the subscript k signifies the considered antenna con-
figuration and combining schemes; Gk,out and Rk,out are the
outage channel gain and the outage throughput, respectively
(both evaluated at the pth percentile).

IV. SIMULATION SETUP
In our analysis, we assume communications to take place
between two ships. On one side, we assume a big ship where
the height of the top antenna is fixed at 40 m above the sea
level. On the other side of the link, we assume the possi-
bility of having different ship sizes where we assume the
top antenna to vary between 40 to 15 m. On both sides of
the link, we consider the vertical antenna spacing to vary
between 1 to 10 m and in the case of MIMO, we assume
similar vertical antenna spacing at both ends. To be able
to study the improvement achieved when using multiple
antennas for a link with specific parameters (i.e., specific:
operating frequency, duct height, antenna spacing, and com-
bining technique), we average out the effect of the antenna
height as follows. First, for each specific antenna height,
the instances of the metric quantifying the link, e.g., G or
R, are collected and the resulting empirical cumulative dis-
tribution function (ECDF) is assessed at a specific percentile
p based on (7) and (8) to find the corresponding outage gains
(Gk,out ) or outage throughputs (Rk,out ). Then, all calculated
values of Gk,out or Rk,out for all possible antenna heights

FIGURE 3. The distribution of the link range of the simulated ship-to-ship
scenario.

are averaged. The resulting outage gain and outage through-
put characterize the quality of the link corresponding to its
specific operating frequency, duct height, antenna spacing,
and combining technique, assuming an equal probability of
all considered antenna heights. For all reported results in the
sequel, the outage gain or outage throughput will be evaluated
at the 2nd percentile.
Moreover, in order to perform the evaluation using realistic

link range, we assume the existence of 10 communication
nodes (i.e., ships) that are randomly distributed according to a
Poisson Point Process (PPP) in a square simulation area with
a side length of 70 km. Figure 3 represents the resulting range
distribution among the ships, which has a median value of
about 37 km.

Using the propagation factor obtained from the PETOOL,
the channel gain is computed, then the signal-to-noise
ratio (SNR) for each system i.e., MIMO-MRC, SIMO-DIV,
SIMO-MRC, SISO is computed using [21]:

SNRk (dB) = Pt+Gt+Gr + Gk − PL − Ls − Fn − B− N0

(9)

where Pt is the transmitted power (dBm). Gt , and Gr are the
antenna gains (dB) at the transmitter and receiver, respec-
tively. Gk (dB) is the gain associated with the k th antenna
combining scheme. PL (dB) is the path loss. Ls (dB) is the
system loss accounting for connectors, cable losses, etc. Fn
(dB) is the receiver noise figure. B (Hz) is the signal band-
width. N0 (dBm/Hz) is the noise power density. Then, using
snr = 10

1
10 SNRk , the achieved throughput of each system

is computed as given in (6). In our simulations, we assume
Pt = 30 dBm, Gt = Gr = 8 dB, Ls = 1 dB, Fn = 10 dB,
B = 20 MHz, N0 = −174 dBm.
Extensive Monte Carlo simulations are conducted in

order to evaluate the performance of the SISO, SIMO-DIV,
SIMO-MRC, and MIMO-MRC systems at different frequen-
cies, duct heights, and antenna spacing. For each considered
case, 5000 different realizations of the network topology (i.e.,
distributions of the ships) are simulated. Moreover, for each
network topology, 10 realizations of the multiple-antenna
channels are generated (by imposing a random phase).

V. RESULTS AND DISCUSSIONS
Figure 4 depicts Gk,out versus the range. In this plot, a 10 m
antenna spacing is considered. This figure shows Gk,out for
the four considered systems (SISO, SIMO-DIV, SIMO-MRC
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FIGURE 4. The 2nd percentile of the antenna combining gain versus
range for the different multiple-antenna systems at 10 m antenna
spacing. Two duct distributions: the Aegean Sea (1st row) and the English
Channel (2nd row). Operating frequencies: 1, 2, and 4 GHz.

& MIMO-MRC), for the Aegean Sea and the English Chan-
nel duct distributions, and operating frequencies 1, 2, and
4 GHz. From this figure, we can clearly identify the strong
impact of the range on the behavior of all antenna combining
schemes. However, it is also evident that the duct distribu-
tions of the two meteorological areas have an insignificant
effect on the reported performance criterion (i.e., the 2nd

percentile) for the different schemes. Similarly, we can see
that as the operating frequency increases, the contribution
of using multiple-antenna systems on improving the quality
of the links becomes more remarkable. These observations
will be analyzed in-depth in the remaining sections. We will
also evaluate the improvement in the antenna combining gain,
Gk,out , and the throughput, Rk,out , that can be achieved by the
different antenna combining schemes relative to SISO.

A. GAIN IMPROVEMENT OF THE DIFFERENT
COMBINING SCHEMES
Figure 5 shows the channel gain improvement achieved
by SIMO-DIV, SIMO-MRC, and MIMO-MRC, relative to
SISO, with antenna spacing of 1 and 10 m, as the duct height
increases from 1 to 40 m for operating frequencies 1 GHz,
2 GHz, and 4 GHz. When the duct height increases, only
at the 1 GHz frequency, the improvement of relative chan-
nel gains for all combining schemes (almost) monotonically
increases. For example, at 1 GHz with 10 m antenna spacing,
the SIMO-DIV, SIMO-MRC&MIMO-MRC increases from
1 dB, 3 dB & 5 dB, at 1 m duct height to 4 dB, 5.5 dB & 9 dB
at 40 m duct height, respectively. However, at frequencies
2 and 4 GHz, we see that this monotonic trend disappears.
This change in behavior at the different operating frequencies
will be explained based on the space-correlation function of
the PF in section V-C.

Figure 6 shows the channel gain of SIMO-DIV,
SIMO-MRC, and MIMO-MRC relative to SISO at 2 GHz for
the English Channel. It can be seen that as the antenna spacing

FIGURE 5. The channel gain improvement relative to SISO (evaluated at
the 2nd percentile) for different duct heights, for the English Channel,
at frequencies: (a) 1 GHz, (b) 2 GHz (c) 4 GHz.

FIGURE 6. The channel gain improvement relative to SISO (evaluated at
the 2nd percentile) for antenna spacing 1 m to 10 m at 2 GHz for the
English Channel.

FIGURE 7. The channel gain improvement of MIMO-MRC relative to SISO
(evaluated at the 2nd percentile). Antenna spacing varies from 1 m to
10 m at 2 GHz. (a) Aegean Sea, (b) English Channel.

increases from 1 to 10 m, MIMO-MRC records between
4 to 5 dB more gain compared to SIMO-DIV, 1.5 to 3 dB
gain compared to SIMO-MRC. In general, we can conclude
the following two points: 1) SIMO-MRC achieves more than
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FIGURE 8. The space-correlation function of the propagation factor at different operating frequencies (1, 2, & 4 GHz), different duct
heights (1, 14, & 36 m) and at different ranges (10, 20, 30, 40, & 50 km).

60% of the gain obtained by MIMO-MRC for all considered
antenna spacings, and 2) the gain improvement achieved by
SIMO-DIV is sensitive to the amount of antenna spacing, for
example, at 1 m spacing, SIMO-DIV achieves only 20% of
whatMIMO-MRC records; however, this gain jumps to about
55% when the antenna spacing is 10 m.

B. EFFECT OF VERTICAL ANTENNA SPACING AT
DIFFERENT FREQUENCY BANDS
Figure 7 presents the channel gain improvement realized with
MIMO-MRC relative to SISO with vertical antenna spacing
varies from 1 to 10 m. We assume three different frequency
bands: 1, 2, and 4 GHz, and the two duct distributions of
figure 1. From figure 7, we can deduce the following:
• Comparing the two considered regions (i.e., the Aegean
Sea and the English Channel), there is no significant
difference in terms of the gain that can be achieved when
usingMIMO-MRC. For example, in both environments,
using MIMO-MRC with 1 m vertical spacing improves
the channel gain by 4 to 6 dB. This finding indicates that
even with such small antenna spacing and regardless of
the operating frequency, not less than 4 dB of gain is
achieved when using MIMO-MRC.

• The larger the antenna spacing, the less the deep fading
occurrences, which has a significant effect on improving
the link reliability. This improvement can reach up to
12 dB gain when the antenna spacing is 10 m.

• Depending on the operating frequency, the achieved
gain as the antenna spacing increases might exhibit
a saturation behavior i.e., an antenna spacing beyond

which there is no considerable gain can be realized. For
example, based on figure 7, at 1 GHz, the amount of the
gain improvement (reported per 1 m increase in antenna
spacing) of the MIMO-MRC decreases from 0.55 dB/m
to 0.30 dB/m as the antenna spacing increases from
1 to 10 m. However, at 4 GHz, the gain improvement
of the MIMO-MRC system diminishes faster where it
decreases from 1.60 dB/m to 0.12 dB/m as the antenna
spacing increases from 1 to 10 m.

When interpreting the results of figure 7, we have to consider
that the reported values are the channel gain achieved relative
to SISO. Therefore, when evaluating the overall link quality
at different frequencies, these results should be interpreted
jointly with the SISO channel gains.

C. ANALYSIS BASED ON THE SPACE-CORRELATION
FUNCTION OF THE PROPAGATION FACTOR
In an effort to understand the effect of the operating fre-
quency and vertical spacing on the channel gain improve-
ments reported in sections V-A and V-B, we investigate
the space-correlation function of the PF. Figure 8 depicts
the space-correlation function of the propagation factor at
different operating frequencies (1, 2, & 4 GHz), different
duct heights (1, 14, & 36 m) and at different ranges (10,
20, 30, 40, & 50 km). Let’s define the decorrelation dis-
tance as the antenna spacing at which the correlation of
the PF drops to 0.5. From figure 8, we can observe that at
1 GHz, the decorrelation distance reaches about 20 m, which
means that we will continue observing antenna combining
gain even if we increase the antenna spacing beyond 10 m.
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FIGURE 9. The absolute achieved throughput improvement (Mbps)
compared to SISO (evaluated at the 2nd percentile) st different antenna
spacing and frequencies. (a) 1 GHz, (b) 2 GHz, and (c) 4 GHz.

FIGURE 10. The relative achieved throughput improvement (dB) relative
to SISO (evaluated at the 2nd percentile) at different antenna spacing and
frequencies. (a) 1 GHz, (b) 2 GHz (c) 4 GHz.

This explains the linear gain improvement with antenna spac-
ing in figure 7. On the other hand, as the operating frequency
increases, e.g., 4 GHz, the decorrelation distance decreases.
Therefore, after certain antenna spacing (of a few meters),
the antenna combining gain reaches a saturation level. It is

also evident from figure 8 that, as the range, the duct height,
and the operating frequency changes, the space-correlation
function behaves in a more and more unheralded way.

D. THROUGHPUT IMPROVEMENT OF THE DIFFERENT
COMBINING SCHEMES
We investigate the throughput achieved by the different
antenna combining schemes under different evaporation duct
heights at different operating frequencies. In all cases, we use
the simulation parameters detailed in section IV.

In figure 9, we define the absolute throughput improve-
ment as the amount of extra throughput (Mbps) achieved by
the different multiple-antenna systems compared to the SISO
system. The achieved absolute throughput improvement is
plotted as duct height varies from 1 to 40 m with frequencies
1, 2, 4 GHz at two antenna spacing: 1 and 10 m. For the
case of 1 GHz and 10 m spacing, the absolute throughput
improvement achieved by the MIMO-MRC system increases
from 0.5 Mbps at 1 m to 8 Mbps at 40 m duct height.
Whereas, the absolute throughput improvement achieved by
the SIMO-MRC system increases from 0.3 Mbps to 3 Mbps
for the same duct height increment. Yet, the absolute through-
put improvement achieved by the SIMO-DIV system is very
small: goes from 0.1 Mbps at 1 m to almost 2 Mbps at 40 m
duct height. For the higher frequencies i.e., 2 and 4 GHz,
the achieved absolute throughput improvements by the dif-
ferent multiple-antenna systems persist. Nevertheless, due to
the higher path loss associated with higher frequencies, these
improvements are smaller compared to the 1 GHz frequency.

In figure 10, we define the relative throughput improve-
ment as the ratio (expressed in dB) between the throughput
achieved by the different multiple-antenna systems and the
throughput achieved by the SISO system. Considering the
outage throughput at the 2nd percentile, with antenna spac-
ing as small as 1 m, it can be seen that the SIMO-DIV,
SIMO-MRC and MIMO-MRC achieve around 1 dB
(≈125%), 3 dB (≈200%), and 5 dB (≈320%) throughput
compared to SISO. When the antenna spacing increases
to 10 m, this relative throughput improvement reaches
(on average) 7 dB, 8 dB, and 13 dB for the SIMO-DIV,
SIMO-MRC, and MIMO-MRC systems, respectively.

VI. CONCLUSION
In this paper, based on extensive Monte Carlo simulations,
we studied the improvements that can be achieved using
multiple-antenna systems in overwater communication chan-
nels. First, using the parabolic equations model for the over-
water propagation channel, we analyzed the link quality for
different antenna spacing, heights of evaporation duct, and
operating frequencies. Second, we quantified the effect of
using different multiple-antenna combining schemes on the
quality of the link and, consequently, the throughput of a
system comprises of randomly distributed communication
nodes. It was found that using a 2 × 2 MIMO-MRC system
with antenna spacing as small as 1 m results in improv-
ing the channel gain by 4 to 6 dB compared to SISO.

VOLUME 8, 2020 103607



A. Abdelmoaty et al.: Using Vertically Separated MIMO in Ship-to-Ship Communications

This improvement can go up to 12 dB has the antenna
spacing increases to 10 m. Moreover, it was found that,
in all cases, 1 × 2 SIMO-MRC systems are able to attain
about 60% of the improvement achieved by 2 × 2 MIMO-
MRC systems. This multiple-antenna combining gain results
in significant system throughput improvement, for example,
a 2 × 2 MIMO-MRC system demonstrates one order of
magnitude outage throughput improvement (evaluated at the
2nd percentile) when compared to SISO.
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