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Abstract. From the perspective of several measurement campaigns in
the offshore environment, it has been reported that the sea surface reflec-
tions are the main source of deep fading. We present a novel solution to
this problem, by investigating the analytical implications of the propa-
gation model which best fits the offshore channel characteristics. We also
present a novel and yet simple implementation of receiver diversity which
can mitigate the fading caused by sea surface reflections and ensure that
the link is always steady even under extreme turbulent conditions.

Keywords: Maritime Communications, Sea Surface Reflections, Chan-
nel Modelling, Long Range WLAN, Spatial Diversity.

1 Introduction and Motivation

Wireless Turbine-to-Turbine communications in a wind farm can greatly en-
hance the efficiency of the data acquisition process by decoupling the wind farm
from the wired grid network architecture. In a nutshell, turbines can share me-
teorological information and other safety data much faster, which implies that
an individual node can monitor itself as well as its neighbours. Advancement in
wireless sensor networks has shown that most offshore platforms implementation
will prefer wireless sensor motes to other electromechanical options [1]. Beyond
Supervisory Control and Data Acquisition (SCADA), the turbine can provide
a dual purpose service in the offshore environment. Apart from providing the
valuable renewable energy, the turbine can share its wireless connection to the
site maintenance staff, enabling them to control individual turbines while on
site with their hand-held computers. There is also a big motivation for network
service providers to utilise turbines as network access points or base stations to
provide coverage to the vast oceans, avoiding the huge costs and latency issues
from the current oceanic communication systems based on satellite networks [2].

1.1 Challenges of Signal Propagation within Offshore Environments

A wireless point-to-point link between any two offshore wind turbines presents
some unique challenges which are not experienced on land. The main factors
which directly affect the propagation of radio waves include: ducting, tidal waves,
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surface turbulence and sea-surface reflections. In particular, the sea-surface re-
flections exhibits the most detrimental effect on the propagation of radio signals
in this environment. This is because the sea-surface acts as an electrical con-
ductor for all radio frequency [3], which means that all incident Electromagnetic
energy at radio frequency is mostly scattered by the sea-surface causing signif-
icant deep fades when the scattered Non-Line-of-Sight (NLOS) path interacts
destructively with the Line-Of-Sight (LOS) path . The presence of tidal waves
makes the height of an antenna above the sea-surface vary gradually causing
periodic variations in the wireless channel. This results in a phenomena called
tidal-fading [4], which is never experienced on land. Tidal fading in the offshore
environment is not as detrimental as experienced near the shore and it changes
slowly following the lunar orbits around the earth [5]. On the other hand extreme
surface turbulence such as rogue waves are usually instantaneous and random,
presenting a challenge to the overall turbine structural integrity [6]. In general
sea surface reflections are an ever-present scenario and greatly depend on the
height of the nodes which is largely affected by oceanic wave motion [7].

1.2 Related Work

The propagation of radio waves between individual offshore wind turbines has
not been extensively investigated. However, there are several results in the re-
ported literature that attempt to address this issue. The investigation by Sale-
hinejad et al., [8] on channel modelling between two offshore wind turbines, is
closely related to the work on this topic. In this work, the model presented was
based on ultra wide band communications using pulse position modulation. The
data rate was limited to 10 kbps and the point-to-point node separation distance
was up to 1 km. The key objective for the proposed model was a simple design
of a low implementation cost. Their key contribution was the analysis of wide
band signal propagation between two offshore wind turbines. The authors in [9],
gave a survey of possible turbine-to-turbine communication technology but did
not mention a viable wireless solution.

Other investigations into Offshore wind farm communication networks, were fo-
cused on the internetwork of wireless sensor motes [1]. A series of investigations
reported by the same research team have also contributed to building a resilient
network to support offshore wind farms [10] [11] which mainly focused on wired
network topologies with simulation investigations developed in [10] where a sin-
gle point-to-point microwave link between the wind farm and the control centre
was setup.

2 Approach to Counteracting Sea Surface Reflections

Measurement campaigns by several research groups, including [12], [13] and [7],
illustrated that the fading in the offshore environment can be better predicted



using the two-ray model. In this section, we propose a novel diversity approach
which could counteract deep fading due to surface reflections.

Fig. 1. 1 × 2 SIMO System to counteract sea surface Reflections

Consider an ideal case where the two nodes are perfectly identical, hence their
antennas have the same gain (

√
G) and radiation pattern. Let the two antennas

at node A be denoted by Tx-Ant1 placed at height hA1 above the sea surface
and Tx-Ant2 placed at height hA2. Similarly the two receiver antennas at node
B denoted by Rx-Ant1 placed at height hB1 and Rx-Ant2 placed at height hB2.
Consider a simplex scenario where node A is transmitting with only Tx-Ant1 as
depicted in fig 1 while node B in receiving mode can collect the incident wave-
forms from both its identical receivers vertically separated as shown in fig.1.
The power received from antennas Rx-Ant1 and Rx-Ant2 can be estimated by
equations (1) and (2) as Pr1 and Pr2 respectively from the generalised two-ray
model under narrowband constraints [14].
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where Pt is the transmitted power in (W ), c is the speed of electromagnetic waves
in a vacuum, G is the product of the antenna gains for both the transmitter and
receiver, x is the coverage distance between the transmitter and the receiver
nodes, f is the carrier frequency, ∆x1 and ∆x2 are the path differences of LOS
and NLOS paths between Tx-Ant1 and the two receive antennas approximated



from expressions (3 ) and (4 ) respectively [14].
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Given that the receiver antennas are perfectly identical also in terms of the
individual RF-chains, an equal gain combiner can be applied at node B, summing
up the received power from equations (1) and (2), we can optimise the combined
received power by controlling the phases of the received waveforms such that
equation (5) holds.
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By substituting equation (5) into equations (1) and (2) and applying the trigono-
metric identity sin2 α + cos2α = 1. Under the narrowband assumption, we can
apply superposition, to get the total power from the equal gain combiner by
equation (6).
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Equation (6) can be analytically obtained if the two receiver antennas are ver-
tically separated by a special metric ∆h = hB1 − hB2 which can be determined
by substituting expressions (3) and (4) into equation (5) simplifying it to
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Since hA1 = hB1, we can apply the quadratic formula to equation (7) to get
an explicit expression for ∆h.
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Expression (8) provides a way to determine the vertical antenna separation ∆h,
i.e., if the location of the receiver node B is x (m), the carrier wavelength is λ,
then for fixed applications in open space one can determine the optimal antenna
separation given the height of the shortest receive antenna.

2.1 Variations In Node Heights Due To Meteorological Factors

In the preceding section we have analysed an ideal scenario between two fixed
nodes when the sea was relatively calm. However, meteorological factors such as



turbulence, tidal waves and rogue waves may create periodic fluctuations in the
node heights. In general the variations in node heights directly affects the path
differences ∆x1 and ∆x2 [14] and [13]. Let hA1 + εA , hB1 + εB and hB2 + εB
be the effective vertical antenna placements above the mean sea level caused
by variations in the meteorological factors affecting the sea. We can modify

expression (3) to account for these changes such that ∆x1 = 2(hA1+εA)(hB1+εB)
x .

After evaluating ∆x2 in expression (4) in the same way, we can substitute the two
modified expressions for path differences into equation (7). We then simplify to
get a suboptimal vertical dynamic separation of the receiver antennas in presence
meteorological disturbances ∆hA

as shown in expression (9).
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Expression (9) shows that if any meteorological factors affect the structural
parameters of the two nodes, the variations in the node height around the receiver
analytically cancel out. While the disturbances around the transmitter due to
εA will have a significant impact to the value of ∆hA

. It is trivial to notice that
if εA = 0 and hA1 = hB1 6= 0 then expressions (8) and (9) are algebraically
equivalent.

3 Simulations Results

3.1 Simulation Model Description

We developed a numerical model to simulate SIMO from equation (6) using
Matlab. In the first scenario we computed the received power Pr1 (dBm) and
Pr2 (dBm) individually from expressions (1) and (2) across the coverage dis-
tance interval {800m ≤ x + δx ≤ 1200m}, where (δx) is numerically equal to
Euler′s number (e) metres. Other system configurations considered were as
follows: the receiver was located at a distance 1 km away from the transmit-
ter, the carrier frequency f = 5.73 GHz, Effective Isotropic Radiated Power
EIRP = 30 dBm and the shortest receiver antenna is mounted at 100 m. We
combined the two received waveforms at a receiver with two antennas spaced ac-
cording to ∆h as derived in the ideal scenario in section 2. Hence from equation
(8), the two receiver antennas were considered to be separated by ∆h = 13.06cm.

3.2 Spatial Diversity Simulation Under Calm Sea Conditions

Fig. 2, illustrates the received power at the desired location for three different an-
tenna spacings. In legacy spatial diversity schemes, a rule of thumb is to separate
the antennas by an integral product of half the wavelength. It’s observed that if



Fig. 2. Received Power for three different antenna spatial diversity configurations

the antennas are separated by half the wavelength, the destructive interaction of
the reflected and direct paths is restored and the fast fading effects are restored at
the receiver location. This is illustrated by a SIMO model with the two receiver
antenna separated by λ

2 in fig. 2 which follows the same fading trend similar to
Single Input Single Output (SISO). Comparing the received power at the desired
location to the alternative spacing by the best current practice, fig.3 shows that
if the receiver antennas are vertically separated by 5 × λ

2 , the effects of fading
are mitigated similar to the optimum ∆h spacing in the ideal scenario illustrated
in fig. 2. Although in this scenario we numerically multiplied by 5 after trying
several iterations, it can be shown that this particular number is a consequence
of expression (9) when εA = 0 such that, ∆hA

= λx
4hA1

= λ
2 ×

1000
4×100.1306 .

Fig. 3. SIMO with ∆h Spacing SIMO with 5 × λ
2

Spacing



3.3 Counteracting Fading In Adverse Conditions

To demonstrate the effects of meteorological factors which affect mainly the re-
flected path by changing the relative node heights, we inserted the variations in
the node height (εA and εB) as defined in section 2.1. Fig. 4 shows the outcome
of our simulation when there’s a disturbance εB = −3m around the receiver loca-
tion. It is evident that the SIMO model with ∆h = 13.06cm remains unaffected
by fast fading in a region of up to 50m away from the desired location. In order
to demonstrate the extent of the deep fades we add the Friis Model [14], which
predicts the maximum possible received power if the sea surface reflections are
not affecting the LOS path of a SISO model.
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Fig. 4. SIMO, SISO, Friis Model: when node B is shorter by 3m above average sea
level
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Fig. 5. SIMO, SISO, Friis Model: when node A is 3m more than its original height.



Fig.5 shows the effect of a disturbance in the sea surface which makes the trans-
mitter apparently 3m taller. It is evident that the SISO model exhibits big
difference in the received power around the receiver location. While the SIMO
model remains almost flat at the receiver location with slower fading as we move
away from the transmitter which is almost mirror effect to the observation in fig.
4. For the initial range of from x = 800m to x = 1200m, it was the received
power from the SIMO model with ∆h = 13.06cm is almost always above the
Friis Model prediction and there are no deep fades with in this range.

4 Discussion and Conclusion

Due to the lack of multiple independent paths in the offshore environment it may
not be possible to assume Rayleigh or Riccan statistics [15]. Therefore some of
the latest Beamforming techniques aren’t directly applicable in the mitigation
of the deep fading in this environment. In this paper we applied a deterministic
solution, but with the same objective and underlying mechanism i.e., varying
the propagation phases in such a way, that the received signal at node B is op-
timised. Having independently developed our analytical SIMO model with ∆h

spacing, we found two other models for different applications from which one can
draw comparisons to our model. A space and frequency hybrid diversity model
was proposed by [16]. This model follows a different mathematical derivation
but predicts the same results given the same inputs and system design consider-
ations. For analytical comparisons we refer the reader to equations (3 and 4 in
[16]). Another model derivation in rich multipath environment which included
a strong LOS was demonstrated for a 2 × 2 short range indoor MIMO system
with a transmitter-receiver node separation of about x = 3m by [17].

Furthermore, the model which was presented in this report aimed to give a
precise explicit way to determine the vertical spatial diversity of the receiver
antennas in a 1 × 2 SIMO system for long-range point-to-point links wherever
the two-ray model is applicable. Our system basically operates in a Single Input
Multiple Output mode (SIMO), with the capability to implement a space-time
scheme similar to the Alamouti code [18], resulting into a full 2×2 MIMO, which
can improve the link capacity.

In the turbulent sea scenario we developed a suboptimal model∆hA
in expression

(9) when εA 6= 0. The two models ∆hA
and ∆h converge when εA = 0

this condition remains true until the shortest receiver antenna is only a few
wavelengths above the sea surface in order to avoid surface waves [14]. Thus,
if the disturbances are localised at the receiver location the received signal is
predicted to remain steady as long as none of the antennas are submerged.
Moreover, the suboptimal model also demonstrates that a failure in the model
is most likely to emerge from the disturbances closer to the transmitter which
what one would expect from a spatial diversity SIMO since there is no transmit
diversity. There are a few subtle differences between the two expressions (8) and



(9) namely: expression (9) has a pole at εA = −hA1 which means the model would
breakdown if the transmitter gets closer to being submerged. ∆h → 0 as hB →
∞ which intuitively means that the significance of the diversity will be reduced
if the receiver node is extremely high. ∆hA

→ 0 as hA → ∞ implies that if
the transmitter is extremely high again the significance of spatial diversity in
such an environment will be reduced. Moreover, expression (9) is also applicable
when the two nodes are asymmetrically designed such that hA1 6= hB1.

4.1 Conclusion

The mitigation of sea surface reflection through channel modelling has been
demonstrated analytically and through extensive simulated results. Sea surface
reflections are the main source of distortion in propagating electromagnetic wave-
forms experienced in the maritime wireless communications. In legacy systems,
low frequency RF transceivers are normally deployed for this environment. We
have demonstrated, how a steady link for fixed applications can be constructed
in the Microwave band.

Particularly for turbine-to-turbine links in an offshore wind farm, one can avoid
the problems which emerge from the sea surface reflections by mounting the
antenna extremely high above the sea surface. Since turbines in this environ-
ment can reach up to 100 metres high. Alternatively, highly directive antenna
can be utilised to ensure that the transmitted beam never reaches the sea sur-
face. We have bypassed both these approaches and proposed a design which
does not greatly depend on either antenna height or high directivity to counter-
act the fading in this environment. Further more, we have illustrated that the
rule of thumb antenna spacing method implemented by separating the anten-
nas by several wavelengths, asymptotically approaches the performance of our
model. Moreover, the developed model exhibits a considerable resilience to fast
fading across a long coverage distance away from the desired location. There is
a possibility of extending this model to counteract fading in mobile maritime
applications.
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