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This paper presents some key considerations for modeling of over-sea radio-wave propagations in 5GHz band. The summarized
information is based on a series of measurement campaigns which were recently carried out in the tropical maritime environments
near Singapore. Multiray propagations and ducting of radio waves have been highlighted and considered in over-sea path loss
modeling and prediction. It is noted that the sea-surface reflection is an important contribution in the received field, while the duct
layers could enhance the radio-wave propagations. Our studies also show that the refracted ray inside evaporation duct could be a
strong ray for short-range near sea-surface applications and needs to be properly evaluated.

1. Introduction

Recently, there are some growing interests in deployments
of C-band (e.g., 5 GHz for our interest) radio systems in the
maritime environments such as high-speed WiMAX at sea-
ports [1, 2], microwave landing system in a seashore country
[3, 4], andmilitarymaritime surveillance [5]. Generally, these
applications [1–5] require the microwave radio systems to
be operated in over-sea line-of-sight (LoS) maritime envi-
ronments (e.g., between a base station and a moving vessel/
aircraft), except for some scenarios where ships could block
the maritime radio links of interest [6, 7].

From the literature, there are limited works on maritime
propagation loss predictions, related to the above-mentioned
applications. For example, ITU-R P.1546 [8] provides some
recommendations for propagation loss predictions over sea
paths. However, it is only for the operating frequencies
between 30MHz and 3GHz. When the frequency increases
above 3GHz (e.g., 5 GHz in our studies), an evaporation duct
over the sea surface could result in a substantial increase in
the received signal strength [9, 10], although works in [11]
reveal that the propagation loss for a 5GHz over-sea channel
can be predicted using free space loss (FSL) model when the
transmission range is less than 10 nautical miles (18.5 km).

However, for a tropical maritime environment, its higher
temperature compared to the temperate climate in other
areas can result in a higher evaporation rate of the sea water
and therefore a larger evaporation duct height [12]. It thereby
could start to trap and affect the radio waves at a shorter
distance not only for longer distance (e.g., beyond LoS
communications in [13]).

Therefore to deploy a reliable microwave radio system in
tropical maritime environments, understanding of over-sea
radio-wave propagations becomes very important for system
designers. A series ofmeasurement campaigns in 5GHz band
were then carried out in the maritime environments near
Singapore in the past few years, in order to characterize the
LoS over-sea radio channels. In this paper, some interesting
findings and observations from these activities will be sum-
marized and presented. It is noted that the reported signal
enhancement below is the level by which themeasured signal
strength exceeds that for free space propagation.

2. Basic of Radio-Wave Propagations

LoS radio-wave propagations with a clear air condition
are mainly affected by the properties of atmospheric gases.
Oxygen and water vapor have been identified as two main
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Figure 1: Approximate specific attenuation due to atmospheric
gases [14].

sources for the atmospheric attenuation in [14], where specific
attenuation curves in dB/km at sea level for dry air and water
vapor with a density of 7.5 g/m3 have been recommended
from 1 to 350GHz and shown in Figure 1. It can be found
that for a clear air condition atmospheric attenuation on the
propagating waves in the 5GHz band is almost negligible
(<0.01 dB/km). Hence, the distance dependency of radio-
wave propagation loss is a key factor we need to consider for
5GHz radio planning, and will be discussed in this paper.

2.1.Measurements of the Propagation Loss. Formeasuring the
radio-wave propagation loss, typical channel soundings have
been introduced in [15]. Basically, the channel measurements
require a transmitter and a receiver. Figure 2 presents a very
basic setup for radio-wave propagation measurements, using
continuous-wave (i.e., narrowband) sounding technique. At
the transmitter, the output from a signal generator will
be amplified before being sent out from the transmitting
antenna. After the signal propagates through the channel of
interest (e.g., over-sea channel in our study), the captured
signal by a receiving antenna will be filtered and then
indicated on a spectrum analyzer. The antennas could be
directional or omnidirectional depending on the applica-
tions.The propagation loss PL for the setup shown in Figure 2
can be estimated through

PL = 𝑃
𝑇
+ 𝐺Amp + 𝐺AntT + 𝐺AntR − 𝐿𝑓−𝑃𝑅, (1)

where 𝑃
𝑇
is the output power from signal generator, 𝐺Amp is

the gain of amplifier, 𝐺AntT and 𝐺AntR are the gains of trans-
mitting and receiving antennas, 𝐿

𝑓
is the loss of filter, and 𝑃

𝑅

is the indicated power on spectrum analyzer, respectively. All
the parameters shown in (1) are in dB.

It is noted that if wideband information is of interest,
coded signal such as spread spectrum technique using
maximal-length pseudonoise sequence can be implemented. In
such case, vector signal generator at the transmitter can be
used with a digitizer at the receiver as we reported in [16].

Other sounding solutions [15] can also be applied depending
on the resources available.

2.2. Modeling of the Propagation Loss. Typically for the radio-
wave propagation in free space with a clear air condition, the
propagation loss can bemodeled and predicted using the FSL
model [15] as follows:

PLFSL = −27.56 + 20 log10 (𝑓) + 20 log10 (𝑑) , (2)

where PLFSL is the FSL in dB, 𝑓 is the frequency in MHz, and
𝑑 is the propagation distance in meter.

For over-sea radio-wave propagation as those reported in
[3, 17, 18], sea-surface reflection is another important compo-
nent in the received field. Ideally when a reflected ray exists
besides the LoS (direct ray) component, the propagation loss
could be modeled using a 2-ray path loss model. For near-
grazing incidence, the reflection coefficient for a vertically
polarized wave approaches −1. Therefore, the 2-ray path loss
model can be simplified as [15]

PL
2-ray = −10 log10 {(

𝜆

4𝜋𝑑

)

2

[2 sin(
2𝜋ℎ
𝑡
ℎ
𝑟

𝜆𝑑

)]

2

} , (3)

where PL
2-ray is the 2-ray propagation loss in dB, 𝜆 is the

wavelength inmeter, and ℎ
𝑡
, ℎ
𝑟
are the heights of a transmitter

and a receiver in meter.
However it is sometimes difficult to identify the occur-

rence of 2-ray propagations; a generic formula has therefore
been adopted for modeling the propagation loss PL

𝐺
in dB as

[3, 13, 19]

PL
𝐺
= 𝐴 + 10 𝑛log

10
(𝑑) + 𝑋

𝑓
, (4)

where 𝐴 is a constant and normally measured at a reference
location from the transmitter, 𝑛 is the relevant path-loss
exponent, and𝑋

𝑓
is the shadowing factor. For air-to-ground

propagations over sea surface, the shadowing could be caused
by aircraft maneuvering as we reported in [20].The path-loss
exponent 𝑛, parameter𝐴, and𝑋

𝑓
in (4) can be extracted from

the measured data using the least mean square (LMS) curve-
fitting technique as in [3].

It is noted that, due to the distance-dependent refractivity
conditions and rough sea surfaces [13], the estimated path-
loss exponent 𝑛 is very site-dependent and may not be appli-
cable for other sites. For example, our experimental studies in
[3] have indicated that, for the same sea area, the empirically
determined path-loss exponent 𝑛 is within the range of 0.14
to 2.46 with varying the antenna heights and propagation
ranges. Therefore, the path loss model (4) has to be restrict-
edly applied.

In the following, we mainly focus on the implementation
of 2-ray ormultiray path lossmodel with considering the duct
effects for over-sea radio-wave propagations.

3. Over-Sea Radio-Wave Propagations

Generally, over-sea propagation environments can be classi-
fied according to the position of radio platforms as being near
to the sea surface and hundreds of meters above the sea surface
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Figure 3: Main radio-wave propagation mechanisms for near sea-
surface applications in an evaporation duct.

or higher. In the following, we will mainly summarize some
experimentally evaluated information, based on a series of
measurement campaigns which were carried out recently in
the tropical maritime environments near Singapore.

Main radio-wave propagation mechanisms for different
application scenarios will be presented in detail based on
our observations. It is noted that, in our measurement cam-
paigns [3–5], the receiver was located on the shore while the
transmitter was placed on a moving vessel/aircraft over the
sea surface.

3.1. Near to the Sea Surface. This is an application scenario
when the transceiver platform is near to the sea surface, for
example, the communications between a ship on sea and an
onshore base station as shown in Figure 3. In order to under-
stand the realistic radio-wave propagation mechanisms in
such an application environment, we have carried out more
than 20 measurement campaigns for proper channel charac-
terizations at 5.15 GHz. The measurements were performed
over an open sea area off the southeast coast of Singapore,
with varying the base station height of 7.6, 10, and 20m, respec-
tively, and a fixed transmitter height of 3.5m approximately
above sea level which was on board a speed boat. Some latest
results were reported in [5].

Our studies show that, besides the direct ray and the sea-
surface reflected ray (usually forming 2-ray propagations),
the refraction due to the possible evaporation duct as shown
in Figure 3 could be another important contribution. The
evaporation duct is formed due to the humidity difference
in the air-sea boundary and presents up to 90 percent of the
time in the equatorial and tropical regions as reported in [13].
Therefore, the influence from the existing evaporation duct
needs to be properly characterized andmodeled for near sea-
surface maritime applications.
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Figure 4: Example of the received signal power versus distance with
the predicted values using the FSL and 2-ray models [5].

Figure 4 shows a typical example of the measured power
versus the transmission distance for near sea-surface radio-
wave propagations which were performed on November 23,
2011, together with the predicted values using the FSL and 2-
ray models as in [5]. The reported results in Figure 4 are for a
receiver height ℎ

𝑟
of 20m at the base station. FromFigure 4, it

can be clearly observed that the FSLmodel is well suitable for
the prediction of local mean (large scale) propagation loss for
near sea-surface applications.This observation is very similar
to those reported in [11] for a 5-GHz transmitter at 18m
and a receiver at 30m over the sea water. More interestingly,
when the propagation distance is less than about 3000m in
Figure 4, the measured results show a similar trend to the
predicated results using the 2-ray path loss model, where the
interference nulls are possibly due to the destructive summa-
tion of the LoS direct ray and the sea-surface reflected ray.

However, when the propagation distance is beyond
3000m, there are interference nulls which cannot be pre-
dicted using the 2-ray model. Our analysis in [5] indicated
that the refraction caused by the evaporation duct as shown
in Figure 3 could become significant and cannot be ignored
in the modeling process. Therefore, a 3-ray path loss model
(including a LoS direct ray, a reflected ray from sea surface,
and also a refracted ray caused by evaporation duct) has
been evaluated for near sea-surface path loss modeling.
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Figure 5: The predicted results using the FSL, 2-ray, and 3-ray
models for the received signal strength versus distance in Figure 4.

A simplified 3-ray model [21] has been used with assumption
of a horizontally homogeneous evaporation duct layer, a
near-grazing incidence on the sea surface, and approximate
representation of the refracted wave to reflection:

𝐿
3-ray (dB) = −10 log10 {(

𝜆

4𝜋𝑑

)

2

[2 (1 + Δ)]
2

} , (5)

with

Δ = 2 sin(
2𝜋ℎ
𝑡
ℎ
𝑟

𝜆𝑑

) sin(
2𝜋 (ℎ
𝑒
− ℎ
𝑡
) (ℎ
𝑒
− ℎ
𝑟
)

𝜆𝑑

) , (6)

where ℎ
𝑒
is the effective duct height for refraction and can

be determined through the curve fitting/regression technique
on the measured data as in our previous study [5]. The
method is similar to the one reported in [22] where ℎ

𝑒

was obtained based on a split-step Fourier solution of the
parabolic equation approximation to the wave equation.

Figure 5 shows the curve fitting of 3-ray path loss model
(5) to the experimental results in Figure 4 for determining ℎ

𝑒

in the coastal environment near Singapore. From Figure 5, it
can be observed that the fitted 3-ray model shows a good pre-
diction ability when the propagation distance is beyond
3000m (around a break point for 3-ray propagations to be
dominant), which indicates that the third ray (i.e., the highly
refracted ray caused by evaporation duct) is significant for
near sea-surface radio-wave propagations in our application
scenario, and cannot be ignored when the propagation dis-
tance increases.Theobservations hold formore than 20meas-
urement campaigns performed over the tropical maritime
environments under investigations. The empirically esti-
mated effective evaporation duct height ℎ

𝑒
for refraction is

summarized in Figure 6.
It is found that the estimated effective evaporation duct

height ℎ
𝑒
for refraction as shown in Figure 6 is very close to

those reported in [23] where the averaged evaporation duct
height at a nearby marine environment is between 25m and
40m during similar months and also very consistent with the
observations in [12] as we reported in [5].
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Figure 6: Histograms for empirically estimated effective evapora-
tion duct height ℎ
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Figure 7: Main radio-wave propagation mechanisms for an air-to-
ground over-sea channel.

3.2. Hundreds ofMeters above the Sea Surface. This is another
application scenario when the transceiver is installed on an
airborne platform as shown in Figure 7. Depending on the
airborne altitude, the elevated duct in the troposphere could
start to affect the air-to-ground over-sea propagations com-
paring to near sea-surface applications.

It is noted that, in the region around Singapore, the prob-
ability of yearly occurrence of elevated duct is more than 10%
of the time and the average yearly elevated duct mean bottom
height is more than 1 km with a mean thickness of around
300m, according to the statistics derived from 20-year
(1977–1996) radiosonde observations as reported in ITU-R
P.453 [24].

Sea trials with differentmeasurement configurations have
been performed at 5.7 GHz with airborne altitudes of 0.37,
0.91, and 1.83 km and base station heights of 7.65m (Channel
1) and 2.10m (Channel 2), respectively, at an open space at a
coastal area on the eastern side of Singapore. Some results and
analysis have been reported in [3, 4]. The results show that
the sea-surface reflected ray is a major component besides
the direct ray. As we summarized in [3], the occurrence of
sea-surface reflected ray could be more than 40% of the time.
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Figure 8: Typical results of propagation loss at airborne altitude of
0.91 km [3].

An example of the propagation loss at the airborne
altitude of 0.91 km is shown in Figure 8 as a reference. As
compared to the near sea-surface transmission which mainly
propagates inside an evaporation duct as shown in Figure 3,
the airborne transmission needs to propagate through several
different layers such as evaporation duct layer, air layer (free
space), and elevated duct layer as shown in Figure 7. The
resulting different-level reflections could weaken the 2-ray
propagation, especially for airborne transmission with much
longer propagation range.Therefore, less obvious 2-ray prop-
agations were observed in Figure 8 as compared to the near
sea-surface results in Figure 4. It is noted that although there
could be 3rd ray, 4th ray, or more [3] (due to multireflections
trapped in a duct), their magnitudes are very small referring
to the dominant direct ray.

Figure 9 shows a typical example of the measured power
delay profile for the over sea-surface airborne channel at
0.91 km with 2 rays, where the first peak represents the LoS
direct ray and the second peak is normally contributed by the
sea-surface reflected ray. Clearly the strength of sea-surface
reflected ray which is sea-state-dependent is much smaller
comparing to the LoS direct ray.

Most importantly for this application scenario, the signal
enhancement due to the ducting is very obvious (e.g., there
is a much less propagation loss comparing to the free space
loss as shown in Figure 8). This is because the propagation
range for airborne applications is very long (45 km to 95 km
roughly in the study of this scenario) and thereby results in a
significant accumulation of signal enhancement as compared
to the shorter near sea-surface application scenario (less than
10 km in our study).
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Figure 10: Typical results of ducting induced signal enhancement
with spatial variations in dB at airborne altitude of 0.91 km.

The signal enhancement due to the ducting was then
estimated referring to the free space loss as reported in
[4]. Typical results of ducting induced signal enhancement
with spatial variations at airborne altitude of 0.91 km in dB
are shown in Figure 10. From Figure 10, it is found that as
the propagation range increases, the signal enhancement is
slightly promoted where some nulls are due to the destructive
summation of the direct ray and the sea-surface reflected ray.
With the assumptions of homogenous duct layers and no
enhancement at distance 𝑑 = 0 km, the signal enhancement
has been linearly modeled with an averaged regression
coefficient of 0.1067 dB/km [4] based on our measurements
with airborne altitudes of 0.37, 0.91, and 1.83 km.

Comparing to the measurement results in [10] where
an enhancement in signal strength of more than 10 dB was
observed 48% of the time along a 27.7 km over-sea path at
5.6GHz (i.e., around 0.36 dB/km), the signal enhancement
in our study (∼0.11 dB/km) is relatively small. The main
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reason is that measurements in [10] were performed with the
transmitter height of 8.5m and the receiver height of 10.5m
above average tide, and therefore radio-wave propagations
mainly occurred within the evaporation duct. For our mea-
surements, they were performed with a transmitter height
up to 1.83 km where the loss at different layer interfaces as
shown in Figure 7 could decrease the enhancement effect.
Moreover, our signal enhancement (∼0.11 dB/km) is averaged
over the whole propagation path with the free space layer
where there is negligible enhancement.Therefore, the smaller
enhancement in our study is reasonable.

4. Conclusions

This paper summarized some key considerations for mod-
eling of over-sea radio-wave propagations in 5GHz band,
based on a series of measurement campaigns in Singapore.

The application scenarios are classified as near to the sea
surface (mainly for ship communications [25]) and hundreds
of meters above the sea surface (mainly for airborne maritime
applications), depending on the transceiver altitude. Our
studies show that the sea-surface reflection is an important
contribution for over-sea radio-wave propagations, and its
effect is very obvious for near sea-surface applications.

However, the ducts (e.g., evaporation duct and elevated
duct) over the sea surface have quite different influences
for maritime applications. Our experimental investigations
show that there is negligible enhancement of signal strength
for short-range near sea-surface applications; however, it
could sometimes cause the incident waves to be refracted.
The refracted wave may be strong enough and result in
unexpected destructive interferences.

For long-range airborne applications, the duct layers can
enhance the signal transmissions very significantly. Our stud-
ies show that a signal enhancement of 0.1067 dB/km could
happen for our application scenarios. It is noted that although
multiray propagation exists, the strengths of other rays (2nd
ray, 3rd ray, etc.) are dependent on the sea state and the condi-
tion of ducts and quite often smaller comparing to the direct
ray. Therefore, over-sea radio-wave propagation channels
need to be properly characterized for a better radio planning.
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