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Abstract. Near sea-surface line-of-sight (LoS) radiowave
propagation at 5 GHz was investigated through narrowband
measurements in this paper. Results of the received sig-
nal strength with a transmission distance of up to 10 km
were examined against free space loss model and 2-ray path
loss model. The experimental results have good agreement
with the predicted values using the 2-ray model. However,
the prediction ability of 2-ray model becomes poor when
the propagation distance increases. Our results and anal-
ysis show that an evaporation duct layer exists and there-
fore, a 3-ray path loss model, taking into consideration both
the reflection from sea surface and the refraction caused by
evaporation duct could predict well the trend of LoS signal
strength variations at relatively large propagation distances
in a tropical maritime environment.
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1. Introduction
Radiowave propagation in maritime environments has

been of great interest to many researchers over the years
[1–9]. The understanding of over-sea radiowave propaga-
tion is very important for system designers when planning to
establish a reliable radio link between a sea vessel and an on-
shore base station (BS). Over the years, different application
scenarios have been investigated; in [2–4], over-the-horizon
fixed links were examined; in [6], [7], mobile channels were
studied; and in [8], [9], slant-path propagation for aeronauti-
cal applications was analyzed.

Recently, there has been growing interest in implemen-
tations of wireless systems in 5 GHz band for maritime en-
vironments, mainly in the applications of WiMAX at sea-
ports [10] and for military off-shore anti-terrorist surveil-
lance [11]. These applications require the 5 GHz systems to

be operated in a near sea-surface line-of-sight (LoS) mobile
environment (e.g., between a BS and a moving vessel). The
radio channel for this scenario differs from those reported
in [1–4], [8], [9]. Moreover, our previous investigations [9],
[12] indicate that ducting is significant for radiowave propa-
gation over the tropical ocean of Singapore in 5 GHz band.
Therefore, although similar scenarios [5–7], [13] were re-
ported, their maritime conditions and frequencies are differ-
ent and may not be applicable to the 5 GHz radio link over
a tropical ocean where the occurrence of an evaporation duct
is known to be of a higher probability and more predomi-
nant [5].

From the literature, it is well-recognized that radiowave
propagation over a sea surface is affected by the ducts such
as surface ducts, elevated ducts, and evaporation ducts [14],
[15]. For near sea-surface LoS propagation, the effects of
evaporation duct are obvious and dominant amongst all the
ducts. This is because the evaporation duct exists over the
ocean almost all of the time [14], since it is a result of the
rapid decrease in vapor pressure from a saturation condition
at the sea surface to an ambient vapor pressure at levels sev-
eral tens of meters above the sea surface. This decrease in
vapor pressure generally results in a decrease in the modified
refractivity and thus, creates a ducting layer adjacent to the
sea surface. Research work in [2] indicated that an evapo-
ration duct above the sea surface can result in a substantial
increase in the received signal strength at frequencies above
3 GHz. Measurement results in [3] also showed an enhance-
ment in signal strength of more than 10 dB, observed 48%
of the time along a 27.7 km over-sea path at 5.6 GHz.

Therefore, it is important to study the effect of evapora-
tion duct in characterizing and modeling of near sea-surface
radiowave propagation at the frequency of 5 GHz. As a con-
tinuation of our previous work [16] where channel character-
istics of a non-line-of-sight (NLoS) sea-surface link at 5 GHz
for Singapore maritime environment was reported, the main
objective of this paper is to perform a detailed investigation
on near sea-surface LoS propagation through path loss mod-
eling with the considerations the evaporation duct and the
sea-surface reflection.
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In the following, measurement campaign is described
in Section 2. In Section 3, free space loss model and 2-ray
path loss model are examined against the experimental re-
sults first. Based on the observed discrepancy, a 3-ray path
loss model is introduced to take into consideration the re-
fracted wave by evaporation duct. Section 4 then gives a dis-
cussion on empirical estimations of the effective duct height.
Finally, conclusions of this paper are given in Section 5.

(a) Transmitter on a speed boat

(b) Receiver on shore

Fig. 1. Setup of transmission and data-logging systems for near
sea-surface LoS measurements.

2. Measurement Campaign

2.1 Measurement System
Fig. 1 shows the main equipment and setup used

for narrowband measurements. It is noted that 5.15 GHz
was chosen and approved for continuous-wave transmission
where no interfering signal was detected. As shown in
Fig. 1a, an omni-directional antenna was mounted on top
of a speed boat at a height of approximately 3.5 m above
sea level. It was connected to a signal generator and a high-
power amplifier housed within the boat cabin, forming a mo-
bile transmitter with an output power of 30 dBm. During the
measurements, GPS data was continuously logged so as to
obtain the instantaneous time, altitude, longitude and lati-
tude coordinates. The pitch and roll of the moving boat was
logged using a fluxgate compass.

The BS was on shore, close to the sea. In order to
ensure a LoS condition between the transmitter and the re-
ceiver, the receiver consisted of an identical omni-directional

antenna installed on the roof of a building as shown in Fig. 1b
with different heights above sea level (in order to study the
effect of antenna height), and connected to a spectrum ana-
lyzer. The span of the spectrum analyzer was set to 20 kHz
around its center frequency to reduce the noise bandwidth.
Peak marker readings of the received signal were recorded at
intervals of 1 second using a Labview program. All the data
recorded was time-stamped for synchronization with the lo-
cation, heading and orientation of the mobile transmitter.

The whole system was carefully calibrated on-site be-
fore the sea trials, and checked again after the measurements.
The system effect was minimized through the removal of the
antenna gains and the measurement of a back-to-back con-
nection between the transmitter and the receiver. Weather
conditions were also recorded using a weather meter at the
transmitter side and a weather station at the receiver side re-
spectively. However due to the lack of more suitable meteo-
rological instruments such as a weather balloon, the weather
information was restricted at the transmitter and receiver al-
titude levels.

Fig. 2. Measurement route and receiver location, taken from
Google Earth.

Parameter Value
Carrier frequency 5.15 GHz
Transmitted power 30 dBm
Transmitter height 3 to 4 m

Receiver height 20 m, 10 m and 7.6 m
Maximum route distance 10 km

Antennas type Omni-directional

Tab. 1. Summary of measurement parameters.

2.2 Measurement Routes
Measurements were carried out over an open sea area

off the southeast coast of Singapore. BS was located at
a yacht club (N 01◦19′09′′, E 104◦1′22′′). The mobile trans-
mitter was on board a speed boat with a maximum speed of
30 knots. During the trials, the boat traveled along a 10 km
route as shown in Fig. 2 with a speed of approximately
6 knots. LoS was maintained throughout the measurements
except for some occasional passing-by ships for a short pe-
riod of time. For each receiver height, multiple trials on dif-
ferent days have been carried out in order to compare and
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verify the results. It is noted that all the measurement cam-
paign was conducted under similar sea status; calm or near
calm. The main measurement parameters are summarized in
Tab. 1.

3. Near Sea-Surface Path Loss Model
ITU-R P.1546 model [13] provides a set of curves for

prediction of propagation loss over a sea path at a frequency
from 30 MHz to 3 GHz, which limits its application in our
study at 5.15 GHz. However, a general trend can be observed
from those field strength versus distance curves in [13] that
radiowave propagation over sea paths (path distance less
than 10 km) approaches free space propagation at 50% of
time when the frequency increases. Since the frequency of
operation in this study is 5.15 GHz, free space loss (FSL)
model could therefore be used. Moreover, works in [5] also
reveals that propagation loss of a 5-GHz over sea-water radio
link can be predicted using the FSL model when the trans-
mission range is less than 10 nautical miles (18.52 km) but
with some interference nulls.

These nulls could be due to the interference between
the direct ray and the sea-surface reflected ray. Our previ-
ous study [9] also found that around 86% of all the trials
for over-sea radiowave propagation can be represented by
a 2-ray multipath model (i.e., a direct ray with a sea-surface
reflected ray) over the tropical ocean. Although the infor-
mation in [9] is for aeronautical applications, there is a very
high probability for the existence of a sea-surface reflected
wave for near sea-surface LoS propagation. Therefore in this
section, we will examine the received signal strength against
the predicted results using the FSL model and the 2-ray path
loss model.

3.1 Propagation Loss Models
For the radiowave propagation in free space, the prop-

agation loss can be predicted by the FSL model [17],

LFSL =−27.56+20log10( f )+20log10(d) (1)

where LFSL is the free space loss in dB, f is the frequency in
MHz, and d is the propagation distance in meters.

When a reflected ray from the sea surface exists be-
sides the LoS path (direct ray), the propagation loss could be
predicted by a 2-ray path loss model. Since there is a near-
grazing incidence on the sea surface in our measurements,
the reflection coefficient for a vertically polarized wave ap-
proaches -1. Therefore, the 2-ray path loss model can be
simplified as [17]

L2−ray =−10log10

{(
λ

4πd

)2 [
2sin

(
2πhthr

λd

)]2
}

(2)

where L2−ray is the 2-ray propagation loss in dB, λ is the
wavelength in meters, and ht , hr are the heights of a trans-
mitter and a receiver in meters. In the following, both the

FSL model and the 2-ray model will be used to predict the
received signal strength under ideal conditions for near sea-
surface radiowave propagation at 5.15 GHz.
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(a) Results at hr = 20 m conducted on 23 November 2011
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(b) Results at hr = 10 m conducted on 28 September 2011
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(c) Results at hr = 7.6 m conducted on 3 April 2012

Fig. 3. Received signal strengths versus distance at different re-
ceiver heights; measured and predicted.

3.2 Comparison with the Predicted Results
Typical measurement results at the receiver height hr

of 7.6 m, 10 m, and 20 m are shown in Fig. 3, together
with the predicted signal strengths using the FSL model and
the 2-ray model (assuming a perfect sea-surface reflection).
From Fig. 3, it can be observed that the FSL model is able to
predict the exponential decreasing strength trend for all the
3 receiver heights. The FSL model is well-suited for predic-
tion of the local mean (large scale) propagation loss. These
observations are consistent with those reported in [5], [13].
More interestingly, when the propagation distance is less
than about 2000 m to 3000 m (from Fig. 3), the measured
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results show a similar trend as the predicted results using the
2-ray model for all the measurement scenarios. That is, there
are some interference nulls which are due to the destructive
summation of the radiowaves (the direct wave and the sea-
surface reflected wave from modeling process of the 2-ray
model) arriving at the receiver. The slight misalignments
of the predicted nulls with respect to the measured ones in
Fig. 3 are due to the sea-surface roughness [18], [19] and the
refraction of the propagating waves mainly. Both of them
can weaken the applicability of 2-ray path loss model which
is assumed for a perfect reflection and straight rays.

However, it is observed from Fig. 3 that as the propa-
gation distance increases beyond about 2000 m to 3000 m
(known hereby as the break point dbreak), the prediction abil-
ities of both the FSL model and the 2-ray model become
poor for near sea-surface LoS environments. There are some
interference nulls beyond dbreak that cannot be predicted us-
ing both the models. As seen in Fig. 3, both the models tend
to approach a stable signal level with an exponential decay.

(a) Main propagation mechanisms in an evaporation duct

(b) Approximate representation of the refracted wave

Fig. 4. Near sea-surface radiowave propagation where a re-
fracted wave is approximately represented as a reflected
wave.

These additional interference nulls beyond dbreak could
be due to an additional ray which appears as the propaga-
tion distance increases. It can be a refracted ray (as shown
in Fig. 4) caused by the evaporation duct which exists over
the tropical sea surface almost all of the time [14]. From the
reported works, the evaporation duct can trap the over-water
propagating signals [20]. Therefore, a multi-ray path loss
model which takes into consideration the signals trapped in
an evaporation duct should be considered beyond dbreak.

In order to estimate this break point dbreak, we reviewed
the trends of the FSL model and the 2-ray model. As the
distance increases beyond the last null predicted by 2-ray
model, both the models tend to level out slowly. Therefore,
it could be concluded that the 2-ray path loss model will pro-
vide accurate predictions roughly up to a distance of its last
predictable null (or more precisely the first maximum after
the last predictable null). This break distance dbreak can be
roughly estimated as

dbreak =
4hthr

λ
. (3)

In our measurement campaign, dbreak is around 4000 m,
2000 m and 1500 m when hr is 20 m, 10 m and 7.6 m re-
spectively. For path loss modeling beyond dbreak, a multi-ray
path loss model is considered. In the following, a 3-ray path
loss model, taking into consideration the refraction due to
the evaporation duct as shown in Fig. 4 is proposed.

3.3 Modeling with the Ducting Effect
As discussed above, 2-ray path loss model will lose

its prediction ability when the propagation distance exceeds
dbreak roughly. For example, interference nulls observed in
Fig. 3a at around 900 m, 1100 m and 2100 m (< dbreak,
dbreak ≈ 4000 m) can be predicted using the 2-ray model.
While the nulls at 4100 m, 5300 m and 6200 m (> dbreak)
cannot be predicted by the 2-ray model. The interference
nulls could be caused by the trapped wave within the evapo-
ration duct as illustrated in Fig. 4.

Although a distance of about 5000 m is reported as the
one after which the ducting should be accounted for in [21],
there is a higher probability for a shorter ducting distance
(e.g., < 4500 m) in the tropical ocean where our measure-
ments were carried out. This is because the evaporation duct
heights in tropical waters are typically larger than those re-
ported for temperate cooler waters [22]. It therefore could
start to trap the radiowaves at a shorter distance. The trapped
wave in the evaporation duct is more likely due to the ra-
diowave refraction as shown in Fig. 4a. This is because the
upper boundary of the evaporation duct layer is not homoge-
nous [20], the radiowaves incident onto the upper boundary
would be diffused immediately and make the reflection from
the boundary insignificantly in the received field. Moreover
for the refraction, the refracted ray (3rd ray) will not appear at
short distances, but would appear as the distance increases.
Especially when the distance increases much further, more
additional rays could also appear although there is minor
probability for them to happen in our measurements.

Therefore in this study, a 3-ray path loss model (in-
cluding a direct LoS ray, a reflected ray from sea surface,
and also a refracted ray by evaporation duct) is used for
modeling and predicting near sea-surface LoS propagation
preliminarily. Although there are other methods which may
be better for modeling the radiowave propagation in a duct
(e.g., parabolic equation approximation method [19]), ray-
tracing is preferred in this study due to the simplicity of its
final mathematical expression that describes the scenario and
hence, its straightforward application in radio planning. As
shown in Fig. 4b, the refracted ray is approximately repre-
sented by a near-grazing reflected wave to simplify the pro-
cess of ray-tracing modeling since the antenna heights are
much smaller than the propagation distance.

For 3-ray path loss modeling, the evaporation duct
layer is assumed to be horizontally homogeneous. Similar to
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the 2-ray path loss model described earlier, a near-grazing in-
cidence on the sea surface is assumed and finally, the reflec-
tion coefficient for a vertically polarized wave approaches to
-1. With these assumptions, the 3-ray path loss model [23]
can be simplified into (4),

L3−ray =−10log10

{(
λ

4πd

)2

[2(1+∆)]2
}
, (4)

with

∆ = 2sin
(

2πhthr

λd

)
sin
(

2π(he−ht)(he−hr)

λd

)
(5)

where ht and hr are the heights of the transmitter and the re-
ceiver in meters, and he is the effective duct height as shown
in Fig. 4b. he is approximately equal to (or slightly less
than) the height of evaporation duct layer which is used as
a reference in 3-ray path loss modeling. A preliminary in-
vestigation of 3-ray path loss modeling is then performed
through evaluating the measured signal strengths against the
estimated ones using (4) with different he assumed. Fig. 5
shows an example of results with he = 25 m and 35 m re-
spectively.
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Fig. 5. Example of the received signal strength versus distance
with the estimated values using 3-ray model with he =
25 m and 35 m.

From Fig. 5, it can be observed that the signal nulls be-
yond dbreak of 1500 m in the measured results which cannot
be predicted by the 2-ray model previously could be esti-
mated using the 3-ray model. The misalignments of the mea-
sured nulls with the predicted ones are due to the improper
values assigned to he. Therefore for modeling of radiowave
propagation over a tropical sea surface, 3-ray path loss model
that not only considers the direct ray and the sea-surface re-
flected ray, but also the refracted ray by an evaporation duct,
should be considered.

4. Estimation of Effective Duct Height
In order to know the effective duct height he as shown

in Fig. 4b, the height h of a typical evaporation duct which is
approximately equal to (or slightly higher than) he is used as
a reference. For deriving h, weather information such as hu-
midity, temperature, wind speed and pressure is required at

regular vertical intervals above the sea surface up to a height
of 40 m or more. However, due to the limitation of meteo-
rological instruments (e.g., lack of a weather balloon as we
mentioned above), it is difficult to get the vertical weather
information on site which restricts an accurate estimation of
h. Therefore, the single point weather information collected
at both the transmitter and receiver has to be used to estimate
the duct height h for all the 21 measurement campaign, using
a modified P-J formulation given in [24]. The P-J formula-
tion was developed for an open ocean and therefore it may
lose the prediction accuracy when applied to this coastal en-
vironment. It is also noted that the P-J formulation is very
sensitive to the weather information.
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Fig. 6. The received signal strength versus distance with the pre-
dicted results using the FSL, 2-ray and 3-ray models: an
example with hr = 10 m.

An empirical method of determining the effective duct
height he is therefore performed through the curve fit-
ting/regression technique on the measured data in this study.
The method is similar to the one reported in [25] where he
was obtained based on a split-step Fourier solution of the
parabolic equation approximation to the wave equation. Em-
pirical values of he in (5) are then estimated by performing
curve fitting onto our measurement data to align the pre-
dicted nulls with the measured ones at larger distances for
each trial. An example of the curve fitting of 3-ray path
loss model to the experimental results for determining he is
shown in Fig. 6. For completeness, both the FSL model and
the 2-ray model are also shown in Fig. 6.

From Fig. 6, it can be observed that the fitted 3-ray
model shows a good prediction ability when the propaga-
tion distance is beyond dbreak, especially for the sudden drop
of the received signal level at distances between 4 km and
5 km. The sudden signal drop is due to the destructive sum-
mation of additional refracted wave by evaporation duct with
the LoS ray and the sea-surface reflected wave. The effective
evaporation duct height he obtained from the curve fittings of
(4) to the measurement data is able to predict the signal vari-
ations very well. The observations hold for all the 21 mea-
surement campaign performed over the tropical sea environ-
ment, and correspondingly he are estimated and summarized
in Fig. 7 with the calculated h using the P-J formulation [24].

The observations from Fig. 6 also indicate that the 3-
ray path loss model taking into consideration the contribu-
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tion of the refracted wave by evaporation duct is more ap-
propriate for near sea-surface propagation loss prediction as
compared to the popular 2-ray path loss model particularly
at a distance beyond dbreak. This is because the ducting ef-
fect usually becomes significant for long-range over-sea ra-
diowave propagation. When the propagation distance is be-
low dbreak, the ducting effect is almost negligible where the
reflection from the sea surface and the direct LoS ray dom-
inate. Thus, the 2-ray model should be only used for short-
range (< dbreak) near sea-surface propagation.

Moreover from the literature, it is found that the oc-
currence probability of an evaporation duct around nearby
marine environments such as the South China Sea is around
80%, and the annual average height h of the evaporation duct
is around 7 m to 15 m [26]. These values are similar to those
calculated h using the P-J formulation as shown in Fig. 7a.
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Fig. 7. Histograms of the calculated duct height h and the em-
pirical estimated effective duct height he.

However, the results in Fig. 7b show that most (around
86%) of the estimated he (supposed to be approximately
equal to/slightly less than h) in this study falls within the
range of 20 m to 40 m, with a median value of 30.5 m. This
statistic is found to be close to those reported in [26] where
the averaged evaporation duct height h at nearby marine en-
vironment is between 25 m to 40 m during similar months
of March, April, September and November. Another exam-
ple for the empirical h at a similar environment is reported
in [22], which was based on the data measured between
the Palm Islands and the Australian mainland in Northern
Queensland which is also with a tropical climate. The duct
height h is found to increase as the wind speed increases,
and can be up to 25 m at a wind speed of 10 knots roughly.
Referring to the reported information in [22], the estimated
effective duct height he in Fig. 7b which has a measured wind
speed within the range of 10 knots to 15 knots looks reason-
able.

The values of he in Fig. 7b are then more reliable than
the calculated h using the P-J formulation which mainly falls
into the range of 8 m to 18 m as shown in Fig. 7a. That is,
the P-J formulation tends to underestimate the actual duct

height in this coastal environment. A possible reason for
this observed discrepancy may be because: the measure-
ments were made in a coastal environment where stable at-
mospheric conditions could exist, while the P-J formulation
is for an open ocean which may lead to underestimation of
the evaporation duct height as discussed [4].

5. Conclusions
This paper reported an experimental investigation of

near sea-surface LoS radiowave propagation at 5 GHz
through narrowband measurements. Good agreement has
been observed between the measured results and the pre-
dicted values using a 2-ray path loss model when the propa-
gation distance is less than dbreak. However when the propa-
gation distance increases beyond dbreak, its prediction ability
becomes poor.

Our results and analysis indicated that a 3-ray path
loss model taking into consideration the refracted wave by
an evaporation duct and the reflection from the sea surface
could well predict the trend of the signal strength variations
in the tropical marine environments when the propagation
distance increases beyond dbreak. The results also show that
most (around 86%) of the estimated effective duct height he
falls into the range of 20 m to 40 m with a median value of
30.5 m, which is close to the reported average height h of
evaporation duct at a nearby marine environment.

Therefore for radio planning, near sea-surface LoS ra-
diowave propagation loss L in dB could be estimated gener-
ally with the following,

L=


−10log10

{(
λ

4πd

)2 [
2sin

(
2πht hr

λd

)]2
}
, d ≤ dbreak,

−10log10

{(
λ

4πd

)2
[2(1+∆)]2

}
, d > dbreak.

Here, ∆ = 2sin
(

2πht hr
λd

)
sin
(

2π(he−ht )(he−hr)
λd

)
as introduced

previously. Furthermore, although the break point dbreak =
4ht hr

λ
has been defined based on the antenna heights and the

signal wavelength, the accuracy of the path loss model above
could vary around this point depending on the sea status.
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