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Abstract 
 

Over the Ocean RF Propagation Modeling and System Design for Wireless 

Broadband Systems 

 

By 

 

Rayan Enaya 

 

Dissertation Advisor: Ivica Kostanic, Ph.D. 

 

The research presented in this document considers the development of a 

terrestrial wireless communication system for providing connectivity to vessels 

within coastal waters.  The system operates in the 2.4GHz ISM band and can provide 

throughputs that are on the order of 1-20Mbps.  

Several important aspects of the system design are considered.   

First, the propagation path loss in the2.4GHz band over the coastal water is 

characterized.  The characterization is performed through an extensive measurement 

campaign.  A practical propagation model is developed.  

Second, since 2.4GHz is an unlicensed spectrum, it hosts many other wireless 

systems.  These systems create substantial noise in the band.  The research presented 

in the document performed the characterization of this noise.  The characterization 

was performed through an extensive measurements campaign.  A theoretical model 

for the noise floor is developed.  The model is calibrated and verified using measured 

data.   
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Finally, a nominal system design is performed for the coastal area of Brevard 

County, FL.  The performance of the nominal design is accessed through computer 

simulations.  
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Chapter 1  

Introduction  

At the beginning of the 21st century, wireless communication technologies are 

an important part of our everyday life.  One relies on wireless communication when 

using a cell phone, browsing the Internet through Wi-Fi, or listening to the satellite 

radio.  Most of the wireless communication technologies are terrestrial.  That is, they 

exist over the landmass where the appropriate access infrastructure may be deployed 

and easily connected to communication backbones.  For example, cellular systems 

require the deployment of thousands of base stations.  These base stations provide 

radio signal connectivity to the cellphones on one side and backhaul connectivity to 

voice and data communication networks on the other side.  Over time, it seems that 

the need for wireless connectivity is bound to increase.  Therefore, technologies are 

needed that are capable of facilitating wireless broadband anytime and anyplace.   

Motivation  

Oceans cover two-thirds of the world's surface.  Today, if one tries to connect 

and communicate from the ocean's surface, the only choice that he/she has is 

satellite-based connectivity.  Satellite communication systems are large and 

expensive and usually with data rates that are significantly lower than what is found 

in terrestrial systems.  However, as they represent the sole option, satellite systems 

are used extensively by marine vessels worldwide.  This is true on the open ocean, 

but also in coastal waters.  
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This thesis proposes an alternative to satellite connectivity for marine vessels 

that are close to the shore.  The proposed alternative is based on wireless terrestrial 

access infrastructure that extends its radio coverage a few miles from the shore.  By 

doing so, it provides connectivity to the boats that are within the coastal waters.  It is 

proposed that this infrastructure is deployed using a 2.4GHz ISM band and that it 

utilizes a version of one of the existing terrestrial standards (IEEE 802.11, IEEE 

802.16, IEEE 802.20, or even 3GPP LTE).  The choice of communication technology is 

not the primary concern of this thesis.  In all likelihood, the technology decision would 

be primarily guided by commercial aspects.  However, to illustrate the concept and 

provide a case study example, the thesis considers 4G LTE deployment.   

Outline of the Thesis 

The outline of the thesis is as follows.  Chapter 2 presents some relevant 

literature in the field—chapter 3 documents path loss propagation studies conducted 

under conditions relevant to the proposed system.  The measurements are performed 

at the frequency of 2.4GHz and within the coastal waters of Florida.  Chapter 4 

analyzes the noise floor experienced by a coastal system operating within the 2.4GHz 

band.  This spectrum is unlicensed and used by many different systems.  As a result, 

any technology operating in this band has to be robust enough to deal with elevated 

noise floors, resulting from extensive spectrum reuse.  In this study, the noise floor is 

measured at two different locations along Florida’s coast.  Also, a theoretical model 

for the noise is proposed.  Finally, based on studies in Chapters 3 and 4, an outline of 

the nominal system covering a section of Florida’s coastal area is proposed and 
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presented in Chapter 5.  The performance of the proposed system is estimated based 

on theoretical established by propagation and channel capacity formulas.  Finally, 

Chapter 6 presents conclusions and future directions that may be pursued.   
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Chapter 2 Literature review  

Literature addressing areas relevant to this dissertation may be organized into 

three categories.  First, there is vast research into propagation and path loss modeling 

for terrestrial propagation.  This research is important but not necessarily applicable 

to the marine environment.  Second, there is some research into radio propagation in 

coastal areas.  For the most part, this research covers lower frequency bands where 

most marine communication systems are traditionally deployed.  Finally, there is 

literature on existing systems that provide marine communication.  A brief review of 

the relevant literature is provided as follows. 

RF propagation 

The principal goal of radio propagation modeling is predicting the path loss 

between the wireless transmitter and receiver points.  Two principal elements of the 

path loss are predicted.  The first one is macroscopic path loss and the second one is 

fading statistics.   

Macroscopic path loss  

Macroscopic Path Loss is defined as the difference between average transmit 

EiRP and average Received Signal Level.  This definition is in the logarithmic domain.  

That is: 

 PL=EiRP-RSL   (2.1) 

 

Where 
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 PL - Median Path Loss expressed in dB 

 EiRP - Average Effective isotropic Radiated Power expressed in dBm 

 RSL - Median Received Signal Level expressed in dBm 

There is extensive literature dealing with the prediction of the median path 

loss as given by (2.1).  For example, one finds many prediction models in [1-5].  Most 

of the relevant prediction models are statistical.  They have been derived through 

curve fitting of measured data collected in the various propagation environment.  

Examples of the models are Lee Model [4], Hata Model [1-4], Hata-Okumura Model 

[1-4], and Longley-Rice [5].  Even though they are popular and widely used, none of 

the mentioned models is adequate for the subject of this research.  All of them are 

derived primarily for the terrestrial environment, and therefore, they deal with 

propagation conditions that are significantly different from those found in coastal 

areas.  Some of the main differences are listed as: 

• Coastal areas lack terrain features.  The propagation is against the background 

of the ocean surface, which is macroscopically flat. 

• The conductivity and permittivity of the seawater are different from that of 

the land, and as a result, there are differences in reflection coefficients for 

horizontal and vertical polarizations. 

• The ocean surface may be changing significantly as a function of weather 

conditions. 

• The air above the ocean is changing significantly as a result of the weather as 

well. 
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Due to these differences, one may not apply the macroscopic propagation 

models given in [1-5] directly.  However, the methodology used in the derivation of 

these models may be followed.  In other words, upon collecting sufficient measured 

data and by following the methodology of, for example, Lee model, one may derive a 

set of equations that predict path loss in coastal areas with a sufficient level of 

accuracy.  This is the approach followed in this research.   

Fading statistic 

In RF propagation modeling, two types of fading statistics are considered: 

large-scale fading and small-scale fading.   

Large scale fading refers to random variations of the macroscopic path loss 

given by (2.1).  These variations are usually modeled as a random variable with an 

associated Probability Density Function (PDF).  In other words, the overall path loss 

may be expressed as  

 
T

PL =PL+X   (2.2) 

Where  

 PLT - Total path loss expressed in dB 

 PL - Median path loss as predicted by (2.1)  

 X - random variations of the propagation loss due to macroscopic 

fading 
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In terrestrial propagation models, X is a normal random variable with a zero 

mean and standard deviation of 𝜎.  The overall PDF for X is given by 

 ( )
2

2

1
exp

22

x
PDF x



 
= − 

 
  (2.3) 

Parameter 𝜎 is a characteristic of the environment.  In terrestrial propagation, 

𝜎 varies between 6-10dB.  For coastal area propagation, there are not many 

references on X's statistics; whether PDF given in (2.3) is still applicable, and if it is, 

what should be the appropriate value for 𝜎.  The research proposed in this document 

aims to address some of these issues. 

The small-scale fading is a result of multipath propagation.  In practice, the 

small-scale fading is handled through coding and the appropriate receiver design.  

From the standpoint of this research, the small scaling is out of scope, and it will not 

be considered.  The assumption is that whatever technology is selected for 

deployment will be capable of handling the propagation environment's small-scale 

effects.   

RF propagation in coastal waters 

Several references are addressing propagation in coastal waters.  In [6], Algor 

studied the propagation near the coast.  He established a point-to-point link using 

frequencies in the VHF band.  Algor's objective was to identify and determine system 

parameters that contribute to the path loss and fading over the ocean at various 
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distances and frequencies while considering the effects of meteorological and sea 

conditions.  

 
 

Figure 2-1.  Normalized propagation signal strength [6] 

 

The study results are summarized in set of curves shown in Fig. 2-1.  The 

curves show path loss for three different VHF frequencies:30MHz, 140MHz, and 

412MHz.   

In his study, Algor concluded the following  

• Higher frequencies have a greater fading range and faster fluctuation in level.  

• Fading range is not a function of distance.  The data obtained in this 

experiment show that signal level varies more at higher frequencies. Still, for 
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a fixed frequency, fading variation does not change accordingly with changes 

in distance.   

• Fading range increases with increased sea and wind states.  

• Fading at one frequency is essentially uncorrelated with fading at other 

frequencies, with certain uncommon exceptions.  

• Fading can be divided into two components, fast and slow, which both may 

have different causes. 

Even though Algor's work is relevant to this dissertation, it is not adequate 

since it is performed for VHF frequencies.  His characterization of the effects of the 

sea conditions is only applicable to links that are of the point-to-point type and in the 

VHF frequency range.  

Griffiths [7] also studied the propagation of VHF over water, intending to 

determine the required power to guarantee a 20dB signal to noise ratio along with a 

point-to-point link that extends about 20 nautical miles.  He classified sea roughness 

as a major contributor to propagation over water.  Griffiths concluded that a 3watt 

transmitter is required to guarantee a signal above the 20dB signal to noise ratio. 

Barrick [8] derived a method of analyzing radiation and signal propagation 

above a sea surface by employing an effective surface impedance method to describe 

the effect caused by different sea states.  His experiment's topic was to estimate the 

effect of both HF and VHF ground wave propagation on the perfectly smooth and 

rough sea surface.  Barrick concluded the transmission loss is higher during rougher 
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sea states, higher frequencies, and longer ranges.  His work is summarized in sets of 

curves presented in Figs 2-2 and 2-3. 

 
Figure 2-2.  Basic transmission loss across the ocean points at the surface of smooth 
spherical earth.  Conductivity is 4mS/m and the effective earth radius is assumed as 

4/3 [7]. 

The curves in Fig. 2-2 predict the path loss in dB over a smooth sea.  The curves 

in Fig. 2-3 show additional losses due to sea roughness (note: the losses are only given 
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or frequency of 50MHz).  One readily notices that this work is an extension of a Hata 

model as it follows a very similar approach [4].   

 
Figure 2-3.  Additional propagation losses due to sea roughness 

 

The contributions in [6-8] are relevant to this dissertation because they 

characterize sea conditions' effect on RF propagations.  However, their methods of 

characterization and their conclusion might not be applicable in this study.  They 

consider different frequencies, and they are primarily concerned with a point-to-

point communication mode.  This is the ISM frequency band (2400-2483.5MHz), 

which is considerably higher in the frequency domain. The one-to-many 

communication mode is appropriate for public access to the Internet. 
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A summary of [6-8] is provided in Table 2-1.   

 

Table 2-1.  Summary of references on coastal propagation 

Reference Main contribution Frequency 

band 

Relevance to this 

proposal  

[6] 

Algor 

Studied the 

propagation over the 

40 Nautical miles, 

studied path loss and 

the fading through a 

point-to-point link  

Mainly utilized 

VHF  

The propagation studies 

over the ocean waters 

and characterizing some 

effects that contribute to 

propagation and fading 

due to sea conditions   

[7] 

Griffith 

Studied the effects of 

propagation in a point-

to-point link over 20 

nautical miles  

VHF During the study, Griffiths 

evaluated the effects of 

sea conditions on 

propagation   

[8] 

Barrick 

derived a method of 

analyzing radiation and 

signal propagation 

above a sea surface 

VHF and HF Compared and modeled 

propagation over water 

at smooth sea condition 

and rough conditions  

 

Coastal RF communication systems based on Wi-Fi 

There are several commercial communications systems currently deployed in 

coastal waters.  Most of them are operating in the VHF band.  Out of few UHF band 

systems, some notable examples are given as follows. 

Naoki Fuke [9] deployed Wi-Fi to link the southern islands of Japan.  The 

purpose of the link is to provide connectivity to hospitals on these islands.  The link 

contained 5 microwave hops in the 2.4GHz frequency band.  The longest hop 
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extended over 113km, and it is successfully deployed and operational.  A plot of 

geographical link location is presented in Fig 2-4.   

 

 
Figure 2-4.  Geographical location of the link in [9] 

 

This link is implemented as a point-to-point Wi-Fi link.  According to [9], the 

packet transfer reliability rate is near 100 %.  The data and experience obtained over 

the test link are applied to the most symbolic link for eliminating the degradation 

caused by the tidal change.  After initial deployment, the whole five-hop network, 

including the most symbolic link, was operated for about 6 months.  The end-to-end 

link's availability rate shown in Fig. 2-4 achieves almost 100% reliability without any 

noticeable effect due to tide or weather conditions.  

Similarly, Chapman,Ermanno Pietrosemoli [10] successfully deployed a link 

that is over 279km(173miles) using 2.4GHz.  He mounted two parabolic dishes at 
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both ends to provide rural areas in Venezuela with Wi-Fi.  The link was a success.  The 

throughput achieved in a single Wi-Fi channel is on the order of 22Mbps 

Ermanno Pietrosemoli [10,11] also deployed another link, only this time he 

used a 5GHz ISM band.  The link implements a point-to-point microwave 

communication, and it is one of the longest in the world.  It was deployed in 2016, and 

it connects Monte Amiata and Monte Limbara (Sardinia).  The length of the link is 

over 300km, and it achieves rates between 50 Mbits/s and 356.33 Mbit/s.  

As described in [9-11], these networks demonstrate the viability of long-range 

propagation over coastal waters.  However, the networks are all of the point-to-point 

mode.  This proposal considers communication in the mode “one to many,” and this 

type of communication has not seen any larger scale and commercial deployments.  
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Chapter 3 Path loss evaluation   

Design and deployment of a terrestrial alternative to satellite connectivity 

require a thorough understanding of the ocean's RF signal propagation in areas next 

to the coast.  A measurement campaign is set up to evaluate path loss over the 

frequency range of interest (2.4 GHz ISM band) and the geographical area of interest 

(coastal waters).  The propagation study area is the area of the half-circle that is 

centered at the location of the transmitter and extends over the ocean to the radius 

of the radio horizon.  The site of the measurements is presented in Fig. 3-1.  The red 

marker is the location of the transmitter.  The black dashed line is the radio horizon.  

The distance to the radio horizon is a function of the transmitter height above the sea 

level.  The approximate relationship for the radio horizon distance is given by [1] 

 3.57
TX

R h=   (3.1) 

 

Where 

R - distance to the radio horizon given in km 

TX
h   - height of the transmitter given in m 

Since the study is aimed at evaluating the propagation over water, the study area is 

located to the East of the transmitter – i.e., it consists of the part of the radio-horizon circle 

that is over the ocean.   
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Figure 3-1.  Study area for propagation evaluation 

 

The transmission frequency is set to 2.401 GHz.  This frequency is in the 

portion of the ISM band that is clear from the Wi-Fi use.  The signal is a narrowband 

sinusoidal Continuous Wave (CW).  Total EiRP is 36 dBm, as permitted by the rules 

of the 2.4 GHz ISM band.  The transmitter is placed at approximately 10 m (33 ft) 

above sea level.  The transmit antenna is omnidirectional with the gain of 11 dBi.  

According to (3.1), the radio horizon is about 13 km (8 miles). 

The receiver is placed in a 7 m (23ft) boat.  According to the manufacturer's 

specifications, the receiver's antenna has a 2 dB gain, and it is placed at the height of 

2 m (7 ft) above the sea surface.  Measurements of the Received Signal Level (RSL) 
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are recorded while the boat travels East (i.e., away) from the transmitter.  Once the 

boat reaches the radio horizon, it is turned back, and the measurements are collected 

while the boat is traveling west (i.e., towards the transmitter).  The same experiment 

is repeated several times in different ocean conditions. 

Measurements are collected in accordance with Lee's criterion [4].  The RSL is 

space averaged over the distances of 40λ, which at 2.4 GHz amounts to 5 m.  It is 

ensured that the receiver collects at least 50 samples over the averaging distance.  

The data collection is performed in the area extending from a few hundred meters 

away from the transmitter to the radio horizon limits.  Date, time, GPS location, and 

received signal level are recorded.  The recording is done in an automated manner, 

and the measurements are stored as a set of text files.   

The transmitter equipment used in the experiment is shown in Fig. 3-2.  It is a 

commercial transmitter manufactured by BVS – Lizard [12].  The transmitter is 

ruggedized and capable of transmitting the signal with output power 0-30 dBm with 

a resolution of 0.1 dB and accuracy of 0.5 dB.  Given the maximum allowed transmit 

EiRP of 36dBm, cable and connector losses of 3dB, and the antenna gain of 11 dBi, the 

transmitter's conductive power was set to 28 dBm.  

The receiver equipment is mounted on the boat, as shown in Fig. 3-3.  The receiver 

is a commercial receiver manufactured by BVS – Gazelle [12].  The receiver has a noise 

figure of 7dB and an IF bandwidth of 12 kHz.  The accuracy of the measurements is 

better than 1 dB for Received Signal Level (RSL) in the range -105 dBm to -30 dBm 

and better than 1.5 dB in the range -120 dBm to -106 dBm. 
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. 

Figure 3-2.  Transmitter equipment used in the study 

 

The receiver antenna is placed on a ladder at the height of 2 m above the water 

surface (c.f. Fig. 3-3).  This way, the effects of the surroundings (i.e., boat and boat 

equipment) are minimized. 

Results 

Ocean conditions 

Three tests are performed.  The ocean condition for the tests is summarized in 

Table 3-1.  The conditions are characterized by five fundamental parameters: wind 
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direction, wind speed, the height of the waves, dominant period between the waves, 

and Douglas scale values [13].   

 

 
 

Figure 3-3.   Receiver setup 

 

 

Table 3-1.  Ocean conditions for three tests 

Test Wind 

direction 

Wind 

speed 

(knot) 

Wave 

height 

(m) 

Dominant 

period 

(s) 

Douglas 

scale values 

1 East 5-10 0.3-0.6 6 2, 2 

2 West 5-10 0.6-0.9 10 3, 3 

3 West 5-10 0.3-0.6 9 2, 1 

1 knot = 1.15 mph = 1.85 kmph 
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The Douglas scale values are used to represent the state of the sea.  The scale 

has two main components.  The first component describes the sea surface (c.f. Table 

3-2).  The second component describes the sea swell in meters (c.f. Table 3-3).  

Table 3-2.  Douglas scale – state of the sea (wind) 

Douglas - sea state 

(wind) 

Condition Average wave height 

(m) 

0 Calm (glassy) 0 

1 Rippled 0.00-0.10 

2 Smooth 0.10-0.50 

3 Slight 0.50-1.25 

4 Moderate 1.25-2.50 

5 Rough 2.50-4.00 

6 Very rough 4.00-6.00 

7 High 6.00-9.00 

8 Very high 9.00-14.00 

9 Phenomenal > 14.00 

 

 

 

Table 3-3.  Douglas scale - swell 

Douglas - 

swell 

Condition Wavelength 

(m) 

Wave height 

(m) 

0 No swell - - 

1 Very low Short Low 

2 Low Long Low 

3 Light Short Moderate 

4 Moderate Average Moderate 

5 Moderate rough Long High 
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6 Rough Short High 

7 High Average High 

8 Very high Long High 

9 Confused Undefinable Undefinable 

 

The wavelength and wave height classification in Table 3 are provided in Table 3.4. 

Table 3-4.  Wavelength and wave height classification 

Wavelength (m) Wave height (m) 

Short < 100 Low  < 2 

Average 100-200 Moderate 2-4 

Long > 200 Heigh > 4 

 

The sea conditions during tests (c.f. Table 3-1) correspond to shaded rows of 

Douglas scale tables 3-2 and 3-3.  One notices that all the tests in this study were 

performed during relatively calm seas. 

Measurements  

The trajectory followed during the three tests is shown in Fig. 3-4.  The boat 

traveled north-east in the straight line from the transmitter.  Once the boat reached 

the radio horizon's vicinity, it is turned around, and it traveled back towards the 

transmitter.  Therefore, each test consisted of two paths.  The first path is labeled as 

East (or E) as the boat mainly traveled in the eastern direction and the second path is 

labeled West (or W) as the boat traveled west.  In the data processing, two paths are 

analyzed independently to determine if the boat orientation impacts any modeling 

parameters.   
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Figure 3-4.  Trajectory of the boat during the tests 

 

The color of the measurement points in Fig. 3-4 indicates the recorded 

Received Signal Level (RSL) in dBm.  As expected, the RSL becomes lower as the 

distance between the transmitter and the boat increases.  The dependence between 

distance and RSL measurements recorded for the eastern path of Test 1 is shown in 

Fig. 3-5.  The measurements in Fig. 3-5 are “curve fitted” by the 2-ray path loss model 

[2] (green line) and long-distance path loss model [2] (red line).  The 2-ray model 

seems to underpredict the path loss, so the log-distance path loss model is selected 

for further propagation modeling. 

The accuracy of the log-distance path loss model is accessed through the 

difference between measurements and predictions.  This difference is usually 
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regarded as a random variable with a Probability Density Function (PDF) that may be 

approximated as normal in the log (i.e., dB) domain.  The histogram of the difference 

between measurements and predictions obtained in Test 1 – East (c.f. Table 3-1) is 

shown in Fig. 3-6.  As seen, the distribution of the error shows a log-normal character 

with a mean of zero and a standard deviation of 2.27 dB.   

 

 
Figure 3-5.  Path loss as a function of distance in km 
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Figure 3-6.  Histogram of difference between measurements and prediction 

Modeling  

The path loss equation for the log-distance model is given as: 

  
0

0

log
d

PL PL m X
d 

 
= + +  

 
  (3.2) 

where 𝑃𝐿 is the median path loss, 𝑃𝐿𝑜 is the median path loss to the reference 

distance, 𝑚 is the slope, d is the distance between the transmitter and the receiver 

and 𝑑0 is the reference distance.  The reference distance in this study is taken as 1 km.  

The last term in (3.2), 𝜒𝜎 , is a random variable that models variations between the 

model predictions and the actual measurements of path loss.  In practice, 𝑃𝑑𝑜 and 𝑚 

are obtained from measured data.  They represent the parameters of the log-distance 

model.   
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The values for 1 km intercept and slope obtained from all the tests are 

summarized in Table 3-5. 

From Table 3-5, the following observations may be made: 

• The values obtained for the model parameters in all tests are very similar.  The slope 

values range from 35 to 43 dB/dec.  The 1km intercept values are between 99 and 

103 dB.  One may notice some impact of the sea roughness on the slope.  The slope 

appears to increase as the sea becomes rougher slightly.  However, the effect is not 

well pronounced, and if one is to draw more definite conclusions, further studies 

are needed. 

 

Table 3-5.  Model parameters obtained from measured data  

Test 
Slope 

(dBm/dec) 

1 km 

intercept 

(dB) 

Std. (dB) # points 

1-East 38.1 103.4 2.27 28,007 

1-West 35.4 103.2 2.02 17,114 

2-East 42.4 102.2 1.95 12,660 

2-West 43.3 100.4 1.52 11,081 

3-East 42.5 99.5 2.07 19,268 

3-West 40.9 100.8 1.36 19,522 

Weighted 

average 
40.0 101.7 1.90  

 

• The standard deviation of the difference between measurements and predictions is 

relatively tiny.  It ranges between 1.36 and 2.27 dB for all the sea conditions in this 

study.  This is significantly smaller than what is found in terrestrial environments where 
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the log-distance model typically has standard deviations of prediction error in excess 

of 6 dB. 

• Data in Tables 3-5 are used to estimate average slope, intercept, and standard deviation 

across all measurements.  In the estimate, model parameters from individual tests are 

weighted with the number of measurement points.  The results of the averaging are 

reported in the last row of Table 3-5.  These values could be used for nominal coverage 

planning when Douglas scale numbers are between 0 and 3. 

The log-distance models obtained for individual tests and the model obtained 

through averaging are compared in Fig. 3-7.  One sees that the average model is never 

more than 3-4 dB away from each model.   

Conclusions 

This paper documented the results of a radio propagation study.  The study 

examined propagation path loss at 2.4 GHz and within Florida’s coastal environment.  

The measurements were taken in relatively calm seas, where Douglas scales for both 

wind and swell are below 3.  It is shown that the log-distance model may be used for 

the path loss prediction.  The slope's nominal value is 40 dB/dec, and the nominal 

value of the 1 km intercept is 101.7 dB.  Prediction error has a log-normal character 

with a zero mean and standard deviation of about 2 dB. 
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Figure 3-7.  Comparison between log-distance models obtained in various tests 
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Chapter 4 Noise floor measurements  

The 2.4GHz ISM band is unlicensed, and therefore, it is shared by many 

wireless technologies.  The band is regulated by CFR Title 47, Chapter I, FCC Part 15 

[15].  Devices currently operating in this band are numerous, and they create a 

substantial radio noise that needs to be tolerated by every upcoming new technology.  

This section aims to characterize this noise as it exists within the coastal waters. 

Data collection setup and measurements 

The characterization of the 2.4GHz noise floor is conducted based on 

measurements.  The overall setup of the data collection equipment is presented in 

Figs. 4-1 (a) and (b).  The setup is very simple.  The spectrum scanner in Fig. 4-1(a) 

is a commercial receiver made by PCTEL – Seagull [16].  An omnidirectional 2.4GHz 

antenna receives the signal with the gain of 0dBi.  The antenna is elevated on a ladder 

so that there is no blockage from other objects on the boat's deck.  The antenna is at 

a height of about 3m above the surface of the ocean.  Seagull has a built-in GPS 

receiver which stamps each spectrum measurement with geolocation and time.  

Finally, the receiver is connected to a laptop that runs the software for the 

measurements' automated collection. 
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(a) Schematic of data collection equipment 

 

 

 
 

(b) Picture of the equipment set up on the boat 

 

Figure 4-1.  Instrumentation used for data collection  

 

The receiver is set up to perform a spectrum scan of the 2.4GHz band in 

accordance with the parameters given in Table 4-1.  There are 2088 scanned 

frequencies across the band.  The frequencies are separated by 40kHz, and the front-
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end filter bandwidth used for the scan is 80kHz.  The noise figure of the receiver is 

5dB, so the noise floor is at -120dBm.  An example of a spectrum scan obtained by the 

equipment is presented in Fig. 4-2.   One sees that some portions of the spectrum are 

quiet, and the Rx Power is about -120dBm.  However, there are portions of the 

spectrum where the received power is as high as -97dBm.  This indicates a noise rise 

of 23dB.   

 

Table 4-1.  Parameters of the scanning receiver 

Parameter Value Unit 

Start frequency 2400 MHz 

End frequency 2483.5 MHz 

Frequency increment (resolution) 40 kHz 

Bandwidth (B ) 80 kHz 

Number of frequencies across the band 2088  

Noise figure of the receiver ( F ) 5 dB 

Noise floor in 80kHz 

( )10log dBkTB F  +  
  

-120 dBm 
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Figure 4-2.  An example spectrum scan of the 2.4GHz ISM band 

 

As an illustration, the boat's trajectory during data collection is presented in 

Fig. 4-3.  The measurements were collected along the coast of West Palm Beach, FL, 

USA.  The area is an example of a populated urban area along with Florida’s costs.  A 

significant noise rise in the ISM band is expected.  This is indeed the case.  From Fig. 

4-3, one sees that as the boat operates close to the shore, the median noise power 

within 80kHz becomes as high as -95dBm.  This corresponds to a noise rise that is on 

the order 25dB.  However, as the boat travels further from the shore, the noise's 

power decreases fairly quickly.   



32 
 

 
 

 
 
The color of the trace indicates median noise power across the band.  The power 
is measured within a bandwidth of 80 kHz.  (c.f. Table 4.1).  The collection starts 
at the “green star” and ends at the “red star.” 
 
Approximate location of the area: 
Latitude: 26.7693 N 
Longitude: 80.0282 W 

 

Figure 4-3.  Location of the measurements used for model calibration 

 

Data analysis 

A spectrogram produced from all measurements in Fig. 4-3 is presented in Fig 

4-4.  The frequency range used for data collection is plotted along the x-axis.  Each 

row of the image in Fig. 4-4 represents a single spectrum scan (like the one shown in 

Fig. 4-2.).  However, the noise floor value of -120dB is subtracted, and the spectrum 
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scan is presented as the noise rise value in dB.  The measurements are ordered from 

top to bottom.  In other words, the measurements collected around the green star (c.f. 

Fig, 4-3) are at the top of Fig. 4-4, while the measurements collected around the red 

star (c.f. Fig. 4-3) are at the bottom of Fig. 4-4.  There are more than 50,000 spectrum 

scans.   

 

 
Figure 4-4.  Noise rise spectrogram for the measurements in Fig. 4-3 

 

Following observations may be made: 

• The band's noise is dominated by the three Wi-Fi channels (Channel 1 – center 

frequency 2412MHz, Channel 6 – center frequency 2437MHz, and Channel 11 -

center frequency 2462MHz).  Other Wi-Fi channels are used as well but to a lesser 

extent.   
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• In general, Wi-Fi seems to be the dominant source of interference.  In Fig. 4-4, one 

may quickly identify Wi-Fi channels.  The center frequencies of the Wi-Fi channels 

align with dark blue vertical lines of the spectrogram [3].   

• The portion of the spectrum between 2473 and 2483.5MHz appears to be 

unoccupied.  Wi-Fi Channel 11 ends at 2473MHz [3].  The spectrum between 2473 

and 2483.5MHz belongs to Wi-Fi Channels 12 and 13.  It seems that these channels 

are deployed infrequently on land; hence, the noise rise in the corresponding portion 

of the spectrum is considerably smaller than within the rest of the band.    

• The largest noise rise is experienced in Channel 6 (2426-2448MHz).  This channel 

is assumed as the channel with the worst-case noise rise. 

• As expected, the noise rise depends on the distance between the measurement point 

and the land's coastal population.  The bright yellow parts of the trace in Fig. 4-3 

occur in the Palm Bach Shores and Singer Island vicinity, which are well-known 

destinations with many residences, hotels, and high-rises.  Wi-Fi access points and 

other ISM devices deployed throughout these two areas create a substantial noise 

rise within the band. 

 

A set of traces for the noise rise in few Wi-Fi channels is presented in Fig. 4-5.  

One observes that the noise rise profile in channels 1, 6, and 11 is quite similar.  

Channel 6 is somewhat noisier than the other two, but the differences are not that 

large.  Channel 13 is at the edge of the ISM band, and its noise rise is 3-4dB lower than 

what is recorded in Channel 1.  However, this cannot be attributed to the deployment 

of Channel 13 devices.  The overlap between Wi-Fi channels is considerable, and 
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channels 11 and 13 share the spectrum between 2461MHz and 2473MHz (12MHz).  

The noise rise in Channel 13 is predominantly a result of the Channel 11 deployments.  

Figure 5 shows the noise rise for the upper 10.5MHz spectrum (2473-2483.5MHz) to 

clarify a case in point.  One sees that the noise rise in this portion of the spectrum 

stays way below 5dB for the most part.   

 
Figure 4-5.  Comparison of the noise rise in different Wi-Fi channels 

 

Noise floor modeling  

For the coastal waters, the most dominant noise source is the onshore 

deployment of the Wi-Fi systems.  It is easy to understand that the density of such a 

deployment is fundamentally dependent on the population density.  Therefore, the 

noise rise that one experiences in the coastal waters depend on two factors: 
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population density on the shore and the boat's distance from the shore.  Based on 

these observations, one may develop a simple model for the noise rise.   

Consider the situation depicted in Fig. 4-6.  The boat in the figure is traveling 

in the coastal waters.  An element of the noise power within a given Wi-Fi channel 

that reaches the boat may be expressed as 

 

 
( )
( )

,
NC C

x y
dP K dx dy

L d


=    (4.1) 

where 

 

( ),x y   - Population density at the elementary area (shaded square in Fig. 4-6) 

( )L d    - Path loss between the elementary area and the boat’s receive antenna 

d    - Distance between the boat’s antenna and elementary area 

dx dy   - Size of the elementary area 

C
K   - Constant of proportionality.  This constant depends on the channel since the 

occupancy of Wi-Fi channels is not uniform.  As evident from Fig. 4-4, Channel 6 is the 

highest occupied channel.  Channels 1 and 11 have high occupancy as well.   Other 

channels have much lower occupancy.   
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Figure 4-6.  Noise floor modeling approach 

 

The path loss model for the ISM band in the coastal waters is studied in [21].  

Based on these studies, a nominal path loss model has a form of 

 

 ( ) 0

nL d L d=     (4.2) 

where 

 

0
L   - Median path loss between the source and the reference distance of 

1km 

d   - Distance between the radiation source and the receiver 

n   - Path loss exponent 
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According to [21], the nominal value for median path loss to 1km is 101.7dB 

(i.e., 101.479 10  in the linear domain), and the nominal value for path loss exponent 

is 4.  By substituting (4.2) into (4.1), one obtains an estimate of the total noise power 

within a given Wi-Fi channel as: 

 
( )

( ) 0

(x,y) within 0 0 0
 radio horizon

,

, , ,
NC c n

x y
P K dx dy N

L d x y x y


=  +   (4.3) 

In (4.3), the boat's location is  ( )0 0
,x y , and the function ( )0

, , ,
o

d x y x y  is the 

distance between the boat and an elementary area at the location ( ),x y .  The last 

term in (4.3) 
0

N is the thermal noise.  Given the Wi-Fi bandwidth of 22MHz and the 

noise figure of 5dB, the noise floor component's value is -95.6dBm (or 102.783 10−  

mW).   

In general, the proportionality constant 
C

K  is unknown.  Within this research, 

the value 
C

K is determined from measured data using regression analysis.  This 

process is referred to as the “model calibration.”  To understand the model 

calibration, consider a prediction of the noise within a Wi-Fi channel at the ith 

location.  One may write 

 
( )

0 0

0

,

H

NCpi c c nin
R i

x y
P K dx dy N K Z N

L d


=   + = +   (4.4) 

In (4.4), the area of integration (
H

R ) is the radio horizon of the ith 

measurement location.  To simplify the notation, the double integral in (4.4) is 
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replaced with the symbol 
ni

Z .  The function 
ni

Z  depends on the location, and it is 

proportional to the noise created by the band’s utilization on land.  Let 
NCmi

P  be the 

measurement of the noise power within the channel at the same ith location.  Then 

the difference between 
NCmi

P  and 
NCpi

P  represents the prediction error ate the ith 

location.  The Mean Square Error (MSE) across all locations may be written as: 

 ( ) ( ) ( )
2 2

0
1 1

N N

NCpi NCmi c ni NCmi C
i i

MSE P P K Z N P F K
= =

= − =  + − =    (4.5) 

By minimizing ( )C
F K  with respect to 

C
K , one obtains 

 
( )0

1

2

1

N

NCmi ni
i

C N

ni
i

P N Z

K

Z

=

=

−

=



  (4.6) 

The value in (4.6) is a regression value for the Wi-F channel-specific coefficient 

of proportionality.   

Calibration of the model 

For model calibration, a population density map of the area is used.  The map 

is displayed in Fig. 4-7.  Each point on the map represents the population count in a 

square that is 500m on aside.  As seen, the population counts vary from zero, over the 

waters and some small sections of the land, to 812 in some areas along the beach.   
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The color of each point indicates the number of people residing within a square that 
is 500m on a side.   
 
Approximate location of the area: 
Latitude: 26.7693 N 
Longitude: 80.0282 W 

 

Figure 4-7.  Population density in the area impacting the noise floor measurements 

 

Utilizing the approach outlined by (4.4) - (4.6), the coefficients of 

proportionality are obtained for all thirteen W-Fi channels in the ISM band.  The 

results are summarized in Table 4-2.   

Table 4-2.  Coefficient of proportionality (
C

K ) 
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Wi-Fi 

Channel 

Frequency range 

[ MHz ] 

C
K  

[ ( )
2

mW km
n−

 ] 

Standard 

deviation of 

prediction error  

[ dB ] 

1 2401-2423 0.103 1.9 

2 2406-2428 0.119 2.0 

3 2411-2433 0.128 2.0 

4 2416-2438 0.154 2.1 

5 2421-2443 0.185 2.1 

6 2426-2448 0.185 2.1 

7 2431-2453 0.175 2.2 

8 2436-2458 0.135 2.1 

9 2441-2463 0.124 2.1 

10 2446-2468 0.132 2.1 

11 2451-2473 0.119 2.0 

12 2456-2478 0.105 1.8 

13 2461-2483 0.067 1.5 

 

To illustrate the use of Table 4-2, consider the prediction model for Wi-Fi 

channel 6.  The model equation used for prediction of the noise power at the ith 

location becomes 

 

( ) 2

2 10

6 10 4
,

and,
3.7 3  km

, 0.25 km
0.185mW km 2.783 10 mW

1.479 10
H

H

N pi
d R

R

x y
P

d


−





 
=   +  

 
   (4.7) 
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According to Table 4.2, for Wi-Fi channel 6, the proportionality constant is 

20.185 mW kmn

C
K −=  .  The analysis in [18] reports the path loss exponent of n = 4.   

Since the population density is available at the resolution of a 500m square bin, the 

integral in (4.3) becomes a summation.  The value 20.25 km  is the size of the 

elementary surface dx dy .  The radio horizon for a receiver that is 3m above the 

surface of the sea is given by 3.7 3
H

R =  km [5].  The distance d in (4.7) is given in 

km.  Finally, the thermal noise floor's value within 22 MHz Wi-Fi channel as observed 

by a receiver with a 5dB noise figure.   

 Using (4.7), predictions of the noise floor are obtained and compared 

against the measurements.  The comparison is presented in Fig. 4-8.  One may observe 

a relatively good agreement between the measurements (blue line) and predictions 

(red line).  For the most part, the two curves track each other within a couple of dBs.  

There are, however, a couple of locations where the difference is slightly larger.  Some 

insight into why this may be the case is presented as follows.   

First, one may notice large variations of the measured data around the 

measurement mark ~47,000.   The area where tests were performed had few larger 

boats with onboard Wi-Fi systems.  In few instances, these larger boats would be close 

to the measurement boat, and their Wi-Fi would elevate the measured noise floor.  

One such instance occurs around measurement mark 47,000.   
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Figure 4-8.  Comparison of measurements and predictions for Wi-Fi- Channel 6 

(calibration data) 

 

Figure 4-9 presents a section of the measurement trajectory colored by the 

absolute value of the prediction error for Wi-Fi Channel 6.  One notices that the 

absolute difference becomes larger as the measurement boat comes closer to the 

shore.  By its very nature, the model in (3) assumes that the Wi-Fi channel noise is an 

aggregation of small contributions from many access points.   This is a reasonable 

assumption when the boat operates in an area far from the shore.  However, when 

the boat approaches the shore, the fine details of the access points distribution on 

land become important.  For example, around measurement mark 43,000 (section 

shown in Fig. 4-9), the measured noise floor is significantly lower than what is 

predicted.  At this location, the boat is right in front of a golf-course that practically 
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has no Wi-Fi access points, a construction site, and a few larger estates that might 

have been unoccupied during the measurement campaign.   

 

 
The color of the trace indicates an absolute difference between the measured noise 
floor and predicted noise floor expressed in dB.   
Approximate location of the area: 
Latitude: 26.7632 N Longitude: 80.0332 W 

 

Figure 4-9.  Location of significant differences between measurements and 
predictions 

Verification of the model  

For the noise floor model verification and testing, a different coastal location 

is selected.  A section of the cost between Sebastian and Vero Beach, FL, is surveyed 

(c.f. Fig. 4-10).  This area is not as heavily populated as the calibration area near West 

Palm Beach.  The population density is close to median population density along 
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Florida’s coast, and therefore this area may be considered more typical.  The boat 

trajectory used for the measurements is presented in Fig. 4-10.  One may observe that 

the trajectory is closer to the shore than in West Palm Beach measurements (c.f. Fig. 

4-4).  In Fig. 4-10, the color of the trace indicates median received power within 

80kHz of the receiver’s bandwidth.  By comparing Figs. 4-4 and 4-10, one immediately 

notices that the verification data exhibit a substantially smaller noise rise.  This could 

be expected since the verification area has a smaller population density.   

To further illustrate the point, the spectrogram associated with the 

measurements in Fig. 4-10 is presented in Fig. 4-11.  Just as in the case of West Palm 

Beach measurements, one may identify Wi-Fi channels.  They represent dominant 

sources of the noise rise in the band.  Most of the noise is noticed on channels 1, 6, 

and 11, with Channel 11 having the highest noise rise.  This is different from what was 

observed in the calibration data (c.f. Fig. 4-4), where Channel 6 has the largest amount 

of noise.  One may expect slight variations in the deployment distribution between 

primary channels (1,6 and 11) from location to location.  Hence, the coefficients in 

Table 4-2 may change somewhat between different geographical locations.  For 

preliminary considerations, a notion of the “noisiest Wi-Fi channel” (nWi-Fi) is 

introduced.   
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The color of the trace indicates median noise power across the band.  The power is 
measured within a bandwidth of 80 kHz.  (c.f. Table 4.1).  The color bands are 
slightly different than Fig. 4-3.  The noise floor, in this case, is much lower as there 
are no high-density population areas.   
 

Approximate location of the area: 
Latitude: 27.6624 N 
Longitude: 80.3554 W 

 

Figure 4-10.  Location of the measurements used for model verification  

 

The nWi-Fi is the channel that has the highest noise rise.  All other channels at 

a given location have a noise rise that is smaller than nWi-Fi.  In the case of calibration 

data, the noisiest channel is Channel 6.  In the case of verification data, the noisiest 
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channel is Channel 11.  For the noise rise prediction model in (4.3), it is assumed that 

the nWi-Fi has 20.185 mW kmn

C
K −=  . 

Equation (4.7) is used to predict the noise rise within Channel 11 of the 

measurements in Fig. 4-10.  As seen in Fig. 4-11, Channel 11 is the nWi-Fi for the 

verification area.  The comparison between measurements and model predictions is 

presented in Fig. 4-12.  The following observations may be made: 

• There is a good agreement between the measurements and predictions.  The mean 

difference between the two is smaller than 3dB, and the standard deviation of the 

prediction error is 2.9dB. 

• The prediction model tends to overestimate the noise rise.  One possible explanation 

is that model does not consider the heights of the access points on the shore.  Many 

of the Wi-Fi access points are located on the higher floors of high-rise buildings for 

the calibration area.  Signals emitted from higher radiation centerlines tend to 

propagate further [1].  When the model is used in an area where the Wi-Fi access 

is closer to the ground, it tends to overestimate the signals' propagation distances.   
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Figure 4-11.  Spectrogram for the measurements in Fig. 4.10.   

 

 
Figure 4-12.  Comparison for Wi-Fi Channel 11 (Verification data) 
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• The trajectory of the boat during the verification measurement is close to the shore.  

By its very nature, the model assumes that the noise results from signal aggregation 

from many small sources.  In the vicinity of the shore, this may not be the case, and 

the noise rise may be dominated by few sources close to the coastline.   

 

As a final observation, one notes that the upper 10.5MHz in Fig. 4-11 (2473-

2483.5MHz) seem to be free from any significant activity.  This is consistent with the 

calibration measurements presented in Fig. 4-4.   

Conclusions 

This section presented a measurement campaign for characterizing the noise 

floor within the 2.4GHz ISM band, as observed within Florida's coastal waters.  It was 

established that the noise floor rise depends largely on Wi-Fi deployment on the 

shore.  As such, the rise in the noise floor is closely correlated with the area's 

population density.  Based on this observation, a simple noise floor model is 

developed.  The model predicts the noise rise as a function of the population density.  

Using measurements collected at two different coastal locations, the model is 

calibrated, and its accuracy is accessed and verified.  It is observed that the model 

could be improved by including the heights of the artificial structures in the modeling 

process.  Also, further testing of the model under various coastal morphologies should 

be conducted.   

The measured data uncovered that the spectrum between 2473 and 

2483.5MHz has almost no utilization.  Therefore, this portion of the ISM band could 
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be used to develop a short-range communication network for connectivity of the 

boats within coastal waters.  A possible approach could be to use this spectrum for a 

primary channel.  This channel would be mostly interference-free.  The rest of the ISM 

spectrum may be used opportunistically for additional data channels. 
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Chapter 5  System design  

A systems design is proposed based on signal propagation and interference 

studies documented in Chapters 3 and Chapter 4.  The design envisions the 

deployment of an LTE-based cellular system along the coast.  Such systems are 

referred to as the LTE-U (LTE-Unlicensed) as they are designed to operate within the 

unlicensed ISM band.  At the moment, no commercial equipment exists for LTE-U in 

the 2.4GHz band.  Most of the current deployments are focused on 5GHz unlicensed 

bands (5150-5250MHz and 5725-5850MHz).  However, there are no real obstacles 

to allow deployment in the 2.4GHz band as well.  As long as the system obeys the 

band's rules [22], it can be developed and deployed.   

Spectrum  

The operation in the 2.4 ISM band is governed by Part 15.247 of the FCC rules 

[22].  As the proposed system falls within the category of digitally modulated systems 

with directional antennas, the following rules are applicable: 

 

1. The minimum 6 dB bandwidth of the signal shall be at least 500 kHz.   

2. The maximum peak conducted output power is 1 Watt for transmitters used 

with antennas with directional gains that do not exceed 6 dBi. 

3. The power spectrum density conducted from the intentional radiator to the 

antenna shall not be greater than 8 dBm in any 3 kHz band during any time 

interval of continuous transmission. 
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4. If transmitting antennas of directional gain greater than 6 dBi are used, the 

conducted output power shall be reduced by the amount in dB that the 

directional gain of the antenna exceeds 6 dBi. 

 

Rule 4 specifies a “dB for dB” reduction in the conductive power for the 

antenna gains that are above 6dB.  This effectively limits the EiRP to 36dBm.  At the 

outset, one may suspect that there is no reason to deploy antenna gains larger than 

6dBi.  However, this is not the case.  The antenna helps the overall link budget, and as 

a result, the higher antenna gains are justified by received paths.   

From figures 4-4 and 4-11 in Chapter 4, it is readily noticed that the upper 

10.5MHz of the 2.4GHz band (2473-2483.5MHz) has essentially no use.  It is proposed 

that this section of the spectrum is channelized into three LTE channels in accordance 

with the spectrum plan given in Table 5.1  

Table 5-1.  Spectrum plan for primary channels of the proposed system 

Frequency (MHz) Bandwidth (MHz) Channel/guard band 

2473-2473.75 0.75 Guard band 1 

2473.75-2476.75 3 Primary LTE - Channel 1 

2476.75-2479.75 3 Primary LTE - Channel 2 

2479.75-2482.75 3 Primary LTE - Channel 3 

2482.75-2483.5 0.75 Guard band 2 

 

Two notes are in place: 

 

• The channel bandwidth of 3MHz is one of the standard LTE – channel bandwidths 

[23] 
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• Having three channels allows operation that minimizes co-channel interference.  As 

an illustration, consider the scenario depicted in Figure 5-1.  The figure shows 

several sits deployed along the coast.  No two adjacent sites operate on the same 

channel.   

• The system operates in TDD duplexing mode.  This means that the same spectrum 

is used for both forward and reverse links, but not simultaneously.  Several TDD 

duplexing options are available in LTE [23].  For the nominal planning in this 

document, option 3:2 is selected.  In other words, 3 out of 5-time slots are dedicated 

to the forward link, and 2 out of 5 time slots are dedicated to the reverse link.  More 

time is allocated to the forward link due to the inherent imbalance between the 

forward link and reverse link traffic demand.   

Coastal line 

Channel 1

Channel 1

Channel 2

Channel 2

Channel 3

Ocean 

Land

 
 

Figure 5-1.  Cell layout in the coastal area 
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Channels specified in Table 5-1 are primary communication channels.  They 

are used to establish the coverage area of cells.  However, their bandwidth is 

somewhat small (only 3MHz), and therefore the system may deploy another set of 

channels.  These channels are referred to as supplemental communication channels.  

The supplemental channels are listed in Table 5-2.  The spectrum allocated to these 

channels is between the most frequently used Wi-Fi channels (1, 6, and 11).  The 

supplemental channels are used opportunistically to increase the data throughput.  

The noise rise in these channels is smaller than in Wi-Fi Channels 1,6, and 11.  In areas 

where SNR is high enough (usually along the coast of lightly populated areas), these 

channels provide additional throughput to the communication link.  The 

supplemental channels are forward link-only.  That is, they are used only for 

delivering the data from the system to the mobile.   

 

Table 5-2.  Spectrum plan for supplemental channels of the proposed system  

 

Frequency (MHz) Bandwidth (MHz) Channel/guard band 

2417-2422 5 Supplemental LTE – Channel 1a 

2422-2427 5 Supplemental LTE – Channel 2a 

2427-2432 5 Supplemental LTE – Channel 3a 

2442-2447 5 Supplemental LTE – Channel 1b 

2447-2452 5 Supplemental LTE – Channel 2b 

2452-2457 5 Supplemental LTE – Channel 3b 

 

Assignment of these channels is based on the feedback from the mobile.  The 

mobile could provide periodic measurements of the SNR on the supplemental 
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channels through the primary channel reverse link.  If the SNR is high enough, the 

forward link's data delivery may be scheduled through supplemental channels.   

Link budget and nominal cell coverage 

The Link budget evaluation is the principal tool that may be used for 

determining the extended cell coverage.  The link budget for the proposed system's 

primary communication channels is given in Tables 5-3 and 5-4.  Table 5.3 provides 

a link budget for the case of a low gain boat antenna (6dBi).  This type of antenna is 

appropriate for smaller boats.  Table 5-4 provides a link budget for the case of a high 

gain boat antenna.  The high gain antenna is appropriate for larger boats.    

Additional explanations for the link budget in Table 5.3 are provided as follows: 

• The EiRP on both the base station and mobile side is fixed to 36dBm.  This value 

is dictated by the rules of the band [22].   

• The base station antenna is chosen as 11dB.  This antenna is wide in the horizontal 

plane (180 degrees), and it may be quite narrow in the vertical plane (less than 10 

degrees).  In the initial version and for the broadcast control channel, this antenna 

has a fixed antenna pattern.  However, the system can benefit from beamforming 

both from the coverage and from the interference reduction standpoints. 

• It is assumed that the system uses Adaptive Modulation and Coding (AMC) and 

the numbers provided in the link budget table are for the edge of coverage.  At the 

coverage edge, the minimum SNR is set as 3dB.   
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Table 5-3.  Link budget – low antenna gain 

 

Forward link (coast to ocean) Reverse link (ocean to coast) 

Item Value Unit Item Value Unit 

TX 

conductive 

power 

27 dBm 

TX 

Conductive 

power 

31 dBm 

Base station 

cable loss 
-2 dB 

Mobile cable 

loss 
-1 dB 

Antenna gain  11 dBi 
Mobile 

antenna gain 
6 dB 

EiRP 36 dBm EiRP 36 dBm 

      

RX antenna 

gain 
6 dBi 

RX antenna 

gain 
11 dB 

RX cable loss -1 dB Rx cable loss -2 dB 

RX noise 

figure 
5 dB 

Rx noise 

figure 
4 dB 

Bandwidth 3 MHz Bandwidth 3 MHz 

      

Noise PSD  4e-18 mW/Hz Noise PSD 4e-18 mW/Hz 

RX noise 

floor 
-104.21 dBm 

Rx noise 

floor 
-105.21 dBm 

Min SNR 3 dB Min SNR 3 dB 

RX 

Sensitivity 
-101.21 dB 

Rx 

Sensitivity 
-102.21 dB 

      

Max 

allowable 

path loss 

142.21 dB 

Max 

allowable 

path loss 

150.21 dB 

 

 

• The noise figures of the mobile receiver and base station receiver are set to 5 and 

4dB.  These are typical values commonly found in commercial LTE equipment. 

• Under the assumptions given in Table 5-3, the maximum allowable path loss is 

142dB on the forward and 150.21 dB for the reverse link.  Therefore, the system is 

forward link limited.   

 

Table 5-4.  Link budget – high antenna gain 
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Forward link (coast to ocean) Reverse link (ocean to coast) 

Item Value Unit Item Value Unit 

TX 

conductive 

power 

27 dBm 

TX 

Conductive 

power 

31 dBm 

Base station 

cable loss 
-2 dB 

Mobile cable 

loss 
-1 dB 

Antenna gain  11 dBi 
Mobile 

antenna gain 
6 dB 

EiRP 36 dBm EiRP 36 dBm 

      

RX antenna 

gain 
11 dBi 

RX antenna 

gain 
11 dB 

RX cable loss -1 dB Rx cable loss -2 dB 

RX noise 

figure 
5 dB 

Rx noise 

figure 
4 dB 

Bandwidth 3 MHz Bandwidth 3 MHz 

      

Noise PSD  4e-18 mW/Hz Noise PSD 4e-18 mW/Hz 

RX noise 

floor 
-104.21 dBm 

Rx noise 

floor 
-105.21 dBm 

Min SNR 3 dB Min SNR 3 dB 

RX 

Sensitivity 
-101.21 dB 

Rx 

Sensitivity 
-102.21 dB 

      

Max 

allowable 

path loss 

147.21 dB 

Max 

allowable 

path loss 

147.21 dB 

 

Additional explanations for the link budget in Table 5-4 are provided as follows: 

• The antenna gain on both base station and mobile is set to 11dB.  The conductive 

power has to be set reduced accordingly so that the EiRP on both forward and 

reverse link is 36dBm.  The higher selectivity of the antenna gain helps in two 

respects.  First, it improves the coverage by reducing the path loss at the receiver 

side.  Also, a highly selective antenna reduces the noise entering the receiver, and 

hence it improves the signal to noise. 
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Nominal cell radius 

Using path loss modeling, the maximum allowable path loss may be translated 

to the nominal cell radius.  In Chapter 3, the measurement campaign established that 

the path loss in a costal environment might be modeled using equation 

  
0

0

log
d

PL L m
d

 
= +   

 
  (5.1) 

Where  

 PL   - propagation path loss expressed in dB 

 
0

L   - nominal path loss to the reference distance 

 m   - path loss slope in dB/dec 

 
0

d   - reference distance (commonly adopted as 1km) 

 d   - separation between transmitter and the receiver expressed in 

km. 

The nominal values for 
0

L  and m obtained in the measurement campaign are 

given as: 101.7dB and 40dB/dec.   

Equation (5.1) may be used to estimate the radius of the cell.  The expression 

becomes 

  
( )max 0

1

10
PL L

mR
−

=   (5.2) 
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Where 
max

PL  is the maximum path loss as obtained from the link budget 

analysis.   

Equation (5.1) can be used to estimate the nominal cell radii that correspond 

to the maxim path loss values obtained in Tables 5-3 and 5-4.  The results are 

summarized in Table 5-5 

Table 5-5.  Estimation of the nominal cell radius 

 

Case Maxim path loss [dB] Nominal radius [km] 

Forward link (low gain) 142.21 10.30 

Reverse link (low gain) 147.21 13.73 

Forward link (high gain) 147.21 13.73 

Reverse link (high gain) 147.21 13.73 

 

The extent of the cell coverage is not only limited by the signal level.  Due to 

the earth’s curvature, the coverage may extend only up to the radio horizon.  The 

estimate of the radio horizon distance is given by 

  3.7
H tx

R h=   (5.3) 

The distance to the radio horizon is expressed in km and 
t

h   is the 

transmitter's height expressed in meters.   

For the transmitter height of about 10m, the distance to the radio horizon may 

be estimated as 
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  3.7 10 11.7km
H

R = =   (5.4) 

Comparing (5.4) and nominal cell radii in Table 5-5, one sees that the system can 

provide about 10km of coverage in all cases (high gain and low gain).  

Nominal system layout 

A sample design and layout for the network covering Brevard’s coastal area is 

performed based on the link budget analysis.  The cells' location is listed in Table 5-

6, and their placement is presented in Fig. 5-2.  As seen, there are 15 cells required 

for providing service in the coastal waters of Brevard.  They are strung along the coast 

at intercell distances of 15-18km.  This allows for a small coverage overlap between 

them.  Due to the coast's orientation, the azimuths (i.e., the pointing angle of the cells) 

need to be varied from cell to cell.  The pointing angle of the cell needs to be 

perpendicular to the local coast.  For all the cells, selected angles are shown in Table 

5-6.  The beamwidth of the antenna for each cell is taken as 180 degrees.   

 

Table 5-6.  Location of the cells 

 

Cell Latitude 

(deg) 

Longitude 

(deg) 

Primary 

channel 

Azimuth 

(deg) 

C1 28.712606 -80.675073 1 30 

C2 28.65301 -80.629969 2 30 

C3 28.598453 -80.585632 3 30 

C4 28.540649 -80.563423 1 60 

C5 28.496165 -80.544252 2 60 

C6 28.451965 -80.527931 3 90 
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C7 28.419341 -80.583653 1 120 

C8 28.350819 -80.603188 2 110 

C9 28.276481 -80.60538 3 90 

C10 28.195710 -80.594242 1 90 

C11 28.12039 -80.575195 2 80 

C12 28.041023 -80.544923 3 80 

C13 27.964662 -80.506045 1 80 

C14 27.904079 -80.472202 2 80 

C15 27.859482 -80.446585 3 75 

 

The color of the cell indicates which of the three primary channels (c.f. Table 

5-1) is utilized by the call.   
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Figure 5-2.  Location of the cells for Brevard County coastal coverage 

 

Performance estimation  

The performance of the nominal design is estimated using simulation code 

written in MATLAB.  Two essential aspects of the performance are estimated: 

coverage and aggregate data throughput.  The parameters of the simulator are 

presented in Table 5-7. 
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Table 5-7.  Parameters of the performance simulator 

 

Parameter Value Units  Comment 

EiRP 36 dBm 
EiRP on the forward link.  The value is limited 

by the rules of the ISM band. 

L0 107.1 dB 
1km path loss as established by the 

propagation studies documented in Chapter 3. 

m 40 dB/dec 
Path loss slope as established by the 

propagation studies documented in Chapter 3 

GRx 6, 11 dB 

The gain of the vessel antenna.  Two antennas 

are considered:  low gain antenna (6dB) and 

high gain antenna (11dB).  Low gain antenna is 

appropriate for smaller boats.  Higher gain 

antenna could be used by bigger boats. 

W 3 MHz Channel bandwidth 

kT 4e-18 mW/Hz PSD of the thermal noise 

F 5 dB Noise figure of the vessel’s receiver 

CL -1 dB Cable losses of the receiver 

RS OH 5 % 

Overhead due to reference sequence.  The 

symbols used for the reference sequence 

cannot be used for transport of the user’s data 

TDD 3:2  
Ratio of the forward link and reverse link 

channel utilization 

IM 3 dB 

Implementation margin – distance in dB from 

the Shannon’s channel capacity at which the 

system is operating.  The selected distance is 

appropriate for a system using convolutional 

encoding.   
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Coverage  

In LTE, the indicator of coverages is Reference Sequence Received Power 

(RSRP).  The RSRP represented the average received power measured over the 

subcarriers that are dedicated reference sequences.  In the 3MHz, LTE deployment, 

there are fifteen 180kHz resource blocks, and the reference sequence utilizes about 

5% of the power.  Therefore, the relationship between maximum received power and 

RSRP could be established as:  

  ( ) ( )RSRP RSSI 10log 10log RS_OHN= − +   (5.5) 

 

RSRP is the average power of the reference sequence, N is the number of the 

resource clocks, RSSI is the total power of the LTE signal, and RS_OH is the percentage 

of subcarriers dedicated to the reference sequence. 

In the particular case of 3MHz LTE deployment, (5.5) becomes 

  ( ) ( )RSRP RSSI 10log 15 10log 0.05 RSSI 25dB= − + = −   (5.6) 

One should note that in (5.6), RSRP and RSSI are expressed in dBm. 

Valid range for RSRP is between -140dBm to -44dBm.  In common engineering 

practice, RSRP may be used to indicate how strong is the LTE signal.  In this document, 

the ranges given in Table 5.8 will be used to quantify the strength of the system’s 

coverage. 
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Table 5-8.  RSRP ranges vs. strength of the coverage  

RSRP range in dBm Coverage 

Above -90 Very strong 

-100 to -90 Excellent 

-110 to -100 Good 

-120 to -110 Moderate 

-130 to -120 Marginal 

-140 to -130 Poor 

 

The RSRP predictions of the simulator are presented in Figs 5-3 to 5-6.  As 

seen, the system can provide coverage to the radio horizon both in cases of low gain 

and high gain antenna—no locations within the radio horizon exhibit poor coverage.  

However, in the low gain antenna, about 40% of the area exhibits marginal coverage.  

This may be good since smaller boats that would use the lower gain antenna are 

usually in the shore's vicinity.  When the higher gain antenna is used, less than 20% 

of the area has marginal coverage, and more than 80% is moderate or better.  This is 

a significant improvement, and it demonstrates that the receiver antenna is of the 

highest significance from the system design perspective.  High quality and well-

mounted receiver antenna are one of the main prerequisites for the system's proper 

operation.   
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Figure 5-3.  RSRP prediction for lower gain antenna 

 

 
Figure 5-4.  Statistical summary of the RSRP predictions for lower gain antenna 
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Figure 5-5.  RSRP predictions for higher gain antenna 

 
Figure 5-6.  Statistical summary of the RSRP predictions for higher gain antenna 
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Throughput  

For the prediction of forward link throughput, the simulator uses Shannon’s 

channel capacity formula.  The formula (as applicable to the system under 

consideration) is given by 

  
2

(1 RS_OH) TDD log 1
SNR

C W
IM

 
= −    + 

 
  (5.7) 

 

C is the channel throughput in bps, RS_OH is the overhead associated with the 

reference sequence, W is the channel's bandwidth, SNR is the signal-to-noise ratio, 

and IM is the implementation margin (c.f. Table 5-7).  The factor TDD is the result of 

the time-division duplexing nature of the system.  As given in Table 5-7, only 3/5 of 

the time the channel is used for forward link transmission.   

The forward link throughput predictions are given in Figs.  5-7 through 5-10.  

The average throughput is 3.86Mbps for the lower gain antenna and 5.57Mbps for the 

higher gain antenna.  Therefore, the gain of the antenna plays a crucial role.   

Higher throughput on the forward link may be achieved by changing the TDD 

ratio.  The LTE standard allows TDD values of 2:3, 3:2, 4:1, 7:3 8:2, 9:1 and 5:5.    
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Figure 5-7.  Forward link throughput predictions for lower gain antenna 

 
Figure 5-8.  Statistical summary of the throughput predictions for lower gain 

antenna 
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Figure 5-9.  Forward link throughput predictions for higher gain antenna  

 
Figure 5-10.  Statistical summary of the throughput predictions for higher gain 

antenna 
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Summary and conclusions 

The analysis in this section demonstrated a possibility for a system that can 

provide connectivity within coastal waters.  Given that the system operates in the ISM 

band, it has to follow a specific set of rules.  Most significantly, the rules limit the EiRP 

on the transmit side.  The limit is 36dBm, which is somewhat low for an open area 

“cellular-like” system.  As a result, the system's performance is modest (in terms of 

achievable data rates), and it fundamentally depends on the properties of the receiver 

antenna.   

Based on the data analysis in Chapter 4, the ISM band is quite noisy.  Most of 

the band shows significantly elevated noise floor due to the operation of the ISM 

systems on land.  The only section of the spectrum that is relatively “clean” is the 

upper 10.5MHz.  The proposed system uses this spectrum.  The frequency reuse 

scheme of N=1 allows the deployment of three 3MHz channels.  From the system’s 

performance simulation, it is possible to cover the entire radio horizon and provide 

aggregate rates between 1Mbps (at the system edge) and 20Mbps in the shore's 

vicinity.   
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Chapter 6 Conclusions and future work 

The research presented in this document demonstrated that an LTE-based 

system may be used to provide coverage to vessels operating in the ocean shore's 

vicinity.  The “vicinity,” in this case, is defined as the radio horizon of the transmitter 

that is placed on the shore.  Nominally, this horizon is on the order of 10km.  The 

proposed system could use the unlicensed spectrum in the 2.4GHz band.  As a result, 

there is no need for a separate spectrum licensing.  However, the system would need 

to work with a somewhat reduced EiRP level so that the unlicensed spectrum rules 

are observed.   

Some additional findings are listed as follows: 

Coverage 

• To achieve solid coverage, a “string” of cells is deployed along the coast.  The 

average separation between the cells is on order 15-18km.  Therefore, there 

are on average 6 to 7 cells per every hundred kilometers of the shoreline.   

• The cells need to radiate towards the ocean with a relatively low gain towards 

the land side.  The low gain towards the land prevents interference from the 

land-operated ISM devices. 

• Due to restrictions of the ISM band operation, the system is very much power-

limited.  As a result, the receive antenna on both communications ends 

becomes very important.  In principle, having a high gain antenna on the base 

station should not pose significant problems.  However, having a high gain 
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antenna on the vessel may pose significant challenges – especially for smaller 

boats.   

Capacity 

• The system's capacity is fundamentally limited by the amount of the 

available spectrum and the frequency reuse scheme.  The proposed system 

implements frequency reuse of N = 3, and the amount of spectrum needed 

for the fundamental channels is 10.5MHz.  With such utilization of 

spectrum, the system may achieve physical layer throughputs of up to 

20Mbps.  In most coastal areas, this should be enough given a relatively 

small density of the boats.  However, there may be areas (or occasions) 

where the number of boats is large and when the system may benefit 

significantly from supplemental channels.  

• The capacity of the system is very much dependent on the receive antenna.  

A high gain and potentially beam-steering antenna could significantly 

improve the link budget.  Also, such an antenna may allow the system to 

deploy the universal reuse scheme, i.e., N=1.  Finally, a narrow beam 

antenna would significantly reduce both inter-system and intra-system 

interference.  However, such an antenna presents significant technical 

challenges related to its size and pointing accuracy. 

Future work  

There are several directions for the extension of the work presented in this 

document.  Some of them are listed as follows: 
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1. Propagation studies for all sea conditions.  Due to the size of the vessel available 

for this study, path loss measurements were collected only in relatively calm seas 

(Douglas see state 0-2, and Douglas swell 0-3).  Future studies could involve a 

multitude of different vessels (mostly larger ones) and rougher seas.   

 

2. Additional noise floor measurements.  For the characterization of the noise, the 

measurements were taken only in two locations.  Additional locations should be 

surveyed.   

 

3. Additional modeling parameters.  The noise floor model as presented in Chapter 4 

does not consider the height of the buildings along the shore.  Such data are not 

readily available, but they seem important.  Future modeling efforts should try to 

include the height of the coastal buildings in the modeling process 

 

4. Contention protocol.  The rules of the ISM band require that the system implements 

a contention protocol.  For example, Wi-Fi systems listen before transmission.  The 

LTE does not implement such a protocol, and an upgrade of the LTE air interface 

may be necessary.  Some steps in this direction are already done for LTE-U in the 

5GHz band.  A study is necessary to determine if these steps are adequate for the 

2.4GHz band. 

5. Antenna design.  As demonstrated in Chapter 4, the performance of the system is 

fundamentally dependent on the receive antenna.  Ideally, the antenna should be 

low cost, high gain, small size, beam steering/beam switching antenna.  Such an 

antenna's design is usually very challenging, but it may be a well-justified endeavor 

in this scenario.  
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