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Abstract:  For the purpose of reducing loss in signal propagation, this paper calculates 
numbers of hops on the surface of ground and sea and proposes methods for minimizing 
the loss of the signal and remain the ship in communication using the same multi-hop 
path in the process of multi-hop propagation mode of high-frequency signals. Four 
mathematical models are proposed to determine the loss of the signal in the process of 
propagation, parallel reflection model, calm ocean surface reflection model, turbulent 
ocean sphere reflection model and ground reflection model. The influential factors of 
signal is divided into noise and attenuation. Furthermore, the noise is divided into three 
categories, atmospheric radio noise, artificial radio noise, and cosmic noise. Attenuation 
is divided into free space propagation loss, ionospheric absorption loss, reflection loss, 
and extra system loss. This paper studies the shipboard receiver moving on a turbulent 
ocean range of the receiver on its received signal and defines the maximum 
communication time and communication area so as to calculate the holding time of the 
multi-hop path. It can be found that the value of the change of emission point incident 
angle per second on average. Thus, it can be ensured that the ship is always in 
communication with the transmitting station during the traveling process. 

1. Introduction 

Since the invention of Radio Communication technology, high-frequency communications have 
become the main role of long-range wireless communications [2]. At present, the communication 
technologies used by ships at sea mainly include single sideband shortwave radio and satellite 
mobile communication network. The modernization of offshore operations requires more 
information service capabilities [2]. Nevertheless， there is an un inevitable loss during signal 
propagation. Hence, we synthesize influencing factors, intending to develop a series of 
mathematical models to accommodate different circumstances through analyze of numbers of hops.  
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2. Models 

2.1 Model I: Parallel Reflection Model 

 Attenuation (loss) 
In shortwave wireless transmission, ionospheric propagation loss can be expressed as follows:  

 +b s i g pL L L L Y= + +   (1) 

 Free space propagation loss sL   
Free space propagation loss is the decibel of the ratio of the radiated power to the power received 

by the lossless receiving antenna, we can get: 
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Where, TP  is antenna radiation power; RP  is antenna receiving power of antenna r  away from 

emitter. Then the power density at the slope distance 24
TPr
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= . The total area for receiving isotropic 
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 32.44 20lg 20lgsL f r= + +   (3) 

 
Fig. 1: The relationship between r and loss at different frequencies 

Single-hop mode diagram is as follows: 

 
Fig. 2: Single-hop mode 

On the basis of our inquiry, h is equal to 300km. We obtain: 

 232.44 20lg
sin 's

nhfL
α

= +   (4) 
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 Ionospheric absorption loss iL   
Three kinds of situations may occur when shortwave reaches the ionosphere: entering outer 

space through the ionosphere, being completely absorbed by the ionosphere or being reflected back 
to the Earth. However, the absorption is complicated by the random variation of ionosphere itself, 
so we use the semi-empirical formula in calculation.  

 100
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+ +
  (5) 

Where, Hf  is magnetic rotation frequency at an altitude of100km , the value of which is1.4MHz ; 

100α  is incident angle at the height of 100km. 
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We find out following parameters in the winter in Beijing, where, I  is absorption coefficient. 
The value of which is 1.3

12(1 0.0037 )(cos 0.881 )R c+ ; 12R  is average change of sunspot during 12 
months and the value is 0.506; c is the sun zenith angle. D is the arc distance from the transmitter 

to the receiver equal to 2
tan '

h
α

. Finally, we get 8.5008iL n=  dB. The range of incidence angle can 

be determined by following equation: 

 2

80.8sin 1 N
f

α = −   (6) 

Taking the ionospheric structure changes and long-term stable reception into account, we do not 
use MUF, but use FOT, which is known as the best working frequency while determining the line 
frequency. From Recommendation ITU-R M.1795, the FOT at 2: 00 p.m. during the day is

20MHz .Finally, we have
12

min min 6 2
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α β × ×
= = − = °

×
. 

 Multi-hop reflection loss Lg   
According to our assumption that radio energy is distributed in horizontal and vertical 

polarization fields, the formula of multi-hop reflection loss gL   can be deduced as follows: 

 
2 2
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According to Snell law, the relative permittivity and conductivity of seawater are obtained. 
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Because of the frequency range we studied is 3 to 30MHz, we deem 70, 5.0re s= =  here.  Thus, 
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'=70 4500r je −  . So we get the relationship between 'α  and gL   below: 

 
Fig. 3: The relationship between  'α  and gL  

To get the maximum incidence angle and minimize the multi-hop reflection loss, we take
'=20α °  . Thus, we get max 70α = ° . When the grazing incidence angle of 20, we get gL   = 0.414dB. 

 Additional system loss Lg   
The extra system loss pL   can simply be regarded as 14 dB according to Recommendation ITU-

R 339. We get:  
2 2232.44 20lg 20lg 8.5008 10lg 14

sin ' 2
v h

b

R RnhL f n
α

+
= + + + + +   (8) 

 Noise 
 Atmospheric radio noise 

Atmospheric radio noise intensity is calculated as: 

 1 10 lg 20lg 96.8aE F B f= + + −  . (9) 

Where B is effective noise bandwidth of receiver，here we take 63 10B = × Hz . 

 2 2
am ua am u F DF F D s s= + + +   (10) 

Where, uD  is the upper tenth of the atmospheric radio noise figure aF   in the time zone; 
amFs  is 

the standard deviation of amF  ; Du
s  is the standard deviation of uD .  The result is presented in the 

table below: 

Table 1: amF  at 2.pm in summer is 78dB at 1MHz 

frequency 7.5MHz 10MHz 12.5MHz 15MHz 17.5MHz 20MHz 
amF  51 45 37 32 27 21 

uD  9 7.5 6 5 4 3.2 

amFs  3 3.2 3.5 3.6 3.9 4.2 

uDs  2.5 1.8 1.8 1.9 2 2.3 

aF  63.9051 55.6715 46.9357 41.0706 35.3829 28.9885 

1E  49.3776 43.6427 36.8451 32.5637 28.2149 22.9803 
We use MATLAB to achieve data fitting and gain the following equation: 
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4 3 2
1 0.0024 0.1249 2.3580 16.4200 13.6143E f f f f= − + − + +  

Based on above equation, we draw the fitting curve and compare it with real curve: 

 
Fig. 4 

We calculate that 2 0.0416s = .The result obtained is in agreement with the experimental values.  
 Artificial radio noise 

Artificial radio noise mainly comes from various electric equipment and internal combustion 
engine ignition system. The equation of median of noise power is: 

 lgE c d f= −   (11) 

Table 2: The value of the parameter c, d 

Environmental types c d 
Business district 76.8 27.7 
Residential area 72.5 27.7 

Countryside 67.2 27.7 
Quiet village 53.6 28.6 
Cosmic noise 52.0 23.0 

The level of artificial radio noise is strong in urban industrial and commercial areas. The ocean is 
sparsely populated, and for the time being we think 2 0E =  . 
 Cosmic noise 

With the increase of frequency, the influence on the radio communication system above 1 GHz 
is negligible. We get 

3 52 23lgE f= − . 
According to Recommendation ITU-R P.533-12, we get the equation of field strength at any 

point of the shortwave sky wave is 

 136.6+20lg ( ) ( ) ( ) ( )t t bE f MHz P dBKW G dB L dB= + + −   (12) 

Where, tP  Pt is the power of the transmitter; tG  is the directional gain of the radioactive 
elevation angle of the transmitting antenna. The launch signal is 100W high frequency constant 
carrier signal tG =1.In the title, the transmitted signal is 100W high frequency constant carrier 
signal. Thus, we get 

 ( )=50dBtP dBKW   (13) 

We refer to the definition of Signal-to-noise ratio and get 1 2 3SNR E E E E= − − −  , solving the 
value of n is 3. 
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2.2 Model II: Calm Ocean Sphere Reflection Model 

We take the curvature of the earth, singled out mode into account, making the following graph. 

 
Fig. 4: Radio wave emission schematic 

From the schematic above, we abstract the mathematical graph as follows: 

 
In the triangle AOC, we get 

 2 22 ( ) 2( ) cosr R h R R h R ϕ= + + − +   (14) 

Finally, we obtain 

 
2 2 2( ) / 4' arcsin R h R r

Rr
α + − −

=   (15) 

When the curvature of the earth is considered, we haveα β≠ . But at this point, the minimum 
value of β  is invariant. That is, min 50 32 '5 ''β = ° .We use MATLAB to solve the range of the first 
reflection intensity is 79.672~80.0927dB . Meanwhile, we calculate n=2. 

 
Fig. 5: Comparison of radio wave propagation in Model I and model II 

2.3 Model Ⅲ: Turbulent Ocean Sphere Reflection Model 

For the problem of turbulent ocean, we use rough correction factor to approximate. 

 
'
'

v v

h h

R R
R R

ρ
ρ

=
 =

  (16)

  
According to our inquiry, we have: 
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3.2 2 (3.2 ) 7 9g g g
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− + − +
 

24 ' sin '0.5( )h fg
c

π α
=  

Where, 'h  is root mean square deviation on sea surface, and we get 2' 0.0051h w=  in view of 
Phillips wave model; w is wind speed near sea surface (unit is /m s  ).  

 
Fig. 6: Relationship between and the wind speed at different frequencies and different grazing 

incidence angles 

Wind power level is usually in the 5~7 level, so we take 36 / 10 /w km h m s= = . Thus, the first 
reflection intensity is58.6564 ~ 58.699dB .The maximum of the numbers of hops is 1. Compared 
with Calm Ocean, turbulent ocean loss increases 21.0156~21.3937dB .  

2.4 Model IV: Ground Reflection Model 

In this way, we divide the ground surface into flat ground and uneven surface. We take the 
mountain as an example to study the ground reflection so we draw the following diagrammatic 
sketch. 
 Flat ground reflection 

 
Fig. 7: Flat ground reflection  

In slight of materials obtained, we have  
max2

4 sin '
Hr λ
α

∆ = =
 
max

max

,
,

flat h H
ground

uneven h H
<

=  >
 

Based on Calm Ocean Sphere Reflection Model, we change the dielectric constant and 
conductivity of sea to that on the ground. 
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Table 3: Ground parameters 

Ground form 
The scope of the changes average value 

re  1/ ( )ms −Ω  re  1/ ( )ms −Ω  
wet soil 10 ~ 30  -3 -23 10 ~2.4 10× ×  10 -210  

dry ground 3 ~ 4  
5 21.1 10 ~ 2 10− −× ×

 4 -310  

We get the range of first reflection intensity is 67.29~67.33dB . Meanwhile, we calculate n=2. 
 Uneven ground reflection 

The mountain changes the ground incident angle of the radio waves. The diagram is as follows. 

 
Fig. 8: Uneven ground reflection (n=2) 

Set up the axis as shown in the figure. We calculate the analytic formula of line OB and EF: 

1

2

tan( )(0 )
2

tan( ' )( sin ) cos

y x

y x R R

π ϕ y y ϕ

α ϕ ϕ ϕ

 = − + < <

 = − + − +

 

Let 1 2y y= , we have 

 
2 2'
'

OB x y
H OB R

 = +


= −
  (17) 

We get the relationship between H  and y . To be closer to reality, we introduce AB  
representing distance between mountain and emitter point. 

 = ( )AB R ϕ y+   (18) 

We use MATLAB to draw the following curves: 

 

Fig. 9: Relationship between AB and H 
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According to the geometric relationship in above figure, we can list equations below: 
2 1 1 2

max

max min

D D D L L
Dt
v

α α α

∆ = − + +
 ∆ =

∆ = −

 

Here, we introduce the equation
maxtα
αω ∆

= . Where, αω  refers to the change of emission point 

incident angle per second on average. We suppose that the speed of the vessel is. The length of 
antenna and ship is39.41m .  

-4

max

=2.52 10 ( / )
77132.155 21.4

s
t s h

αω × °
= =

 . 

We can draw the conclusion that we can ensure that the ship is always in communication during 
the traveling process through the adjustment of αω . At the same time, the ship can travel 21.4h  
using the same multi-hop path.  

3. Conclusion 

This paper uses the number of hops to measure the loss of the signal in the process of 
propagation. We have analyzed the reflection state taking shortwave for example among radio 
waves. This paper compares ground reflection extent and calm ocean surface reflection and extends 
signal propagation from sea to ground. We find the value of the change of emission point incident 
angle per second on average.  Thus, we can ensure that the ship is always in communication with 
the transmitting station during the traveling process. 
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