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Abstract: Due to various interferences arising from the tropospheric propagation of radio waves over big water basins, it is necessary to 

study in detail the mechanisms of propagation and to improve the existing models for determining propagation factor or path loss profiles at 

different frequencies, especially in UHF bands, caused by the growing interest of mobile communications and especially 5G technologies. To 

get enough information about radio wave propagation over the Black sea area, the state of atmosphere above points of interest is studied in 

detail and the results are compared with real measured radio signals distributed between those points. The results are compared with basic 

theoretical computed models. The results showed more than 10 dB and from 6 to10 dB difference respectively for VHF and UHF between 

measurement and computed with Three way path loss model EMF levels for the favorable cases which might be due to additional ray in the 

receiver. A clear relationship between received EMF levels and wind speed but in combination with different abnormal tropospheric 

environments and relationship between absolute value of modified refractivity and the levels of received signals for the surveyed regions.  

Keywords: MODIFIED REFRACTIVITY PROFILE; DUCT MEASUREMENTS; DUCT OCCURRENCE; RADIO WAVE PROPAGATION 

OVER SEA; RAY MODEL. 

 

1. Introduction 

The state of the atmosphere has a great impact over radio wave 

propagation. Temperature, moisture and pressure are the variables 

that influent refraction. The type and the amount or refraction 

produced by these variables can be determined by understanding the 

relationship of each property to refractivity (N). An increase with 1 

C° in temperature caused decrease with nearly 1 N units of the 

amount of the refractivity. Usually, in a standard atmosphere 

temperature decrease with 6.5 C° per 1 km which does not have a 

great impact over refraction, but an exception to this occurs with 

temperature inversion. Moisture produces the greatest change of 

refraction. In the lower atmosphere the pressure has a smell effects. 

Ununiform refractivity makes the radio wave bend. The change of 

refractivity with altitude is refer to as the N-gradient, which 

determine its type and intensity. The larger positive or negative N-

gradient, the more radio waves bend. They are four main 

propagation types for different refractivity conditions, respectively 

different N-Units (see Fig. 1).  

 

 

Fig. 1 Types of refraction and atmospheric propagation. 

 

Since refractivity N does not take into account the curvature of 

the earth, it is more convenient to use Modified refractivity (M) 

instead. The formula for M is given by: 

(1) 
6
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where n is index of refractivity and h altitude. Another way to 

evaluate M by using measurable variables is [1]: 
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where P is total atmospheric pressure (mb), T is atmospheric 

temperature (K) and e is water vapor pressure (mb). The most 

interesting propagation mechanisms from the researchers point are 

the tropospheric ducts. Ducts can greatly extend the ranges of radio 

waves. There are four basic types of ducts: surface, surface-based, 

elevated and evaporation ducts. Due to various interferences arising 

from the tropospheric propagation of radio waves over big water 

basins, it is necessary to study in detail the mechanisms of 

propagation and to improve the existing models for determining 

propagation factor or path loss profiles at different frequencies, 

especially in UHF bands, caused by the growing interest of mobile 

communications and especially 5G technologies. To get enough 

information about radio wave propagation over the Black sea area, 

the state of atmosphere (which includes the parameters needed for 

determination of the refractivity profiles) above two points of 

interest Varna, Bulgaria and Sevastopol, Crimea peninsula and state 

of the water are studied in detail. To representing modified 

refractivity profile, a model for visualization is used. On the other 

hand a measurement of VHF and UHF signals, propagated between 

those two cities is performed. The results are compared with basic 

theoretical model for determining path loss and its two and tree way 

extended sub models.  

 

2. Modeling Modified Refractivity profile 

Two years period (from 2019 to 2020) meteorological data are 

used to determine the occurrence of all type of ducts above two 

points over Black sea. For the region of Varna, are used 

meteorological data from 13 measuring points at different altitude 

from 2 to 311 meters above sea level (ASL). For the region of 

Sevastopol are used 6 measuring points at different altitude from 2 

to 345 meters ASL. Meteorological data from all 19 measuring 

points are reported at the same time and period. By using methods 

describe in [2], the modified refractivity profiles for the points of 

interest are evaluated, reconstructed and graphically represented for 

the periods with measured highest field strength levels for five 

different frequencies, (see Figure 2, Figure 3, Figure 5 and Figure 

6). That periods with measured highest electromagnetic field 

strength (EMF) level are selected from measurement complain, 

produced again for the same two years period. For the 2019 year the 

highest EMF levels ware measured on 09 August [3] and for the 

2020 year on 02 September. The measured EMF levels are 

compared with the measured wind speed over the two cities for the 

same period. The results are compared and graphically represented 

(see Figure 4 and Figure 7). 
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Fig. 2 M units for the region of SEVASTOPOL, period 09.08.2019 

 

 

Fig. 3 M units for the region of VARNA, period 09.08.2019 

 

 

Fig. 4 EMF levels in dBµV/m for 90.4 MHz 107 MHz, 546 MHz, 666 MHz 

and 682 MHz. Wind speed in km/h for the VARNA (orange) and 

SEVASTOPOL (green). Date of measurement: 09.08.2019 
 

The refractive profiles for the most favorable periods measured 

on 09.08.2019 and 02.09.2020 over Varna looks very similar which 

determined the similar results from the measurement campaign.  

 

 

Fig. 5 M units for the region of SEVASTOPOL, period 02.09.2020 

 

 

Fig. 6 M units for the region of VARNA, period 02.09.2020 

 

 

Fig. 7 EMF levels in dBµV/m for 90.4 MHz 107 MHz, 546 MHz, 666 MHz 
and 682 MHz. Wind speed in km/h for the VARNA (orange) and 

SEVASTOPOL (green). Date of measurement: 09.08.2019 

 

3. Basic Channel Models for Radio Wave 

Propagation 

For the radio wave propagation in free space, the propagation 

loss can be predicted by the FSL model: 

(3) 
4

20l g  o ,
FSL

L
d




 
 
 

  

INTERNATIONAL SCIENTIFIC JOURNAL "MATHEMATICAL MODELING" WEB ISSN 2603-2929; PRINT ISSN 2535-0986

122 YEAR IV, ISSUE 4, P.P. 121-124 (2020)



where 
FSL

L is the free space loss in dB, λ is the wave length, and d is 

the propagation distance in meters.  

The needs to fit the local oscillations resulted from the 

destructive summation of sparse multipath signals the ray 

trajectory-based path loss models can be used. This model can 

geometrically identify the trajectories of the most dominant rays 

arrived at the receiver, thus the phase shift of each ray is 

characterized and considered in the path loss calculation, therefore 

providing a better description of the local peaks and nulls of the 

received signal strength. When a reflected ray from the sea surface 

exists besides the LoS path (direct ray), the propagation loss could 

be predicted by a 2-ray path loss model, which can be simplified as 

[4]: 
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where L is the 2-ray propagation loss in dB, and 
t

h , 
r

h  are the 

heights of a transmitter and a receiver in meters. If a homogeneous 

evaporation duct layer exists pathloss can be expressed as a 

simplified three-dimensional model [4]: 

(5)     
, ,

2
2

  10 log 2 1 ,
10 4 dt r e

h h h
L




  

  
     

  

where: 

(6) 
  2 2

2sin sin ,

h h h h h h
t r e t e r

d d



 

  

 

  
        

  

and 
e

h   is evaporation duct height. 

 

4. Measurement and comparing results. 

Discussion 

 Brief transmitting and receiving point’s data are represented in 

Table 1. For the interested reader’s detailed information about these 

points, its situations and all other information could be found in [3]. 

Table 1: Transmitting and receiving points data 

Transmit points Sevastopol 
Receive point 

Varna 
Dis- 

tance 
m 

Sea 

path Frequency 
MHz 

TxPr 

Kw 

ERP 

Ant. 

height 
ASL 

m 

Ant. 
Pol. 

Ant. 

height 
 ASL 

m 

Ant.  

Pol. 

90.4 3 280 V 

161 

V 

(lp) 
484 467 

107 3 178 V 
V 

(lp) 
479 466 

546 1 287 H H(n) 484 467 

666 1 287 H H(n) 484 467 

682 1 287 H H(n) 484 467 

 

The results from measurement survey are compared with basic 

theoretical model for determining path loss (3) and its two (4) and 

tree way (5) extended sub models (Table 2), associated with 

abnormal tropospheric radio wave propagation, under reflected 

or/and duct conditions. As a duct height is taken 40 meters (see 

Figure 10). 

 

 

Table 2: Comparing propagation models with measured data 

Frequency 

MHz 

Free 
space 

model 

Two 
way 

model 

Tree 
way 

model 

Measured 
dBµV/m 

09.08.2019 

Measured 
dBµV/m 

02.09.2020 

Min 

EMF 

Max 

EMF 

Min 

EMF 

Max 

EMF 

90.4 46,2 37,2 52,6 30,2 62,3 33,8 62,5 

107 44,9 37,5 51,4 34,2 62,2 31,3 62,1 

546 24,4 30,2 38,3 24,1 32 23 28,7 

666 24,2 30,0 38,2 24,3 26,3 24,2 25,2 

682 26,1 31,1 38,8 24,6 27,4 24,4 25,1 

 

 

Fig. 8 Free Space, Two way and tree way path loss models compared with 

maximum value of real 564 MHz propagated signals  

 

 

Fig. 9 Free Space, Two way and Tree way path loss models compared with 

real VHF propagated signals 

 

The obtained results for propagation loss (Path loss) for above 

mentioned frequency could be treated as a maximum achievable for 

this specific path profile. 

When comparing the results it could be seen that Two way path 

loss model gives a good results for highest EMF levels at 546 MHz 

(UHF) but here is good to be mentioned the presence of well define 

duct over Varna. When comparing the results with Tree way model 

inaccuracy is between 6 to10 dB. Free space model produced a 

good result for the worst case.  

None of those models give a good results for the 90,4 MHz 

(VHF). Inaccuracy is more than 10 dB with the most favorable 

model. Thus, when abnormal most favorable tropospheric 

conditions occur over this region VHF signals propagate in the 

troposphere by at least another 1 additional ray. Two ray model 

gives relatively а good results for the worst case. 
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Fig. 10 M units profile for the region of VARNA at maximum and minimum 
EMF levels, period 09.08.2019 

The difference between time of minimum for 90,4 MHz and 

107 MHz are due to refractive profile at transmitting point because 

of different antenna heights (note that the frequency and the path 

are almost the same). 

 

  

Fig. 11 M units profile for the region of VARNA at maximum and minimum 

EMF levels, period 02.09.2020 
 

The overall decreasing at M units caused decreasing in EMF 

levels and vice versa.  

Table 3: Wind speed at 4 different altitudes over two cities where 

respectively transmitters and receiver are located for the most favorable and 

unfavorable period in 2019. 

WIND SPEED 2019 

km/h 

 MAX EMF levels MIN EMF levels 

Location 
/meters ASL/ 

UHF 90.4 107 UHF 90,4 107 

SEVASTOPOL        

2 8,7 5 8,7 20,9 7,9 3,1 

31 7,7 4 4,4 - 12 0 

VARNA       

0 0 0 0 24,7 9,3 0 

38 0 0 0 10,8 8,4 0 

 

Figure 4, Figure 7, Table 3 and Table 4 showed the clear 

relationship between relieved EMF levels and wind speed. But this 

relationship must be looked at a different way from the influence of 

refractivity, because the effects of refractivity can be measured by 

its absolute values. But the wind effects are specific at any different 

region and are not determined by its absolute values. They depends 

on that, if the propagated rays or how many of them contacts with 

the water surface. For example: if the radio waves (or how many of 

them) propagate by surface or surface-based duct the influence is 

grater that if they propagate by the elevated duct or super refraction. 

 

 

 
 

Table 4: Wind speed at 5 different altitudes over two cities where 
respectively are located transmitters and receiver for the most favorable and 

unfavorable period in 2020. 

WIND SPEED 2020 

km/h 

 MAX EMF levels MIN EMF levels 

Location 
/meters ASL/ 

UHF 90.4 107 UHF 90,4 107 

SEVASTOPOL        

2 15,1 18,3 16 9,3 10,2 6,7 

57 8,9 9,7 9,3 0 2,5 3,7 

VARNA       

0 0,9 7,9 3,3 2,8 3,7 6,4 

11 5,6 10 10,6 1,3 2,9 3 

38 9,6 21,2 23.6 0 5,4 1,9 

 

 

5. Conclusion 

Measurement survey and exploration of the state of the 

atmosphere and propagation of radio signals on five different 

frequencies in VHF and lower UHV bands are produced over part 

of North West Black sea area. The results are compared with basic 

theoretical computed models and its two and tree way extended sub 

models associated with abnormal tropospheric radio wave 

propagation. They have showed more than -10 dB difference 

between measurement and computed three way path loss model for 

VHF frequency and between +6 to +10 dB for UHF in the favorable 

cases which might be due to additional ray in the receiver. Two way 

path loss model gives a good results for favorable cases at UHF 

band and for worst cases in VHF band. The results also showed a 

clear relationship between relieved EMF levels and wind speed but 

not from wind absolute value but in combination with different 

abnormal propagation environments. A clear relationship between 

absolute value of modified refractivity and the levels of received 

signals for the surveyed regions is observed. 
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