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Abstract ─ The propagation characteristics of signal of 

the Automatic Identification System (AIS) in the 

evaporation duct environment over the sea surface are 

investigated by using the parabolic equation method. 

The parabolic equation method has excellent stability 

and accuracy in solving the computational problem of 

electromagnetic wave propagation under different 

atmospheric conditions and it is probably the most 

suitable for the purpose of analyzing AIS signals. The 

propagation of AIS signals in air is determined by 

the variation of the refractivity with height. For AIS 

transmission, ducting propagation may be the most 

important propagation mechanism. The propagation loss 

of AIS signals in the evaporation duct is calculated and 

compared with that for the case of the standard 

atmosphere. In order to demonstrate the effect of 

evaporation duct on the propagation of AIS signals 

more intuitively, propagation loss versus range for 

three typical AIS links and the receiver height versus 

propagation loss under different atmospheric conditions 

are analyzed in details. The simulation results show that 

the evaporation duct has little influence on the AIS 

system. 

Index Terms ─ AIS, evaporation duct, parabolic equation 

method, propagation loss. 

I. INTRODUCTION
Automatic Identification System (AIS) is a new 

navigation aid that operates in the Very High Frequency 

(VHF) maritime mobile band, and its primary purpose is 

to facilitate the efficient exchange of navigation and 

voyage data between ships, and between ships and 

shore stations [1]. As a maritime navigation safety 

communication system, it can automatically provide 

 vessel information, including the vessel’s identity, type, 

position, course, speed, navigation status and other 

safety-related information to other ships and to shore 

stations in its surroundings. It also receives such 

information from similarly fitted ships and exchanges 

data with shore-based facilities automatically. When 

AIS signals propagate over the sea surface, it is easily 

affected by various atmospheric conditions. At the 

beginning of this research, only three papers were found 

to study the effects of atmospheric conditions on AIS 

signal propagation over the sea environment. A report 

by the International Telecommunications Union (ITU) 

examined some general propagation mechanisms that 

could enhance the shore-based AIS detection range, but 

ignores atmospheric conditions behind it [2]. Green et al. 

[3] analyzed phenomena that could theoretically affect

the transmission of AIS signals. In their opinion, the

parabolic equation method may be the most suitable for

predicting the propagation characteristics of AIS signals

in atmospheric duct conditions. Bruin [4] studied

the impact of North Sea weather conditions on the

performance of AIS, and the Advanced Refractive Effects

Prediction System (AREPS) was used to calculate the

propagation loss and predict AIS coverage.

Over the sea, evaporation duct is the most common 

type of anomalous propagation [5,6]. The height of 

the evaporation duct is usually between 6 m and 30 m, 

and generally no more than 40 m. When radio waves, 

especially microwaves, travel near the sea surface, they 

are easily affected by the evaporation duct. Part of 

energy is trapped in the duct and propagates beyond the 

line-of-sight, forming a very important evaporation duct 

propagation mechanism. 

Because the evaporation duct has significant 

influence on the stability of the communication link and 
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 the accurate estimation of the target position by radar, 

analysis of the effect of evaporation duct on radio waves 

has been the focus of attention. By studying the effects 

of the evaporation duct on the propagation of AIS 

signals, it is of profound significance to improve maritime 

situational awareness. At the same time, it also has 

important application value for the inversion research of 

atmospheric ducts. 

The parabolic equation method is based on a 

reduction of the Helmholtz equation and it can be 

implemented to propagation over sea and land. It can 

accurately predict the propagation characteristics of 

electromagnetic waves in a complex environment and  

is commonly used in the study of wave propagation 

problems [7-9]. In addition, through the marching 

method, it can use the fast Fourier transforms technique 

to obtain solutions. For maritime propagation applications, 

the parabolic equation method can be solved by running 

on a laptop for a few seconds. To this end, the parabolic 

equation method is utilized to model the propagation of 

AIS signals under ducting conditions. The propagation 

loss of AIS signals in the standard atmosphere and the 

evaporation duct is calculated and compared. 

II. AUTOMATIC IDENTIFICATION

SYSTEM 
In 2000, the AIS system was introduced by the 

International Maritime Organization (IMO) as a part of 

the Safety of Life at Sea (SOLAS) regulations, which 

require AIS to be fitted aboard all ships of 300 gross 

tonnage and upwards engaged on international voyages, 

cargo ships of 500 gross tonnage and upwards not 

engaged on international voyages and all passenger ships 

irrespective of size [10]. International regulations came 

into full force on December 31, 2004, and this system is 

known as Class A AIS system. After this date, all ships 

in service have installed an AIS system must operate it 

continuously except for international agreements, rules, 

or standards allow navigational information to be 

protected. In 2007, Class B AIS system was introduced 

for small vessels, including pleasure boats. Class A 

and Class B AIS systems are fully compatible and they 

can receive and decode each other’s messages. Class A 

system’s messages generally contain more information 

than Class B system’s messages. However, they all 

provide essential safety information. In this paper, we 

only consider the Class A AIS system. 

Two international channels have been allocated for 

AIS use and both frequencies are in the maritime VHF 

mobile band [11]. AIS 1 (161.975 MHz) and AIS 2 

(162.025 MHz) are designated for long-range AIS 

systems. At all time, messages can be received on 

both channels, whilst messages should be transmitted 

alternately from AIS 1 and AIS 2 channels. Class A AIS 

system parameters are given in Table 1. 

Table 1: AIS system parameters 

Parameter Value 

Transmitter Power (W) 12.5 

Frequency (MHz) 161.975/162.025 

Antenna Gain (dBi) 2~5 

Wavelength (m) 1.86 

Receiver Sensitivity 

(dBW) 
–137.0

III. AIS SIGNAL PROPAGATION

MODELLING 

A. Atmospheric refractivity model

Evaporation duct is a kind of duct with the highest

frequency over the surface of the sea. It is formed by the 

evaporation of sea surface water vapour, which causes 

the atmospheric humidity to decrease sharply with height 

in a small height range. At a certain height, the modified 

atmospheric refractivity is minimized, which is defined 

as the evaporation duct height (Fig. 1).  

d

0
M

z

Fig. 1. Modified atmospheric refractivity profile for an 

evaporation duct. 

The evaporation duct is usually described using a 

logarithmic model, which is defined as [12]: 
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where  0 339M   is the modified atmospheric

refractivity at the sea surface, z is the vertical height, and 

d is the evaporation duct height. 

B. Parabolic equation method

The two-dimensional Helmholtz equation in

Cartesian coordinates is given by [13]: 
2 2

2 2

02 2
0,k m

x z

 


 
  

 
(2) 

where   is the electric or magnetic field in the 

horizontal or vertical polarization, respectively, x is 

the range and z is the height, 0 2k   is the free 
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space wave number,   is the wavelength, and 
61 10m M    is the height and range dependent

modified refractive index.

A wave function is introduced to derive the 

parabolic equation: 

    0x, x, .
ik x

z u z e  (3) 

Substituting (3) into (2), yields: 
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(4) 

Ignoring backward propagation waves, the standard 

narrow angle parabolic equation (SPE) can be written as: 

 
 

2
20

2 2

0

, 1
1 , .

2

u x z ik
m u x z

x k z

  
   

  

 (5) 

The split-step Fourier transform solution of the SPE 

is given by: 

      2 1 2
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(6) 

where F and 1F represent the forward and inverse

Fourier transforms respectively, 
0 sinp k  with 

being the propagation angle referenced from the paraxial 

direction, x  is the range step, and  0 ,u x z  is the

initial field distribution. 

Split-step Fourier transform method is a stepping 

algorithm that calculates the field distribution of the next 

step based on the field distribution of the previous step. 

Given the initial field distribution  0 ,u x z ,  0 + ,u x x z

can be calculated using the split-step Fourier transform 

method. Thus, all numerical solutions can be determined 

by an iterative process.  

It should be noted that in order to ensure accuracy 

of the SPE solution, propagation angles should be less 

than 15˚. For maritime evaporation duct propagation, the 

propagation elevation angle of electromagnetic waves is 

generally less than 1˚. Thus, the SPE is chosen to model 

the propagation characteristics of AIS signals in the 

atmospheric duct environment. 

C. AIS signal model

Since AIS is a one-way communication system,

according to the radio wave propagation theory, received 

AIS signal level is [4]: 

 

2
2

2
,

4π

t t r
r
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 (7) 

where
tP  is the transmitted power, 

tG is the gain of 

the transmitter antenna, 
rG is the gain of the receiver

antenna,   is the wavelength, R is the distance from 

the transmitter to the receiver, and  ,F x u x z  is the 

propagation factor. 

The propagation loss PL of AIS signals is defined as 

[14]: 

 
4
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(8) 

D. Rough sea surface effect

A flat sea surface is usually used in electromagnetic

waves propagation modeling. However, in reality this is 

not the truth [15,16]. Since the wavelength of the AIS 

signal is 1.86 m, which is of the same order as the root 

mean square sea height variations under strong wind, the 

influence of sea surface roughness must be taken into 

account. Therefore, the effective reflection coefficient 

eff is introduced to account for the rough sea surface

effect, which is defined as [17]: 

,eff e   (9) 

where 
e is the reflection coefficient of a flat sea

surface,   is the roughness reduction factor, which is 

defined as: 
2 2

0= exp ,
2 2

I
 


   
   
   

(10) 

where 
0I is the modified Bessel function of the first kind 

of order zero,   is the Rayleigh roughness parameter, 

which is defined as: 

= 4 sin ,    (11) 

where 
20.0051  is the root mean square sea height, 

 is the wind speed,   is the grazing incidence angle,

and   is the wavelength.

IV. NUMERICAL SIMULATION AND

DISCUSSION 

A. Comparison of propagation loss pattern

In this section, we present the simulation results of

the propagation loss of AIS signals under different 

atmospheric conditions. The simulation parameters are: 

the AIS signal frequency is 162 MHz, the transmitter 

antenna is an omnidirectional antenna with a height of 

10 m, the elevation angle is 0˚, and vertical polarization 

is adopted. Figure 2 contains the propagation loss for the 

standard atmosphere generated with the parabolic 

equation method. Figure 3 contains the propagation loss 

results for an ideal 30 m evaporation duct with the same 

simulation parameters.   

ACES JOURNAL, Vol. 34, No. 6, June 2019998



 
 

Fig. 2. Propagation loss for the standard atmosphere. 

 

 
 

Fig. 3. Propagation loss for an ideal 30 m evaporation 

duct. 

 

Comparing Fig. 2 with Fig. 3, we can see that the 

propagation loss pattern of the evaporation duct and the 

standard atmosphere are basically the same, indicating 

that the evaporation duct has almost no effect on the 

propagation of AIS signals. 

 
B. Propagation loss versus range for three types of 

AIS links 

In order to better reveal the influence of the 

evaporation duct on the propagation of the AIS signal, 

propagation loss at different duct height is given. Figure 

4 shows propagation loss versus range for the AIS ship-

to-ship link under the standard atmosphere and the 5 m, 

15 m, 25 m, and 35 m height evaporation duct conditions. 

The receiver is located 10 m above mean sea level, which 

is a typical ship antenna height. 

 

 
 

Fig. 4. Propagation loss under different evaporation duct 

height conditions at a receiver height of 10 m. 

 

As can be seen from Fig. 4, as the distance increases, 

the propagation loss gradually increases. However, 

although the propagation loss generally decreases slightly 

as the height of the evaporation duct increases, the 

propagation loss curve is basically coincident with  

the propagation loss curve under standard atmospheric 

conditions, indicating that the evaporation duct has little 

effect on the propagation of the AIS signal. 

For the AIS ship-to-shore link, the shore station 

usually has high antenna, typically 30 m. Figure 5 shows 

propagation loss versus range for the AIS ship-to-shore 

link under the standard atmosphere and different 

evaporation duct conditions. 

 

 
 

Fig. 5. Propagation loss under different evaporation duct 

height conditions at a receiver height of 30 m. 

 

As noticed from Fig. 5, although the propagation 

loss is smaller than that of Fig. 4, the overall variation 

trend is consistent with Fig. 4, which indicates that the 

TANG, CHA, WEI, TIAN, LI: PROPAGATION CHARACTERISTICS OF AIS SIGNALS IN THE EVAPORATION DUCT ENVIRONMENT 999



evaporation duct has little effect on the AIS ship-to-shore 

link. 

In addition to ship-to-ship link and ship-to-shore 

link, AIS receivers can also be installed on weather 

buoys throughout many coastal areas to form ship-to-

weather buoy link. However, as the size of the weather 

buoy is much smaller, it can significantly limit the 

antenna height, which is typically 3 m. Propagation loss 

versus range for the AIS ship-to-weather buoy link under 

the standard atmosphere and different evaporation duct 

conditions is shown in Fig. 6. 

Fig. 6. Propagation loss under different evaporation duct 

height conditions at a receiver height of 3 m. 

Compared with Fig. 4 and Fig. 5, since the receiving 

height is relatively low, the propagation loss is relatively 

large. Like the ship-to-ship link and the ship-to-shore 

link, the propagation loss curves in different atmospheric 

environments are basically coincident, indicating that the 

ship-to-weather buoy link is also less affected by the 

evaporation duct. 

C. Receiver height versus propagation loss for AIS

Figure 7 shows the receiver height versus propagation

loss at 20 km distance for a standard atmosphere and 

evaporation duct height of 5 m, 15 m, 25 m, and 35 m. 

Fig. 7. Propagation loss under different evaporation duct 

height conditions at 20km distance. 

It can be observed in Fig. 7 that as the height 

increases, the propagation loss first increases and 

then decreases, which is caused by diffraction mode 

propagation effect. In general, propagation loss under 

evaporation duct conditions is slightly reduced compared 

to the standard atmosphere, and the loss is also smaller 

as the duct height increases. However, the propagation 

loss of the standard atmosphere and the evaporation duct 

are almost the same, indicating that the evaporation duct 

has a certain influence on the propagation of the AIS 

signal, but it is very small. 

V. CONCLUSION
In this work, the parabolic equation method is 

utilized to study the propagation characteristics of AIS 

signals in the evaporation duct environment over the 

sea surface. The propagation loss for the standard 

atmosphere and the evaporation duct is calculated 

and compared. The simulation results show that the 

propagation of AIS signals is hardly affected by the 

evaporation duct. It should be noted that this work 

mainly theoretically analyzes the problem of AIS signals 

propagation in the evaporation duct condition, and 

the simulation results need to be further verified by 

experiments, which will be investigated in the near 

future. 

ACKNOWLEDGMENT 
This work was supported by NSFC in China under 

Grant No. 41405009. 

REFERENCES 
[1] A. Goudossis and S. K. Katsikas, “Towards a

secure automatic identification system (AIS),” J.

Mar. Sci. Technol., https://doi.org/10.1007/s00773-

018-0561-3, 2018.

[2] “Long range detection of automatic identification

system (AIS) messages under various tropospheric

propagation conditions,” Tech. Rep. ITU-R M.

2123, International Telecommunications Union

(ITU), 2007.

[3] D. Green, C. Fowler, D. Power, and J. Tunaley,

“VHF propagation study,” Contractor report

DRDC-ATLANTIC-CR-2011-152, Defense R&D

Canada, London Research and Development Corp.,

C-Core, 2012.

[4] E. R. Bruin, “On propagation effects in maritime

situation awareness: Modelling the impact of North

Sea weather conditions on the performance of AIS

and coastal radar systems,” Master Thesis, Utrecht

University, 2016.

[5] H. Hitney and R. Vieth, “Statistical assessment

of evaporation duct propagation,” IEEE Trans.

Antennas Propagat., vol. 38, no. 6, pp. 794-799,

1990.

[6] S. D. Gunashekar, D. R. Siddle, and E. M.

ACES JOURNAL, Vol. 34, No. 6, June 20191000



Warrington, “Transhorizon radiowave propagation 

due to evaporation ducting,” Resonance, vol. 11, 

no. 1, pp. 51-62, 2006.  

[7] I. Sirkova, “Brief review on PE method application

to propagation channel modeling in sea environ-

ment,” Cent. Eur. J. Eng., vol. 2, no. 1, pp. 19-38,

2012.

[8] J. R. Kuttler and R. Janaswamy, “Improved Fourier

transform methods for solving the parabolic wave

equation,” Radio Science, vol. 37, no. 2, pp. 5-11,

2002.

[9] Z. S. Wu, L. Li, L. K. Lin, and Z. W. Zhao, “Study

on the maximum calculation height and the

maximum propagation angle of the troposcatter

wide-angle parabolic equation method,” IET

Microwaves, Antennas & Propagation, vol. 10, no.

6, pp. 686-691, 2016.

[10] Safety of life at sea (SOLAS) convention chapter

V, regulation 19, 2000.

[11] “Recommendation, technical characteristics for an

automatic identification system using time division

multiple access in the VHF maritime mobile band,”

Tech. Rep. Rec. ITU-R M.1371-5, International

Telecommunications Union (ITU), 2014.

[12] R. A. Paulus, “Evaporation duct effects on sea

clutter,” IEEE Trans. Antennas Propagat., vol. 38,

no. 11, pp. 1765-1771, 1990.

[13] M. Levy, Parabolic Equation Methods for Electro-

magnetic Wave Propagation, The Institution of

Electrical Engineers, London, 2000.

[14] I. Sirkova, “Propagation factor and path loss

simulation results for two rough surface reflection

coefficients applied to the microwave ducting

propagation over the sea,” Progress n Electro-

magnetics Research M, vol. 17, pp. 151-166, 2011.

[15] D. E. Freud, N. E. Woods, H. C. Ku, and R. S.

Awadallah, “Forward radar propagation over a

rough sea surface: A numerical assessment of the

Miller-Brown approximation using a horizontally

polarized 3-GHz line source,” IEEE Trans.

Antennas Propagat., vol. 54, no. 4, pp. 1292-1304, 

2006. 

[16] M. D. Cui, H. Cha, and B. Tian, “A propagation

model for rough sea surface conditions using the

parabolic equation with the shadowing effect,”

ACES Journal, vol. 33, no. 6, pp. 683-689, 2018.

[17] P. E. Cadette, “Modeling tropospheric radiowave

propagation over rough sea surfaces using the

parabolic equation Fourier split-step method,”

Master thesis, The George Washington University,

2012.

Wenlong Tang received the B.S. 

degree in Radar Engineering and 

the M.S. degree in Signal and 

Information Processing from the 

Electronic Engineering Institute, 

Hefei, China, in 2014 and 2016, 

respectively. He is currently pur-

suing the Ph.D degree at the 

College of Electrical Engineering, Naval University of 

Engineering. His current research interests include radio 

wave propagation theory and atmospheric refractivity 

estimation techniques. 

Hao Cha received the M.S. degree 

and the Ph.D. degree in Commun-

ication and Information System from 

the Nanjing University of Aeronautics 

and Astronautics, Nanjing, China, in 

1990 and 1993, respectively. Now 

he is a Professor in Naval University 

of Engineering and majors in radar 

system. He is responsible for many scientific research 

projects, such as military scientific research projects, and 

his research achievements gained the army science-

technology advance reward many times. 

TANG, CHA, WEI, TIAN, LI: PROPAGATION CHARACTERISTICS OF AIS SIGNALS IN THE EVAPORATION DUCT ENVIRONMENT 1001


	Article 13.pdf
	I. INTRODUCTION
	II. DESIGN OF HIGH PERFORMANCE UWB ANTENNA
	III. ANTENNA SIMULATION AND TEST RESULTS
	IV. CONCLUSION
	REFERENCES

	Article 8.pdf
	I. INTRODUCTION
	II. FORMULATION OF THE 3DPE
	III. FOURIER SPLIT-STEP ALGORITHM
	IV. NUMERICAL IMPLEMENTATION
	V. SIMULATION RESULTS
	VI. CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES



 
 
    
   HistoryItem_V1
   AddNumbers
        
     Range: all odd numbered pages
     Font: Times-Roman (unembedded) 8.0 point
     Origin: top right
     Offset: horizontal 43.20 points, vertical 27.00 points
     Prefix text: ''
     Suffix text: ''
     Colour: Default (black)
     Add text every 0 pages
      

        
     D:20190712144800
      

        
     1
     1
     
     TR
     
     1
     1
     1
     0
     0
     827
     TR
     1
     0
     0
     533
     194
     0
     1
     R0
     8.0000
            
                
         Odd
         5
         AllDoc
         12
              

       CurrentAVDoc
          

     [Sys:ComputerName]
     43.2000
     27.0000
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     0
     175
     174
     67968a69-c7f0-4f7c-bf65-6db7bf8f0ce2
     88
      

   1
  

    
   HistoryItem_V1
   AddNumbers
        
     Range: all even numbered pages
     Font: Times-Roman (unembedded) 8.0 point
     Origin: top left
     Offset: horizontal 43.20 points, vertical 27.00 points
     Prefix text: ''
     Suffix text: ''
     Colour: Default (black)
     Add text every 0 pages
      

        
     D:20190712144806
      

        
     1
     1
     
     TL
     
     1
     1
     1
     0
     0
     827
     TR
     1
     0
     0
     533
     194
    
     0
     1
     R0
     8.0000
            
                
         Even
         5
         AllDoc
         12
              

       CurrentAVDoc
          

     [Sys:ComputerName]
     43.2000
     27.0000
      

        
     QITE_QuiteImposingPlus4
     Quite Imposing Plus 4.0m
     Quite Imposing Plus 4
     1
      

        
     0
     175
     173
     7bf7f0c1-e4ed-47b3-bae5-98e5dfece2c6
     87
      

   1
  

 HistoryList_V1
 qi2base





