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Abstract:�  HF-START is HF Simulator Targeting for All-users’ Regional Telecommunications. This paper addresses 
problems of worldwide existing radio propagation model and challenge on developing the HF-START. Its possible 
extension in the future is discussed. Meteorological information for aircraft in flight is broadcasted from worldwide radio 
stations in the frequency range of 3 MHz – 15 MHz. Such frequency range is strongly affected from day-to-day bottom 
structure variation of the Earth ionosphere, where is influenced by both space weather and lower atmosphere activities. 
Space weather is thus significant to aeronautical users, who deal with the critical radio application. Space weather data is, 
however, difficult to be understood. To translate research level data to user level data, radio propagation simulator named 
HF-START is being developed. Space weather disturbances-triggered failure of communications/ navigation is of high 
priority to forecast. 
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1. INTRODUCTION  
 
The aviation systems, currently, have been designed as 
self-contained systems to easier assess the safety. However, 
disturbances associated with space weather are reported to 
limit availability of those systems especially at critical 
phases due to limited space weather and radio propagation 
information. This is a large impact on worldwide 
economic situation and safety issue, and has been 
reviewed by International Civil Aviation Organization 
(ICAO) meteorology expert group at a global level. 
Even thought satellite communication is getting popular, 
GEO satellites are not visible from polar region and the 
system itself is expensive. For aeronautical 
communications, high frequency (HF) radio 
communication is a classic and important means especially 
for airplanes oceanic en-route and in polar routes. 
Moreover, meteorological information for aircraft in flight 
or VOLMET (French origin VOL (flight) and METEO 
(weather)) including TAF, METAR and SIGMET, is 
broadcasted from worldwide radio stations in the 
frequency range of 3 MHz – 15 MHz. Such frequency 
range is strongly affected from day-to-day bottom 
structure variation of the Earth ionosphere, where is 
influenced by both space weather and lower atmosphere 
activities. Space weather is thus significant to aeronautical 
users, who deal with the critical radio application. 

Space weather users, who are from various fields, are 
increasing. No matter how good space weather data we 
have, it is meaningless if users cannot understand and 
effectively use it. Fig. 1 is schematic figure to explain the 
mentioned problem. To overcome this issue, research level 
data must be translated to user level data based on users’ 
needs. To understand an influence of space weather, 
ionosphere in particular, on the radio propagation that 
directly impacts on radio users, radio propagation 
simulator is necessary. 

One of the most popular radio propagation simulators 
around the world is called Voice of America Coverage 
Analysis Program (VOACAP) that was supported by US 
government. It can predict the RF propagation in global 
scale. However, VOACAP has never been evaluated over 
Japan and Southeast Asia, for example. Also, there is no 
option to input the local ionospheric information. Then the 

Figure 1 Schematic diagram to explain the problem on space weather 
users. 
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question raised from research community is that how 
reliable is the VOACAP, especially in local scale. 

A local radio propagation simulator named HF-START is 
being developed for Japan and Southeast Asia. HF-
START is a user-friendly HF propagation simulator that 
dedicates to user’s needs and can be an application in aid 
of radio communications/ navigation. Space weather 
disturbances-triggered failure of communications/ 
navigation is of high priority to forecast. Currently, we 
simulate the HF-START and perform verification by 
assuming specific HF applications and evaluation by using 
the indices that users need for each application. Even if we 
keep developing the simulator for HF currently, focused 
frequency range is planed to cover VHF and microwave 
ranges as well.  

 

2. METRODOLOGY 
 
HF-START is implemented by the ray tracing technique. 
The ray tracing equations is derived from Maxwell’s 
equations assuming that the free space wavelength goes to 
zero [Yeh and Liu, 1972]. The observation point of the ray 
trajectories ( 

!r ) is started at  
!r  = {x, y, z}. An initial 

direction vector ( 
!n ) of the ray is  

!n  = {nx, ny, nz}. The | 
!n | 

is a refractive index n. The propagation medium is defined 
by a Hamiltonian as a function of a refractive index as 
follows: 
 

 
H (!r , !n,t) =

nx
2 + ny

2 + nz
2

n(!r , !n,t)
−1= 0  (1) 

 
where n(x, y, z, nx, ny, nz) is derived from the Appleton-
Hartree formulation [Jones and Stephenson, 1975]. The 
ray tracing equations are 
 

 

dr
dτ

= c
ω
∇nH (

!r , !n,t)   (2) 

 
and 
 

 

dn
dτ

= − c
ω
∇nH (

!r , !n,t)   (3) 

 
where τ is the group delay along the raypath, t is the time 
dependence, and ω is an angular frequency of the wave. 
Only ordinary (O-mode) solutions to the ray and the 
reflective index are chosen. 

For realistic simulation of local radio propagation, the 
background ionospheric that is a propagation medium is 
reconstructed from the real observation data. Fig. 2 
describes the model concept that the ionosonde data is 
used for the current simulator and the GNSS tomography 
as well as the GAIA model will be used in the future 
version. This allows retrieving a precise description of the 
local ionospheric profile, which is important for 
interpretation of the HF propagation distance. Currently, 
the vertical ionospheric profile is reconstructed by using a 
Chapman profile for the F2 region and Gaussian functions 
for the F1 and the E regions [Maruyama et al., 2016]. 
Electron density profile in the F2 region is given by 
 

ne_F2 h( ) = fF2
0.00898

⎛
⎝⎜

⎞
⎠⎟
2

exp 1
2
1− zF2 − e

− zF 2( )⎡
⎣⎢

⎤
⎦⎥

,   (4) 

 

zF2 =
h − hF2
HF2

   (5) 

 
where ne_F2 is electron density in the F2 region in cm-3, h is 
any given height in the vertical profile in km, fF2 is plasma 
frequency at the F2 peak altitude in MHz, hF2 is peak 
height of the F2 region in km and HF2 is scale height of the 
F2 region. Electron density profile in the F1 and E region 
is given by 

 

ne_ L h( ) = fL
0.00898

⎛
⎝⎜

⎞
⎠⎟
2

exp −zL
2( ) ,  (6) 

 

zL =
h − hL
HL

   (7) 

 
where ne_L is electron density in the F1 (E) region in cm-3, 
fL is plasma frequency at the F1 (E) peak altitude in MHz, 
hL is peak height of the F1 (E) region in km, and HL is the 
scale height. The vertical electron density profile is 

Figure 2 Schematic diagram to explain the model concept. 
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estimated by 
 

ne h( ) = ne_F2 h( ) + ne_ L h( ) .  (8) 

 
In this work, the background ionosphere is assumed to be 
static and perfect reflector. It is determined by 
1401×3×721 grids with the grid size of 0.5 km, 0.5º, and 
0.5º for altitude, latitude, and longitude, respectively. The 
target of the HF-START is to evaluate the ionospheric 
effect on shortwave communications. By using HF-
START in aid of other ground-based observations, 
accurate position of plasma bubbles in low latitudes will 
be clarified in the future version. 
  

3. RESULTS AND DISCUSSION 
 

3.1 Preliminary results 
Fig. 3 shows the ionogram at Kokubunji (35.71º N, 
139.49º E) on 7 February 2016. Altitude and plasma 
frequency information is obtained from the ionogram and 
put in the HF-START as an input. By employing Eq. 4-8, 
the vertical profile is reconstructed as shown in Fig. 4. The 
peak altitude of the E region is seen at 110 km at the 
frequency of 3.5 MHz. 
The 3 MHz and 7 MHz rays were launched with elevation 
angle of 80º. 10-hop propagation was set. The results of 
both frequencies are shown in Fig. 5 (a) and (b). The 
orange dash line illustrates the Earth curvature. The 
reflection height is found to depend on the plasma 
frequency. With the ionospheric condition at Kokubunji on 
7 February 2016 at 09:00 LT, the reflection height of the 3 
MHz is seen at about 100 km altitude, while the reflection 
height of the 7 MHz is seen at 220 km altitude. At 10-hop 
propagation, the propagation distance of the 7 MHz goes 
beyond that of the 3 MHz due to its higher reflection 
height. Because the absorption is ignored in the current 
simulator, the reflection height is not changed even though 
the hop number progressed.  
 

 
Figure 3 Ionogram from Kokubunji (35.71º N, 139.49º E) on 7 February 
2016 at 09:00 LT. 
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Figure 4 Reconstructed ionospheric profile for Kokubunji on 7 February 
2016 at 09:00 LT. 

 
Figure 5 Radio propagation results for (a) 3 MHz and (b) 7 MHz. 

 

3.2 Evaluation plan 
Because HF-START is the first simulator that employs the 
real ionospheric data observed in Japan as input, 
observation-based evaluation is mandatory. Evaluation 
campaign of HF-START will be launched in winter 2017. 
This campaign employs SDR based digital receiver in 
addition to existing domestic ionospheric observations. 
The campaign involving single HF Tx station, so-called 
radio NIKKEI, at Nagara and four Rx stations at 
Wakkanai, Kokubunji, Yamagawa, and Okinawa as 
presented in Fig. 6. For each HF link, experiment for 
evaluation will be performed every 30 minutes. This 

Figure 6 Location of Tx (dark blue circle), planned Rx stations for the 
campaign (red circle), and NICT ionosonde stations (red circle). The 
light blue strips show the possible radio path of each radio link. 
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allows observing the effect of the daily variations of the 
ionosphere on the measurements. Measurements will be 
performed at 3 different frequencies transmitted from 
radio NIKKEI in the HF range of 3.945 MHz, 6.115 MHz 
and 9.760 MHz. Propagation distance can be estimated by 
the time-lag information that is retrieved from waveform 
comparison between two Rx stations, which are receiving 
the same signal. 
 

3.3 Future plan 
In the future, the HF-START will be developed to be more 
realistic for real operation and service. The absorption will 
be included in the propagation simulator. Then the solar 
flare effect on the radio wave will be clarified. Various 
conditions of ionospheric background such as during 
plasma bubble event will be tested. As shown in Fig. 7, the 
input space for 3D electron density will include not only 
the ionosonde information but also the near realtime 
GNSS tomography and, optionally, the ionospheric 
information predicted from an artificial intelligence (AI). 
Because the AI learns the prior information obtained from 
Southeast Asia [Watthanasangmechai et al., 2012] and 
Japan [Maruyama et al., 2007; Maruyama et al., 2010], 
ionospheric information from the two regions including 
over the ocean is expected to be predicted well and 
become a good source of input space. The web application 
will be developed regarding the user’s needs and opened 
to the public in the future.  
 

4. SUMMARY 
 
3D ionosphere was assimilated from ionosonde data by 
using Chapman function. The radio propagation 
parameters such as propagation distance and time delay 
have been simulated from the HF-START by the ray-
tracing technique. The elapse time of the simulation is 
only few seconds. In the future, the input space of the 
simulator will include data import from near realtime 3D 
GNSS tomography, GAIA model of NICT and AI. The 
web application will be dedicate to the user’s needs and 
opened to the public in the future. The HF-START is 
application in aid of radio communications/ navigation for 
the space weather users. 
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Figure 7 Schematic figure of the future plan. The AI will be used for 
prediction of electron density profile. The user-friendly web interface 
will be developed. 


