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Chapter 6 – PROPAGATION PATH LOSS MODELS 

There are two major radio wave propagation mechanisms in the HF frequency range: “Sky waves”,  
in which the radio waves are refracted in the ionosphere, and “ground waves”, propagating along the 
ground. Generally, sky waves can reach farther, but there is a loss associated with the refraction and also 
by D-layer absorption. In this chapter we discuss models for predicting path loss of sky wave and ground 
wave propagation. We recommend one model for each propagation type, and discuss relevant input 
parameters when the models are used to predict propagation of PLT/xDSL signals. 

6.1 NEAR FIELD EFFECTS 

The HF noise level in the vicinity of PLT installations has been considered in numerous other studies,  
e.g., the report from Phase 1 of NTIA’s BPL study [14] and work by NHQC3S [13],[54]. The former 
study concludes that interference from PLT to a station receiving low-level signals is likely at distances up 
to 460 m from a single Access PLT installation using overhead power lines. 

In the work of the present RTG, we focus on sensitive receiver sites where the user generally can be assumed 
to have control over the vicinities, such that a protection radius of up to 1 km, without PLT installations,  
can be employed. In this case, the cumulative effect of long-distance propagation from a large number of 
PLT installations may be a more serious problem that requires careful consideration. We have therefore 
chosen to focus on this less-studied problem in our work. 

6.2 SKY WAVE PROPAGATION 

Sky waves propagate by refraction in the E and F regions of the ionosphere. They may suffer absorption 
when passing through the D region (below the E region). The ionospheric conditions vary with time of 
day, time of year, and solar and geomagnetic activity. Different prediction models exist, in the form of 
software, to predict the propagation path loss at different frequencies as well as the MUF (maximum 
usable frequency) and LUF (lowest usable frequency) for propagation. The input parameters to such 
prediction programs are typically time of day, month, transmitter and receiver position, frequency, sunspot 
number, and possibly a geomagnetic index. Sunspot numbers and geomagnetic indices can be found on the 
Internet. The geomagnetic index is used in programs which use special models for high latitudes. 

Due to the variations and uncertainty in ionospheric conditions, prediction programs can only give 
statistical information, e.g., “a signal-to-noise ratio exceeding xx dB will be received with a probability of 
yy %”. 

6.2.1 Different Prediction Methods 
The Task Group has evaluated different sky wave prediction programs for use in predicting long-range 
propagation of PLT/xDSL signals. The evaluation is partly based on previous work by FFI [19]. 

6.2.1.1 The IONCAP Family (REC533, VOACAP, ICEPAC) 

The IONCAP (Ionospheric Communications Analysis and Prediction) program was developed by the ITS 
(Institute of Telecommunications Sciences) in Boulder, Colorado, in the 1970s. This program was used as 
a basis for the CCIR (now ITU-R) Recommendation REC533 [20] for prediction of ionospheric 
propagation. Later, the model was improved for the Voice of America (VOA), giving the VOACAP 
program. 
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One weakness with REC533 and VOACAP is that the ionospheric model is inaccurate at high latitudes;  
it does not take geomagnetic effects (e.g., aurora) into account. To remedy this the ICEPAC (Ionospheric 
Communications Enhanced Profile Analysis and Circuit Prediction) program was developed with a much 
more elaborate high-latitude ionospheric model called ICED (Ionospheric Conductivity and Electron 
Density), taking the geomagnetic Q index as an additional input parameter. 

In the doctoral work [21] ICEPAC predictions were compared with measurements on two high-latitude 
paths. Some discrepancies were found, e.g., the D layer electron density profile used in ICED was found 
to be too weak, giving too low predicted path loss in certain cases. Still, FFI has been using the ICEPAC 
program when doing propagation studies for the Norwegian Armed Forces, because it is the most 
advanced model within the IONCAP family.  

The three programs of the IONCAP family do not produce identical results, as illustrated in Figure 6.2-1. 
Here, the same input parameters have been provided to all three programs, and we note that the predicted 
area coverage is different. REC533 predicts lower path loss than the other programs at short distances,  
and higher path loss then the others at long distances. VOACAP and ICEPAC produce similar results at 
low latitudes, but very different at high latitudes. This is because a geomagnetic index Q = 8 was used, 
corresponding to disturbed geomagnetic conditions with the auroral oval right north of Bodø in Northern 
Norway. When setting Q = 0, ICEPAC and VOACAP produce almost identical results. 



PROPAGATION PATH LOSS MODELS 

RTO-TR-IST-050 6 - 3 

 

 

 

Input parameter settings: 

October, SSN = 100 
TX in Stockholm 
Noise level rural (–150 dBW/Hz @ 3 MHz) 
Required circuit reliability 50% 
Required SNR (1 Hz bandwidth): 30 dB 
TX power: 1 W (30 dBm) 
Ignore signal degradation by multipath 
Isotropic TX and RX antennas 
Mimimum considered take-off angle 0.1 deg  
(3 deg for REC533) 
Geomagnetic index Q = 8 (ICEPAC only) 

Figure 6.2-1: Area Predictions with TX in Stockholm at 5 MHz, 21UTC, using (from top left to 
bottom right) REC533, VOACAP and ICEPAC. Note the different scaling of the colour codes.  

The programs in the IONCAP family can be downloaded free of charge from http://elbert.its.bldrdoc.gov/ 
hf.html. The user interface is relatively intuitive. 

6.2.1.2 Propwiz 

The Propwiz program was developed by Rohde&Schwarz. A demo version can be downloaded free of 
charge from R&S’ web page, but since it does not support operating systems newer than Windows NT at 
the time of writing, we have not considered it further here. 

6.2.1.3 Proplab-Pro 

Proplab-Pro is a very advanced program developed by Solar Terrestrial Dispatch. It includes two different 
“ray-tracing” techniques, called simple and complex. Our experience is that the program is very unstable 
when running under Windows XP, and even the “simple” technique takes an excess amount of time to run. 
However, when using ray-tracing one gets a good visualization of how sky wave propagation works.  
The program can be downloaded for a fee of USD 150 from http://www.spacew.com/www/proplab.html. 

http://elbert.its.bldrdoc.gov/hf.html
http://elbert.its.bldrdoc.gov/hf.html
http://www.spacew.com/www/proplab.html
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6.2.1.4 ASAPS and GRAFEX 

These programs use a propagation model developed by IPS Radio and Space Services in Australia, 
http://www.ips.gov.au/. ASAPS (Advanced Stand Alone Prediction Systems) can be installed locally on a 
PC, while GRAFEX is a Java program running on IPS’ Web server. A demo version of ASAPS can be 
downloaded free of charge, the full version costs AUD 350. 

The user interface of ASAPS is quite advanced, including databases of transmitter and receiver positions, 
as well as available equipment. The ionospheric model used in ASAPS and GRAFEX is parameterised by 
the so-called T index rather than sunspot number (SSN). The T index is an “equivalent sunspot number” 
obtained by observing ionospheric propagation and mapping to a propagation model parameterised by 
SSN. This approach will to a certain extent compensate for geomagnetic conditions at high latitudes.  
In the demo version of ASAPS it is not possible to change the T index from the default value of 50. 

6.2.1.5 HF-EEMS 

The HF-EEMS program is developed by DERA (now QinetiQ) in the UK. The program combines a model 
for sky wave propagation (can choose between REC533 and a ray-tracing model called SMART using an 
ionospheric model called PIM) and the GRWAVE program for groundwave propagation. In the user 
interface you can in addition to positioning the transmitter and the receiver also give the position of a 
jammer, in order to assess the vulnerability to jamming. The program can be purchased through BAE 
Systems, UK. 

6.2.1.6 Simple Reflection Model 

A simple sky wave propagation model often used in the PLT literature was proposed by Stott in [55].  
The ionosphere is modelled as a reflector at height h above ground (e.g., 300 km). The path loss is 
computed as the free space loss for the total distance from transmitter to reflection point and back down to 
receiver (i.e., a distance of at least 2 h). An additional loss (e.g., 10 dB) associated with the reflection is 
also included. This model is an analytical expression which is very easy to use, but does not take into 
account diurnal or seasonal variations, and does not include any means to model skip zone effects. By skip 
zone is meant that sky wave propagation under some conditions is only possible at distances larger than a 
certain threshold called the skip distance, given by the critical reflection angle of the ionosphere. 

6.2.2 Recommended Prediction Method 
Among the prediction models described above, our first recommendation is to use one of the programs of 
the IONCAP family. This recommendation is based on the facts that these programs are well-proven in 
practice by many users. Among the three programs of the IONCAP family, we recommend using ICEPAC 
because it is the newest and therefore most advanced model, and effectively has been used for frequency 
planning by the administrations of several of the countries involved in the Task Group. 

6.2.3 Relevant Input Parameters 
Assume that we are primarily interested in predicting the cumulative interference at a particular sensitive 
receiver location, from interference sources in different regions. By the reciprocity theorem, this is the 
“reverse” problem of the area coverage maps in Figure 6.2-1 (which are relevant for broadcast planning). 
To generate area coverage maps for the path loss from different regions where PLT might be installed to a 
specific sensitive receiver site, we should therefore use executable ICEAREA INVERSE, which has 
reversed the role of TX and RX compared to the executable ICEAREA. 

ICEPAC is able to predict received SNR relative to the background noise level. We do, however, not 
recommend using this method to predict the increase in noise level caused by PLT/xDSL interference, 

http://www.ips.gov.au/
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since when computing the cumulative interference from larger regions, the received interference should be 
summed up before comparing to the background noise level. For these reasons, predicted path loss rather 
than SNR is the output result of interest. 

The Task Group recommends running the executable ICEAREA INVERSE (ICEPAC inverse area 
prediction) and selecting input parameters as follows: 

• Parameters: LOSS (predicts the path loss directly). 

• Grid Type: Either Great Circle (to use a geometrically square grid) or Lat/Long (to use a 
geographical latitude/longitude grid). Lat/Long grid is of convenience if the result is to be used 
in conjunction with gridded population density data (see Chapter 8). 

• Grid Size: Depends on desired grid resolution and X-range and Y-range, see under “X-range 
and Y-range” below.  

• Path: Short. 

• Coefficients: URSI88 (we have not seen large difference when using CCIR coefficients,  
but recommend using URSI88 since these are the newest). 

• Method: Auto select. 

• Receiver: Set equal to sensitive receiver location. 

• Plot Centre: Set equal to Receiver. 

• X-range and Y-range: 
• For Great Circle Grid: −4000 km to +4000 km should be sufficient (approximately the 

maximum distance for single-hop propagation, limited by the Earth’s curvature), unless 
interference from farther-away regions is of particular interest. If it is known that PLT/xDSL 
is installed only in some regions, X-range and Y-range can be adjusted accordingly  
in order to reduce computation time. If 50 km resolution is required and X-range and  
Y-range is ± 4000 km, grid size should be 161 x 161. 

• For Lat/Long Grid: Examine the map to find proper values of minimum/maximum latitude 
and longitude. Ensure that the difference between maximum and minimum value is the same for 
latitude and for longitude (e.g., longitudes from –20 to 50 degrees and latitudes from 10 to  
80 degrees to cover Europe and Northern Africa) such that the angular resolution becomes 
identical in both directions. To ensure direct compatibility with gridded population density data 
(see Chapter 8), select grid size such that the resolution is 0.25 degrees (e.g., 281 x 281 for the 
values given above). 

• Groups: Select the frequencies and times of year and day of interest. Unless interested in special 
propagation conditions, select SSN = 100 and Q = 0. 

• System: Min. angle = 0.1 deg, multipath power tolerance = 10 dB, maximum tolerable time delay = 
15 ms (the latter two values are increased from the defaults in order to account for different 
propagation paths). The other system parameters, including transmitter power, are irrelevant when 
predicting path loss only. 

• Fprob: Keep default values. 

• TX antenna: default/isotrope 

• RX antenna: default/isotrope, or insert knowledge about antenna at the sensitive receiver 
location. 



PROPAGATION PATH LOSS MODELS 

6 - 6 RTO-TR-IST-050 

 

 

If only one case is selected under “Groups”, run “Save/Calculate/Screen”. The result will be output 
to a map on screen and saved to a file xxx.ig1. If several cases are selected under “Groups”,  
run “Save/Calculate”. The results will be saved to files xxx.ig1, xxx.ig2, xxx.ig3 and so on.  
The output files xxx.igx are text files which can be used in further post-processing to evaluate cumulative 
effects. 

In Figure 6.2-2 and 6.2-3 is shown an example output from ICEPAC using input parameters as 
recommended here. Here, we consider a hypothetical sensitive receiver location in Bodø, at 18 UTC in June. 
Operating frequency of interest is 11.85 MHz and the sunspot number is 100. For this example, we see that 
densely populated areas in Europe, where widespread PLT/xDSL installations may be deployed, fall within 
the region of path loss lower than 140 dB (orange and green). Note that the predicted path loss is a median 
value. 

 

Figure 6.2-2: Example ICEPAC Output with Input Parameters as Recommended  
by the Task Group, using a 4000 x 4000 km Great Circle Grid. 
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Figure 6.2-3: Example ICEPAC Output with Input Parameters as Recommended by the Task 
Group, using a Lat/Long Grid. Note that the results are identical to Figure 6.2-2 except  

from the representation (grid, projection and colour coding is different). 

6.3 GROUND WAVE PROPAGATION 

Ground waves propagate near the ground in the form of space and surface waves. The space wave consists 
of a direct wave and a reflected wave, normally cancelling each other in the HF range: Due to low grazing 
angles, the reflection coefficient is close to –1, and the difference in path length between the direct and 
reflected wave is short compared to the wave length. Therefore, the surface wave is dominant. It can be 
described as a current induced in the transition between air and ground. 

Surface waves are most dominant in the lower part of the HF frequency range (and below) and for 
vertically polarized transmitter/receivers close to the ground (compared to the wavelength). When the 
frequency is increased (or antennas elevated), the space wave gains importance. 

The electrical characteristics of the ground (conductivity, permittivity and permeability) are important in 
predicting the received field strength, and tables and figures connecting ground types to conductivity/ 
permittivity can be found in [25] and [80]. Permeability is normally assumed to be that of free space. 

Ground conductivities in the world may be taken from [28]. 

The attenuation from terrain obstacles decreases with decreasing frequency. Models as well as measurements 
indicate that the terrain profile may be considerably less important than ground constants at the lower HF 
frequencies. 

Time variability of the ground wave path loss is much less than that of the sky wave. Main causes of 
variation are changes in ground moisture content from heavy rainfall or snow/ground frost at land,  
and waves and tidal variations at sea. 
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6.3.1 Different Prediction Methods 

A range of different models exist for modelling ground wave propagation in general, or at HF frequencies 
in particular. Some are available as separate computer programs, or as a part of larger frequency planning 
software. 

In the case that the earth can be considered smooth (no terrain obstacles) and homogenous (a single set of 
ground constants), the theoretical model GRWAVE by Rotheram has been verified and found to be highly 
accurate [29]. A software implementation is available for free download at http://www.itu.int/ITU-R/study 
-groups/software/rsg3-grwave.zip. ITU-R P.368-7 shows ground-wave propagation curves for frequencies 
between 10 kHz and 30 MHz [30]. 

For changes in ground constants (for instance sea-land paths), GRWAVE is not applicable in itself. 
However, Millington’s method [22] can be used in such cases as an extension to GRWAVE for good 
results. Millington’s method is a semi-empirical method that uses sections of uniform ground conditions 
(where e.g., GRWAVE can be used) while ensuring reciprocity. 

Detvag90, used in WRAP, can be used for paths that contain both changes in ground constants through 
Millington’s method, as well as terrain obstacles by combining surface wave loss and space wave loss 
(diffraction) in the square root model by Blomquist and Ladell [23]. 

WAGSLAB [24] can also take ground-changes as well as terrain obstacles, although numerical instability 
may make it less suitable at the higher end of the HF range. 

6.3.2 Recommended Prediction Method 
The Task Group recommends GRWAVE for our application, since it has been thoroughly verified and 
does not require any detailed terrain information. The limiting factor in predictions will often be the 
available data, meaning that a more sophisticated model cannot necessarily give significantly more 
accurate predictions, even though such a model may be more accurate in isolated cases. However, one 
should be aware of the limitations of GRWAVE and use caution when utilizing it outside its validity 
range. 

In certain cases, such as mixed sea/land paths, where there is a need for more than one ground 
conductivity/permittivity, the group recommends using Millington’s method. 

6.3.3 Relevant Input Parameters 
GRWAVE can be run from a command line window on a Windows computer using text files as input and 
output. Parameter-name/value pairs are entered as separate lines. Important parameters are described below. 

• HTT: The height of transmitter (in meters). 

• HRR: The height of receiver (in meters). 

• IPOLRN: Polarity of transmitter antenna. Use 1 (if both polarisations are present, use vertical 
polarisation for worst case prediction due to lower path-loss). 

• FREQ: Frequency [MHz]. 

• SIGMA: Ground conductivity [S/m]. 

• EPSLON: Ground permittivity. 

• dmin, dmax and dstep: minimum, maximum and step size of calculated path distances. 

http://www.itu.int/ITU-R/study-groups/software/rsg3-grwave.zip
http://www.itu.int/ITU-R/study-groups/software/rsg3-grwave.zip
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