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Abstract  —  The moving window finite difference time 
domain (MWFDTD) method is used to analyze propagation 
between low to the ground antennas commonly used in 
wireless unattended ground sensor networks.  The 
propagation path loss at 300 MHz is computed for several 
terrains exhibiting different degrees of roughness.  From the 
pathloss results, the mean and standard deviation of the path 
loss distribution are determined as functions of distance from 
the transmitter.  The mean loss is shown to be close to the loss 
over a flat ground for all roughness values, and the standard 
deviation is shown to increase with the roughness of the 
terrain. 

Index Terms  —  Propagation, Simulation, Unattended 
ground sensors, FDTD. 

I.  INTRODUCTION 

Accurate propagation simulation techniques are 
important for the development of wireless unattended 
ground sensor (UGS) networks that may be deployed 
around the world in diverse physical environments.  The 
strong and widely varying effect of the physical 
environment on signal strength makes it undesirable to rely 
on a small number of simulations, or to depend on a 
limited set of measurements made in a few locations to 
evaluate the performance of a sensor network for all 
environments in which it could be deployed.  In addition 
to accurately predict the path loss between specific sensor 
locations, it would also be useful if propagation models 
could provide an estimate of the mean path loss and the 
expected range in the path loss using only the distance 
between the sensors, the height of the antennas, and the 
roughness of the terrain. 

UGS networks often employ antennas whose operational 
height is a fraction of a wavelength above the ground.  
When both the transmitter and receiver antennas are 
located very close to the earth’s surface, the direct and 
ground reflected terms in the space wave nearly cancel 
each other, and transmission is by means of the surface 
wave.  Although the Norton-Sommerfeld [1] surface wave 
formulas can be applied to surface wave propagation over 
a smooth, homogeneous, lossy ground, they cannot be 
applied to realistic terrain profiles which typically display 
both large scale irregularities (such as hills and valleys) as 
well as small scale roughness.  The large scale terrain 
irregularities complicate the problem even further by 

allowing the radio signals to propagate by means of the 
space wave over portions of the path, and thus suffer far 
less attenuation.  Furthermore, for antennas near to the 
ground the line-of-sight range is very short, and thus 
curved earth diffraction effects can further diminish the 
signal beyond line of sight.  At low heights the path could 
also be blocked by trees, bushes, grass, walls or other 
natural or man-made structures.  Non-uniform ground 
dielectric properties could also affect the path loss, 
particularly for paths over water. 

A full wave oriented approach to modeling radiowave 
propagation based on extended finite difference time 
domain (FDTD) method can accurately account for all of 
the aforementioned effects of the physical environment on 
propagation between near to the ground antennas.  The use 
of a full wave method also eliminates the need to make 
many of the approximations that other methods require.  In 
the past, full wave methods have not been used for 
propagation predictions due to the large amount of 
computation time and memory that would be required.  
However, a new approach called the Moving Window 
FDTD (MWFDTD) method [2] overcomes these 
restrictions by taking advantage of the fact that when a 
pulsed radio wave propagates over a long distance, the 
significant pulse energy exists only over a small part of the 
propagation path at any instant of time.  This allows the 
use of a relatively small FDTD computational mesh that 
exists only over a portion of the propagation path and that 
moves along with the pulse.  At the leading edge of the 
FDTD mesh inside the moving window, the appropriate 
terrain and foliage parameters are added to the mesh.  The 
MWFTD method has previously been applied to 
propagation over different types of irregular terrain and 
foliage for antenna heights greater than several meters 
[2,3]. 

II. NUMERICAL RESULTS 

Three regions exhibiting different degrees of roughness 
were selected from around the United States.  The 
standard deviation of each terrain’s elevation distribution 
is used to characterize the terrain’s large scale roughness. 
The regions selected are in North Dakota (standard 
deviation, ∆h, of 33.8 m), Tennessee (∆h = 9.8 m) and 



Indiana (∆h = 3.0 m).  All terrain elevation data was 
obtained from 30 m resolution DTED level 2 data files.  
The ground was assumed to have a relative permittivity of 
4.0 and a conductivity of 0.01 S/m.   

Path loss was calculated between a large number of 
transmitter and receiver locations in each region.  All 
computations were made for vertically polarized signals at 
300 MHz.  The computations were performed using 
several transmitter locations on each terrain and a large 
number of receiver points located along radials spaced 18º 
apart and extending out from the transmitter to a distance 
of 500 m.  All MWFDTD results were calculated using a 
resolution of 20 grid points per wavelength in free space, 
and unless otherwise noted, the transmitters and receivers 
are located 0.25 m above the ground. 

A. Path Loss Over the North Dakota Terrain  

The North Dakota terrain is the roughest of the three areas 
considered.  The area selected, which is shown in Fig. 1, is 
in northwestern North Dakota.  The terrain is centered at 
48.1657º N, 102.8389º W and covers an area 1350 meters 
by 1950 meters in size.  The maximum elevation is 699 
meters and a minimum elevation is 566 meters.  The 
standard deviation of the elevation distribution is 33.8 m.  
Before considering the statistical analysis of the path loss 
distribution for this area, it is worthwhile to first consider 
the propagation over a few selected profiles to illustrate 
how the path loss strongly depends on the irregularity of 
the terrain and on antenna height.  These selected cases 
also reveal the large extent to which the path loss can 
deviate from the flat ground solution. 
 

 
Fig. 1.  One transmitter location with the receiver radials used to 
compute the path loss on the North Dakota terrain. 
 

To demonstrate the dependence of path loss on antenna 
height, calculations along radial I were performed for four 
different antenna heights.  The terrain elevation profile for 

radial I is shown in Fig. 2.  The path loss for several 
antenna heights between 0.25 m and 3 m above the ground 
are shown in Fig. 3.  Along most of the profile the 
difference in path loss between the lowest and highest 
antenna heights is about 15 dB, but at 200 m, where the 
slope of ground abruptly changes, the difference decreases 
to only about 4 dB.  For heights of 1 m and less, the loss is 
very sensitive to the small scale structures on the terrain.  
The path loss for the 0.25 m height at 200 meters from the 
transmitter is above the flat ground result by 40 dB and 
later drops below the flat ground result by -35 dB.  In 
contrast, at heights of 3 m, the curve is much smoother and 
no longer changes as rapidly as it did for the lower antenna 
heights. 

 

 
Fig. 2.  Terrain profile used for path loss computations in Fig. 3. 
 

 
Fig. 3.  Calculated path loss at 300 MHz along the terrain profile 
shown in Fig. 2 for antenna heights (both transmitter and 
receivers) of 0.25, 0.5, 1 and 3 meters. 
 

The mean path loss for all transmitter sites on the North 
Dakota terrain is shown in Fig. 4 along with plots of the 
mean path loss ± one standard deviation.  For these results 
and all subsequent results, the transmitters and receivers 
are located 0.25 m above the ground.  In this figure, it can 
be seen that the mean path loss beyond 150 m is close to 
the loss along a flat ground, and that the standard deviation 
increases slowly with the distance from the transmitter. 



 
Fig. 4.  Mean path loss and mean path loss ± one standard 
deviation over the North Dakota terrain as a function of distance 
from transmitter. 

B. Path Loss Over the Tennessee Terrain 

Additional path loss calculations were made for an area 
located in north-central Tennessee which is not as rough as 
the area in North Dakota.  The area is centered at 36.2274º 
N, 86.4670º W.  The maximum elevation is 211 meters 
and a minimum elevation is 164 meters.  The standard 
deviation of the elevation is 9.8 meters. 

The path loss in this area displays far less variation than 
the loss in the much rougher area in North Dakota. To 
illustrate this we consider the propagation along radials, 
designated E and P.  The terrain profiles and path loss 
along these radials are shown in Fig. 5 and Fig. 6.  The 
path loss along radial E is well above the flat ground loss 
along the entire path, while the loss along radial P remains 
below the flat ground loss along the path. 

 

 
Fig. 5.  Terrain elevation profiles along selected Tennessee 
radials E and P. 
 

The mean path loss as a function of distance from the 
transmitter along with the mean path loss ± one standard 
deviation are shown in Fig. 7.  As with the rougher North 
Dakota terrain, the mean path loss is very close to the path 
loss over a flat ground, while the standard deviation of the 
loss distribution increases with distance.  
 

 
Fig. 6.  Path loss to receivers along radials E and P in Fig. 5 
compared to path loss over a flat ground. 
 

 
Fig. 7.  Mean path loss and mean ± one standard deviation over 
Tennessee terrain as a function of distance from transmitter.  

C. Path Loss Over the Indiana Terrain  

The final terrain considered is a relatively flat region 
located in east-central Indiana which is centered at 
40.5415º N, 85.5189º W.  This area, which is shown in 
Figure 15, has a maximum elevation of 269 m and a 
minimum elevation of 256 m, and the standard deviation 
of the elevation is 3 meters.  

The terrain along radial K (see Fig. 8) in Indiana is 
relatively flat and has a variation in elevation of only 5 m.  
The path loss along this radial is shown in Fig. 9.  The 
initial flat section causes the path loss to closely follow the 
path loss over a flat ground for the first 150 meters of the 
route, but as the terrain begins to slope downward, the 
receivers become slightly shadowed by the terrain causing 
the path loss increases.  At 375 m from the transmitter, the 
terrain elevation reaches a minimum and then climbs 
upward. The path loss also reaches a maximum at about 
the same point and then slowly decreases until the end of 
the path is reached.   

The mean path loss and the mean loss ± one standard 
deviation are plotted in Fig. 10.  The nearly flat ground 
produces very little variation in the path loss compared to 
that calculated for the areas in North Dakota and 
Tennessee. 



 
Fig. 8.  Terrain elevation profile along Indiana radial K. 

 

 
Fig. 9.  Predicted path loss over along Indiana radial K. 
 

 
Fig. 10.  Mean path loss and the mean loss ± one standard 
deviation over the Indiana terrain as a function of distance 
from transmitter. 

III. CONCLUSION 

This paper shows that a site-specific propagation model 
such as MWFDTD, which would normally be used to 
predict the loss between specific transmitter and receiver 
locations, can also be used to predict the mean and 
standard deviation of the path loss for an area by first 
computing the path loss for a several thousand transmitter 
and receiver combinations covering the area. 

The results reported here indicate that the mean path 
loss over an irregular terrain approaches the path loss over 
a flat ground and is therefore, at least approximately, 
independent of the roughness.  Although the mean path 
loss does not depend on the roughness, the standard 
deviation of the path loss distribution shows a strong 

dependence on the roughness of the terrain.  Fig. 11 
compares the standard deviation as a function of distance 
from the transmitter for the three areas considered in this 
paper.  The standard deviation for the nearly flat Indiana 
terrain is only about 4 dB at 500 m, but it increases to 
approximately 13 dB for the moderately rough Tennessee 
terrain.  The standard deviation increases by another 10 dB 
to about 23 dB over the much rougher North Dakota 
terrain.   

Given the strong relationship between the standard 
deviation of the path loss and the terrain roughness, it may 
be possible to deduce a simple model relating the terrain 
roughness and the standard deviation of the path loss 
distribution by repeating these calculations using a larger 
number of terrain samples.  Such a model would be a 
valuable tool for planners, allowing them to quickly 
determine the maximum distance between sensors in the 
network to ensure acceptable path loss between adjacent 
sensors.  This could be done with only knowing the 
roughness of the terrain, path loss over a flat ground of 
similar material, and the maximum acceptable path loss for 
the ground sensor network. 

 

 
Fig. 11.  Standard deviation of path loss distribution as a 
function of distance from the transmitter. 
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