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Abstract 
 
High impedance surfaces formed by parallel wires are 
placed above a finite conductivity surface and used to 
enhance the radiation from low profile horizontal dipoles.  
The simplest is a single wire directly beneath the dipole.  
For the case considered the dipole is λ/100 above ground 
with a single parasitic wire λ/1000 above ground. PEC 
antenna conductors were used to investigate only ground 
losses. Surprisingly, the single parasitic wire increases 
zenith gain over a wide range of lengths.  At the optimum 
length the zenith gain is increased by 8.8 dB.  A second 
example using 3 parasitic wires gave a gain increase of 
13.4 dB.  For both cases the input resistance is low 
indicating that the real increase in gain may be limited by 
the finite conductivity of practical antenna conductors. 
 
1. Introduction 
 
A horizontal dipole electrically close to a PEC suffers 
from reduced radiation resistance and high Q due to the 
image cancelling the dipole moment. A high impedance 
surface has been shown to allow low profile antennas 
such as a horizontal dipole to be located close to the 
surface of the PEC [1, 2]. When the surface has a 
reflection coefficient near +1 it approximates a PMC and 
the image enhances the radiation from the dipole. High 
Impedance Surfaces (HIS) have been constructed using 
arrays of parallel wires ~ λ/2 in length.  Use of this type of 
HIS is shown to allow a horizontal dipole to operate 
effectively as close as λ/12 above a PEC surface [3]. The 
array of horizontal wires simulates a PMC for the 
polarization in the direction of the wires. This 
configuration has similarities to a linear frequency 
selective surface and the effect is narrow band [4].  In this 
paper instead of PEC ground we explore the application 
of HIS formed from arrays of parallel wires above Finite 
Electrical Conductivity (FEC) ground expanding on work 
briefly presented in [5].  
 
2. Horizontal Dipole above FEC Ground 
 
When a horizontal dipole is closely spaced above FEC the 
radiation efficiency is reduced.  The radiation resistance 
of is reduced due to the cancelling effect of the image in 
the FEC and there are losses in the ground due to the near 
fields driving currents in the conducting ground. For 
electrically small antennas these effects increase 
dramatically as the antenna approaches ground [6].  For 

resonant antennas the effects also increase but less 
dramatically. 
  
As an example we have examined the performance of a 20 
km dipole operating in the low VLF range (~ 7.5 kHz) at 
various heights above ground.  The antenna conductor is 
2.54 cm in diameter and assumed lossless to determine 
the ground losses.  The calculations were done using NEC 
IV double precision which has been shown to provide 
accurate results for wire antennas electrically close to 
ground with finite conductivity [7]. 
 
The ground selected for the first case is very low 
conductivity (σ = .1 mS/m with ξr = 4) as might be found 
in a deep lava field.  The antenna height was varied from 
10 to 1000 km. Heights much above 100 m would be 
impractical but are included to show the trend. 
 
Figures 1 and 2 show elevation pattern cuts for the dipole 
at 100 m. Figure 2 is off the ends of the horizontal 
antenna. The gain at low angles is higher than shown in 
Figure 1 and is related to the lateral wave generated off 
the ends of the dipole. 
 
The plots are in relative dB but the parameter of interest is 
gain at zenith with calculated values given in Table 1 
along with the self–resonant frequency and input 
resistance versus height. 
 

Figure 1. Far field plot elevation cut perpendicular to 
antenna axis (h = 100m, σ = 0.1S/m, ξr = 4) 

 
Table 1 shows that the resistance falls from the resonant 
value of 72 ohms at infinite height to less than 50 ohms as 
height decreases down to about 200 m (~λ/200) where the 
trend reverses and resistance starts increasing with 
decreasing height. Above that height the resistance 
reduction is partly due to the radiation resistance being 



reduced by the image in the ground. Below that height the 
losses in the ground dominate and increase with 
proximity.  For the 100 m height dipole the gain at zenith 
is -14.5 and the average gain is -20.3.  This implies a 
directivity of 5.7 dB.  The input resistance is 58 ohms.  
The portion of that that is radiation resistance can be 
inferred from the average gain to be about 0.55 ohms 
 

 
Figure 2. Far field plot elevation cut parallel to antenna 

axis (h = 100m, σ = 0.1S/m, ξr = 4) 
 

 
Tale 1. Example performance of 20 km dipole above 

FEC (σ = 0.1 mS/m, ξr = 4) 
height f0 Rin Zenith Average 

m kHz ohms Gain dBi Gain dBi 
10 6.75 61 -17.8 -23.65 
50 6.1 62 -15.98 -22.18 

100 6.95 58 -14.5 -20.20 
200 7.15 49.2 -12.18 -19.14 
300 7.2 43.4 -10.23 -17.54 
500 7.3 34.7 -6.96 -14.74 
1000 7.35 24 -1.46 -9.77 

ω 7.35 72 +2.12 0 
 
 
3. Single Wire Screen 
 
A single wire is the simplest form of a 1D HIS made up of 
parallel wires. In this case the single wire can be added 
directly under the dipole.  For this example a parasitic 
wire was put directly under the antenna at 10 m height.  
The parasitic has same diameter as the antenna wire (2.54 
cm) and is lossless.  The half-length of the parasitic 
element is varied from 9000 m to 10,000 m and the gain 
at zenith calculated and plotted in Figure 3.  
 
Figure 3 shows that the zenith gain is increased somewhat 
for almost every length of parasitic wire used.  The 
optimum half-length of wire was 9230 m where the gain 
at zenith increased by 8.8 dB.. 
 
The corresponding elevation pattern cuts for the antenna 
plus optimum length parasitic are given in Figure 4 and 5.  
The patterns are similar to those for the antenna by itself, 

except for stronger low angle radiation off the ends of the 
dipole (Figure 5). 
 

 
 

Figure 3. Gain at zenith for λ/2 dipole above ground with 
parasitic, 20 km dipole, 7.5 kHz,100 m above gnd, 
parasitic 10 m above gnd, σ = 0.1 mS/m, ξr = 4.0 

 
 

 
Figure 4. Antenna plus parasitic far field,  elevation cut 

perpendicular to antenna axis 
 

 
Figure 5. Antenna plus parasitic far field, elevation cut 

parallel to antenna axis 
 

The currents on the antenna and parasite are plotted in 
Figure 6.  Note that the current in the parasitic element is 
only slightly less than the current in the driven element. 
The parasitic current has a phase angle of 135° with 
respect to the driven element. 



 
Figure 6. Antenna plus parasitic showing relative current 

magnitude. 
 
The input resistance for this example is 0.55 ohms which 
indicates that the parasitic is acting to cancel almost all of 
the loss resistance in the conducting media.  This may be 
related to super-directivity in the sense that the closely 
spaced array is directing energy away from the ground.  
Similar to super directive arrays, the input resistance is 
low and will be reduced even more if the elements are 
moved closer together.  Eventually, the gain increase will 
be overcome by losses in practical antenna elements [8]. 
 
4. Multi-Wire Screen 
 
For this case two other parasitic wires are added on either 
side of the one directly under the antenna.  They are at the 
same height (10 m) and spaced 500 m away from the 
antenna.  Figure 7 shows the antenna configuration and 
the relative current in each element. 
 

 
Figure 7. Antenna plus 3 parasitic elementss showing the 

relative current magnitudes.  
 
The antenna currents in the antenna and parasitic element 
just under the antenna are similar to the case with only 
one parasitic element.  The currents in the other two 
elements are considerably smaller.  Nevertheless, the 
effect of these two elements is to increase the gain at 
zenith to -1.38 dB an increase of 13.4 dB over the dipole 
by itself.  However, the input resistance in this case has 
decreased to 0.25 ohms.  In this case some of the increase 
in gain will be lost due to the finite conductivity of 
practical antenna elements. 
 
5. Conclusions 
The case of a dipole at height λ/100 over ground with 
finite conductivity has been examined looking in 
particular at the gain in the zenith direction.  Lossless 

antenna conductors were used to investigate only losses in 
the conducting media.  When the antenna by itself is close 
to the ground the losses are high, mostly due to induction 
losses in the ground.  For the example chosen the zenith 
gain is -14.5 dBi and the input resistance is 58 ohms. 
 
The addition of a single parasitic wire beneath the driven 
antenna increased the zenith gain over a wide range of 
length for the parasitic.  The optimum length parasitic 
increased the zenith gain by 8.8 dB. However, the 
resistance is reduced to 0.55 ohms which means that 
conductor losses may limit the actual gain realized. 
 
Similarly, when a three wire screen was used the gain 
increase was 13.4 dB. But the resistance is reduced to 
0.25 ohms and the losses in the finite conductivity of 
practical antenna elements will limit the gain increase.  
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