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Abstract. In this study, the ground-loss resistances of very low frequency (VLF) 
monopole antennas are considered. A novel method of obtaining solutions of the 
magnetic field and electric field losses for the earth system is outlined. The equivalent 
conductivity of the ground system is obtained using the parallel relationship between 
the nature surface and the ground wires. This provides significant convenience for the 
calculation of the ground loss and the design of the ground system. Because an 
equivalent ground plane is used, a unique solution of the ground loss resistances is 
achieved by using the integral of the equivalent unit circles. The proposed method is 
verified by comparing the numerical integral method and full-wave simulations. The 
numerical results and the effects of the VLF monopole antenna configurations on the 
loss resistances for different monopole heights and artificial-ground-plane installations 
are discussed. 

1.  Introduction 
A ground system consisting of a radial wire grid has been proven an effective approach for improving 
antenna performance [1-3]. Two types of power losses occur in ground systems, i.e., the magnetic 
field loss that is caused by induced currents due to imperfect ground conductivity and the electric field 
loss that is caused by a displacement current through the ground plane [4-6]. Due to the requirement of 
good ground conductivity, ground loss resistance is one of the most important parameters for assessing 
the performance of a very low frequency (VLF) array in different configurations, i.e., top-load 
structure (umbrella and inverted core, etc.) [7-9]. The design of a complex ground screen and the 
determination of the loss resistances are important factors for obtaining high radiation efficiency. 

Many advanced calculation methods have been presented during the past several decades. For an 
electrical small antenna (ESA) with an earth system, the analytic solutions of the impedances and 
radiation patterns have been evaluated and proved by Wait [10]. Simplified calculations of ground loss 
for a monopole antenna were implemented in [11] and this was followed by an accurate evaluation 
based on Joule’s law in [12]. Vainstein’s theorem was employed for the ground-loss calculation in 
[13]. Despite the development of suitable analytic expressions, they tend to simplify the ground screen 
as a homogenous radial wire or a thin metallic layer, which results in a relatively inefficient design, 
especially when multiple segmented wires are required in VLF vertical antennas. At present, the 
method of moments (MoM) is widely applied due to developments in computational performance [14-
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16]. Commercial software based on the MoM can provide simulation values for the loss resistance 
[17]. However, for a VLF ground system with a large antenna structure, the solutions of the loss 
resistances are non-unique and there are large differences because of the variable mesh size in the 
MoM method [18, 19]; this results in a lack of reliability. In this study, a novel method is proposed for 
calculating the loss resistances of VLF grounded monopole antennas. The proposed method differs 
from the previously used analytic methods. We extract an equivalent solution of the original ground 
system by introducing the concept of equivalent conductivity of the ground plane. The artificial 
ground plane (AGP) is transformed into a finite conductivity plane. Therefore, the ground loss 
resistances can be obtained by using the integral of the equivalent unit circles. The proposed method is 
not only suitable for a homogeneous wire grid but also performs well for a segmented wire ground 
screen. 

The remainder of this paper is organized as follows: Section 2 describes the numerical calculations 
for determining the ground-loss resistances and the equivalent conductivity of the ground system. In 
Section 3, we present the numerical results of the ground loss resistances and illustrate the effects of 
the monopole antenna. The conclusions of this study are presented in Section 4. 

2.  Calculation method 
As mentioned above, conduction currents affluxing along the earth surface and electromagnetic waves 
penetrating into the ground plane with finite conductivity contribute to power loss. The power loss of 
the vertical VLF antenna in the ground plane needs to be reduces by installing a ground system above 
the finite conducting plane. Let us consider a grounded monopole antenna with the ground screen of 
N  perfect conducting radial wires. As shown in Fig.1, the monopole antenna with N  ground wires is 
laid on the ground plane. The ground plane can be separated into two separate areas, i.e., an AGP and 
the soil plane. For an electric small VLF monopole antenna, the major ground loss is produced in the 
region of / 2πρ λ≤ , where ρ  denotes the distance between the monopole pedestal and the 
component angle of the magnetic field and the input current are in-phase. Therefore, the total power 
loss of the ground system is defined as [6]: 

 loss A NW W W= +  (1) 

where NW  and AW  denote the power losses of natural ground plane (NGP) and AGP respectively. 
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Figure 1. A grounded monopole antenna with a homogenous radial earth screen. 

It is convenient to analyze the magnetic field losses and electric field losses for each region separately. 
The total power loss can be categorized into four parts: the AGP electric field loss, the NGP electric 
field loss, the AGP magnetic field loss, and the NGP magnetic field loss. For the monopole antenna, 
the tangential component of magnetic field ( )Hϕ ρ  and the vertical electric field zE  are defined 
respectively as follows [10]: 
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where 2πfω =  denotes the angle frequency, 0ε  denotes the permittivity, and eh  denotes the 
monopole antenna’s effective height. To emphasize the property of the earth system, the characteristic 
admittance of the soil is expressed by [11]: 

 ( ) /s
jY σε µ
ω

= −  (4) 

where ε  denotes the soil permittivity, σ  denotes the soil conductivity, and µ  denotes the 
permeability of the soil. The characteristic admittance of the inhomogeneous ground wire is defined as 
follows: 

 / [ ln( )]
2πg
dY j f d

a
µ= −  (5) 

where 2 sin(π/ ) 2π /d N Nρ ρ= ≈  denotes the inter-spacing of two adjacent ground wires and a  
denotes the radius of the ground wire. In the AGP, sY  and gY  are connected in series, which has been 
proven by Wait [10]. To elevate the conductivity of the AGP, we introduce the equivalent conductivity 
plane to cascade the ground wires grid and the natural soil. Therefore, the equivalent characteristics 
admittance of the AGP has the following form: 

 s
( )( ) / , 0eq

j rY r Rσε µ
ω

= − < ≤  (6) 

where ( )rσ  denotes the AGP’s equivalent conductivity and r  denotes the distance between the 
monopole antenna pedestal and the grid-point. We recall that eq s gY Y Y= + . According to equations (4) 
~ (6), the equivalent conductivity can be expressed as follows: 

 
2 2 2

( ) 2 ( ) / / ( ln )
2πln ( )

2π

dr j fdd ajf d
a

ω σσ σ ω ε µ
ωµ

= − + −  (7) 

where 

 2 sin(π/ ) 2π /d r N r N= ≈  (8) 

Since our discussion focus on cases in the VLF band, where σ ωε , equation (7) can be 
simplified as: 

 
2 2

2 2
2π( ) [ ]

ln( ) ln ( ) ln( )
2π 2π 2π

r jd d dfd f d fd
a a a

σω σω
µ µ

σ σ
µ

= + − ⋅ +  (9) 

The values of the equivalent resistivity as a function of /r λ  are depicted in Figure 2 to obtain a 
comparison of different radial wires. In the radial wire grid, the conductivity of the AGP increases 
with the distance and approaches the natural ground resistivity; the conductivity is lower for larger 
numbers of ground wires, as expected. Under the conditions of 0.01S/mσ =  and 20 kHzf = , the 
equivalent conductivity is larger than 0.05 S/m for 300N =  in most regions of the AGP. 
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Figure 2. Equivalent resistivity of the AGP versus the radial distance. 

Substituting equation (9) into equation (6) yields the equivalent admittance of the AGP. The AGP 
can be transformed into an equivalent ground plane with the conductivity of eqY . By separating the 
equivalent ground plane into m  concentric rings, the total loss resistances of the ground system with 
segmented radial wire grids can be obtained by: 
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 (10) 

where '
ER  and '

HR  are the per unit area electric field and magnetic field loss resistances respectively, 
( 1,2, , )ir i m=   denotes the distance between the thi  slip ring and the antenna pedestal, and 

0z zJ Eωε=  denotes the conduction current density produced by zE . Due to the inhomogeneous 
distribution of the near field, the inhomogeneous ground system performs better in terms of the 
reduction in power loss than the homogeneous ground system. The ground system can be optimized by 
using the analytical solution of the ground loss obtained by equation (10). 

3.  Numerical examples 
In order to verify the effectiveness of the equivalent approach, the ground loss resistance of the 
monopole antenna in the AGP with the radius of 1600 m is calculated using Wait’s method, the 
simulation software, and our proposed method. The height of the monopole antenna is 300 m. The 
AGP of the monopole antenna consists of 100 grounding wires with an angle of 3.6°. Three slip rings 
are set at the radial distance of 400 m, 1200 m, and 1600 m, respectively. The radius of the wires is 
0.0015 m. The conductivity of the ground is 0.01 S/m. The mesh size of the AGP is λ/600. 

As shown in Table 1, the calculated values of the ground loss resistance are qualitatively consistent 
using the analytical values derived from Wait’s method. The calculated solutions of the loss resistance 
are 7.59% higher than the simulation values of the model at the same frequency. The electric field loss 
accounts for 2.18% of the total loss. It is essential to note that the simulation results are mostly 
unequal for the different mesh sizes. 

Table 1. Ground loss resistance results. 

Frequency/kHz magnetic field 
loss/mΩ 

electric field 
loss/mΩ 

Total 
loss/mΩ 

Wait’s 
method/mΩ [10] 

Simulation 
values/mΩ 

20 52.43 1.31 53.74 55.01 50.89 
21 55.08 1.31 56.39 57.82 52.25 
22 57.64 1.31 58.95 60.62 54.77 
23 60.24 1.31 61.55 63.42 57.03 
24 62.86 1.31 64.17 66.21 59.33 
25 65.49 1.31 66.80 68.99 61.66 
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3.1.  Ground loss resistances for different monopole heights 
In this section, we focus on the effect of the monopole height on the loss resistances of the monopole 
antenna. A homogenous segmented AGP with radial wires is installed on the surface.  

   
(a)                                                    (b)                                                   (c) 

Figure 3. The ground loss resistances of the VLF monopole antenna with different monopole heights 
(a) The loss resistances versus frequency ( 100N = , / 10Rs λ= , 6

0 / (5 10 )a a λ= = × , 0.01S/mσ = , 
20rε = , 7

copper 5.8 10 S/mσ = × ). (b) The loss resistances versus the antenna’s  ratio of /h a  

( 25kHzf = , 100N = , s 1600mR = , 0 0.0015ma = , 0.01S/mσ = , 20rε = ). (c) The loss 
resistances versus the radius of the AGP ( 25kHzf = , 200N = , 5/ 1 10h a = × , 0 0.0015ma = , 

0.01S/mσ = , 20rε = ). 
Figure 4(a) presents the ground loss resistances are increasing more rapidly with increasing 

frequencies for the larger monopole heights. The monopole height clearly increases the ground loss 
resistance. The loss resistances of the copper wires are 6.29% higher than the loss resistances of the 
perfect electric conductor (PEC). There is a negligible influence of the frequency on the increment of 
the loss resistances in the VLF band. Figure 4(b) shows the relationship between the ground loss 
resistances and the ratio of /h a  with different monopole heights at 25 kHz. As the ratio of /h a  is 
larger than 10000, both resistances are independent of the ratio. However, for the monopoles with 

300mh =  and 400mh = , both resistances increase slightly with increasing the ratio of /h a  at a low 
ratio. In Figure 4(c), the ground loss resistances are presented as the growing radius of the AGP for 
different antenna heights. Within a radius of 0.2λ , the ground loss resistances decrease as the radius 
of the AGP increases. Because the magnetic field and electric field losses are mainly focused on the 
pedestal of the monopole antenna. It is observed that the ground loss resistance does not change much 
when the radius of the AGP exceeds 0.2λ . 

3.2.  Ground loss resistances for different AGP installations 
In this section, the ground loss resistances for different AGP installations are calculated in detail. To 
control the study variables, we retain the other electrical parameters of the model. The ground loss 
resistances are shown in Figure 4. 
 

     
(a)                                                                               (b) 
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(c)                                                                               (d) 

Figure 4. The ground loss resistances of the VLF monopole antenna with different AGP installations. 
(a) The loss resistances versus the frequency with different radii of the AGP ( 200N = , 0.02h λ= , 

5/ 1 10h a = × , 7
0 / (1 10 )a λ= × , 0.01S/mσ = , 20rε = ). (b) The loss resistances versus the 

monopole height with different radii of the AGP ( 25kHzf = , 0.006ma = , 200N = , 

0 0.0015ma = , 0.01S/mσ = , 20rε = ). (c) The loss resistances versus the AGP radius ( 25kHzf = , 
200N = , 0.02h λ= , 5/ 1 10h a = × , 0.01S/mσ = , 20rε = ). (d) The loss resistances versus the 
frequency with different ground wire numbers ( /10Rs λ= , 0.02h λ= , 5/ 1 10h a = × , 

7
0 / (1 10 )a λ= × , 0.01S/mσ = , 20rε = ). 

Figure 4(a) depicts the ground loss resistance of the VLF monopole versus the frequency with 
different AGP’s radii. As expected, the loss resistance remains a constant for the same electrical 
parameters. The frequencies in the VLF band have little effect on the ground loss resistances of the 
monopole antenna. We observe that the resistances are larger for the longer ground wires as the 
equivalent conductivities of the ground plane are larger. Figure 4(b) clearly shows that the ground loss 
resistances increase with the increase in the height of the monopole antenna. As the monopole antenna 
height increases, the ground loss resistances are larger for the AGP with longer radial wires. Figure 4(c) 
shows that the ground loss resistances decrease with the increase in the radius of the AGP for different 
wire radii., The ground loss resistances are slightly lower for the monopole antenna with 

6
0 / (6 10 )a λ= ×  than for the antenna with 7

0 / (1 10 )a λ= ×  for the same AGP radius. Figure 4(d) 
presents the ground loss resistances as functions of the frequency for different number of wires. It is 
observed that the larger the number of wires is, the lower the ground loss resistances are. However, 
there was no significant difference in the ground loss between 200 and 300 radial wires. 

4.  Conclusions 
In this study, the loss resistance of an AGP for a VLF monopole antenna is investigated. A novel 

method based on the equivalent conductivity of the AGP is proposed. Unlike the simulation methods, 
the ground loss values obtained by the proposed method have a unique solution. Moreover, the 
proposed method is also applied to analyze the ground loss resistances of a segmented ground screen. 
The ground loss resistances of the VLF monopole antenna are calculated in detail for different 
monopole heights and AGP installations. Future work in this area will include optimizing the ground 
screen by varying the number of segments in the ground screen, and calculating the ground loss 
resistance of a monopole antenna with a large top load. 
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